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Abstract−In this work the bilinear model predictive control method is applied to control the grade change operations

in paper production plants. Because of the high nonlinearity of the grade change processes, control of the grade change

operations has been performed manually by experienced engineers in the plants. In some cases the bilinear model can

be very effective to represent nonlinear processes. In this study a bilinear model for paper plants is identified first. It

is found that the bilinear model tracks the plant without significant discrepancy. Based on the multivariable bilinear

plant model the optimal input variables are computed using the one-step ahead prediction method. Even for frequent

changes in paper grades the bilinear model predictive control scheme exhibits good control performance.
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INTRODUCTION

The dynamics of paper grade change operations exhibit highly

nonlinear behavior, and most of the grade change operations are

executed manually by skilled operators. Because of the lack of proper

control tools for the nonlinear grade change operations, the process

performance during grade change operations has not been satisfac-

tory. Specific nonlinear control schemes are not suitable in actual

operations because paper grade change operations are performed

frequently (2 to 5 times per day).

The bilinear model can be effectively used to represent nonlin-

ear chemical processes. Many successful application results of bilin-

ear model-based controllers to practical systems have been reported

[Ruberti et al., 1972; Mohler, 1973]. Some investigators considered

the optimal control problem for commutative bilinear system and

obtained constant optimal input vectors for a time invariant system

by using a quadratic cost function [Wei and Pearson, 1978]. Results

of applications of bilinear control method in nuclear rocket engines

and aircraft control were presented [Mohler, 1991]. A new iterative

optimal control scheme based on successive approximations has

been proposed [Aganovic and Gajic, 1995]. In the scheme a linear

control law was represented in terms of a given state trajectory. One

of the authors developed a bilinear model predictive controller based

on autoregressive moving average process model [Yeo and Williams,

1987; Oh and Yeo, 1995]. The basic idea of their algorithm is con-

veyed in the present study with a little modification to control paper

grade change operations.

The key controlled variables in grade change operations are the

basis weight, the ash content and the moisture content of the paper

being produced. As the manipulated variables it is common prac-

tice to choose the flow rate of the thick stock, the filler flow, the

machine speed and the steam pressure. These controlled variables

and manipulated variables are shown in Fig. 1. It is desired to con-

trol all the three controlled variables simultaneously, but most of the

control methods proposed so far have concentrated on the control

of only one or two key variables. The PID control method pre-

sented by Tang and Shi focused on the basis weight [Tang and Shi,

2002]. A transition control scheme based on the process model was

proposed by some researchers [Skoglund and Brudin, 2000; Mur-

phy and Chen, 1999]. The method tries to manipulate the steam

pressure to make the moisture content follow the predetermined

trajectory.

In the present study the multivariable bilinear model predictive

control method is proposed to control the grade change operations

in paper production plants. As the first step a bilinear model for grade

change operations is identified. The so-called “parametric” bilinear

model [Sen, 1986] was found to be suitable to represent the dynam-

ics of grade change operations. From the numerical simulations the

neural model identified showed reliable agreement with the plant

data, which justifies the use of a bilinear model in the predictive

control scheme. A one-step ahead multivariable bilinear model pre-

dictive control scheme is proposed next to control all the key con-

trolled variables (basis weight, the ash content and the moisture con-

tent) simultaneously followed by numerical simulations.

GRADE CHANGE OPERATIONS

Fig. 1. Schematic diagram of paper machine.
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A modern paper machine can be considered as a production line

consisting of a stock preparation system, wire section, wet press-

ing, drying and coating units as shown in Fig. 1. In stock prepara-

tion, different raw materials such as chemical pulp from pulp mills,

mechanical pulp from chip refiners, chemicals and additives are

mixed together. Pulps are usually refined in order to achieve the

required product quality. After it is cleaned and diluted, pulp stock

is fed into the white-water system in the wire section of the paper

machine. The wet-end section of paper mills exhibit highly nonlin-

ear behavior [Yeo et al., 2005].

A white-water system consists of the headbox, wire and the cir-

culated white-water that is a filtrate from the wire. White-water is

used to dilute the stock to the desired consistency (0.3-1%) for the

paper web forming process. The headbox spreads the stock flow

on the wire across the width of the machine and the paper web is

formed. After that, water is removed first by wet pressing and then

contact drying on steam-heated cylinders. Often, modern paper ma-

chines have on-machine coaters that apply pigment-coating color

on the paper. Coating may be on both sides and even double or triple

layered. In addition to these principal systems, there are several sup-

port systems such as for broke handling, chemical preparation and

so on.

A grade change is a product quality change on a paper machine. In

a big grade change, several inputs to the paper machine are changed,

for example proportioning of raw materials, refiner loads, stock flows,

headbox settings, machine speed, lineal pressures in wet pressing,

steam pressures and coating settings. So far the most common way

to execute a grade change is by ramping. An open-loop method such

as ramping suits grade change well because there are no exact target

values for the basis weight and moisture. It is satisfactory if the target

values hit inside an acceptance range after the grade change. Most

grade changes are basis weight transitions. The basis weights in a

production schedule are run in a cycle. The cycle is optimized so

that the basis weight changes are as small as possible. The ideal

condition is that the allowed ranges of sequential grades overlap.

A typical grade change consists of a calculation of target values

and a dynamic co-ordination of paper machine speed, pulp stock

flow and steam. It is crucial to a successful grade change that the

new target values are accurately known. Stock flow and machine

speed together control both the production rate and basis weight.

Drying is controlled by steam pressure, but often only the last steam

groups are used for control purpose. Because of long time con-

stants and dead times in the drying process, the target values for

steam pressures are the most important. Also, raw material proper-

ties, the condition of the paper machine, basis weight, moisture and

speed all affect the drying rate. The machine tender usually gets

the initial target values from the records of the previous runs.

BILINEAR MODEL PREDICTIVE CONTROL

The paper production process is highly nonlinear, and model pre-

dictive control methods based on linearized process models do not

exhibit satisfactory control performance. Exact description of the

nonlinearity of the paper process is very difficult, and representation

of nonlinear dynamics of the drying section of the paper machine

can be found elsewhere [Yeo et al., 2005]. To avoid the complicated

nonlinear representation as well as the impracticable use of simple

linear models, we introduce bilinear representation for the grade

change operation. The grade change operation can be character-

ized as a typical multivariable nonlinear process. For the specific

paper plants considered in the present study, there are four input

variables (machine speed, stock flow, steam pressure, filler flow)

and three output variables (basis weight, moisture content, ash con-

tent).

The bilinear model has similar structure with linear models in

that the bilinear model is linear with respect to model parameters.

The bilinear model can be classified into three types: state-space

type, polynomial type and parametric type. The polynomial and

parametric bilinear models are usually used in adaptive control meth-

ods based on model identification algorithms. In the present study

we employed the parametric bilinear model structure. For a single

variable system, the parametric bilinear model can be represented as

y(k)=φ
T

θ (1)

where

φ=[a1, a2, …, an−1, an, b1, b2, …, bn−1, bn, c1, c2, …, cn−1, cn]
T

(2)

θ=[y(k−1), …, y(k−n), u(k−τ−1), …, u(k−τ−n),

θ=y(k−1)u(k−τ−1), …, y(k−n)u(k−τ−n)]
T

(3)

The estimate of the parameter vector  can be obtained from the

minimization of the following quadratic cost function:

(4)

The following recursive parameter estimation method can be effec-

tively used [Ljung, 1987]:

P(k)
−1

=λP(k−1)
−1

+φ(k)φ(k)
T

(5)

(6)

This algorithm requires the inversion of the matrix P(k) at each sam-

pling interval. With the use of matrix inversion lemma [Goodwin

and Sin, 1984; Ljung, 1987], we can avoid the calculation of the

inverse matrix. We can introduce the time varying forgetting factor

[Fortescue et al., 1981] as

(7)

(8)

(9)

(10)

To ensure an upper bound on P(k), we update it as

P(k)=W(k)/λ(k) if trace(W(k)/λ(k))≤C, else P(k)=W(k) (i.e. λ(k)=1) (11)

where σ≈1000*σw and σw is the variance of any process output

measurement noise. In this work, the lower bound on λ(k) was set

to 0.9.

Various well-known identification techniques can be employed

for the identification of a grade change operation. In this study, four

typical methods (bilinear model, subspace closed-loop identification,

neural network with prediction error method and 13-level pseudo-

random sequence (PRS) method) were applied for the identification

of typical sequence of grade change operations. Results are shown

θ̂

min V θ( ) = 

1

N
---- y t( ) − ŷ t( )( )2

t=1

N

∑
⎩ ⎭
⎨ ⎬
⎧ ⎫

θ̂ k( ) = θ̂ k −1( ) + P k( )φ k( ) y k( ) − θ̂ k −1( )
T

φ k( )[ ]

θ̂ k( ) = θ̂ k −1( ) + K k( ) y k( ) − θ̂ k −1( )
T

φ k( )[ ]

K k( ) = P k −1( )φ k( )/ 1+ φ k( )
T

P k −1( )φ k( )[ ]

λ k( ) =1− y k( ) − ŷ k( )2{ }/ σ 1+ φ k( )
T

P k −1( )φ t( )( ){ }

W k( ) = P k −1( ) − K k( )φ k( )
T

P k −1( )
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in Fig. 2. As can be seen from Fig. 2, the bilinear model shows ex-

cellent tracking performance compared to other identification meth-

ods. This fact fortifies our choice of the bilinear model for the pre-

dictive control of grade change operations.

The bilinear model predictive control algorithm is obtained from

the optimal control law that results from the minimization of some

specific cost function. The present control law is based on the bi-

linear ARMA model predictive controller which was originally de-

veloped by one of the author [Yeo and Williams, 1987]. The model

order of 2 was found to suffice to represent the grade change op-

erations. Assuming that the time delay is known, the 4-input 3-out-

put bilinear model can be written as

(12)

where

In the input vector, u1, u2, u3 and u4 represent machine speed, stock

flow, steam pressure and filler flow, respectively, and the elements

of the output vector y1, y2 and y3 denote basis weight, moisture con-

tent and ash content, respectively. The objective function for the

one-step ahead predictive control is defined as

(13)

where  represents the desired output vector and R and W are

weighting matrices for output error and inputs, respectively. From

the minimization of the objective function, we have

(14)

The weighting matrices R and S are diagonal matrices of the form

R=diag[r1, r2, K rn] and S=diag[s1, s2, K sm]. In our specific case,

n=3 and m=4. In the numerical simulations constant weights were

used such that r1=r2=r3=1.0 and s1=s2=s3=s4=0.8. Choice of these

constant weighting parameters should be understood in trial-and

error sense. There is no systematic way to choose “optimal” con-

stant weighting parameters.

RESULTS AND DISCUSSION

The basis weight of the product is the most important output var-

iable in the grade change operation. In the actual operation, the grade

change is considered to be achieved if the perturbations in the basis

weight shrink within the range of ±10% of the difference between

target values of the basis weights during the grade change. On-line

measurements of the moisture and ash contents are highly contam-

inated by strong noises and only the trend of those variables is mean-

ingful. In the actual grade change operations, the small variations

or oscillations appearing in the moisture and ash contents are ignored

and the basis weight is the primary post indicating the status of grade

change operations.

Oscillations or variations in the basis weight cause severe prob-

lems in the product quality. Any perturbations in the basis weight

should be suppressed quickly. PID controllers normally used in the

operation have limits in the shortening of settling time. In fact, the

amount of off-spec products is proportional to the grade change time.

For these reasons most of the grade change operations have been

performed by manual control mode to wind up with unsatisfactory

control performance. This fact justifies the introduction of model

based control schemes such as the bilinear model predictive con-

trol method developed in the present study.

Figs. 3 and 4 show results of numerical simulations of bilinear

model predictive control operations compared with operational data

for two different sequences of grade change operations (operation

A: 58→72→51→63→72 g/m3, operation B: 72→76→51→

47→51 g/m3). In the operation sequence, the target value (basis

weight) of the new grade becomes the set point (i.e., grade change

of 51→63 means that a step change of magnitude of 12 is intro-

duced into the set point). The primary objective of the proposed bi-

linear model predictive control scheme is to eliminate unnecessary

y t − τ +1( ) = Q + Hu t( )

y t( ) = y1 t( ) y2 t( ) y3 t( )[ ]
T

, u t( ) = u1 t( ) u2 t( ) u3 t( ) u4 t( )[ ]
T

Q = a1y t + τ( ) + a2y t + τ −1( ) + b2u t −1( ) + c21y1 t + τ −1( )u t −1( )
+ c22y2 t + τ −1( )u t −1( ) + c23y3 t + τ −1( )u t −1( )

H = b1+ c11y1 t + τ( ) + c12y2 t + τ( ) + c13y3 t + τ( )

J = yd t + τ +1( ) − Q[ ]
T

R yd t + τ +1( ) − Q − Hu t( ){ }
− u

T

t( )H
T

R yd t + τ +1( ) − Q[ ] + u
T

t( ) H
T

RH + S[ ]u t( )

yd

u t( ) = H
T

RH + S[ ]
−1

H
T

R yd t + τ +1( ) − Q[ ]

Fig. 2. Identification of grade change operation (58→71→51→
63 g/m2).

Fig. 3. Results of numerical simulations (Operation A: 58→72→
51→63→72 g/m2).
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oscillations in the key output variables, especially in the basis weight

and the ash content. It is obvious that perturbations appearing in

the actual operation were suppressed satisfactorily by the bilinear

control action. This means that the bilinear control scheme can pro-

vide stable grade change operations considering the fact that even

minor oscillations in basis weight may cause severe unstable oper-

ational status such as web break.

CONCLUSIONS

Because of the high nonlinearity of the grade change processes

in the paper production plants, control of the grade change opera-

tions has been performed manually by experienced engineers. A

multivariable bilinear model predictive control method is proposed

and applied to control the grade change operations in paper pro-

duction plants. In this study a bilinear model for the paper plants is

identified first followed by one-step ahead bilinear model predic-

tive control. It is found that the bilinear model tracks the plant with-

out significant discrepancy. Based on the multivariable bilinear plant

model the optimal input variables are computed using the one-step

ahead prediction method. Even for frequent changes in paper grades

the bilinear model predictive control scheme exhibits good control

performance in numerical simulations. Off-line application of the

present control scheme is planned.

NOMENCLATURE

ai, bi, cij : bilinear model parameters (ai∈R4x4, bi∈R3x4, cij∈R3x4)

K : update parameter defined by (8)

N : prediction horizon

P : update matrix defined by (5)

R : weighting matrix (R=diag[r1, r2, K rn])

S : weighting matrix (S=diag[s1, s2, K sm])

: input vector

ui : element of input vector (i=1, 2, 3, 4)

: output vector

: desired output vector

yi : element of output vector (i=1, 2, 3)

Greek Letters

φ : parameter vector

λ : update parameter

θ : past data vector

σw : variance of output measurement noises

τ : time delay [min]
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