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Abstract

Following increased efforts during the last decade to

formulate mathematical models for the paper dry-

ing process, this paper presents a Modelica library,

DryLib, which enables users to rapidly develop com-

plex models of paper machine dryer sections. In ad-

dition, parameter optimization, model reduction and

moisture control by means of Non-Linear Model Pre-

dictive Control is treated. These applications have in

common that they are based on numerical optimization

schemes. Since the nature of the particular optimiza-

tion problem dictates the requirements of the numeri-

cal code, the paper also serves as an illustration of the

need for flexibility in terms of i) means for the user to

express optimization problems, ii) and choice of nu-

merical algorithms.

Keywords: paper machine, paper drying, parameter

optimization, model reduction, non-linear MPC

1 Introduction

The topic of this paper is modeling, model reduction,

parameter optimization and control of a paper machine

drying section. The dryer section is the last part of

the paper machine and consists of a large number of

rotating steam heated cast iron cylinders. The moist

paper is led around these cylinders and the latent heat

of vaporization in the steam is used to evaporate the

water from the web. The cylinders are divided into

separate dryer groups where the steam pressure can be

individually controlled in each group. By adjusting

the steam pressure in the dryer groups, and thereby the

heat flow to the paper, the moisture in the paper web is

controlled.

Based on the work [11], a Modelica library,

DryLib, has been developed. DryLib implements

the physical phenomena involved in the drying pro-

cess, as well as convenient components and connec-

tors which enables rapid development of dryer sec-

tion models. An important feature of DryLib is its

ability to express models which are scalable, in the

sense that the complexity of the models can be easily

changed. This feature is quite useful, since the need

for granularity depends on the application – a high fi-

delity model may be suitable for simulation, whereas

a course model capturing the main behavior may be

appropriate for control design.

The present paper gives three main contributions.

Firstly, the Modelica library DryLib is presented.

Secondly, important issues such as parameter opti-

mization, model reduction and optimization based

control schemes (Non-linear Model Predictive Control

(NMPC)), are treated. Some of these topics have a

general character, while others are dealing specifically

with dryer section issues. Thirdly, the applications of

the paper serves as examples of the wide range of rel-

evant optimization problems that naturally follow the

availability of high-fidelity models.

The paper is organized as follows. In Section 2 the

structure and implementational details of DryLib are

treated. The Sections 3, 4 and 5 treats parameter op-

timization, model reduction and moisture control by

means of non-linear MPC. In Section 6, the software

used to solve the optimization problems presented in

the paper is described. The paper ends with with con-

clusions and future work in Section 7.

The current paper is a condensed version of [2],

where additional details can be found.

2 DryLib

The model library, DryLib, that is developed and

used in this paper is built upon physical relations in



terms of mass and energy balances, in combination

with constitutive equations for the mass and heat trans-

fer. The objective is to obtain a non-linear model that

captures the key dynamical properties for a wide op-

erating range. The core of the model is based on [16]

and [12], and it is also given in [11]. The model for

the paper web is based on [16] whereas the model for

the cylinder, and steam system is taken from [12]. The

mathematical model used as a basis for DryLib is

identical to the model described in the references, ex-

cept that convective heat transfer from the paper web

has been added.

The objective of building the Modelica library

DryLib has been to create a user friendly and ex-

tensible platform for modeling of paper machine dryer

sections. In particular, the aim has been to design the

library so that, at the user level, the appropriate level

of model detail can be easily selected. The current im-

plementation of DryLib contains a few examples of

components where the level of detail can be specified

by the user. More importantly, the library classes are

designed to enable advanced users to add new behavior

to key components in order to extend the functionality

of the library. An important concept in the design pro-

cess has been that of model scalability, which means

that the granularity of the model behavior should be

easy to change, without the need to re-build the model.

2.1 Hierarchical Structuring

Having formulated a mathematical model for the pa-

per machine dryer section, the issues of structuring the

equations into Modelica classes and definition of in-

terface classes (connectors) need attention. A paper

machine dryer section model can be assembled using

very few basic component types. In essence, there are

only two fundamental entities, namely a steam heated

cylinder and a sheet of paper. These two component

types may then be combined, in large numbers, into

a complete dryer section model. However, it is con-

venient to introduce additional hierarchical levels. As

discussed above, the cylinders of a typical dryer sec-

tion are organized into steam groups, in which a num-

ber of cylinders are operated at the same pressure. The

introduction of steam groups into the library provides

a convenient hierarchical level for the user, since many

decisions regarding e.g. operating points and control

design and evaluation are made at the steam group

level. For basic usage of DryLib, it is also sufficient

to utilize only classes defined at the steam group level

in order to create a fully working dryer section model.

In order to increase the flexibility of the library, the

boundary conditions of the physical entities have been

factored out and modeled as separate classes. As an in-

structive example we consider a paper sheet, where the

boundary conditions of the surfaces defining the sheet

depends on the environment. For example, different

boundary conditions are imposed on the surface if the

paper is in contact with the air or a cylinder shell. The

key to building a flexible Modelica libraries using this

principle of separation is the design of generic con-

nector classes. This topic will be discussed in detail

below.

From a user’s perspective, DryLib is intended

to enable easy modeling of a dryer section. How-

ever, the user should remain in control of the im-

plementational details of key components, e.g. pa-

per sheets and cylinders. Also, advanced users

should have the possibility to introduce new behav-

ior of existing components. Two key features of

Modelica have been used to satisfy these require-

ments. In the first case, extensive use of parametrized

types (replaceable/redeclare) has been used

to propagate type information downwards in the com-

ponent hierarchy from the main user level (which is

the steam group level) to lower level components. This

strategy enables the user to easily select the appropri-

ate level of detail for e.g. the cylinder dynamics. In the

second case, inheritance has been used in order to sim-

plify introduction of new component behavior. For the

basic components such as cylinders and paper sheets,

generic base classes have been introduced, which in

turn serve as super classes for particular implementa-

tions. DryLib currently provides a few alternative

implementations for key components, and additional

behavior is easily added using the pre-defined base

classes.

2.1.1 Connectors and Variable bindings

The interface structure in DryLib is based on three

connector classes. While the connectors for heat flow

and mass flow (for connecting components with steam

flow) are straight forward, the connector class for a pa-

per surface deserves to be discussed. The paper web

is modeled by separate mass balances for water and

fiber, and an energy balance, as described above. Nat-

ural flow variables are thus mass flow of water and

fiber, qw [kg/s] and q f [kg/s], and energy flow Q [W].

As for the potential variables, there are several fea-

sible choices. However, since DryLib is likely to

be used by domain experts in the field of paper dry-

ing, it was decided to use the standard variables within

this domain. The natural choices are then moisture ra-



tio, u [kg water/kg dry substance], dry basis weight,

g [kg/m2] and temperature T [◦C].

A particular feature of Modelica that has been used

to simplify the propagation of parameters and vari-

ables between components in DryLib is name look-

up in the instance hierarchy (inner/outer). For ex-

ample, the machine speed is used in various compo-

nents, but is common for the entire dryer section. Im-

plementation using inner/outer constructs is thus

convenient. Examples of variables that may be as-

sumed to be shared by the components of a steam

group are ambient temperature and air moisture, which

are also implemented using inner/outer.

2.1.2 Cylinder Models

The (partial) cylinder base class

CylinderBase contains mainly

connector components and serves as

a unifying class for particular implementations of

dynamic behavior. The cylinder base class has two

mass flow connectors corresponding to steam inlet and

outlet, and one heat flow connector. Two particular

implementations of the cylinder dynamics is included

in DryLib.

2.1.3 Paper Models

The paper web base class contains essen-

tially four paper connectors correspond-

ing to the cross section areas and the upper and lower

surfaces. This design enables separation of the actual

paper web behavior, and the physical phenomena de-

fined by the boundary conditions of the paper.

2.1.4 Interfaces

Having defined the connector structure and the

basic cylinder and paper classes, modeling of

the interfaces between components is straight for-

ward. The PaperPaperInterface class mod-

els the interface between two paper cross section

areas perpendicular to the machine direction. In

CylinderPaperInterface, the heat transfer be-

tween a cylinder and a paper in contact is modeled. Fi-

nally, the evaporation of water from the paper surface

is modeled in the class Evaporation.

2.1.5 Steam Group Models

The classes described above have the character of

specifying physical behavior. We shall now turn our

attention to classes which are mainly used as structur-

ing entities in the sense that they introduce new hierar-

chical levels, and that they contain instances of behav-

ior classes. Basic usage of DryLibmay involve only

classes introduced at this level.

In order to efficiently explore the strong

repetitive character of a typical dryer sec-

tion, the class CylinderUnit was in-

troduced. This class combines a steam cylinder

and a paper sheet which is attached to an evapo-

ration component. While different cylinders may

have different physical parameters, the structure of

CylinderUnit is valid in most cases.

The actual control system typically con-

sisting of a valve, a pressure sensor and

a PID controller is encapsulated in the

class SteamGroup, which also contains an array of

CylinderUnit components. The SteamGroup

class has four connectors corresponding to incoming

and outgoing paper, the steam header and an input

signal representing the reference value of the pressure

controller.

2.1.6 Miscellaneous

Apart from the classes presented above, DryLib also

contains classes which is used to drive a dryer section

model, referred to as sources and sinks. In addition

there are some miscellaneous classes for e.g. valves

and sensors.

2.2 PM7, Husum, Sweden

To demonstrate the capabilities of DryLib, a dryer

section model corresponding to that of PM7 located

at the M-real mill, Husum, Sweden, has been devel-

oped. The PM7 paper machine is a multi-cylinder ma-

chine producing copy paper. The dryer section of the

machine is divided into a pre-dryer and an after dryer

section with the surface sizing in the middle. The ob-

jective of the after-dryer section is only to dry the mix-

ture added by the surface sizing and it cannot take care

of moisture problems from the pre-dryer section. Only

the pre-dryer is modeled here. The PM7 drying cylin-

ders are divided into six groups, consisting of one, two,

two, three, ten and twelve cylinders respectively. For

a detailed description of the plant, see [5].

In Figure 1, the top level of the PM7 dryer section

model is shown, including six steam groups, a paper

source, a paper sink, a mass flow source representing

the steam header and a set point distribution for calcu-

lation of pressure set points for the groups. The final



Figure 1: The top level of a complete dryer section

model.

model consists of 7453 equations and 312 dynamical

states when translated with Dymola.

2.3 Extensions

Possible extensions of DryLib can be sorted mainly

into two categories. Firstly, the library may be

extended by adding components modeling process

equipment or physical phenomena not covered by the

current implementation. For example, modeling of

systems in direct connection with the dryer section,

such as the condensate system, the steam production

and the ventilation system would enable simulation of

a larger part of the process. Also, adding this func-

tionality would simplify connection of the dryer sec-

tion model to models of other important parts of the

paper machine, e.g. the press section, the wire section

or other process units utilizing the same steam header.

Secondly, DryLib may be extended by introduc-

ing components which enables simulation of the dry-

ing process at an increased level of detail. The cur-

rent design of DryLib is based on a particular choice

of discretization of the underlying PDE:s (describing

mass and energy transport), which yields a model with

a reasonable level of detail, while maintaining accept-

able simulation times. While this choice of discretiza-

tion is suitable for analysis of moisture, temperature

and pressure profiles in the machine direction, other

applications may require different levels of detail.

3 Parameter Optimization

It is desirable that the behavior of the model is sim-

ilar to that of the real plant, in order for results ob-

tained from using the model to be applicable on the

plant. A common method to minimize the plant-model

mis-match is to select one or more parameters of the

model, and then tune these until a satisfactory model

response is obtained. This procedure of tuning pa-

rameters while leaving the structure of the model un-

changed is referred to as gray-box identification, see

[4]. Parameter tuning may in simple cases be done by

hand, but more complex problems requires structured

methods for finding the parameter set which yields the

best result. One such method is parameter optimiza-

tion, which, in addition to selection of parameters to

optimize, also includes definition of a performance cri-

terion to minimize.

When selecting parameters to optimize, parameters

which are uncertain are attractive choices. However, it

should be kept in mind, that the parameter optimiza-

tion procedure does not necessarily produce the phys-

ically correct parameter values. Rather, the selected

parameters are used to compensate for all types of

model-data mismatch given a particular performance

criterion. This implies that the actual parameter val-

ues obtained from optimization should not be inter-

preted as the true physical values, but rather those

that achieves the best model-data match. On the other

hand, it is usually desirable to ensure that parameters

have physically feasible values.

3.1 Problem Definition

Setting up a parameter optimization problem requires

insight into which aspects of the model are most im-

portant. In this case, both the dynamic and static

model response is of importance. However, in a first

step, only the static behavior has been considered.

Specifically, cylinder and paper temperatures of the

paper machine, as well as the output moisture, have

been measured during stationary operation conditions.

The aim of the optimization has been to improve the

stationary response of the model in the sense that the

difference between simulated temperatures and mois-

ture and measured temperatures and moisture, should

be minimized.

A reasonable cost function to minimize is then

J =γTm

Ncyl

∑
i=1

(Tmm,i−T
s
m,i)
2+

γTp

Ncyl

∑
i=1

(Tmp,i−T
s
p,i)
2+ γu(u

m
out −u

2
out)
2

(1)

where Ncyl is the number of cylinders, super-script m

indicates measured quantities, super-script s indicates

simulated quantities and γTm , γTp and γu are weights.

While the measurement method used to determine

cylinder temperatures is reliable, the measurements of

paper temperatures should be regarded as uncertain.



In particular, the paper temperature is varying consid-

erably in the machine direction depending on the po-

sition, relative to a cylinder contact area, at which the

measurement is done, [11]. Therefore, the weight γTp
was set to a small value. The moisture, on the other

hand, is an important quality variable that should be

matched with high accuracy. Accordingly, γu was set

to high value.

Four parameters were selected for optimization –

three heat transfer coefficients and one mass transfer

coefficient.

3.2 Solving the Problem

The minimization of (1) should be performed subject

to the constraint constituted by the DAE representation

of the model. Since the minimization is performed in

stationarity, all derivatives may be set to zero, and the

model is then represented by a purely algebraic con-

straint, F(x,y, p) = 0, where x is the state vector, y
represents the algebraic variables and p are the param-

eters.

The problem was solved by a custom made applica-

tion coded in C, which is based on the dsblock in-

terface for accessing the model description generated

by Dymola, and the NLP code IPOPT, see [14], which

is dedicated to solving large scale algebraic optimiza-

tion problems. The software is described in detail in

Section 6.

3.3 Parameter Optimization Results

Minimizing (1) yields an optimal cost of 277, com-

pared to the cost 61869 for the nominal parameter val-

ues. The optimal temperature profiles are shown in

Figure 2. For comparison, the nominal profiles are

plotted. As can be seen, there is a significantly im-

proved fit between simulated and measured responses.

In particular, the output moisture in the nominal case is

unrealistically low too early in the dryer section. It can

also be noted that the fit of the cylinder temperature

profile is better than that of the paper temperature pro-

file. This phenomenon is expected, since the weight of

the paper temperature errors was set to a low value.

The matching of the profiles can be improved fur-

ther by introducing additional optimization parame-

ters. This strategy is explored in [1] for a slightly dif-

ferent parameter optimization problem.
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Figure 2: Stationary temperature and moisture pro-

files. The x-axis shows cylinder numbers.

4 Model Reduction

Dryer section models built using DryLib results in

large scale models, even though a sparse discretiza-

tion scheme for mass and energy balances has been

applied. For control design and evaluation purposes,

however, a model describing the dynamic relationship

between the inputs and the quality variables at the last

free draw is usually sufficient. In practice, low order

models (e.g. KLT-models with a gain, a time delay and

a time constant) valid at a specific operating point are

commonly used for dryer section control. In this sec-

tion, a reduced model targeted towards moisture con-

trol design is developed. Since the moisture measure-

ment signal available for feedback control is usually

obtained at the end of the dryer section, the aim of

the reduction scheme is to develop a simpler model,

which captures the non-linear dynamical behavior re-

lating the steam pressure reference signal, input mois-

ture, input temperature and dry basis weight (from the

press section) to output moisture. Accordingly, accu-

rate simulation of the paper temperature and the mois-

ture profile can be compromised in order to obtain a

lower order model, describing only the phenomenon of

interest, i.e. the behavior of the moisture, accurately.

4.1 The Equivalent Dryer

In this paper, the structure of the dryer section will be

exploited, in order to obtain a model of lower order.



A previously reported concept is that of the equivalent

dryer, which is described in [10]. Instead of modeling

each cylinder as a separate unit, the equivalent dryer

concept suggests that one, larger cylinder can be used

to approximate an entire steam group. This approach

has several attractive features. i) It preserves the struc-

ture of the dryer section, since each steam group is re-

placed by its corresponding equivalent dryer, ii) each

equivalent dryer has an intuitive physical interpreta-

tion iii) and the reduction potential is large, especially

for large steam groups.

4.2 The Reduction Problem

At the steam group level, the reduction problem can

be stated as “Find the dimensions of one steam cylin-

der, including associated incoming and outgoing free

draws and contact paper, which approximates as well

as possible, the behavior of a given steam group”.

Given our experiences from simulation of dryer sec-

tion models, we suggest that the dynamic and station-

ary response of the equivalent dryer cylinder may be

treated separately. As for the dynamics, we assume

that the mass and volume of the equivalent cylinder

can be set to Ncyl times those of an individual cylinder

in the steam group, where Ncyl is the number of cylin-

ders. Now, simulation experiments reveal that the time

constant of an equivalent cylinder, constructed based

on this assumption, corresponds well to the time con-

stant of the full steam group. However, the same result

does not seem to hold for the stationary gains, where

there is a significant mismatch. Intuitive ways to set

the lengths of the free draw and contact papers, using

the same reasoning as for mass and volume, does not

produce acceptable results. A more sophisticated way

of finding the physical dimensions and parameters is

thus necessary.

4.3 Reduction of One Steam Group

A static model for a paper sheet in contact with a steam

cylinder, can be formulated using algebraic versions of

the dynamic mass and energy balances of the mathe-

matical dryer section model. The algebraic systems of

equations for each cylinder and paper web may then be

duplicated and put together to formulate a static model

for a steam group.

As stated in the introduction of this section, the most

important quality variable, at least for moisture con-

trol, is paper moisture. Therefore, a reasonable ob-

jective is to minimize the deviation between the mois-

ture in the last free draw of the cylinder group, and

the moisture in the outgoing free draw of the equiva-

lent cylinder. In addition, as a secondary objective, it

was decided to minimize the deviation in steam con-

sumption. This objective was added since it may be

desirable to limit the steam consumption during mois-

ture control. Performing this minimization for a sin-

gle operating point is not sufficient, however. In order

to obtain a good fit over a wider operating range, a

set of operating cases was introduced, over which the

optimization was performed. Each case consists of a

specification of the operating point in terms of steam

pressure, input moisture, input temperature and basis

weight.

It remains to define the optimization parameters,

over which the minimization is performed. Six pa-

rameters of the equivalent dryer were selected for op-

timization, namely the length of the free draws, the

length of the contact paper, and in addition two heat

transfer coefficients and one mass transfer coefficient.

The number of variables that are actually needed to

obtain a good fit is not unambiguous, however. For

small steam groups, or if few cases are used, some

of the suggested optimization variables may well be

fixed, without any increase in the approximation er-

ror. In fact, it is desirable to find an appropriate

trade-off between the number of optimization vari-

ables and optimization performance, in order to avoid

over-parametrization.

4.4 Reduction of a Dryer Section

A straight forward approach for deriving a reduced or-

der dryer section would be to simply apply the method

described in the previous section for each individual

steam group. Recalling our main objective, which is to

predict the moisture in the last free draw, this approach

would not explore the full potential of the method. In-

stead, a larger optimization problem, incorporating all

groups, may be formulated where most attention is

given to minimizing the deviation of the last group.

This means that all groups are reduced at the same

time, and that the full reduction potential is used ac-

cording to the main objective, which is to predict the

final moisture. It may, however, be advantageous to in-

clude the deviations, with small weights, of all groups

in the optimization criterion, in order to avoid a phys-

ically unrealistic model.

4.5 Solving the Optimization Problem

The resulting algebraic optimization problem is chal-

lenging, both due to its size and its non-linear char-



acter. The final problem consists of 9536 free vari-

ables and 9504 equality constraints, of which 8568 are

non-linear. Efficient solution of large scale NLP prob-

lems of this type require state of the art numerical algo-

rithms, exploring the sparse structure of the problem as

well as analytical Jacobian and Hessian information.

The problem definition was programmed in AMPL,

which is a language for mathematical programming,

[6]. AMPL enables encoding of linear and non-linear

algebraic optimization problems, using optimization

oriented language constructs. The problem descrip-

tion, i.e. the AMPL code, is then executed within the

AMPL tool, which in turn interfaces several numerical

solvers. In this application, the NLP code KNITRO,

[15], has been used. The combination of AMPL and

KNITRO is extremely powerful, since the AMPL in-

terface to numerical solvers offers analytic evaluation

of Jacobians and Hessians as well as sparsity infor-

mation. This enables KNITRO to operate in its most

efficient mode, resulting in acceptable execution times

also for large systems. The reduction problem formu-

lated in the previous section is solved in about 2-5 min-

utes, depending on initial starting point.

The proposed method has the distinct drawback of

requiring complete re-encoding of the the model de-

scription. This was necessary, however, in order to en-

able utilization of the appropriate symbolical and nu-

merical algorithms.

It is important to note, however, that the problem

is non-convex, and that only local optimality can be

expected. However, in this case, the solution to the

reduction problem seemed to be robust with respect to

different starting points. Also, the obtained solution is

reasonable in the sense that the optimized parameter

values lies within physically feasible limits.

4.6 Model Reduction Results

As mentioned above, a set of operating conditions

need to be specified, in order to complete the prob-

lem formulation. Clearly, the operating range over

which the reduced model is valid, is influenced by this

choice. As the nominal case, values for steam pres-

sures, input moisture, input temperature and dry basis

weight corresponding to a typical grade were chosen.

Based on the nominal case, additional 35 cases were

defined by varying the nominal parameters.

The result of the reduction procedure was evaluated

by means of step responses in input moisture, dry ba-

sis weight and pressure set point, see Figure 3. As can

be seen, there is a good match between the stationary

responses of the original and reduced models. Also,
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Figure 3: Step responses for moisture (left) and steam

flow rate (right) of the original (dashed) and the re-

duced (solid) models. The responses corresponds to,

from above, steps in input moisture, input dry basis

weight and pressure reference, applied at 200 s.

the (slow) dominating time constant is captured well

by the reduced system. A detailed study of the ini-

tial part of the step response reveals that the reduced

model does not fully capture the transport delay of the

original model. This is, however, to be expected. The

original model consists of a large number of paper

components, which together forms a high dimension

compartment system. The reduced model consists of

significantly fewer segments, and cannot approximate

the time delay with the same accuracy

The original motivation for performing the model

reduction was to obtain a model of lower complexity.

Indeed, the reduced model has fewer dynamical states,

namely 85, as compared to 318 for the original model.

Also, the simulation time for a typical scenario was

approximately 85% shorter for the reduced model.

5 NMPC of Output Moisture

Paper moisture is usually controlled using a cascade

structure, where the inner loop controls the steam pres-

sures and the outer loop controls the actual moisture.

The controllers of the inner loop are commonly PID-

controllers, whereas the outer loop is controlled by a

Model Based Control (MBC) scheme, e.g. IMC (Inter-

nal Model Control), a Dahlin controller, or linear MPC

(Model Predictive Control).

The MBC controller is usually based on a low order

linear model of the dryer section. While a well tuned

controller works well at a given set-point, the non-



linear character of the dryer section dynamics results

in degraded performance if the set-point is changed.

Since the plant is operated at several different set-

points, corresponding to different grades, a traditional

control system maintains several parameter sets for the

MBC controller. Switching of controller parameters is

then done after a grade change.

In this paper, we consider a different approach to

moisture control. Based on the reduced non-linear

dryer section model derived in Section 4, a basic Non-

Linear Model Predictive Control (NMPC) scheme is

implemented. The main benefit of using a non-linear

model in the control design is that the operating range

of the controller may be increased. Also, successful

implementation of a controller which achieves good

performance in a wide operating range may serve as

a unifying strategy for stationary and transition (grade

change) control, whereas common practice today is to

use separate controllers for these two control modes.

A realistic implementation of an MPC controller

consists of tree main parts – reference target calcula-

tion, state estimation and solution of the optimal con-

trol problem. In this paper, the problem of solving

the optimal control problem is addressed. The result-

ing controller is evaluated under the assumption of full

state information.

5.1 Model Predictive Control

MPC refers to a family of controllers which are based

on the receding horizon principle. At each sample, a

finite horizon open loop optimal control problem is

solved, and the first part (corresponding to the first

sample) of the resulting optimal control profile is ap-

plied to the plant. At the next sample, the procedure is

repeated and a new optimal control problem with the

horizon shifted one sample is solved. Two of the most

important advantages of using MPC is that it works

well for MIMO plants and that it takes state and con-

trol bounds into account explicitly. However, an MPC

controller, including the on-line solution of an opti-

mization problem (at least in the case of a non-linear

model), is computationally demanding, which makes

application to processes with fast dynamics trouble-

some. During the last decade, MPC has emerged as a

major control strategy, mainly in the process industry,

see [9] for an overview.

5.2 Dynamic Optimization

Traditionally, optimization problems incorporating

constraints imposed by dynamic systems have been

addressed by dynamic programming, or the maximum

principle. During the last two decades, however, a new

family of methods, referred to as direct methods have

emerged. These methods are based on discretization

of the original optimization formulation, transforming

the infinite dimensional problem into a finite dimen-

sional one. The discretized problem is then solved by

means of algebraic non-linear programming, see [13]

and [3] for two examples of direct methods.

Optimization of Dymola models has previously

been considered in the work [7], where the Simulink

interface provided with Dymola was used to access

the model. The main difference between the approach

used in [7] and this work lies in the methods of ac-

cessing the model, where the dsblock interface has

the advantage of offering evaluation of an analytical

Jacobian.

The algorithm used to solve the dynamic optimiza-

tion problem described in this section is a straight for-

ward implementation of a sequential single shooting

algorithm, see [13].

5.3 The Optimal Control Problem

An integral part of an NMPC controller is the formu-

lation of the open loop optimal control problem to be

solved in each sample. Since the aim of the control

scheme in this application is to control the moisture

ratio, it is natural to penalize deviations from the tar-

get moisture. The control trajectory in the optimiza-

tion problem is parametrized by a piece-wise constant

function with Nu segments. In order to avoid violent

control moves, which may introduce disturbances in

the steam system, a term penalizing the deviation be-

tween two successive control moves is introduced in

the cost function. In addition, there are hard limits act-

ing on the control variable. This yields the following

optimization problem

min
p̂
sp
i

Z Tf

0
γu(u

sp
out − ûout(t))

2dt+
Nu−1

∑
i=0

γp(∆ p̂
sp
i )2

subject to

F(x, ẋ,y, psp) = 0 (DAEdynamics)

466 kPa≤ psp ≤ 596 kPa (control constraint)

(2)

where Tf is the prediction horizon, u
sp
out is the tar-

get moisture, ûout(t) is the predicted moisture profile,
p̂
sp
i is the predicted pressure set point trajectory and

∆ p̂
sp
i = p̂spi − p̂

sp
i−1. γu and γp are weights. In the

simulation, the parameters were set to γu = 10000,
γp = 0.01, Nu = 4 and the sampling interval to 5 s.
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Figure 4: Step response of the NMPC controller.

5.4 Results

A simulation where the NMPC controller is applied to

the reduced dryer section model derived in Section 4 is

shown in Figure 4. In the simulation, a reference step,

from u
sp
out = 0.038 to u

sp
out = 0.03 is applied at t = 200 s.

As can be seen, the moisture reaches the desired set-

point, while the control signal respects the specified

constraints.

An important, and often limiting, factor when us-

ing MPC controllers, is the execution time for solving

the on-line optimization problem. In this case, execu-

tion times ranged from 10 s to 80 s, with a mean of

13.5 s. Typically, execution times are longer when ref-

erence changes and disturbances occur, while shorter

and more predictable execution times are obtained dur-

ing stationary operation. Assuming a sampling inter-

val of h = 5 s, it is clear that the execution times must
be decreased. There are several approaches to reduc-

ing execution times, e.g. modifying the lengths of

the control and prediction horizons, reducing the com-

plexity of the model or using a more efficient optimiza-

tion algorithm. This is, however, beyond the scope of

this paper.

In addition, the problems of reference target calcu-

lation and state estimation needs to be solved in order

for the control scheme to be useful in practice.

6 Software Tools

The dryer section model has been implemented, as

mentioned above, in Modelica and Dymola. The pa-

rameter optimization problem and the NMPC prob-

lem, however, were solved by integrating several soft-

ware packages into custom applications, which uti-

Figure 5: Software application structure.

lized the C-code representing the model generated by

Dymola. The results were then fed back to Dymola

and verified on the original simulation model.

The software packages used in the development of

the custom applications are: i) A C programming in-

terface which enables access to routines generated by

Dymola, dsblock. Using this interface, custom ap-

plications can be developed for e.g. simulation or like

in this case, optimization. The interface provides ba-

sic routines for acquiring information about model pa-

rameters and initial state, evaluation of the right side of

the resulting ODE (DAE) and the associated Jacobian.

ii) A DAE-solver, DASPK 3.1 [8]. This code solves

DAE:s as well as calculates sensitivities required for

optimization. The code is written in Fortran and was

translated to C using f2c. iii) An NLP-code, IPOPT

[14]. This code implements a primal-dual interior

point method and was used to solve the NLP result-

ing from the parameter optimization and NMPC prob-

lems. iv) A package for managing the communication

between the Dymola C interface and DASPK, which

was developed in order to enable convenient devel-

opment of optimization applications based on models

generated by Dymola. This package, referred to as ss-

DASPK, provides e.g. simulation and sensitivity cal-

culation for use in custom applications.

These packages were compiled and linked with the

code representing the model generated by Dymola,

into applications which was used to set up and solve

the particular optimization problems. The structure of

the applications is shown in Figure 5.

In addition, AMPL and KNITRO was used to solve

the model reduction problem, as described above.

7 Summary and Conclusions

In this paper, modeling, model reduction, parameter

optimization and NMPC control design for a paper

machine dryer section has been considered. It has been



demonstrated how Modelica models of high complex-

ity can be used for purposes other than simulation. The

resulting optimization problems are challenging and

require state of the art numerical solvers. In partic-

ular, solution of the model reduction problem, which

has more than 9000 free variables, is dependent on al-

gorithms exploring the problem structure. Our experi-

ence from this project is that there is no single tool or

software that can address all problems arising in simu-

lation and optimization. Rather, in order to solve prob-

lems effectively, it is essential that Modelica tools are

designed to be interfaced with software for solution

of optimization problems. In general, it is highly de-

sirable that software for complex systems is provided

with interfaces so that they can be combined.

There are several possible extensions of the paper.

The DryLib library may be extended as outlined

in Section 2, and the parameter optimization scheme

would benefit from including also time series data. Re-

garding the model reduction scheme, it may be desir-

able to derive models with further reduced complexity

valid over a wide operating range. Finally, the NMPC

scheme outline in Section 5 needs to be further elabo-

rated in order to be applicable to the real plant.
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