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ABSTRACT

This paper aims at promoting cooperation betwegimgrand control communities in the
future. Indeed, with a review of 71 relevant pudions all dealing with control aspects in
drying, this paper shows that the use of controlstoeally started to emerge in drying
applications only since 1979. In a second phastedt@around 1998, new trends based on
more advanced concepts have also appeared in drgintgol. This paper clearly shows that
control in drying is more and more a reality andttmany opportunities exist to enhance

industrial performance via efficient control of tbperation.



INTRODUCTION

On one side, drying technology is a major energgsamer used in many industries
including agriculture, biotechnology, food, textile, minenaharmaceutical, pulp and paper,
polymer, wood and others. It is also perhaps tdestlchemical engineering unit operation.
Drying aims at reducing the moisture content withirproduct by application of thermal
energy to produce dried products of desired atieauControl of dryers was mainly manual
in the early days; automatic control appeared aniyre recently in industrial drying
equipment, especially with the introduction of Ribntrol (the first paradigm in control) in
1942 by Ziegler and Nichols. Whereas control teghes have been widely used since the
middle of the 1970’s in the chemical industry, tlember of applications of control in
drying is still relatively modest. Indeed, with 800 products dried and 100 dryer types
commonly used worldwid€ %, and with the complexities of transport phenomienalved

in drying, no single controller can be applied licdayers. Moreover, most of the research is
still focused on the understanding of the dryingchamisms and product quality rather than
on control of the operation itself. Therefore, 9trniot surprising to see that relatively few
published works deal with control aspects in dryimgthe meantime, one has to note that
the major cost of dryers is not in the initial istraent (design and assembly) but in the daily
operation, where control is very important to samergy and obtain desired product quality.
It is therefore clear that dryer control is verypiontant and that with deeper understanding of
the drying, new “smart” dryers can be made morealkd and more cost-effective than
classical dryer8’.

This paper is organized as follows: first, some ivadions for the use of control tools in
drying are given, including the financial benefits the second part, some basic concepts of

control engineering tools needed for this paper @aewed briefly. Then, the main



contribution of this paper deals with an evalua@mlysis of 71 publications dealing with
both drying and control. It attempts to show howtool tools can be used in industrial
drying and reviews the recent trends in dryer adnéspecially in terms of advanced control

techniques and modelling.

MOTIVATION FOR USE OF CONTROL IN INDUSTRIAL DRYING

Variousformulations of the control problem

During drying, the most important objective is twjust some of the drying conditiof$

while achieving the main final overall performanceguired.

* Increase the yield while obtaining the specifigthfiproperties and desired quality of the
dried products needed for their commercial uses Tihcludes: size, colour, visual
appeal, porosity, stability, texture, stress resisg, etc.”. Moreover, one has to
minimize the amount of off spec products inducedchginges in some of the drying
conditions: desired set-points (e.g.: a grade itian$, velocities, feed rates, feed

characteristics or atmospheric conditions (e.@ :@mbient mean humidity).

» Decrease the cost of production due to: the eneogggumption, the maintenance cost
and the drying time. Concerning the energy consiompidrying is a highly energy-
intensive operation and it represents from 10%5% 2f the national industrial energy
in the developed worlll. Moreover, it is also known that a majority of irstrial dryers
operate at low energy efficiency, from a disappomtl0% to a respectable 60% (this

ratio is defined as the theoretical energy requiedthe drying to the actual energy



consumed). Therefore, due to the escalating eneogys and more intensive global
competition, these performances have to be improvag can be done using control

tools.

However, in many situations, the specified objexgiare in conflict. For example, improved
properties and quality often demand to increasectdst of production whereas decreasing
the drying time may lead to decrease the qualiber&fore, adjusting the drying conditions
is not straightforward and the objectives are ofiglaxed to obtain manual drying control
procedures. Such manual control procedures areasiest to obtain but the drawback is that
overall performances are not the best one couleéaxso, it is not a surprise that the
development of a “smart dryer” has recently emengedrying technology. In the “smart
dryer”, a controller automatically tunes the dryiognditions such that the expected final
overall performances are reached. Such a “smditti@e is quiet common in others industry
(e.g.: chemical industry) since a few decades arntbmparison, relatively few works have

been done until now in control in drying technology

Some benefits of control toolsin drying technology

We start with a review of several studies whereltbeefits obtained in the drying industry

with the use of control tools are explicitly stated

» For a grain dryer, an optimization procedure alldwe significantly decrease the drying

cost by 33.6% from 2.29 £/t to 1.52 £/t, with thetimal tuning of the airflows 30% less

» [5]

than “normal” ™. The optimal tuning for the heater power becam&o 86ss than

“normal” .



* For a grain dryer, the use of an on-line optimaitaaler led to an 18% decrease in

drying time, a 6.4% decrease in fuel consumptiahatotal cost decrease of 1.8%

« In a beet sugar factory, the use of a model bassdiqtive controllef® * ** reduced the
energy costs by 1.2% (18,900 £/year) and decretimedlownstream energy cost by
14,000 £/year. The product yield increased by 0.886fth 61,600 £/year and off-
specification production has decreased from 11%% Finally, the payback time

(including hardware and development) was 17 months.

* For arotary dryer, a PI controller was used totimdrihe outlet mean product moisture
content near the desired set-pdtfiit The throughput was increased by 1.4% leading to
a potential increase of a company profit by 105 &15$/year. Concerning energy
consumption, it decreased by 7 % from 22 069 kWn{ma& control) to 20 483 kW
(automatic control). Based on an 80000 US$ consydtem, the payback time

(including hardware and development) was 9 months.

Clearly, one can see that the use of control talidsvs to improve benefits, and to decrease
energy consumption and off-specification productidoreover, even if the initial control
study is not simple (e.g.: in case of both firshgiple model and software developments),

the return on this investment is relatively sharitaloes not exceed 1.5 years.



BASISFOR CONTROL

In this part, some concepts of control engineeareggreviewed in the context of the aim and

scope of this paper.

Design variables vs. manipulated control

Basically, the drying procedure depends on two liasof variables:

» Design variables such as the dryer type, actuaserssors, equipments and dimensions.
Such variables appear when the dryer does not. &tist choice and the value of such

variables are the first to be discussed in ordeleign and build the dryer.

* Manipulated variables (or decision variables orta@ractions) such that heating power,
air flow rate and air humidity. After the designdathe building of the dryer, the value of
such variables has to be tuned off-line (beforedityng) or on-line (during the drying)

either manually or automatically.

In terms of control engineering, tuning of bothigasvariables and manipulated variables
needs to be discussed. But, due to lack of a nmdilinary approach, usually control
engineers are not involved in the decisions corezemith the design variables, even if these
variables also have a large impact on the perfocaman the drying operation. For example,
the type, location and number of sensors, thatvarg important for on-line control, are

usually not considered seriously for this purposeind) the process design stage. In this



paper, our discussion deals only with the tuninghef manipulated variables, which is the

fundamental issue in control.

Objectivesfor thetuning of the manipulated variables

The need for the tuning of the manipulated varislidea direct consequence of the original

control problem, which is classically one of thé#dwing two problems:

* In a regulation problem, a constant set-point vedadefined (e.g.: the desired final
mean moisture contents). The problem is to chondedasign a controller that tunes the
manipulated variables, such that the consideredralted variables (e.g.: final mean
moisture contents of the product) tracks as bepbasible their respective set-point and

with a minimum variability during the drying.

* In an optimization problem, the idea is initially state the criteria accounting for the
controlled variables and/or the manipulated vaesaland/or the available state variables
(which contain all the dynamic characteristics loé trying). Then, an optimization
procedure adjusts the manipulated variables asimomize these criteria. Constraints
dealing with process limitations (e.g.: actuatoragmtude have upper and lower
bounds), process safety (e.g.: a maximum temper#toeshold beyond which operation
becomes hazardous), process specification (emgaxanum known surface temperature
beyond which final quality is too altered) may beplecitly incorporated into this

formulation.



Finally, controller performances may be comparedoaiing to a combination of the

following objectives:

» Decrease the rise time, defined as 10% to 90% eftithe needed by a controlled
variable to move from the initial constant valueatmew constant value (e.g.: after a

change in set-points).

» Decrease the overshoots that may occur if the clbedr variable has an unstable

behaviour.

* Decrease the steady-state error, which is the dyetween the set-point and the

controlled variable when the dynamic behaviourdiaappeared.

* Improve the disturbances rejection: a good cormra requested to rapidly attenuate

the effects of the disturbances over the controlladables (e.g.: without control, a

change in atmospheric humidity affects the finalsiwe content of a product).

* Improve the robustness: a good controller is regdet be able to account for a large

variety of similar products, even if some uncorédl drying conditions or feed

characteristics change (e.g.: the initial moisttoetent of a product).

Off-line control (open loop) vs. on-line control (closed loop)

Manipulated variables can be tuned in two ways:



» Off-line control (open loop control): if the dryingehaviour, the desired product
specifications, the uncontrolled operating condsicand the feed characteristics are
known in advance accurately, an easy way to coatidryer is to tune (by computation
or manually) the manipulated variables before thgidming of the drying. These values

are then used during the drying.

* On-line control (closed loop control): in realityesired product specifications are most
of the time known in advance, but atmospheric dpegaconditions and feed
characteristics may be time-varying, may not be suesl and they usually strongly
influence the drying. An efficient way to controdayer is then to tune (automatically or
manually) the manipulated variables during therdyyin order to obtain the best control

results using the time varying measures available.

In this paper, although both approaches are disdyudbe focus is on the on-line control,
which is a more powerful tool in control enginegritndeed, the measures made during the
drying are used to adjust the manipulated variabléss is very helpful to improve the
drying performances. If they are measured, timeingrdrying conditions may also be
accounted for. Unfortunately, until now, off-linerdrol approaches are more often used in
drying engineering than the on-line control appheac This is partially due to a lack of
knowledge of drying engineers in the control toahsl especially the benefits that can be
obtained with their implementation. We hope thas fhaper will help to bring closer these
two groups of experts. Moreover, due to lack ofuaate and reliable sensors available for
such a wide range of products, it is also diffidoltget the on-line measures needed by the
controller. This made initially control tools diffilt to manipulate. In recent years this

situation has improved considerably with availapitif good quality and cheaper sensors.



M anual control vs. automatic control

An on-line controller used during the drying camdumanually or automatically the

manipulated variables:

Manual control is the most common way to tune tlamipulated variables: an operator
mentally senses the overall process behaviour lysiley inference to available

measurements and a strong expertise in drying tpesq and adjusts the manipulated
variables (e.g.: flow rate, heating power). Suchtem is very simple. The drawback is
that this can be uneasy, due to the usual compleéxailtivariable behaviours occurring
in drying. Moreover, the influence of disturbandes.: change in feed characteristics)
are usually not negligible during the drying. Alsince the frequency of this tuning is
not known, new adjustments required by the new nimotbed drying conditions may not

be implemented when needed. This, therefore, l@adscrease of drying performance.

On the other hand, automatic control refers tolliggnt hard and/or soft devices that
aim to tune automatically on-line the manipulatediables (e.g.: the thermostat in your
house). The manipulated actions are therefore @djuat each time, or at a fixed
sampling time. Since the introduction of PID cohtro1942 by Ziegler and Nichols, it
has become common today to use automatic consollerthe industry. Even if
implementation of automatic controllers is usuddlys easy than the implementation of
manual control, overall performances in the procgssration can be rapidly improved
(e.g.: the disturbances do less affect the dryingnd automatic control than during
manual control). Multivariable controllers can alse more easily handled than the

manual ones.

10



This paper focuses on automatic controller appresicéince these allow one to obtain better

performance in the control of complex systems @asctrying processes.

Needsfor a model for control

For automatic control, a “model” is usually neededune the controller. Such a model is

either an “experience based model” or a “numencadliel”:

* For an operator who tunes the manipulated variatlasually, a model based on the
expertise (of the operator) is developed througlry®f experience. It takes therefore
time for the operator to learn and then, the turdhthe controllers strongly depends on
the operator, who is not continuously supervisimg drying. Another drawback is that
this model is obviously only available if the operais still assigned to this particular

dryer!

* For the control of more complex systems, “numerioaldels” are developed. The easy
availability of computers over past two decadeseasdke development of this numerical
tool possible and cost-effectiV&é **1 Development of such models is similar to the
development of models used for process simulatiadrying engineering. These fall into

the following categories:
0 Models based on first principles (based on heatssmand momentum balances)
leading to an explicit model described by a sestafic and/or dynamic equations,

ordinary and/or partial differential equations,elam and/or nonlinear equations. The

11



main advantage of these models is that most ofpdrameters have a physical
significance (e.g.: heat transfer coefficient, usibn coefficient), which make these
models the most helpful to get a better knowledfethe drying phenomena.
Therefore, extrapolation of the use of these mometew drying conditions is easy.
The drawback may be the time needed for the dexredop Moreover, it may not be
possible to model any behaviours involved, leadmdjtting some parameters to a
“black box” model. Large computational time neededsolve complex behaviours
on-line may also be a hard constraint when a mbdséd control algorithm for on-

line control is used.

o Knowledge-based models, where no a priori firsh@gle knowledge is needed, but
where many process data are needed to design thel rmoch as: fuzzy model,
neural network model, black box model and genefjorahm based model. The
main advantage of these models is in the relatigblgrt time to formulate the
models. The first drawback is dealing with the cleoand use of the initial data set.
Moreover, the validity of the model outside theadsét is not known and the model
parameters have less physical significance thanfirst principle model. Therefore,

extrapolation of the use of these models in nevwndrgonditions is uneasy.

In this paper, the control approaches are basethumerical” models, since we advocate

that they lead to better performances for the obndf complex systems, like drying

processes.

12



Control strategies

In control theory, no universal controller exisbssblve any control problems. Therefore, a
vast amount of tools are available. According te grevious remarks on the approaches
treated in this paper, only the main control sgege used in drying engineering are

discussed here. The most important control straseigi a general framework are as follows:

Open loop control strategies

+ Model based methods:

o Optimal model- based control theory is a matherahtield that is concerned
with control policies that can be deduced usingnoigation algorithmg*!,
The control that minimizes a certain cost of operais called the optimal
control. Model based optimal control deals with ghreblem of finding a
control law for a given model such that a certaptiroality criterion is
achieved. It can be derived using Pontryagin's mumn principle. Model
based optimization techniques lead to the realrétieal optimal tuning of
the manipulated variables. In drying this is clgaHe best approach when
the desired product specifications, the uncontiotiperating conditions and
the feed characteristics are accurately known waace. Unfortunately, if
the reality makes things too different (which i€ ttase most of the time),

closed loop optimization approaches are bettetegfies.

13



Data based methods:

o There has been widespread interest from the cootmmimunity in applying

the genetic algorithm (GA) to problems in contrgstems engineering®.
The GA is a particular class of evolutionary alons that use techniques
inspired by evolutionary biology such as inheri@nenutation, natural
selection and crossover. Compared to traditionarcke and optimization
procedures, such as calculus-based and enumesdtategies, the GA is
robust, global and generally more straightforwarapply in situations where
there is little or no a priori knowledge about fivecess to be controlled. As
the GA does not require derivative information doamal initial estimate of
the solution region and because of the stochasiitire of the search
mechanism, it is capable of searching the entiftatisa space with more
likelihood of finding the global optimum. The draadk is still today the

computation time, which can extend to several days.

Closed loop control strategies

Model based methods:

o PID control was created in 1942. It is a simple poderful tool, especially

since it allows obtaining decent regulation reswith small investments.
Even today, PID represents 90% of the control taskd in the industrB]/G].
PID control stands for Proportional, Derivative amhutegral. The PID

controller is usually used to solve a regulatioabem, i.e. when a process

14



dynamic characteristic (the controlled variable ssdared) has to track as
best as possible a set-point. Each of these tlote@na (P, | and D) gives a
particular benefit to the closed-loop control stame and are all based on the
error, which is the difference between the dessetgpoint and the real value
of the controlled variable. To some extent, thepprtonal control accounts
for the actual error, the integral control accoufds the past error, the
derivative control accounts for the future errooniparing the effects of each
of these controllers on the closed-loop system wapect to the open-loop

system leads to the performance analysis giveahie t1.

Optimal model- based control theory is concerneth wontrol policies that
can be deduced using optimization algorithffls The control that minimizes
a certain operating cost is called the optimal m@nOptimal control deals
with the problem of finding a control law for a giv system such that a
certain optimality criterion is achieved. Both tifie and on-line optimization
procedures may be combined to decrease the ocdm@utational time. The
optimal control problem may be stated as a stagali quadratic regulator
(LQR): it is no more than a state feedback matemgvhere the matrix gain
is a solution of the continuous time dynamic Riceguation induced by the
model. Its main drawback is that it requires atheame instant a measure of
the state of the process, which is often not cotajyld&known.

Model-based predictive control, also named modeldigtive control, or
receding horizon control is a particular class pfimal controller®. It
consists in solving an explicit optimization pratleformulated into the
future. The main advantage is that constraints h(stlat manipulated

variables physical limitations, constraints duesaédety ..) can be explicitly

15



specified into this formulation. In this structugemodel aims to predict the
future behaviour of the process and the best bebaw chosen by a correct
tuning of the manipulated variables. This procedisrerepeated at each
sampling time with the update on the process measemts. Since its first
development at the early 70’s, many concepts hppeaed (DMC, QDMC,

GPC ..) and it has become the second control paradigtmenhistory of

control. Thousands of industrial applications of M&xist today, for example

in the chemical and petrochemical industries.

Robust control provides tools for systematicalljcamting for a priori
known model uncertainties into the controller dedig. These tools let to
identify worst-case scenarios and automaticallyegate controllers with

reduced sensitivity to such parameter variatiomsrandelling errors.

Underlining the design of robust controllers is #tecalled “internal model

control” (IMC) principle!??. It states that unless the control strategy costai
either explicitly or implicitly, a description ohé controlled process (i.e., a
model), then either the performance or the stalilitterion, or both, will not

be achieved. The corresponding IMC design proceduneapsulates this
philosophy and provides robust properties. The @njmole of this structure

is to attenuate uncertainties in the feedback udiveg difference between
process and model controlled variables. The styasegl the concept that it
embraces are clearly very powerful. Indeed, the IMi@ciple is the essence
of model based control and all model based coet®lcan be designed

within its framework.

16



o Observer-based control is a very powerful tool dgwed in nonlinear control

theory [#]

. The main idea is to design a model-based sofeselfthe
observer). It aims at estimating on-line some kgyadhic variables (e.g.: a
humidity profile inside the product) or an unknowrodel parameter (e.g.: a
heat transfer coefficient) according to availableasurements, the value of
the manipulated variables and the model. The lioitaof the feasibility of
such approach depends on both the mathematicalgteuof the model and
the sensitivity of the estimated variables with pext to available
measurements. The observer-based controller is kelgful for the state

estimation needed in some control strategy, like#esteedback control or

LQR (which is an optimal state feedback controller)

+ Data based methods:

0 The basic idea behind expert system is simplyeakpertise, which is the vast
body of task-specific knowledge, is transferredrfra human to a computer
221 This knowledge is then stored in the computercivhs used for specific
advice. The computer can make inferences fromrmfiieasures and draw a
specific conclusion. Then like a human consult@ngives advices for the
tuning of the manipulated variables and explaifispecessary, the logic
behind this advice. It provides powerful and flégibmeans for obtaining
solutions to a variety of problems that often cdnoe dealt with by other,

more traditional methods.

17



o The fuzzy logic control methof¥ is based on a large number of process
data. They are processed according to human bazedg fif-Then" rules,
which can be expressed in plain language wordscambination with
traditional non-fuzzy processing. Then, the resgltoutputs from all the
individual rules are averaged into one single dafied signal which tells the
controller what to do. Fuzzy logic is used in sgsteontrol and analysis
design, because it shortens the time for engingedevelopment and
sometimes, in the case of highly complex systesihd only way to solve the

problem. Fuzzy logic controllers may be combinethweixpert systems.

Feed-forward control and feed-back control

In automatic control, two control schemes can belmoed for control purpose:

0 A feed-back control structure, which employs a sems measure the drying
characteristics we want to control (e.g.: the maamsture content at the
outlet). It also requires the desired behaviouttfies characteristic during the
drying (e.g.: a mean moisture content set-poinfjerAcomparison of these
two values, the controller aims to tune the marmmd variables (e.g.: the
infrared irradiation) according to the chosen coligr. This structure is the

key element of automatic control.
o A feed-forward control structure, which also em@a@ysensor to measure a

drying characteristic, named input disturbance .{etge mean moisture

content in feedstock). The idea is to accounttia disturbance in the tuning

18



of the manipulated variables before it does aftbet controlled variables
considered. This requires additional sensors, kedgé of the effect of the
disturbances over the manipulated variables antralted variables, which
increases the initial engineering costs. In the ntieee, such investments
may lead to improved dryer operation. Since marmputrdisturbances are
present during the drying, many feed-forward cdnstouctures have been

developed in drying engineering.

USE OF CONTROL TOOLSIN DRYING

In this part, an analysis of 71 publications deglivith both drying and control is presented.
It also underlines some recent trends in contr@r@gches and control tools applied in

drying technologies.

First, one can see in figure 1 that the interespabers dealing with control in drying
engineering has increased: (see tables 2, 3 arid 4% of them were published in the last 8
years (from 1998 to the first half of 2005) wherdéawer papers where published in the
previous 19 years (between 1979 and 1997). Consdyguthe yearly mean publication rate
of papers dealing with control aspects in drying bh&en multiplied by 3.7 since 1998.
Clearly, since a few years, control approach sefgmafly to emerge successfully in drying
industry, which happens a few decades ago in ¢dinge chemical engineering units such as

those in the petrochemical industry.

Concerning journals and conferences where thesksweere published, figure 2 and table 5

clearly underlines thddrying Technology is the major journal of choice for dissemination of

19



works on control of dryers: it covers 33 % of thébjished papers dealing with both control
and drying. It is not a surprise since it is thesmimportant journal dealing with drying
science and technology. Another relevant journghesJournal of Agricultural Economic
Research, where 14% of the papers were published. Concgroamferences, the bi-annual
International Drying Symposium (IDS) is also of great interest, especially since 2000 i
terms of publications combining control and dryagpects. On the other side, few works are
published in major control journals, suchfagomatica. Yet, it is interesting to note that the
only one paper published &utomatica is also one of the oldest available in this revigly

for the sugar industry, it compares performancethefuncontrolled rotary dryer with two
closed-loop controllers (an optimally tuned PID aadstate feedback based on a state
observer). This analysis underlines the fact tffattehas to be made on both sides between

drying and control communities to have more comstolies.

Concerning the application domains of control taolgirying, 66.1 % of the applications
deal with food (see table 6). This is not a sugrsnce food has a direct impact on daily
life: food drying controls quality of the dried mhact. That is also why the first publication
in food drying control is one of the oldest listedhis review (1983). There are also at least
eight times more applications in food than in artgeo domain! Since 1992, emerging
applications have appeared with few papers in pgnpharmaceuticals, paper and wood

applications. This also clearly underlines the srakrgence of control in drying today.

Regarding control objectives, a trend has clegolyeared since 1998 (see table 7). On one
hand, regulation issues are still studied in dryingsides the yearly mean publication rate
has been multiplied by 3 since 1998. On the otite, $he yearly mean publication rate of

papers dealing with both optimal control and dryivags been multiplied by 10 since 1998!

20



This clearly underlines the recent needs to reafiiimize the dryer efficiency, which is

today possible with still more efficient computbased optimization control tools.

Various tools from control engineering are used doying and may also be combined
together. First, table 8 shows that the use ofeddsop optimizers (MPC, LQR ...) has
emerged for both regulation and optimal controhafy, advanced closed-loop control
algorithms like MPC, successfully used in the clehindustry since 30 years, are now also
used in drying. Like most of the industries, they@ar old PID is still the main control tool
used in drying to solve regulation issues. Due dasyeimplementation, tuning procedure
well-know by technicians, as well as ability tode® good performances, the PID control is
indeed well suitable for regulation. A comparisdriree numbers of papers based on closed-
loop optimizers and PID shows that optimizationtleé¢ drying conditions has recently
become more important than regulation: indeed,nupétion often allows obtaining really
interesting improvements, both in terms of finabgurct quality and decrease in cost and
energy consumption. Open-loop optimizers are addpfhl for some cases in regulation, but
are more combined with closed-loop optimizers: ,eig. order to reduce the on-line
computation time required by the closed-loop omars by solving off-line the optimal
behaviour of the drying. There is something paléicin drying, which is not true for many
other industries. Indeed, many disturbances mayresent during the drying, e.g. the
change in the moisture content of the product atdtyer inlet. A very important control
issue is to handle them as best as possible, giedenpact of this kind of disturbances over
the final product quality is usually very strongdrying. A major effort has therefore been
put to use feed-forward control, which is the baditicture to handle such disturbances.
This is not the case in all other industries, sisigeh impact may not be so strong there and

since such structure may lead to a small improveérmeer the final results. Yet, in terms of
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control, such an approach is very helpful in dryisgce it allows accounting for such
disturbances before their impact has started. §tgnin the meantime, such feed-forward
structure is not yet employed for optimal contrelhose performances could therefore
clearly be improved. Concerning Internal Model Gohtit is a simple and powerful control
structure that has the ability to correct errore tlu modelling errors and uncertainty. This
control structure is used in drying for both regigia and optimal control. Fuzzy controller,
usually based on data analysis, is also used farlaBon purpose but is not suitable for
optimal control in drying. Observer is also an raging tool, since it can be seen as a
software sensor which aims at estimating unmeaswegdthbles and unknown model
parameters. More studies will certainly use thesiah the future since it allows, combined

with full state control approaches like LQR, to getery tight control.

Nowadays, a control algorithm is usually based anaalel, which helps to represent the
process behaviours inside the control strategyprasiously underlined, this model can have
various representations. In drying, black-box medekt classically used since they are quiet
easy to obtain, basic and simple to use in a cbsirategy. Since 1998, even if they are still
usually more complex to obtain, first principle netelare more used since they are more
accurate to represent complex behaviours involvedrying: the yearly mean publication
rate of such studies has been multiplied by 11esib@98 (see table 9)! This modelling
approach is really helpful, especially in optimabntrol strategies. Recent joined
development of optimal control and first principieodel is therefore not a surprise,

especially since 1998.

Since a model is very helpful for control synthethe modelling aspect is therefore the first

guestion to tackle in a control study. Table 10v&hthat simple and easy to obtain black-
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box models are more often use for regulation pwegban complex but more accurate first
principle models. But, if one needs to get optimigling conditions, an optimal controller
usually based on a first principle model is preddrrTherefore, stronger production needs

specified through the control objective requires dievelopment of more accurate models.

SUMMARY

The idea of this paper was first to remind someachasnciples of standard control tools and
then to show how they are now used in drying teldgy Indeed, even if drying is a very
old technology, the emergence of control applicetion drying is recent: the first real
application of control theory in drying was pubkshin 1979 and the yearly mean
publication rate of such papers has increased ByoB.since 1998. In this paper, some
motivations have been given to demonstrate thefibemé the industrial implementations of
such control tools. It allows to get a better cohof the dryers and to improve the drying
yield: drying time, external energy consumptiondexkduring the drying, off-specification
production and drying cost may be decreased. imdesf application domain of control,
drying of food is from far still the most importaf6% of the papers). This is not a surprise,
since food has a direct daily impact on the humginds life and that food control quality is
therefore very important. Nevertheless, new apptinadomains are emerging since 1992 in
painting, pharmaceuticals, paper and wood appiinati Regarding control itself, it is
interesting to notice that since 1998, more attentiave been put in the development of
optimal control strategies (the yearly mean pubilicarate has been multiplied by 10 since
1998) rather than the classical regulators (therlyemean publication rate has been
multiplied “only” by 3 since 1998). This is not aurprise since, in terms of yield's

improvement, optimal strategies based on closefd maiimizers, open loop optimizers or
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both of them, do better than regulators classidadiyed on PID. In the meantime, the use of
such optimal controllers requires the developmémhare accurate models: the yearly mean
publication rate of papers using a black-box mddetontrol in drying has been multiplied
by 2 since 1998, whereas the yearly mean publicatite of papers using a first principle
model has been multiplied by 11 since 1998. Thiseiase is quiet similar to the increase of
the papers based on optimal control strategies. edewy it is uneasy to say if the
development of optimal strategies led to search dobetter knowledge of the drying
behaviours, or if the development of such firshpiple model kicked off the use of optimal
strategies in drying. It is more certainly due tetianulating parallel growth. It is sure that
the future applications of optimal control in drgimill require new and more accurate first
principle models, especially for applications odésfood drying. Also, a more intensive use
of control tools, known to be helpful to feed mprecess knowledge inside the control loop,
is also awaited in the future: observers (modeéba®oft sensors), state feedback controllers
and non-linear controllers. Finally, as we havensedth 60 000 products dried and 100
dryer types commonly used worldwiéf& a real potential of control applications in dyin
exists. With collaboration between the control anging communities, it is expected that
the industrial drying operation will continue to pnove its energy efficiency while
enhancing product quality and reducing the nega#@wgironmental impact of dryers.

Advances in control area could thus be appliecetrebse the cost of the drying systems.
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Improvements of the performances with closed looptrol according to each actions of a

PID controller.

Closed loop response performances Rise time OwetrshB8teady-state errqr
Optimal desired controllers minimum minimum minimum
P controller decrease increase decrease
| controller decrease increase eliminate
D controller small change decrease small change
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3 At least, one of the following topics present fie tpaper: adaptive control, artificial neural neteyaenetic

algorithm, inferential approach, non-linear contretate feedback control, sliding mode control, tBmi

predictor.
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Journals and conferences acronyms given in figure 2

Journal or conference acronym

Journal name

DRT Drying Technology
JOAER Journal of Agricultural Economic Research
IDS International Drying Symposium
International Workshop and Symposium on
IWSID : :
Industrial Drying
JOFE Journal of Food Engineering
Centre for Analysis and Dissemination of
CADDET Demonstrated Energy Technologies.
http://www.caddet.org/
FC Food Control
CACE Computers & Chemical Engineering
CAEIA Computers and Electronics in Agriculture
IJHMT International Journal of Heat and Mass Transf
Automatica Automatica
CEAP Chemical Engineering and Processing
CEP Control Engineering Progress
CES Chemical Engineering Science
International Conference on Chemical Control
ChemCon .
Regulations
CJOCE Canadian Journal of Chemical Engineering
PPC Pulp and Paper Canada
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Number of papers where control tools are used yngrand year of the first publication,
both versus the type of applications domain.

L . ear of the first

Application domain| Number of papers (percenty publication
Food 66,1 % 1983
Painting 8,5 % 2002

Pharmaceuticals 6,8 % 1998
Paper 6,8 % 1996
Wood 51 % 1998
Bio-cell 3,4 % 1992
Mineral 1,7% 1994
Textile 1,7 % 2001
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Number of papers versus the type of control problesualved and versus the years of
publication.

Years Regulation Optimal control
1979-1997 22 5
1998-2005 25 20
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Type of control tools used for regulation and ogiiwontrol in drying.

Type of control tool Regulatio qutlmal Rggulatlon "
control | optimal control
Closed-loop optimizer 15 16 31
PID 25 1 26
Open-loop optimizer 4 12 16
Feed-forward 15 0 15
IMC 4 6 10
Fuzzy 8 0 8
Observer 2 5 7
Other: adaptive control, inferential 3 0 3
Other: state feedback 2 1 3
Other: poles placement, Smith
. 2 0 2
predictor
Other: genetic algorithm 1 1 2
Other: artificial neural network,
) 1 0 1
non-linear control
Other: sliding mode control 0 1 1
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Number of papers versus the type of model uselddmcontrol strategies versus the years of
publication.

Years None, neural, or fuzzy Black-boX¥irst principles
1979-1997 3 19 6
1998-2005 4 15 26
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Type of models used in the control tools in dryuegsus the control objective.

Control None, neural, First
o Black-box .
objective or fuzzy principles
Regulation 7 28 14
Optimal control 0 5 18

45





