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Abstract — Advanced process control techniques are being developed for the manufacture of milk
powder. Further developments depend on determining with accuracy the multivariate aspects of
thermodynamic properties of a concentrated food in the course of milk powder manufacture. Vis-
cosity must be measured and modelled as a function of total solids, temperature, time and shear rate
for each product over the range of conditions encountered in the falling film evaporator and the
spray dryer, and, in addition, density and heat transfer coefficients must be determined and modelled
versus total solids and temperature for spray drying. Some of these parameters are difficult to
measure exhaustively, due to the interactive effects of time, temperature and shear rate. Research
needs to be directed at characterising the changing thermodynamic properties of milk at all stages
in its transformation to powder and at identifying an appropriate mix of first-principle and empirical
models. Future developments are likely to involve models for stickiness, thermodynamic models of
spray drying, online monitoring of atomisation and measurement / modelling of particle surface
conditions.

process control / model predictive control / milk powder / spray drying

Résumé — Revue des techniques modernes de contrdle opératoire dans la production de pou-
dres laitieres. Des techniques avancées de contréle de fabrication des poudres laitieres sont en
cours de développement. Ces développements reposent sur la détermination précise du caractere
multivarié des propriétés thermodynamiques du concentré au cours de la fabrication de la poudre de
lait. La viscosité doit étre mesurée et modélisée en fonction de la teneur en matiére seche totale, de
la température, du temps et du taux de cisaillement pour chaque produit sur I’ensemble des condi-
tions rencontrées dans 1’évaporateur a flot tombant et dans la tour de séchage par atomisation et, de
plus, la masse volumique et les coefficients de transfert de chaleur doivent étre déterminés et modé-
lisés en fonction de la matiere seche totale et de la température de séchage par atomisation. Certains
de ces parametres sont difficiles a mesurer de fagon exhaustive en raison des effets interactifs du
temps, de la température et du taux de cisaillement. La recherche doit s’orienter vers la caractérisa-
tion du changement des propriétés thermodynamiques du lait a tous les stades de sa transformation
en poudre et vers ’identification d’une combinaison appropriée des modeles du premier principe et
empiriques. Les futurs développements impliqueront probablement des modeles pour le collage, des
modeles thermodynamiques de séchage par atomisation, le controle en ligne de I’atomisation et la
mesure/modélisation des caractéristiques de surface des particules.

controle de procédé / modele prédictif / poudre de lait / séchage par atomisation
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1. INTRODUCTION

The manufacture of milk powder involves
a series of continuous or semi-continuous
steps, e.g. milk standardisation, thermal
treatment, evaporation, spray drying and
fluidised bed drying, each of which has
associated process variables which affect
the efficiency of the process and/or the
quality of the product [26, 31]. While the
central control variables are total solids (in
evaporators) and moisture (in spray dryers),
process conditions influence many powder
characteristics, e.g. bulk density, particle
size distribution and insolubility index, all
of which are subject to specification [14, 20,
21]. There is an ongoing evolution of
advanced process control techniques, mean-
ing knowledge-based techniques, which take
the dynamics of the process into account,
being applied to expand the range of control
variables, and to improve consistency, in
drying processes [2, 6]. Such advanced
techniques have been applied to processes
whose thermodynamics are well described
mathematically, such as heat exchangers
and distillation columns. There are particular
challenges in applying advanced techniques
in the spray drying of milk, because of:

(a) the multivariate aspects of thermody-
namic properties of a concentrated food
such as concentrated milk,

(b) the difficulty in accurately modelling
changes in these properties in the course of
milk powder manufacture,

(c) incomplete knowledge of relation-
ships between process conditions and prod-
uct characteristics.

Before the advent of computerised control
systems, process control schemes consisted
of local Proportional Integral Differential
(PID) control loops. Such control loops are
now implemented digitally, and still make
up at least 90% of all control loops in a typ-
ical industrial plant. However, there is
growing interest in exploiting the capabili-
ties of computerised control (e.g. PLC) sys-
tems to implement more advanced control
strategies, such as Model Predictive Con-
trol (MPC).

The concept of MPC is similar to human
decision-making in that control is based on
the prediction of future system behaviour.

Plant

Controller ‘

Optimizer

= ] .
SP State estimator

Figure 1. Model predictive control schematic,
showing controller with embedded model and
an optimiser, which computes a future control
strategy, based upon set-point, SP, and model
predictions within a future horizon. The “state
estimator” is an observer of plant states (current
values of the inputs, u, and outputs, y). This is,
of necessity, faster than the controller, but is
sometimes shown as part of the controller.

If plant behaviour is known from past per-
formance, then future plant outputs can be
optimised by carefully selecting future inputs.
At frequent intervals, the plant state is meas-
ured (by online measurements, Fig. 1). An
optimum control sequence is calculated
within a receding horizon and implementa-
tion of this strategy begins and proceeds
until further measurements are available,
and the cycleisrepeated [23]. Unlike earlier
control systems, MPC is multivariable,
whereas a PID control loop is single-input
single-output. In addition, MPC handles
input and output constraints, which classi-
cal control systems cannot easily handle.

Current approaches to advanced (e.g.
model-based) process control in the manu-
facture of milk powder include the use of
empirical and semi-empirical models, and
challenges remain in bridging the gap
between commercial practice and theoreti-
cal approaches. This article reviews the
challenges that need to be addressed in
bridging this gap.

2. THE CASE FOR ADVANCED
PROCESS CONTROL IN MILK
POWDER MANUFACTURE

Process control in general deals with
uncertainty in process behaviour. Advanced
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process control techniques are chosen in
order to deal more effectively with uncer-
tainty in process behaviour by incorporat-
ing some degree of model prediction. Even
with the best available models some uncer-
tainty in process behaviour arises from several
sources, e.g. due to unmeasured disturbances,
unmodelled dynamics or non-linearities,
measurement errors, and actuator errors.
The problem is compounded if the thermo-
dynamics of the process cannot be explicitly
described in full. However, the incorpora-
tion of an approximate process model in a
controller can improve the control dynamics.

The larger scale of operation in modern
milk powder plants creates a need for better
process control. There is greater potential
for harm due to out-of-specification prod-
uct and greater risk in terms of value of lost /
downgraded product. It is also more costly
to stop/start large plant in the event of a mal-
function, such as cyclone blockage, evapo-
rator tube blockage, fluidised bed blockage,
etc., any of which could be caused by poor
process control. Large-scale plants are
more difficult to inspect; hence nowadays,
an operator must control a complex process
remotely through the use of instruments,
analogous to an aeroplane pilot.

The most critical factor creating a need
for advanced process control is the chang-
ing nature of instrumentation and actuator
technology. Variable speed drives are being
used more widely, not only for energy effi-
ciency, but also for more precise control
and this often introduces interactive effects,
which in turn calls for a multiple-input-
multiple-output control system. The wide-
spread use of programmable logic controllers
(PLCs) in the food industry leads to a
greater emphasis on sequential event-based
operations, which need to be integrated
with any control strategy [32]. In addition,
fuzzy (or rule-based) control, which is used
where complex relationships can be repre-
sented by a rule that is easy to understand,
is easily implemented in PLCs. Fuzzy con-
trol can be a useful mechanism for encap-
sulating the skills of experienced operators.
Fuzzy control has been applied to drying
processes [7].

A strategic objective with advanced
process control is to operate a plant under

stable conditions that produce good product
characteristics consistently. A consequent,
though less significant, benefit is that prod-
uct yield can be improved through tighter
variation on moisture content of the fin-
ished product, enabling a given amount of
solids to be converted into a slightly greater
amount of finished product. Energy savings
are also possible through better process
control, since thermocompressor efficiency
depends on the operating point being close
to design conditions.

There have been developments around
the concept of fault-tolerant process con-
trol, i.e. strategies that minimise the effect
of component failures, e.g. actuator and
sensor failures, on the quality and safety of
the production process. The concept was
first developed in parallel with distributed
process control, as a means of reducing the
risk of failure of the control system itself [1].

3. PROCESS MODELLING

3.1. Steady-state versus dynamic
models

Steady-state models, such as DrySPEC2,
can be used to establish process conditions
for optimum exploitation of evaporators
and/or dryers with regard to energy consump-
tion and powder properties [28]. However,
an objective of process control is to achieve
stable plant operation, and if this is to be
achieved using a process model, then a
dynamic model is required for this purpose,
i.e. a model that predicts responses to proc-
ess inputs as a function of time. Such mod-
els cover a spectrum between “black-box”
and “white-box”.

3.2. ‘Black box’ models

Black box models, developed using data
extracted from the process, in conjunction
with an identification technique (and hence
described as a data-driven approach), can
be developed with minimal process knowl-
edge [17]. Once sufficient data is available
then itis possible to estimate amodel. How-
ever, ablack box model does not contain the
physical details of a process and is specific
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to the process plant, operating region and
product on which it is developed. For this
reason, the effects of changes in product
properties, or of process conditions outside
of those encountered at the model develop-
ment stage, cannot be predicted. However,
such models have proved particularly effec-
tive where critical parameters are identified
and measured online. The Fralcomp method
is an example of such a scheme, applied to
the control of moisture in milk powder [33].

3.3. System identification

Modelling dynamic systems from exper-
imental data involves data collection, deter-
mination of model structure, estimation of
model parameters and model validation.
Most models used in MPC are empirical mod-
els, “identified” through plant tests, e.g. step
responses, pulse responses or random input
responses. System identification consists of
assuming a model form, and adjusting
model parameters to fit the measured data.
Typical model forms used include First-
order-with-delay and Difference-equations.
It must be remembered that plant modifica-
tions, such as changes to air-swirl arrange-
ments, could necessitate a repeat of system
identification.

3.4. ‘White box’ models

A first-principle approach, sometimes
known as ‘white box’ modelling, has been
proposed for simulating spray drying and
controlling the moisture content based on
periodic measurements of water content at
the outlet [20]. A first-principle approach
has great long-term potential for process
control and for training simulators. If the
model equations are available, the first-
principle approach will produce a true
dynamic non-linear model and will be fully
predictive, even outside of normal operat-
ing conditions, although non-linear model
predictive control requires special attention
to stability [11]. Under some conditions, a
suitable linear model can be found which
controls a non-linear process as well as a
non-linear controller, but without the attend-
ant instability questions (i.e. the process
control model in Fig. 2 could be linear,

Plant Plant
engineering production
data data
Mechanistic / Parameter
equations ~ fitting
. . Process
Simulation
model
Research on T
critical l
relationships,
e.g. Product
stickiness data Process
control
model

Figure 2. Schematic showing possible role of
computer simulation, e.g. CFD, in developing
a process model.

although based on a non-linear process
model), but it is not clear if that applies to
spray drying [18]. Computational fluid
dynamics (CFD) simulation techniques can
play a role in the development of dynamic
process control models (Fig. 2) [29, 34]. A
first-principle model could be extended to
a range of products by incorporating labo-
ratory data on those products, and to arange
of plants by incorporating plant configura-
tion data, assisted by CFD. However, a
comprehensive determination of thermo-
dynamic behaviour and relationships is
required before the modelling is under-
taken. This compares with the situation
with empirical models, where complete and
exhaustive system identification must be
carried out for each product and each plant.

The current state-of-the-art in the mod-
elling of spray drying from first principles
is illustrated by attempts at modelling drop-
let shrinkage and internal temperature pro-
files in single droplet with an evaporating
front which recedes during drying [25]. It
was shown that the prediction of droplet
temperature at the later stages of drying is
critically dependant upon crust thermal
conductivity; the accuracy of temperature
prediction was of the order of £10 K [8].

3.5. ‘Grey box’ models

Itis possible to adopt a hybrid approach,
combining physical models for process
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Figure 3. Principle of inferential (or soft) sensor
for moisture control. Here, moisture is determined
from five input variables, measured on-line.

steps where they are available, with empir-
ical models where exact physical models
have notbeen developed. This is sometimes
described as a “grey box” approach, i.e. a
combination of “white boxes” and “black
boxes”. The parameter fitting to plant pro-
duction data in Figure 2 is indicative of a
grey box approach. A hybrid model struc-
ture has two main advantages over a pure
white box approach:

(i) it provides a way around missing infor-
mation in a complex system,

(ii) it gives a reasonable trade-off between
complexity and performance from a control
point of view [4].

This is the most effective approach for
modelling spray drying in the short to
medium term. It is anticipated that, as fur-
ther research produces more fundamental
models, the empirical components of the
grey box models will be replaced with
mechanistic (i.e. fundamental) equations.

3.6. Inferential measurement

In some situations, product quality, e.g.
moisture and insolubility index, cannot be
measured readily, but can be estimated /
inferred in real time from readily available
measurements, allowing for inferential
control of product quality (Fig. 3) [27]. The
term, ‘soft sensors’, refers to the use of
computer modelling (or inferential) tech-
niques for this purpose. Soft sensors play
various useful roles. Chiefly, they predict
the effect of process changes before those

effects occur, which is a pre-requisite for
model predictive control. It has been shown,
for example, that insolubility index can be
predicted, with the aid of CFD, when the
particle size and air outlet temperature are
known [30]. Soft sensors can also add
robustness to a system by over-riding an
instrument reading (e.g. of moisture), where
an instrument becomes faulty, an aspect of
fault-tolerant process control.

A somewhat related development is the
use of intelligent field devices, such as
improved actuators that give linearised
responses and overcome the effects of wear
and dead-time on their responses [13].

4. CHALLENGES IN PROCESS
CONTROL IN MILK POWDER
MANUFACTURE

In general, the application of a first-prin-
ciple approach to modelling evaporation /
spray drying is quite challenging. It involves
the use of thermodynamic / fluid dynamic
equations to describe heat and mass transfer
in terms of online measurements, and the
computation of process conditions experi-
enced by each drop of milk as it goes
through each processing step before becom-
ing a powder particle. In addition, the rela-
tionship between process conditions, e.g.
temperature, pressure and shear history,
and product characteristics, must be known
explicitly, i.e. in a predictive sense. Ther-
modynamic parameters must be determined
and modelled over the range of conditions
encountered in the manufacturing process
for each formulation being manufactured.
This would imply measuring viscosity as a
function of total solids, temperature, time
and shear rate for a range of products and
over the range of conditions encountered in
a falling film evaporator [35]. In a spray
dryer, density, surface tension, viscosity
and heat transfer coefficients would need to
be determined in a range of droplet sizes
over the range of total solids and tempera-
ture at which milk is atomised and dehy-
drated [22]. Some of these parameters are
difficult to measure exhaustively, due to the
interactive effects of time, temperature and
shear rate.
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4.1. Viscosity and droplet size
distribution

The rate of heat transfer in a falling film
evaporator is a function of viscosity and
shear rate. The viscosity of concentrated
milk, in turn, depends on the product com-
position, which is in itself quite complex, as
milk contains thousands of proteins and
hundreds of fats in many different config-
urations, and, in addition, on the instanta-
neous temperature and solids concentration
of the milk, the shear rate, and on the ther-
mal history of the milk, as milk concentrate
viscosity increases over time, especially if
the temperature is over 40 °C [35]. With
regard to atomisation, the physical charac-
teristics of a spray depend on the viscosity
of the product at that point [15]. However,
the shear conditions at that point are not
well defined and would be difficult to rep-
licate in the laboratory. It would be neces-
sary to incorporate on-line measurement of
viscosity at, or near, the atomiser. Tech-
niques for doing this are now becoming
available. The heat and mass transfer char-
acteristics of droplets in a spray, in turn,
depend on the droplet size distribution and
change with temperature, solids content
and time during drying of the droplets.
Some of these product characteristics have
been measured under limited ranges of con-
ditions for some products [12]. Perhaps, in
the future, it will become feasible to moni-
tor droplet size distribution at the point of
atomisation, or to predict the distribution
using an inferential approach. At present,
this can be done under laboratory drying
conditions, or with commercial-scale atom-
isers on a test rig, but not on-line in a com-
mercial spray dryer.

4.2. Stickiness

The control of stickiness of milk pow-
ders poses several challenges. It is accepted
that a phenomenon generally known as
stickiness plays a critical role in the manu-
facture of milk powder, both in a positive
sense, i.e. as a prerequisite to agglomera-
tion, and in anegative sense in causing pow-
der to adhere to contact surfaces (Fig. 4)
[19]. Efforts are being made to define,

in fluid beds
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Figure 4. Some negative effects of stickiness in
milk powder manufacture.

measure and understand stickiness in a way
that relates to its significance in powder
manufacture [3, 16]. It is known that the
phenomenon is related to temperature, mois-
ture content and composition [24]. Stickiness
is thought to be related to glass transition,
which is relatively easy to measure, but the
relationship appears to be product specific
[5, 10].

CFD techniques can play a role in simu-
lating wall deposition [9]. When it becomes
possible to model stickiness behaviour suf-
ficiently accurately, such simulations would
be able to predict sticky behaviour associ-
ated with drying conditions. Such an asso-
ciation could, in turn, be incorporated in a
process control model that would minimise
the tendency for deposits to form. Further
research is needed on sticky behaviour and
its relationship to glass transition, and other
characteristics of milk powders, with a view
to developing a stickiness model that is use-
ful for process control.

5. CONCLUSION

Model based process control techniques
have emerged in milk powder manufactur-
ing, assisted by the advent of digital control
systems, the increasing use of online sen-
sors (e.g. for viscosity), soft sensors and
variable speed drives. At present the models
inuse are mostly empirical models based on
plantidentification by step response. Progress
in advanced process control development
depends on a research approach in which
knowledge from various disciplines is inte-
grated with a view to bringing together the data
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to generate accurate process models for
simulation and control. Further develop-
ment of MPC in milk powder manufacture
needs to be underpinned by a significant
effort in the characterisation and measure-
ment of thermodynamic properties of the
products being manufactured such as to
enable the heat and mass transfer behaviour
to be correctly modelled throughout the
process. Future developments are likely to
involve models for stickiness, thermody-
namic models of spray drying, online mon-
itoring of atomisation and measurement /
modelling of particle surface conditions.

Research is needed to determine the
most critical parameters to be modelled and
to identify where a first-principle approach
can be applied and in what parts of the proc-
ess a black box approach will suffice. This,
in turn, will help in determining what addi-
tional on-line and off-line measurements
need to be incorporated in a control strategy
and will lead to a control system design.
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