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First Principles Modelling of a Pasteurisation
Plant for Model Predictive Control

MOHAMED T. KHADIR' AND JOHN V. RINGWOOD*

ABSTRACT

This paper investigates the physical modelling of an industrial pasteuriser plant from a control-oriented
point of view. The investigated pasteuriser is based on plate heat exchangers (PHE) of type Clip 10-RM and
brazed heat exchangers (BHE) of type CB76 from Alfa Laval. The traditionally highly complex and over
parameterised models established for design, dimensioning. and scientific purposes are not suitable for use
within a control strategy in their present form. In this paper, a simplified first order first principles (FP)
model of the PHE sections as well as the BHE heaters constructing the pasteuriser are developed. An
integrated mode! of the entire pasteuriser is then constructed combining the first principles model obtained
for different pasteuriser components. The pasteuriser model parameters are identified, and the madel is
validated using datn obtained during five test protocol sessions performed on an industrial process. Finally
an example of a model predictive control (MPC) strategy, using the developed model, is briefly introduced,
results are shown and conclusions are drawn

Keywords: Milk pasteurisation, plate heat exchanger, brazed heat exchanger, first principles
modelling, model predictive control.

NOMENCLATURE

Ai Heat exchange area (m®)

Cp: Milk specific heat coefficient (j/kg/K)

C,: Water specific heat coefficient (j/kg/K)

F,: Product flow rate (m*/h)

F,: Medium flow rate (m'/h)

H. Coincidence point equal to unity

Kpa: Thermal conductivity of the wall W/(m k)
Q- Total heat flow (W)

sw:  Thickness of the wall (m)

T;p:  Input temperature of the fluid product (°C)
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*Department of Electronic Engineering, NUI Maynooth, Co. Kildare, Ireland.
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T:  Input temperature of the fluid medium (*C)

Tt Output temperature of the fluid medium (°C)
Ty,:  Output temperature of the fluid product (*C)
Tha:  Plate temperature (°C)

T:  Temperature of the product film (°C)

Tm: Temperature of the medium film (°C)

U:  Total heat transfer coefficient (W/m*/K)

U,: Heat transfer coefficient plate/medium (W/m*/K)
U,: Heat transfer coefficient plate/product (W/m*/K)
Volume of the product area (m?)

V... Volume of the medium area (m®)

pp: Product density (kg/m°)

Pm: Medium density (kgjm“)

l. INTRODUCTION

Predictive control is becoming a valuable control strategy for higher control require-
ments that is tighter, faster regulation or tracking in the industrial world. MPC has been
used in over 2,000 industrial applications including refining, petrochemical, chemical,
pulp and paper and food processing industries [1]. Most of these algorithms rely on a
linear or linearised interal model. First principles modelling is highly regarded in the
control engineering community as its parameters usually have a physical meaning,
which strongly relates parameter identification to the physical process. In this case, any
physical changes are easily interpreted in the model, involving usually a change of a
given parameter value, giving FP models a generalisation feature that black-box models
do not have. However FP models developed for control purposes have to be valid, at least
within an operative region, without being too complex and over-parameterised.

Before starting on the mathematical modelling of the pasteuriser leading to a set of
differential equations, a thorough understanding of the physical process has to be
completed. In the next section, a description of the pasteuriser plant used for this study
1s presented.

2. PHYSICAL DESCRIPTION OF THE PASTEURISER

The pasteuriser used is based on a Clip 10-RM plate heat exchanger (PHE) [2] and
brazed heat exchangers (BHE)., A PHE consists of a pack of stainless steel plates
clamped in a frame. The plates are corrugated in a pattern designed to increase the
flow turbulence of the medium and the product. The pasteuriser is divided into five
sections, S1 to 85. Section S4 and S2 are for regeneration, S1 and S3 for heating and




FIRST PRINCIPLES MODELLING

[
o0
e

Steam/water| -
Heater for Holding tube section > <
o 52
Steam in o=
Connection wil eXCl e
A e Heit exchange \Whole Milk
plate Section Water T e

Prop Glycal 629°C Y ‘.......“.'F.‘.!... R e L

i 3

05'C - i =k B 73.9°C i

! ! :

IS

Water | §

TRC H

- a g '

Whole Milk "'J" Water 1 = =

I5%am 1°C Prop Glycol + Whale Milk 66.4°C

6.3°C 41% a1 6°C - + et §

A

S5 S4 S3 v S2 S1 }

iy

Whole Milk Whole Milk ...
4.1% at 647( 15% a1 64°C Steanmy/water
Heater for
S
Separation —
& Steam in

Owerall milk

] Homogenisation
np

Fig. 1. General layout of the pasteuriser.

S5 for cooling (see Fig. 1). The BHEs are used to heat the water used as a heating
medium in the PHE. The heating surface in a BHE consists of thin corrugated metal
plates stacked on top of each other. Channels are formed between the plates and
corner ports are arranged so that the flow media flows through alternate channels
always in counter-current flow. The media and product are kept in the unit by a brazed
seal around the edge of the plates. The contact points of the plates are also brazed to
withstand the pressure of the media handled.

The pasteuriser operates as follow: Firstly, the raw milk at a concentration of 4.1%
enters section S4 of the PHE at a temperature of 2,0°C. It is then preheated to a
temperature of 6(0.5°C by the outgoing pasteurised milk which as a result is reduced to
a temperature of 11.5°C. Passing this section, the milk now at a temperature of
60.5°C, enters section S3 where its temperature increases (o 64.57C using hot water as
a medium. The milk, before reaching the next section, is first separated from the fat
then standardised and homogenised 1o a concentration of 3.5%. It then enters section
S2, where it is preheated to a temperature of 72°C using the already pasteurised
milk as a medium. The milk is finally brought to the pasteurisation temperature in
section S1 (75.0°C) using hot water at around 77.0°C as a medium. After that the
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homogenised pasteurised milk is held at the pasteurisation temperature for 155 in the
holding tube section before being cooled using the incoming cold milk in section S4
and section S2. Finally, the pasteurised milk enters the cooling section (section §5) at
a temperature of 11.5°C, where the milk is chilled to a temperature of 1.0°C using
propylene glycol as a medium at a temperature of —0.5°C. Note that the water for the
heating sections S3 and 54 is brought to the adequate temperature in steam/water
heaters of type CB76 from Alfa Laval. As shown in Figure 1, milk pasteurisation
temperature is a function of three inputs: steam flow injected in steam/water heater 1,
steam flow injected in steam/water heater 2 and the milk input temperature, defined as
Fu1. Fyz and Tjy,, respectively, or can be function of the output temperature at section
83 and the steam flow F,;. Note that the steam temperature is constant and have a
value of 110.0°C.

3. FIRST PRINCIPLES MODELLING OF THE PHE

Modelling of PHESs has been extensively researched since the early 1920s when PHEs
started to be used in the dairy industry [3]. However, most research efforts have been
directed towards establishing models in order to design PHEs (i.e., dimensioning,
shape, etc.) [4, 5]. The literature featuring such research is rich. For example, Thonon
[6, 7] studied extensively the dimensioning of PHE's and their hydraulic and heat
performances as a part of his Ph.D. studies. Similar research concerning hydraulic

performances can be found in [8, 9]. Another article by Thonon and Mercier, [10]
deals with dimensioning and distribution problems in PHEs, which is also
investigated in [11-13]. Most of these models concern dimensioning, are over
parameterised and investigate primarily the steady state characteristics of the PHEs.

The first attempt to dynamically model PHEs was conducted by Wolf in [14],
where heat transfer between streams in a heat exchanger is described by a system of
first order differential equations. The model was reviewed in [15] considering only
relatively simple problems. Later, Morano and Jechura in [16] proposed a computer
implementation of the differential equations describing heat transfer, based on the
eigenvalues and eigenvectors of the system.

More sophisticated models have been developed since, for instance the so-called
“cinematic” model developed by Lakshmanan and Potter, [17]. In this model, the
effect of the plate is neglected and the exchange in every channel (between two
plates) is described by a differential equation. This leads to an n by n system,
where n is the number of channels. In the same way, a more complex
representation based on a dispersion model is given by Roetzel and Das [18]. An
extensive analysis based on the same approach is given in [19]. First principles
models developed in [17-19] consider the differential equations describing heat
exchange in every channel (i.e., between two plates). This leads to a relatively large
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number of equations (i.e., equal to the number of channels) and does not give the
final output product or medium temperature. Such models are not suitable for
implementation in model based controllers because of their relative complexity
providing an appreciable, but not useful, level of detail for a model based control
scheme. As far as prediction for control purposes is concerned, the modelling
objectives are a model that 1s able to predict future output temperatures, while
keeping a conservative complexity level in order to allow implementation. The
modelling approach used in this paper aims to produce a simple model, yet with an
appreciable level of detail. The first principles model is based on the energy
balance equations of the heat transfer process, and considers every section of the
PHE as a single plate, where the fluids, product and medium, pass at either side
(for heat transfer through a wall see Section 3.1). Such a model, if validated, will
provide the temperature evolution of both product and medium as a function of
their input temperatures and flows. The models for each section are then
concatenated in order to give the full PHE model.

The thermal evolution of the product (milk) and the medium (milk in preheating
sections, or water in heating sections) is evaluated under the following assumptions:

every fluid is ideally mixed in the direction of flow,

the heat conduction in the flow direction is negligible,

the heat is only transferred in one direction, perpendicular to the flow axis,

the effect of temperature on the specific heat and density of each fluid is negligible,
there are no phase changes during the heat transfer (including no fouling). and
thermal losses are neglected.

3.1. Heat Transfer Through a Wall

Before starting the mathematical analysis of the PHE, let us first emphasise the notion
of heat exchange through a wall or plate. The phenomenon is illustrated in Figure 2,
Both medium and product flow at each side of the plate in opposite directions
(counter-current flow). A thin film of product and medium tends to be created at each
side along the wall. In the case of heating a product by a medium. the medium
temperature decreases, both spatially and over time, until reaching virtually the
temperature of the medium’s thin film. On the product side, the product temperature
increases to reach the temperature of the product’s thin film. This notion of heat
transfer through a wall can be found in nearly all books dealing with heat transfer for
example [20].

The overall heat flow, O, between product and medium input temperatures, 7, and
Tip respectively, is given by Equation (1), as:

(_) =A L',(‘Ttp o Tfrn) ( 1)
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Fig. 2. Heat uansier through a wall.

Respecting the heat conservation principle, the same heat flow between different
media can be given by Equations (2)—(4):

e heat flow between the product input temperature, T,,, and the thin film’s
temperature on the product side, 7.

C’ = A“‘p( T:p o Tlrp | f2 )

e heat flow between the thin film’s temperature on the medium side, 7,,, and the
medium’s inpul temperature, Tj,.

Q =A L'rm( Tum = sz ) | 1]

¢ heat flow across the wall, or heat flow between the thin film’s temperature on the
medium side, T,,,, and the thin film’s temperature on the product side, T,

\|"iJ-
Koii 7o .
Q =A = ( [u';' = ]u‘m.l (4)
i
To obtain the temperature of the films on both sides of the plate, we equalise
Equations (1) and (2) as well as Equations (1) and (3). The resulting 7., and T\, are
given in Equations (5) and (6). The steady state films temperatures 7,,, and T,,,. are
important as they will be used in further development (Section 3.2).

. D .
]‘H'p = I(,n == l_' ( Tlp or l'rrrn ) (’ )
/p

U
Tu'm — T]lrr | l"_ (Tlp — T,—,;,) f{))

“<m
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3.2. Heat Transfer in Every Section of the PHE

Considering each section of the PHE as a heat transfer problem between two fluids
separated by a plate, the heat transfer evolution can be then characterised by the
energy balance Equations (7)—9), for the product, medium and plate, respectively.

Product side

dT,(t) R 1 Y _
PoCpVp— o PpCoFp(Tip(1) = Top(1)) + UpA(Tpalt) — Top(t)) (7)
Medium side
e vy Aleml1) o Tk - P
,l'm(n:‘rm g j,r = l’l.':(- rr!frf!{ Tlfll(“) = !mu”” = b {"m*'“ Ipu'.” Tnm(”} (8}
[
Plate
dTp(1)

PpaCpu Vpa = Und (Top (1) — Tpalr)) + UpA(Tom(t) — Tpalr)) (9)

dr
Rearranging Equations (7)}+9) in order to group factors multiplied with similar

temperatures, we obtain:

Product side

('f'f‘,.r,.’{f )

1,Cp Vo
Ll AL di

P CoFyTip(1) = (p,CpFy + UsA)Toplt) + UpAT,u(t)  (10)

Medium side

1T o (1) A - - -
.l"m(- .m Vm {7“ == I’m( ml' m I:m L= “’m( m!' m 1 !-’m"“ )]umi ) ["-n-'\ ,p.-,' ) L)
(

Plate
dTpa(1)

y UnAT (1) = (UnA 4 UpA)T,0(1) + U, AT, t) (12)
al

Ppa’-pa ¥ pa

For the sake of simplification the [ollowing notation is used:
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."‘_L:{E‘,y.l vpu ) l.-‘},,-\

l-fm-;‘ T [-"'pri"\ ‘

UnA + UyA
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This notation leads to the following simplified equations;

Product side

Tl%ﬁﬂ-"f?}m(” = MTjp(1) + (1= X)) Tpa(1) 4
Medium side

T 4 (1) = XoTin(t) + (1 = Xa) a0 (14)
Plate

nfi%m+ﬂm(n = MTop(1) + (1 = A)Tom (1) (3)

Note that the plate’s temperature is a function of both fluid temperatures at each side.
Therefore, its temperature is not uniform and equal through all its thickness. However,
the plate dynamics (p,,Cp, V) are faster than the fluid ones, due principally to:

o the plate’s low specific heat coefficient, C,, =872.5Jkg ' K for stainless steel,
while for water and milk the specific heal coefficients are C,, =4200Jkg 'K/,
C,=3800Jkg "K', respectively, and

e the fact that the plate thickness is sensibly thinner than the thickness of the space
between two plates, space allocated to the liquids (i.e., plate thickness s = (0.5 mm,
while distance between two plates is between 4-5cm). Therefore, the plate’s
volume Vj, is sensibly smaller than the volume of the product or medium V,, and
V), respectively.

For these two reasons, the plate temperature in Equations (13) and (14) can be
replaced by the steady state temperature of the plate’s sides. Now, as thin films are
created on each of its sides (see Section 3.1), the plate temperature at each side can be
approximated by respective thin film temperature. In Equation (13) it comes to
replace Ty, the plate temperature, by T, the temperature of the film on the product
side given in Equation (5), and 7, in Equation (14) by T\, the temperature of the film
on the medium side given in Equation (6).

Product temperature evolution

dT (1)
dt

u . -
-+ Tu;l(” = )‘lTlp[” i B (l = f\l)(Tlp“J — -r. (_Txrn“] = T|m““) ‘]0)

. U,

Medium temperature evolution

AToml1) | . . o U ;
'—_T() i rum“] == AZTJM(I] s “ o f\.’_)(lml(” + LT(Ti,'J“] - Tml“))) “7}
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Atter developing Equations (16) and (17) in order to group terms in 7, and T}, we
obtain the following equation:

dTo(t). . "o, i ; V.. U )
7 izlf ~+ Topll) = (l _E” - Al‘))?.pm + F-(l AL)Tim(1) (18)

g “P

dT,,(1) . & : U :
Ta —+ Tomlt) = - — A2) ) Timl1) +—=(1 = A2) Tt (19
T Tonill) (I U,,,“ )) r) U { 2)Tip(t) )

For the sake of simplification the following notations are adopted:

T‘,, E

Finally, the output temperature of the product T, and the medium Tj,, are functions
of the input temperature of both medium and product only, given in Equations (20)
and (21) as:
(1)

fTolt) b ”
Tj,{ ;lr' - ]u,!?llr) = /\f’Il,u“'i t ‘\ll — :\PII“"([) (2“)
[/

ATom(t) | .. o
Tm t'_ _;Il + rum“.‘ = /\mlamt” T (l - "\ui)lq-l” (?-I‘f
2

4. FIRST PRINCIPLES MODELLING OF THE BHE

The medium (water) used to heat the milk in sections S1 and S3 has to be heated to an
appropriate temperature before being routed into the PHE (see Fig. 1). This is
performed in two brazed heat exchangers (BHE) of type CB76 described in Section 2.
The water then becomes the product to heat using hot steam at 110.0°C. In order to
establish a model for the CB76 unit the following assumptions are considered:

e the total steam energy is transmitted to the plate, and is then transmitted to the
product (water),

o the full amount of steam injected is condensed on the plate,

e the steam temperature is constant (110°C), making the steaming heat value (/)
constant, and
losses are neglected.
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Note that in the BHESs the water plays the role of the product, heated by steam as a
medium. However, the product output temperature is still referred to as medium input
temperature, T}, (medium temperature at the entrance of the PHE), in order to avoid
any possible confusion. Similarly, T, is the temperature of the water at the exit of the
PHE and therefore, the temperature of the water entering the BHE. Taking the above

into consideration, we obtain the following energy balance equations;
Water side
2 i i) Rep——— L R =
f"'m( ml‘m e n”nr( Illfﬂl![luiﬂl'rl = 1.‘11;“’” 1 l",ﬂ"“"’pu’” ]mn””
dt
Steam side
dT (1)
PpaCpaVpa— oo

Rearranging Equations (22) and (23) in order to group similar terms:

= UpeA(Tim(t) = Tu(t)) + LF,(1)

Water side

dl,, (1)

mCm Vi
o dr

= f’m(‘nll'm Trum”" = (‘”m(,m"m 1 "’1.-‘\ JT,-.,,H" % I‘;:.,-\ .l,:,..‘.\f‘

Steam side

- riT,,,,.[.' e = =
PpuCraVpa =L 2 = UpilATim(t) = Upnal Ty (1) + IF,(1)
dl

For simplification reasons, let us adopt the following notations:

- P ‘t-‘m Vm \ i .m_":n_n_
e f'm(‘m I'.m o [Jm-"\ . S n"”'( l"r'{km 1 [-Im'!'
T}-u’ = ."f ad (‘ii‘t * ‘\IHI ’
/ UpeA ' Ui

(22)

2
s

(24)

Replacing Tim, An. 7pa and Ay, in (24) and (25). finally, we obtain the following

differential equations:

Water side

dli,(1) .
i Lt ot Aot o Ol v
dr 1
Steam side
dT (1) . = .
Toa—o——+ Tha(t) = Tim(1) + ApaF (1)

dt

(26)

(27)
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It can be seen that the PHE model Equations (20) and (21), and the BHE model
Equations (26) and (27) that the final difference equations are consistent in form.
Indeed, the product output temperature is always contained between the input
medium temperature and the input product temperature.

5. INTEGRATED PASTEURISER MODEL

The complete pasteuriser is constituted from a combination of PHE sections and two
BHESs heaters for heating the milk and the water respectively. As shown in Figure 1.
section S3 of the PHE is connected to BHE] and section S1 is connected to BHE2. In
what follows, the coupled system BHE-PHE shown in Figure 3, is detailed and
expressed as a set of differential equations.

5.1. Description of the Coupled System PHE-BHE

The coupled system can be described by coupling Equations (20), (21), (26) and (27).
The input water temperature 7},,. a function of F,, for sections S| and S3 is given by
Equations (26) and (27), while the milk output temperature 7,,, a function of Tj,. is
given in Equations (20) and (21). The milk output temperature can then be given by a
combination of the four cited equations, where the manipulated variable is the steam
flow F, at the BHE input, and the disturbance variable is the PHE input milk
temperature 7,

Milk a1 72.5°C Steamat 110°C

> < «
Medium (Water) continuully =
PHE heated by steam then injected | A g BHE

Y | inthe pasteuriser e

- A . .

) [ o »

Milk at 75°C Waterat 110°C
Pasteuriser Steam/water heater
section 83 or S1 for section 83 or S1

Fig. 3. Block diagram of the coupled system.
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5.2. Complete Mathematical Model

The complete pasteurisation plant model, for temperature variables represented by the
block diagram in Figure 4 is constructed by putting in cascade:

a PHE model for section S3.

a PHE model for section S4,

a coupled model for PHE section S3 and BHE2,
a PHE model for section 82, and

a coupled model for PHE's section S1 and BHEI,

Keeping in mind the modelling objectives (i.e., temperature control) and the
available instrumentation of the plant [21], the overall plant model can be divided into
two sub-models. One sub-model is for the pasteurisation temperature (Topr) as a
function of the output temperature at section 3 (7,,3) and steam flow in BHEI (F ;).
The other sub-model gives the separation temperature (7,,3) as a function of the
output temperature at section S1 (7). the steam flow in BHE2 (F,;) and the milk
input temperature at section S4 (7,4), as shown in Figure 4.

Dividing the overall model into two sub-models seems to be appropriate for the
following reasons:

e The plant instrumentation is designed to permit a control scheme dividing the plant
into three control problems (i.e.. pasteurisation, separation and cooling).

e Using a compact model will reduce possible model mismatch (i.e., the more
complicated the model is, the greater the possibility of mismatches between plant
and model).
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In what follows, the cooling section is not considered as the prime objective of the
paper is to provide a model for an MPC control strategy for the pasteurisation and
separation lemperature in order to improve the existing control performance.

The pasteurisation sub-model is given as a combination of Equations (26) to (27)
for the BHEs and Equations (20) and (21) for the PHE sections S2 and S1. The
pasteurisation sub-model can then be giving by the following state space equation.

e g, g Ty B g 9]
7nf-| i 1 \"" ‘I‘.‘I \ I”'"I .
fnmi 0 '; "_:IL 0 0 . ’:-lrlw-l T:‘mll ¢ U
T. | U "\'"""" '“?!" ]TLE‘J 0 “ Tmll B “ T' 3
Jru = Tl iml Fimi1 + “ }J,mfl [ s ]
Tpat O G S ST 48 Tpar e | L Py
% al parl =\
Tonc2 M 0 0 0 -+ 0 Tom2 O
- " e T4 Ap2
L) 7..,,_ J Li_;\L 0 0 0 0 N :|_ opl L a2 0 ]
T2 T |
(28)

where the system output y is the pasteurisation temperature 7,,, given in
Equation (29).

PE= i] 0000 “”Tupl Tuml Tm:l 7:nul T.lmj T.np,‘;lr {29]

Following a similar construction, a state-space representation of the separation sub-
model is given by the state space system Equations (30) and (31):

e o[-0 =2 0 0 2T 5 T0 0 07

Top3 4 1 g 0 0 0

g | Ami 2=Am}
T.ml i ” "3 : T 0 U T T:'"l‘ ( T
Tia|_| 0w —Lim o o ||7w| |0 0 O] %
24 = - my T = + ) ( Jped am?
o 0o 0 L+ —L o 0 Tpan ( ; iy
T. ad = T 1-Aps  Amd 0 Fl:

omd 0O 0 0 0 L. 0 omé i Tl

. ] al Apd Ami
_T,.J)_lJ 0 0 0 0 0 '_'JT _Tr'ﬂ-‘_ L ::l _'.:L- 0 ]

(30)

where the system output v is the pasteurisation temperature T3, given in
Equation (31).

Y= [] “ 0 {) U ()HT,.,)} Tumi Tm;,l Tpu} T,nm;l Tup—i]‘l {-” ]

The state space form is useful in highlighting the interactions between different
variables in the system. For example, it can be seen from Equation (28) how T3, the
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separation output milk temperature, appears in the pasteurisation sub-model as the
milk input temperature. In the same manner, 7, the pasteurisation output milk
temperature, appears as the medium input temperature in the separation sub-model
Equation (30).

6. PARAMETER IDENTIFICATION AND MODEL VALIDATION

Prior to any industrial use of the model established earlier, it is necessary to ensure
that it effectively has the same behavior as the physical process. This is investigated
within the validation phase. In order to perform a meaningful model validation,
informative data must be collected. This means that a rest protocol has to be applied to
the physical process in order to extract the output responses needed.

6.1. Test Protocol and Available Data

We were generously allowed five sessions for data collection from the plant
management, each of approximately 4-5h long, which is the maximum period for
which a second smaller pasteuriser can keep production going. During the testing we
were allowed to vary the steam flow valves around their normal operative points in
order to provoke changes around the nominal output separation and pasteurisation
temperatures (i.e., 64.0°C and 75.0°C). The plant responses for five test protocols
have been concatenated and are given in Figure 5. It can be seen that the changes
provoked range between 55.0°C to 85.0°C for pasteurisation temperature (7, ) and,
50.0°C to 74.0°C for the separation temperature (7,3).

Clearly the process rise time is greater than 30 min (1800s). Thus a sampling
period T, of 12 s was found to be more economical than | s, and still satisfies the usual
Shannon sampling theorems [22] as well as sampling requirements for industrial
processes given by Equation (32) [23].

r

T
T, =~ With30 <N <50 (32)

where T, is the process rise time al 63%. and N a constant.

6.2. Parameter Identification

In order to have a manageable model, the model's parameters are chosen to be the X's
and 7's found in the two subsystems given in Equations (28) and (30). Temperature
measurement at the output of sections S4 and S2 are not available. The parameters
related to these sections were initially enumerated based on the characteristics of the
materials and media (e.g., specific heat coefficient, density, etc.), the physical
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DATA SET 2 DATA SET 3 DATA SET 4 DATA SET 5

Temperatures (*C), Steam flow x 500 (m3's)

— Top1: Temperalure at outpul section S1 after hold
Top1 Temperature al oulput saction S1 beiore hold
Topd: Temperature at oulput section 53
Tom: Temperature water al the output secion S1
- Fv1: Steam flow at the input of CB76 section 51
&~ Fv2. Steam flow a! the input of CB76 section 53

2000 2500 3000 3500 4000 4500
Time samples (s)

Fig. 5. Test protocols and plant response.

dimension of the BHE and PHE and the steady state responses of each section [2].
Subsequently, parameters were fine tuned on dynamical plant data. In order to
produce a model most relevant around the normal plant operating point (including a
pasteurisation temperature of 72-75°C) data set | was excluded from the tuning and
validation stages, due 1o extremely large temperature excursion evident during
startup. Following fine tuning, the two sub-model responses are given in Figures 6 and
7 for pasteurisation and separation respectively. It can be seen from the figures that
both sub-medels behave “accurately™ to the given test protocol with a Mean Absolute
Error (MAE) of 0.6349°C and 1.4368°C for the pasteurisation and separation sub-
systems, respectively.

Note that the integrated model has been highly tuned in order to better match the
process output in data set three (Figs. 6 and 7), as it is in the expected operative
temperature range. The MAEs for set three are, 0.3328°C and 0.4201°C for
pasteurisation and separation sub-models respectively. The lower and upper bounds of
the plant response taking into consideration the uncertainty of the temperature sensors
(i.c., £0.80°C [23]) are plotted in Figure 8. We can then see that both model responses
lie almost always between the sensor error boundaries, which makes any further
model improvement unnecessary, Results are summarised in Table 1, where model
parameter values (7's and \'s) are made available.
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Fig. 6. Pasteunisation sub-model response for data sets 2 1o §
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Fig. 7. Separation sub-model response for data sets 2 10 5
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{a) Pasteurisution sub-model (b Separution sub-model

Fig. 8. Model response for data set 3.

Table 1. Tuning and validation results.

Pasteunsation sub-model Separation sub-model

An =02 \y3 = 045
=0:2] w3 =013
0.1 i 0.3
0.45 s =03
=40 - L]

= 30 =15
10

30 twt = 10
IS = 80
30 o= 10

MAE (°C) for all dats sets 0.6349 1.4368

MAE (°C) for daia se1 3 0D.3328 0.4201

7. USE OF THE MODEL IN A MODEL PREDICTIVE
CONTROL STRATEGY

Predictive control theory, in general, achieves process regulation by specifying the
desired plant output at a particular instance or instances in the future and then
calculating the controller action which minimises the predicted error in following a
reference trajectory. The configuration of an MPC strategy is shown in Figure 9,
There is a wealth of material in the literature describing the state-of-the-art in
MPC. The excellent texts by Soeterboek [25], Camacho [26] and Maciejowski [27]




M.T. KHADIR AND J.V. RINGWOOD

Cemtrol Law - P
Referonce PI‘UCC\'\‘ =
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Fig. 9. MPC block diagram description.

provide a coverage of developments in the field from late 8Os to date, while the paper
by Pannocchia et al. [28] show the exient to which the field has progressed in the
immediate past, demonstrating an algorithm which allow constrained predictive
control with dynamic input constrainis.

MPC can use a variety of model types, both linear and nonlinear, as an internal
model. These include FP models (as described in this paper), linear model types (e.g.,
the CARIMA model used in GPC [29]) and nonlinear neural network based [30. 31]
or fuzzy rule based |32] models. In particular, the paper by Skrjanc and Matko [33] is
noteworthy, since it deals with modelling and control of a heat exchanger, while a
paper by Ibarrola et al. [34] also deals with predictive control of a pasteuriser, but with
a Wiener model using Dynamic Matrix Control (DMC) [35].

In contrast to this paper, which adheres to a FP approach, both of the
aforementioned papers utilise models derived from plant data. While it can be a
more onerous task, there are a number of advantages in adopting a FP approach, rather
than a data-based modelling methodology, including:

e True insight into the system dynamics is gained. where dynamical effects can be
traced to specific system components,
The FP model can easily accommodate changes in the system configuration
through adjustment of the appropriate system parameter (for example changes (o
the number of plates employed in the heat exchanger or changes in the product or
heating medium characteristics), while data-based models must be recalculated
from scratch,
FP models produce a global system description, while data-based models are only
valid for the range of data used in the determination of the model.

MPC is widely used in industry [I, 36] as it usually takes into account any time
delay or non-minimum phase effects, as well as any process constraints.

In this section simulation results of a predictive functional controller (PFC) [10]
for the pasteurisation sub-model, are shown in Figure 10. The full derivation of the
control law is detailed in [21, 38].

It can be seen that the controller performs very well, principally due to the power of
the prediction given by the embedded internal model. This demonstrates the




FIRST PRINCIPLES MODELLING 299

b vy | v G I
[ty C— e =
- [L—— =
|| | f
sl =
n i y
I
\
E - Zeo , j
£ | ! !
H : | b f
E... & . 1), |
, ; [ ALY RN
| (i '
o ’ | \ ‘
‘ L
» ‘
(“JII%
g | |
noe ! -
L b
> =3 150 £ =x v wn Voo = =m0 mm
Torw i) Tiens (3§
() Output product temperature 7, {b) Manipulated vanable F,;

Fig. 10. PFC response with the FP model emhedded,

importance of an accurate (and computationally compact) mathematical mode! of the
process, which is the main focus of this paper.

Figure 10(a) shows how the temperature tightly follows the reference without over
shooting, where the manipulated variable, in this case a steam flow F,; injected to
BHEI, is nicely shaped (no strong oscillations occurring) and is kept within
constraints when the setpoint is reached. Figure 10(b).

8. CONCLUSIONS

The model established in Section 3.2 and validated in Section 6, gives a good
prediction of the plant output temperatures, at least around the operating point of
72°C. Tt can be seen, in Figure 8, that the model’s output temperatures lies between
the plant output measurement uncertainty bounds, given by the accuracy of the
temperature sensors. Any further model improvement will not be justified without
fitting more accurate sensors.

The modelling approach documented in Section 3.2 can be considered as a generic
approach to liquid-to-liquid heat exchange modelling. A compact model for counter-
current heat exchange within a plate heat exchanger can be described by the
differential equation expressed in Equation (20) and repeated in what follows in
generic form for completeness:

dT,(1)

ar T Tl =ATp(t) + (1= \)Tin(1) (33)

-

where the 7 and A are the only parameters to identify,
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The generic model for fluid to fluid heat exchange, given in Equation (33), follows

the convexity theorem by Richalet in [39], since the outpul product temperature is
always convex between the input temperature of the product and medium. A, the
convexity parameter, is always contained between the values of 0 and 1.
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