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ABSTRACT

In the manufacturing processes of high value-added products in the pharmaceutical, fine chemical polymer and food
industry, insufficient control might produce off-grade products. This can cause significant financial losses, or in the
pharmaceutical industry, it can result in an unusable batch. In these industries, batch reactors are commonly used, the
control of which is essentially a problem of temperature control. In the industry, an increasing number of heat-
ing-cooling systems utilising three different temperature levels can be found, which are advantageous from an economic
point of view. However, it makes the control more complicated. This paper presents a split-range designing technique
using the model of the controlled system with the aim to design a split-range algorithm more specific to the actual sys-
tem. The algorithm described provides high control performance when using it with classical PID-based cascade tem-
perature control of jacketed batch reactors; however, it can be used with or as part of other types of controllers, for ex-
ample, model-based temperature controllers. The algorithm can be used in the case of systems where only two as well
as where three temperature levels are used for temperature control. Besides the switching between the modes of opera-
tion and calculating the value of the manipulated variable, one of the most important functions of the split-range algo-
rithm is to keep the sign of the gain of the controlled system unchanged. However, with a more system-specific
split-range solution, not only can the sign of the gain be kept unchanged, but the gain can also be constant or less de-
pendent on the state of the system. Using this solution, the design of the PID controller becomes simpler and can be
implemented in existing systems without serious changes.
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1. Introduction mainly depends on the heating-cooling system associated
with the reactor.

Several different configurations of heating-cooling sys-
tems are cited in the literature and can be basically sepa-
rated into two types: multifluid (90% of industrial appli-
cations [3]) and monofluid systems [4]. The multifluid
systems are widely used in the industry, where water or
brine is used for cooling, and steam or hot water for

heating purposes. During the temperature control, be-

In the pharmaceutical, fine chemical and food industry as
well as in several technologies of the polymer industry
[1], the high value-added products are manufactured
mainly in batch processing units, where the batch or fed-
batch reactor is the main unit of the process. Due to the
complexity of the reaction mixture and the difficulty of
performing online composition measurements, control of

the batch reactors is essentially treated as a temperature
control problem [2]. The difficulties that arise in the
temperature control of batch reactors are mainly caused
by the discontinuous nature of operating modes and the
multiple operations of the reactors. The controller has to
work properly in the case of drastically changing, ramped
and constant set-points during the different modes of
operation.

The temperature of the reaction mixture is usually con-
trolled by heat exchange through the wall of the reactor
with a heat transfer fluid flowing inside the jacket sur-
rounding the reactor. Therefore, the control performance
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sides determining the adequate mode of operation and
the flow rate of the heat transfer fluid, the changeover of
fluid also has to be realised (usually an air purge is ap-
plied in the jacket), which results in discontinuities in the
operation.

In monofluid systems, single fluid is used to produce
different temperature levels by using power heaters, heat
exchangers and a refrigerator. Several different configu-
rations are possible depending on the connection method
to the jacket and the number of available temperature
levels (two or three) [5].

Several different types of jacket configurations can be
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found in the literature [4] and in the industry that can
contain indirect or direct heating/cooling, jacket recircu-
lation loop or direct flow through. The jacket configura-
tion with a jacket recirculation loop and with direct heat-
ing/cooling is widely used in the industry both in the case
of multi- and monofluid systems. Using systems with a
jacket recirculation loop is advantageous because a high
heat transfer coefficient can be achieved compared to the
configuration with direct flow through; local overheat-
ing/overcooling can be also avoided and the temperature
gradient in the jacket can be reduced.

In this paper, a split-range design technique is de-
scribed that can be used for either multi- or monofluid
systems with two or three temperature levels. The algo-
rithm contains the model of the actual system. Thus, if it
is used on a different system, it can be converted by
changing the model. It is basically suitable for the clas-
sical PID-based cascade temperature control of jacketed
batch reactors; however, it can be used with or as part of
other types of controllers, for example, model-based
temperature controllers. Besides the switching between
the modes of operation and calculating the value of the
manipulated variable, one of the most important func-
tions of the split-range algorithm is to keep the sign of
the gain of the controlled system unchanged. However,
with a more system-specific split-range solution like the
one described in this paper, not only can the sign of the
gain be kept unchanged, but the gain can also be constant
or less dependent on the state of the system. Using this
solution, the design of the PID controller becomes sim-
pler and can be implemented in existing systems without
serious changes.

2. The Experimental Equipment

In the laboratory of the authors’ department, a batch
processing unit (Figure 1) containing a 30-litre reactor
with a conventional jacket can be found. The temperature
of the reactor can be controlled by feeding heating or
cooling fluid into the recirculation loop of the jacket. The
monofluid thermoblock contains three similar loops at
three different temperature levels and is filled with a
mixture of water and ethylene-glycol. The highest (HTL)
can be controlled by an electric heater, the medium
(MTL) by tap water through a plate heat exchanger, and
the lowest (LTL) by a refrigerator. The temperature of
the reactor can be manipulated by the coordinated opera-
tion of the ball valves connecting the monofluid ther-
moblock with the jacket recirculation loop (temperature
level of monofluid) and the control valve (flow rate of
monofluid).

From an economic point of view, it is favourable to
apply three different temperature levels, since using a
medium temperature level with low energy consumption
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Figure 1. Heating/cooling configuration of the batch reac-
tor.

can reduce the usage of the temperature levels on the
boundaries of the temperature range.

3. Jacket Temperature Control of Batch
Reactors

In industrial applications, the temperature control of the
reactor is usually carried out with PID controllers in a
cascade structure [6,7]. Hence, the disturbances affecting
the jacket can be eliminated and the constraints regarding
the jacket can be defined. The cascade control of the re-
actor temperature can be seen in Figure 2. According to
the authors’ experience, the quality of the slave control
loop (jacket temperature control) fundamentally restricts
the quality of complex control solutions; hence, the
analysis of this loop is the focus of this research.

In the case of the jacket, two measurement points are
available: the jacket inlet and outlet temperature. Thus,
different possibilities exist for choosing the controlled
variable: the jacket inlet, jacket outlet and their average
temperature. The best choice for the controlled variable
of the jacket temperature control is the jacket inlet tem-
perature because it results in simpler dynamics and con-
straints related to the jacket can be simply handled. This
configuration can be seen in Figure 1.

In industrial control engineering, a split-range control-
ler is preferred in the slave loop of the cascade control to
operate two actuators with different effects at the same
time. Mostly proportional splitting is used in the case of
two modes of operation [8]. In terms of the PID control-
ler, the two actuators can be considered one manipulated
variable and the split-range algorithm as part of the con-
trolled system. The main role of the split-range algorithm
is to ensure the sign of the gain of the controlled object
remains unchanged. For this purpose, the split-range al-
gorithm in Figure 3 is the simplest and most widely used
solution in the industry.
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Figure 3. Split-range algorithm for two modes of operation.

Using three different temperature levels as modes of
operation, the control becomes more complicated; keep-
ing the sign of the gain of the controlled object un-
changed is not as trivial as in the case of two modes of
operation. However, due to the aforementioned advan-
tages of systems with three different temperature levels,
the research efforts on controllers handling such systems
are becoming more important. In the literature, only a
few papers can be found that deal with controllers used
in systems with three different modes of operation, and
most of them present advanced control solutions such as
model predictive control [5,9]. The aim of this study is to
find a solution that uses the model of the controlled ob-
ject and can be implemented in the conventional cascade
temperature control structure of batch reactors (using
PID controllers) without restructuring or using advanced
control solutions. Thus, this paper will describe a model-
based split-range solution handling three temperature
levels in the case of a monofluid thermoblock and a
jacketed batch reactor with a recirculation loop.

4. The Model-Based Split-Range Algorithm

The aim of this study was to develop a split-range algo-
rithm more specific to the jacket configuration com-
monly used in the industry, which provides better control
performance compared to other more universal solutions.

From a modelling point of view, the jacket recircula-
tion loop can be separated into the jacket of the reactor
and a mixer, as seen in Figure 4. If the temperature
change of the jacket inlet caused by the reactor differs
significantly from the temperature change caused by the
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thermal fluid feed, which is mainly relevant in the case of
systems located in the industry but not valid for small-
scale laboratory reactors, then the jacket recirculation
loop can be satisfactorily described with a mixer model
(M1). In this case, the reactor is treated as an unmeasured
load disturbance. If the dynamics of the two effects are
commensurable, then the model can be extended with the
model of the jacket (M2) that contains the temperature of
the reactor. In this case, the temperature of the reactor is
treated as a measured disturbance.

4.1. Modelling Consideration: Mixer Model
Only (M1)

The steady-state model of the mixer can be seen in the
following equation:

Brec ~p'Cp 'Tjiin :(Brec_B)'p'Cp 'Tj +B~p'Cp -I-”r1n
(1
u

Bmax
j_in j B_%Ivoe(-rlrzn _Tj) (2)

rec

Considering the aforementioned model, the gain of
this object (slave loop object) can be evaluated from
Equation (2), where the valve is taken into account with
linear characteristics (as it is in the physical system).

or. .. B 1
_ J_In_ “max m_
Kslim = au = B '@(Tin TJ) (3)

valve rec

The resulting gain values in the case of all three modes
of operation depending on the jacket temperature can be
seen in Figure 5. The gain varies depending on the jacket
outlet temperature in all three modes of operation, and
the gain changes sign at different temperature values.
Only highly exothermic/endothermic reactions can cause
the jacket temperature (through the wall of the reactor) to
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Figure 5. The gain of the slave loop object in case of M1.

be higher/lower than the available highest heating/lowest
cooling media. Thus, the reactor operates in most of the
operation time between the available highest and lowest
temperature levels. However, when using three modes of
operation in the case of the medium temperature level,
the sign of the gain can change during normal operation,
as can be seen in Figure 5. Thus, it has to be considered
in the split-range algorithm.

4.2. Modelling Consideration: Mixer and Jacket
Model (M2)

The model of the slave loop object can be described with
the following two equations if the dynamics of the heat
transfer between the jacket and the reactor is comparable
with the dynamics of the temperature change caused by
the convectional heat flow of the thermal fluid entering
the jacket recirculation loop from the monofluid ther-
moblock.
dT;
= Brec PGy '(Tjiin _Tj )+U ’ A'(Treact _Tj)

Brec-p-cp-TUn:(B B)~p-Cp-Tj+B-p-Cp-Tirr]n
“
In a steady state, the jacket inlet temperature can be
derived from the previous equations as follows:

rec

a-T +h.m~[(l+a)’1—i:‘_a'Treact:|

react
B 100
TJ in — rec
B a Bmax . Uyaive 5)
B, 100
U-A

a=—-
Brec : ID ! Cp

The gain of the resulting object can be calculated by
the following equation where the gain is a function of the
valve opening, the temperature of the reactor, and the
actual jacket recirculation loop inlet temperature.
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a-—(l1+a) m
K _ aTjiin _ Brec ) (Tin _Treact) (6)
sl_mj — -
- auval"e a+ Bmax .uvalve ’ 100
B. 100

The gain values of the object containing the mixer and
the jacket model can be seen in Figure 6. In all three
modes of operation, the values of the gain as well as the
sign changes in the function of both the reactor tempera-
ture and the valve opening.

4.3. The Split-Range Algorithm

From the aspect of the slave loop controller, the split-
range algorithm can be considered part of the controlled
object, which has the role of keeping the sign of the gain
of the controlled object unchanged and managing the two
manipulated variables (mode of operation and the control
valve) of the slave loop object [9]. In addition to this role,
an adequate split-range algorithm can also compensate
for the varying of the gain both in the case of jacket
temperature and a change in the mode of operation.

In the first step of the algorithm, the maximal possible
steady-state jacket inlet temperatures at maximal control
valve opening are calculated at all three temperature lev-
els. The two modelling considerations result in different
equations. According to the M1 modelling consideration,
the jacket inlet temperatures at maximal valve opening
can be calculated by the equation on the left in Table 1;
when the model of the jacket is also taken into account
(M2), the jacket inlet temperatures can be calculated by
the equation on the right.

The output of the slave loop PID controller is con-
verted to temperature range according to Equation (7).
With this conversion, the output of the PID controller can
be handled as a desired steady-state temperature for the
jacket inlet temperature.

» o\ u
Wae =T/ + (T8 =T/ ) o ()

The minimal and maximal possible steady-state jacket
inlet temperatures (Table 2) are derived from the previ-
ously calculated T," (Table 1) and the actual jacket
temperature.

When choosing the adequate mode of operation, the
possible steady-state jacket inlet temperatures are first
arranged in ascending order. These values can be seen in
Table 4.

Using the previously created P vector, the adequate
mode of operation can be chosen in the function of the
temperature range controller output. The different cases
can be seen in Table 3.

The valve opening can be calculated from the steady-
state model of the slave loop object (Equation (1) or (4)).
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Figure 6. The gain of the slave loop object in case of M2.

Table 1. The steady-state jacket inlet temperatures at maximal valve opening.

Mixer Model (M1)

Mixer + Jacket Model (M2)

T =T, + o B (T -T))

rec

B
Tm_a T Bm J(+a)Tr-a-T,, ]

Q- —max

rec

Table 2. The minimal and maximal possible steady-state
jacket inlet temperatures.

Mixer Model (M1) Mixer + Jacket Model (M2)

min _ -+ Tow min _ -+ Tow
T," = min (T5 ,TJ) T," = min (T5 ,Trem)

T =max (T,".T,)

j_in

max high
T =max (T, T_,)

j_in

Table 3. Choosing the adequate mode of operation.

Temperature Range Mode of Operation

Uje <P(2) m = “low”
P(2) <Uj. <P(3) m = “medium”
P(3) < Ul m = “high”

Copyright © 2012 SciRes.

The two modelling considerations result in different
equations for the calculation of the valve opening, which
can be seen in Table 5.

The previously described split-range algorithm can
result in several different split-range characteristics that
are dependent on the actual temperature of the jacket or
the reactor (depending on the type of model) and the
temperature levels of the monofluid thermoblock. In the
case of the modelling consideration M1, some example
characteristics at different jacket temperatures can be
seen in Figure 7. For example, at 50°C according to
Equation (7), the PID output percentage where the me-
dium and high temperature levels have zero valve open-
ing represent the jacket temperature on the basis of the
PID output. The heating/cooling capacities are also con-
tinuous when more than one heating/cooling media is
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Figure 7. Example of split-range characteristics at different jacket temperature values in the case of M1.

Table 4. Ordering the possible steady-state temperatures in different cases.

Mixer Model (M1)

Mixer + Jacket Model (M2)

Temperature Range Temperature Order

Temperature Range Temperature Order

T] <-|—I::w p :[Tj’Tslow’Tsmm’Tsmgh:l -I—rem <T"I‘ow p= I:Treact’Tluw Tmed ngn:I
Tlrl‘ow STJ <-|-I:\ed pP= [Tlow T Tmed mgn] Tur:Dw gTreacl <T"|‘nsd p =|:Tslow Treact’T med ngn:l
Tlr:"m < Tj < Ti:lgh pP= [Tslow’Tsmed ’Tj’Tsmgh:I Tlr:"m STrea:( <Ti:|gh pP= I:Tslow Tmed Treact’T mgn:I
Ti:ugh < Tj pP= [Tslow’Tsmed ,Tshlgh ’Tj] Thlgh Trem pP= I:Tslow9Tsmed ’-I—Smgn,Tmij
Table 5. Calculating the valve position.
Mixer Model (M1) Mixer + Jacket Model (M2)
T
U, I TR _aB, Toear — U
e B Uy = : Ny 100
B (T =T, ) Bmax a- (Treaa _Tin )+(uslave _Tin )
available. TJ""I"n depend on the temperature of the jacket or the re-
Some resulting characteristics can be seen in Figure 8 actor.
in the case of the modelling consideration M2. These aT Tmax _min
characteristics are similar to the ones in Figure 7; the K, ,=— in I (8)
- o 100

differences arise only from differences of the models.

4.4. Gain of the Virtual Object

If the split-range algorithm is considered part of the con-
trolled object, the gain of this virtual object can be cal-
culated with the same equation (Equation (8)) in the case
of both modelling considerations. However, the gain

values of the virtual objects differ because T;"j and

Copyright © 2012 SciRes.

slave

With this split-range algorithm, it is possible to con-
clude that the sign of the gain does not change in the
whole operation range. Moreover, the gain is kept con-
stant in the normal operation temperature range and is
also independent of the actual mode of operation. There-
fore, as an outcome, the change in the mode of operation
does not result in a drastic change in the output of the
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Figure 8. Example of split-range characteristics at different jacket temperature values in the case of M2.

PID controller. The gain values in the case of M1 can be
seen in Figure 9.

In the case of M2, the resulting gain values can be seen
in Figure 10.

Using the previously described split-range algorithm,
the varying of the gain of the slave loop object, which is
a function of several variables, can be compensated. The
only dependency left in the gain of the virtual object is
the varying temperatures of the monofluid thermoblock
loops; however, this can be compensated with the PID
controller.

5. Results

Before testing the split-range algorithm on the pilot plant
simulation, tests were carried out in order to ascertain the
proper operation of the split-range algorithm and deter-
mine the parameters of the slave loop PID controller. For
the slave loop controller, a constrained PI controller was
chosen [10].

5.1. Simulation Results

The parameters of the slave loop PID controller were
identified by numerical optimisation. The set-point pro-
file was composed to contain drastic changes, constant
and ramped set-point ranges in the operating range of the
reactor, with the aim to analyse the behaviour of the two
model-based split-range solutions. In the reactor, a con-
stant heat flow was introduced to simulate a fictional
chemical reaction. In the case of the M2-based split

Copyright © 2012 SciRes.
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Figure 9. The gain of the virtual object in the case of M1.
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Figure 10. The gain of the virtual object in the case of M2.

range solution, the simulation results can be seen in Fig-
ure 11. The behaviour of the PID output is relatively
fluctuating, which is a disadvantageous property of this
solution. The parameters used in the model of this
split-range solution were exactly the same as used in the
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Figure 11. Simulation results in the case of the M2-based split-range algorithm.

simulation model. Thus, the modelling error was elimi-
nated. The oscillation effect from 2500 seconds is caused
by the inadequate sign of the gain used by the split-range
algorithm; however, in a system where the dynamics of
the jacket and the recirculation loop is similar (for exam-
ple, in small-scale laboratory reactors), this effect does
not occur.

The PID parameters identified by numerical optimisa-
tion significantly differed for the two split-range solu-
tions, which can be unequivocally explained by the dif-
ferent gain values of the virtual objects.

The simulation results in the case of the MI-based
split-range solution can be seen in Figure 12. With this
solution, better results can be achieved, and no oscilla-
tion or fluctuation is experienced. Besides identifying the
parameters of the PID controller for this virtual object by
numerical optimisation, satisfactory parameters can also
be determined by trial and error. This can promote the
use of this solution in industrial applications where con-
trol engineers have significant PID controller tuning ex-
perience.

According to the experience in simulation tests, the
M1-based split-range solution appeared to be the better
modelling approach. It is more robust than the solution
containing the M2 model, which results in the slave loop
being less sensitive to the PID parameters. However, the
main advantage of the M1-based split-range solution is
the simplicity of the model. It only contains such pa-
rameters that can be measured easily in the real system
(for example: flow rate, temperature); there is no need to
identify the heat transfer coefficient, heat transfer area,
etc. of the reactor. Thus, it is not as sensitive to model-
ling error and is more suitable for different kinds of
jacket configurations. Due to its simplicity, it can be eas-
ily implemented in industrial controllers without serious
changes to the configuration.

Copyright © 2012 SciRes.

5.2. Test Measurement Results

After choosing the proper modelling solution by simula-
tion, the resulting split-range algorithm was tested on the
pilot plant. The results of the test measurement can be
seen in Figure 13. During the test measurements, similar
to the simulation, constant reaction heat was introduced
to the reactor with a special loop design for the physical
simulation of chemical reactions [11]. The most notable
differences between the simulation and test measurement
result are caused by the varying temperatures of the
monofluid loops of the thermoblock, which remained
constant during the simulation. The oscillation between
500 and 1000 seconds, where a near-zero valve opening
would be needed, can be explained with the construction
of the system and the lag of the control valve in that re-
gion.

6. Conclusions

In the case of batch reactors, the most important con-
trolled variable is temperature, since in the manufactur-
ing processes of high value-added products in the phar-
maceutical, fine chemical polymer and food industry,
insufficient control might produce off-grade products.
This can cause significant financial losses, or in the
pharmaceutical industry, it can result in unusable batches.
Thus, the temperature control of batch reactors is an im-
portant area of research. In the industry, an increasing
number of heating-cooling systems utilising three differ-
ent temperature levels can be found. Although they are
advantageous from an economic point of view, they
make the control more complicated.

The authors have developed a split-range algorithm
that is more system-specific. However, it can be imple-
mented in the classical PID-based cascade temperature
control of batch reactors without any serious changes.
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Figure 12. Simulation results in the case of the M1-based split-range algorithm.
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Figure 13. Test measurement results in the case of the M1-based split-range algorithm.

For this purpose, a split-range designing technique was
developed. In this split-range solution, not only is an al-
gorithm described but a way of thinking is also presented
where the model of the jacket recirculation loop is used
for control purposes in the split-range algorithm. A simi-
lar way of thinking can be used in the case of other jacket
configurations. By using the described split-range algo-
rithm, not only can the varying sign of the gain of the
slave loop object be compensated but also the varying of
the gain caused by the multiple dependencies. The gain
of the resulting virtual object that contains the slave loop
object and the split-range algorithm is only the function
of the temperature values of the monofluid thermoblock
loops, which can be compensated with the PID control-
ler.

This paper describes two modelling considerations for
a specific jacket configuration that is common in the in-
dustry. One of the two modelling approaches contained

Copyright © 2012 SciRes.

only a mixer model for describing the jacket recirculation
loop (M1), and in the other approach, the model of the
jacket was also considered (M2) in addition to the mixer.
From the simulation results, the first modelling consid-
eration (M1) proved to be the better choice, as it is not
sensitive to the model parameters, provides smoother
manipulation compared with the other solution, a wider
range of PID parameters can be used for satisfactory
control performance, and the equations used are simpler.
It only contains such parameters that can be measured
easily in the real system (for example: flow rate, tem-
perature); there is no need to identify the heat transfer
coefficient, heat transfer area, etc. of the reactor.

The resulting model-based split-range solutions were
analysed with simulation and also tested on the pilot
plant. The PID parameters were identified by numerical
optimisation. Good control performance was achieved
using the split-range algorithm containing only the mixer

ENG



524

M. G. BALATON ET AL.

model. Hence, this modelling consideration is more fa-
vourable.
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Nomenclature

A

sl _mj

LTL

M1
M2

MTL

high
Tin

low
Tin

Heat transfer area between the jacket and the
reactor (m?)
U-A
BTEC ' ID ! Cp

Actual flow rate of the feed into the jacket
recirculation loop (m’/h)

Maximal flow rate of the feed into the jacket
recirculation loop (m’/h)

Flow rate in the jacket recirculation loop (m’/h)
Specific heat of the thermal fluid (kJ/kgK)
Control error of the slave loop

Control error of the master loop

High temperature level

Gain of the virtual object in the case of the
mixer model

Gain of the virtual object in the case of the
mixer + jacket model

Gain of the slave loop object in the case of the
mixer model

Gain of the slave loop object in the case of the
mixer + jacket model

Low temperature level

Mode of operation {low, medium, high}

The model containing the mixer model

The model containing the mixer and jacket
model

Medium temperature level
The possible steady-state jacket inlet temperatures
arranged in ascending order (1 x 4 vector)
Temperature of the high temperature level (mono-
fluid thermoblock) (°C)
Temperature of the low temperature level (mono-
fluid thermoblock) (°C)

Constant (
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m
Tin

med
Tin

Tj
T in
T max

j_in

T min

j_in

high
TS
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Temperature of the feed stream entering the
recirculation loop (°C)

Temperature of the medium temperature level
(monofluid thermoblock) (°C)

Jacket outlet temperature (°C)

Jacket inlet temperature (°C)

Maximal possible steady-state jacket inlet tem-
perature (°C)

Minimal possible steady-state jacket inlet tem-
perature (°C)

Steady-state jacket inlet temperature at maximal
valve opening (high temperature level) (°C)
Steady-state jacket inlet temperature at maximal
valve opening (medium temperature level) (°C)
Steady-state jacket inlet temperature at maximal
valve opening (low temperature level) (°C)
Steady-state jacket inlet temperature at maximal
valve opening (°C)

Heat transfer coefficient (kW/m’K)

Temperature range PID controller output in the
cascade controller loop (°C)

PID controller output in the cascade controller
loop (%)

Valve opening (%)

Volume of the jacket (m®)

Set-point of the slave controller (°C)

Set-point of the master controller (°C)
Controlled variable of the slave loop (°C)
Controlled variable of the master loop ("C)
Greek letters

Density of the thermal fluid (kg/m’)
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