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Abstract. A main difficult task in batch crystallization is to control the size distribution of
crystal products. Complexity and highly nonlinear dynamic behavior directly affect to
model-based control strategies which heavily depend on the rigorous knowledge of
crystallization. In this work, neural network-based model predictive control and inverse
neural network control strategies are proposed and integrated with an optimization based
on neural network-based hybrid model to control temperatures of a purified terephthalic
acid batch crystallizer. A neural network-based hybrid model of the batch crystallizer is
developed to provide nonlinear dynamic responses used in optimization algorithm for
finding an optimal temperature profile related to the quality of a crystal product. Then, the
obtained optimal profile is used as set points of the proposed control strategies for
improving the crystal product quality. The performances and robustness of the proposed
controllers ate evaluated in several cases such as for set point tracking and plant/model
mismatches. Simulation results show that the neural network-based model predictive control
gives the best control performance among the inverse neural network control and a
conventional PID controller in all cases.

Keywords: Hybrid model, neural network-based model predictive control, crystal size
distribution, batch crystallizer.

ENGINEERING JOURNAL Volume 21 Issue 7
Received 27 March 2017

Accepted 7 August 2017

Published 29 December 2017

Online at http://www.engj.org/
DOI:10.4186/¢.2017.21.7.319



DOI:10.4186/¢j.2017.21.7.319

1. Introduction

Purified Terephthalic acid (PTA), one of major commodity chemicals, is the principal raw material mainly
used for a polyester industry. PTA is produced by the air oxidation of p—xylene in acetic acid promoted by
cobalt (Co), manganese (Mn), and bromine (Br) catalysts. It is a crystal which contains two carboxylic groups
in the paraposition on a benzene ring. The impurities present in PTA crystals are generally intermediates,
oxidation by-products, and catalysts [1, 2]. Purification of PTA crystals is required to achieve more purity and
high-value products.

A crystallization process plays an important role in many industries. In a specialty chemical industry,
crystallization is utilized for solid-liquid separation and purification of high-valued chemicals and household
products. For the production process of PTA, the crystallization process is used to separate PTA from water
and is operated in a batch mode which the quality of final crystal product is usually determined by final time
crystal size distribution (CSD) or related properties such as mean crystal size, final seeded crystal size, the
final mass of seeded or nucleated crystals, and the variance of the product CSD. Generally, the CSD is directly
affected by the non-equilibrium state of the system measured via supersaturation. Since supersaturation is a
function of a crystallizer temperature, the slurry temperature is often used as the manipulated variable to
control the non-equilibrium driving force of the system [3, 4]. However, to achieve the objective of the
control, an optimal condition and effective controllers are required.

Recently, optimization of batch crystallization processes has received considerable attention as it is a
useful tool to determine an optimal operating temperature which has a direct effect on the final-time CSD [4,
5]. For example, Miller and Rawling implemented model identification and an open-loop optimal temperature
control strategy on a bench-scale potassium nitrate-water system [6]. However, at the moment there was still
limited understanding of complex and highly nonlinear systems like the crystallization process, one of the
most effective techniques to handle such a situation was an artificial neural network. An obvious advantage
of neural network was its universal character in approximating different physical phenomena with similar
computational structure. The ability to approximate complex nonlinear relationships from process data
without prior knowledge of the model structure makes neural network very attractive to the classical modeling
techniques [7]. Daosud et al. improved the purity of acetone using neural network model for model based
control algorithm [8]. Kittisupakorn et al. applied neural network model for the prediction of the
concentration profile of a hydrochloric acid for hydrochloric acid recovery process and used neural network
as a model in control algorithm for a steel pickling process [9].

Model Predictive Control (MPC) is one of model based approaches which can handle most common
process characteristics and industrial requirements in a satisfactory way. The key success factor in the use of
MPC in these process problems is the existence of accurate process models. However, chemical processes
such as this batch crystallization process present the natured nonlinear dynamic behavior and multivariable
interactions between variables that cause actually highly difficulty to obtain the accurate model. In this way,
neural networks offer alternative nonlinear models for implementing MPC in such as systems [10-13]. The
applications of neural networks for chemical process modeling and MPC have also been investigated for
SISO systems and iterative multistep neural network predictions in MPC based control for MIMO chemical
processes [14-19]. Production of a uniform and reproducible CSD is a main difficulty in batch crystallization
[20, 21]. There are several approaches proposed in the literature; nevertheless, one way to improve the control
of CSD is to use supersaturation control (SSC) [22-24], which drives the process within the metastable zone
to avoid nucleation. Therefore, model-based approaches, i.e. neural network-based MPC, have been applied
for better predictive control [25-27].

In this work, the production of a uniform CSD by supersaturation controlling (SSC) via crystallizet’s
temperature control which keeps the process within the supersaturated zone is studied. The neural network
model for batch crystallization have been developed and their optimal structures have been chosen based on
the mean square error (MSE) technique. The obtained optimal neural network structures combined with
moment models produced the neural network-based hybrid models and used to obtain the optimal
temperature profile by an optimization strategy minimizing the total volume of nucleated fine crystals and
maximizing the total volume of the desired crystals growing from seeds. The model predictive control (MPC)
based on neural network model and inverse neural network controllers were then applied to control the
seeded batch crystallizer of PTA in order to achieve a uniform crystal size distribution.

320 ENGINEERING JOURNAL Volume 21 Issue 7, ISSN 0125-8281 (http://www.engj.org/)



DOI:10.4186/¢j.2017.21.7.319

2. Mathematical Models of a Batch Purified Terephthalic Acid Crystallizer

Batch crystallization models represented by a reduced order moment model of the nuclei and seed classes of
crystals to describe the dynamic behavior of the process are given as follows [4]:
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where 14,(i =0,...,3) , which is the summation of 4 and L , respectively, represents the average product

quality in terms of the total of number, length, surface area and volume of crystals and B(?) and G(?) are the
nucleation and growth rates of crystals, respectively.

To develop the models, following assumptions are made; volume change in the system is negligible,
crystal agglomeration or breakage phenomena can be neglected and the crystal density and the super
saturation are homogeneous in all parts of the crystallizer, the mass and energy balances describing the
changes in the concentration and temperature of solution and cooling temperature in the process can be
expressed as Eqs. (5)-(7). The meanings of the letters and symbols are given in the nomenclature.
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To complete the model of crystallization, the kinetic processes involved determination of rate expressions
for crystal nucleation and growth are defined as follows:
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where E, is the nucleation activation energy, I, is the growth activation energy, / is an exponent relating
nucleation rate to the supersaturation, g is an exponent relating growth rate to the supersaturation, C; is the
saturation concentration of the solute, and #; is the third moment of the CSD that explains the total volume
of crystals.

In this work, the seeded batch crystallizer of PTA is considered [28] and the process parameters are given
in Table 1. Equation (10) is used to calculate the saturation concentration corresponding to the solution
temperature, T and the definitions of the average crystal size (L) is expressed as Eq. (11).

C (T)=6x1073,2%%" (10)
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Table 1. Model parameters of a seeded batch crystallizer of purified terephthalic acid.
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3. Neural Network

3.1. Neural network modeling for optimal purpose

In this work, the purpose of implementing the neural network model (NN1) in the optimization strategy is
to predict the dynamic behavior of the batch crystallizer, i.e., the solution concentration and the temperature,
when the temperature of the crystallizer changes. The outputs of NN1 are composed of the solution
concentration and the crystallizer temperature which are used in the set of moment equation (Eqs.(1)-(4)) as
mentioned earlier for finding the total volume of fine and seeded crystals represented by the third moments

of crystals (44 and 443 ).

The NN1 is designed as a feedforward neural network with the structure consisting of 4 nodes in the
input layer and 2nodes at the output layer as shown in Fig. 1. The input layer nodes are the previous and
current values of the crystallizer temperature (1) and the solution concentration (C), which directly
correspond to the future values of crystallizer temperature and the solution concentration. Before
implementing NNT1 in the optimal algorithm, it was optimized using the training and validation data sets
generated from the theoretical batch crystallizer model (Eqs. (1)-(10)) covering several possible scenarios
consisting of the nominal and uncertain cases with plant/model mismatched uncertainty. The changes of
overall heat-transfer coefficient, growth activation energy, nucleation activation energy, growth rate
coefficient and birth rate coefficient are represented as plant/model mismatches. In addition, the manipulated
variable (the set point of the jacket temperature) is adjusted as step changes and random changes in ranges
of 270-400 K. The operational time is kept constant at 30 minutes and the sampling time of data is
0.1minutes.In the normalization step, all data are scaled in the range of the minimum and maximum value.
Details of the procedure for obtaining the feedforward neural network models are explained in research [9].

The optimal NN structure is obtained by finding the number of nodes in the hidden layer where the
NNT1 has been developed based on the Lenvenberg-Marquardt training algorithm [9]. The sigmoid function
is used as the activation functions of the nodes in the hidden layer and the linear transfer function used for
its output layer. The objective of the neural network training is to minimize an error between predicted neural
network values and actual targeted values (1 and C), which is defined by the mean square error (MSE). From
simulation results, the optimal architecture of the NN1 for the prediction of the solution concentration and
the temperature of crystallizer consists of one hidden layer with 4 nodes. The details of NN1 is shown in
Table 2. The selected NN model, NN1, is used in the dynamic optimization algorithm for prediction of the
crystallizer temperature and the solution concentration of future values described in the next section, for the
dynamic optimization.
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Table 2. The details of neural network models.

Components NNI1 NN2 INNC
Training Algorithm |———— Levenberg-Marquardt algorithm ——————|
Basis Function L — Linear Basis Function L
Activation Function _ Sigmoid Function S
Input of neural network C(k), C(k-1), T(k), Ck), C(k-1), T(k), C(k), C(k-1), T(k),
T(k-1) T(k-1) T(k) Tk1),  T(k-1),T(k+1),T5(k),
Tip(k), Tip(k-1) Tik-1), Tip(k-1)
Output of neural network Clk+1), T(k+1) Cle+1), T(k+1), Tip(k)
Titk+1)
Optimal structure 4-4-2t 8-11-3t 8-5-1t

T(Input nodes-Hidden nodes-Output nodes)
3.2. Dynamic Optimization

For the industrial crystallization, one of main problems that cause difficulties in downstream operation such
as filtration and drying is the fine crystals. Thereby the objective of this dynamic optimization is to determine

the optimal crystallizer temperature profile minimizing the total volume of nucleated fine crystals (43 ) and

maximizing the total volume of the desired crystals growing from seeds (43 ) at the end of the batch operation

which represents the efficiency of the batch crystallizer. In this work, three optimal problems: OPT1, OPT2
and OPT?3 corresponding to the 3 different objectives of dynamic optimization are proposed to provide the
optimal crystallizer temperature profile in the purified terephthalic acid batch crystallizer. These optimal
problems are applied in the optimization algorithm and the predicted process behaviors provided by neural
network-based hybrid model. The structure of optimization algorithm is shown in Fig. 1, which uses
sequential quadratic programming to solve the optimization problems with respect to 1. The detail of each
optimal problem is described as follows.

e  Optimal problem: OPT1

This optimal problem describes maximizing the total volume of the desired crystals growing from seeds (443 )

at the end of batch operation, expressed as follows:

Maxicrine 1£(7
aximize /(7 (12)

e  Optimal problem: OPT2

The OPT2 provides the problem of minimizing total volume of nucleated fine crystals (43 ) at the end of
batch operation, which is defined as follows:

Minimize 45(7,) (13)

e  Optimal problem: OPT3

The last optimal problem, OPT3, attempts to minimize the total volume of nucleated fine crystals (5 ) and

at the same time maximize the total volume of the desired crystals growing from seeds (43 ) at the end of
batch operation. Therefore, the optimal problem takes the form

Minimize N;(l‘f)_ﬂé(ff) (14

T(k+1)
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All of the optimal problems are subject to the following constraints,
NNT1 and the moment model of batch crystallizer (Eq. (1)-(4))

C <CE
400 K < T(K) <523K
170um < 1., <190 um

where the lower and upper bounds on the solution temperature are chosen as 400 and 523 K, the lower and
upper bounds on the average crystal size are 170 and 190 pm respectively corresponding to the desirable

quality of the crystal product and the final batch time (#,) is 30 minutes.
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Fig. 1. Optimization structure based on NN-based hybrid model.

After the optimization process, the optimal crystallizer temperature profile is obtained and used as the set
point of the designed controllers (neural network model based predictive control, inverse neural network
control and PID). The simulation results of optimization with proposed optimal problems (OPT1, OPT2,
and OPT3) show that the optimization using OPT3 gives the best performance with maximum average crystal
size and volume of the desired crystals growing from seeds (4 ) as seen in Table 3 while Fig. 2 shows the
CSD of OPT3 optimization. Figure 2 shows a division of the CSD into two groups which are the nucleated

crystals and the crystals growing from seeds. The total volume of nucleated crystals (4 ), the volume of

seeded crystals (43 ) and the average crystal size (1), which define the quality of product are given in Table
3.
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Fig. 2. The crystal size distribution of OPT3 optimization.
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Table 3. The result of dynamic optimization with proposed optimal problems.

Optimal Properties of product

problem L2 (nm) Ls (um) L (pm) 07 pm3 g solvent!) 0y pm3 g solvent)
OPT 1 37.705 179.786 174.608 2.165%108 6.240%10°

OPT 2 34.864 177.381 173.409 1.833%x108 5.692x10°

OPT 3 62.575 180.972 176.245 2.246X109 5.531x1010

4. Neural Network Controller Design

In this section, the controllers are designed based on two strategies which are the NN-based model predictive
control (NNMPC) and inverse neural network control INNC) to control the solution temperature of the
batch crystallizer corresponding to the desirable quality of the crystal product: to minimize the total volume
of nucleated fine crystals and maximize the total volume of the desired crystals growing from seeds at the
end of batch operation. The details of each controller are described as follows.

4.1. NN-based Model Predictive Control (NNMPC)

For this control strategy, NN feed forward model is applied as a predictor to predict the future values of the
process behavior over a prediction horizon (p) within a MPC algorithm. The NN in this algorithm, NN2, is
obtained by the procedure for developing neural network models as defined in research [9]. The training and
validation data sets are obtained by selecting appropriate signals from the simulation of the purified
terephthalic acid batch crystallizer by solving Eqs.(1)-(10) covering several possible scenarios. These
equations are solved to obtain the process states according to various step changes in the manipulated
variables, jacket temperature set points (Tjy). The inputs to the NN2 selected are the previous and current
value of the input variables (C, T, T;and Tjy) which highly effect the output state variables of the process (C,
T and T)).The NN2 model can be expressed as the function of inputs as shown below:

C(/é+1),T(/é+l),Tj(/é+1):f(C(/é),C(/é—1),T(/é),T(/é—1),Tj(/é),Tj(/é—1),T/¢(/é),fj¢(/é—1)) (15)

The applicable structure is selected by the minimum MSE method [9]. The hidden nodes of hidden layer
are varied in various quantities. The MSE error is then determined and the nodes that give minimum MSE
value is selected for determining the final number of hidden nodes. Therefore, the optimal structure of the
NN2 is 8-11-3 configuration. The component of the NN2 is shown in Table 2.

After NN2 predicts future outputs several steps over the prediction horizon (p), the predicted outputs
are passed to the optimization routine which produces the present and future control signals
(Lip(k+1),..., Tip(k+m)). They are selected by minimizing the sum of squares of the errors between the
predicted outputs and the setpoint values (the temperature profile getting from OPT3 optimization) evaluated
over the prediction horizon (objective function, Eq. (16)). The objective function of the NNMPC strategy
can be written in the form as follows:

Minimize Zp:{Wl[TJp(k +i)=T(k+0)] +W,[AT '} (16)

- - Jp
T jip (k1) T jgp (k) "2

subject to

the optimal feed forward neural network model , NN2

2I0K<T, (£#+)<330K, 7 =123,...,p

T(k+p) = T,(#+p)
where p is a parameter specifying the prediction horizon; T is the required set point (the optimal set point
obtained by OPT3 optimization), T is the solution temperature and W, W>are weighting parameters. The

values for the parameters, p; 7 (control horizon) and W7, W for this strategy are provided by various trials
through simulations. Then, p is set at five and W7, W2are chosen as the identity vector. The control horizon
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(m) is set as three. Sequential quadratic programming is used to solve the optimization problem by minimizing
the objective function in Eq. (16) with respect to T}, and to produce a solution constrained within the desired
ranges. The algorithm of NNMPC is shown in Fig. 3.

\ s (K)
Lo — Process >

|
|
T(k+1),..., ’I'IFIHMI)) Llkt1))..

Optimizer

TLialkin)

Tip (k1)

C(k), C(k-1), T (k)
T (k-1), Li(k), T; (k-1)

Fig. 3.  NNMPC strategy.

As shown in Fig. 3, NN2 is used to predict the next p values of the process outputs
( T(k+D),..,T(A+1+ p) ) by iterative prediction. After that the set of manipulated variables

(T, (/é+l),...,Tjjp (£+m)) are calculated using the process outputs predicted in previous step by the

sequential quadratic programming procedure (SQP). SQP procedure are iterative at each sample time.
Although the solution of Eq. (16) yields a vector of future control moves (Tj,(k+2)) at each sample interval,
only the first one (Tj»(#)) is implemented to adjust the solution temperature to the desired set points.

4.2. Inverse Neural Network Control (INNC)

Math The feed forward inverse neural network, INNC, is designed and used for the control the solution
temperature in neural network inverse control strategy. This strategy consists of the neural network inverse
model that acts as the controller placed in series with the process under control as shown in Fig. 4 INNC is
fed with the required future (T(£+7)) or reference output together with the past inputs and the past output
variables to predict the current input or control action (Tjy(£)). Then, the assignment of the input nodes
consists of the previous and current values of the input variables (C, T, Tjand Tjy) the desired value of the
process output, T(%+7), which corresponds to the required set point or reference signal. The output node of
the neural network model consists of the manipulated variable for the batch crystallizer, Tj,(%). Training and
validation data sets are obtained by selecting signals from the simulation of the process models by solving
Egs. (1)—(10) which are solved to obtain the process states according to various changes in the manipulated
variable (Tjy). Mathematically, the inverse models are expressed as the function of inputs to the model as
shown below:

T,(8)= f(Ck),Clk=1),T(k), T(k=1), T(k+1),T,(£),T,(k=1),T,, (k1)) a7

The defined neural networks are trained with the Levenberg—Marquardt method where the common
objective is to reduce the error between the neural network predicted value and the actual targeted value. The
detail of procedure for obtaining the inverse neural network models are define in research [29]. The optimum
structures is selected by the minimum MSE method [29]. Based on the minimizing MSE error values, it is
found that 5 hidden nodes appear to be the best to be applied for the inverse models which will be used as
controller in the control strategy. The component of the INNC is indicated in Table 2.

In the control strategy, the neural network inverse models trained as described above are utilized to
predict the manipulated jacket temperature set point to bring the process to desired conditions, as shown in
Fig. 4. Normally, the prediction of the controller action, i.e. manipulated variable effectively make the value
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of the controlled variable, T(k+7), track the set point accordingly. The control performance is tested under
the nominal case and with model mismatch added into the process. The simulation results and discussion of
this control studies are described in the next section.

C(k), C(k-1), T(k)
T(k-1), T (%), T (k-1)

Fig. 4. Inverse neural network control strategy.
5. Results and Discussion

The proposed NNMPC and INNC strategies are applied to control the solution temperature in the purified
terephthalic acid batch crystallizer at an optimal temperature set point (obtained by NN-based hybrid model
optimization) by determining the set point of a manipulated variable (Tj). Simulations are divided into two
cases of control studies, which are nominal and plant/model mismatch cases.

For the nominal case, the controllers are designed to bring the solution temperature in the batch
crystallizer to the desired value. The desired set points are the optimal step change temperature profile at
400K to 523 K, which are calculated by the NN-based hybrid model optimization corresponding to minimize

43 and at the same time maximizes 4 at the end of batch operation. The control results (Fig. 5(a)) show

that, NNMPC drives the solution temperature to track the set points without overshoot and oscillations. The
satisfactory performance obtained is due to the accurate representation of the nonlinear dynamics of the
process by the neural network model. The results (Fig. 5(b)) indicate that INNC can bring the temperature
to the set points and give minimal overshoot without offsets. However, drastic change of the manipulated
variable and oscillation at the initial state when changing of set points are remarkably observed. The PID
controller tuned using the Ziegler—Nichols closed loop method with subsequent fine tuning gives poot
performances as displayed in Fig. 5(c) because of the nonlinear dynamics exhibited by the batch crystallizer
leading to overshoot and oscillation of the controlled variables and drastic adjustment of the manipulated
variables. Control performances of the controllers are evaluated using the integral absolute error (IAE) as
summarized in Table 4. It was found that the NNMPC strategy gives the best results among INNC and PID
controllers in term of the least IAE values since there are no overshoot, oscillation and offset.

For the plant/model mismatch cases, overall heat transfer coefficient (U); nucleation activation energy
(Ey); growth activation energy (E,); birth rate coefficient (4;) and growth rate coefficient (&) are subject to
uncertainties from their nominal values by 30%. Fig. 6 shows the results of the NNMPC, INNC and PID
controllers with subjecting to 30% decrease in the overall heat transfer coefficient. The figures illustrate that
the NNMPC strategy can bring the temperatures to the set points by gradually decreasing the jacket
temperatures which gives smooth control response. The INNC strategy can control the temperatures close
to their required values by drastically decreasing the jacket temperatures (1), while the PID control strategy
cannot bring the temperatures to the set points at each step of temperature set points because of rigorous
changing of the manipulated variables. Table 4 shows the IAE values of NNMPC, INNC and PID in this
case. They indicate that NNMPC is much more robust and gives the best control performance among INNC
and PID controllers in all cases. The robustness of the NNMPC can be explained by the fact that the obtained
NN model (NN2) for the use in the NNMPC strategy trained with the wide range of operating conditions
together with the optimization for obtaining the manipulated profiles in MPC algorithm. On the other hand,
the PID controller gives the worst robustness as it cannot handle with these mismathces.
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Fig. 5 Temperature control in the batch crystallizer under a nominal case: (a) NNMPC, (b) INNC and (c)

PID.

Table 4. Performance comparisons of NNMPC, INNC and PID.

Condition IAE
NNMPC INNC PID

Nominal case 164.74 168.81 169.42
Model mismatch case (30%)

Decreasing of U 173.62 175.40 182.36
Increasing of &, 167.18 170.02 171.12
Decreasing of 4, 170.05 170.71 171.52
Increasing of E, 175.30 177.93 179.12
Decreasing of E, 172.60 180.34 184.09
Increasing of E,, 4, with decreasing of U, E,, & 174.54 178.81 177.61
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Fig. 6. Temperature control in the batch crystallizer under the model mismatch case (30% decrease of the
overall heat transfer coefficient, U): (a) NNMPC, (b) INNC and (c) PID control.

6. Conclusions

Model-based control strategies, NNMPC and INNC, have been proposed and applied with the optimization
based on NN-based hybrid model to control the temperatures in the purified terephthalic acid batch
crystallizer. The hybrid model based optimization has been implemented to find an optimal temperature

profile corresponding to minimize a total volume of nucleated fine crystals (45 ) and at the same time to

maximize a total volume of the desired crystals growing from seeds (/4 ) at the end of batch operation. The
neural network models of the batch crystallizer have been developed for two different purposes: to be a NN
model used in the optimization algorithm to predict the future process response and to be a NNMPC control
strategy. It was observed that NNMPC can bring the control variables to their set points without oscillations
in all cases, i.e., set point tracking case and model mismatch cases. Comparison of control performances
among NNMPC, INNC and conventional PID controllers indicated that NNMPC was more robust than
the others and gave the best control results in all cases. These results validated the robustness of the NNMPC
control strategy which could be applicable for enhancement of crystal size distribution control of the purified
terephthalic acid batch crystallizer.
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