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Introduction

Competitive and rapidly changing market environments
face multiple factors of uncertainty and change in
product demand, availability of raw materials, prices,
product specifications, and environmental constraints.
This has led to a desire for batch processes that allow
for faster development of new products and also
have high flexibility and adaptability. Batch chemical
processes are a good option in cases such as low-
volume production (i.e., production less than 500,000
kg), sensitive processes, multi-product operations,
and when changes in product mix or rate are required.
Therefore, a wide range of products in low volume
and with high added value, including special chemical
and biochemical materials, microelectronic materials,
pharmaceutical, agricultural and  biochemical
products, etc., are produced continuously [1, 2, 3].
The purpose of this research is to design a novel data-
driven soft sensor in order to predict the quality in the
batch process of polyester resin production based on
the parameter method dependent on the state variable,
which has not been investigated so far. In this research,
the information of an industrial process of polyester
resin production has been investigated. In order to
validate the proposed model, the prediction results of
the model for acidity and viscosity number variables
have been compared with the results of other existing
methods.

Data based-Soft Sensor Design
Identification of Soft Sensor Model

Choosing an optimal model structure for better
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performance and optimizing model parameters is
one of the important stages of soft sensor design.
The design steps of data-based soft sensor using LIV
method are depicted in Fig. 1.

Due to the different residence times required for the
esterification and polymerization steps, the industrial
batch process for PET production, based on Figure
1, is designed with two main reactors. One reactor
for esterification and one or two parallel reactors for
polymerization. The quality of the produced polymer
is determined by two chemical properties, including
the polymer acidity number (NA) and its viscosity (i)
[4, 5].
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Fig. 1 The flow diagram of the batch multipurpose process
of PET production [4].
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The data-based modeling of the nonlinear system, with
parameters dependent on the several states, in each
time sample, is assumed as follows:

—a; i<n 0
PP\ bi—m41y i>n

where, y, is the model output, n is the number of
regressors, Z, is the ith regressor and a(.) is the ith
state dependent parameter that is a function of ns,
correspondent states (xj’].’l, j=1,2,..., ns), when a, 1S
assumed to be constant, and it is not state dependent,
e=N(0, ¢%) ns; is a zero mean white Gaussian
distributed unknown noise with variance o2.

Results and Discussion
Forthe current case study, 23 easy-to-measure variables

Table 1 Input and output variables of soft sensors [6].

were considered as inputs to the soft sensor model
according to process knowledge. These variables
include variables such as temperature, pressure, flow
rate and valve opening rate. In this study, first, the data
of batch 3 was randomly selected as the training data.
The combined method of backward elimination and
optimal bandwidth criterion of LIV model was used
to eliminate unnecessary variables from the model. In
the first case, all the 23 input variables are considered
as state variables in one parameter, and the regressor
model is assumed to be one. The prediction results
of the obtained model which shown in figure of the
second stage are shown in Table 1.

Input abbreviation Input/output variables

Variable description

MRP (X)) Mixing rate percentage Mixing rate percentage

MR (X,) Mixing rate Mixing rate

VLT (X,) Vacuum line temperature Vacuum line temperature

IDTI (X)) Inlet dowtherm temperature Oil temperature with two terms (Sensorl)
ODT (X)) Outlet dowtherm temperature Oil temperature with two terms (Sensor2)
RT1 (X)) Reactor temperature (sensorl) reactor temperature (Sensorl)

CHTI (X)) Column head temperature Overhead temperature

STT (X,) Scrubber top temperature Remover top temperature

IWT (X)) Inlet water temperature Water input temperature

CBT (X)) Column bottom temperature Column bottom temperature

SBT (X,,) Scrubber bottom temperature Remover bottom temperature

RT2 (X)) Reactor temperature (sensor2) reactor temperature (Sensorl)

CIT (X,,) Condenser inlet temperature Condenser input temperature

VI4T (X,) Valve v14 temperature V14 Temperature

VIST (X)) Valve v15 temperature V15 Temperature

RDP (X)) Reactor differential pressure Reactor Pressure

CTTPV2 (X,,)

Column top temperature PV (sensor2)

Overhead temperature (sensor2)

V421VO (X,,)

V42 way-1 valve opening (%)

V42 opening percentage in first path

IDTPV2 (X,,)

Inlet downtherm temperature PV (sensor2)

Oil temperature with two terms (Sensor2)

V422V0 (X,) V42 way-1 valve opening (%) V42 opening percentage in second path
RTPV2 (X,)) Reactor temperature PV (sensor2) reactor temperature (Sensor2)

V42VO0 (X,,) Valve v42 valve opening (%) V42 opening percentage

RVPV (X,,) Reactor vacuum PV Vacuum pressure in the reactor

F ., Viscosity Outputt-1 Viscosity output at (t-1)

F,. Acidity number Outputt-1 Acidity number output at (t-1)

Fl Viscosity Viscosity

F2 Acidity number Acidity number
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After completing the model training, the efficiency
of the obtained model was randomly evaluated on
4 data sets related to other categories. As can be
seen in the graph of the training and testing stage
in Table 2, the presented model was able to predict
the QIV values related to the acidity number of the
product for different times with an acceptable error.
The performance indicators of the acidity number
prediction model in the training and testing phase of
the model according to Table 2 have acceptable values.
The graphs comparing the predicted values and the
actual values of the acidity number in the training
and testing phase are also confirm the results obtained

from performance indicators.

Despite the different trend of variable data of viscosity
quality and acidity number at some selected times in
the test phase, the LIV soft sensor model has been able
to follow these trends very well, and it has the least
amount of deviation and error in predicting values. In
Table 2, the number of input variables, the number of
batches considered for training the model and finally
the error of the predicted values of this research are
compared with other studies. It can be seen that the
error rate has decreased significantly compared to
similar studies reported in Table 3.

Table 2 Performance results of LIV soft sensor model for predicting product acidity number (NA).
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Table 3 Performance indicators and the number of input variables of the soft sensors model for the discontinuous process of

polyester resin production.

Number of | Number
Literatures Model time for train- | of  final | RMSE | R?

ing variables

u NA n NA [p NA u NA
Facco et al.[6] MATP+PLS | 27 27 23 23 | --- --- - ---
Facco et al.[7] NN+PLS 27 27 23 23 | - - - -
Souza et al. [8] | Mix+PLS 27 27 24 24 | - - - -
Ferreira et al. [9] | CORLSR 27 27 23 23 10915 |1.727 |0.903 |0.851
Current study LIV 1 1 4 3 0.0022 | 0.0094 | 0.9999 | 0.9995




Moreover, the soft sensor models presented by other
researchers in order to predict viscosity (n) and
acidity number (NA) of the product, considered all the
variables in the reference data set (23 variables) as the
input for their model.

But in the current research, by reducing the number
of input variables in this research, finally with 4 input
variables for viscosity and 3 input variables for acidity
number, the model has capability to predict quality
index variables as well as similar models.

Another advantage of the proposed LIV model
compared to other models presented by previous
studies is that even though the model was trained using
the data of one batch, it performs well in predicting the
data of other batches with different trends. Therefore,
it can be concluded that the technique used in this
research has presented the soft sensor model with less
number of batches and less input variables for training
the model but with more accuracy than similar models.

Conclusions

In this research, a data-oriented soft sensor is presented
to predict product quality in the polymerization
process of polyester resin production based on the LIV
modeling method

The structure of LIV model selected in the model
training section, the RMSE, MAE and R2 performance
indices for product viscosity are 0.0022, 0.0015 and
0.9999 respectively and for acidity number are 0.0094,
0.0030 and 9995 respectively. The final LIV model,
which has an acceptable RMSE and MAE error
performance index; It has been trained using much less
data compared to other methods. It can be concluded
that the LIV method, in a situation where there is a
small amount of industrial data; It has the ability to
use and predict acceptable in batch processes. The
LIV model used in this research reduced the input
variables from 24 variables for viscosity to 4 variables
and for acidity number to 3 variables. In this research,
the RMSE and R2 for the viscosity compared to the
CoRLSR method improved by 95.75% and 10.73%
and for the acidity number is improved by 99.45% and
24.16%, respectively.

Nomenclatures
LIV: Local Instrumental Variable
QIV: Quality index variables
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12. Principal Component Regression (PCR)
13. Partial Least Squares Regression (PLSR)
14. Machine Learning Techniques (MLT)
15. Artificial Neural Networks (ANNs)

16. Support Vector Regression (SVR)

17. Support Vector Machine (SVM)
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19. Gaussian Process Regression (GPR)
20. Adaptive Data-Based Soft-Sensors
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1. Mixture of Partial least Squares Regression
2. Expectation-Maximization (EM) algorithm
3. Coregularized least Squares Regression

4. Extreme learning Machine (ELM)

5. Back Propagation Neural Network

6. Singular Value Decomposition (SVD)

7. Echo State Network (ESN)

8. Mean Squared Error (MSE

9. Melt Viscosity Index (MVI)
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1. Polyethylene Terephthalate

2. Polybutylene Terephthalate

3. Polyethylene Naphthalate

4. Ethylene Glycol

5. Terephthalic Acid

6. Bis-hydroxyethyl Terephthalate
7. Diethylene Glycol
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