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Abstract—One of the most frequently used operations in the processing industry is food drying. This is a com-
plex, multiparameter, and nonlinear dynamic system, the degree of nonlinearity of which is determined by
the operating range of the drying process. For a dryer to operate efficiently, it must not only be well designed,
but the control strategies implemented must also be effective. And the drying process control system must
maintain the necessary controlled variables in the face of many disorders that arise in production situations
and the uncertainty of the conditions of the drying process. In the article, to improve the quality of process
control under uncertainty in the conditions of the drying process, design methods are applied based on the
use of a predictive controller for the state of system parameters using the Box–Wilson optimization method
and the “experiment planning.” In general, the results of the simulation of the green tea drying process con-
trol system show that the model predictive control (MPC) controller is stable and stable in terms of suppress-
ing input disturbance. The control system of the MPC, when implementing the Box–Wilson method for the
object model, provides relatively more efficient operation compared to traditional MPC.

Keywords: green tea drying, generalized predictive control, Box–Wilson method, “experiment design” tech-
niques
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INTRODUCTION

Tea is the second most consumed beverage (except
water) in the world and is widely cultivated in China,
India, and other regions. Green tea has been shown to
reduce the incidence of chronic pathologies, such as
[5] cardiovascular diseases. Moisture content is an
important factor affecting the quality of tea. Excessive
moisture content in tea accelerates mold growth [7].
Several studies were proposed on the relationship
between the moisture content of tea and the quality of
tea. In [8], it was shown that excessive aging of tea
leads to a significant decrease in moisture content and
inhibits the activity of polyphenoloxidase. And in [8],
it was found that the decrease in moisture content led
to significant changes in gene transcription and con-
centration of tea f lavoring compounds, which
enhanced the distinctive taste of various teas. There-
fore, accurate control of the moisture content of tea is
closely related to the quality of tea, which is of great
importance in the production of tea. Currently, the
control of moisture content in tea is based on the
experience of workers, which is very subjective. In
addition, it is difficult to guarantee the stability of the
final moisture content in tea.
ISSN 1054-6618, Pattern Recognition and Image Analysis, 2023, Vol. 33, No. 3, pp. 292–

Received February 8, 2023; revised February 8, 2023;
accepted February 8, 2023
1. HEAT TREATMENT PROCESS
CONTROL STRATEGY

The main task of the drying process control is to
maintain the set temperature of the drying material in
conditions of uncertainty of internal and external dis-
turbances, to control the movement of the conveyor
belt to ensure the necessary moisture content in the tea
leaves, preventing their overdrying (which increases
energy consumption and can lead to thermal damage
to thermosensitive solids), and to stabilize of the whole
process.

The main parameters that determine the quality of
the final product of the green tea drying process
include the final humidity of green tea and the output
temperature of tea. In convection drying, these
parameters depend on the temperature of the drying
chamber and the speed of the conveyor. Therefore, the
task of the green tea drying controller is to control the
heater, which ensures the rapid heating of the green tea
layer to a set temperature and its further maintenance
throughout the process, as well as the speed of move-
ment of the green tea layer in the drying chamber.

A common method of process control is to use sev-
eral supposedly independent control loops with feed-
back. Parameter control systems are implemented in
the process control system to improve the perfor-
mance of the process in a wide range of conditions.
299. © Pleiades Publishing, Ltd., 2023.
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Fig. 1. Schematic of the conveyor dryer being evaluated.
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Traditionally, the used regulators applied for the
management of industrial technologies are propor-
tional (P), proportional-integral-differentiating
(PID), and proportional-integral (PI). This is mainly
due to their ease of operation, reliability, and lack of
specialized knowledge of the processes required for
the initial design of the controller. The controller that
provides the best performance can be selected by test-
ing alternative combinations of P, PI, and PID con-
trollers. There are currently three forms of self-config-
uring control. These are self-adjusting PID (SaPID),
generalized minimum dispersion management
(GMDM), and generalized predictive management
(GPM). The application of SPID and GMDM con-
trol systems has been studied relatively recently and
the result is presented in the works [1, 9]. The GPM
provides a stable feedback response that minimizes
some quadratic target function. This method of the
receding horizon predicts the output of an object over
several time intervals, using assumptions about future
control effects [2]. With the help of the GPM, it is pos-
sible to obtain stable control of processes with variable
parameters, with variable lag, provided that the
input/output data are sufficient for a reasonable iden-
tification of the object.

The corresponding work is available in a previously
published article on the same green tea drying system
[4], which analyzed the dynamics of the green tea dry-
ing process. The reliability of the model of drying
green tea leaves in a conveyor dryer has been investi-
gated by comparing calculation and experimental
data. It is shown that the program of dynamic model-
ing can be used in the design of the GPM system to
control the temperature and final humidity of the
green tea layer.

The purpose of this work is to study a new algo-
rithm built on the joint application of the Box–Wilson
method based on the planning of an experiment in the
process of control of the technological process and the
predictive control algorithm implemented on the
MPC1 regulator. The target function is presented in
Eq. (3). And on its basis, an algorithm for controlling

1 MPC—model predictive control.
PATTERN RECOGNITION AND IMAGE ANALYSIS  V
the drying process is built. The task is to achieve the
desired moisture value of the green tea discharge layer
(3–5%) and maintain the temperature to attain the
heat load of the dryer, taking into account the correct
flow rate of the heating layer of green tea, which is
determined by the speed of the belt of the conveyor
dryer. The dryer temperature is controlled by the sup-
ply of heated air.

It was assumed that the humidity and temperature
of the green tea layer would be maintained at the
desired level under optimal conditions using the
GPM. The green tea dryer was given several perturba-
tions, and the GPM system was monitored. Adding
Box–Wilson process optimization at every step to pre-
dictive control makes management much more effi-
cient.

2. CONTROL OF THE DRYING PROCESS 
USING THE BOX–WILSON METHOD

The conveyor dryer is designed for drying natural
products (vegetables, fruits, medicinal herbs, etc.).
This paper examines the drying process of green tea in
such a dryer, the schematic drawing of which is shown
in Fig. 1. It consists of a conveyor (1 × 10 m), which
slowly moves a layer of wet material through the f low
of the drying agent, and a set of temperature and
humidity sensors. Preheated air with precisely defined
characteristics is used as the drying agent.

The hot air is supplied at a speed of 0.08–0.13 m/s
and is controlled by a calibrated temperature ane-
mometer (405-B1) (Scantemp 410, TFA Dostmann,
Wertheim-Reicholzheim, Germany) in the dryer
chamber. The drying agent f lows over the belt con-
veyor through the gaps from the bottom to the top,
perpendicular to the direction of movement of the wet
layer of green tea.

The loss in mass was determined in standalone
mode by periodically weighing the tray on a digital
balance with a resolution of ±10–7 kg and located out-
side the chamber [9].

When designing the control system for the drying
process of green tea, dynamic changes in tea humidity
and drying temperature were taken into account.

The Box–Wilson method. In this work, predictive
models of the drying process of green tea for control
based on the Box–Wilson method were obtained [3].
The Box–Wilson method makes it possible to obtain a
mathematical description of the process under study
in some local region of factor space located in the
vicinity of a selected point with coordinates. Let us
move the origin of the factor space to the center point
of the selected area as an example in Fig. 2.
ol. 33  No. 3  2023
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Fig. 2. Introduction of coded variables.
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Table 1. Matrix of the experimental plan

Experiment 
number

X0 X1 X2 X3 … Xn

1 + – – – –

2 + + – – –

3 + – + – –

4 + + + – –

5 + – – + –

6 + + – + –

7 + – + + –

8 + + + + –
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Here  is the normalized parameter that is written
as [10]

where  is the actual parameter;
 is the average value of the real parameter.

To apply this model, the output variable was
expressed as a regression model with an interaction
condition:

(1)

The matrix model:

(2)

where  is the value of the response function at the
origin ;

y is the output of independent process variables
value (temperature of the green tea discharge layer);

 are independent factors affecting the process
flow (control effects, which are air temperature values,
air movement speed and belt speed);

 are static linear model constants.
According to the method of planning the experi-

ment, in order to find the constants of the linear model
and apply optimization, it is necessary to conduct 2n

experiments. The “n” index shows the number of
independent factors affecting the process. In this
work, the matrix of the experimental plan is given in
Table 1. The parameters of the first-order linear
regression model are determined as follows:

where  are the parameter value codes in Table 1.

3. DEVELOPMENT OF CONTROL
WITH PREDICTIVE MODELS USING 

THE BOX–WILSON METHOD
The basic idea of predictive control is to predict the

future behavior of the system and obtain a locally opti-
mal solution for the system [12]. A f lowchart of the
MPC system is shown in Fig. 3. The result of the solu-
tion is to determine a set of control signals corre-
sponding to the predicted signal value in the future.
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PATTERN RECOGNIT
The work developed a regularized predictive con-
trol based on the use of the Box–Wilson method to
predict the approximation of the direction of the sys-
tem by the magnitude of the control signal in a small
future period, finding the optimal control signal for
the system at the present time. The problem of the reg-
ulator based on the use of the Box–Wilson method is
solved using the convex quadratic programming (QP)
problem by bringing the target function to the normal
form. QP is solved using an algorithm based on the
method of Lagrange multipliers.

 is the output forecast at the moment k;
 is the control effect at the moment k;  are the

set values.

3.1. The Regulator
Using the Box–Wilson method for an object

model, the regular task of tracking the output with
input constraints can be formulated as follows:

(3)

( 1| )y k k+
( )u k ( )y r

( ) 2 2
1 1 1, ,k k k kQ SJ y u Y R U U+ + −= − + −
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Fig. 3. Block diagram of the MPC system using the Box–Wilson method.
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where Q and S are the weights of regularization;  is
the vector of controlled variables, quality indicators
(  is the humidity of green tea,  is the temperature
of green tea);  is the vector of set values of quality
indicators (  is the set value of green tea humidity, 
is the set temperature of green tea); and  is the vec-
tor of control actions (  is the temperature of the air,

 is the speed of movement of the belt).
This is understood as

In this article, the solution is presented in the form
of a problem of convex quadratic programming (QP),
which is built in the standard form (3) [11]. There are
various methods for optimizing quadratic program-
ming problems. In this work, the finding of a solution
uses an algorithm based on the method of Lagrange
multipliers.

Solving the problem of optimizing quadratic program-
ming. Target function:
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From this, we get , whence

(6)

(7)

The result of the optimization process is then
applied to the object.

3.2. Development of an Automated Control System
for the Drying Process of Green Tea

One of the main components of the system soft-
ware is a program built on the basis of the Box–Wilson
algorithm, which was proposed in the early 1950s by
American scientists Box and Wilson. This approach
develops a new direction of planning an experiment—
orthogonal planning of an optimal experiment. The
essence of the proposed method is as follows. At the
first stage, for a certain local area of the existence of
the object under study, the patterns of its behavior are
determined by the method of planning the experiment
and, as a result of their analysis, the direction to the
optimum is determined, in which the parameters
should be changed. Next, another experiment is car-
ried out in a new area of the existence of the object,
etc., until optimal conditions are achieved. The f low
diagram of the algorithm is shown in Fig. 4.

The block diagram shows the interaction of the
Box–Wilson method and the algorithm for solving the
problem of quadratic programming.

Several input and output variables can be consid-
ered, but for this work, we will consider the tempera-
ture of the drying agent and the speed of the belt and
the air in the chamber as input variables and the tem-
perature and humidity of the green tea layer as output
variables, since it is these two coefficients that have the
greatest impact on the final quality of the tea product.

At time t, the current state of the process model is
determined and control actions are calculated to min-
imize costs using a numerical minimization algorithm
for a relatively short period of time in the future.

The predictive control algorithm shown in Fig. 4.
Step 1. Define the input parameters of the control

object and limit the forecast area.
Step 2. Set the initial set of values.

+ =2 2 0THU g
−= − 1 ,TU H g

≥ ≥max min.U U U
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Fig. 4. Algorithm of the predictive control system based on the application of the Box–Wilson method.

 Regulator

Solve the optimization problems of quadratic programming:
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Create the matrix of experimental plan for n parameters
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 End

Input: initial conditions Y[0] and boundary conditions:
Umin, Umax

MP2
n
 ��(n + 1) = 

t := 0

t := t + ��

t # tfin

�Determine the output values of experiment Yexp by the input
values that correspond to the prepared matrix of experimental plan
�Determine the coefficient values of the linear object model
by the Box�Wilson method

Yk + 1 = b0 + B · U

||Yk + 1 = b0 + B · U; Umax # U # Umin

B =  

where: B = [b1, b2, ... bn]; U = [u1, u2, ... un]T

YexpMP2n��(n + 1)

2n

U = �H�1 gT

Plot the graphs (y, t) and (u, t)
Step 3. Construct and calculate the constants of the
static linear predictive model of the object  using the
Box–Wilson method based on the “experiment plan-
ning” method in the process of controlling the drying
of green tea.

Step 4. Determine the output predicted value of
the system  at the moment k from the con-

ib

( )1Y k +
PATTERN RECOGNIT
structed model (step 3).

Step 5. Minimize the target function .

Step 6. Identify the control signal . 

The mathematical model for the controlled and
regulated variables of the green tea dryer can be con-
structed as the following partial differential equations

J

( )U k
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Fig. 5. Fuzzy approximation of the effect of the surface temperature of the green tea layer on humidity.
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(PDEs) of the first order, which are defined as fol-
lows:

Energy transfer equation [3, 4]:

(8)

Initial and boundary conditions:

(9)

(10)

(11)

where Cp is the specific heat capacity of dry leaves of
green tea, T(x, τ) is the temperature of the layer of
green tea, r is the thickness of the layer,  is the coeffi-
cient of thermal conductivity, Тс is the temperature of
the drying agent,  is the heat dissipation factors, and
x is the axial position along the conveyor dryer.

Mass transfer equation:

(12)
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Table 2. Input and output variables

Input Belt movement speed (u1)
Air speed (u2)
Air temperature (u3)

Output Humidity of tea (y1)
Temperature of tea (y2)
where uc is the speed of the conveyor belt, x is the axial
position along the conveyor belt dryer, Me is the equi-
librium moisture content of tea leaves, and K is the
mass transfer coefficient:

Having solved such differential equations, we get
the following mathematical model of the drying pro-
cess of green tea:

The interaction between the surface temperature of
the green tea layer and the moisture of tea leaves is a
complex computational equation; therefore, to model
this interaction in the proposed work, the construction
of a fuzzy approximation system is used on the basis of
the obtained values of experimental results and the con-
clusion of experts. An indistinct approximation of the
effect of the surface temperature of the green tea layer
on humidity is shown in Fig. 5. And a fuzzy approxima-
tion of the effect of green tea moisture on the surface
temperature of the layer is shown in Fig. 6.

The result of the simulation of the control system
for the drying of green tea in Fig. 6 showed that the
MPC regulator is stable and stable in terms of input
disturbance suppression and when implementing the
Box–Wilson method for the object model in the MPC
provides more efficient operation compared to tradi-
tional MPCs (Figs. 7 and 8).
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Fig. 6. Fuzzy approximation of the effect of green tea humidity on the surface temperature of the layer.
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Fig. 7. The temperature of the green tea layer.
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Fig. 8. The moisture content of the green tea layer.
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CONCLUSIONS

Heat treatment processes such as roasting and drying
are energy intensive. Given the ever-increasing cost of
energy, it is necessary to improve the technology and pro-
cess control system to reduce operating costs while main-
taining or improving the quality of final tea products.

This work describes the design, modeling, and
implementation of an automated control system for
the drying process of green tea in a conveyor belt dryer
based on the algorithm of the MPC regulator using the
Box–Wilson method.

The drying process of green tea is modeled as a
continuous system, where the control variable is the
power supplied to the electric heater (temperature of
the drying air), air speed, and belt speed, and the
adjustable variable is the temperature and humidity of
the layer of green tea in the drying chamber.
PATTERN RECOGNIT
The results of the simulation of the green tea drying
process control system show that the MPC regulator is
stable and stable in terms of input disturbance suppres-
sion. The MPC control system when implementing the
Box–Wilson method for the object model provides
more efficient operation compared to traditional MPCs.
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