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Abstract: Consideration of ultrasonic cleaning as a process with distributed parameters enables reduction of power consumption. This  
approach is based on establishment of control over the process depending on fixed values of ultrasonic responses in set points. The initial 
intensity of radiators is determined using a three-dimensional (3D) interval type-2 fuzzy logic controller essentially created for processes 
with distributed parameters, as well as complex expert evaluation of the input data. The interval membership functions for the input  
and output data consider the space heterogeneity of ultrasonic cleaning. A rule base is formed, which is 2D and not dependent upon  
the number of input and output parameters. A model illustrating ultrasonic cleaning with a 3D interval type-2 fuzzy logic controller  
is designed. Comparative analysis of the output parameters of the proposed model and the traditional method indicates an increase  
in the energy efficiency by 41.17% due to application of only those ultrasonic radiators that are located next to the contamination. 
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1.  INTRODUCTION 

Effective cleaning guarantees both long-term exploitation of 
equipment and possibility of current maintenance. Ultrasonic 
cleaning is noted for higher efficiency and sustainability as it 
reduces the application of chemical solvents. Ultrasonic cleaning 
is based on the cavitation effect – implosion of bubbles resulting 
from the ultrasonic processing of a liquid. Consequently, energy 
that is capable of separating particles of dirt from the cleaned 
object is emitted. Issues related to enhancing the efficiency of 
ultrasonic cleaning are considered from two perspectives: as an 
investigation into parameters affecting a process in order to im-
prove cavitation activity; and as establishment of control consider-
ing the peculiarities of ultrasonic cleaning. Cavitation intensity is 
not the same in different zones of an ultrasonic bath and depends 
on a number of factors. Space configuration of an ultrasonic bath, 
i.e., the size of the container, as well as the number and location 
of ultrasonic radiators, plays a major part in the process (Tang-
sopha and Thongsri, 2020). The frequency of insonation also 
affects cavitation distribution in space (Tangsopha et al., 2017). 
Temperature, intensity of processing, and oxygen content also 
influence the process, yet they only correct the intensity of cavita-
tion in the ultrasonic bath without changing its distribution. While 
studying the parameters affecting cavitation, Xu et al. (2016) 
report the following dependencies: cavitation becomes unstable 
with long intonation, which is more vivid with greater capacity; 
increased gas content, capacity, and addition of a cleaning agent 
enhance cavitation, but on reaching an extreme value of these 
parameters, the cavitation activity falls. With relatively great ca-
pacity, cavitation increases with temperature, reaches its peak, 
and then drops. Besides affecting cavitation, these parameters 
are also interrelated: duration of insonation and high capacity 
influence temperature and gas content, while the latter depends 
on temperature. In other words, this is a complex physical process 

with a great number of interrelated impact factors, the values of 
which change greatly at different points of a cleaning container. 

Nigmetzyanov et al. (2019) present an attempt to consider the 
space distribution of cavitation by using an additional low-
amplitude radiator to increase the efficiency of cavitation collapses 
in a remote zone of cavitation activity. Yet, this issue of automatiz-
ing cleaning considering the space distribution remains unsolved. 
Available systems of controlling ultrasonic cleaning are con-
strained either by time and expert evaluation regarding the need 
to continue the process or by assessment of the condition of the 
cleaning liquid including temperature, conductivity, and turbidity 
(Duran and Teke, 2018; Rahim et al., 2011). This leads to the fact 
that processing time – and consequently, power consumption – is 
not associated with the real contamination of a body. In other 
words, there arises a situation when insonation is related to the 
cleaned areas of a product. To avoid this, one should use an 
algorithm controlling ultrasonic cleaning, which will consider con-
tamination of a body in terms of the body’s separate areas. As-
sessing this condition through analysis of ultrasonic reflections in 
the bath is suggested because ultrasonic measurements provide 
high-quality and fast evaluation of space-distributed parameters 
(Porkuian et al., 2019, 2020; Morkun et al., 2015a). A three-
dimensional (3D) interval type-2 (IТ2) fuzzy logic controller, which 
is essentially created to control systems with distributed nonlinear 
parameters, is applied to the process of determining the estab-
lishment of a distributed controlling action (Li et al., 2007; Zhang 
et al., 2017).  

2. PROBLEM DESCRIPTION  

Let there be a system with distributed parameters describing 
the process of ultrasonic cleaning. Cleaning occurs due to m 
ultrasonic radiators located in set positions and set by intensity 
factors 𝑢(𝑧) = (𝑢(𝑧1), 𝑢(𝑧2), … , 𝑢(𝑧𝑚)). The input parame-
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ters are the measures in P space positions Z1, Z2,… Zp. Moreo-
ver, P and m are independent. Figure 1 depicts a bath for ultra-

sonic cleaning. Here, ∆𝑥𝑧 = (∆𝑥𝑧1
, ∆𝑥𝑧2

, … , ∆𝑥𝑧𝑝
) goes to the 

system input and is the difference between the two latest meas-

urements of the signal ∆𝑥𝑧 = |𝑥𝑧
(1) − 𝑥𝑧| and 𝑥𝑧 =

(𝑥𝑧1
, 𝑥𝑧2

, … , 𝑥𝑧𝑝
), the value of the latest measurement. The 

intensity of the radiators is determined by the controller while 
analyzing the input parameters. The input parameters are meas-
ured by ultrasonic sensors that fix the reflection from the cleaned 
body in the set time intervals. It is necessary to establish control in 
such a way that cleaning is performed with minimum energy 
consumption considering the space distribution of dirt on the 
object. The space position is set by a 1D radial coordinate. 

 
Fig. 1. Diagram of the ultrasonic cleaning bath with the sensors on its 

sides and the basic cleaning radiators on its bottom 

To establish control of the set, a 3D IТ2 fuzzy logic controller 
is used; its functioning algorithm is described in Section 3. Simula-
tion of the controller functioning and comparison of its efficiency 
with the conventional method of cleaning is performed. 

3. DEPENDENCY OF ULTRASONIC REFLECTIONS  
AND DEVELOPMENT OF CLEANING 

Modeling ultrasonic cleaning (Figs. 2 and 3) applying k-wave 
(Treeby and Cox, 2010) reveals the dependency of the cleaning 
process and the ultrasonic reflections of a situational character. In 
other words, a signal can be affected by both dirt peeling, as seen 
in Fig. 2 (increased amplitude and reduced number of dispersed 
deviations), and the geometry of the cleaned sections (in Fig. 3, 
cleaning of the hole increases the dispersed deviations). For this 
reason, the following assumptions are used to determine the 
running of the process: 
1. The process occurs as cleaning only, i.e., any change of a 

sensor signal indicates dirt peeling. 
2. The sensor closest to the dirt peeling records the greatest 

change of a signal. 

 
Fig. 2. Acoustic pressure during the processing of a body with contamination density ρ =3,100 kg/m3, velocity of ultrasonic waves c =2,500 m/sec, 

 and contamination thickness d (the cleaned body has ρ =7,800 kg/m3 and the ultrasonic wave velocity c =5,170 m/sec) for sector of the circle 

4. CONTROLLING ULTRASONIC CLEANING BY 3D IT2 
FUZZY LOGIC CONTROLLER 

Modern industrial advance calls for higher standards of energy 
efficiency and safety. Conventional methods of controlling sys-
tems with concentrated parameters cannot meet these standards, 
thus causing the necessity to use methods considering the space 
distribution of the system (Morkun et al., 2015b). The high com-
plexity of mathematical models of these systems almost elimi-
nates their practical application (Morkun and Tron, 2014a; Morkun 
et al., 2015c). To avoid complex and bulky mathematical models, 
training algorithms and expert experience are used (Morkun et al., 

2014b, 2015d). A 3D fuzzy logic controller is essentially created to 
control systems with distributed parameters (Li et al., 2007; Zhang 
et al., 2017). Expansion of the traditional fuzzy set by an addition-
al space coordinate enables the processing of space data. When 
applying this controller to automatizing ultrasonic cleaning, space 
distribution of the system is used. The process is assessed by the 
changes and the “purity” of the ultrasonic responses in the clean-
ing container. Expert assessment of this parameter is quite varia-
ble. This problem is solved by applying an interval membership 
function enabling usage of expert assessment in the form of a 
range. 

Thus, a combination of a 3D fuzzy logic controller (Li et al., 
2007) and an IТ2 fuzzy logic controller (Zadeh, 1975) serves as 
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the basis for a 3D interval fuzzy logic controller. It enables the 
establishment of control over ultrasonic cleaning with due regard 

for its space distribution in the absence of clear expert assess-
ment of the significance of changes in the ultrasonic response. 

 

 
Fig. 3. Acoustic pressure during the processing of a body with contamination density ρ =3,100 kg/m3, ultrasonic wave velocity c =2,500 m/sec, 

 and contamination thickness d (the cleaned body has ρ =7,800 kg/m3 and the ultrasonic wave velocity c =5,170 m/sec) for sector of the astroid 

The membership function and the rule base 
According to the problem description, the crisp inputs are x1(z) 

and x2(z), where z = (z1, z2,.. zp), denoting the changed ultrasonic 
responses in the latest cleaning cycle and the values of the latest 
indices of sensors, respectively. The crisp output indicates the 
intensity of functioning of the ultrasonic radiators in set positions 
u(z) = [u(z1), u(z2),… u(zm)]. The values of x1(z), x2(z) and u(z) are 
normalized within [0,1]. All the variables have three linguistic 
marks: large (L), medium (M), and small (S). Considering the 
space distribution of ultrasonic cleaning, the upper and the lower 
membership functions of the input parameters appear as follows: 

𝜇(𝑥𝑖 , 𝑧) = exp (−
((𝑥𝑖 − 𝑎)2 + (|2|𝑧 − 𝑧0| − 1| − 1)2)

𝜎1

) 

𝜇(𝑥𝑖 , 𝑧) = exp (−
((𝑥𝑖 − 𝑎)2 + (|2|𝑧 − 𝑧0| − 1| − 1)2)

𝜎2

) 

𝑖 = 1,2, 𝑧 = (𝑧1, 𝑧2, … , 𝑧𝑃)         (1) 

where 𝜇(𝑥𝑖 , 𝑧) and 𝜇(𝑥𝑖 , 𝑧) are the upper and lower values of 

the membership function, respectively; 𝑥𝑖 is the crisp input; 𝑧 is 

the radial input coordinate; 𝑎 is the value of the linguistic mark 
with which the membership function acquires the maximum value: 

for large (L): 𝑎 =1; for medium (M): 𝑎 =0.5; and for small (S): 𝑎 

=0, 𝑧0 is the value of the spacious radial output coordinate, 𝜎1 
and 𝜎2 are the parameters conditioned by the physical properties 
of both the cleaning container as well as the number of sensors 
and outputs and belong to the interval [0,1]; and i is the number of 
variables. Figure 4 shows a diagram for the medium linguistic 

mark (M) and the output 𝑧0 =0.2 and the small mark (S) and the 

output 𝑧0 =0.5 with  𝜎1 = 0.1 and 𝜎2 = 0.2. The graph indicates 
the maximum value in the space point closest to the output, and 
this corresponds to the linguistic mark.  

For the output 𝑢(𝑧), the membership function is defined in the 
trapezoid–triangular form, as shown in Fig. 5. The membership 
function is 2D as the spatial impact is taken into account during 
the fuzzification of the input, while the output value is calculated 
depending on its space location.  

 
Fig. 4. Diagrams of the upper and lower membership functions:  

 a) for the medium mark (M), for the output z0 =0.2; 
 b) for the small mark (S), for the output z0 =0.5 

The rule base (Table 1) considers the assumptions presented 
above: as change of a signal ∆𝑥𝑧  is the major evidence of suc-
cessful cleaning, it is considered more significant than the latest 
signal 𝑥𝑧 conditioned not only by the contamination degree of a 
product, but also by its geometry and location in the container. 

On the basis of the determined membership functions and the 
rule base, we describe the algorithm of the controller functioning 
based on the 3D IТ2 fuzzy logic set (FS). 
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Fig. 5. Membership function for output 𝑢(𝑧). S – small, M-medium, L-

large. 

Tab. 1. Rule base (�̃� - large, �̃�- medium, and �̃� - small) 

∆𝒙𝒛/ 𝒙𝒛 �̃� �̃� �̃� 

�̃� �̃� �̃� �̃� 

�̃� �̃� �̃� �̃� 

�̃� �̃� �̃� �̃� 

5. THE 3D IТ2 FS CONTROLLER 

The concept of a 3D fuzzy set is introduced to enable consid-
eration of the space distribution of complex physical and chemical 
processes (Li et al., 2007; Zhang et al., 2017). The controller 
based on this set is naturally created for processes with distribut-
ed parameters and can be applied to the controlling of ultrasonic 
cleaning. Expansion of the membership function in the given 
controller to reach the first interval results in changes of the input 
formation mechanism. Let us consider the operations within the 

3D IТ2 FS controller structure. 
The structure of the 3D IТ2 FS controller is similar to that of 

the basic one (Mamdani, 1974) with standard operations of fuzzi-
fication, the fuzzy logic output, and defuzzification (Fig. 6). Yet, 
availability of an additional space coordinate and intervals of the 
membership function call for their expansion. We provide all the 
controller operations for singleton fuzzification to simplify and 
contract them.  

For the 3D fuzzy set, we determine the fuzzification of the 
crisp input X in the following way (Li et al., 2007): 

�̃�𝑥1
= ∑ ∑

𝜇𝑥1
(𝑥1(𝑧),𝑧)

(𝑥1(𝑧),𝑧)
, 𝑤ℎ𝑒𝑟𝑒 𝑥1(𝑧)∈𝑋1𝑧∈𝑍 𝜇𝑥1

(𝑥1(𝑧), 𝑧) =

∫ [𝜇𝐴(𝑥1(𝑧), 𝑧), 𝜇
𝐴

(𝑥1(𝑧), 𝑧)]
1

𝑢𝑢∈𝐽𝑥1
  

⋮ 
�̃�𝑥𝑁

=

∑ ∑
𝜇𝑥𝑁

(𝑥𝑁(𝑧),𝑧)

(𝑥𝑁(𝑧),𝑧)
, 𝑤ℎ𝑒𝑟𝑒 𝑥𝑁(𝑧)∈𝑋𝑁𝑧∈𝑍 𝜇𝑥𝑁

(𝑥𝑁(𝑧), 𝑧) =

∫ [𝜇𝐴(𝑥𝑁(𝑧), 𝑧), 𝜇𝐴
(𝑥𝑁(𝑧), 𝑧)]

1

𝑢𝑢∈𝐽𝑥𝑁
 ,           (2) 

where 𝑢 is the secondary variable, which is an interval for the 

membership function with the sets 𝑥 and 𝑧; 𝐽𝑥1
, … , 𝐽𝑥𝑁

 determine 

the interval of the membership function for the set 𝑥1, … , 𝑥𝑁 . In 

the case of ultrasonic cleaning, 𝜇𝐴(𝑥𝑖(𝑧), 𝑧), 𝜇𝐴
(𝑥𝑖(𝑧), 𝑧) cor-

respond to 𝜇(𝑥𝑖 , 𝑧) and 𝜇(𝑥𝑖 , 𝑧) from Eq. (1), while N =2. Thus, 

the general fuzzification for two crisp inputs looks as follows: 

�̃�𝑥=
∑ ∑ ∑  𝑥2(𝑧)∈𝑋2

 𝑥1(𝑧)∈𝑋1𝑧∈𝑍
𝜇𝑥1

(𝑥1(𝑧),𝑧)∗𝜇𝑥1
(𝑥1(𝑧),𝑧)

(𝑥1(𝑧),𝑥2(𝑧),𝑧)
,        (3) 

where * denotes a t-norm operation.  

 
Fig. 6. The 3D IТ2 FS controller 
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To establish control over ultrasonic cleaning, we define a t-norm 

as an intersection of sets, i.e., for �̃�𝑥1
and �̃�𝑥2

, we have: 

�̃�𝑥1
=

1

⋃ [𝜇�̃�𝑥1
(𝑥,𝑧),𝜇�̃�𝑥1

(𝑥,𝑧)]∀𝑥∈𝑋,𝑧𝜖𝑍

; �̃�𝑥2
=

1

⋃ [𝜇�̃�𝑥2
(𝑥,𝑧),𝜇�̃�𝑥2

(𝑥,𝑧)]∀𝑥∈𝑋,𝑧𝜖𝑍

  

�̃�𝑥1
∩ �̃�𝑥2

=
1

⋃ [𝜇�̃�𝑥1
(𝑥,𝑧)∧𝜇�̃�𝑥2

(𝑥,𝑧),𝜇�̃�𝑥1
(𝑥,𝑧)∧𝜇�̃�𝑥2

(𝑥,𝑧)]∀𝑥∈𝑋,𝑧𝜖𝑍

=            (4) 

1

⋃ [𝑚𝑖𝑛(𝜇�̃�𝑥1
(𝑥,𝑧),𝜇�̃�𝑥2

(𝑥,𝑧)),𝑚𝑖𝑛(𝜇�̃�𝑥1
(𝑥,𝑧)∧𝜇�̃�𝑥2

(𝑥,𝑧))]∀𝑥∈𝑋,𝑧𝜖𝑍

  

After fuzzification of the crisp inputs, the fuzzy logic output is 
established on the basis of the set rule base. According to Table 
1, the l-th rule in the base can be written in the following way: 

�̃�
𝑙
: 𝐼𝑓 𝑥1(𝑧) 𝑖𝑠 �̃�1

𝑙
 𝑎𝑛𝑑 𝑥2 (𝑧) 𝑖𝑠 �̃�2

𝑙
 𝑡ℎ𝑒𝑛 𝑢(𝑧) 𝑖𝑠 �̃�

𝑙
         (5) 

where �̃�𝑙 is the l–th rule (l =1,2…9); 𝑥1(𝑧) and𝑥2 (𝑧) are the 

input variables in different points of the space; �̃�1
𝑙 and �̃�2

𝑙  are the 
3D IТ2 FSs, and 𝑢(𝑧) is the controlling action. The next step is to 
reduce the 3D IТ2 FS to conventional IТ2 FS. With this, integra-
tion of spacious data, size reduction, and output establishment 
occur. Rule (5) can be written as the following fuzzy ratio: 

�̃�𝑙: �̃�1
𝑙 × �̃�1

𝑙 →  �̃�𝑙, 𝑙 = 1,2, … 9                        (6) 

The IТ2 FS is obtained as a combination of the 3D IТ2 FS at 
the input and application of the rule in the form of fuzzy ratios. 
Integration of space data results in transformation of the 3D fuzzy 

logic interval input �̃�𝑥 into the 3D set W,l which is an IТ2 FS in 

each point 𝑥𝑧 = [𝑥1(𝑧), 𝑥2(𝑧)]. The set Wl is an expanded 
composition of input sets. Figure 7 shows this composition for the 
singleton value. The expanded composition performed at the input 
set and the assigned sets of the l-th rule are presented by Li et al. 
(2007): 

𝑊
�̃�𝑥∘(�̃�1

𝑙
×�̃�2

𝑙
)

𝑙 = �̃�𝑥 ∘ (�̃�1
𝑙

× �̃�2
𝑙
)                                          (7) 

with the upper and the lower values of the membership function: 

𝜇𝑊𝑙 = 𝜇𝐴𝑥∘(𝐶1
𝑙×𝐶2

𝑙 )
(𝑥𝑧 , 𝑧) =

𝑠𝑢𝑝𝑥1(𝑧)∈𝑋1,𝑥2(𝑧)∈𝑋2
[𝜇𝐴𝑥

(𝑥𝑧 , 𝑧) ∗ 𝜇𝐶1
𝑙×𝐶2

𝑙 (𝑥𝑧 , 𝑧)] =

𝑠𝑢𝑝𝑥1(𝑧)∈𝑋1,𝑥2(𝑧)∈𝑋2
[𝜇𝑥1

(𝑥1(𝑧), 𝑧) ∗ 𝜇𝑥2
(𝑥2(𝑧), 𝑧) ∗

𝜇𝐶1
𝑙 (𝑥1(𝑧), 𝑧) ∗ 𝜇

𝐶2
𝑙 (𝑥2(𝑧), 𝑧)] =

{𝑠𝑢𝑝𝑥1(𝑧)∈𝑋1
[𝜇𝑥1

(𝑥1(𝑧), 𝑧) ∗ 𝜇𝐶1
𝑙 (𝑥1(𝑧), 𝑧)]} ∗

{𝑠𝑢𝑝𝑥2(𝑧)∈𝑋2
[𝜇𝑥2

(𝑥2(𝑧), 𝑧) ∗ 𝜇
𝐶2

𝑙 (𝑥2(𝑧), 𝑧)]}              (8) 

𝜇𝑊𝑙 = 𝜇𝐴𝑥∘(𝐶1
𝑙×𝐶2

𝑙 )
(𝑥𝑧 , 𝑧) =

𝑠𝑢𝑝𝑥1(𝑧)∈𝑋1,𝑥2(𝑧)∈𝑋2
[𝜇𝐴𝑥

(𝑥𝑧 , 𝑧) ∗ 𝜇𝐶1
𝑙×𝐶2

𝑙 (𝑥𝑧 , 𝑧)] =

𝑠𝑢𝑝𝑥1(𝑧)∈𝑋1,𝑥2(𝑧)∈𝑋2
[𝜇𝑥1

(𝑥1(𝑧), 𝑧) ∗ 𝜇𝑥2
(𝑥2(𝑧), 𝑧) ∗

𝜇𝐶1
𝑙 (𝑥1(𝑧), 𝑧) ∗ 𝜇𝐶2

𝑙 (𝑥2(𝑧), 𝑧)] =

{𝑠𝑢𝑝𝑥1(𝑧)∈𝑋1
[𝜇𝑥1

(𝑥1(𝑧), 𝑧) ∗ 𝜇𝐶1
𝑙 (𝑥1(𝑧), 𝑧)]} ∗

{𝑠𝑢𝑝𝑥2(𝑧)∈𝑋2
[𝜇𝑥2

(𝑥2(𝑧), 𝑧) ∗ 𝜇𝐶2
𝑙 (𝑥2(𝑧), 𝑧)]}                  

where  𝑧  𝜖 𝑍, the product * indicates the t-norm operation (inter-
section of sets). 

 

Fig. 7. Integration of space data for each crisp input 𝑥𝑧 = [𝑥1(𝑧), 𝑥2(𝑧)] 

After integrating three-dimensionality, it is reduced by con-

tracting the 3D data (𝑥𝑧 , 𝜇, 𝑧) to the 2D form (𝑥𝑧 , 𝜇). Reduction 

is performed by finding the maximum value, while the upper and 
the lower membership functions are determined as follows: 
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𝜇𝜑𝑙 = max 𝜇𝑊𝑙  𝜇𝜑𝑙 = max 𝜇𝑊𝑙           (9) 

where 𝜇𝑊𝑙  and 𝜇𝑊𝑙  are the lower and the upper values, respec-

tively, of the membership function; 
The output consists of accumulation and typecasting. In ac-

cumulation, the upper and the lower boundaries of the member-
ship function are determined as shown by Mendel et al. (2006): 

𝜇�̃�(𝑢) = max (𝜇𝜑1(𝑢), … , 𝜇
𝜑𝑁′ (𝑢)) , 𝜇

�̃�
(𝑢) =

max (𝜇
𝜑1(𝑢), … , 𝜇

𝜑𝑁′ (𝑢)) , ∀ 𝑢 ∈ 𝑈.                               (10) 

where N' is the number of production rules. 
In compliance with the paper by Mendel et al. (2006), type-

casting is performed by searching for the centroid of all production 
rules. It results in a collection of numbers with the maximum and 
the minimum values, i.e.: 

С�̃�(𝑧) =
1

{𝑐𝑙(𝑧),…,𝑐𝑟(𝑧)}
,          (11)  

where 

𝑐𝑙(𝑧) = min
∀𝜃𝑖∈[𝜇�̃�(𝑢𝑖),𝜇�̃�(𝑢𝑖)]

∑ 𝑢𝑖𝜃𝑖
𝑛
𝑖=1

∑ 𝜃𝑖
𝑛
𝑖=1

,  

𝑐𝑙(𝑧) = min
∀𝜃𝑖∈[𝜇�̃�(𝑢𝑖),𝜇�̃�(𝑢𝑖)]

∑ 𝑢𝑖𝜃𝑖
𝑛
𝑖=1

∑ 𝜃𝑖
𝑛
𝑖=1

          (12) 

To find 𝑐𝑙  and 𝑐𝑟, we use the formulae of the Karnik–Mendel 
iteration algorithm (Karnik & Mendel, 2001): 

𝑐𝑙(𝑧) =
∑ 𝑢𝑖(𝑧)𝜇�̃�(𝑢𝑖)+∑ 𝑢𝑖(𝑧)𝜇�̃�(𝑢𝑖)𝑁

𝑖=𝑙+1
𝑙
𝑖=1

∑ 𝜇�̃�(𝑢𝑖)+∑ 𝜇�̃�(𝑢𝑖)𝑁
𝑖=𝑙+1

𝑙
𝑖=1

,   

𝑐𝑟(𝑧) =
∑ 𝑢𝑖(𝑧)𝜇�̃�(𝑢𝑖)+∑ 𝑢𝑖(𝑧)𝜇�̃�(𝑢𝑖)𝑁

𝑖=𝑟+1
𝑟
𝑖=1

∑ 𝜇�̃�(𝑢𝑖)+∑ 𝜇�̃�(𝑢𝑖)𝑁
𝑟=𝑙+1

𝑟
𝑖=1

          (13) 

Points 𝑟 and 𝑙 are determined iteratively by the Karnik-Mendel 
algorithm. 

Defuzzification is reduced to a simple search for the mean 
value of the maximum and the minimum values after typecasting 
(Mendel et al., 2006): 

𝑢 =
𝑐𝑟+𝑐𝑙

2
.                (14) 

6. MODELING CONTROL BY THE 3D IТ2 FS CONTROLLER 

Ultrasonic cleaning is modeled by creating the ultrasonic 
pressure field with the assumption that the best cleaning occurs in 
zones with the largest values of acoustic pressure. Practical ex-
pediency of this assumption is confirmed by numerous experi-
ments (Tangsopha et al., 2017; Tangsopha & Thongsri, 2020; 
Nigmetzyanov et al., 2019). The k-wave software device is applied 
to modeling, enabling the simulation of large-scale ultrasonic 
waves in the set period (Treeby & Cox, 2010; Treeby, et al., 2012; 
Morkun, et al., 2014).  

As the space coordinate is actually single, we consider clean-
ing in a plane, i.e., sensors and radiators are in a single plane. 

First, modeling without fuzzy logic control is performed. Four 
radiators of stable capacity are determined (Fig. 8a). The astroid 
with a single contaminated side is used as a cleaned product (Fig. 
8b).  

Contamination peeling is recorded when the acoustic pressure 
is >50% compared to the maximum. Experiments reveal that 

 
Fig. 8. Initial conditions of the experiment: a) location of the radiators;  

 b) the view of the cleaned body; c) location of the sensors 

complete cleaning covers five cycles. With that, all the radiators 
are engaged, and this stage corresponds to conventional ultrason-
ic cleaning. 

While using fuzzy control, the initial conditions of the experi-
ment remain the same. To assess the running of ultrasonic clean-
ing, four sensors are used, which are arranged as shown in Fig. 
8c. The sensors are both ultrasound radiators and receivers. 
Changes of signals are assessed by the difference between the 
amplitudes of the latest signals, while the number of changes of 
the signal sign becomes the basis for assessing the “purity” of the 
signal. Initiation occurs as a result of the response after the initial 
ultrasonic radiation by the sensors. The sensors are set by space 
positions z =[0 0.25 0.5 0.75], while the coordinates of the radia-
tors are z0 =[ 0.125 0.375 0.625 0.875].  

In the membership function (1), the following set values of the 
parameters σ1 =0.1 and σ2 =0.2 are used. After the initial pro-
cessing according to the analysis of the maximum and the mini-
mum values in each contamination point, the view of the cleaned 
object is obtained (Fig. 9).  

The next step includes processing the body from all four basic 
radiators, followed up by ultrasonic assessment of the object’s 
condition. 

 
Fig. 9. View of the body after a) the fist and b) the second cleaning cycles 
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Tab. 2. Input (Δx ,x)  and output (u) parameters in ultrasonic cleaning  

Step 
number 

Δx x u 
Power 

saving, % 

0 - - [1 1 1 1] 0 

1 
[ 0.2292 

0.0598 1.0000 
0.4948] 

[1.0000 
0.9167   

0.6667  0] 

[0 0.6051 
1.0000 
0.4161] 

49.47 

2 
[0.0918 0.0026  

1.0000  
0.5896] 

[1.0000  
1.0000  

0.5000 0] 

[0 0.6253 
1.0000  
0.3537] 

50.53 

3 
[0.2565 0.0084 
1.0000 0.6364] 

[1.0000 
1.0000 

0.3636  0] 

[0 0.5488 
1.0000 
0.4900] 

49.03 

4 
[0.1555 0.0104 
1.0000 0.2768] 

[1.0000 
0.9091 

0.2727  0] 

[0 0.5159 
1.0000 
0.2104] 

56.84 

Total [0 0 0 0]   41.17 

 
Fig.10. Reduction in the deviation vector module by the cleaning cycles 

The normalized indices of the sensors obtained at Step 1 (Ta-
ble 2) – change of the signal Δх=[0.2292 0.0598 1.0000 0.4948] 
and the values of the latest measurements characterizing the 
degree of “purity” of the signal х=[1.0000 0.9167 0.6667 0] – are 
in compliance with both the assumptions about the greatest 
change of the signal of the sensor closest to the contamination 
peeling and a great number of deviations in the sensors in close 
proximity. 

After analyzing the sensor data by the controller in compliance 
with the above algorithm, the following normalized values of inten-
sity for the radiators are obtained: u=[0 0.6015 1.0000 0.2564] 
(Table 2). 

The result obtained is relevant to the contamination pattern as 
it is located closest to three of the ultrasonic radiators. In the next 
stage, the intensity of each radiator is set with the amplification 
factor u. The result of the second cleaning cycle is shown in Fig. 
9. The necessity to continue cleaning is determined by the module 
of the vector of signal deviations between the cycles. To complete 
cleaning, four cycles are required, besides the initial one. Fig. 10 
depicts the reduction of the deviation vector module. 

7. CONCLUSIONS 

New methods of ultrasonic cleaning considering the space 
distribution of the process are developed. The described technol-
ogy is based on the 3D IТ2 fuzzy logic controller, which possess-
es a structure similar to the traditional one considering spatial and 
interval characteristics of the membership function. The member-
ship functions considering the space impact of the input parame-
ters are determined. A rule base that remains 2D and does not 

depend on the number of sensors and outputs is designed. As-
sessment of cleaning is based on the difference between the 
ultrasonic reflections of the latest measurements and the number 
of dispersed deviations of the latest signal. The functioning algo-
rithm of the described controller determines the amplification 
factor for each output normalized within [0,1]. As some values are 
<1, there is power savings of 41.17% for the ultrasonic cleaning 
process modeled herein. 
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