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Nghién ctu kha nang bat giii khi thai
clia vat liéu khung hiiu co kim loai Ni(BDC)(TED)
bing phuong phap mo phéng cé dién
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TOM TAT

Su phat thai cac khi ddc hai tic dong tiéu cuc b at dén moi truong va stic khoe ctia con nguoi nhu CO, va
SO, do sy tang nhanh dan sd toan cau va viéc d6t ngay cang nhiéu nhién liéu hoa thach dé dap tng nhu cau ning
luong. Song song voi viée tim ra nguén nang lugng thay thé nhién liéu hoa thach, viéc tim ra mot bién phap dé bat
giit, giam tai va xur ly khi thai doc hai ra méi truong, gy hiéu tng nha kinh ciing hét strc quan trong va cp bach
nham ngan chan sy bién ddi khi hau ngay cang tram trong hon. Vat li¢u khung hitu co kim loai Ni(BDC)(TED)O,5
dugc danh gia 1a vat liéu xp c6 kha ning hap phu manh CO, va SO,. Bing phuong phap mé phong Monte Carlo
chinh tac 16n, ching t6i da dénh gi4 dugc kha ndng bat gitt hai loai khi nay cua Ni(BDC)(TED),  v6i lugng hép
phu SO, manh hon CO, ¢ viung ap suét thap dudi 25 bar; trong khi d6, & viing 4p suét cao, lugng hap phu CO,
c6 khuynh huéng ting (dat 14,4 mmol/g & 50 bar ) nhung hip phu SO, thi sém bao hoa ¢ &p suét 5 bar véi 13,6
mmol/g. Su hip phu manh hon cua SO, so véi CO, trong vung ap sudt thip ciing dugc 1am sang to qua nhiét hap
phu cta SO, (32,7 klJ/mol) 16n hon nhiéu so véi CO, (17.3 kJ/mol) trong Ni(BDC)(TED), .

Tir khéa: Ni(BDC)(TED), ., mé phong Monte Carlo chinh tdic lom, bt giir co, bdt giir S0, hdp phu déng nhiét.

0.5’

*Tac gia lién hé chinh.
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ABSTRACT

The emission of toxic gases has massive negative impacts on the environment and human health such as
CO, and SO, because of the rapid increase of the global population and the burning of more and more fossil fuels to
meet energy needs. Together with seeking alternative clean energy sources, finding methods to capture, reduce and
treat harmful gases in the environment is urgent to prevent climate change and global warming. The metal-organic
framework Ni(BDC) (TED), ; was evaluated as a porous material with strong adsorption of CO, and SO,. By grand
canonical Monte Carlo simulation, we quantitatively evaluated the capture capacities of CO, and SO, in Ni(BDC)
(TED), , based on the adsorption mechanism. Our results indicated the adsorption of SO, was higher than that of
CO, in the pressures below 25 bar. Meanwhile, in the high-pressure range, the CO, adsorption in Ni(BDC) (TED)
was still in increase, reaching 14.40 mmol/g at 50 bar, but SO, adsorption was soon saturated at the pressure of
5 bar with 13.6 mmol/g. The stronger adsorption of SO, compared with CO, in the low-pressure range was also
elucidated by the isosteric heat of adsorption that was Q_ of SO, (32.7 kJ/mol), which was much greater than that
of CO, (17.3 klJ/mol) on Ni(BDC) (TED), ..

Keywords: Ni(BDC)(TED),, ,, grand canonical Monte Carlo, CO, capture, SO, capture, adsorption isotherms.

0.5

1. INTRODUCTION been noticed due to their extraordinary features

Flue gas emissions such as CO, and SO, such as high surface area, high pore, extra-high

. o .
have seriously affected the environment and porosity up to 90% free volume, adjustable

human health. It is always the hot problem at internal surface properties, and tunable pore
size.! Many adsorbents have been investigated,
such as activated carbon (AC), zeolite, silica gel

(SG), and especially metal-organic frameworks

conferences, workshops, and seminars due to
the urgent need to find solutions to capture, treat
and convert exhaust gases. Several studies have

been performed on separating and capturing
toxic gases from the gas mixture so far. Over
the past few decades, adsorption-based gas
capture and storage in porous materials have

*Corresponding author.
Email: nguyenthixuanhuynh@gqnu.edu.vn

https://doi.org/10.52111/qnjs.2021.15501

(MOFs).>* Among porous materials, MOFs
seem to be the most encouraging.

More than 90,000 MOFs have been
synthesized, and more than 500,000 structures
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have been predicted up to now.* Nevertheless,
very few MOFs have been evaluated and
analyzed for storage, capture, separation, and
other applications. Among MOFs, Ni(BDC)
(TED), ;structure, in which the metal component
is Ni?* (nickel ion), and the organic linkers are
H,BDC = 1,4-benzene-dicarboxylate (C,H -1,4-
(CO,H),, TED = triethylenediamine (C,H ,N,),
has been noted for CO, and SO, captures. By
both experiment and computation, K. Tan et al.
showed that Ni(BDC)(TED),, had higher SO,
adsorption than M(BDC)(TED), ; (M =Zn, Mg)
and many other MOF structures.’ However, this
research was only performed in the pressure
range below 2 bar. For CO,, Arstad and co-
workers also showed, at the room temperature,
Ni(BDC)(TED),, adsorbed 14 wt% at the
atmosphere pressure and up to at 25 atm.°

For comparing the experiment data and
extending the uptake in the pressure range up
to 50 bar, we performed grand canonical Monte
Carlo (GCMC) simulations. The obtained results
evaluate and explain the capture of CO, and SO,
in Ni(BDC)(TED),, at 298 K and the pressures
under 50 bar in detail.

2. GRAND CANONICAL MONTE CARLO
METHOD

GCMC method” was employed to quantitatively
assess CO, and SO, uptakes on the surface of
the Ni(BDC)(TED),; MOF. The interactions
between gases (CO,, SO,) and the MOF are the
pairing interaction between the atoms i and ; at a
distance Ty described by:
U(ry) = qu—(j’ +4gy [(:_j)lz B (%)6] N
In Formula (1), the first term describes
the electrostatic (Coulomb) interactions between
the pairs of atoms 7 and j, where k = %80 is the
Coulomb constant (g, is the electric constant),
g, is the i atomic charge in Ni(BDC)(TED),,
including nickel (Ni), nitrogen (N), oxygen (O),

carbon (C), and hydrogen (H). These partial
charge parameters were calculated using DDEC
(Density Derived Electrostatic and Chemical)
algorithm to set the force field for electrostatic
interactions. Besides, these interactions were
handled using the Ewald summation technique®
with the cut-off radius of 12 A. The remaining
term in Formula (1) describes the van der
Waals interactions with an Lennard-Jones (LJ)
potential, 6-12 potential. Here, €, O correspond
to the depth and diameter of the potential well
for each pair of atoms i and j, handled using
Lorentz—Berthelot rule:

&j = [ 0y = %(Ji +9j), (2)
where o, ¢ (i represents Ni, N, O, C, H of
Ni(BDC)(TED), ;) were taken from general force
fields for MOF in RASPA sofware’ (Table 1).
A cut-off radius of 14 A was utilized for the
LJ interactions. This factor affects calculation
results, therefore it was checked carefully and
showed in the results and discussion section.
The calculation used the TraPPE force field for
CO, molecule’ with a linear three-point model
with bonding length de o= 1.16 A ; whereas, SO,
was modeled as the three-point model'® with
ds o = 1434, Zo.so= 119.5°. The force
field parameters of CO, and SO, are also listed in
Table 1.

Our calculations used the uV'T set, where
volume V, temperature T and chemical potential
p were constant in the simulation process. The
room temperature (298 K) and pressures up to 50
bar were selected. The optimized primary unit
cell of Ni(BDC)(TED),, has 22 C, 20 H, 8 O, 2
N, 2 Ni (54 atoms). In GCMC, the simulation
box was kept fixed, while adsorbate molecules
were moved randomly to reach equilibrium
adsorption. Each calculated point ran 10*
equilibration cycles and followed by 2 x 10° MC
cycles. These parameters were checked carefully
for their equilibrium.

https://doi.org/10.52111/qnjs.2021.15501
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Table 1. LJ parameters of the atoms in Ni(BDC)(TED),

Atoms elk, [K] | o[A] q le]
Ni (MOF) 7.55 2.52 0.660
N (MOF) 38.95 3.26 -0.118
O (MOF) 48.16 3.03 -0.528
C (on BDC) -0.067
C (BDC-TED) -0.079
47.86 347 —m
C (on TED) -0.025
C (bonded with O) 0.636
H (on BDC) 0.093
7.65 285 F—m
H (on TED) 0.071
C (CO,) 27.00 | 2.80 | +0.700
0 (COo,) 79.00 3.05 -0.350
S (S0, 145.90 3.62 0.471
0O (S0, 57.40 3.01 -0.236

Note that for calculating gas adsorption in
MOF, measured experimental data are usually
the excess adsorption amount (N,,). Simulations
usually calculate the total adsorption amount or
the absolute amount of gas adsorbed (V). The
expression describing the relationship between
them is

Ngp = Nex + pVp, 3)

In which, V}, is the pore volume and p is the
density of gas (CO,, SO,) in the bulk phase.

3. RESULTS AND DISCUSSION

3.1. Optimizing and selecting the simulation
box for Ni(BDC)(TED),

Ni(BDC)(TED),, has tetragonal structure
symmetry with the lattice constants a = b
and the angles a = f = y = 90° (Figure 1).
In  Ni(BDC)TED),,, the metal-oxide-carbon
(Ni-O-C) clusters link to BDC and TED ligands.
Herein, BDC and TED stand for 1,4-benzene
dicarboxylate and triethylenediamine. Stability
and high porosity of the paddle-wheel units in
the heat are the noticed characteristics to improve
the amount of gas adsorbed.

https://doi.org/10.52111/qnjs.2021.15501

Figure 1. The primary unit cell of Ni(BDC)(TED), ,
herein the atoms Ni, N, O, C, and H correspond to
light gray, blue, red, brown, and light pink balls.

After designing and optimizing the unit
cell, all the atomic positions in the structure were
relaxed to meet the equilibrium state based on
the density functional theory with van der Waals
(vdW-DF) correction.'? The obtained results are
a=b=1198 A and ¢ = 9.38 A, leading to the
volume of the unit cell is 1131 A.* The simulated
results are entirely close to the experiment
data of Tan's group,’ @ = b = 11.15 A and
¢ = 9.53 A. The lengths of the simulation box
were repeated three times (> 28 A) to perform
GCMC simulations with high accuracy, as
shown in Figure 2.

41 4L Bl
}-{i}i}{i}{}{i}{

@
L I}Q{i}{}ﬁ}{

Figure 2. The 2D box of GCMC simulation (viewed
along a axis). Two paddle-wheel units and one BDC

ligand are in the blue curve; the TED unit is in the
orange curve.
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3.2. The cut-off radius for Lennard—Jones
interactions

The cut-off radius for electrostatic interactions
was taken by default as 12 A in the code because
it has little impact on the amount of gas adsorbed
to the MOF. In this section, the cut-off radius for
the LJ interactions was regarded.

Based on the amount of gas adsorption in
the MOF versus the LJ cut-off radius (7,) at 1 bar,
5 bar and 10 bar (Figure 3), the value 14 A was
determined. Increasing . can improve accuracy,
but it is insignificant and takes a long time for
calculations. Therefore, we selected the value of
approximately 14 A with the unit cell repeating
up 3x3x3 (i.e. 27 times) the unit cell in Figure 2.
Furthermore, we also carefully checked the
convergence of equilibration and MC cycles.
The results achieved 10 equilibration cycles and
2 x 10° MC cycles.

|2 B ol oon vl sere il S A -
o rF s

?u 10 r .ﬁ' o e el - a— &
= 8t -
g d
E 67
zZ 4r

2 I

0 L I 1

5 10 15 20 25
r. [A]

Figure 3. The selected LJ cut-off radius based on CO,
adsorption in Ni(BDC)(TED), ..

3.3. Investigation of structural features of
Ni(BDC)(TED),,

After relaxing the ions in the structure and
selecting suitable parameters, we also calculated
the specific surface area (SSA) and pore volume
(V) of Ni(BDC)YTED),.,
of porous crystalline frameworks affecting
gas capture. The parameters SSA and V), were
determined by calculating the adsorption amount
of nitrogen (N,) at 77 K. This calculation proved
to be relatively consistent with the Brunauer-
Emmett-Teller (BET) method."

essential features

The simulation results are and
SSA = 1686 m*/g and V), = 0.76 cm’/g, in good

agreement with previous measurement results of
experimental groups with specific surface areas
corresponding to 1763 m*/g!! and 1698 m?/g.'*
The achievements also show that although the
SSA is smaller than the experimental data of
X. Fan with 1905 m*g for Ni(BDC)(TED),,
it closely resembles the remaining structural
series M(BDC)Y(TED),, (M = Zn, Co, Cu).”
Besides, the computed results also show that
the pore volume of the MOF (0.76 cm?/g) is
entirely suitable with the obtained experimental
data 0of 0.757 cm®/g."> Again, it is proved that our
calculations are very reliable.

3.4. Evaluation of the gas capture capacities

Firstly, we selected and tested the force field
models before performing the calculations.
The amount of gas adsorption corresponding
to two force field models for CO, molecules,
TraPPE’ and EMP2,'¢ are similar at 298 K and
under 1 bar (Figure 4). The obtained results
are N, = 2.30 mmol/g (i.e. 10.13 wt%) and
N, =2.27 mmol/g (10 wt%) at room temperature
and standard atmospheric pressure. These values
are also relatively close to the experimental data
of Arstad et al. with 14 wt% under the same
conditions.®

25
TraPPE —4—
20} EPM2 <o
=0
3 15}
z
2107
z
0.5 1
0.0 : . ) , '
0.0 0.2 0.4 0.6 0.8 1.0

Figure 4. The CO, adsorption of Ni(BDC)(TED),
using TraPPE and EMP2 force fields.

Two force field models give the same
results, so we use the TraPPE model for CO, in
this work. The gas sorption amounts in Ni(BDC)
(TED), ; with various pressure points up to 50
bar were calculated, and then we plotted the
adsorption isotherms for CO, and SO, at 298 K
(Figure 5). At this temperature, CO, uptake in

https://doi.org/10.52111/qnjs.2021.15501
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Ni(BDC)(TED), results in N, = 13.53 mmol/g
(59.53 wt%) and N, = 12.63 mmol/g (59.56 wt%)
at 25 bar. Under the conditions above, Arstad
et al.® experimentally measured N, = 60 wt%).
Furthermore, at 30 bar, our evaluated excess
uptake is approximately 12.7 mmol/g. In this
same condition, Chen and coworkers computed
N,, = 13.6 mmol/g (i.e. 600 mg/g or 60 wt%)
for Zn(BDC)(TED),.,"” listed in Table 2. In this
publication, the highest amount of CO, capture
in Ni(BDC)(TED), , was achieved at the value of
14.40 mmol/g (63,37 wt%) at 50 bar. This value
is also remarkable compared to other MOFs
evaluated for CO, adsorption.'®

For SO,, Figure 5 determines that
adsorption-based SO, capture in Ni(BDC)
(TED), , rapidly increases at low pressures under
5 bar. The adsorbed gas amount saturate at about
5 bar corresponding to N,, = 13.6 mmol/g. Greater
than 5 bar, the adsorbed amount insignificantly
increase with increasing pressure to 50 bar (only
0.1 mmol/g achieved in this pressure range). At
about 1 bar, our simulation indicated that the
amount of gas adsorbed is 12 mmol/g, slightly
higher than that of the K. Tan group with 10
mmol/g.’

Table 2. Absolute (total) and excess uptakes of CO,
in Ni(BDC)(TED), ,, compared to other MOFs.

Pressure [bar]|
Uptakes
1 25 30

N, (V) 2.30 13.53 13.81
[mmol/g] (2.27) (12.63) (12.68)
N, (N,) 10.14 59.53 60.76

[wt%] (10.00) (55.56) (55.80)
Ni(BDC)
(TED), .’ 14 60

[Wt%]
Zn(BDC)
(TED),,"” 13.6
[mmol/g]

https://doi.org/10.52111/qnjs.2021.15501

1r]
&
=
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cO, —e—
50, —a—

40 50
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Figure S. The CO, and SO, adsorption isotherms in
Ni(BDC)(TED), , at =298 K and P <50 bar.

Our results also show that SO, adsorbs
much more powerfully than CO, in the low-
pressure region below 25 bar. Remarkably,
the amount of SO, saturates while the CO,
adsorption continues to increase at higher
pressures. Therefore, at 50 bar, it results in
N, CO, = 14.4 mmol/g, slightly larger than that
of SO, with 14.4 mmol/g.

The gas adsorption (the linear 3-atom
model) and SO, (the 3-atom model with the
119.5° angle) were also visualized via Figure
6 and Figure 7, respectively. Visualization of
gases shows that there is slightly more SO, than
CO, in Ni(BDC)(TED), , at identical conditions.
Significantly, the amount of SO, enormously
increases compared to CO, according to the
pressure up to 5 bar.

We also know the isosteric heat of
adsorption (Qy,) is also an important parameter
relating to gas adsorption. The results, calculated
at low-pressures up to 1000 Pa (Figure 8), exhibit
the average adsorption heats of SO, and CO, on
Ni(BDC)(TED), , with respect to 32.7 kJ/mol
and 17.3 kJ/mol. These values also elucidate that
this MOF captures SO, more highly than CO, in
the low-pressure region. This tendency is also
consistent with the results of D. N. Son et al. with
the prediction of adsorption capacities of CO,
and SO, by adsorption energy based on density
functional theory." Herein, their work showed
that, when studying the simultaneous adsorption
of two gases, Ni(BDC)(TED), , strongly adsorbs

10 | Journal of Science - Quy Nhon University, 2021, 15(5), 5-12
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SO, than CO, due to the primary interactions
between the d-orbitals of Ni metal with the
states (2n, 3n, 4n) of the SO, molecule but barely
interacting with those of the CO, molecule.

Figure 6. Visualization of CO, adsorption in
Ni(BDC)(TED), ; at 0.1 bar and 298 K, herein C and
O atoms of CO, correspond to dark-orange and light-
green balls.

Figure 7. Visualization of SO, adsorption in Ni(BDC)
(TED),, at 0.1 bar and 298 K, in which S and O atoms
of SO, correspond to yellow and green balls.

- A A & i & b & " &

Q [kJ/mol|

10 €Oy ——

5t S0, —a—

0 L i i L i
0.000 0.002 0.004 0.006 0008 0.010
N, [mmol/g]
Figure 8. Heat of adsorption (Qy;) for CO, and SO,
on Ni(BDC)(TED), , at 298 K.

4. CONCLUSIONS

In our research, the cut-off radius for the LJ
potential with 14 A is suitable for GCMC
simulations to evaluate CO, and SO, capture
capacities in Ni(BDC)(TED), .. This value is an
important parameter affecting the gas amount
adsorbed in the Ni(BDC)(TED), ; MOF.

Our calculations show that, at low
pressures below 25 bar, the capture capacity of
SO, is more robust than that of CO, in Ni(BDC)
(TED), .. Until the pressure exceeds 25 bar, only
CO, uptake increases slightly while SO, uptake
saturates. The calculated results are significant
with 14.4 mmol/g for CO, capture at 50 bar and
13.6 mmol/g for SO, at 5 bar.

The heat of gas adsorption on Ni(BDC)
(TED), ; corresponding to the values 32.7 kJ/mol
and 17.3 kJ/mol for SO, and CO, also shows that
the SO, adsorbs more strongly than CO, in the
MOF above in the low-pressure range.
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TOM TAT

Bai viét nay trinh bay vé viéc tmg dung Raspberry va PLC Mitsubishi dé thiét ké hé thong tu dong phan
loai ca chua. Trong bai bao nay, thuat toan KNN (K-Nearest Neighbors) va thuit toan xac dinh mau sic qua dugc
su dung dé phan loai ca chua theo mirc d chin, hinh dang va kich thudc. Cac thuéat toan nay dugc nhung vao
Raspberry dé xir ly hinh anh. Sau khi xir 1y, cac tin hiéu dién tir Raspberry dugc truyén dén PLC Mitsubishi dé
diéu khién cac co cdu phan loai ciia hé thong. Thém vao do, tac gia ciing xay dung hé théng SCADA (Supervisory,
Control and Data Acquisition) dé diéu khién, giam sat va thu thap dir liéu cua hé thdng phan loai. Cac két qua thu
duogc tur thuc nghiém cho théy hé théng phan loai ca chua hoat dong on dinh, do chinh xac kha cao va nang suét

lao dong cao.

Tw khéa: PLC, SCADA, ca chua, hinh dang, thudt toan KNN.
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ABSTRACT

This article illustrates the application of Raspberry and PLC Mitsubishi to the design of a tomato classifying

system automatically. In this paper, the KNN (K-Nearest Neighbors) algorithm is used in conjunction with the fruit

color determination algorithm to determine the level of ripeness, shape and size of tomatoes. These algorithms

are embedded into the Raspberry to perform image processing. After processing, the electrical signals from the

Raspberry are transmitted to the PLC Mitsubishi to control the actuators of the sorting system. In addition, the

authors also establish a SCADA (Supervisory, Control And Data Acquisition) system to control, monitor and

collect data of the classification system. The experimental results point out that the tomato grading system is stable,

with relatively high accuracy and high labor productivity.
Keywords: PLC, SCADA, tomato, shape, KNN algorithm.

1. INTRODUCTION

In Vietnam, agricultural products after harvest
are often not classified or visually classified,
leading to low productivity, high labor costs
and low accuracy. This issue greatly affects
the competitiveness of Vietnamese agricultural
products with other countries in the world.

Along with agricultural production in
accordance with VietGAP and GlobalGAP
standards, the classification and packaging of
products that meet export criteria is also one
of the important factors to help improve the
competitiveness of Vietnamese agricultural
products. In recent years, there have been
several great developments in the field of science
and engineering such as robotics,!® artificial
intelligence (AI)*® and machine learning.* We

*Corresponding author.
Email: bvwu@ftt.edu.vn

https://doi.org/10.52111/qnjs.2021.15502

can make use of these achievements of science
and technology to build labor-saving, high-
precision, high-productivity agricultural product
sorting systems.

Our country has many types of agricultural
products that need to be classified and packaged
for export such as tomatoes, mangoes, green-
skinned pomelos, litchi, dragon fruit, etc. In this
article, agricultural products need to be classified
as tomatoes after is harvested. The classification
criteria are the degree of ripeness of the fruit, the
size of the fruit and the shape of the fruit.

Today, there have been many studies
on the use of image processing technology to
classify tomato products after harvest, but most
of them only study the classification of tomatoes
based on one or a few classification criteria

14 | Journal of Science - Quy Nhon University, 2021, 15(5), 13-20
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such as classification of tomatoes based on fruit
color,”® classification based on fruit shape criter-
ion,’ or classification of fruit based on 2 criteria
of shape and color'® without giving a complete
classification system. This paper applies and
updates existing scientific achievements in
desig-ning an automatic tomato sorting system
based on all 3 criteria of fruit shape, fruit size
and fruit ripeness in order to replace for manual
classifica-tion in Vietnam.

In this paper, image processing techniques
are embedded in Raspberry for image processing.
The color identification algorithm'-'* would
be used in combination with the K-Nearest
Neighbors (K-Nearest Neighbors) algorithm®!!-12
to classify tomatoes according to the following
criteria: fruit ripeness, size fruit and fruit shape
(fruit distortion). Then, the processing signals
from the Raspberry are transmitted to the PLC
(Programmable Logic Controller) to perform the
classification stage. Contents related to the design
of the control, monitoring and data acquisition
(SCADA) system of the classification are also
presented in the paper.

KNN algorithm is an algorithm used in
machine learning.*¢ Despite a simple algorithm,
it has a relatively high accuracy' and a fast
processing time.® These characteristics allow
it to be embedded in an embedded computer
(Raspberry) easily.

The image processing signals from the
Raspberry would be transmitted to the Mitsubishi
PLC (FX2N 128MR), and then the PLC controls
the actuators to perform the classification.
Besides, aiming to build a convenient, intuitive
and modern classification system, the authors
also built a control, monitoring and data
acquisition system (SCADA) for the classifica-
tion system.

2. CLASSIFICATION PROCESS
2.1. Classification algorithm
2.1.1. Determining fruit shape and size

In image processing techniques, there are many

algorithms to determine shape and size in tomato
classification such as: KNN,*!''2 Naive Bayes,'?
SVM,%!! etc. KNN has the advantages such as
fast processing time, simple algorithm easily
embedded in the Raspberry embedded computer
and highly accurate, therefore, this algorithm is
chosen to determine the shape and size of the
fruit in this paper.

The KNN algorithm consists of two
stages: the training phase and the classification
phase.'® In the training phase, the training
samples are vectors (each vector has a label). In
this stage, the feature vectors and labels of the
training samples are stored. In the classification
phase, the input query point or feature vector is
compared with the reference vector library, and
the query point is labeled.

Training
Feature -
- Data extraction: Database
Tomato fruit e .
database collection Shape trained by
i Size KNN
Testing
Feature KN'N Conclusion:
Image of Data Eextraction: algorithm Qual e tomato
tomato collection Shape Hawrye
Size - Unqualifying tomato

Figure 1. KNN algorithm

The process of classifying tomato shape
and size is shown in Figure 1. The first step is to
create a data library. This gallery includes images
of 2500 tomatoes selected based on fruit shape
and size characteristics. These samples are then
labeled and put into a classification system for
identification. Then the constant K is determined.
K is the number of sample data points with the
closest distance (nearest neighbor) to the data
point of the unclassified tomato. The empirical
method is used to determine the coefficient K
in the KNN algorithm. Specifically, 300 tomato
sample data were included in the identification,
showing that when K > 5, the accuracy of the
classification system does not seem to change,
but the time to classify a tomato product increases
proportionally to the magnitude of K. This means
the system's productivity would decrease as K is
larger. Therefore, K =5 is chosen.

https://doi.org/10.52111/qnjs.2021.15502
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The distance between feature vectors of
the object to be classified with all training data
is determined by Euclidean formula.!” Suppose
that we have two given data matrices with 1 row
and n columns as follows: X = [x, X,,..., X ]
and Y =[y,, y,,..., y,] then the distance between
the vectors x and y is calculated as Euclidean
formula (1).

(1

Then, this calculation result is sorted in
ascending order and the K closest neighbors
to the data of the tomato to be classified are
determined and finally concluded.

2.1.2. Determining the color of the fruit

Input image (RGB)
l
Color space (HSV)

l

Color channel division

v v v
Color channel Color channel Color channel
H S v

M
Color detection

I

Output results

Figure 2. Algorithm to detect color (ripeness) of fruit.

The process of detecting the color
(ripeness) of the fruit is shown in Figure 2.

Figure 3. RGB color space.

https://doi.org/10.52111/qn;js.2021.15502

Figure 4. HSV color space.

The process of detecting the color
(ripeness) of the fruit is shown in Figure 2.

To determine the color (ripeness) of the
tomato, the system relies on images taken from the
camera. At this point, the tomato image belonging
to the RGB color space (Figure 3) would be
converted to the HSV color space (Figure 4).

To convert from RGB color space to HSV
color space, formula 2 #1920 s used.

%(ZR —G-B)
JR-6?-R-6)(G-B)
1 max(R, B, G) — min(R, B, G)
5= max(R,B,G)
v max(R, B, G)
255 (2)

Once the value of the color channels is
calculated, the number of pixels in the tomato
image to be classified, the number of pixels of
white and the number of pixels of black are
determined. Based on that, the degree of ripeness
of the fruit is found.

H = arccos

2.2. Building experimental system

Figure 5 is a general block diagram of the
classification system. The equipment used in the
experimental model is shown in Figure 6. In it,
the camera block is used to collect and transmit
image data of the tomato to the Raspberry. The
sensor block is used to send an electrical signal
to the Raspberry when the tomato reaches the
camera position. The processing block consists
of Raspberry and PLC (Programmable Logic
Controller). In it, Raspberry receives image data
from the camera, executes image processing,
and sends the processing results in the form
of electrical signals to the PLC so that the
PLC controls the actuators (motors, pneumatic
cylinders,...). The display block is used to
display the results of tomato image processing.
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s 1

Actuators
Sy ’ Processing block . (motors)
(controller)
Raspberry, Arduino
. and PLC Information
S ’ . display

. 4

Figure 5. Image of blocks in the classification system.

Display Screen (LCD)

| Sensor 4 |

Buttens Arduino

Sensor 3

| Ontro = 1

Tudicator lights | Sensor 2 | . "B senors

‘Sensor 1 @C&mve‘yor h.anl:ll sl
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Figure 6. Images of devices in the experimental model.

The working process of the classification
system is shown in Figure 7.

Q_/ Starting \)

Tomatoes are
carried by conveyor

Collecting fruit
images

Image processing

,// Satlsfymg \‘\

requirements for shape
—\ a_nd S]Ze'? /

_Satistying™~_
(// requirements for the
“~_degree of ripeness of

\he fruit?

Does not

e /Type >‘__( Type >‘_F<Type\

satisfy the
requirements
G # #
Container for ‘ Container ‘ Container ‘ Container

defective product for type 3 for type 2 for type 1
[ I I |

| Information display |

Figure 7. The working process of the classification
system.

Figure 8. Experimental model of the classification
system.

Figure 8 is an experimental model image
of the automatic tomato classifying system.

The operating process of the system
is as follows: When starting the system, the
cylinder pushes the tomatoes into the conveyor,
the tomatoes would be brought to the camera
position. When the sensor detects the fruit has
reached the camera position, a picture of the
tomato is taken. Raspberry would take the image
signal of the object and process the image.

Figure 10. Sample database

https://doi.org/10.52111/qnjs.2021.15502

Journal of Science - Quy Nhon University, 2021, 15(5), 13-20 | 17



SCIENCE

QUY NHON UNIVERSITY

The shape and size of the tomatoes that
need to be classified were compared with a
library of 2500 sample tomatoes for classifica-
tion. A library of 2500 sample tomatoes is shown
in Figure 10.

Figure 11 shows the result of the tomato
sorting process displayed on the system
notification screen. As seen, the images of fruit I
and fruit II are satisfactory in terms of fruit size
and fruit shape, while fruit I1I is unsatisfactory in
shape (distorted fruit).

Qualifying tomato Cualifying tomato
photo photo

o o 0

Figure 11. Classification results based on the criteria

of fruit size and fruit shape (fruit distortion).

If any fruit does not meet the standard in
shape and size, Raspberry would send a signal to
PLC Mitsubishi to proceed to put the fruit into
the container of the defective product.

The fruits that meet the standards in
shape and size would be further classified by
the system according to the degree of ripeness
of the fruit based on the color classification
algorithm mentioned in Subsection 2.1.2. Figure
12 is the result of the level of ripeness grading
of the fruit displayed on the notification screen.
For fruits with different degrees of ripeness, the
PLC sends signals to the actuators to put them
in the corresponding containers. Finally, the
sorting results would be displayed on the LCD
screen for the operator to easily monitor the
sorting process. In this step, information about
the ripeness, shape and size of the fruit (satisfy
or not) is displayed on the screen (see Figure 13).

Green fruit

Red fruit

Figure 12. Classification of fruit ripeness.

https://doi.org/10.52111/qn;js.2021.15502

tomato classification

Owerripe fruit

g, g,

. Input image Image of
F ualifying tomato

Cl \TION RE
Type 3; { . - .

- Mon-standard tomatoes: 9

Figure 13. Screen showing classification result
information.

SCADA system for automatic tomato
sorting system was also built by the authors.
The operator can control the system, monitor
its operation and collect system data on the
Samkoon HMI screen (see Figures 14 and 15). In
which, Figure 14 is the system control interface.

MONITOR AND CONTROL SCREEN

P arameter setting

Figure 14. The HMI screen shows the monitoring —

Statistical results

control interface of the classification system.

Figure 15 is the screen to monitor the
number of tomatoes that meet the standards of
classes I, 11, III and those that do not meet the
requirements.

STATISTICS RESULTS
Class Quantity
Type L 0
Type 2 0
Type 1 0
Non-qualifying fruits 0
Reset Main interface Back

Figure 15. The screen monitoring the number of
tomatoes that meet the standards of classes I, II, III
and those that do not meet the requirements.

2.3. Experimental results

The author carried out the experimental process
on 300 tomato samples. Figure 16 shows
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the accuracy of the system when classifying
according to the standard of fruit distortion.
Of the 300 tested fruits, 71.5% of the fruits did
not meet the shape criterion, labeled as failing,
and 28.5% of the fruits met the shape criterion,
labeled as meeting the requirement. The result
of the system's classification revealed that 69%
of the tested fruits were unsatisfactory and 31%
satisfactory. Therefore, the accuracy of the
system in classification according to the criterion
of shape (distortion) of fruit is 95.87%.

The process of evaluating the accuracy
of the system according to the criteria of fruit
size and fruit color was also done similarly.
Figure 17 demonstrates the result of the system's
classification according to fruit size criteria. The
system could classify according to this criterion
with an accuracy of 95.87%.

(%0)

100
80
60
40
20

Actual data  KNN algorithm
= Quantity of quality
tomatoes (%o)
# Quantity of
unqualified 71,5 69
tomatoes (7o)

28,5 31

Figure 16. Classification results according to the
criteria of fruit shape.

(%)

100
80
60
40
20
0 .
Actual data  KNN algorithm
® Quantity of‘qualrl'ty 2971 1261
tomatoes (size) (%o)
B Quantity of
unqualified 70,29 67,39
tomatoes (size) (%o)

Figure 17. Results of classification according to fruit

size criteria.

(%)

100
80
60
40
20

0

Algorithm to
Actual data determine fruit
color
= Unripe fruit ;
(%) 19.09 19,09
= Orange fruit = e
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m Ripe fruit ; 55
(%) 48.18 48,27

Figure 18. Classification results according to the

degree of ripeness of the fruit (fruit color).

As can be seen from Figure 18 which
shows the result of the system's classification
according to fruit color criteria (ripeness), the
system had an accuracy of approximately 99%.

The reason for errors in the product
classification of the system is due to the resolution
of the captured images and the location of the
camera installation. When the shooting angle is
different, it is more or less affects the results of the
fruit's shape and size classification. The resolution
ofthe image affects the fruit's ripeness classification
results. The higher the resolution of the image, the
better the accuracy of the classification process.
However, too high image resolution affects the
recognition speed and reduces the classification
performance of the system.

Besides, the experimental results also
show that the time to classify a tomato product
from the time of image collection to the time
when the classification process results are
displayed was small, approximately 1.2 seconds.

3. CONCLUSION

In this paper, the author used Mitsubishi PLC
(FX2N 128MR) and Raspberry embedded
computer to design a tomato grading system.
Besides, the author has also successfully design
a monitoring, control and data collection system
for an automatic tomato classification system.
The experimental results show that the system
had high stability and fast sorting speed (1.2
seconds for 1 tomato product). Experiment with
300 samples gave accurate results of 95.87% in

https://doi.org/10.52111/qnjs.2021.15502
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terms of shape and size standards and 99% in
terms of maturity standards. This system can be
applied in practice.
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TOM TAT

May bién ap khi déng vao luéi dién, sinh ra dong dién cao trong cudn day va tir thong trong mach tir ting
1én gay bdo hoa mach tir. Thoi gian bio hoa mach tir xay ra c6 thé 1én dén vai chu ky dong dién. Pong thoi, dang
song dong dién so cap chira thanh phan séng hai va c6 thé gay ra su tac dong nhdm cho cac thiét bi role hodc anh
huong dén sy lam viée cho cac thiét bi dién xung quanh khéac. Bai bao d xdy dung mot mo hinh May bién ap co
cong sudt 250k VA bang phan mém Ansys Maxwell 3D dé tinh dong dién déng vao ludi dién trong trudng hop
dinh murc va khong tai. Két qua vé cac gia tri dong dién, dién ap va tir cam ctiia may lan luot duogc phan tich. Tu
d6 gitip cho cac k¥ su thiét ké, ché tao va van hanh, Iua chon phuong an phtt hop trong truong hop may bién ap
déng dién vao ludi dién.

Tir khéa: Ansys Maxwell, mdy bién dp, tir cam, bdo hoa mach tir, dong dién khéng tdi.
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ABSTRACT

A current in the winding and a flux in the magnetic circuit increase very high when a transformer is connected

to the grid. This is the cause of the magnetic circuit saturation. The time of magnetic circuit saturation can occur

up to some the frequency of alternating electric current. At the same time, the primary current waveform contains

a harmonic component and may cause malfunction of relay devices or impair operation of other surrounding

electrical equipment. The paper has built a simulation model using Ansys Maxwell 3D to calculate the transformer

inrush current with a power of 250 kVA to the grid in the case of load and no load. The results of the current,

voltage and inductance values of the machine which are analyzed one after another help-engineers to design,

manufacture and operate, choose the appropriate plan in case the transformer is connected to the grid.

Keywords: Ansys Maxwell, transformer, self-induction, magnetic circuit saturation, no-load current,

1. INTRODUCTION

When the transformer is working, there is asudden
change in the working mode of the machine. It
is a transient process in the transformer. Actions
occur when the transformer to the mains is closed,
when the load changes or when a sudden short
circuit occurs, etc. The transient process consists
of two main phenomena called overcurrent, surge
current and overvoltage, surge voltage. These
transients occur in a very short time. It causes
the circuit from the transformer to saturate, or
large currents, high voltages to appear suddenly,
which damage the windings of the transformer.'-

In transformers, the relationship between
the magnetic flux in the magnetic circuit and
the no-load current is one of the nonlinear
magnetization curve relationships. When the

*Corresponding author.
Email: dtbao@fit.edu.vn
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transformer is connected to the grid at no-load,
the no-load current increases tens of times higher
than the rated current in microseconds and the
magnetic flux in the magnetic circuit will reach
its maximum value. Even the flux saturation
value reaches to 2 Tesla.'??

In this paper,® the author proposed an
approach to calculate the closing current to the
grid of a three-phase transformer. Nonlinear
inductance is used to simulate core saturation.
This article has used electrical and magnetic
circuit models. The author performed by using
both experiments and simulations. Experimental
and simulation results show the current
waveforms closed to the grid and methods to
reduce this current. Then, the author uses the
magnetic circuit model proposed in the article.
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The paper also makes recommendations in
this way to reduce the cost of designing and
manufacturing three-phase transformers.

Article’ discussed digital models of
common single-phase transformers. The addition
of mathematical relationships helps to determine
the closing current to the grid and the working
current in different processes. The article
calculates and compares the waveforms and
pulses of the inrush current of the transformer.
In addition, the article also calculates the heat
released in the transformer windings.

This paper implements a transformer of
closing to the grid with a capacity of 250 kVA
using the finite element method with Ansys
Maxwell 3D software. First, the transformer
to the grid in the case of rated load to check
the correctness of the theoretical model. Then
executing the model in the case of no-load
transformer. Model analysis results in current,
voltage and inductance values. Since then, the
study of using this method for the overvoltage or
overheating phenomena of transformers creates
an alternative approach for further research.

2. CONTENT

2.1. Current and magnetic flux when
energizing a single-phase power transformer

Under no load operation, the current flowing
in the transformer (I)) has a small value and
may not exceed 10% of the rated current. But
in the transient period when energizing a power
transformer, the inrush current will have an
excessive high value, and (???) multiple times of
the rated current.!>?

sain =
) '
il I
: LN o
iy 1
b 1
Y LW vl Mg
1
N ,L, i
——c’/o--m : -0

Figure 1. Energizing circuit of a single-phase transformer

In Figure 1, when applying a sinusoidal
voltage to one of the transformer’s windings,
based on the Kirchhoff Voltage Law, we have:

U, sin(ot+y) =ig5 + o, % (D)

Where
y: voltage phase angle, rad

o: the velocity angle of the input voltage,
rad/s

i,: the instantaneous value of the no load
current, A

r,: resistor of transformer winding, Q
W, : number of turns of the winding

®: linkage flux

The relationship between ® and i is based
on the magnetization curve of the transformer,
which means (1) is a non-linear derivative
equation. For simplification, we assume that the
linkage flux proportional to the no load current
by the following equation:

. o0
ig=—— ()
0 L

Inductance of the primary winding (L))
is constant, from Equation (2) and Equation (1),
we have:

%sin(mtnﬂy):r—ldwrdg (3)

Using the classic integration method or
Laplace operator method to obtain the linkage
flux @ of the transformer. The resulting flux
includes two terms which are the steady state
term and the transient term:

=0, +Dy 4)

The steady state term of the flux is
calculated as:

®,, = sin(ot+y- %) =-® cos(wt+y) (5)

LU
with: @, = —
Wl\/rl +(oL)

And the transient term of the flux is
calculated as
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@, =CeMh (6)

The integral constant C is determinded by
the initial condition (t = 0). In this condition, the
transformer core also remains an amount of flux
called residual flux + ®res which means

(I)t:0 = [q)xl + q)td ]t=0 = —q)mCOS\V"‘C: T q)du
Then: C=®, cosy+ D,
And @ = (@ cosy =Dy )e M (7

From Equations (4), (5) and (7), we have:

O = q)xl +(Dtd = (8)

- @, cos(wt +y) + (P, cosy + Dy, )e M

From Equation (8), the optimum condition
to energize the transformer is when the initial
phase angle of the applied voltage y equals /2
and the residual flux is zero (®__ = 0). Then the
transformer linkage flux becomes:

®=-®,_cos(ot +%) =, sinot  (9)

The flux is purely sinusoid because the
transient term has been eliminated, and the steady
state operation of the transformer is established
immediately.

In contrast, the most undesirable condition
to connect a transformer to power grid is when
the initial angle of the applied voltage y is zero
and the residual flux has a positive value. Then
the linkage flux becomes:

® =-®_cosot+ (D, +D,,)e M (9)

o]

Figure 2. Flux variation ®=f(wt) when energizing a
power transformer

https://doi.org/10.52111/qnjs.2021.15503

Figure 2 shows the transformer flux
according to angular frequency (wt) based on
Equation (10). As shown in Figure 2, the flux gets
its maximum value when the angular frequency
equals 7 (ot = ), after half cycle.

When r, << oL,, then:

e /LDt _ o~(ma/aly) g

The residual flux depends on the
construction of the magnetic circuit which is the
transformer core construction, and also depends
on the type of core laminates. Magnetic circuit
having obtuse or perpendicular coupling will
get a small residual flux value. In contrast, the
alternating construction has a high magnetic
residue B=10.6 + 1.0T.

Therefore, the maximum flux value shown
in Figure 2 is double compared with the normal
operation value, so the transformer core is
strongly saturated and the magnetization current
i, during the energizing transient will be many
times larger than the steady state I ."?

2.2. Finite element method using Ansys
Maxwell software

2.2.1. Ansys Maxwell software

Ansys Maxwell® is a high performance interactive
software package that uses finite element analysis
to solve electrical and magnetic problems. Maxwell
solves electromagnetic problems by solving
Maxwell's equations in the limited space domain
and implementing Electrostatic, Magnetostatic,
Eddy Current and Magnetic Transient solvers.

The process of solving the problem on
Ansys Maxwell is summarized in Figure 3:

Geometryiiaiedals
e B

el -

,ﬁ__ - H"-\
(- 2. Analysis Setup ™,

Solion Sewp b o | R

R S i

Figure 3. The process of solving the problem using
the Finite Element method
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Ansys Maxwell is a package included in
ANSYS Electronics Desktop software V19.R1;
copyrighted software (license) at the computational
and simulation room of the Faculty of Engineering
& Technology, Quy Nhon University.

2.2.2. Transformer using Ansys Maxwell software

Table 1 shows the parameters of a 250 kVA
power transformer from SANAKY in Ha Noi.
The detailed dimension is obtained from the
drawings provided by the manufacturer.

The parameters shown in Table 1 and
design dimensions of the transformer will be the
input data for Ansys Maxwell software.®

Table 1. Transformer parameters

No. Parameters Value

1 | No. of phase 3

2 | Frequency [Hz] 50

3 | Rated power [kVA] 250

4 | Winding diagram Y/Y

5 | Rated voltages [kV] 35/0.4

6 | Number of turns per phase in 2800/32
Primary/Secondary side [turns]

7 | Rated currents [A] 4.12/361

8 | Primary/Secondary winding 0.8/1.5
diameter (mm)

9 | No load current (%) 2

10 | Short circuit voltage u, (%) 5.7

Figure 4 shows the transformer model
used in Ansys Maxwell 3D.

!

¥ E 0 e

Figure 4. Transformer model used in Ansys Maxwell 3D

2.3. Analysis results in transformer mode with
rated load

2.3.1. Voltage value of high voltage (HV) and
low voltage (LV) windings

The investigated period in this analysis is up to
500 ms. However, in order to better observe the
voltage and current waveforms, in Figures 5 and
6, the 0 + 100 ms time axis has been chosen to
be displayed.

Cunveinin

— InducedVolaga(Pri_A)

—  InducedVolaga(Pri_B)

— InducedVolags(Pri_C)

High voltage Winding (kV)

Time [ms]

Figure 5. High-voltage winding voltage for a period
of 100 ms

As shown in Figure 5, the rms value of
the simulated phase voltage is U,., = 19.82
kV compared with the rated voltage applied in

transformer primary side U, ,  =20.2kV.
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=
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Figure 6. Low-voltage winding voltage for a period
of 100ms

Also, in Figure 6 the rated value and
simulation result of secondary side phase
voltage are 219 V and 220 V, respectively. The
error between phase voltages at primary and
secondary side is about 2%.

2.3.2. Flux density in transformer core

At time t = 500 ms, when steady state is stable,

https://doi.org/10.52111/qnjs.2021.15503
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the current is equal to the rated max current
value [, = 6.0 A. The results of flux density
survey at the core of the transformer are shown
in Figure 7.

B Qesia]
1 B2FE0 |
1 70RBE00 |
15048600 |
1 ABIDE-+00 |
134108400 |

1EE
B 10872400 |

ATEI0ED1 |
BSI30E01 |
N 7 3n0e0n |
N noossED |

| 4BTRSEDT |
apsTeED |
Z43R3E01 |
1TMED |

| 0 COO0E-+00 |

T e

Figure 7. Vector distribution of the flux density at
t=500ms

As a result, at time t = 500 ms, the flux
density at the transformer working average
B =1.0T, but at the corners of the core magnetic
circuit the flux density has the greatest value
B=18T.

Analyzing the simulation results, we get
the voltage and current values. These simulation
results are compared with the calculated values
in Table 2.

Table 2. Comparison between simulation and

calculation results

No | Parameters |Simulation |Calculation| Error
result result %
1 Phase 19.82 20.2 1.9
voltage of
HV U, (kV)
2 Phase 219 220 0.4
voltage of
LV U, (V)
3 Phase 4.24 4.12 3.0
current of
HVI (A)
4 Phase 364.8 361 1.0
current of
LV (A)

https://doi.org/10.52111/qnjs.2021.15503

2.4. Simulation results in transformer mode
closing the high-voltage winding to the grid
at no-load

2.4.1. Current result at the time of inrush current

In the case of transformer load at rated, the
values of current, voltage, and inductance are
compared with the calculation to be completely
correct. Since then, this simulation model has
been really accurate. Therefore, this model is
simulated in the closed field to the grid at no-
load of the transformer.

The results of the analysis of the current
value when the transformer is connected to the
grid and the low voltage side is unloaded are
shown in Figure 8.
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Figure 8. Current of the high-voltage winding no
load for a period of 500 ms.

Figure 8 shows three phase currents at the
HV winding when connecting the transformer to
power grid. The current waveforms are similar
to the previous case with the maximum point of
the inrush currentis I, . =75.97 A at the
period t = 10 ms. In addition, a higher capacity
leads to a higher transient time constant which
means the current damping is slower and gets its
steady state value of no-load I, = 2.5 A after

t =500 ms.

In the currents on phase A, B, C, the reason
for the current on the high-voltage winding of
phase B to reach the greatest value is because at
the point t = 10 ms, phase B voltage is zero.

Compared with the high-voltage current

in the rated mode I, = 6.0 A, the transformer

of the inrush current is 12.6 times higher.
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2.4.2. Flux density in transformer core at the
time of inrush current

Flux density in the transformer core is calculated
at t = 10 ms when the primary side current has
=75.97 A.

the maximum magnitude I

inrush current

Tina = itten | F Sy kg

Figure 9. Vector distribution of the flux density at
t=10ms

As shown in Figure 9, at t = 10 ms, the
transformer core is highly saturated with the flux
density up to 2.48 T. Then, the working magnetic
density of steel core B = 1.8 T, showing that the
steel core reaches very strong magnetic saturation.
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Figure 10. Distance distribution of the flux density

magnitude inside transformer core at t = 10 ms.

In Figure 10, we see the results of
surveying the magnetic flux density at the core
of phase B reaching the maximum B = 2.48 T at
time t =10 ms.

The simulation results of current value,
magnetic flux density are summarized in Table 3.

Table 3. The simulation results

Power | Rated |Maximum | Maximum | Proportion

(kVA) | primary | inrush flux of the inrush
side current | density | current to the
current | I .| B (T) |rated primary
| — (A) cgrrent
(A) (times)

250 6.0 75.97 248 12.6

3. CONCLUSION

Through the process of analysis, calculation
and simulation, the following results have been
achieved:

The Ansys Maxwell software has been
applied to simulate the energizing duration of the
transformers with capacity of 250 kVA under no
load condition.

In the case of transformer load at rated,
the values of current, voltage, and inductance are
compared with the calculation to be completely
correct. Since then, this simulation model has
been really accurate. Therefore, this model is
simulated in the closed field to the grid at no-
load of the transformer.

The current waveforms are similar to the
previous case with the maximum point of the
inrush currentis I, =75.97 A at the period
t = 10 ms. Compared with the high-voltage
current in the rated mode I, = 6.0 A, the
transformer of the inrush current is 12.6 times
higher and the steel core is saturated with the

flux density is B=2.48 T

After damping gradually in transient
period, about 500 ms, the steady-state value of
the inrush current is equal to the rated no-load
current of the transformer. In addition, the steel
core is also saturation free and the flux density
returns to the normal operating value from 1.2
Tto 1.8 T.

The electromagnetic simulation results
of currents, voltages and flux density have
given a clear visualization of the extreme
(maximum and/or minimum) values of the
above quantities. Furthermore, it helps engineers
and manufacturers to design, calculate, operate,
and choose the appropriate plan/scenario in case
a transformer is connected to power grid.

https://doi.org/10.52111/qnjs.2021.15503
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Thiét ké hé thong diéu khién va giam sat
theo huéng théng minh cho dé thi cé hé théng
chiéu sang phan tan

Lé Thai Hiép*, Pinh Quéc Pat

Khoa Ky thuat va Cong nghé, Truong Dai hoc Quy Nhon, Viét Nam

Ngay nhdn bai: 25/12/2020; Ngay nhan dang: 05/04/2021

TOM TAT

Hién nay, cac hé thong chiéu sang d6 thi theo hudng thong minh c6 thé diéu khién va giam sat dén timg
diém trén nén tan IoT. Nhung 1am nhu vay chua thuc su phit hop vé chi phi véi cac nuéce dang phat trién. Bai bao
dé xuét giai phap diéu khién va giam sat cho cac ddy dén trén ting tuyén phd. Nghién ctru nay da sir dung cam bién
anh sang dé phan biét ngay va dém, cam bién hong ngoai dé dém luu lwong phuong tién dang luu thong trén phd.
Tir d6 diéu khién dén trén phd phi hop véi luu lugng giao thong. Bén canh do, tai phong didu khién trung tim céac
k¥ su va k¥ thuét vién c6 thé dat 1énh diéu khién cu thé cho cdc nhom dén trén cac tuyén phd, nham dam bao lugng
anh sang ruc r& cho mot sé dudng phd trong nhitng ngay hoi. Trang thai cia cac diy dén trén phd, cing cac thong
s6 do ludng dugc giam sat & phong didu khién. Giai phap da d& xuét van dam bao diéu khién linh hoat, thich nghi
v6i luu lugng phuong tién giao thong va tiét kiém nang luong.

Tir khéa: Chiéu sang dé thi, chiéu sang dwong phé, diéu khién va gidm sdt hé thong chiéu sdng do thi, chiéu sdng
théng minh.

*Tac gia lién hé chinh.
Email: lethaihiep@qnu.edu.vn
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ABSTRACT

Currently, smart city lighting systems can be controlled and monitored to each light source on an loT

platform. But those systems are not cost-effective for developing countries. This paper proposes a control and

monitoring solution for lights on each street. In this research, light sensors are used to detect day or night, and

infrared sensors are used to count the traffic volume on each street. On this basis, lights on the street are controlled

in accordance with the traffic density. In addition, in order to ensure the high light intensity for some streets during

festivals, engineers and technicians can set specific control commands to groups of lights on those streets at the

central control room. The on or off state of groups of street lights, and measurement parameters are monitored in

the control room. The proposed solution still ensures flexible control, adapts to traffic volume and saves energy.

Keywords: City lighting, street lighting, control and monitoring of city lighting systems, smart lighting.

1. INTRODUCTION

Economical and highly efficient use of
energy sources, especially electricity are very
importantbecause it both saves money and
protects the environment through prevention of
global warming, ozone depletion, environmental
pollution, and natural disasters, etc.

The more developed cities become, the
more complete the infrastructure of smart cities
is. The public lighting system makes the city
brilliant at night, and contributes to ensuring
traffic safety, security and order. Hence, the
smart public lighting system play an important
role in city development.

Although a lighting system has an

important role, it is distributed throughout
the urban area. Therefore, lighting systems is

*Corresponding author.

Email: lethaihiep@qnu.edu.vn

https://doi.org/10.52111/qnjs.2021.15504

not easy to manage, control and monitor. So
far, only a few cities in Vietnam have applied
technology to manage and control of public
lighting systems, such as Hanoi, Ho Chi Minh
City, etc. However, these systems also have
certain limitations. Besides, some parts are not
suitable for Industrial Revolution 4.0.! Presently,
the lighting system is still manually managed in
most cities and towns in Vietnam. For example,
the public lighting system in Quy Nhon city is
currently manually operated. Operators must go
to many places, where the control cabinets are
located, to set the time to turn on and off lights,
monitor and manage the system. Therefore, this
system is not operated flexibly, not promptly
changed according to the weather, not followed
actual needs, so its operation is not saving energy
and not economical.
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Nowadays, in the world, the control
technology for each light source that is suitable
for the presence of vehicles on the road has
been researched.”® According to this control
method, at each light source there is a control
circuit which connects to infrared sensors, a
light sensor and connects to a communication
module. Moreover, in order to monitor all street
lights at the control center, this center connects
to each light group via a motherboard connected
to all light sources in this group. However, it is
not really cost-effective for developing countries
like Vietnam in case this control and monitoring
method is applied on a large scale.!

In Vietnam, Electric and Telecommuni-
cations Technologies Corporation has researched
and designed a system to control public lighting
from the center through a mobile communication
network based on the web server, which is tried
in Bac Giang in 2016.” The system consists of
a control center integrated data monitoring
software on computers, field cabinets measure
the parameters of current, voltage, transmitter
receiver devices transmit signals via the mobile
communication network (with SIM card) to the
control center. At the control center, operators
can detect the problem, turn on and off street
lights, and switch off alternating phases easily
and conveniently. However, this system does
not yet contain adaptive control for weather and
traffic volume.

Besides, the control urban lighting
system had been also researched and designed
towards smart and energy saving based on the
application of communication techniques via
GSM/GPRS/3G wireless network combining
microcontroller and electronic power.®® The
function of controlling the on/off of the lighting
system automatically according to weather
forecast or predetermined switching schedule
are augmented into monitoring and control
system. This urban lighting control system is

commanded entirely from the control center.

However, this system is not capable of detecting
vehicular traffic on the street, where the lights
are directly illuminated.

Moreover, the smart public lighting
system using LEDs designed by a research team
at Ho Chi Minh City University of Technology
consists of 3 parts: LED light set, control cabinet
combined with gateway, and control center. '°
At lights is also equipped a control circuit and
a data transmission device with a connection
to a control center, to control and measure the
parameters of those lights. A lights group is
controlled directly or automatically turns on and
off remotely by a control cabinet, which also
performs measurements of various parameters
in the street lighting grid. At the supervisory -
control center, the system allows monitoring
overload, voltage, phase error, and the energy
consumption during the day and night to be also
reported in real time. This system is a type of
control to each light source, so its installation
cost is not suitable for large-scale deployment in
Vietnam.!

In general, current studies in Vietnam still
have some inappropriate points as mentioned
above. Therefore, the goal of this paper is to
build up a smart urban lighting system capable of
automatically and appropriately with parameters
collected such as traffic density, weather, etc.
In addition, this system is connected to
computers and smartphones through wireless
communication. Operators can easily manage
the system no matter where they are. Currently,
there are many projects that are interested in
investing in this field, such as Sapulico Company
projects,!' or Asian Development Bank (ADB)
projects,'? etc.

2. SOLVING PROBLEM
2.1. Research method

This research comes from the fact that the public
lighting system in urban areas still have some
inappropriate points and less flexibility. This

https://doi.org/10.52111/qnjs.2021.15504
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study has analyzed the technical requirements
of public lighting systems. Based on these
requirements, this study has proposed the
design of a control and monitoring structure for
the public lighting system that is flexible and
adaptable to actual conditions. The flexibility
and adaptability of the proposed system have
been verified through experiment.

2.1.1. Technical requirements

An urban lighting system must be automatically
turned on and off, and it is able to reducethe
number of lights illuminating or the capacity
of each light in the off-peak hours when traffic
density is low to save energy. This control is done
according to preset scenarios applied in most
cities today or adapted to the actual conditions
just implemented in some cities of developed

countries.

The method of alternately turning off
lights to reduce the number of lights illuminating
is still used mainly in the urban lighting systems.
This is done in the lighting control cabinet by
two contactors that are controlled by two timer
relays (Figure 1). A control cabinet as shown in
the diagram in Figure 1 allows turning on or off
the lights according to two different branches,
thereby the number of lights illuminating is
reduced in two different ways.'?

It is possible to adjust the on and off time
of lights by changing the parameters of the
timer relayas usually suggested in the following

scenario:

+ In the evening from 18h00 to 23h00,
and from 4h00 to 6h00: 100% of the lights are
turned on;

+ In the late night, from 23h00 to 04h00:
a third of the total lights are turned off, and two-
thirds of the total lights are turned on;

+ During the day from 06h00 to 18h00: all
are completely off.

https://doi.org/10.52111/qnjs.2021.15504
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Figure 1. The structure of an ordinary lighting control
cabinet.

2.1.2. Proposal of a control and monitoring

structure of urban lighting system

Today, with the strong development of automation
technology, and combined achievements of
microelectronics and information technology, it
is possible to create an automation solution in
all fields. Automation has become an inevitable
trend for all fields in any country and territory.
Automation of smart urban lighting system is
definitely an inevitable issue.

From the requirement techniques, a smart
urban lighting control and monitoring system
structure is proposed as can be seen in Figure 2.

At field level, values from the light sensor
(the photoresistor sensor used in this study)
and the infrared sensor are regularly read by a
control circuit (an Arduino UNO circuit is used
in this study). Light sensors are used in control
cabinets to turn on lights when it is dark, and turn
off lights at dawn. Infrared sensors are placed
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at the entrance points of streets. These sensors
provide signals to control cabinets to reduce the
number of lights illuminating when there are few
people on the street. When the time between two

Infrared
sensor

x .
Light sensor seei:

:
o
Arduino i % . _,
module 0 SIM BO0A
o dule
““““““““““““ ‘:@M
Field level

Remote control and
supervisory level

SIM B00A
module

I/
\

Arduino
module

detections of a passing person is far apart:

+ In case there is no traffic in more than 15
minutes, the number of lights illuminating will
be reduced by a third;

Infrared
Sensor

Light sensor

Contactor

Arduino | : ,’
module S “SIM 800A
______ \_ 7 _module ____}

| ILE l'~ll'£'l"\'\?(g4\((((‘J)jl >

\

Figure 2. Structure of control and monitoring system for smart distributed urban lighting system.

+ In case this street is with vehicle in
the next 15 minutes, the number of lights
illuminating will be increased by a third;

+ In case there is no passerby in the next
15 minutes, then two thirds of the total of lights
will be turned off.

All and data
monitoring of urban lighting system are saved

control commands
on a server computer. Urban lighting system
can be remotely controlled and monitored by
smartphones or computers that are connected to
data in the server via mobile network or internet.
Control commands are set up on a software
in smart-phones and computers. Then these
commands are sent to control cabinets at the

field level. The on or off state of lights and other
parameters are collected by control cabinets.
Then these signals are transmitted to the control
center via the mobile network. Because sending
commands and receiving parameters do not
need to respond in real time (a delay is still an
accepted). Consequently, SIM modules are used
to connect wireless communication between the
control center and control cabinets at the field
level by sending and receiving messages. As a
result, communication costs are reduced to a
very low rate. The low cost of communication
combined with the low cost of equipment in the
control system are advantages of the system,
making it easily applied on a large scale.
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2.2. Research tools

The smart urban lighting control and monitoring
system is designed on the basis of using
commercially available devices and modules to
ensure reliability in use.

The devices for interacting with users are
computers and phoneswhich are popular today.
Moreover, Arduino UNO R3 circuits, SIM
800A modules, infrared sensor modules, light
sensor modules, intermediate relay modules, etc.
are used this system. Besides, electrical power
equipments are also used in lighting control
cabinets, such as electricity meters, aptomat,
contactor, etc.

2.2.1. Arduino UNO R3 module

An Arduino board consists of an AVR
microcontroller with add-on components that
make programming easy. An important feature
of the Arduino is its standard connections,
which allow users to connect the board's CPU to
other modules. So, it is easy to change function
and use target item. Expansion modules can
communicate with the Arduino board directly via
pins, or via serial communication 12C. Multiple
modules can be stacked and used in parallel.
ATmega series of AVR microcontrollers,
especially ATmega8, ATmegal68, ATmega328,
ATmegal280, and ATmega2560 are usually
used for Arduino.

Arduino allows to load program directly
from the computer to the module through the
USB port without using any other external
module. Arduino circuits are programmed via
USB thanks to built-in converter such as the
FTDIFT232. In addition, some Arduino modules
have other ways of connection, such as RS-232,
or a detachable serial communication cable, or
Bluetooth.

2.2.2. SIM module

GSM/GPRS SIM800A module (upgraded from
SIM900A) integrated pulse source with compact
design. But, this module still retains the necessary

https://doi.org/10.52111/qnjs.2021.15504

elements for the circuit to operate stably,
including: high-current pulse source circuit,
RS232 MAX232 communication IC, standard
SIM slot and signal LEDs, GSM antenna. The
SIM module is used for the purposes of calling,
texting SMS GSM, and GPRS.

GSM/GPRS SIM8S00A
communicate with the microcontroller circuits
via UART serial communication. It is noted that
microcontrollers using SVDC need to add a logic
level converter or voltage divider to 3.3VDC to
avoid damage SIM modules.

modules

2.2.3. Infrared sensor module

Infrared sensors use PIR technology to detect
human movement. When a human movement
is detected, its output is immediately activated.
This module is connected to the Arduino circuit
at the field level.

In particular, the sensitivity and the delay
time to keep output’s state of infrared sensor
modules can be adjusted. Moreover, users can
also adjust the sensor to work only at night or all
day and night.

2.2.4. Light sensor module

Photoresistor that is used to detect light intensity
is a type of light sensor. The value of DO output
of the sensor module depends on the light
intensity of the environment. When it is bright,
the DO output is 0. If it is dark, the DO output is
1. On the sensor module, there is a potentiometer
to adjust the sensitivity to light intensity.

2.2.5. Relay module

Output power of Arduino UNO modules are
not enough to drive contactors in the dynamic
circuit. For this reason, it is necessary to use an
intermediate relay as a control bridge.

Relay modules are suitable to convert
from DC current to AC current. These modules
are used for devices that consume high intensity
current. These modules are compact design, with
opto and transistor isolation, low level trigger
(OV) suitable for all types of microcontrollers.
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2.3. Design and programming
2.3.1. Hardware design

The hardware of the urban lighting control and
monitoring system is designed according to the
system structure proposed above (as shown in
Figure 2).

The controller and monitor at the field level
is designed as demonstrated in Figure 3. Here,
an Arduino circuit does the main task, including
control, monitoring and communication. The
other modules are responsible for supporting
this circuit. Specifically, the light sensor module
is used to detect whether it is bright or dark;
infrared sensor module is used to detect traffic
volume; relay module is a control bridge to
contactors, that turn on or off lights; the SIM
module is used to communicate with control
and monitoring center; the DC module supplies
power to the modules in this cabinet.

Arduino module Relay module

Light sensor

Sim module DC voltage module Infrared sensor

Figure 3. Controller, data collection and commu-

nication at field level.

In the control and monitoring center, a
data and communication processor system is
designed (as shown in Figure 4) to connect
wirelessly to control cabinets at the field level.
Here, the control commands from the computer
are transmitted through an Arduino module, and
then they are sent as messages by a SIM module.
The data from the field levelsent in the form of
messages - is received by the SIM moduleand
then is forwarded through the Arduino module
to the computer for monitoring.

Connect to
computer

Arduino modulel Sim module

Figure 4. Data processing and communication in the

control and monitoring center.

The designed urban lighting control and
monitoring system was tested with a road that is a
scale model with inside median lights (Figure 5).

sty

Figure 5. Experimental street light model.

2.3.2. Programming
a. Programming for Arduino at field level

Message to control

Yes

+<

Execute control command

Message to end
control

> Yes

Control according to the sensors

Figure 6. Algorithm flowchart of a program in a loop

in Arduino at field level.
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Read data from sensors

Turn on lights gradually: from 1/3,
then 2/3, then turn on all street lights

|

After 15 minutes, there
was no one on the street

On all

street
lights Off 1/3, on 2/3 O.f all street lights

After 30 minutes, there
was no one on the street

Off 2/3, on 1/3 of all street lights

|
>

N°
A

Yes

Turn off lights gradually: from 1/3,
then 2/3, then turn off all street lights

|

Figure 7. Algorithm flowchart of control program

according to sensors in a loop in Arduino at field level.

At the field level, Arduino modules
receive the control commands in the form of a
message from the control and monitoring center
and executes them (as flowchart in Figure 6).
The control of the center is only done during
holidays and festivals. If there is no control
command from the center, the Arduino modules
at field level collect information from the streets
to control lights (like Figure 6 and Figure 7).

https://doi.org/10.52111/qnjs.2021.15504

The control method according to the collected
information from the streets makes the system
adaptable to changes of traffic volume and
weather.

The Arduino modules at the field level
control street lights according to sensors as
the algorithm diagram shown in Figure 7. This
diagram shows the principle of operation details
of this system, which is presented in Section 2.1.2.

b. Programming interfaces for smartphones

The software that allow operators to control
and monitor the urban lighting system on the
smartphone is programed following the steps
below:

Step 1: Create a project: File = New —
Default. Then, choose a path to save the file.

Step 2: Create Layout: Click Designer
— Open Designer. Code of the objects on
the Designer interface are written in the main
window.

Step 3: Connect to Leapdroid: Click
WYSIWIG — Designer Connect.

c¢. Programming interfaces for computer

The monitoring console on the computer is
programed in Visual C# language.

3. RESULTS AND DISCUSSION

At each control cabinet, the signal of a light
sensor is read by an Arduino module. Then,
lights are turned on when it is dark and turned off
at dawn. Based on signals of infrared sensors, all
lights are turned on when the street is crowded,
or some lights are turned off when there are few
people on the street. When the time between
two detections of passing people is far apart, the
lights are turned off or turned on according to the
principle proposed in Section 2.1.2. The results
are shown in Figure 8.

During festivals, operators can use
an application written for smartphones and
computers to send control commands to the
control cabinets at the field level (Figure 9,
Figure 10). At the control cabinet, the SIM
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module receives control commands in message
form and transmits it to an Arduino module, then
the lights are turned on or off according to these
control commands by contactors. Here, data
from the sensors are read by an Arduino module,
which transfers this data to a SIM module, then
it is sent to the server computer in the control
center. As a result, the status values of the lights,
and many other parameters are monitored on
smartphones and computers that access to the
server computer (Figure 9, Figure 10).

(b)

(©)

Figure 8. (a) All street lights are turned on, (b) 2/3 street
lights are turned on, (c) 1/3 street lights are turned on.

I TRUNG TAM BIEL KHIEN !

I

GUHDNLE TR nge 8
| SVTH: BINH QUEC DT

Figure 9. Control and monitoring application in
smartphones.

=
‘| vvos
L |
~

i

DAY A OFF
Figure 10. Control and monitoring application in
computer.

4. CONCLUSIONS

This study has designed a smart urban lighting
control and monitoring system. The designed
system has some following features:

i) Operators can control and monitor
the urban lighting system by computers and
smartphones connected to the server computer
in the control center;

ii) The lights on the streets are
automatically turned on when it gets dark, and
turned off when the sun shines;

iii) In the evening, the number of street
lights turning on and off depends on the traffic
volume on each street.

This study is not aimed at controlling each
light source because it requires a very large initial
investment cost. In terms of lighting quality, the

https://doi.org/10.52111/qnjs.2021.15504

Journal of Science - Quy Nhon University, 2021, 15(5), 29-38 | 37



SCIENCE

QUY NHON UNIVERSITY

proposed method in this study is not as good as
the control method for each light source. But
in terms of flexibility and adaptability, the test
results of this study have shown that the urban
lighting system is operated adaptively according
to the actual traffic volume in each street.

Therefore, the proposed method in this
study should be applied to secondary roads in
urban areas, where there are control cabinets to
turn on and off street lightings. Nevertheless,
main roads and national highways need lighting
quality even if street lights turn on with power-
saving mode, these roads should be invested the
control technology for each light source or auto-
dimming street lights. This combination not only
ensures good lighting quality where needed, but
also saves electrical energy, making it suitable for
investment because the total length of secondary
roads in urban areas is usually much longer than
that of main roads and national highways passing
through the city.
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ABSTRACT

In this paper, we have proposed the electrocardiogram (ECG) classification model to partly support

medical professionals. The model is built by deep learning technique with MIT-BIH training data. Specifically,

the convolutional neural network (CNN) will be built to take input of images cropped from the ECG images and

the output labeled as the corresponding arrhythmia. The obtained model is reliable when the test results have a

relatively high accuracy of 97 to 99%.

Keywords: Classification, deep learning, model, convolution neural network, electrocardiogram.

1. INTRODUCTION

The electrocardiogram (ECG) is a chart that
records changes in electrical current in a
person’s heart over a given period of time. The
heart contracts itself in rhythm thanks to the
heart muscle’s control of its conduction system.
The difference in concentration of Kali, Canxi
ions on the two sides of the membrane creates a
potential. The electrical current of the heart is as
small as a few parts per a thousand volts. But the
current is amplified, and its signal is plotted on
the paper which is called ECG.

Until now, the ECG is a very popular
method of monitoring the electrical activity of
the heart. Most clinics, hospitals use the ECG
to aid in the diagnosis of heart rhythm problems
and structural abnormalities. An ECG analyst
can diagnose a patient’s cardiovascular disease,

*Corresponding author.

Email: lexuanvinh@gnu.edu.vn
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which requires many experiences and times from
doctors. Computer-oriented approaches can
effectively reduce diagnostic time, increase the
number of ECG records processed, support to
local health facilities where there are not many
experienced ECG analysts.

According to that approach, there have
been many different studies. Some classification
results of ECG signals with typical methods
such as frequency analysis,! statistical methods,?
heuristic-based methods,® artificial neural
networks,* support vector machines (SVM),’
wavelet transform,® and hidden Markov
models.” Artificial neural networks obtained an
average accuracy of 90.6% for the classifier of
ECG wave into six classes® and a feed-forward
neural networks was used as a classifier for the

detection of four types of arrhythmia classes
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and obtained an average accuracy of 96.95%.°
Most of these results are obtained by using the
traditional approach to solving the classification
problems on ECG data.

Machine learning has recently developed
and become an approach that is able to solve
the classification issue effectively in medicine.
Deep learning, a subset of machine learning, has
a wide range of applications in the prediction
and prevention of fatal sicknesses, particularly
cardiovascular diseases. A recurrent neural
network achieved an average accuracy of
98.06% for detecting four types of arrhythmia.'
A convolutional neural network model proposed
for the classification from a 1-D ECG signal'!
yielded a classification accuracy of 96.72%.
Another deeper 1-D CNN model proposed for
the classification of ECG dataset'? obtained an
average accuracy of 97.3%. A nine-layer 2-D
CNN model proposed for the classification
of five different heartbeat arrhythmia types'
achieved an accuracy of 94.03%.

As mentioned above, building the ECG
classification model is an urgent need in practice,
which is posed by local medical administrators.
The model will be a key component of the
software assisting ECG analysts. Therefore,
we build the model of ECG signal image
classification using deep learning technique
with MIT-BIH' training data. Specifically, the
convolutional neural network (CNN) will be
built to take input as cropped images of the
ECG image, and the output is labeled as the
corresponding arrhythmia.

This paper is organized as follows.
Section 2 presents the features of ECG data,
image data obtained from the MIT-BIH database.
Section 3 then proposes a CNN structure with
its components and training methods to build
a modeling of ECG classification. Section 4
discusses the training for the model and its
accuracy. Finally, the conclusions and comments
are in Section 5.

2. CHARACTERISTICS OF ECG DATA

The original data from the MIT-BIH database is
one-dimensional data. From this database, the
ECG images were reproduced and published
on the Kaggle."® The ECG images of each type
of arhythmia were labeled with the name of the
directory in which it resides. We use this image
dataset to train and evaluate the model.

Every image is a cycle of ECG. Its
characteristics are waves criteria (P, Q, R, S, T,
U) and the time interval between them. Several
normal and typical ECG cycles are plotted as
shown in the Figure 1 below.

R
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£ L1 - i
— I T I [ T T
- DT i
£ P ,l ' /.'-_\ =
E ¥ P — | . Y B . =
= INEENE NN NN - 117
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PR &% 0.20 sec

Figure 1. One cycle of ECG

The database includes 15 characteristic
morphological types divided into 5 classes: (i)
normal beat (N), (ii) supraventricular ectopic
beat (S), (iii) ventricular ectopic beat (V), (iv)
fusion beat (F), and (v) paced beats or unknown
beat (Q). Details of each class are as follows:

(i) Class N consists of

R - Right bundle branch block beat

N - Normal beat

L - Left bundle branch block beat

j - Nodal (junctional) escape beat

e - Atrial escape beat

(i1) Class S consists of

S - Supraventricular premature beat

J - Nodal (junctional) premature beat

a - Aberrated atrial premature beat

A - Atrial premature beat

(ii1) Class V consists of

V - Premature ventricular contraction

https://doi.org/10.52111/qnjs.2021.15505
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E - Ventricular escape beat
(iv) Class F consists of

F -Fusion ofthe ventricularand normal beat
(v) Class Q consists of

Q - Unclassifiable beat

P - Paced beat

f - Fusion of the paced and normal beat
The data are divided into two sets: training

and testing. The number of images in each
episode is as follows.

Table 1. Number of images in the datasets

Set F N Q S Y%

Training | 641 | 22122 | 6413 | 2222 | 5780

Testing 161 | 13661 | 1608 | 557 | 1448

Now, we will build a CNN network to
classify the dataset just presented above.

3. THE ECG IMAGES CLASSIFIER

We know that ECG signal data has many different
representations. There is a suitable treatment
for each respective representation. Image data
format as shown in the above section, suitable
for the classification model using Convolution
neural network (CNN) because the CNN has the
ability to automatically extract image feature.
CNN is a development of a deep neural network
(DNN). Its number of parameters is less than that
of DNN because it uses share weights. Thanks
to this property, local features on the image are
extracted, and there is no need to match the entire
image, which is consistent with the ECG image’s
feature when processed.

The structure of CNN was first proposed
by Le Cun et al. in 1989 and then it was
improved.!” Then, they developed a multi-
layer artificial neural network called LeNet-5
which can be trained with the backpropagation
algorithm'®. Since 2006, many methods have
been developed to overcome the difficulties
encountered in training deep CNNs."2! Most
notably, AlexNet* is similar to LeNet-5 but with

https://doi.org/10.52111/qnjs.2021.15505

a deeper structure. Then, many studies have been
proposed to improve its performance. Among
them are four representations studies of ZFNet,
VGGNet,” GoogleNet?' and ResNet.?*

The classifier is built from the VGG16
network architecture. Basically, it consists
of three types of layers, namely convolution,
pooling, and fully connected layers.

Table 2. Architecture of the classifier

Output Shape Param #

Layer (type)

input_1 (InputLayer) [( 128,128, 3)] 0
blockl convl (Conv2D) (128,128, 64) 1792
blockl conv2 (Conv2D) (128,128, 64) 36928
blockl pool (MaxPooling2D) ( 64, 64, 64) 0
block2 convl (Conv2D) (64,64, 128) 73856
block2 conv2 (Conv2D) (64,64, 128) 147584
block2 pool (MaxPooling2D) (32,32, 128) 0
block3 convl (Conv2D) (32,32,256) 295168
block3 conv2 (Conv2D) (32,32,256) 590080
block3 conv3 (Conv2D) (32,32,256) 590080

block3 pool (MaxPooling2D) ( 16, 16, 256) 0

block4 convl (Conv2D) (16,16,512) 1180160
block4 conv2 (Conv2D) (16,16,512) 2359808
block4 conv3 (Conv2D) (16,16,512) 2359808

block4 pool (MaxPooling2D) ( 8, 8, 512) 0

block5 convl (Conv2D) (8,8,512) 2359808
block5 conv2 (Conv2D) (8,8,512) 2359808
block5 conv3 (Conv2D) (8,8,512) 2359808
block5 pool (MaxPooling2D) ( 4, 4, 512) 0

flatten (Flatten) (8192) 0

fcl (Dense) (4096) 33558528
dropout (Dropout) (4096) 0

fc2 (Dense) (14096) 16781312
dropout_1 (Dropout) (4096) 0
predictions (Dense) (5) 20485

Total params: 65,075,013
Trainable params: 50,360,325
Non-trainable params: 14,714,688

42 | Journal of Science - Quy Nhon University, 2021, 15(5), 39-46



SCIENCE

QUY NHON UNIVERSITY

The convolutional layer aims to learn
feature of the inputs, including some of the
kernels which are used to compute different
feature maps. Specifically, each neuron of
a feature map is connected to a region of
neighbouring neurons in the previous layer. Such
a neighbourhood is referred to as the neuron’s
receptive field in the previous layer. Note that, to
generate each feature map, the kernel is shared
by all spatial locations of the input. The built
CNN contains 5 convolutional blocks. In which,
the first 2 blocks, each block has 2 convolution
layers and the remaining 3 blocks each block has
3 convolution layers.

The pooling layers are used to reduce the
dimensions of the feature maps. Thus, it reduces
the number of parameters to learn and the
amount of computation performed. It is usually
placed between two convolutional layers. Thus,
there are five pooling layers and use 2D max-
pooling operator.

Finally, two fully connected layers use the
Relu function as activation function and Dropout
to avoid overfitting. The output layer which has
5 nodes corresponding to 5 classes and softmax
function is used here. The model structure is
summarized in Table 2.

The classes of this model can be seen in
more detail in the similar model of A. Ullah %

The data for the input layer are images
(128, 128, 3) converted from PNG images (256,
256, 3) in the training dataset by cv2.resize( ).

4. EXPERIMENTS AND RESULTS

The work of evaluating the accuracy of the model
involves training the classifier. So in the first part
of this section, we will cover that process.

Recall that the data is used from the two
training and testing sets as mentioned in Section 2.
To make an easier and simpler machine learning
model, in this paper we have converted to
numerical data in npy style files. The testing data
are taken as the validation data during training.

The loss function is a measure of how
good the neural network is during training and
is represented by the difference between a given
training pattern and the network outputs. There
are many different types of loss functions, but
deep learning often uses cross-entropy function,
which is

L =‘%Z(y,» In(a)+(1-y)In(1-a)) (1)

Where N is the number of training data
or the batch size, y, is 0,1 depending on the
class label and a, is an actual value from the
output layer. In case of multiple classes, the loss
function L is extended from Formula 1.

To minimize the loss function, there are
several well-known optimization algorithms
such as Adam?, Adagrad®, and Adadelta?’. Here,
we choose the Adam algorithm in the training
process.

The role of the activation function is
to determine the output value of each node
based on the input signal composite value. The
nonlinear activation is widely used, including
rectified linear units (ReLU), leakage rectified
linear units (LReLU), and exponential linear
units (ELU). Among them, the ReLLU function is
the most widely used, and is used in this model.

Our programs were implemented in
Python programming language, using the
framework of Keras. The training environment
used is Google Colab. It takes about 0.5 - 1 hours
to get results after 100 epochsdepending on the
GPU provided by Google. The training of deep
learning model could early stop scheme by using
validation set. However, to gain experience, we
have tried to train up to 200 epochs and found
that just 100 epochs is enough to achieve a good
model.

Another problem is the dropout during
training. Dropout is first introduced by Hinton et
al. %%, and it has been proven to be very effective
in reducing overfitting. We apply Dropout to
the fully connected layers. The dropout with
the parameter 0.3 produces a model with good

https://doi.org/10.52111/qnjs.2021.15505
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training accuracy (99.07%), but poor validation
accuracy (96.05%). Meanwhile, a dropout with
parameter 0.5 results in a model with poor
training accuracy (96.95%), but better validation
accuracy (97.52%), perhaps avoid overfitting.

With parameters such as the batch-size is
64, dropout is 0.4, we run through 100 epochs on
the training data set, the validation data is also
the testing data and model accuracy and loss for
the model is shown in Figure 2.

model accuracy

10

09 /N vy |

accuracy
=
=-]

=
~

0.6
— frain
05 test
0 20 40 &0 B0 100
epoch
model loss
51— ftrain
test

epoch
Figure 2. The model accuracy and loss

Performance of the classifier has an
accuracy of 97.57% on the testing data set and
an accuracy of 99.13% on the training data set.

The confusion matrix of classifier
on testing data set is presented in Figure 3.
Performance of the classifier has an accuracy of
97.57% .

In Figure 3, the labels of the classes
corresponding to 0, 1, 2, 3,4 are F, N, Q, S, V.

Observing the confusion matrix in Figure
3, we see that the classification performance of
the model is of good quality, especially for the

https://doi.org/10.52111/qnjs.2021.15505

S and V classes. Clinically, supraventricular

ectopic beats (S) and ventricular ectopic beats

(V) are two critically abnormal and serious

heartbeats, and the performance of the model in

the test for S and V classes is very high.
Confusion Matrix
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Figure 3. Confusion Matrix for testing data

Training data are also collected from
patients, and we get it from the MIT-BIH
database. We present more predictive results
of the model on the training data set in Figure
4 for your reference. Of course, the model's
classification performance on this data set is
higher. Performance of the classifier has an
accuracy of 99.13%.

5. CONCLUSIONS

In this paper, we have proposed the building of
an ECG image classifier using deep learning
techniques. The model is obtained by training
a 2D-CNN on a preprocessing image set from
the MIT-BIH database which has been evaluated
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on test data and obtained a quite high accuracy,
especially the classification of abnormal and
serious heartbeats. More
propose a method to build the ECG image
classifier including the CNN structure and the
training and testing procedure for the model
when we have a new data set. This classification
model will be an important component in the
ECG analysis support software for physicians,
medical professionals diagnosing cardiovascular
disease, an urgent requirement of local health

importantly, we

facilities.
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Figure 4. Confusion Matrix for training data
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TRUONG DAI HOC QUY NHON

Nghién cuu ly thuyét sy hap phu sulfamethoxazole
trén bé mit rutile-TiO, (110) bang phudng phap
héa hoc lugng tu

Nguyén Ngoc Tri*, Nguyén Tién Trung

Phong thi nghiém Hoa hoc tinh toan va M6 phong, Khoa Khoa hoc Tu nhién,
Truong Dai hoc Quy Nhon, Viét Nam

Ngay nhdn bai: 24/05/2021; Ngay nhan dang: 20/07/2021

TOM TAT

Su hip phu sulfamethoxazole (SMX) trén bé mat rutile-TiO, (110) (r-TiO,) duoc khao sat bang cac tinh
toan hoa hoc lugng tir. Qua trinh nay dugc dénh gia 1a hap phu hoa hoc véi ning lugng tuong ting khoang 20 kcal.
mol" cung v&i sy hinh thanh cac twong tac tinh di¢n O---Ti . Cac céu tric bén hinh thanh trong qua trinh sép xép
phan tir SMX 1én trén bé mat r-TiO, duoc phan tich chi tiét. Su ton tai va vai tro clia cac twong tac bé mat trong qua
trinh tao phuc dugc lam rd dya trén cac phan tich AIM va NBO. Pang chu y, sy tuong tac kha manh giira phan tir
SMX véi bé mat r-TiO, tap trung tai nhém >S=0 va céc vi tri Ti, . Céc lién két hydro kiéu N/C-H:--O dong vai trd
bo tro trong viéc lam bén céc phuec thu dugc.

T khéa: 7 huyét phiém ham mdt do, sulfamethoxazole, rutile-TiO, (110), bé mdt vt liéu.

*Tac gia lién hé chinh.
Email: nguyenngoctri@gqnu.edu.vn
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using quantum chemical method
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ABSTRACT

The adsorption of sulfamethoxazole (SMX) molecule on rutile-TiO, (110) surface (r-TiO,) is examined by

using quantum chemical computations. This process is evaluated as chemisorption with associated energies ca. 20

kcal.mol" and determined mainly by O---Ti,, electrostatic interactions. The stable configurations are observed in

detail following the arrangement of SMX on r-TiO,. The existence and role of surface interactions are clarified by

AIM and NBO analyses upon complexation. It is noticeable that the stable interactions between SMX and r-TiO,

are mainly focused on >S=0 groups and Tiy; sites. The hydrogen bonds of the N/C-H---O, type play an additional

role in the stabilization of complexes.

Keywords: DFT, sulfamethoxazole, rutile-TiO, (110), material surface.

1. INTRODUCTION

Sulfamethoxazole (SMX) is one of the
sulfonamide antibiotics and is widely used
for bacterial infections. The overuse of SMX
affected aquatic environments such as low
quality and pollution because of their deposition,
which can cause genetic mutations and the
growth of organisms.'? Many previous studies
were performed with the aim to remove SMX
and polluted compounds.*!® Tt is noted that
nanomaterials based on chemical oxidation
were remarkably applied in many cases, such
as energy, health, and life sciences.® Recently,
photocatalytic technologies have emerged as
an efficient solution for water treatment. The
semiconductor photocatalysts are primarily
low-cost, non-toxic, and considered the most

*Corresponding author.

Email: nguyenngoctri@gnu.edu.vn

https://doi.org/10.52111/qnjs.2021.15506

promising environmental protection materials.®®
Remarkably, TiO, regarded as one of the potential
candidates, has been commonly used for many
fields of photocatalysis and the environment.
Among the phase surfaces of TiO,, rutile-TiO,
(110) (denoted by r-TiO,) is the most stable
surface and investigated widely on the removal
of organic pollutants because of its exciting
properties.!""* In previous reports, materials
based on TiO, such as TiO,-Fe, Bi,0,-TiO,,
TiO,-zeolite were investigated for the removal
of sulfonamides.** However, the formation and
role of surface interactions between compounds
containing > S=O functional groups such as
SMX with material surfaces, especially TiO,,
have not yet been examined in detail. Moreover,
investigations on the adsorption mechanism of

48 | Journal of Science - Quy Nhon University, 2021, 15(5), 47-54
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substances on the r-TiO, have recently been of
considerable interest because of their importance
to understanding surface phenomena.'*'® Hence,
it is necessary to investigate the interaction
between the SMX molecule and the r-TiO,
to clarify intermolecular forces and their
contributions to the adsorption process. This
work provides a basic understanding of surface
phenomena and the removal ability of SMX
antibiotics by using semiconductor materials,
especially TiO,. Besides, quantum chemistry
calculation is emerging as a highly efficient
approach for evaluating the adsorption process
as well as an understanding of characteristics of
surface interactions.'? In the present work, we
use density functional theory (DFT) calculations
to observe the adsorption of SMX on r-TiO,.

2. COMPUTATIONAL METHOD

The structures of SMX and r-TiO, are considered
from experimental data and then optimized
by using the VASP program.'” The stable
configurations of adsorption of SMX on r-TiO,
are obtained from density functional theory
(DFT) calculations at PBE functional by VASP.
The cut-off energy is considered at 500 eV with
2 x 2 x 1 k-points at the Gamma-centered grids.
The force constant on the atoms and ions is set
up at 0.01 meV for geometry optimization and
energetic aspects computation. The unit cell is
designed with dimensions size of /4.85 x 13.15
x 25.00 A. The valence electron configurations
used in the calculation are Ti 3d*4s?, O 2s*2p*,
S 3s23p*, N 2s22p°, C 2s2p?, H 1s' implemented
in the PAW pseudopotentials, respectively. The
adsorption energy (E ), interaction energy
(E, ), and deformation energies (E

def-mol® Edef—surf)

are calculated as follows:

E,=E_-E -E :E =E -

ads comp surf> int comp
E *E_"E, =E *E :E__=E_ *

'mol surf > " def-mol 1 mol® “def-surf "~ surf

surf”

Where E E .E

comp’ " mol®> " surf

are energy values
of optimized structures for complexes, SMX
molecule, and r-TiO,, respectively. The E_ 7,

E 7 are the single-point energy values of
molecule and surface part from the optimized
complex. In addition, the formation of surface
interactions and their role in the stability of
complexes are analyzed using the atoms-in-
molecules (AIM) and the natural bond orbital
(NBO) approach. Topological geometries of
stable structures are observed by the AIM2000
program at the B3LYP/6-31G(d,p) level of
theory.'” The electron density transfers between
SMX and r-TiO, in complexes are calculated by
the NBOS5.G package integrated into Gaussian

03 program at the B3LYP/6-31G(d,p) level.!3%
3. RESULTS AND DISCUSSION
3.1. Geometrical structures

Using DFT calculations, four stable structures
of the adsorbent-surface complexes between
SMX and r-TiO, are observed, as displayed in
Figure 1. The stability of complexes is mainly
due to the interactions between functional
groups, including > S=0, C/N-H in SMX and
Ti and O, sites on the surface of r-TiO,. This
result is consistent with the trend of forming
intermolecular interactions for adsorption of
organic molecules on TiO, surfaces in previous
studies.'*!® Besides, the selected parameters for
the formation of interactions upon complexation
are listed in Table 1.

https://doi.org/10.52111/qnjs.2021.15506

Journal of Science - Quy Nhon University, 2021, 15(5), 47-54 | 49



SCIENCE

QUY NHON UNIVERSITY

Figure 1. Optimized structures for adsorption of SMZ on r-TiO,

Table 1. Some selected parameters of stable complexes in Figure 1 (distances (d) and change of bond length (Ar)

in A, angle (a) in °)

d(Ti---O/N) d(N/C-H--0)  o(S-0--Ti)  a(N/C-H---0) Ar(S-0) Ar(N/C-H)
Pl 2.340231® 2.70 125.7-126.4 150.8 0.017-0.027 0.008
P2 2.25 1.870)/2.69¢ 171.4 177.19/146.6 0.023 0.0174/0.002*
P3 2.28 2.15@ 160.2 155.4% 0.024 0.001¢
P4 2290/3.38-3.100  2.49-2.65¢ 164.8 112.1;103.3® 0.017 0.002-0.004

(V23 for Ti---O, Ti---N, N-H (N-H---0), and C-H (C-H---O), respectively)

The calculated results show that the
distances of Tig---O, Ti,---N intermolecular
interactions in the complexes are in the range
of 2.25-2.34 A and ca. 3.10 A (Table 1),
respectively. The Ti O contacts are close to the
length of Ti-O bonds in the rutile phase (1.8-2.1
A).2! Besides, the H---O, distances in complexes
are ca. 1.87-2.70 A, smaller than the total van
der Waals radii of the H and O atoms (2.72 A).
Accordingly, the Ti--O and H---O_ contacts
are suggested in the adsorption configurations.
Moreover, the change in length of S-O bonds of
0.017-0.027 A is larger than that of C/N-H bonds
(ca. 0.001-0.017 A) upon complexation. The
angles of S-O---Ti,,and C/N-H.--O, following the
interaction range from 125.7° to 164.8° and from
103.3° to 177.1°, respectively. The interaction
distances and the changes in bond length as
well as the contact angle in the configurations,
are similar to previous studies on adsorption of
organic molecules, antibiotics onto r-TiO,.">"**
Noticeably, the
focus on > S=0 and Ti sites in the horizontal

electrostatic  interactions

arrangement of SMX on r-TiO, as found in ref.
22. Furthermore, the elongation of > S=0 bonds

https://doi.org/10.52111/qnjs.2021.15506

of 0.017-0.027 A is slightly smaller than that
of > C=0 in the antibiotic molecules upon the
adsorption process.'>'*?? This result is due to the
larger polarizability of > C=0 compared to the
> S=0 group. Moreover, the calculated angles
of S-O---Ti,, range from 126 to 171°, slightly
larger than that of C-O---Ti (ca. 134-163°) upon
complexation.?

3.2. Energetic aspects of the adsorption
process

The energy components upon the adsorption
of SMX on r-TiO, are calculated and gathered
in Table 2. The adsorption energies (E ) of
the complexes are quite negative, in the range
of -12.8 to -20.4 kcal.mol! and increase in the
ordering of P1 < P4 < P2 < P3. In addition, the
interaction energies of the complexes tend to
change in the same order with E_, values. Hence,
P1 is evaluated as the most stable configuration of
adsorption of SMX on r-TiO,, and the least stable
one is P3. It can be found that two electrostatic
interactions of Ti--O (P1) or Ti,--O and
Ti,:--N (P4) are formed and contribute mainly
to the stabilization of configurations. For the P2
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or P3, only one Ti,--O electrostatic interaction
exists upon complexation. As a consequence,
the electrostatic interactions such as Ti,--O and
Ti,--N play an essential role in the significant

strength of P1, P4. Besides, the adsorption of
SMX on 1-TiO, is slightly weaker than that for
antibiotic molecules, which contain > C=0,
-COOH groups.'??*?

Table 2. Adsorption energy (E_,), interaction energy (E, ), and deformation energies for molecule (E,, ), for

surface (E, ) following adsorption process (all in kcal.mol™)
P1 P3 P4
E . -20.4 -16.3 -12.8 -18.1
E -29.8 -22.3 -18.0 -24.7
E ... 3.3 1.1 1.9
E 6.1 4.1 4.7

d-surf

Deformation energy of molecule and
material surface in adsorption process is an
important factor in considering interaction
ability and separation of the molecule on the
material surface. As shown in Table 2, the
deformation energy values for r-TiO, and SMX
in the investigated configurations are in turn in
the range of 4.1-6.1 kcal.mol ', and 1.1-3.3 kcal.
mol . This result indicates a stronger distortion
of r-TiO, in comparison to SMX. The energy
values in this work are slightly smaller than
those in the configurations for the adsorption
of molecules containing > C=0, -COOH, -NH,,
-OH functional groups on r-TiO,.”>"* As a
result, the adsorption of SMX on the surface of
r-TiO, causes smaller changes of the isolated
geometries than in previous investigations. 121322

.
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3.3. Topological geometry and electron density
transfer

In order to have deep insight into the
characteristics of surface interactions in the
adsorption process, we performed calculations
on topological geometry based on AIM theory
and electron density transfers from the NBO
approach. In these computations, the first layered
structures of the configurations are considered
due to the changes of geometrical, electronic
structures, as well as their properties are mainly
focused on the first layer of r-TiO,.">"*** The
topological geometries for the investigated
structures are displayed in Figure 2. The selected
results of AIM analyses and the electron density
transfers are given in Table 3.

Figure 2. Topological geometries of the first-layered structures of the complexes

https://doi.org/10.52111/qnjs.2021.15506
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Table 3. Electron density (p(r), au), Laplacian (V(p(r)), au), total electron density energy (H(r), au) at bond critical
points (BCPs) and electron density transfers (EDT, e), intermolecular hyper-conjugative energy (E? kcal.mol™) in

the first-layered structures of complexes

BCPs p(r) V(p(r)) H(r) EDT Transfers E?
P1  O--Tig 0.034  -0.041 0.004 021 n(O) — LP*(Ti), BD*(Ti-O) 11.68
O--Tig, ) 0.041  -0.056 0.001 n(O) — LP*(Ti), BD*(Ti-O) 19.55
N-H---O, 0.005  -0.005 0.001 n(O) — BD*(N-H) 0.87
P2 O--Ti, 0.043  -0.062 0.003  0.29 n(O) — LP*(Ti), BD*(Ti-O) 26.13
N-H---O, 0.029  -0.039  -0.001 n(O) — BD*(N-H) 10.55
P3  O---Ti 0.040  -0.054 0.003  0.22 n(O) — LP*(Ti), BD*(Ti-O) 22.34
C-H---0, 0.018  -0.020 0.001 n(O) — BD*(C-H) 3.46
P4 O--Ti 0.039  -0.053 0.003  0.26 n(O) — LP*(Ti), BD*(Ti-O) 21.85
N---Ti; 0.012  -0.010 0.000 n(N) — LP*(Ti), BD*(Ti-O) 2.27
C-H---O, 0.010  -0.009 0.002 n(O) — BD*(C-H) 0.83
C,-H---O, 0.011  -0.010 0.002 n(O) — BD*(C-H) 0.63

(V@ as shown in Figures 1 and 2)

Table 3 implies that the values of electron
density (p(r)) at the bond critical points (BCPs)
of Ti O, Tig--N, H---O, contacts range from
0.034 t0 0.043 au, ca. 0.012 au and from 0.005 to
0.029 au, respectively. All values are within the
range of non-covalent interactions.'” Hence, these
intermolecular interactions have non-covalent in
nature. The slightly positive values of H(r) at the
Ti,:--O, Ti N, H---O, BCPs imply further the
non-covalent properties of these contacts, except
for the H---O, contact in P2. It is noteworthy
that the Ti,---O/N interactions in the complexes
have quite large p(r) values, implying their
remarkable stability, and contribute considerably
to the strength of complexes. Consequently, the
P1 and P4 complexes are more stable than the
P2 and P3 ones. The addition of the N-H---O,
hydrogen bond in the P2 complex induces its
higher stability relative to P3. These obtained
results are in good agreement with the data
taken from Table 2 and similar to the previous
studies.'>!3?2  Moreover, the calculated results
indicate that the p(r) values at O---Ti BCPs in
P1 are smaller than those in complexes of AP,
AX, TC in ref-22. It is noted that in AP, AX, and
TC systems, the important addition of O-H---O

https://doi.org/10.52111/qnjs.2021.15506

hydrogen bonds leads to the high stability the of
complexes. As a result, the adsorption ability of
SMZ on TiO, is weaker than that for AP, AX, TC.

The total electron density transfer (EDT)
in the complexes is a characteristic for forming
intermolecular interactions. As presented in
Table 3, the EDT values are positive, implying
the stronger electron density transfers from
SMX to r-TiO, compared to the reverse transfers
from r-TiO, to SMX. It is noted that the electron
density transfers from the lone pairs of O in SMX
(n(O) to the unoccupied lone pairs of Ti (n*(Ti))
and the anti-bonding orbitals (6*(Ti-O)) are quite
strong with the large hyper-conjugated energies
(E?*) in the range of 12-26 kcal.mol'. These
transfers are much stronger than the reverse ones
from n(O) (in r-TiO,) to 6*(N/C-H) (in SMX)),
which have E? values in the range of 1-11 kcal.
mol"'. Thus, it affirms that there exist the Ti_:--O
and H---O, intermolecular interactions following
complexation. The electron density transfer to
form the Ti---N contact in P4 is found with a
small E? value of ca. 2 kcal.mol’!. Besides, the
formation of N-H---O, hydrogen bond with a
large E? value implying thatit plays a considerably
additional role in stabilizing P2 in comparison
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to C-H---O in P3. The considerable transfers of
electron density in P1 with high values of E* lead
to stable interactions as compared to that in the
rest complexes. These are consistent with the
trend of adsorption energy as analyzed above.

4. CONCLUSION

Four stable complexes for adsorption of the SMX
molecule on the surface of r-TiO, were located at
PBE functional. The calculated adsorption energy
of the complexes is about 20 kcal.mol'. The
stability of configurations is mainly contributed
by the attractive electrostatic forces between
the O atom of > S=O group (SMX) and the Ti,,
site (r-TiO,) and an addition of the N/C-H:--O
hydrogen bonds. AIM analysis indicates that
the interactions between > S=O---Ti, and
N/C-H---O have non-covalent in nature.
Furthermore, the NBO results show that the
electron density transfers occur significantly
from SMX to r-TiO,. The obvious existence and
significant importance of Ti,---O
contributing to the complexes' strength are

interaction

determined by a high hyper-conjugated energy
value of 26 kcal.mol'. The obtained results
show that the adsorption process of SMX on the
surface of -TiO, is chemical adsorption.
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Bai toan uéc lugng 16i Ho cho mét 18p hé c6 tré s dung
mot phép bién ddi trang thai méi
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TOM TAT

Trong bai béo nay, chiing to6i nghién citu bai todn uéc lugng 161 Hy, cho mot 16p hé c6 tré véi dau vio khong
x4c dinh. Dau tién, mot phép bién déi trang thai méi duge dé xuét dé bién ddi he thong o tré dang xét thanh
mot hé théng méi trong dé sé hang tré lien quan dén véc to trang théai duge chuyén dén dau ra va dau vao ciia
hé théng. Sau d6, mot bo quan sat mdi duge thiét ké dya trén thong tin dau vao va dau ra dé giai quyét bai
toan udc luong 161 Hoo. Stt dung B6 dé Kalman-Yakubovich-Popov téng quat, cac diéu kién di vé sy ton tai bo
quan sat udc lugng 161 Ho, duge thiét 1ap va viée giadi cac ma tran quan sat dat dude quy vé viée gidi mot tap
cac bat déng thic ma tran tuyén tinh. Mot vi du s6 dugce dua ra dé minh hoa tinh higu qué ctia phuong phap
duge dé xuat.

Tt khéa: He tré thoi gian, phép bién doi trang thdi, bo dé Kalman- Yakubovich-Popov tong qudt, wic higng 16i.
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Email: dinhconghuong@gqnu.edu.vn
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ABSTRACT

In this paper, we study the problem of H., fault estimation for a class of time-delay systems with unknown

inputs. First, a new state transformation is derived to transform the system into new coordinates where the delay

term associated with the state vector is injected into the system output and input. Then, an observer-based

H . fault estimator with input and output injections is proposed for fault estimation. Based on the Generalized

Kalman-Yakubovich-Popov Lemma, sufficient conditions on the existence of the H. fault estimator are derived

and a solution to the observer gain matrices is obtained by solving a set of linear matrix inequalities. A numerical

example is given to illustrate the effectiveness of the proposed method.

Keywords: Time-delay systems, state transformations, generalised Kalman-Yakubovich-Popov Lemma, fault

estimation.

1. INTRODUCTION AND MOTIVATIONS

Fault detection and isolation is widely required
in various kinds of practical processes for safety
purposes and hence has been extensively stud-
ied in the past three decades by many authors

1=5 and the references therein).

(see,

As well-known, the time-delays are inherent
in many real physical systems, such as chemical
processes, long transmission lines in pneumatic
systems, power and water distribution networks,
air pollution systems, econometric systems, hy-
draulic and rolling mill systems. Since the de-
layed state is frequently the cause for instability
and poor performance of systems,® much atten-
tion has been paid to the fault detection design
problems of the linear state delayed systems and
many significant results have been achieved (see,

for example,”17)

. An adaptive observer based
fault estimator was used to estimate the abrupt
constant fault.® An iterative learning observer
was designed for fault estimation and accom-

modation for nonlinear time-delay systems.!? A

*Corresponding author.
Email: dinhconghuong@qnu.edu.vn

https://doi.org/10.52111/qnjs.2021.15507

new performance index was introduced to de-
sign the reference model, and the fault detection
filter design problem was formulated as the Ho
model-matching problem.'? However, the above-
mentioned studies are characterized in the full
frequency domain. While, in many practical
systems, the faults usually emerge in the low
frequency domain, for example, in aerospace-

18,19

related fields (see, for instance, and in in-

dustrial processes®’:21).

The generalised Kalman-Yakubovich- Popov
(GKYP) Lemma was established and, based on
this, the equivalence between finite frequency
domain inequality for a transfer function and a
linear matrix inequality (LMI) was built.?? The
authors have proposed a GKYP-Lemma based
approach to the fault detection and fault estima-
tion in a finite frequency domain.?® The robust
fault detection problem in low frequency domain
for linear time-delay systems was investigated.?*
The Hy, filtering problem of discrete-time state-
delayed systems with finite frequency spec-
ifications was considered.”” Some results on
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H., model reduction for continuous-time lin-
ear systems over finite frequency ranges were
obtained.?¢

In recent years, the Hy problem of time-
delay systems has attracted a lot of attention
and many results have been reported in the lit-

27-29) Based on the state

erature (for instance,
transformation,®® the authors®' considered the
problem of H., fault estimation for a class of
linear time-delay systems. Nevertheless, the ex-
istence conditions of the state transformations
reported®” are quite restrictive.??3* Thus, when
the existence conditions®’ are not fulfilled, the
methods reported?! can not be applied. To sup-
port this statement, let us consider the following

motivated fourth-order example,

3.
—
~
~—

Ax(t) + Arx(t — 1) + Asx(t — 7o)
+Bu(t) + Byd(t) + B f(1), t > 0,
(1)

y(t) = Ca(t)+ Dad(t) + Dy f(t), (2)
x(t) = ¢(t), te[-70),
7 =max{m, T2}, (3)

where z(t) is the state vector, u(t) is the control
input vector, y(t) is the output measurement
vector, 71 > 0 and 7 > 0 are known constant
time delays, ¢(t) is a continuous initial function,
d(t) is the disturbance, f(t) is the potential fault
and

-1 -1 0 0
A:11007
—92 -2 -3 —4
-5 -5 0 0 |
[ -1 -1 -1 -2 ]

4 = -2 -2 -3 —3’
-4 0 -3 -5
0 0 0 0
[ —4 —4 0 0 1

A2_1100’B:2’
—2 -2 3 4 3
0 0 00 4

0.1 1.1
Bi=| g | 5= | 13 |

| 04 1.4
ni=| oy | oe=[ 03]
e-[0ee]

Now, it is not hard to show that for the above
example, the condition for the existence of a
state transformation®® (i.e., column unimodu-
lar) is not satisfied, and hence, the observer-
based Hy fault estimator with input and out-
put injections for fault estimation with known
frequency range?! can not be applied.

Motivated by the above discussions, in this
paper, we consider the following class of time-
delay systems with unknown inputs in finite fre-
quency domain

z(t) = Az(t)+ Zq:Asa:(t — 7s) + Bu(t)

s=1
+Byd(t) + By f(t), t >0, (4)
y(t) = Cux(t) + Dad(t) + Dy f(1), (5)
z(t) = o), t€[-7,0), 7= max 75, (6)

1<s<g

where z(t) € R" is the state vector, u(t) € R™
is the control input vector, y(t) € R? is the out-
put measurement vector, 7, > 0 (s =1,2,...,q)
are known constant time delays, ¢(t) is a con-
tinuous initial function, d(t) € R is the distur-
bance, f(t) € R™ is the potential fault, d(t) and
f(t) are assumed to be Le-norm bounded, ma-
trices A, A; (s=1,2,...,q), B, C, Bq, By, Dy
and Dy are known constant and of appropriate
dimensions.

The remainder of this paper is organized
as follows. Section 2 proposes a novel state trans-
formation for system (4)-(6). The problem of
H, fault estimation is studied in Section 3. Fi-
nally, a numerical example to demonstrate the
obtained results is presented in Section 4.
Notations: For integer numbers m,n,p, n > p

https://doi.org/10.52111/qnjs.2021.15507
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and matrices G € R™" H € R™™, we have
the following notations:

en,=n+p-—1

o MT M* M"Y, M*t denote the transpose,
complex conjugate transpose, orthogonal com-
plement and the Moore-Penrose-inverse, respec-
tively.

e [, denotes the identity matrix of size n, O, ,
denotes the m X n zero matrix.

o H = [ [H|, [H]gr }, where [H|, € R
[H]p € RM*(=p),

e || - || denotes the Euclidean vector norm of (-).
e [ is the space of square integrable fuflctions
over [0, 00) with |||, = (J;71|%dt)

® Opnax (@) denotes maximum singular value of
the transfer function matrix. H,, norm of a
transfer function G(s) over a finite frequency
range |w| < w is defined as [|G(s )H([joww] =
SUP Oax (G (iw)), Y|w| < @

2. STATE TRANSFORMATION

Let us assume that matrix C takes the following
form

C1

and denote

MZ‘ = CiaHiszol,na izl,...,p,

3:]-7~"an (7)
p
My = MA-Y oM, @)
k=1
H]'s - Mj pA Z Mk’ (9)
My, = MA- ZafﬂMk, (10)
k=1
p
k
Hiyrs = MiAs + HisA - Zﬁ(iJrl)sM’f’
k=1

(1)

(j=p+1....2p), aF, and

6@“)5 (z = 2p,...,n, — 1) are scalars will be

where a ﬁ

https://doi.org/10.52111/qnjs.2021.15507

determined. Let us now propose the following
change of coordinates:

s(t) = Ma(t)+ ) Hialt— )
s=1

(i M )alt — ),

j=1
1,2,...,n,, t> 21, (12)

+
i -

where l/fs = 0 are scalars will be determined

later.

Theorem 2.1. For some scalars ozg, ﬂgs, 7
7;;2} V]zy (i p+ Lp+2...n,]
,2,....p, s = 1,2,...,¢, £ = p+1,p+
2,...2p—=1, m=1,2,....2p, r=p+1,p+
2, .., k=2p+1,2p+2,...,n,), if the fol-
lowing equations hold

i L
MzA - Z 71]MJ:| R: OLn—pa (13)
j=p+1
i /2
MzAs + HZSA - Z VgHjs} R: Ol,n—p)(l4)
J=p+1
HiAy| =0, (15)

_ [
HiA, + (Zl ygij)A} =0y (16)
j:

HitAm + HimAt} R: Ol,nfpa (17)
_p

(v ) A| =01 (18)
N

Mo A= 0 M| =0 (19)

j=p+1
) Ny ‘
_anAs + ansA - Z 'Y%ijs} R: 01,n7p>
J=p+1
(20)

then (12) transforms (4)-(6) into the following

form

Az(t) + Bu(t) + Eq: Blu(t — )

s=1

£(t)

q
+ ) Blu(t - 2r,) + Byd(t)

s=1
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)
s=1

+ Bif(t) + Z B} f(t—s)
s=1

t—Tg +ZBd 27’3

B} f(t —275) + Ty(t)
ZW (t —27,)
q
+ ZFyt—?ws —|—Z Z T2yt — 75— 7p)

Fyt—TS

s=1 s=1 sAl=1
g q
+ Z Z 27—5 - TZ): t> 37—a (21>
s=1 s£0=1
y(t) = Cz(t)+ Dyd(t) + fo(t), (22)
where
Opp I, Op,(n.—2p)

A= Op—1p A12L2z Op—1,(n-—2p)

Onz —2p,p Onz —2p,p I nz—2p
42 43
OLP ‘Anz Anz

C=|1 Op,(nrp) J

A2 ¢ RP=Dxp p12 ¢ RIxp ASS ¢ RIX(na=20)
B ¢ Rwxl Bl ¢ Rwxl B2 ¢ RwXl
By € R»=*1, B} e R™*!, B € R™*,
By € R=*1, B; € R™x, BJ%S e R=x1 T ¢
R™>P, Tt € R%*P, T? € R"™*P, T3 € R"=XP

(s =1,2,...,q), I''2 € R"*P qnd I'}} € R"=*P
are defined as below
+1 +2 2
Yot pp1 o gﬁl
p+1 p+2
AQQ _ 7p+2 ﬁ)/p+2 cee 7p+2
nz . . . !
1 2 2
’ng 1 75;; JRERER 725—1
A2 =R AR
21 2p+2
Afi = [ 'Yn€+ 'Ynlz)+ e '725 ] )
[ M,B ] [ 0p1
M>B Hg,1)sB
: Hp,,_1)sB
M,.B | Hn.sB |

O2p,1

<Z§:1 V{2p+1)ij> B

5N
O
Il

(Z? 1 V%ZSMJ)B

[ MBy 0p1
M;By H(p+1)sBd
Bd = MgBd s Bés frg E ,
: H(nz—l)sBd
L anBd i ansBd

02p.1

9 <Z§=1 V€2p+1)ij>Bd
Bds = . I

( 2 1ynst)Bd

[ MB; ] Op.1

M; By Hpi1)5 By
Bf = M?’Bf ) B}S = 5
: H(nz—l)st
| M,.By | | Hu.sBy |
i 02p7 -
b
BQ - ( (2p+1) M; )Bf
fs = : ’
(320 vi.oM;) By
[ %174-1 ozf;+1 1
a%p ozgp
T(p+1,1) T(p+1,p)
. -
O3pi1 L
o
| D(ns, 1) T(n.,p)
where
2p
CGj) = [MA= Y ofa]
k=p+1 J

Ny
D(ns,§) = [MnZA— 3 yf;szL
k=p+1 7
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1
Bips1)s

5(12;))3
I'l(p+1,1)

Fl

F; (2]7 - 17 1)
1
B(2p+1)s
1

I'l(n,,1)

where

Pli.j) = [Mid+ HigA -

Nz
P;(TLZ,]) = [anAs"'ansA_ Z ’Yﬁszs}L

Op.1
[H(pﬂ)sfls} o

[H@p*l')sAS] L1

r’=
: I'3(2p,1)

B€p+1)s

4
Biap)s
Il(p+1,p)

I''(2p—1,p)

ﬁ;(02p+1)s
hes
Fi (nz,p)

2p

k=p+1

k=p+1
Op,l

[H(p-é—l)sAS} Ly

|:H(2p71')sAs:|
I'2(2p, p)

Lp

Z 'szHkS}L

J

J

12 _
Fsi -

(Srdan)ad, |

Proof. By taking the derivatives of (12), we ob-

tain the following

Zi(t) = Myi(t)

= M;(Ax(t) + zq: Asa(t — 75).
+Bu(t) + de(st_)1+ By f(t))

= M;Az(t) + M; Zq: Asx(t —75)

s=1
—I—MiBu(t) + Mind(t) + MiBff(t)

I3(2p+1,1) I3 (2p+1,p)

= zigp(t) + Yol yi(t) +
j=1

q P
+ Z Z Bgi—\—p)syj (t - TS)
s=1j=1

-I-MiBu(t) + Mind(t)
—}—MiBff(t)J =1,...,p,

(' ). - 1p)
(n27) F(?’Lz,p) A

F2(2p,) = |HiappAs - fum Mk} }
p k=1 p (23
2 k
e {HWA +<zfz >A ;V(Hl)sMkhf zi(t)sz(t)+Zq:Hisdc(t—rs)
[2(ns,) = [Hosds + (S v M) A !
- T2£+1( b1 Vép-l—l)sMk)_"'
—73:?( ileﬁstk)] .
i=1,2,...,p,

O2p,1
K =1 Vépﬂ)sM’“)AS] Lj

q
= M;Ax(t) + Y (M;As + Hi A)
s=1
xz(t — 75) + M;Bu(t)

+M; Byd(t) + M; By f(t)

q
+ Z HisAsz(t — 275)
s=1

+2His[ Z Apz(t — 75 — 1)

s=1 s#l=1

(O
Ly j=1,p
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q
+> " Hi Bu(t —7y)

s=1
+ zq: Hisde(t - Ts) + zq: Histf(t - Ts)
s=1 s=1
2p 2p
= Y lm+ [MA- Y Al
j=p+1 Jj=p+1
x[pa(t) wa(t) .. yp(t)]T
[ZMA Hj A — Z VI H }
J=p+1
[y (t - TS) <o yp(t - Ts)]T

)
2

H; A
1
q
Z } [y1(t =75 — 70)

fi Ma i Me

y2(t —Ts —Ty) Yp(t — 75 — TE)]T
+M;Bu(t) + M;Bqd(t) + M; By f(t)

q q
+ Z H;sBu(t — 15) + Z H;sByd(t — 75)
s=1 s=1

q
+> Hi Brf(t— 1),

s=1

i=p+1,...,2p—1, (24)

q

22p(t) = MQpi'(t) + Z H(2p)sj3(t - TS)

s=1

= zop41(t) + Z a%p+1yj (t)

q P

+ Z Z ﬂ€2p+1)syj(t =)
s=1 j=1
q ' L
+ [Z Heagpas = (3 i3 )| L
s=1 j=1

yp( — 7))’
-I—MQpBU( ) + Mngdd(t) + Mngff(t)

q
+ > Heap)sBu(t —75)

s=1

As (e =2m) gyt = 2m)"

q
= MZA ‘|‘ Z MA + HHA):I:(t - 7_5)

S

_Q

S=

1
p
+ (HiAs+ > vl M) A)a(t — 27,)
1 J=1

Agx(t — 375)

p .
(Z v M;

j=

st[zq: eﬂﬁt—Ts—Te)}

(

+M1‘Bu(t) + Mind(t) + MiBff(t)

_|_
[M]=
N~—

V)
I

—

—

+
MQ

1

Vo)
Il

+
M=
.ME

I/ijij> [ Z Apx(t — 275 — Tg):|

1 s#l=1

@
Il
—_

<
Il

q
+>  HiBu(t —7y)
s=1
q
+ " Hi Byd(t — 7,)
s=1
q

s=1 j=1
q
+ 3 (Y vy Badt - 27,)
s=1 j=1
a
+ 3 (vl Byt - 2m). (26)
s=1 j=1

From (10)-(11), we have for i = 2p,

2 +1,...,n,— 1,

M;Az(t) = My q12(t Jrzaz Ly, (27)
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(M'A + HisA)z(t — 75) = H(jp1)sz(t — 75)
+Z’8]+1 yJ

Substltutlng (27)-(28) into (26) and using
(15) - (18), we obtain

)+ Z iyt

- 7), s=1,2,...,q. (28)

- ZH—I

a q
T Z Z%H) Yt —7s) + Z HisAs
s=1j=1 s=1
p p
* (Z VZJSMj)A B <Z V€z+1)sMJ>
Jj=1 j=1 I
[yi(t—27) ... ypt—27)]"
¢ P
()4 -5
s=1 j=1
Yo (t — 375) yp(t — 37)]7
7 q
"’{Z Z HisAf} it — 75 — 1)
s=1 s£l=1
y?t_Ts_TZ) yp(t—TS—Tg)]

yp(t — 275 — TZ)}T

+M; Bu(t) + M;Byd(t) + M; By f(1)

q q
+ Z HisBu(t — 75) + Z H;sBad(t — 75)

s=1 s=1
q q .
+ Z stBff(t B TS) + Z(Z Vz?ij)
s=1 s=1 j=1
q p
ut — 27) + Z(Z ygij)de(t ~or)
s=1 j=1
q p !
z(zstJBff (t=2n),
s=1 j=1
i=2p+1,. - 1. (29)

From (26), we have

Zn, (t) = M, Ax(t)
q
+ Y (Mo As+ Hy A)x(t - 7,)

s=1
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+ q (Hp.sAs +Zun , z(t — 2r,)
s=1

+i(i v M; ) Asa(t = 37,)
s=1 j=1

+ d ans[ Zq: Az t—TS—Tg)}
s=1 sl—

+ i(i V%stj> { Z Ag(t — 275 — Te)}

1 s#l=1
+M,, Bu(t) + M, Bqd(t) + M, Bsf(t)

q q
+Y HoBul(t—7) + Y Hy o Bad(t - 7,)
s=1 s=1

a P
+ Z(Z V%ZSMj)Bu(t — 27;)
j=1
P

M ) Bad(t - 27,)

T i(z V%stj>Bff(t - 275). (30)

From conditions (19)-(20), equation (30)
becomes

an E fYnz Z]

j=p+1
My, Bad(t) + M, By (1)
q

+Y  Hy.Bu(t—1.)
s=1

q
+Y  Hy Byd(t - 7)

)+ M, Bu(t)

s=1 j=1
q .
+y (Z uglstJ)de(t —o7,)
s=1 j=1
q p ]
3 (Y v M) Byt - 2m)
s=1 j=1
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HMa= 3 a0 ) )
J=p+1
q ns
+ [Z anAs + ansA - Z ’YZ,ZHjSi|
s=1 J=p+1 -

a(t—7) yalt — 1) yp(t — 7)]"

p
+ ZansAs + (Z V%ZSMJ)A
s=1 j=1

Nz p

- Z . (Z ijsMk>

j=p+1 k=1 .

X [yl (t - 27—5)

(=]

i {i i H”zsAf} ot =7 = m)

s=1 s£l=1

Yot —71s— 1) ... Yp(t—75 — Tg)]T
a q P

+ [Z > (Z Vf;stj>A4 .

s=1 s£l=1 j=1

it =215 — 1) ... yp(t—27 — Tg)]T.

Finally, (23)-(25), (29) and (31) can now be ex-
pressed in the form (21)-(22). This completes
the proof of Theorem 2.1.

In the following, we will solve unknowns in
Theorem 2.1. For this, we first express (13)-(18)
into the following compact form:

anan = Ynz’ (31)

where

2
xnzz[xiz X2, o Xhr ]

T
+2
X

+q—1 p+q
yrret et ],

Xo. = | X1 X2,

Yo, = [ Ynlz

where, X%, , Xi (i =1,2,...,p+2) are as de-

fined below

o= [l ] (32)

ny )
’yg-ﬂ-l T ’Ypf—l
12 _ 1 P 1
02 = Bl -+ B Bl
4 /31 4
(p+1)2° Flp+l)g  Fp+lg |
o= (33)
21 _ a})+2 o . a£+2
Xn, = p+1 2p ’
L Tp+r2 0 Tp2
i ﬂl D
12 _ (p+2)1 " Pp+2)1
X'nz - 61 P ’
L P(pt2)g 0 Fp+2)g
= [ e (34)
X(pfl)l a%ﬂzl agpfl
ny )
i ’ngfl 72571
roal
(r-1)2 5(21)71)1 ﬁ(12p—1)1
anz = coe 6(2,;,1)(1 >
p
(2p-1)q
2 2 z
Xsz = [ n(z ) n(z p+l) X%Z )
(35)
1 P
. Blopn - Blopn
Xﬁg P) = . ﬁgp)q ,
ﬂ(2p)q
B! |
(2p+1)1
ﬂp
p(2p+1) _ (2p+1)1
Xn,, Bl )
. (2p+1)g "~
B(2p+1)q J
1 P i
e R
hneq e Pnea |
ay, a3,
ittt =1 b, ap |, (36)
oz%z_l aszfl
i Xp+2
AR BN pr2 | (37)
| Xn.(2pt2) - Xnens
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- ) -
, Viop+1)1 Yiep+i)1
p+ _ 1
Xn.(2p+1) = o Pt
P
L (2p+1)g  J
. ) -
Viop+2)1 Yiop+a)
P
P2 . (2p+2)1
Xn.(2p+2) = 1
(2p+2)q
P
L Yip+2)qg |
p+2 _ 1 2 D
annz - [ Vnzl Vnzl Z/nzl
1 2 P
Vn.g Vn.g -+ Vnug } ,

1
X :[Xrlzzl XrlzZQ}v

Nz

1 - 11
anl = [ an Op(q+2)’(q+2)2¢(n,p)

0
p(g+2), AL (p_py |

Lo 11 129 124
Xio=| XL, X% X

ny2

Op(+2).(n=~2p)g2 (n—p) } ?
Xtz = Op(q42),(n2—2p+1)a(n—p):
12
X023 = Op(g+2),(n—2p+1) (= 1)(n—p)>

12
X522 = Op(g+2),(na—2p+1) (n—p)>

p—1 _ [ yp-1 yp-1
an - X X’n22 ?

nyl
—1_ 1o
Xnat = | Vp(g2), @2t (p_p)
11
Op(qﬂ),%(n,p) Xn. } :

-1 [ —1)1 —1)2
X2 = I Xff,z : Xfflg 2

(p—1)2

Xni2 * Op(g+2),(n-—20)g2(n—p) ] ’
(r—11 _

Xni2 = Op(g+2),(n.—2p+1)g(n—p)>
(p—1)22 _

Xni2 = Op(g+2),(n.—2p+1)(g—1) (n—p)>
(r=1)2q _

Koo " = Op(gr2).(n.—2p11)(np):

— p p
Xho=| xb, XD, |,
r
anl = [ O(nz—2p+1)pq,(q+2>2<q+1)(n—p)

0
(n2—2p+1)pq, L2UITD (1, _p)
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(38)

(39)

(40)

0
(n=—2p+1)pq, (T (—p) | 5

Xpp= [ e X
O(n=~2p+1)pg,(n=~2p)a%(n—p) } '
xprt= | XX (41)

p+1 0
Xno1 = { (n-—2p)p,T2UatD ()

0
(nz—2p)p, 2L (p) | 5

ng; _ [ X7(£+1)p X7(£+1)(p+1)2

(p+1)(p+1)

X * Otn—2p)p,(n-—2p)g2 (n—p) ] ’

p+2 p+2

an(2p+1)1 an(2p+1)2
p+2 p+2
xprt2 — n.(2p+2)1 nz(2p+2)2 (42)
Nz . . ?
2 T2
zznzl X’rl;znZQ

p+2 — 10
na(2p+1)1 [ pq,i(q”);q“’(n—p)

0
pq, 2T () |

p+2

Nnynyl

=10
|: pq,(q+2)2(q+1)(n—p) s

0
pq,iu’“);q“) (n—=p) |°

p+2 _ (p+2)p
X Gpr1)2 = [ ns(2pt1)2
(P+2)(p+1)g 3 (p+2)(p+2) ]
nz(2p+1)2 n.(2p+1)2 ’
p+2 _ (p+3)p (p+3)(p+1)
nz(2p+2)2 [ an(2p+2)2 an(2p+2)2 ’
(p+3)(p+1)q 3 (p+3)(p+2) ]
n(2p+2)2 n.(2p+2)2 ?
Xptr, = X, xpe

X"(P+1)q X”(P+2) :| ,

nyn2 Nyny2

where

X1 g Rrlat2)x EEE (ip)
i(p+1)e

Xoin "= Opg (na—2pt1)(g—t41)(n—p)

i=p+2,...,n, j=2p+1,...,n,,

£=2,3,...,q,
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X e R(nz—2p+1)pqx(nz—2p+1)q(n—17)7
Xﬁ(IH‘l)Z c

R(n=—2p+1)pgx (nz—2p+1)(¢—¢+1)(n—p) 7

(=23,...,q,
X (1) (p+1)e

Nz

c R(nz—2p)px(nz—21H-1)(q—4+1)(n—p)7

(=2,3,...,q,
X P+Hp ¢ R(nz=2p)px(nz=2p+1)q(n—p)

Nz ’

ip pgx (n.—2p+1)q(n—p
XP,€R ( Ja(n—p)

1=p+2,....n, j=2p+1,...,n,,

Xi(pZQ) c RPax(n==2p)¢*(n—p)
nzj !

i=p+2,...m j=2p+1,...,m,

are defined as below

X’V]-Li = [ X}Lh X}LiQ } ) (43)
where
i 2 Oopgtn-p) O2p(g-1)(n-p)
Ny A 0Ol @% ’

X“2 = O2p,(g-2) (n—p) O2p,n—p
Nz (I)% (I)é—l
xwo= [xmoxm ] @
where
_ . o2 ;
q,q(n—p) o
X£f1 = haan—p) Opgatn—p) |,
L Opggn—p) Opgg(n—p)
Q8 L Qe ]
0? . Qa2
1 2—2p—1
X, = Q S Qe
| Opggn—p) - ot ]
+1 +1 +1
R P P N )
where

+1
X =

¢, o,

1
Opq,(q—“l)(n—p) Py
Opq,(q—ﬂ-l)(n—m Opqv(q—4+1)(n—p) )

L Opq,(q—€+1)(n—p) Opqy(q—“l)(n—p) J

+1
X =
B 2—2p+1 7
7 @?flf;
2 Nz —2p
7y (1)5712 .
1 Nzy—ap—
(bf—l (bf—l Y )
1
L Opg,(g—£41)(n—p) P
X7(112+1)p - Xﬁ’il)p Xﬂz:;rl)p . (46)
where
Op,q(n—p) E!
xetp _ Opatn—p) Opg(n-p)
nyl - . . )
| Opg(n—p) Opa(n—p)
i EZ En272p
( ) =1 =n,—2p—1
+1 = =
XniQ . = : !
i Op,q(n—p) =!
+1)(p+1 +1)(p+1 +1)(p+1
Xﬁi Jp+1) Xr(til (p+1) Xv(z€2 )(p+1) 7
(47)
where
+1)(p+1
szil )p+1) _
Op,(q—£+1)(n—p) Ty

0p7(q—€+1)(n—p) 0p7(q—€+1)(n—p)

9

Op,(g—t+1)(n—p)  Op,(g—£+1)(n—p)

+1)(p+1
X7(£2 )(p ):
=2
v? \112112 Pl
1 Ny—zp—
\IIE_1 ‘11571 P
1
0P7(Q—Z+1)(”—P) ¥
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p  _ +2 +2
X7(£+ )P — {szil p XgiZ )P ; (48)
where
r oy (p+2)p
an(2p+1)2
X(P+3)P
XT(LPH)p _ nz(2p+2)2
np
L NyNy2
0pq7q(n—p) \%
0 0
+2 pq,q(n—p)  Vpg,q(n—p)
Xr(il "= . . J
L Opg.atn—p)  Opg.atn—p)
Opg,g(n—p) Opg,g(n—p)
\Y ... 0 _
+2 pg,4(n—p)
Xr(zi2 "= . . . J
L Opqﬂ(n—p) \%
XT(LP;+2)(1)+2) XflziJIrQ)(er?) X?(11242-2)(p+2) 7
(49)
[ v (+2)(p+2) ]
nz(2p+1)2
(p+3)(p+2)
X (P+2)(p+2) nz(2p+2)2 7
n(p+2)
L NyN,2 ]
11 Opg,g2(n—p)
0,, .2 II
+2)(p+2 1q,q%(n—p)
XT(LZZl )p+2)  _ : : 7
L Opg.q2(n-p)  Opg,q2(n—p)
Opg,q2(n—p)
0,, .2
+2)(p+2 Pg:q*(n—p)
XT(LI;Q )p+2)  _ .
II

q(g—1)

In (32), er e RIX(g+1+55=)(n—p) (i =
1,2,...,p — 1), Y2 e Rx(=pPq ypHl ¢
RIX(-p)*(a-1)  yPr2 ¢ RIX(n-p)*(e-2)
Yt e Rixen? Pt — o) o

are defined as follows

n:—2p)(n—p)

Nz

Y, = |:Y7§21 erzQ}a (50)

https://doi.org/10.52111/qnjs.2021.15507

ypra-2 _ 52

2 vl
Yi _ Xz 1/;1
nyl Y]
il
1
Yi Zi,l?
ny2 Zl
1,23

y (p+1)(n—p) — { Z;IZP

Nz

v = v

n—p
Zp,lq } )

y (2 (n=p) } 7

Nz
(53)
Yrgf-*-?)l - { Zyoz Zpos o Loy ] ,
Ve = [ gz ],

Y$+q—1 - { y(pra-1)1

Nz

y =11 _ 71

nz p,(q—1)q’

p:(q_l)q’

y(pte=1)(n—p) _ 7n—p

Nz pv(qil)
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From (31), a solution for y,, exists if and
only if

rank [ );"“ ] = rank[ X, } . (55)

Nz

Next, we express (19)-(20) into the following
form

gnZan = Tnz’ (56)
where
(n, = [a}u Qb yﬁjl vﬁj},
(57)
an = |:an1 ZnZQ an3 an4i|7
(58)
. Py -
X
Z (2p+1,n—p)
Zna = | Zh.2p+2,n-p) |,
Z}Lz(nz—l,n—p)
Zyllz(nZ)n_p)
- ?i -
X,
Z:(2p+1,n—p)
Zno = | Zy (2p+2,n-p) |,
Z%z(nz—l,n—p)
an(n2’7n_p)
- ?; :
X,
Zn23 = Zgz(2p+27n_p) ;
Z%z(nz—l,n—p)
an(n27n_p)

ZEN(2p + 1, — p)

Zna = | Zi@p+2n-p) |,
Z?le(nz - ].,TL - p)
Zgjl(nm n-—= p)
T, = |T. 12 T3 ... T (59)

In (58)-(59), T,. and Z; (k,n — 1) (s =
2,3,...,q+ 1), (k=2p+1,2p+2,...,n,) are
defined as follows

p
1 _ yn.—2p+2 J ny—2p+1
T = X! [ g,

j=1

J n—2p J 3
+a2p+1Xj +...+ aanXj

+azlz_1X]2> , (60)

D
_ e —2p+1 _] Nz —2D
(MDY (a%yj(sl) +
j=1

| pna-2p-1 vl
+Oé;p+1}/]'7(1571§) + ...+ Odlz—l}/‘vj(sfl)

j ny—2 j 1
+6{2p+1)(871)xj P+ 622(51)Xj>,

(61)

p
2L k) = - o

j=1

j k—2p—1 j 1
+a2p+1Xj +...+ak_1Xj ,

(62)
Tk—2 & i xk—2p—1
Z:;z (k,n—p) = Y;J(s_]f) - z; (aépy}(s—ll))
]:
| ok—2p—2 5
+a§p+1Yj(s_§’) +.. 4 a{cle;(s_l)
i k—2p—1
Hopinye-nyX; et
j 1
6€k1)(sl)Xj> : (63)

Since Z,, and T, are two known constant
matrices, it follows form (56) that, a solution for
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(n. always exists if and only if

rank [ inz ] =rank [ Zn., } . (64)

Nz

Algorithm 1

Step 1: Check if condition (55) is satisfied or not.
If so, obtain x,, =Y, X,I .

Step 2: Substitute is and ai into (58)-(59) and
obtain Z,, and T,,. Check if condition (64) is
satisfied or not. If so, obtain ¢,, = T,,, Z, .

Step 4: From (7)-(11), obtain the state transfor-

mation (12) and (21)-(22).
3. THE DESIGN OF FAULT ESTIMATOR

Consider the following observer-based fault de-
tection filter

AZ(t) + Bu(t

A(t) Z Blu(t —7y)

+
[]=
G3
» Do
N
=
I
DO
&
4
—
=

w
Il
—

+
M@
S
@
=
|
o
_'_
if~]=
’1
53

w
Il
—

+
[]<
—
» W
<
—
~
|
w
N
~

w»
I
—

+
NE
M=

-
5

\]

I

S

w
I
—
V)
LS
~
Il
-

+

M=

NE
&

+
h
—
Ned
—~
~
S~—
[
N
— w
<+ ~
= <
o~
\Y
o
N
—
(@)
Ut
S~—

w
Il
—

s
X

[
2>
—
~
S~—
—
[=2)
(=)
SN—

y(t) =
flt)y =

where Z(t)

<
—
<
—~
~~
~
|
<>
—
~~
~—
Nt
—
(@)}
-~
—

€ R", §(t) € RP, f(t) € R" are the
state, output and fault estimation vectors, re-
spectively; L and V are observer gain matrices
to be determined. Define

We have the following estimation error system

&(t) = (A — LO)e(t) + Bad(t)

https://doi.org/10.52111/qnjs.2021.15507

q q
+Y Bdt—7)+ Y Bidt-2r)
s=1 s=1

q
+Bef(t)+ ) B f(t—1.)

s=1
+Zzs’f f(t—2r)
—LDdd< ) = LD f(t), (68)
r(t) = VCe(t) + V Dgyd(t)
+(VDy = 1)f(t). (69)

Let us now denote

i=A-1LC, C=VC,
Ba=|Bs Bl ... By B, .. B |
By =[5 B, B B .. Bj%q},
Ir=|10 .. 0],
Di=|Ds 0 ... 0],
Dy=|D; 0 ... 0],
Dy =VD4 Dy =VD; — 1,
dW)=[ dit) dt-m) ... dit—r)
T
d(t — 2m) d(t — 27,) }
Foy = £ fe-n) ... flt—7)
T
fle—2m) .. f(t-2m) |

Then we can rewrite system (68)-(69) as

é(t) Ae(t) + Byd(t) + By f(t), (70)
r(t) = Ce(t)+ Dad(t) + Dy f(t). (71)

In the following development, we will design
an H,, fault estimatior, i.e. to find matrices L
and V such that the error system (70)-(71) with
d(t) = 0 and f(t) = 0 is asymptotically stable
and, for given v > 0, A > 0 the following perfor-
mance is satisfied

G, Al™ <, (72)
1Gralle < A, (73)
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where G, 7(s) = C(sI — A)7'By + Pf
s

and G, 3(s) = C(sI — A7'By + Dg
Since [|d(t)|l, = V2¢+1||d(t)||L, and
1F O, = V2q+1[f(t)||z,- Note that,
1G AL = Gyl &" and

1Grdlleo = g Grall:

The following lemmas are essential for the
proof of our results.
Lemma 3.1. Consider a transfer function ma-
triz G(s) = C(sI — A)™*B + D. Letting a sym-
metric I1 be given, the following statements are
equivalent:

(a) The finite frequency inequality

G(iw)
1

G(iw)
1

11 <0, V|w| < @. (74)

(b) There exists Hermitian matrices @ > 0,
P of appropriate dimmension such that
T

A B -Q P A B
I 0 P w?Q I 0
cpl" [c b
1y g 0I<0.(75)

Lemma 3.2. Consider a transfer function ma-
trir G(s) = C(sI — A)™'B + D. Letting a sym-
metric 11 be given, the following statements are
equivalent:

(a) The infinite frequency inequality

Gliw) |
AR

(b) There exists a Hermitian matriz P > 0
of appropriate dimmension such that

G(iw)

;| <0 VweR. (76)

T
A B o P|l[4 B
I 0 PollI o
cpl [cop
2o I o 1| <0 @

Lemma 3.3. Given a symmetric matriz ® and
two matrices I' and A, there exists a decision
matriz X, that satisfies

d+TXA+(TXMN <0 (78)

if and only if the following conditions are satis-

fied
T
rtort’ <o, tTer™ <o, (719)

Theorem 3.1. For given matric R =
[O 1 O}, scarlars v > 0, A > 0, w > 0,
the error system (70)-(71) is aymptotically sta-
ble and performances (72)-(73) hold if there ex-
ist Hermitian matrices QQ > 0, P, real matrices
W >0, X and V' with appropriate dimmensions
such that the following LMIs hold

Q@] <0 (80)
[Qz Q4}<0 (81)
where
Q P-W
o= "

Q=w’Q+ATW + WA

—CTx"T - xcr
[ 0 0
WBy— XDy  CTVT
Q2 - 2[ ETVT TT }
- VoA

| * -1

[ ATW + WA -CTXT — XC
Qs = * ;

%

' WB,- XD, CTvT
Q4= DivT N

i * -1

Proof. We first prove that performance (72) is
satisfied if LMI (80) holds. Applying Lemma 3.1
I 0

d letting 1T =
and letting 0 2T

, then inequality

(72) becomces

G, 7(iw)* G, j(iw) = 7*I <0, V|w| < .

https://doi.org/10.52111/qnjs.2021.15507
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That means performance (72) is satisfied if and
only if there exists n, X n, Hermitian matrices
Q@ > 0, P such that

~ ~ T ~ ~
A By -Q P A By
I 0 P w?Q I 0
C Dy C Dy
0. (82
0 I 0o 1 |° (82)
, AT T 0
By denoting Y = AT 0 I] and
—-Q P 0
d = P @*Q+CTC "Dy ,
0 DiC  DiDj—~I
(82) can be written as
vovyT <o. (83)

On the other hand, by denoting M =

0 0 I
be seen that Y = M' and N is the null space
of R. Hence, from Lemma 3.3 we see that (83)
and inequality

T
- - T I 00
-1 A Bf} andN:[ ] , it can

NTON <0 (84)

hold, if and only if there exists an n, X n, real
matrix W > 0 such that

d+MWR+ (MWR)T <. (85)

We can express (85) in the following form

[ P P } <0 (86)

where

e P-W
P = « WQ+ATW+WA+CTC |,

* *

[ 0
P, = | WB;+C"Dy

i E?Df—WQI

By letting X = WL and using Schur®, it
follows that (86) is equivalent to (80).

https://doi.org/10.52111/qnjs.2021.15507

Next, we will derive sufficient conditions
ensuring the asymptotic stability of the error
system (70) - (71) and the performance (73).
By applying Lemma 3.2 and letting II =

I
0 _;)2] , inequality (73) becomces
G, i(iw)* G, g(iw) — N*T < 0, Yw € R.

That means performance ||G,j||lc < A is sat-
isfied if and only if there exists a n, x n, real
symmetric matrix W > 0 such that

~ ~ T ~ ~
A By 0o W A By
I 0 W 0 I 0
¢, 1" [é b
d d
+ 0 7 0 I <0, (87)

which is equivalent to
ATW +WA WBy CT
% -\ DI | <0. (88)
* * -1

Let X = WL, it follows that (88) is equivalent

o (81). If (81) holds, then ATW + WA < 0,
which implies that system (70)-(71) asymptoti-
cally stable. Note that, we can solve the follow-
ing optimization problem in order to get optimal
fault estimation:

min-~y, s.t.(80), (81). (89)

Remark 1. The results of this paper can be
extended to the case where the time delays T
(s =1,2,...,q) are time varying, that is, 7s(t),
7o < 15(t) < 7 for all t > 0, where 17 > 0,
77 > 0. Indeed, we can approzimate terms
xs(t—75(t)) by xs(t—T77F), where 7 = # By
this way, systems with time-varying delays can
be reduced to systems with time-invariant delays
of the form (4)-(6), where 75(t) are replaced by
T foralls=1,2,...,q.

Remark 2. Let us consider the case where the
output vector of system (4)-(6) is delayed, that
is, y(t) = Ca(t) + Cgx(t — 1) + Dyd(t) + Dy f(t).
For this case, we introduce an integral output

vector z(t) = gt"y(ﬁ)dﬁ such that 2(t) = y(t) =
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Ca(t) + Cax(t — 7) 4+ Dyd(t) + Dy f(t). By de-

noting ((t) = { ;8

, we obtain an augmented

system of the form (})-(6), where state variable
is (t) and the output is not delayed. By this
way, we can extend the results of this paper to
systems with delayed outputs.

4. A NUMERICAL EXAMPLE

Let us consider the motivated fourth-order ex-
ample in Section 1. According to Step 1 of the
Algorithm 1, we obtain matrices X5 and Y5 from

X
5] — 34 =
Ys

rank { Xs ], condition (55) is satisfied and we
get

equations (38)-(54). Since rank

v =[x 8 ]
=[x o 8 8 d |
W= ol a3 af of |

— [ 21 08333 -1 —08333 ],

Xé2 = I 5%2 5??2 ﬁ%&; 5?%3 ]

— [ -3 13333 -3 -33333 ],
X§5 = I 5&1 ﬁfl ﬂzb 522 |

- -8 -3 4 3},
X§6 | Bél Bgl 5%2 55%2 |

= _—1.636 5.2082  0.5657 —0.8032},

¢ o= [of o= 10561 —2685 |,

[ 1 9 1 o]
Vsi Vs1 Vs2 V52}—0174~

Next, in Step 2, by substituting A},

Bi1, Bias By Bsro Ba1, Bra B3y, af and of
into (58)-(59) and obtain matrices Z5 and

Z

Ts. Since rank =2 = rank[ Zs },
T

condition (64) is satisfied. Hence, we ob-

tain (5 = {a% ag 72 7?; yg} =

—1.2007 —0.6244 -1.2007 —0.6244 0.0823 |.

Then according to Step 3, we obtain

21(t) = x1(t),
2(t) = xa(t),
() = —0.166Tas(t) + 221 (t — 1)
+ 0.3333z2(t — 1) — x3(t — 71)
— 2x4(t — 1) —x1(t — 12) — 0.666725(t — 79),
alt) = 2.0561z1(t) + 3.68352s(t) + 6a1(t — )
+ @t —m) — 3w3(t — 1) — 3xa(t — 1)
— z1(t — 1) — 0.6667z2(t — 72),
() = 2.8281a1(f) + 2.2518(1)
+ 8.213z1(t — ) + 1.3688z2(t — 1)
4106523t — 1) — 3.1626z4(t — 71)
— 4.1065z1 (t — m2) — 2.737Txo(t — 72).

And then, a transformed system of the form
(21)-(22) is obtained, where

1000 0],8%:6%:831:

01000
Bi, =B} =B, =051, 19 =T§ =TH =T3; =
0572 and

00 1 0 0
00 0 1 0
A= 100 -1 -08333 0 |,
00 0 0 1
|0 0 —1.2007 —0.6244 0.0823 |
C TN
2 0
B = | —03333 |, Bi=| —83333 |,
9.4230 ~13
| 7.3317 | —14.019 |
0 ] 0.1
0 0.2
By = | —2.3333 | ,By=| —0.0333 |,
-7 0.9423
| —9.5818 | 0.7332
C S
0 0
By = | —0.8333 |, By, =| —02333 |,
-1.3 —0.7
| —1.4019 | | —0.9582 |
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By

1
By,

Iy

I

Iy

11
F12

https://doi.org/10.52111/qnjs.2021.15507

| 0.9109 |

1.1 [
1.2
-02 |, B =] -15
6.6818
| 5.8131 |
0
0
-19 |,
5.7
~7.8023 |
-1 —0.8333 |
—1.0561 —2.6835
1.5467  2.7362
—~1.2007 —0.6244
04748  1.3382 |
-3 —1.3333 ]
-8 -3
17.6667 11.8333 |,
—~1.636  5.2082
15.322  10.7619 |
-3 —3.3333 ]
4 3
—-3.3333  —2.1667
0.5657  —0.8032
-10.4279 —9.5159 |
0 0
0 0
1.3333  —2.6667 |,
4 -8
5.4753 —10.9506 |
0 0
0 0
3.3333  3.3333 |,
10 10
13.6883 13.6883 |
0 0
0 0
—5.6667 —5.6667
—17 —17
-23.2701 —23.2701 |

11 _
FQI -

0 0

0 0
2.3333 2.3333

7 7

| 9.5818 9.5818 |

On the other hand, we have the following

matrices

I;=

Dy =

1000 0],
0.1 0 0
0.2 0 0

—0.0333 —0.8333 —0.2333
09423  —13  —0.7

| 0.7332  —1.4019 —0.9582
1.1 0 0 0
1.2 0 0 0
02 -15 -19 0

6.6818 —03 —57 0

| 58131 0.9109 —7.8023 0

[01 000 0]

02 000 0]

(03 000 0

04 000 0

O O O O O

O O O O O O O O O O

Set A = 0.5. Solving the optimization prob-

lem (89), we obtain Yy, = 0.7 and

5. CON

[ 15.1993
~5.8977
L= 53.7296
—47.5788
| —35.4247

vV=|o95164 —4

CLUSION

—37.7022

—4.1548 ]
21.5871

118.5215
102.6286 |

7344 | .

A novel method has been proposed for comput-

ing state transformations of time-delay systems

in this paper. The H, fault estimation problem

for time-delay systems has been re-formulated

as the corresponding problem for linear time in-

variant systems. A numerical example has been

given to demonstrate the obtained results. In the
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future, we will extend the results of this paper to
address the problem of H, fault estimation for
interconnected systems with time-varying delays
and unknown inputs.

REFERENCES

1. P.M. Frank, X. Ding. Survey of robust
residual generation and evaluation meth-
ods in observer-based fault detection sys-
tems, Journal of Process Control, 1997, 7,
403-424.

2. J.J. Gertler. Survey of model-based failure
detection and isolation in complex plant,
IEEE Control Systems Magazine, 1998, 3,
3-11.

3. J. Chen, R.J. Patton. Robust Model-
Based Fault Diagnosis for Dynamic Sys-
tems, Kluwer Academic Publishers, Mas-
sachusetts, 1999.

4. M. Fang, Y. Tian, L. Guo. Fault diagnosis
of nonlinear system based on generalized
observer, Applied Mathematics and Com-
putation, 2007, 185, 1131-1137.

5. P.J. Zufiria. A mathematical framework for
new fault detection schemes in nonlinear
stochastic continuous-time dynamical sys-
tems, Applied Mathematics and Computa-
tion, 2012, 218, 11391-11403.

6. J.P. Richard. Time-delay systems: An
overview of some recent advances and open
problems, Automatica, 2003, 39, 1667-
1694.

7. S.X. Ding. Model-based fault diagnosis
techniques, design schemes, algorithms,
and tools, Springer, Berlin Heidelberg,
2008.

8. B. Jiang, M. Staroswiecki, V. Cocquem-
pot. Fault identification for a class of
time-delay systems, Proceeding of Amer-
ican Control Conference, Anchorage, An-
chorage, AK, 8-10 May, 2002, 2239-2244.

10.

11.

12.

13.

14.

15.

16.

17.

C.H. Jiang, D.H. Zhou. Fault detection
and identification for uncertain linear time-
delay systems, Computers Chemical Engi-
neering, 2005, 30, 228-242.

Z.H. Mao, B. Jiang. Fault estimation and
accommodation for networked control sys-
tems with transfer delay, Acta Automatica
Sinica, 2007, 33, 738-743.

M. Zhong, H. Ye, S.X. Ding. An iterative
LMI approach to REDF for linear systems
with time-varying delays, Asian Journal of
Control, 2006, 8, 86-90.

W. Chen, M. Saif. An iterative learning ob-
server for fault detection and accommoda-
tion in nonlinear time-delay systems, Inter-
national Journal of Robust Nonlinear Con-
trol, 2006, 16, 1-19.

L.S. Bai, Z.H. Tian, S.J. Shi. Robust fault
detection for a class of nonlinear time-delay
systems, Journal of The Franklin Institute,
2007, 334, 837-888.

7Z.W. Gao, T. Breikin, H. Wang. Reliable
observer-based control against sensor fail-
ures for systems with time delays in both
state and input, IEEE Transactions on
Systems, Man, and Cybernetics-Part A,
2008, 38, 1018-1029.

N. Meskin, K. Khorasani. Robust fault de-
tection and isolation of time-delay systems
using a geometric approach, Automatica,
2009, 45, 1567-1537.

M.Y. Zhong, Q.L. Han. Fault-tolerant
master-slave synchronization for Lur’e sys-
tems using time-delay feedback control,
IEEE Transactions on Circuits and Sys-
tems I: Regular Papers, 2009, 56, 1391-
1404.

D.C. Huong, H. Trinh, H.M. Tran, T. Fer-
nando. Approach to fault detection of time-
delay systems using functional observers,
Electronics Letters, 2014, 50, 1132-1134.

https://doi.org/10.52111/qnjs.2021.15507

Journal of Science - Quy Nhon University, 2021, 15(5), 55-74 | 73



SCIENCE

QUY NHON UNIVERSITY

18.

19.

20.

21.

22.

23.

24.

25.

26.

G.H. Yang, J.L.. Wang, Y.C. Soh. Reliable
H,, controller design for linear systems,
Automatica, 2001, 37, 717-725.

B. Jiang, F.N. Chowdhury. Fault estima-
tion and accommodation for linear MIMO
discrete-time systems, IEEE Transactions
on Control Systems Technology, 2005, 13,
493-499.

M. Misra, H.H. Yue, S.J. Qin. Multivariate
process monitoring and fault diagnosis by
multi-scale PCA, Computers and Chemical
Engineering, 2002, 26, 1281-1293.

H. Wang, L. Shen. Fault detection and es-
timation for nonlinear systems with lin-
ear output structure, International Journal
of Adaptive Control and Signal Processing,
2004, 19, 267-279.

T. Iwasaki, S. Hara. Generalized KYP
Lemma: unified frequency domain inequal-
ities with design applications, IEEE Trans-
actions on Automatic Control, 2005, 50,
41-59.

H. Wang, G.H. Yang. A finite frequency
domain approach to fault detection for
linear discrete-time systems, International
Journal of Control, 2008, 81, 1162-1171.

X.J. Li, G.H. Yang. Fault detection ob-
server design in low frequency domain for
linear time-delay systems, Acta Automat-
ica Sinica, 2009, 35, 1465-1469.

H. Gao, X. Li. H, filtering for discrete-
time state-delayed systems with finite fre-
quency specifications, IEEE Transactions
on Automatic Control, 2011, 56, 2935-
2041.

J. Shen, J. Lam. Improved results on H
model reduction for continuous-time linear

https://doi.org/10.52111/qnjs.2021.15507
74 | Journal of Science - Quy Nhon University, 2021, 15(5), 55-74

27.

28.

29.

30.

31.

32.

33.

34.

systems over finite frequency ranges, Auto-
matica, 2015, 53, 79-84.

Y. He, Q.G. Wang, C. Lin. An improved
H, filter design for systems with time-
varying interval delay, IEFEE Transaction
on circuits and systems-11: Express brieffs,
2006, 53, 1235-1239.

X. Li, Z. Li, H. Gao. Further results on
H filtering for discrete-time systems with
state delay, International Journal Robust
and Nonlinear Control, 2011, 21, 248-270.

X. Li, H. Gao. A new model transformation
of discrete-time systems with time-varying
delay and its application to stability analy-
sis, IEEE Transaction on Automatic Con-
trol, 2011, 56, 2172-2178.

M. Hou, P. Zitek, R.I. Patton. An observer
design for linear time-delay systems, I[EEE
Transactions on Automatic Control, 2002,

47, 121-125.

Q.C. Dong, M. Zhong, S.X. Ding. Hy, fault
estimation for a class of linear time-delay
systems in finite frequency domain, Jour-

nal of Systems Engineering and Electron-
ics, 2010, 21, 835-841.

D.C. Huong, H. Trinh. Method for com-
puting state transformations of time-delay
systems, IET Control Theory € Applica-
tions, 2015, 9, 2405-2413.

D.T.H. Yen, D.C. Huong. A new method
for designing observers of a nonlinear
time-delay Glucose-Insulin system, Quyn-
hon Journal of Science, 2020, 14(1), 37-
46.

S. Boyd, L.E. Ghaoui, V. Balakrishnan.
Linear Matriz Inequalities in Systems and
Control Theory, STAM Studies in Applied
Mathematics, Philadelphia, 1994.



KHOA HQOC

TRUONG DAI HOC QUY NHON

Khao sat cac ché dd lam viéc clia hé théng chinh luu PWM -
déng co dién mot chiéu kich tii doc lap

Bui Vin Vii*, Vo Phuong, P6 Vin Cén, Lé Thai Hiép

Khoa Ky thudt va Cong nghé, Truong Pai hoc Quy Nhon, Viét Nam

Ngay nhén bai: 26/04/2021; Ngéy nhdn déing: 04/08/2021

TOM TAT

Trudce day, dong co dién mot chiéu duoc cip ngudn tir ludi thong qua thiét bi chinh luu dung thyristor. Tuy
nhién, cac bd bién d6i dung thyristor truyén thdng nay cé nhitng nhuoc diém nhu: Dong dién dau vao chira nhiéu
song hai diéu hoa bac cao; Su nhép nho dinh — dinh cua dién ap d4u ra cao; Chi cho dong dién di theo mot chiéu
dan dén khong thé tra nang lugng du thira ctia DC vé phia xoay chiéu; Bo chinh luu PWM c6 thé khic phuc duoc
nhitng nhuoc diém cua cac bo chinh luu, bo bién doi truyén thdng dung thyristor. Trong bai bao nay, tac gia khao
sat cac ché do lam viéc ciia hé thng chinh luu PWM — Dong co dién mot chiéu kich tir doc 1ap (CLPWM — D) dé
thdy duoc nhitng vu diém cta hé théng nay so voi hé théng chinh luu thyristor — Dong co dién mot chidu truyén
thong (T - D).

Twr khéa: Dong co dién mot chiéu, chinh luu thyristor, chinh luu PWM, song hai bdc cao, dién dp dau ra.

*Tac gia lién hé chinh.
Email: bvwu@ftt.edu.vn
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rectifier - separately excited direct current motor system
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ABSTRACT

Previously, direct current motors (DCMs) were powered from the alternating grid via thyristor rectifiers.

However, these traditional thyristor converters have major disadvantagessuch as (1) input alternating currents

contain a lot of high order harmonics, (2) peak-to-peak ripple in output direct voltage is high, and (3) output current

can only flow in one direction. PWM rectifiers can overcome the disadvantages of conventional thyristor rectifiers

or thyristor converters. This paper considers the working modes of DCM in PWM rectifier-DCM system in order

that we can see the advantages of this rectifier system when it was compared to the traditional thyristor rectifier-

DCM system.

Keywords: Direct current motor, thyristor rectifier, PWM rectifier, high order harmonic, output voltage.

1. INTRODUCTION

Direct current motors (DCMs) have the great
advantage of being able to adjust the speed in
a wider range and smoother than the AC motor.
Therefore, these motors are still widely used in
electrical equipment that needs to be adjusted
speed with high precision and smoothness, such
as motors for textile machines, printers, robots,
electric cars, etc.

Previously, DCMs were powered by
rectifiers using thyristors (T-D).'* However,
the traditional drive systems (T-D) have many
disadvantages such as low voltage quality at the
output of the rectifier, the generation of many
high-order harmonics on the grid and difficulties
in flowing energy from the DCM side to the grid
when the regenerative braking occurs.

The PWM rectification method using
IGBT?*® is expected to be able to replace

*Corresponding author.
Email: bvwu@ftt.edu.vn

https://doi.org/10.52111/qnjs.2021.15508

traditional rectifiers using
controlling DCMs. In this paper, the authors
examine different working modes of the PWM
rectifier-DCM system (CLPWM-DCM) to see
the advantages of this system compared to the
traditional thyristor rectifier-DCM system (T-D).

thyristors  in

The CLPWM-DCM system proposed in
this paper can overcome the disadvantages of
the drive systems T-D. For instance, the system
does not cause many high-order harmonics on
the grid; the peak-to-peak ripple of the system's
output voltage is low; The PWM rectifier allows
power to flow in two directions without any
other supporting converters.

2. SURVEY OF WORKING MODES OF DCM
2.1. CLPWM - D drive system

Currently, there are different pulse width
modulation (PWM) techniques.>!® Most of them
require complex transformations and a large
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number of current and voltage sensors are used.
In this paper, the author uses a PWM rectifier
using the Sin-Triangle pulse width modulation
method'""® to build and analyze the working
modes of the DCM in the CLPWM-DCM drive
system.

Compared with the PWM control
techniques in references 8, 9, 10, the PWM
rectifier control technique that the author
uses does not use any sensors or any voltage
estimator.  Besides, this method does not
require complicated transformations like space
vector modulation® or PLL!" controller, so the
controller is not too complicated. This is suitable
for designing an empirical system. The circuit
diagram of the CLPWM-DCM system is shown

in Figure 1.

In the article, the author does not go into
a detailed analysis of the controller of the PWM
rectifier but goes into the simulation and detailed
analysis of the working modes of DCM in the
CLPWM-DCM system. The control diagram of
the PWM rectifier in the CLPWM-DCM system
is also shown in Figure 2.
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Figure 2. Control circuit diagram of PWM rectifier.'

2.2. Working modes of DCM

To see the advantages of the CLPWM-DCM
system compared to the T-D system, the author
analyzes the different working modes of the
DCM in both systems. The examined DCM
parameters are shown in Table 2. The rectifier
used in the T-D system is a controlled 3-phase
bridge thyristor rectifier. The circuit diagram of
the T-D system is shown in Figure 3.

The simulation diagram of the working
modes of the CLPWM-DCM system is shown in
Figure 4. The parameters of the CLPWM-DCM
system are shown in Table 1, and Table 2.

In the different working modes of DCM in
the CLPWM-DCM system, the author uses the
DCM starting method by changing the armature
voltage,' so the starting current of the DC in all
modes working (Figure 5, Figure 7, Figure 8,
Figure 9, Figure 10, Figure 12 and Figure 15)
i1s less variable, within the allowable limit to
increase the service life and ensure the safety of
the engine during the work process.
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Figure 3. Circuit diagram of T-D drive system.
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Figure 4. Simulation diagram of working modes of DCM in CLPWM-DCM system

Table 1. Parameters of PWM rectifier

No. | Symbol Interpretation of the | Paramet-
symbol er
1 f(Hz) |Frequency of the grid. 50
The average phase
2 | Ve ™) voltage of the grid. 220
V.V The voltage value
3 "(‘\’1) 2 |of two direct current 120
(DC) buses.
4 | L, (mH) |Inductance L. 8.61
5 | C, (uF) |Capacitance C. 2200
6 R, (Q) |Current sensor gain. 1/10
7 | F, (kHz) |Carrier frequency. 11
p R (Q) The r§s1stance of the 11000
° capacitor C .
Table 2. Parameters of DCM
No. | Symbol Interpretation of the | Paramet-
symbol er
P (Hp) |Output Power 5
2 | U, (V) |Input Voltage 240
(de
3 (Rad’s) Angular speed 183
4 | L,(H) |Armature inductance 0.12
5 | R, () |Armature resistance 1.5
6 | L, (H) |Field inductance 156
7 | R, () |Field resistance 281.3
8 | L () Fleld-amature mutual 110
m inductance
9 | U, (V) |Field Voltage 300

https://doi.org/10.52111/qnjs.2021.15508

2.1.1. Motoring mode

When the motoring mode happens, the DCM
speed is greater than 0 (Figure 5), the DCM
Armature current is in the same direction as the
electromotive force (E,) of the rectifier, so the
current is positive (Figure 5). Therefore, the
torque-speed characteristic of DCM is in the first
quadrant (Figure 6).
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Figure 5. Current and speed of the motor in CLPWM-
DCM system when the motoring mode happens
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Figure 6. Characteristic of DCM in CLPWM-DCM
system when the motoring mode happens

2.1.2. Regenerative Braking

At time t = 5(s), the voltage supplied to the
DCM is rapidly reduced from the rated voltage
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Udm = 240V to 100V. If the DCM load is an
inertial one, its speed at this time decreases slowly,
not corresponding to the rate of voltage drop, so
the DCM current now has a negative value.

Figure 7 shows that in a T-D drive system,
the 3-phase bridge rectifier using thyristor only
allows current to flow in one direction, so it
cannot return excess energy from the DC (Direct
current) side to the AC (Alternative current) side.
This is the disadvantage of this drive system.

|
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|
|
|
|
|
T
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|
!
Angular Velocity (Rad/s)

9 10

Figure 7. The DCM armature current and speed in
T-D when the regenerative braking happens

Time (s)

Figure 8. DCM armature current and speed in
CLPWM-DCM system when the regenerative
braking happens

Regarding the CLPWM-DCM system,
the PWM rectifier allows current to flow in the
opposite direction from the DC side to the AC
side if there is excess energy on the DC side. So
now, the excess energy on the DC side flows to
the AC side as shown in Figure 8. This is the
advantage of the CLPWM-DCM system over
the T-D drive system.

The problem here is that the value of
the regenerative braking current flowing from
the DC side to the AC side is much larger than
2.5 times the DCM rated current (Figure 8).
To overcome this problem, the author also
calculates and gives a formula to determine the
voltage drop rate so that the value of current
when the regenerative braking happens is

less than or equal to 2.5 times the DCM rated
current as is shown in Formula (1).

KFY'K, I, + KFM
:( ) h” udm Cf+(KhI

Du
J udm

+ Iudm)Ru (1)

After determining the voltage drop
rate so that the regenerative braking current
does not exceed the allowable value as
Formula (1), the regenerative braking process
is simulated. The simulation results are shown
in Figure 9. Specifically, when the DCM is
working at rated load, at time t = 5s, we reduce
the voltage supplied to the DCM from the rated
voltage value to 100V with a voltage decreasing
rate is calculated by Figure (1). If the load of
the DCM is an inertial one, its speed at this time
decreases slowly without corresponding to the
voltage drop rate, so the DC current is negative.
At this time, the PWM rectifier allows current to
flow in the opposite direction, the excess energy
on the DC side flows back to the AC side as
shown in Figure 9. At this point, the regenerative
braking happens, the operation of the DCM is in
quadrant II (Figure 10). This is an advantage that
the thyristor rectifier in the T-D systems does not
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Figure 9. DCM current and speed in CLPWM-DCM
system when the regenerative braking happens in
case of the braking current is limited.
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Figure 10. Characteristic of DCM in CLPWM-DCM
system when the regenerative braking happens.

As the speed of the DCM gradually
decreases, its armature current gradually
increases. Until this current increases to greater
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than 0, the regenerative braking (in quadrant
II) turns into the motoring mode (in quadrant I)
(Figure 10).

Thanks to the voltage drop at the rate
determined by Formula (1), the DCM current
when the regenerative braking happens does
not exceed the allowable current value as is the
case shown in Figure 8. At this point, the current
is less variable and is not exceed the allowable
value (2.5*I, ) as shown in Figure 9.

2.1.3. Reverse current braking

In order for reverse current braking to
take place, at time t = 5(s), the voltage supplied
to the DCM is rapidly reduced from the rated
voltage Udm =240 V to 15 V. If the DCM load
is an inertial one, its speed at this time decreases
slowly, not corresponding to the rate of voltage
drop, so the DCM current would now have a
negative value.

‘ ‘ Current

I
i — | === Angular velocity |150
| o

Is)

100 =
o

L L
o
3

Anaularvelo

Time (s)
Figure 11. DCM current and speed in the CLPWM-
DCM system when the reverse current braking happens.

200

Angular Velocity (Rad/s)
=]
8

=)

0
Momen (Nm)

Figure 12. Characteristic of DCM in CLPWM-DCM
system when the reverse current braking happens.
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Figure 13. The DCM current and speed in T-D system
when the reverse current braking happens.
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At this time, the PWM rectifier allows
current to flow in the opposite direction, the
excess energy on the DC side would flows to the
AC side as shown in Figure 11. At this point, the
regenerative braking takes place, the operation of
the DCM is in quadrant II (Figure 12). This is an
advantage that thyristor-using rectifiers cannot
do (Figure 13). The simulation results in Figure 11
also show that thanks to the voltage reduction
at the rate calculated by Formula (1), the return
current to the grid of the motor is not too large,
not exceed the allowable value (2.5*1 ).
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Figure 14. Characteristic of DCM in T-D system
when the reverse current braking happens.

If the load is a potential load, under the
influence of the load's gravity, the DC speed
decreases gradually, so the DCM current
gradually increases. Until the current has just
increased to greater than 0, the torque is still
smaller than the potential torque of the load,
so the DCM speed continues to decrease. At
this time, the torque-speed characteristic of the
motor is in quadrant I (Figure 12).

When the speed drops to 0, because
the DCM torque is still smaller than the load
potential torque, the DCM speed starts to
reverse and increase in the negative direction.
The reverse current braking starts happening.
The torque-speed characteristic of the motor is
shown in Figure 12.

To see the advantages of the CLPWM-
DCM system, we compare this system with the
traditional T-D system. For the CLPWM-DCM
system, the PWM rectifier can allow the current
to flow in the opposite direction (Figure 11).
So, at the time of voltage is dropped rapidly so
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that the reverse current braking happens, at first
the regenerative braking takes place, returning
energy to the grid (Figure 11).

The torque-speed characteristic of the
DCM is shown in Figure 12. For the T-D system,
the rectifier using thyristors cannot allow the
current to flow in the opposite direction, so when
reducing the voltage in order for the reverse
current braking to happen, the DCM cannot
return the excess energy to the grid (Figure 13).
This leads to a waste of excess energy when
dropping voltage in order the reverse current
braking to arise. The characteristic of the motor
when the reverse current braking happens is
shown in Figure 14.

2.1.4. Dynamic Braking

Anaular velocity (R

Time (s)
Figure 15. DCM current and speed in CLPWM-
DCM when the dynamic braking arises.

200

Angular Velocity (Rad/s)

- 0
Momen (Nm)

Figure 16. Characteristic of DCM in CLPWM-DCM
system when the dynamic braking happens.

At time t = 5(s), the voltage supplied to the
DCM is rapidly reduced from the rated voltage
to OV with the voltage reduction rate as (1). If
the DCM load is an inertial one, its speed at this
time decreases slowly, not corresponding to the
rate of voltage drop, so the DCM current now is
negative.

At this time, the PWM rectifier allows
current to flow in the opposite direction, the
excess energy on the DC side flows to the AC
side as shown in Figure 15. At this point, the

regenerative braking takes place, the operation
of the DCM is in quadrant II (Figure 16). This
is an advantage that thyristor-using rectifiers
cannot have.

Under the influence of the load gravity,
the DCM speed decreases gradually to 0 (Rad/s).
When the speed is O(rad/s), the armature current
would be 0(A). When the current is zero, the
DCM torque is also zero. At this time, the torque
is less than the load potential torque, so the DCM
reverses rotation and accelerates in the opposite
direction. At this time, the dynamic braking
happens, the operation of DCM is in quadrant
IV and the characteristic of the motor is shown
(Figure 16).

When the DCM speed increases (in the
negative direction), the DCM current would also
increase, so the DCM torque would rise. When
the DCM torque and load torque are equal, the
motor works stably in quadrant IV (dynamic
braking happens) as shown in Figure 16.

To see the advantages of the CLPWM-
DCM system, this system is compared with the
traditional T-D system. For the CLPWM-DCM
system, the PWM rectifier is able to allow the
armature current to flow in the opposite direction
(Figure 15). Therefore, when we reduce the
armature voltage in order for the dynamic
braking to happen, regenerative braking at
first arise, allow energy to flow to the AC side
(Figure 15).

The characteristic of the DC in the
CLPWM-DCM system is shown in Figure 16.
For the T-D system, the current in the thyristor
rectifier cannot flow in the opposite direction.
Therefore, when the voltage is reduced in order
for dynamic braking to take place, the rectifier
does not allow the excess energy to flow to the
AC side (Figure 17). This leads to a waste of
energy on the DC side when reducing DCM
armature voltage to allow the dynamic braking
to happen. The characteristic of the motor when
the dynamic braking happens is shown in
Figure 18. This is the disadvantage of the T-D
system compared with the CLPWM-DCM one.
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Figure 17. DCM current and speed in T-D system
when the dynamic braking happens.
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Figure 18. Characteristic of DCM in the T-D system
when the dynamic braking happens.

2.2. Quality analysis of DC voltage

To see the advantages of the CLPWM-DCM
system compared to the T-D system, the peak-
to-peak ripples of the DC voltage at the output
of the PWM rectifier and the 3-phase bridge
rectifier using thyristors in the T-D system is
simulated, compared and analyzed.

Figure 20 shows the peak-to-peak ripple
of the DC voltage at the output of the PWM
rectifier in a CLPWM-DCM system is about
3(V), approximately 1.25% of the average
value of the DC voltage.

Meanwhile, the peak-to-peak ripple of
the DC voltage at the output of the 3-phase
bridge rectifier using thyristors in the T-D
system in the case of the best output voltage
quality of this system (a = 0°) is about 38(V)
(Figure 19), approximately 15% of the average
DC voltage. Therefore, it can be said that the
output voltage quality of the PWM rectifier
in the CLPWM-D system is better than the
output voltage quality of the thyristor rectifier
in the T-D system. This helps the motor in
the CLPWM system to work more quietly,
reducing the losses in the system.

https://doi.org/10.52111/qnjs.2021.15508
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Figure 19. The quality of DC voltage at the output
of the 3-phase bridge rectifier with the firing angle
o =0°in T-D system.
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Figure 20. DC voltage quality at output of PWM
rectifier in CLPWM system-DCM (zoomed).

To analyze the influence of inductor L
and capacitor C on the quality of DC voltage
supplied to the DCM in the T-D system, the
author simulates the T-D system when adding 2
elements L and C to the system (Figure 21).
The values of these two elements L and C in the
CLPWM-DCM system and the T-D system are
the same (See Table 1). The obtained results show
that the peak-to-peak ripple of output voltage in
the T-D system is significantly reduced, but the
transient time of the system is very large, about
3.5 seconds (Figure 22). This transient time is
approximately 3 times larger than that of the
CLPWM-DCM system (Figure 23). So, the
practical applicability of the T-D system when
connecting inductors L and capacitor C is very
limited, especially cannot be used in systems
that need fast adjustment speeds such as robots,
textile machines or electric cars, etc.
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Figure 23. Transient time of CLPWM-DCM system.
2.3. Analysis of high order harmonics

To see the distortion of the alternating current
in front of the rectifier in the T-D and in the
CLPWM-DCM system, the author uses the
fast Fourier analysis tool in Matlab software to
analyze the spectrum of the AC current. In this
way, alternating current form in front of the
rectifier and the total harmonic distortion (THD)
of this current were obtained.

Figure 24 and Figure 25 show the
alternating current at the input of the rectifier

in the T-D system with a non-sine form. From
these two figures, it can be seen that the larger
the firing angle o is, the greater the distortion
of the input current and the larger the current
harmonics (THD). For example, When o = 0°,
THD = 31.11% (Figure 24); When a = 90°,
THD = 33.09% (Figure 25).

Sy

: _ Mpha=0® :
g. T
E
Emf_rﬁ_q_lh_‘f_rﬁ_j_Tﬁ,_
5
(5] 1 I I L I
518 5155 516 5.165 517 5175 518 5.185
Time (s}
FEE - Fundamental (50Hz) = 2269, THD=3111%
s i . % : 2 ik :
2 100 '
o I
E ]
e g
Bean I
o |
& |
g wo ooouomeoao?oeooooo?eao?oooo-ooo"oooqc
= 0 2 4 ] 8 10 12 14 18 18 0

Hamanic Order
Figure 24. Current and THD of current with firing
angle a = 0° in T-D system.
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Figure 25. Current and THD of current with firing
angle o = 90° in T-D system.
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Figure 26. Current and THD of current in CLPWM-
DCM system.

Figure 27 shows the simulation results
of the current form and the total harmonic
distortion THD of the alternating current in front
of the PWM rectifier, THD = 1.02%. Comparing
the simulation results in Figure 27 with Figure
25 and Figure 26, it can be seen that the PWM
rectifier in the CLPWM-DCM system does not
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distort the AC current at the input of the rectifier
as much as in the case of the rectifier using thyristor
in the T-D system. In other words, this input AC
current has an almost ideal sine form, and the THD
of the current is very small with 1.02%.

To analyze the influence of the inductor
L and capacitor C on the current distortion at
the input of the rectifier in the T-D system, the
author conducts a simulation of the T-D system
when adding two L and L elements into this
system (Figure 21). The values of these two
elements L and C in the T-D system and those
in the CLPWM-DCM system was the same (See
Table 1). The obtained results show that when
adding the inductor L to the T-D system, the total
harmonic distortion of the system is reduced,
from 31.11% (Figure 24) to 23.14% (Figure 27).
However, the THD of current in T-D system
is 23.14%, which is still much larger than that
in the CLPWM-DCM system, THD = 1.02%
(Figure 26).
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Figure 27. Current and THD of current with firing
angle a = 0° in T-D system.

In addition, when we add L and C elements
into the T-D system, the DC voltage value
feeding to the DCM is significantly reduced,
dropping from 514(V) (voltage corresponding
to the firing angle a = 0° to 190(V) (Figure 22).
Actually, the voltage feeding to the DCM has
significantly reduced because of a voltage drop
on the additional reductor L in the system.
Therefore, adding an inductor L with a large
inductance value to the T-D system helps reduce
the amount of high-order harmonics returned
to the system's grid, but not significantly. In

https://doi.org/10.52111/qnjs.2021.15508

addition, the voltage drop on the inductor is too
large, making the system no longer optimal, so it
is not prioritized.

3. CONCLUSION

The simulation, comparison and analysis results
in the paper show that the T-D drive system still
has many disadvantages. In addition, the article
also shows that the CLPWM-DCM drive system
has many advantages and can overcome many
disadvantages of the traditional T-D system. For
instance, it does not distort the alternating current
in front of the rectifier; The total harmonic
distortion of the input current in front of the
rectifier is low; The peak-to-peak ripple of the
rectifier output voltage is low; It is possible to
allow current to flow in two directions, enabling
the exchange of energy between the DC side and
the AC side easily. However, the CLPWM-DCM
drive system also has the disadvantage that the
design and control of the system are relatively
complicated.
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M® boi tron duoc diéu ché bang cach téng hop tir ddu khoang va chét lam dic. Trong nghién clru nay, mo
boi tron duge 1am tir chat lam dac nhu NaOH, dau lac (PO) dugc két hop voi dau nhon thai tai sinh (RLO) trong
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xuyén kim 12 116 °C va 176 mm.
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*Tac gia lién hé chinh.
Email: lethuhuong@qnu.edu.vn
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ABSTRACT

Greases were made by combining a fluid lubricant and a thickener. In this research, the grease was synthesized

from thickener materials such as NaOH, and peanut oil (PO), which dispersed in recycled lubricating oil (RLO)
in the laboratory. The result shows that the suitable ratio of NaOH/PO/RLO was 3,7/13/18; the achieved time and
temperature for synthesizing grease were about 55 minutes and 105 - 110°C, respectively. It was demonstrated that

the optimal grease dropping point and the needle penetration were 116°C and 176 mm, respectively.

Keywords: Greases, recycled lubricating oil, peanut oil.

1. INTRODUCTION

Nowadays, lubricating oil plays an important
role in industrial manufactory and daily life.
Application of lubricants is to lubricate moving
parts, to reduce friction and to reduce equipment's
wear. However, lubricants have some drawbacks
such that they cannot lubricate some positions
such as bearings at extremely high temperature,
or equipment at large load of working condition.
As a result, lubricants are replaced by greases.
Today, greases are used with relatively large
quantities, and they have properties and effects
that lubricating oil does not have.'® There
are many sources of materials and methods
to manufacture greases for various usages. In
addition, using recycled lubricants to replace
mineral oil for making grease is necessary.
Currently, the process of manufacturing grease
from recycled lubricants has not been produced
on anindustrial scale. In fact, this process has only
been studied in laboratory and done manually.

*Corresponding author.

Email: lethuhuong@gnu.edu.vn

https://doi.org/10.52111/qnjs.2021.15509

Utilizing lubricant or waste is denatured and
deteriorated by the oxidation. There are valuable
hydrocarbons remaining in the composition
of discarded waste lubricant, which will have
an impact on the environment after releasing
without any treatment. Many methods have been
applied to recycle them regarding to reusing
this source and environmental issues. After
regenerating, lubricant is provided with additives
to be reused as lubricating oil.”'> However,
recycled lubricants have some drawbacks such
as color, viscosity and some other parameters are
still lower than TCVN 8939-9: 2011, so they can
only be used for agricultural machinery. To solve
these shortcomings, recycled lubricating oil was
studied from the aspect of its combination with
secondary peanut oil to make grease.

2. EXPERIMENT

2.1. Raw materials: Recycled lubricating oil,
peanut oil (Quy Nhon)

88 | Journal of Science - Quy Nhon University, 2021, 15(5), 87-93



SCIENCE

QUY NHON UNIVERSITY

2.2. Chemical: NaOH 96% (China), BaCl,
(China), HCI136% (Vietnam), KOH 85% (China),
phenolphtalein solution 1%, ethyl alcohol 99.5%
(Vietnam), glycerin.

3. RESULTS AND DISCUSSION
3.1. Recycle waste lubricants

The waste lubricants are recycled by acid
treatment method and the basic four-step
procedure as follows:

Step 1: Dehydrate and remove mechanical
impurities

The vehicle waste oil is collected and
filtered by a vacuum filter to remove large-sized
impurities. It is then heated at 110°C for 15
minutes to dehydrate and evaporate the light fuel
in the oil.

Step 2: Treat the waste lubricants with
acetic acid

100 ml of the dehydrated waste oil (in
Step 1) is poured into a 250 ml beaker under at
50 °C. Then 17.5 ml of acetic acid is added at
the concentration > 99.5%. The mixture sample
is stirred for an hour at 50 °C. After that, the
sample is cooled down to room temperature and
centrifuged for 20 minutes at rotating speed of
6,000 rpm to separate the residue from the waste
oil. The results show that after recycling this oil
has a light brown color and its viscosity was 54.5
cSt at 40 °C.

Step 3: Neutralize acid with NaOH solution

80 ml of acid-treated oil is put into a 250 ml
beaker, and stirred under to the heat of 80 °C, then
7 ml of 45% NaOH solution is added into the
prepared mixture. After 30 minutes, the results
reveal that after recycling the oil sample is light
reddish brown (Figure 1), and its viscosity is
78.4 cSt at 40 °C.

Step 4: Clean oil with adsorbent

50 grams of Binh Dinh clay mineral
material is added into 100 ml of base treated
oil. The mixture is homogeneously stirred for

30 minutes at 110 °C. The obtained product
-collected using vacuum filtrationis named
recycled lubricating oil.

(a) (b)
Figure 1. Photo images of (a) Motorcycle waste

lubricant, and (b) Lubricants after regeneration

3.2. Produce lubricants from recycled
lubricating oil

The production of lubricants from regenerated
waste lubricants with a thickener using the
saponification reaction between NaOH and
peanut oil is carried out as follows:

Step 1: The raw materials are prepared
including recycled lubricating oil, NaOH 30%
and peanut oil.

Step 2: The optimal NaOH/PO ratio
is investigated in reaction time and reaction
temperature to create a thickener.

Step 3: The ingredients are added into a
250 ml glass beaker as summarized in Table 1.

Table 1. Ingredients raw materials for the manufacture

of lubricants
Recycled .
. L. . NaOH 30% | Peanut oil
Lubricating oil
(ml) (grams)
(grams)
18 3.7 13

Step 4: The prepared beaker is heated
in glycerin bath using electric stove for the
saponification reaction to occur at 85 + 90 °C for
45 minutes, and keeping stirring during greasing
with stirring speed 60 +~ 70 rpm.

Step S5: To get the stable fat mass
homogenization phase, the mixture solution

https://doi.org/10.52111/qnjs.2021.15509
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should maintain from 85 + 90 °C in Step 4 to
105 = 110 °C for varying duration (10 min), the
consistency and color of the grease are observed
and the electric stove is turned off.

3.3. Investigate the saponification process
experimentally to create a thickener

3.3.1. Optimal ratio between NaOH and peanut
oil (NaOH/PO)

The experiment is performed for 40 minutes at
80 + 85 °C, and kept stirring at 60 +~ 70 rpm with
specific NaOH/PO ratios. The result is shown in
Table 2.

Table 2. Optimal ratio between NaOH and peanut oil
(NaOH/PO)

. Value
Ratio balance Comments
Nifl)ll;/l))o NaOH Result
° (%)
Liquid,
3.0/13 0 light white,
oil film
3.7/13 0.078 Solid, light
yellow
4.0/13 0.115 Solid, light
yellow
4.5/13 0.202 Solid, light
yellow
Slightly
6.0/13 0.37 hard, light yellow
7.5/13 0.557 Hard, lumpy, light
yellow

Greases highly depend on the quality of
the thickener (saponification). Therefore, the
optimal NaOH/PO ratio plays an important role
to improve the fat quality. As can be seen in
Table 3.2, the optimal NaOH/PO ratio is 3.7 ml
NaOH and 13 grams PO for the saponification
reaction.

3.3.2. Effect of reaction time on soap consistency

The reaction time is investigated to optimal
the soap consistency. Experimental results are
shown in Table 3.

https://doi.org/10.52111/qn;js.2021.15509

Table 3. Reaction time affecting the consistency of

the soap
Time Counter Remarks on
Sample .
Response consistency
(minutes) of soap
35 Liquid, white
2 40 Slightly thick, white
Solid, smooth,
3 45 smooth, light
yellow color
4 50 Solid, porous, light
yellow
Slightly hard,
5 55 porous, light
yellow
6 60 Hard, lumpy, straw
yellow

From the above results, it is obvious that
the reaction time to create the optimal thickening
soap sample is 45 minutes. This value is very
important to make a preliminary assessment and
predicts the thickener quality. Based on this,
we can make adjustments to create the optimal
grease product.

3.3.3. Effect of reaction temperature on soap
consistency

Since the consistency of the soap sample depends
on the temperature of the saponification reaction,
the optimum temperature of the soap reaction
is further investigated. The survey results are
presented in Table 4:

Table 4. Effect of temperature on the quality of a soap

sample
T t
Sample empoera are Density of soap
O
Slightly liquid
1 75+80 Y A
and smooth
2 80+85 Solid, smooth
Slightly hard
3 8590 Y AT
gritty
4 90+95 Hard, lump

According to the sensory evaluation, the
optimal reaction temperature for saponification
is 85 °C + 90 °C. At this temperature, the soap
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sample has a moderate consistency, smoothness,
and suitability for thickening in the process
of grease formation. At higher temperatures,
the consistency increases, but the soap sample
appears to be thick, hard, and it solidifies into a
block and has a burning odor.

3.4. Experimental investigation of grease
synthesis process

3.4.1. Optimal ratio between the amount of
recycled lubricating oil (RLO) and the thickener
(NaOH/PO)

Experimental results are presented in Table 5 as
follows.

Table 5. Optimal ratio between the amount of RLO
and the thickener (NaOH/PO)

Samole RLO Results and comments
P (grams) about fat
Thick, hard, slightly gritty,
1 16 compact, bad stickiness,
dark yellow
Solid, viscous, lustrous on
2 18 the surface, dark yellow
begins to turn red
Slightly  loose,  straw-
3 20 yellow, smooth, glossy
grease surface
4 22 Liquid, yellow
5 24 Liquid, yellow

As can be seen from Table 5, Sample 2 has
the optimal consistency, color, and the glossiness
in comparison to the other samples. Therefore,
Sample 2 is chosen as the optimum ratio of raw
material to produce grease.

3.4.2. Effects of reaction time on the quality of
lubricants

The quality of the grease such as consistency,
needle penetration, drip temperature, etc. is
quite dependent on the reaction time. Therefore,
the reaction time is varied from 40 minutes,
45 minutes, 50 minutes, 55 minutes, 60 minutes
respectively with the reaction temperature of
85 + 90 °C in the saponification phase, and
105 = 110 °C at the homogenizing stage to
create fat. The optimal rate of raw materials

(NaOH/PO/Ethnic minorities) is 3.7/13/18 while
stirring speed is adjusted at 60 + 70 rpm. Then,
the experiments are proceeded to determine the
dropping point and needle penetration of the
above samples.

The experimental results in Figure 2 show
that the reaction time to create a grease with a
suitable consistency is 55 minutes (saponification
time is 45 minutes and grease homogenization
time is 10 minutes), and the reaction time is 10
minutes. This application of the resulting grease
has a good consistency and color. Especially, it
appears to be lustrous on the grease surface.

Thus, a grease sample with a reaction time
of 55 minutes has the optimal drip temperature
of 118 °C.

130
125 -
120 +
115 '/0-\,.
110 -
105 -
100

Dropping point, °C

30 35 40 45 50 55 60 65 70
Time, min

Figure 2. Effect of reaction time on dropping point
of grease

3.4.3. Effect of the reaction time on the needle
penetration of grease

The experimental results of investigating the
effect of reaction time on the needle penetration
of grease are shown in Figure 3.

5 270 l

= 250 4

.

s 230 |- :

s 210 1 -

| N

2 180 I \v/

&

T 170 +

o)

™ 150 | ; ; ;
30 35 40 45 50 55 60 65 70

Time, min

Figure 3. Effect of reaction time on needle penetration
of grease
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So the grease with a needle penetration of
176 mm is chosen as the grease sample to ensure
the smallest needle penetration, which means
that the fat consistency is the optimal parameter.

3.4.4. Effect of reaction temperature on the
quality of the grease

To investigate the effect of reaction temperature
on the quality of the grease, we fix all the
investigated factors at the saponification stage,
and stir in the grease homogenization stage
with a duration of 10 minutes in different
temperature ranges. Experimental results are
shown in Table 6.

Table 6. Effect of reaction temperature on the quality
of the grease

Temperature | Comment on the results
stage
Sample copper Grease Dropping
most fat . point
consistenc
(°C) y (9
Liquid, straw
1 100+105 yellow, 112.5
smooth
Solid, yellow
2 105+110 bold, smooth, 117.5
glossy
Solid, gritty,
3 110+115 from red to 113.5
shiny yellow
4 115+120 | gt -
liquid
Colloidal
solution, lost
] ability to
> 1204125 lubricate the i
surface, dark
red

The optimal fat homogenization stage is
formed in the range temperature of 105 +110 °C.
At this uniform temperature, the resulting grease
has a smooth, color and luster that ensures the
basic properties of the grease. Herein, the fat has
a dropping point of 117.5 °C.

https://doi.org/10.52111/qn;js.2021.15509

3.5. Comparison of experimental results at
Chemical Engineering Laboratory, Quy Nhon
University and measured results at Quality
Standard Technical Center 2 (Da Nang)

Table 7. Comparison of sample measurement results

Results Measurement
measured | results at the
Serial at the lab of | Center for
Expense technolo.gy, Stand:ilrds
catalytic Technical,
materials Metrology
and petro and
chemicals Quality 2
Dropping | ASTM D
. 117.5+118 116
point (°C) 566
eﬁZfrilt?on ASTM 178 176
p D217
(mm)

Based on the experimental data shown in
Table 7, we can see the reliability of measured
data, analyzing fat samples at the Chemical
Engineering laboratory. With the obtained data:
the dropping point is 116 °C and the needle
penetration is 176 mm, some machine parts can
be used to lubricate some machine parts with a
working temperature of less than 116 °C.

Some pictures of synthetic grease samples

are showed in Figure 4

92 | Journal of Science - Quy Nhon University, 2021, 15(5), 87-93



SCIENCE

QUY NHON UNIVERSITY

Figure 4. Photo images of fat samples during
synthesis process

a) Solid, dark yellow, smooth, glossy

b) Liquid, yellow

¢) Thick, hard, slightly gritty, poor adhesion, dark yellow
d) Thick, hard, slightly gritty, poor adhesion, dark yellow
e) Solid, gritty, yellow falls red

4. CONCLUSIONS

On the basis of the obtained experimental results,
we can reach the following conclusions:

- The most optimal ratio between NaOH/
PO/RLO to synthesize good quality grease is
3.7/13/18 (ml/g/g).

- The optimal reaction temperature
for grease synthesis is 85 + 90 °C in the
saponification stage and 105 + 110 ° C in the
grease homogenization stage.

- The optimal reaction time for grease
synthesis is 55 minutes (45 minutes for the
saponification phase and 10 minutes for the
grease homogenization phase).

- The optimal dropping point of the
grease in the experimental process with the
raw material ratio, reaction time, and optimal
reaction temperature is 116 °C.

- The needle penetration of the grease
determined in the optimal experimental process
is 176 mm.
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