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V.V. Kozyrskyi, T. Nurek, J. Sloma, V.Ya. Bunko, M.V. Goncharuk

The use of shape memory alloys in fuses for the protection of electrical installations

Problem. The degree of damage to electrical installations during short circuits depends on the response time of the protection. An
effective way to enhance the current-limiting effect in electrical fuses (reducing their response time) may be the use of shape memory
alloy (SMA) elements. However, this requires careful study and research. The goal of the work is to establish the patterns of
strengthening the current-limiting effect of a fuse (reducing the response time) when using thermosensitive elements made of shape
memory alloys. The achievement of this goal is based on the analysis of experimental studies conducted by the authors and
mathematical models of the characteristics of a fuse containing an SMA element. Methodology. The article presents mathematical
modelling of the parameters and characteristics of fuses with thermomechanical destruction of the fuse element, as well as a
thermophysical model of a fuse with a thermosensitive SMA element. The article presents the results of experimental studies of a
traditional fuse and a fuse equipped with a thermosensitive SMA element. For each current, the response time of the modified fuse
was shorter than that of the traditional fuse. The use of a thermosensitive element reduced the response time by more than 20 times
for a current of 10 A and approximately 10 times (from 0.257 s to 0.0244 s) for a current of 20 A. For the highest tested current (90
A), the fuse response time was half that of a traditional fuse. The article also presents the results of calculations of fuse
characteristics using a mathematical model and a comparison with the results of experimental studies. Scientific novelty. The
developed mathematical models of the characteristics of electrical fuses containing SMA elements made it possible for the first time
to substantiate the interrelationships between the parameters (geometric dimensions and characteristics of SMA elements, fuse links)
with current loads of electrical installations. The practical value of the work lies in the proposed use of thermosensitive elements
made of functional materials to increase the current-limiting effect of electrical fuses for protecting electrical installations during
short circuits. References 19, tables 2, figures 7.

Key words: functional materials, fuse, shape memory alloy, thermosensitive element.

IIpodnema. Cmyninb NOWKOONCEHHS €IeKMPOYCMAHOBOK NPU KOPOMKUX 3AMUKAHHAX 3ANEHCUMb 8I0 HYACY CHPAYIOBAHHS 3AXUCTY.
Epexmusnum cnocobom noxkpaujeHHs: CmpyMOOOMENCYIou020 eekmy 6 eleKmPUYHUX 3an0OINCHUKAX (3MEHUWeHHs Yacy ix
CHPAYIOBAHHS) MOJIce OYmu 3aCMOCY8AHHsL eleMenmis i3 Cniaeie 3 egpekmom nam’smi gopmu. Ilpome, ye nompedye pemenbHo2o
suguenHs ma oocnioxcenns. Memoio pobomu € 8Cmano8IeHHs 3aKOHOMIPHOCMEN NOKPAWEHHS CIMPYMOOOMENCYBANLHOO eheKmy
3anobidCHUKA (3MEHWERHS Yacy CRpaybo8Y8anHs) Npu 3aCMOCYE8AHHI MEPMOUYIMIUBUX eNeMeHmis i3 Chaasy 3 nam 'ammio @opmu
(SMA — shape memory alloy). Jlocacnenns memu 6azyemuvca na aHanizi npogedeHux aemopamiu eKCnepuMeHmanbHux 00CHioNceHs i
Nn006YO008AHUX MAMEMAMUYHUX MOOENAX XapaKxmepucmux 3anobisxcnuxa, wo micmums enemenm SMA. Memoouka. Y cmammi
npeoCcmasneHo MamemamuyHe MOOeN08AHHA NApamMempie i Xapakmepucmux 3an0bidCHUKIE 3 MEPMOMEXAHIYHUM PYUHYBAHHAM
3anoBINCHO20 eneMenma, a Maxkodc MenioQisuyHy Mooenb 3anobixcHuxa 3 mepmodymaueum enremenmom SMA. 'V cmammi
npeocmasiieni pe3yabmamu  eKCnepuMeHmanrvHux O00CHiONCeHb MPAOUYILHO20 3aNODINCHUKA MA 3aN00INCHUKA, OCHAWEHO20
mepmouymausum eremenmom SMA. /st KOJICHO20 cmpymy 4ac cnpaybo8y8aHHs MOOUPIKOBAHO20 3aN0OINCHUKA 6V8 KOPOMUUM,
HIDIC Y MPaouyitino2o 3ano0idcHUKA. BUKOPUCTAHHS MePMOYYMAUBO20 eleMeHma CKOPOMULO Yac Cnpaybosysants Oinous Hixc y 20
pasie ons cmpymy 10 A i npubnusno ¢ 10 paszie (3 0,257 ¢ 0o 0,0244 c) ons cmpymy 20 A. [ns natibineuwioeo eunpobysanozo cmpymy
(90 A) uac cnpayvosysantns 3anobixcnuxa 0Oy8 yO8iui MeHwiuM, Hidc y mpaouyitinoeo 3anodidxchuxa. Hasedeno peszynomamu
PO3PAXYHKIE ~XAPAKMEPUCIUK — 3AN0OINCHUKA 3 OONOMO20I0 MAMEMAMUYHOI MOOeni ma NOPIGHAHHA 3  pe3yabmamamu
excnepumenmanvHux oocrioxcenv. Haykoea noeuszna. Po3pobneni mamemamuuui mooeni Xapaxmepucmux 3anoOidiCHUKie, ujo
micmame  enemenmu  SMA, Oo3eonunu enepuie 0OIPYHMYBAMU B3AEMO36 A3KU NAPAMEMPIE  (2eOMEMPUYHUX PO3MIpI6 i
xapakmepucmux enemenmie SMA, niagkux 6cmagox 3an0GINCHUKIG) 3i CMPYMOSUMU HABAHMANCEHHAMU eNeKMPOyCMAHOBOK.
Ilpakmuuna 3unauumicms podoomu noAeae y NPONOHOBAHOMY GUKOPUCMIAHHI MEPMOUYMIUBUX eNeMeHMI8 3 (DYHKYIOHATbHUX
mamepianie 0as NIOBUWEHHSI CMPYMOOOMENCY8ANbHOI Oii  3an0GINCHUKIE ONsl 3aXUCMY eleKmPOyCMAHOB0K NpU KOPOMKUX
samuxannsx. biomn. 19, Tabun. 2, puc. 7.

Kniouogi cnosa: pyHKIioHANBHI MaTepiajii, 3aN0012KHUK, CILIAB 3 NaM’ATTIO GOPMH, TEPMOYYTJIHBHUIi eJ1eMeHT.

Introduction. A number of electrical devices are
particularly sensitive to overload (for example, voltage
transformers [1] in automatic reserve input and sectioning
devices [2]), respectively, fuses with a current-limiting
effect are used for their protection. The current-limiting
effect in modern fuses is created by dissolving more
refractory metals in less refractory ones, using an alloy of
fusible inserts, pointwise reduction of the cross-sectional
area of fusible inserts, accelerated extinguishing of the
electric arc with a quartz filler, etc.

An effective way to improve the current-limiting effect ~ Fig. 1. Interpretation of the properties of a product made of an
can be the use of elements made of shape memory alloys alloy with a shape memory ?ffect: a — the initial shape of the
(SMA) [3]. The basic physical essence of the shape product; b — forced deformation of the product (deformation of

ffect be int ted th ¢ the martensite structure); ¢ — heating of the product and the
memory effect can be interpreted as the property of a beginning of the recovery of the shape (thermoelastic reverse

technical falement mad§ F)f an alloy contalmpg deformation of the martensite structure); d — completion of the
thermoelastic martensite in its structure to restore its recovery of the shape to the initial state

original shape when heated (Fig. 1).
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The SMA alloy element can perform the functions
of both a sensor and an actuator [3, 4].

The two most common SMAs in terms of
application and research are Ni-Ti, also known as Nitinol,
and copper-based alloys such as Cu-Al-Mn [4-6]. One
variant of copper-based SMA is Camital [7].

The shape recovery of SMA products can be
achieved by indirect heating with a heat source and
directly by the action of an electric current. A SMA
product can convert thermal energy into mechanical work,
the value of which depends mainly on the alloy
composition and the geometry of the product [3, 8, 9].

The shape memory process involves two types of
martensitic transformations: direct and reverse. Each of
them manifests itself in a certain temperature range:
Mg and My — the initial and final temperatures of the
martensitic transformation during cooling; As and 4 — the
initial and final temperatures of the reverse martensitic
transformation during heating, respectively. The
martensitic transformation temperatures are a function of
the alloy grade (alloy system) and its chemical
composition. Minor changes in the chemical composition
of the alloy (intentional or due to defects) cause a change
in the characteristic transformation temperatures. This
leads to the need to maintain the exact chemical
composition for the functional manifestation of the shape
memory effect with programmed parameters and
characteristics, which puts the metallurgical production of
SMA in the field of high technology [3, 4].

Experimental studies of SMA products have shown [3,
10, 11] that from the point of view of economic indicators,
as well as physical properties and characteristics, the
copper-based alloy Cu (83 %)-Al (12 %)-Mn (5 %) is the
most suitable for solving various engineering problems,
for example, in electrical installations and other areas. Of
great importance is its cost, which is almost 20 times
lower compared to Ni-Ti Nitinol.

A unique physical feature of SMA is the time-
dependent characteristic of shape recovery during direct
heating of products with electric current, which allows
creating highly sensitive electrical devices for
protecting electrical installations from overloads and
short circuits [9, 12].

The indicators obtained by the authors during
previous experimental studies of the shape recovery time
of a thermosensitive element heated directly by electric
current, as well as the reactive power and its behavior
during an increase in electric current, confirm the
possibility of designing protection and control devices [3].

There are two classical principles of fuse design: a
fusible type with thermal destruction of the fuse element
and a multiple contact type with a bimetallic
thermosensitive element [13].

Based on the electrothermomechanical properties of
the SMA application, a new principle of fuse design was
implemented in this study (Fig. 2). The operation of this
fuse is based on the forced mechanical destruction of the
fuse element by a thermosensitive tension element at a
given current value [14].

The current flowing through the fuse element and
the thermal element heats them. The thermal element 1
changes (restores) its shape under the influence of

temperature, causing mechanical tension in the fuse
element 2. If the tension reaches the mechanical strength
limit, the fuse element first breaks mechanically and then
thermally due to the electric arc that stretches between the
parts of the torn fuse element, which reduces the fuse
response time.

O A4 O

Fig. 2. Schematic representation of a fuse with forced
destruction of the fuse element: 1 — SMA thermosensitive
element; 2 — fuse element; 3 — housing [14]

Therefore, the goal of the work is to establish the
patterns of strengthening the current-limiting effect of a
fuse (reducing the response time) when using
thermosensitive elements made of shape memory alloys.
The achievement of the goal is based on the analysis of
the experimental studies conducted by the authors and the
mathematical models of the characteristics of the fuse
containing the SMA element.

Mathematical modelling of parameters and
characteristics of fuses with thermomechanical
destruction of the fuse element. Let us assume that the
thermosensitive element is located in a homogeneous
confined medium with low thermal resistance in such a
way that the temperature gradient in the middle of this
element is very small, and there is an ideal thermal
contact between the thermosensitive element and its
medium. The heat transfer coefficient does not depend on
temperature [15, 16]. When current flows, the heat
produced in the thermosensitive element is spent on
heating both this element and its contact medium. In this
case, the heat balance equation has the form [17, 18]:

deo
(clm1+c2m2)g+aS(@—@o): [2R0(1+ﬁ@), (1)

where 6 is the temperature of the thermosensitive
element, °C; ¢, is the specific heat capacity of the alloy of
the thermosensitive element, J/(kg-K); ¢, is the specific
heat capacity of the medium in which the thermosensitive
element is located, J/(kg'K); m; is the mass of the
thermosensitive element, kg; m, is the mass of the
medium, kg; Ry is the electrical resistance of the
thermosensitive element at 0 °C; S is the cooling surface,
m?; [ is the current flowing through the thermosensitive
element, A; S is the coefficient of temperature resistance,
K™'; a is the heat transfer coefficient, W/(m*-K); 6, is the
ambient temperature, °C.

Under these conditions, the solution of the
differential equation (1) for a direct current / and the
initial condition @ |- = 6, is as follows [3]:

2
2 2 I’°R
I°R I’R 41-=—"9 84S
=0y, S 2(1+p6,) [ aS ﬁ}x
0= oS __aS exp — .(2)
I’R, I’R, cymy +cymy
1- B 1-—0p
aS aS

4
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I’R
0p <1,

aS
then according to (2), when ¢ —oo, the temperature of the
thermosensitive element will approach the value 6,

which is expressed as:
2
I°Ry
. 3
S ﬂ] A3)

2
Qes 2(1 RO +60J/[1—
aS a

If in (3) the temperature coefficient of resistance
f =0, then the dependence of the given temperature on
the current will be determined by the expression:

I*R
SO +0,. 4)

Fuse characteristics in steady state if

Op5 =

The rated fuse current Iy is determined from (3)
provided that:
ees‘ = ASa (5 )
where Ay is the temperature at which the thermosensitive
element begins to recover its shape, °C.
Therefore, the rated current of the fuse is:

 [aS(4,—6y)
W T\ Ro(+B4y) ©)

The limit current (/};,,) for this type of fuse will be
determined by the critical temperature level 6. at which
the condition will be fulfilled:

Oud = Oin, (7)
where o, is the ultimate mechanical tensile stress of the
fuse element, Pa; o;, is the mechanical stress in the fuse
element when the thermOsensitive element is heated, Pa:

Lim = M ) (8)
\ (Ro(1+ 36),.)

The ratio of the limiting current to the rated current
will be determined by the critical temperature and the
shape recovery temperature of the SMA thermosensitive
element.

i1y = J (O = 00)(1+ pAy) ©
(Ay =)+ f4y,.)
Fuse characteristics in unstable mode. The

differential equation describing the cooling process of the
thermosensitive element has the form:

(eymy +czm2)i—f+aS(9—Ho)=O, (10)
and its solution for the initial condition &, = 0, is [3]:
_t/[(clml +‘32”’2)}
-0 =(0es 0o Je “ (1)

Since formula (2) shows the dependence of the
temperature of a thermosensitive element on the time of
current flow, it can be transformed to determine the time
required to heat the element to a given temperature and, in
particular, to the critical temperature:

=Gt eam B0 __ Or=0 | (12
" 2 1+ 86y [°R
as| TR0 g4 0 O (1+6)
aS S

The formula for the time-current characteristic of a
fuse with any SMA thermosensitive element is:

e _ 15,0+ 86y, ol 180 1_@ (13
T Iz(gkr_g())_llzim(l+ﬁ0kr) 1+’B‘90 12

where the time constant is:
cm + Cory
T=——= =<
aS

The thermomechanical characteristics of the
thermosensitive SMA element and the mechanical
strength characteristics of the fuse, the protective
characteristics of the fuse with thermomechanical fuse
failure can be obtained by fulfilling condition (7).

Since the fuse uses the principle of mechanical
failure of the fuse element, the equation of the maximum
mechanical strength limit of the fuse element will be as
follows:

d2
Fug =0 4p7 f ,

(14)

where d|, is the diameter of the fuse element, m.
Accordingly, the force generated in the
thermosensitive element (SMA) of the fuse is equal to:

Fo(t.1)=abo,(t.1), (15)

where a, b are the width and thickness of SMA,
respectively, m; o, (¢, ) is the thermomechanical stress
arising in the thermosensitive element during direct
heating (function of time ¢ and current /), Pa.
Then the balance equation of the mechanical
strength limit will be as follows:
2

d
o (t,1)ab—o f =0.

(16)

Modelling of thermomechanical strength in a SMA
thermosensitive element can be performed using the
following equations:

0,.(0) =if[0(t) > 90, M, (1), K. ()] (17)
Mo (6)= (1= "My 4y Lo - ALy ; (18)
Ko = 4,00 L, (19)

where o, is the thermomechanical stress, Pa; ¢ is the time,
s; @ is the temperature, °C; A; — A, Ly, L are the
coefficients  calculated based on  experimental
measurements of thermomechanical characteristics of
SMA samples. Dimensions of coefficients: L — [Pa/K*];

Ly—[Pa]; 4, — [1/K]; 4, — A4 — dimensionless quantities.
The dependence of the temperature of the
thermosensitive element on the current and its flow time
is based on the well-known dependence [3, 9]:
0=L210(1/q )¢, (20)

C

where p is the specific electrical resistance of the SMA,
Q-m; C is the specific volumetric heat capacity of the

conductor material, J/(m>K); [ is the current, kA; ¢ is the
cross-sectional area of the conductor, m?; ¢ is the time, s.

For the Camital alloy, the change in the temperature
of the SMA over time when heated by a short-circuit
current can be represented by the expression [3]:

Electrical Engineering & Electromechanics, 2026, no. 2



2
olt,1 )=5,328-10‘7ﬂ;)+1,28~10‘18—w(2) +
4 q

4
+4,014107% @ +0,
q

., (2D

where J#(f) is the thermal impulse, A*s; ¢ is the cross-
sectional area of the thermally sensitive element, m’.

The thermal impulse generated in the
thermosensitive element during the flow of a short-circuit
current is calculated by the formula [3, 9]:

t
W(t) = j [Ipm sin(ar)+1,,,e /s ]Zdt :
0
where 1, 1., are the periodic and aperiodic components
of the short-circuit current, respectively, kA; T, is the time
constant of the decay of the aperiodic component of the
short-circuit current, s.

To obtain a generalized equation of the protective
characteristics of the fuse, the relationship between the
heating temperature of the thermosensitive element and
the current and its flow time is approximated by the

(22)

following  polynomial (based on  experimental
measurement data):
2
0.1 =532810"" 1> L 412810718 14 Ly
q q (23)

4
+4,014-10‘2916t—6+90.
q

Since the second and third terms in (23) take values
close to zero, we can use a simplified dependence with an
error of <1 %:

0.1)=532810"1> L w0, (24)
q
Then the model of thermomechanical characteristics
takes the following form:
0 (t,1) =if[0(e,1)> 90, M, (1,1), K, (t,D)];  (25)

(53281077 1L+ 4

M, (t,1)=|1-¢ AyLy— A3Ly; (26)

Kiot.1) = 44532810712 v @p)*L. @)
q

After transforming (24) with respect to time ¢ and
taking into account the equation of thermomechanical
characteristics of the thermosensitive element, we obtain
the ampere-second characteristic (mathematical model) of
a fuse with a tension element made of a shape memory
alloy:

2
(1) =1,8710° Zie | 4l 7>
12

where 4 = 4-4, is the dimensionless quantity.
In the case of SMA in the form of a coiled spring,
we obtain:

Dte

_o2d |29
AL In(rs) 0T e 29)

2
(1) =1871 06% ‘j d e ‘/afen

where d,, is the diameter of the SMA wire, m; L,, is the
length of the SMA wire, m; D,, is the diameter of the SMA
spring, m; ¢ is the relative deformation of the spring, a
dimensionless quantity; C/p=1.87-10° [A%s/(m*K)].

Test bench design. A special test bench was created
to conduct tests to verify the developed mathematical
model. Its functional diagram is shown in Fig. 3; Fig. 4
shows the measuring unit, and Fig. 5 shows the general
view.

~220V

Fig. 3. Functional diagram of the test bench: I — measuring
device; II — information display and storage unit;
1 — regulated power supply; 2 — fuse; 3 — strain gauge;
4 — current sensor; 5, 6 — analog-to-digital converters;
7 — microcontroller; 8 — touch screen; 9 — power supply;
10 — information storage device; 11 — ambient temperature
sensor

Fig. 4. Measuring unit of the test bench:

1 — strain gauge mounting; 2 — insulating mountings;
3 — SMA thermosensitive element; 4 — fuse element;
5 — induction coil, current measuring element;

A — power supply circuit when testing a fuse
with a SMA thermosensitive element;

B — power supply circuit when testing a traditional fuse

sl | " %
Fig. 5. General view of the experimental setup for studying
thermosensitive elements with shape memory and fuses [19]
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The stand can be used to test both traditional fuses
and fuses with an SMA element. In the first case, voltage
is applied to circuit B, and current flows only through
element 4. In the second case, voltage is applied to circuit
A, and current flows through both the traditional fuse
element 4 and the thermosensitive element 3. The
thermosensitive element heats up and, changing its shape,
increases the mechanical load on part 4 of the fuse. The
strain gauge system measures the increase in tensile force
until the tensile strength is exceeded and the fuse element
breaks. The current is measured using an inductive sensor
YTT-6M2 with an accuracy class of 0.2 (5) and a control
and measurement system. The accuracy of the breaking
force measurement is 2 %.

The characteristics of a fuse with a rated current of
7 A, which assume thermomechanical destruction of the
safety element, can be analyzed using an example with
the following initial data: geometry of the thermosensitive
element @ = 0.005 m (width), b = 0.00035 m (thickness);
copper safety element — wire with a diameter of
d = 0.0002 m; mechanical tensile strength limit of the
safety element o =2.10° Pa (tensile strength 6.28 N);
current / = 40 A; A, = 5.8-10°; L = 2-10° Pa/K*. The
results of the calculations are shown in Fig. 6, 7.

fs | I I
| |
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Fig. 6. Ampere-second characteristics of fuses:
1 — thermomechanical destruction of the fuse element
(calculated); 2 — experimental protective characteristics
of a traditional fuse; 3 — experimental protective characteristics
of a fuse with a thermosensitive SMA element

b3
1

Tensile force in the fusibla wire, I

005 075 L00 125 L3 175 200 225 13 275 300
Time of curent flow, x- 10 =
Fig. 7. Dynamics of change in the tensile force acting on the
fuse element (copper wire)

Results and discussion. Table 1 shows the
measurement results for a conventional fuse and an SMA
fuse equipped with a thermally sensitive element. For
each current value, the responce time of the modified fuse
was shorter than that of the conventional fuse. The use of
a thermosensitive element reduced the response time by
more than 20 times for a current of 10 A and by about
10 times (from 0.257 s to 0.0244 s) for a current of 20 A.
The reduction in response time decreased with increasing
current. For the highest current tested (90 A), the response
time of the fuse was less than half that of the conventional
fuse.

Table 1
Fuse response time for different current values (SD — standard
deviation)
Traditional |Fuse with SMA. Values ca}lculated for a
fuse with an SMA
Current, fuse element
A element
Safety element destruction time, average value
(*SD), s
3,579 0,2158
10 | 00224 | (0,0041) 0.2266
0,254 0,0244
20 | (+0.0044) | (£0.0005) 0,02338
0,0416 0,0063
0 | 20,0003) | (0,0002) 0,00602
0,0091 0,0026
40 | 00002) | 0,0001) 0.00272
0,0047 0,0022
30 | ©0,0003) | (+0.0001) 0,00196
0,0038 0,0015
¢ (£0,0001) | (£0,0001) 0,00139
0,0032 0,0012
7 (£0,0003) | (£0,0002) 0,00104
0,0028 0,0011
80 | +00001) | (0.0001) 0,00104
0,0024 0,0010
%0 | @0.0001) | 0.00002) 0,00098

Table 2 contains calculated values from the
mathematical model described in the research
methodology, which are close to the measurement results.
The dependencies of the fuse response time for different
current values in three variants are shown in Fig. 6.

Table 2
Dynamics of changes in the tensile force acting on the fusible
wire (SD — standard deviation)

Current flow time. ms Force acting on the fusible wire
’ Average value (+SD), N

0,5 0,21 (£0,006)
0 0,25 (£0,002)

1 0,29 (£0,002)
1,25 0,35 (+0,002)
1,5 0,78 (£0,004)
1,75 1,92 (+£0,003)
2 3,76 (£0,004)
2,25 5,12 (+£0,004)
2,5 5,91 (£0,004)
2,75 6,06 (£0,013)
3 6,12 (+£0,000)

In experimental studies, the same fuse element
(copper wire with a diameter d = 0.0002 m) was used. The
positions of the characteristics obtained from calculations
and experiments in the coordinate grid (Fig. 6) confirm the
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positive effect of the SMA thermosensitive element on the
fuse sensitivity and the increase in the current-limiting
effect. The discrepancy between the calculated (1) and
experimental results (3) in Fig. 6, estimated by the least
squares method, does not exceed 5 % on average.

According to the research  methodology,
measurements of the change in the tensile force at
different currents were carried out. The results are given
in Table 2 and shown in Fig. 7. Under these conditions, at
a current / = 40 A, the tensile force reached the limit value
after ~3 ms. Such a fuse response time is achieved due to
the use of the SMA thermally sensitive element and
significantly increases the current protection class,
ensuring satisfactory safety for most electrical equipment.
The tensile strength of the safety element was =6 N and
was slightly lower than the calculated tensile strength
given above (6.28 N). This difference is due to the heating
of the safety element and the change in its mechanical
characteristics.

Conclusions.

1. Using a thermosensitive shape memory alloy (SMA)
element to ensure thermomechanical destruction of the
fuse element is a highly effective way to improve its
current-limiting effect. It is experimentally proven that the
modified fuse exhibits a significantly shorter response
time compared to the traditional one: the response time
reduction was more than 20 times for a current of 10 A
and about 10 times for a current of 20 A.

2.The developed mathematical model adequately
describes thermal, electrical and thermomechanical
processes in a fuse with an SMA element; the discrepancy
between the calculated and experimental ampere-second
characteristics does not exceed 5 %, which confirms the
possibility of its use for engineering design and
optimization of fuse parameters.

3. To implement the new fuse design principle, it is
advisable to use a functional copper-based alloy, for
example Cu-Al-Mn (Camital). This choice is due not only
to its suitable physical properties and characteristics, but
also to its significantly lower cost compared to Ni-Ti
Nitinol, which increases the practical significance of the
proposed solution.

Conflict of interest. The authors declare no conflict
of interest.
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The use of shape memory alloys in fuses for the protection of
electrical installations.

Problem. The degree of damage to electrical installations
during short circuits depends on the response time of the
protection. An effective way to enhance the current-limiting
effect in electrical fuses (reducing their response time) may be
the use of shape memory alloy (SMA) elements. However, this
requires careful study and research. The goal of the work is to
establish the patterns of strengthening the current-limiting

How to cite this article:

effect of a fuse (reducing the response time) when using
thermosensitive elements made of shape memory alloys. The
achievement of this goal is based on the analysis of
experimental ~ studies conducted by the authors and
mathematical models of the characteristics of a fuse
containing an SMA element. Methodology. The article
presents mathematical modelling of the parameters and
characteristics of fuses with thermomechanical destruction of
the fuse element, as well as a thermophysical model of a fuse
with a thermosensitive SMA element. The article presents the
results of experimental studies of a traditional fuse and a fuse
equipped with a thermosensitive SMA element. For each
current, the response time of the modified fuse was shorter
than that of the traditional fuse. The use of a thermosensitive
element reduced the response time by more than 20 times for a
current of 10 A and approximately 10 times (from 0.257 s to
0.0244 s) for a current of 20 A. For the highest tested current
(90 A), the fuse response time was half that of a traditional
fuse. The article also presents the results of calculations of
fuse characteristics using a mathematical model and a
comparison with the results of experimental studies. Scientific
novelty. The developed mathematical models of the
characteristics of electrical fuses containing SMA elements
made it possible for the first time to substantiate the
interrelationships  between the parameters (geometric
dimensions and characteristics of SMA elements, fuse links)
with current loads of electrical installations. The practical
value of the work lies in the proposed use of thermosensitive
elements made of functional materials to increase the current-
limiting effect of electrical fuses for protecting electrical
installations during short circuits. References 19, tables 2,
figures 7.

Key words: functional materials, fuse, shape memory alloy,
thermosensitive element.
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Mitigation of cogging torque in surface permanent magnet brushless DC motor
using slot opening shift

Introduction. Cogging torque deteriorates the torque quality of surface permanent magnet brushless DC (PMBLDC) motors.
Problem. Reducing cogging torque is indispensable for performance upgradation of PMBLDC motors, hence, it is an important
issue for motor designers. Goal. This paper presents a slot opening shift approach to reduce the cogging torque of radial flux surface
PMBLDC motors. Methodology. A 200 W, 1000 rpm radial flux surface PMBLDC motor is first designed based on different assumed
design variables and is treated as a reference model. The parallel stator teeth are uniformly distributed along the stator periphery,
and the slot opening is considered in the middle position in the reference design. The cogging torque of the reference design is
obtained from simulation and electromagnetic analysis. Results. A series of finite element simulations are performed to examine the
impact of design upgradation on the cogging torque of the surface PMBLDC motor. It is observed that the peak-to-peak cogging
torque is reduced by 44.5 %. Scientific novelty. The design is enhanced by applying slot opening shift to stator slots. The slot
opening is shifted in an anticlockwise direction, and subsequently, the cogging torque waveform is determined for the upgraded
motor from finite element modelling and analysis. Practical value. Research has revealed that this technique is effective in reducing
cogging torque, and it can also be applied to other topologies of permanent magnet motors. References 23, tables 2, figures 12.

Key words: brushless motor, finite element analysis, slot opening shift, cogging torque.

Bemyn. Ilynvcayis kpymnoco momenmy nocipuiye 1020 AKicmb y 6e3uimkogux O8USYHAX NOCMINUHO20 CMPYMY 3 HOCMIUHUMU
maznimamu (PMBLDC). Ilpoénema. 3nusicenns nyavcayii KpymHo2o MOMEHNY € HeoOXiOHOI0 YMO80I0 NiO8UUeH s NPOOYKMUBHOCTI
PMBLDC osucynis, momy ye € 8adcausum 3a80aHHAM O NPOEKMYBANbHUKI6 Osucynis. Mema. Y cmammi npedcmagnenuti nioxio,
3ACHOBAHULL HA 3MiWjeHHI Na3ie O1A 3HUdCeHHs nyavcayii KkpymHozo momenmy PMBLDC oOsuzyHie 3 padianvmumu HOGepXHeGUMU
maenimuumu nomoxamu. Memooonozcia. Cnovamky npoekmyemocsi PMBLDC 0sueyn 3 padianbHumu NOBEPXHESUMU MACSHIMHUMU
nomoxamu nomyacticmio 200 Bm ma wacmomoro obepmanna 1000 06/xé na ocnosi piznux nepe0bauy8anux npoEKMHUX 3MIHHUX, WO
posensadaemucs Ak emanonna mooens. Ilapanensvui 3yoyi cmamopa pisnomipno posnodineni no nepugepii cmamopa, a naz emaioHHOi
KOHCmpyKyii pozmawosanuti nocepedui. Ilynvcayis KpymHo2o MOMEHMY emanoHHOI KOHCMPYKYIl Ompumana 3 MOOemo8aHHs ma
enexmpomaznimnoz2o ananisy. Pesynemamu. IIposedeno psao ckinyenno-eneMenmuux Mooemoeans Ol 6UGHeHH s 6NIU8Y 600CKOHANEHOT
KOHCmpyKyii Ha nynvcayito kpymuozo momernmy PMBLDC dsucyna 3 nosepxnesumu mazhimamu. Bcmanoeneno, wo nikoeéa nyivcayis
Kpymmno2o momenmy 3uudicyemocsi ha 44,5 %. Haykoea noeusna. Koncmpyxyia 60ockonanena 3a paxymoK 3aCMOCY8AHHs YCYHEHHS
6IOKpumms. nasie cmamopa. Biokpumms naza 3miwgyemocsi npomu 200UHHUKOGOI CMpiaKu, [ 32000M opma nyavcayii Momennty
MOOEpPHI3068aH020 OBUSYHA  BUSHAYAEMbCA  3a  OONOMO20I0  CKIHUEHHO-eleMeNmHo20 MoOentoeants ma auanizy. Ilpakmuuna
3Hauumicms. Jlocniodcenns nokasanu, wo yet Memoo € eqpeKmueHUM Ol 3HUICEHHS NYIbCayii KPYmHO20 MOMEHMY, 1 1020 maKoic
MODJICHA 3ACMOCO8Y8aAMU 00 THUUUX MONONO2I 08USYHIE 3 nocmitihumu maehimamu. bion. 23, Tabn. 2, puc. 12.

Kniouosi cnosa: 0e3MIiTKOBHIl JBUIYH, aHAJ3 METOJOM CKIHYECHHHX €JEMEHTIB, 3CyB BiIKPHUTTS Na3y, KPYTHHUH MOMeEHT

3y04aToro odepTaHHs.

Introduction. Brushless DC motors offer better
operational efficiency, a high power-to-volume ratio, a
varied speed range, and rapid dynamic response. Due to
these characteristics, it has gained widespread acceptance in
various residential and industrial applications. Progress in
material technology in permanent magnet (PM) and semi-
conductor switches has accelerated the development of
brushless DC motors. Apparent torque ripple is one of the
biggest problems in permanent magnet brushless DC
(PMBLDC) motors. Torque ripple produces vibration and
unwanted audible noise which may deteriorate the overall
performance of the motor. The development of smooth
torque in brushless DC motors is a prime objective that
needs thorough attention to all aspects of motor design.
Torque ripple is inherent in brushless DC motors due to
cogging torque (CT), distorted back electromotive force
(EMF) waveform, non-ideal exciting current waveform, and
time delay in excitation pattern [1-3]. The torque ripple of
brushless DC motors can be reduced by either decreasing
the CT or improving the quality of back EMF and exciting
current waveforms. Reducing CT is a design issue, while
improving the quality of back EMF and exciting current
waveforms is a control issue. Any variation in control
techniques results in reduced operational efficiency of
brushless DC motor drives. CT is the major cause in
brushless DC motors for producing torque ripple. CT is
inherent because of the existence of PMs and a slotted stator
structure. The combination of the number of rotor poles and
the number of stator slots significantly affects the torque
quality and output of the PMBLDC motor. Inappropriate
combination of number of rotor poles and stator slots results
in a high CT and torque ripple [4]. The CT of PM motors

cannot be eliminated, but can be decreased with design
improvements. The reduction of torque ripple is
indispensable for applications that require smooth running.
Ideally, the torque ripple reduction technique should only
improve torque quality without affecting other performance
parameters of the motor. The average CT value is zero, and
its variation is achieved by unexcited stator windings. CT is
large for a more compact motor, having a smaller air gap
and stronger PM. CT reduction is a significant concern
while designing the PMBLDC motor and is considered an
important criterion for the quality of motor design.
Reduction of CT is a difficult task and it cannot be
eliminated but can be reduced to a certain extent [5].

In literature different techniques are available to
decrease the CT from a design perspective. Skewing,
shaping of PM, displacing magnets, inclusion of dummy
slots, variation of magnet pole arc, dual notching, slot
displacement and use of fractional number of slots are a
few methods used to mitigate CT of PM motors [6-21].
The length of the stator conductor and hence copper
losses increase with the application of skewing of the
stator slot. One of the most popular approaches for
mitigating CT is the skewing of PM. However, the stray
losses and leakage inductance increase, and the useful
magnetic flux linking with the stator winding decreases. It
also produces unbalanced axial electromagnetic force
which produces vibration and acoustic noise besides
damaging the bearing system. Shaping of PM reduces CT
but it adversely affects the back EMF waveform.
Displacing magnets and rotors cause the rotor’s center of
mass to shift away from the rotating axis. The use of
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dummy slots or teeth reduces the amplitude and increases
the frequency of CT. But an important drawback of this
method is manufacturing difficulties which results in
increased cost of motor. In the fractional number of slots,
each magnet has a different placement compared to stator
slots. Therefore, CT components due to individual PM
poles are out of phase relative to each other. Hence, the
resulting CT is decreased due to the mutual cancellation
of the sub-components of CT.

Goal. This paper presents a slot opening shift
approach to reduce the cogging torque of radial flux
surface PMBLDC motors.

Cogging torque. The slot opening shift method’s
influence on surface PMBLDC motor performance is
examined and presented. Extensive simulations utilizing
finite element (FE) modelling and analysis [22] are
conducted to arrive at a result. CT and its associated
equations are explained. A detailed explanation of the
reference PMBLDC motor model is provided. An enhanced
design is introduced that utilizes a slot opening shift
mechanism to reduce the CT of the reference BLDC motor.

CT is immanent in PM motors due to the association
between air-gap permeability changes and rotor
magnetomotive force. CT exists without stator current and is
periodic in nature. The subsequent equation represents the CT
generated in PMBLDC motors in the absence of skewing [23]:

Teog = ZTNpk sm(Npka)a (1
k=1

where £ is the order of harmonics; N, is the number of CT
cycles in one mechanical rotation; it is determined by LCM
of the number of stator slots (N;), and the number of rotor
poles (p); a is the angular difference between the stator’s
and the rotor’s teeth; Ty, is the coefficient resulting from

the fast Fourier transform (FFT) of the CT profile.
Equation (1) is used for each stator tooth of the
motor to calculate the total CT. The total CT is the
cumulative effect of the CTs produced by each stator
tooth. The N, in (1) must be a multiple of the rotor pole
numbers p. The CT produced can be shown as the ratio of
N, to p, denoted by i, for any given teeth represented by j

P
(where 1 <j < N):

0
chj = ZTsci sin pi(a + ¢j)’ (2)
1

i=
where T, is the Fourier coefficient; ¢, is the positioning
of tooth number j of the stator, with respect to tooth
number 1 of the reference stator.

Hence,
¢j = 2”(j_1)/Ns :
By adding together, the CT contributions from each
of the N, stator teeth, the total CT can be calculated as:

N, o

5 . 2z .

Tcog:Z ercisnlpl a+ (]_1) : (3)

j=1 i=1 Ny

From (3), when p/N; is a whole number, then
regardless of teeth number j:

. 2z . L
sin pi| o +—(] ~1)|=sin pic .
NS

This indicates that the CT produced by each stator
tooth and the total CT are in phase with each other.
Therefore, the total CT is equal to the product of N, and
individual CT, and can be represented as:

o0

Teog :stTscismpia . “)
i=1

The CT produced by dissimilar tooth is out of phase
if the ratio p/N; is not a whole number. Consequently,
equation (3) poses a challenge in terms of simplification.
A set of a specific number of adjacent slots can be
arranged to find the solution. The groups are selected such
that the CT generated by different groups is always in
phase. As a result, there is a direct correlation among the
total CT and the CT of each group [23].

Taking into account A neighbouring slots (tooth) as a
single group, A = N,/p. Using the formula n = Np/N,, the
number of groups (n), can be calculated. The CT for a
specific tooth j is represented by (2), which can be
reformulated as:

- o 27 .
Tscj = erci Slnpl|:0! +Fﬂ(1 _1):| : (5)
i=1

N

The CT produced by a specific group of 4 teeth is
determined by adding up the CTs created by individual
tooth within this group. This can be expressed as:

A ©
Tcog = Z ZTsci Sin{])l’[a + ]2\[_”(] - 1)):| . (6)

j=1 i=1 s
Equation (6) can be simplified as:
L, sin(pAz/Ny) pArn  pr
Tpo =) Tyoi———3sin| pia +———-—1. (7
cog ; sci Sil’l(pﬂi/Ns) p N N, (7
Since pli/N; in (7) is an integer number, value of
sin(pAzi/N;) is zero. Therefore, just the CT component will

be present for a specific harmonic index i. Equation (7) can
be shortened to these values of 7 and is expressed as:

o0
Teog = ZTSCilsin pia . ®)
i=1

N

To get total CT, multiply the CT of a single group,
as provided by (8), by the number of groups »:
0

Toog =1 Tyeisin pia . ©)
i=1

Design of reference motor. The first motor
designed for the analysis is a 200 W, 1000 rpm surface
mounted PMBLDC motor, which serves as a reference
motor. Figure 1 displays the reference motor’s cross-
sectional view.

Stator
teeth

PM
Stator
slot

™ Rotor core
Stator

core
Fig. 1. Reference radial flux PMBLDC motor

The motor is designed by selecting suitable values of
various design variables viz., specific magnetic and
electric loadings, slot fill factor, distribution factor and
pitch factor of winding, stacking factor of laminations,
conductor current density etc. The FE model of the
reference PMBLDC motor is created in accordance with
the design calculations, and appropriate materials are
assigned in respective sections. The neodymium iron-
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boron (NdFeB) material is used as PM material for better
performance. PMs are fixed on the periphery of the rotor.
NdFeB holds the maximum energy product of all
commercially available magnets at room temperature.
High flux density in air gap due to the application of
NdFeB leads to remarkable reductions in motor frame
size for the same rating. The laminations of stator and
rotor are allocated M 19 silicon steel material. The specific
iron loss of M19 silicon steel material at 1.4 T and 50 Hz
frequency is 2 W/kg. The design particulars of the
reference BLDC motor are given in Table 1.

Table 1

Design details of reference BLDC motor
Stator’s outer diameter, mm 87
Rotor’s outer diameter, mm 51
Stack length, mm 50
Stator’s inner diameter, mm 52
Width of stator teeth, mm 3.5
Slot opening, mm 1.7
Magnet pole arc, degree 57
Number of slots 24
Number of phases/poles 3/4
Magnet’s thickness, mm 5
Air gap length, mm 0.5
Type of PM NdFeB
Stator and rotor core material M19, 29 Ga

The FE model of reference surface mounted BLDC
motor is devised using commercially available FE software
and an appropriate boundary condition is assigned. The solver
creates meshing and the model is divided into triangular
elements [22]. Several simulation exercises were performed
to acquire the CT waveform of reference motor. With the
stator winding unenergized, the rotor is mechanically rotated
by 1° increments up to 15°. The torque value obtained for
each degree of rotation of the rotor is noted and the curve is
plotted between torque values and rotor positions.

It has been analyzed that the reference PMBLDC
motor has a peak-to-peak CT of 1.1 N-m. The CT profile is
shown in Fig. 2.

0.6 , Top Nm o~

0.4 /\

o f \ ..

0.2 Vi \ Rotor position,
- _...—.V/ \\ mech. degre_e
v \ —

(] 5 |\ 10 15
-0.2 \ e
\ -
0.4 \\//
08 V¥

Fig. 2. CT profile of reference motor

The average torque output of the motor is calculated
using 2D FE analysis. The rotor is created as a motion
component in this analysis, and rotated at the rated speed
of 1000 rpm. The correct operation of the inverter
energizes stator winding. The torque at distinct rotor
positions is calculated and shown against them. Figure 3
depicts the torque waveform of the reference motor. The
average torque derived from FE analysis is 1.91 N-m.

Upgraded design using slot-opening shift
approach. The CT profile is periodic because of the
symmetrical structure of PM motors. The magnitude of
harmonics of CT should be reduced to mitigate vibration.
Conventional skew of slots and slot openings result in
to decentralization of winding function and deterioration of

25 47 Nm
2
15
1

0.5 Rotor position,

mech. degree
>
>

0

0 10 20 30
Fig. 3. Torque waveform of reference 200 W PMBLDC motor

back EMF waveform. The air-gap reluctance variation is
due to slot openings hence shifting of only slot openings
smoothies the air-gap reluctance variation without
adversely affecting back EMF waveform. This can be
considered as an apparent advantage of slot opening
shifting in comparison to slot skewing. Slot openings are in
the middle in the reference design of the 200 W PMBLDC
motor. The upgraded design accomplishes the slot openings
shifted in an anticlockwise direction by 3.75° mechanical.
Stator stampings of reference design and upgraded design
are illustrated respectively in Fig. 4.
<]

Slot

Stator
core

Slot

Teeth opening

2]

Slot

Stator
core

Teeth Slot

opening

Fig. 4. Stator stampings: a — reference design; b — upgraded design

An upgraded model with shifted stator slot openings
in an anticlockwise direction is shown in Fig. 5. All other
design details of the upgraded model are the same as the
reference model.

Figure 6 depicts a comparison of the reference and
modified motors’ CT patterns. It is analyzed that the
reference design has a CT (peak-to-peak) of 1.1 N-m.
When the slot opening of all slots is shifted in an
anticlockwise direction, the CT (peak-to-peak) obtained is
0.61 N-m. The CT (peak-to-peak) decreases from 1.1 N-m
to 0.61 N-m as slot openings shift anticlockwise.
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Fig. 5. Radial flux PMBLDC motor with the shifted slot opening

- 1 ——Reference design 2 ——Slot opening shift
V.o o4 Tcag7 N-m '/=\‘
- 17 2.—
0.2 _,./ l,./ \.__\_ Rotor position,
S Y mech. degree
o TN ———
e \'. \\-_.l/
o 4 ‘\-.-/

]
N

Fig. 6. Comparison of CT profiles

Table 2 depicts variation in CT with slot-opening shift
methods. Slot openings are shifted in the anticlockwise
direction. It is observed that a 44.5 % reduction in CT (peak-
to-peak) is attained with a borderline drop in average torque.

Table 2
Comparison between reference and upgraded design
. . CT (peak-to-| Average
Design details peak), N-m | torque, N-m
Reference design 1.1 1.91
Upgraded design with slot-opening 061 186
shift in the anticlockwise direction ) )

Figure 7 depicts FFT analysis of CT waveforms of
reference design and upgraded design. The fundamental,
2™ order and 3™ order components of CT are significantly
reduced on the application of the slot opening shift approach.

04

035

03

0.25

02

0.15

0.1

0.05

0

4 Tpp, N'm M Reference design

0O Slat opening shift

Harmonic order

1 2 3 4 5 6 7 8
Fig. 7. Comparison of FFT analysis of CT

Figure 8 shows a comparison of the reference
design’s average torque and that of an upgraded design
employing the slot opening shift method. The reference
design produces an average torque of 1.91 N-m. When the
slot opening of all slots is shifted in an anticlockwise
direction, the average torque attained is 1.86 N-m. Thus,
using the slot opening modification approach, the CT of
the surface PM motor is substantially reduced while
average torque is marginally reduced.

Figure 9 shows back EMF profiles for reference and
upgraded designs. The amplitude of the back EMF
waveform is marginally lowered in the modified design
compared to the reference design.

T, N-m 1 —Reference design 2 ——Slot opening shift
25 . ©
2
1.5
1 2
1
05 Rotor position,
o mech. degree
0 10 20 30
Fig. 8. Comparison of torque profiles of reference design and
upgraded design
_ Eper, V 1 —Reference design 2 ——Slot opening shift
i A
B ~ \
I A 10 /15 20 25 30
= X ~ Rotor position,
-10 \3 2 _,-/ mech. degree
w R

W

Fi;g. 9. Comparison of back EMF profile of reference design
and upgraded design

Figure 10 shows the back EMF’s harmonic spectrum
for both the reference and upgraded designs. The total
harmonic distortion (THD) of the reference design is 8.03 %
while the THD of the upgraded design is 6.9 %. Hence, it is
analyzed that the quality of back EMF waveform is
improved with a reduction in THD.

14 A Epoern V M Reference design
12 . i
O Slot opening shift
10
8
6
a4
2 Harmonic order
1] | | Tl - >
1 2 3 4 5 6 7 8

Fig. 10. Comparison of FFT analysis of back EMF

Flux densities are assessed in different motor sections
using electromagnetic field analysis. This helps to
demonstrate the correctness of improved and reference
designs. Figures 11, 12 show the flux density distributions
for the reference design and the upgraded designs.

Conclusions. This research presents a slot opening
shift technique to reduce the CT of a surface PMBLDC
motor.

Shaded Plot
|B| smoothed

Fig. 11. Distribution of flux density in the reference design
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Shaded Plot
|B| smoothed
1

19

162

148

1.34

Fig. 12. Distribution of flux density in upgraded design
having slot-opening shifted anticlockwise

The reference design for a 200 W, 1000 rpm surface-
mounted BLDC motor does not include any shifting of slot
opening. The design is upgraded with the slot opening of all
slots shifted in an anticlockwise direction by 3.75°
mechanical keeping the center line of slots unchanged. The
CT waveform of reference and upgraded designs is obtained
from FE modelling and analysis. It is observed that with the
application of the slot opening shift approach peak-to-peak
CT of the surface PMBLDC motor is reduced by 44.5 %
with a borderline reduction in average torque. The slot
opening shift approach is a practically implementable
approach without any extra manufacturing difficulty and
cost. The slot opening shift is an effective and practical
method for reducing the CT of a surface PMBLDC motor.
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Efficient and reliable scheduling of power generating units in the unit commitment problem
using the Tardigrade optimization algorithm

Introduction. The unit commitment (UC) problem is a critical operational task in power systems, involving the optimal scheduling of
generating units while meeting demand, satisfying technical constraints, and minimizing operating costs. Due to its combinatorial nature,
nonlinear characteristics, and numerous interdependent constraints, UC poses a highly complex optimization challenge. Metaheuristic
algorithms have demonstrated strong potential in addressing such large-scale problems; however, many existing methods struggle to
maintain a proper exploration—exploitation balance, limiting their performance in dynamic UC environments. Problem. Traditional
metaheuristic algorithms ofien suffer from premature convergence, inadequate local refinement, or dependency on control parameters that
require tuning. Such limitations reduce robustness and adaptability when dealing with UC'’s intricate search landscape. Therefore, there is a
need for a parameter-free, self-adaptive optimization algorithm capable of reliably solving UC with high efficiency and convergence
stability. The goal of this study is to develop an efficient and reliable scheduling framework for power generating units in the UC problem by
employing the tardigrade optimization algorithm (TOA) and to demonstrate its effectiveness compared with established optimization
techniques. Methodology. TOA is inspired by the active and cryptobiotic survival behaviors of tardigrades. The exploration phase imitates
active adaptive locomotion to broaden global search, while the exploitation phase abstracts cryptobiotic stability to refine solutions locally.
These mechanisms are formulated through adaptive state-transition operators that adjust search behavior automatically without external
parameters. TOA is applied to a 24-hour UC problem consisting of 10 generating units under realistic load and operational constraints. Its
performance is benchmarked against 6 widely used metaheuristic algorithms. Results. The proposed TOA achieves the lowest total
operating cost, exhibits strong convergence behavior, and demonstrates high consistency across independent runs, outperforming all
comparative methods. The scientific novelty lies in introducing a biologically inspired, parameter-fiee, self-adaptive metaheuristic
algorithm. Its practical value is validated through superior performance in UC scheduling, indicating strong potential for broader power
system optimization tasks. References 21, tables 3, figures 3.

Key words: tardigrade optimization algorithm, unit commitment problem, metaheuristic algorithm, power system
optimization, power generating unit.

Bcemyn. [Ipobnema 30608 ’s3anb 3a nomyoichicmio oouruys (UC) € KpumuuHo 6adciusum ONepayiiiHumM 3a80aHHIM 6 eHePeemUYHUX
cucmemax, Wo 6KIIYAE ONMUMATbHE NIAHYBAHHSA 2EHEPYIOUUX ONIOKIE 3 OOHOUACHUM 3A00601EHHAM NONUNLY, MEXHIUHUX 0OMedceHb ma
Minimizayicro exchayamayitinux eumpam. Hepe3 c6or0 KoMOIHAMOPHY Npupody, HeNHIHI XapaKmepucmuKy ma YUCIeHHi 63aEMO3ANECHCHI
oomedxncenns, UC cmeoproe Oydice cknaony 3adayy onmumizayii. Memaegpucmuuni anzopummu npoOeMOHCIMpY8any 3HAYHUL nomeHyian y
BUPIUEHH] MAKUX MACWMAOHUX NpoOem, 00HAK O6azamo ICHYIOYUX Memooig Maroms mpyoOHOWi 3 NIOMPUMKOIO HAIEHCHO20 OANAHCY MidC
PO36IOKOI0 ma  eKcnayamayielo, wo obmexcye iXwio npooykmusuicme y Ounamiunux cepedosuwjax UC. Ilpoonema. Tpaouyiiini
MEeMAesPUCMUYHI aN2OPUMMU HACMO CIMPAdICOaiontb 8id nepeoyacHoi 30iX4cHOC, HEOOCMAMHBLO2O NOKATLHO20 YIMOUHEHHS AD0 3A1eHCHOCMI
60 napamempie KepyearHsl, sIKi ROMpedylomy HAnawniy8anHs. Taki 0OMedNCeHHs 3HUICYIONb CIMELKICIb MA a0anmueHicmy npu pooomi 3i
cxnaonum aanowagmom noutyky UC. Tomy icuye nompebda 6 besnapamempuiHomy, camoaoanmusHoMy aneopummi onmumizayii, 30amHomy
Haoitino supiutyeamu UC 3 8ucoxoio eqpexmugricmio ma cmabinbhicnio 30ixichocmi. Memoro pobomu € po3pooka egpekmueHoi ma HaditiHoi
cucmemu nIaHy8anHs pobomu enepeobnoKia y 3a0aui onmumizayii enepeocucmemu 3 GUKOPUCIAHHAM AN2OPUMMY ONMUMI3AYi] MUXOX000K
(TOA) ma demoncmpayis it egpexmusHocmi nopignsino 3 icHyrouumu memooamu onmumizayii. Memoouxa. TOA namxuennuti akmugHo ma
KpUnmoOiomuynoio nogeoinKoio muxoxo0oK, CHpIMOBAHOI0 Ha eudcudanhs. Daza 00CniOdNceHHs IMIMye akmuste a0anmusHe nepecysanHs
0715 PO3UIUPEHHSL 2100ATbHO20 NOULYKY, MO0i AK (haza excniyamayii abcmpazye KpunmooiomudHy cmadinbHicme 015 T0KATbHO20 YIMOUHEHHs
piwens. Lli mexauizmu opmynoromscs 3a 00NOMO2010 GOGNMUBHUX ONEPamopie nepexody CMAHie, SIKi asMOoMAMUYHO KOPU2yiomb
nosedinKy nowyky 6e3 3osniwnix napamempis. TOA 3acmocosyemucsi 00 24-2oounnoi 3adaqi UC, wjo cknadacmucsa 3 10 cenepyiouux 610kie
3a peanvhux obmedicensy naganmaycenns ma excniyamayii. Hoeo npodyxmuenicmy nopisuiocmscs 3 6 wupoko 6UKOPUCTIOBYSAHUMU
Mmemaegpucmuunumu aneopummamiu. Pezynemamu. 3anpononosanuii TOA Oocsieae HAUHUINICUUX 3G2ANbHUX eKCNIYAMAYIUHUX eumpam,
0eMOHCMPYE 3HAUHY NOBEOTHKY 30IICHOCII MA OEMOHCMPYE GUCOKY Y3200JICEHICMb ) HE3ANICHCHUX 3aNYCKAX, NEPeGepULyIOUU 6Ci NOPIGHANbHI
memoou. Haykoea mnoeusna nonseac 'y  6npoeaodicenni  OIONO2IHO  HAMXHEHHO20, 6e3napamempuiHozo,  camoadanmueHo0
Memaespucmuunozo anzopummy. Hoeo npakmuuna winnicms niomsepodicena sucoxoio npodykmuswicmio y nianyéanni UC, wo 6Kazye na
SHAYHUL NOMEHYIAN O WUPUUX 3a80aHb onmumizayii enepeocucmemu. biomn. 21, Tadm. 3, puc. 3.

Knrouoei crosa: anroputM onTuMisamii THXOXOAKM, 3aBJAaHHA IIAHYBAHHS PO0OOTH eHepro0JIOKiB, MeTaeBPHCTUYHMIA
aJIrOPUTM, ONITUMI3allisi eHeprocucTeMH, eHeproreHepyo4a ycTaHOBKA.

Introduction. The unit commitment (UC) problem
is a fundamental optimization task in power system
operation, aimed at determining the on/off status of
generating units and the optimal allocation of their output
power over multiple time intervals [1]. The primary
objective is to satisfy system load demand while
minimizing the total generation cost, subject to the
operational constraints of power units. Due to its
economic and operational significance, UC mathematical
models play a central role in planning and decision-
making for power system operators [2].

The UC problem is inherently combinatorial and
nonlinear, as it involves both discrete decision variables
(unit status) and continuous variables (generation levels).

Efficient solution methods are therefore crucial for
achieving optimal system performance while respecting
physical and operational constraints [3]. Metaheuristic
algorithms have shown effective applications in solving the
UC problem, providing near-optimal solutions within
reasonable computational effort and successfully handling
its nonlinearity and combinatorial complexity [4, 5].
Metaheuristic algorithms are stochastic, population-
based optimization techniques inspired by natural,
biological, social or physical processes. Their key
strength lies in their ability to handle multimodal,
nonlinear, high-dimensional and derivative-free problems
with reasonable computational effort [6]. Metaheuristics
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are capable of escaping local optima through probabilistic
exploration mechanisms while providing high-quality
near-optimal solutions, making them highly suitable for
UC scheduling and similar engineering challenges [7-11].
Numerous well-known metaheuristic methods — genetic
algorithm (GA) [12], particle swarm optimization (PSO)
[13], gravitational search algorithm (GSA) [14], and
many recently developed nature-inspired algorithms —
have demonstrated notable success in improving UC
solution quality compared to deterministic approaches.

However, despite their effectiveness, metaheuristics
inherently rely on stochastic operators and therefore can
not guarantee convergence to the global optimum [15].
Their performance critically depends on maintaining an
appropriate balance between exploration (searching new
regions) and exploitation (refining existing promising
solutions) [16, 17]. According to the no free lunch
theorem [18], no single metaheuristic can outperform all
others across every optimization scenario, motivating
continuous research into new algorithms capable of
offering improved performance, adaptability, and
robustness for specific classes of problems such as UC.

In this context, biological systems exhibiting
exceptional adaptability and resilience provide a rich
source of inspiration for designing new optimization
methods. One such organism is the tardigrade (Tardigrada),
a microscopic extremophile renowned for its unmatched
survival strategies, including cryptobiosis, adaptive
locomotion, and reactive environmental exploration. These
behaviors naturally align with the fundamental principles of
optimization — particularly the dynamic interplay between
global exploration and local exploitation.

Motivated by these unique biological characteristics,
this study introduces a novel population-based metaheuristic
method called the Tardigrade Optimization Algorithm
(TOA). In TOA, the exploration mechanism models the
tardigrade’s adaptive roaming across micro-environments in
search of favorable conditions, while the exploitation
mechanism mimics its cryptobiotic stability and localized
reactivation behavior under improved environmental
conditions. This biologically inspired modeling enables
TOA to achieve a dynamic and efficient balance between
wide-range search and precise local refinement.

The goal of this study is to develop an efficient and
reliable scheduling framework for power generating units in
the UC problem by employing the tardigrade optimization
algorithm (TOA) and to demonstrate its effectiveness
compared with established optimization techniques.

The major contributions of this study are as follows:

e development of the TOA, inspired by the unique
adaptive and cryptobiotic behavior of tardigrades;

e formulation of a mathematical search model
capturing both large-scale exploration and small-scale
exploitation through biologically inspired mechanisms;

e application of TOA to the UC scheduling problem
and comprehensive simulation studies validating its
effectiveness;

e comparative performance assessment against
modern metaheuristic algorithms, demonstrating superior
robustness, convergence ability, and solution accuracy.

Problem definition. UC problem. In this section,
the mathematical formulation of the UC problem is

presented, which serves as the basis for optimization

using the proposed TOA.
Mathematical formulation. The UC problem
involves determining the operational schedule of

generating units over a predefined time horizon while
satisfying demand and operational constraints, with the
ultimate objective of minimizing total generation cost. This
mathematical representation provides a rigorous framework
for modeling the complex interactions between unit
statuses, generation levels and system requirements.
Objective function. The primary objective of the
UC problem is to minimize the total generation cost
across all units and time periods. The cost is typically
represented as a quadratic function of the generated power
for each unit, reflecting fuel and operational expenditures:

Ng
minC, = Z(ai +b;P, + cl.Pf,), (1)
i=l
where C, is the total generation cost at time period #; Ng is
the total number of generating units; P;, is the power
output of unit i at time ¢, a;, b, c; are the fuel cost
coefficients of unit i, capturing the fixed, linear and
quadratic components of the generation cost function.

This objective function accurately models the
relationship between unit generation levels and
operational costs, allowing the evaluation of alternative
commitment strategies in a quantitative manner.

Decision variables. The UC problem involves two
types of decision variables:

1. Unit status (binary variable). The binary decision
variable u;, is indicating the ON/OFF status of unit i at time
t (u;, = 1 if the unit is ON, and u;, = 0 otherwise):

. {1, if unit i is ON at time £;
it =

. . )
0, if unit i is OFF at time ¢.

2. Unit generation level (continuous variable):

P, >0. 3)

These two variables are interdependent, as a unit can
generate power only when it is switched ON.

Constraints. The UC problem is subject to a set of
operational and system constraints, which ensure
feasibility, reliability, and safety of power system
operation. Each constraint is explained in detail below:

1. Power balance constraint. The total generated
power must exactly meet the system load demand at each
time interval:

Ng

Zui,tpi,t :PtD ’ “4)

i=
where PP is the system load demand at time ¢. This
constraint guarantees that electricity supply matches
demand continuously, preventing shortages or surpluses.

2. Generation limits of units. Each unit must
operate within its minimum and maximum generation
capacities when it is ON:

Ui P imin <P i S Uiy P imax, (5)
where P™ P™* are the minimum and maximum
generation limits of unit 7. This constraint ensures
operational feasibility by restricting generation to
allowable ranges and enforcing that units produce zero
output when they are OFF.
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Introducing and mathematical modeling of the
TOA. This section introduces the proposed TOA, a novel
bio-inspired metaheuristic designed to simulate the
adaptive, survival-oriented behaviors of Tardigrades
(water bears) in natural environments. The algorithm is
mathematically modeled to be applicable across a wide
variety of optimization problems in engineering, science
and artificial intelligence. The TOA models 3 essential
biological processes of tardigrades (free aquatic motion,
local feeding and survival behavior, and the tun
mechanism for revival) each corresponding to
exploration, exploitation and adaptive switching between
these 2 main phases.

Behavioral analysis of tardigrades and core design
concept of TOA. Tardigrades are microscopic invertebrates
known for their extraordinary ability to survive under
extreme environmental conditions, including desiccation,
freezing, radiation and vacuum. Their adaptability originates
from a series of behaviors that allow them to explore,
exploit, and survive in fluctuating environments. These
behaviors are abstracted and mapped into three
computational phases in the proposed algorithm:

¢ Exploration phase corresponds to the fiee locomotion
and  foraging behavior of tardigrades in aquatic
environments. In this state, tardigrades move freely to
discover new regions containing food or suitable conditions.
This inspires wide, randomized search movements across the
problem space.

o Exploitation phase corresponds to localized feeding
behavior in nutrient-rich microenvironments. Once a
tardigrade identifies a favorable area, it remains locally
active with small and precise movements to optimize
feeding. This is analogous to local fine-tuning around
promising solutions.

e Switching phase (tun mechanism) corresponds to
cryptobiosis (tun state), a survival response when the
environment becomes hostile. The tardigrade dehydrates,
halts metabolism, and later revives with renewed energy. In
the algorithm, this mechanism controls the transition
between exploitation and exploration, allowing the
population to escape stagnation and restore diversity.

Through this behavioral mapping, TOA achieves a
biologically motivated balance between global exploration,
local exploitation, and adaptive restarts, resulting in efficient
convergence while preventing premature stagnation.

Initialization process of the TOA. At the beginning
of the optimization process, the TOA initializes a
population of tardigrades with N member, each
representing a candidate solution in the m-dimensional
search space. The population matrix X is defined as:

xl,] e xl,d e xl’m
X = X1 Xid 0 Xim B (6)
RIA! XN.,d XNm Jnrm

where each element x;, is the position of tardigrade i in
dimension d.

The initial positions are randomly generated within
the problem’s lower and upper bounds:

Xia = Ibg+ r-(uby— Iby), (7
where /by, ub, are the lower and upper bounds of the dt
dimension; » ~ U(0, 1) is the uniformly distributed
random number.

The fitness of each tardigrade is evaluated using the
objective function F:

(R] [F)]
F=|F | = Fl)| . ®
_FN_N><1 _F(X )_le

Exploration phase. The exploration phase models
the free aquatic movement of tardigrades as they search
for new sources of nutrients. This behavior corresponds to
global exploration in the search space — large stochastic
movements toward promising regions. Each tardigrade
identifies potential food locations among members with
better fitness values, including the global best position:

Food;= € {Xi| Fy < F; U Xpeyt}. )

Then, each tardigrade updates its position according to:

X =X+ Lr(Food; — LX) + AX," (1), (10)
where [Ire {1, 2} are integer control parameters
determining interaction intensity; »; ~ U(0, 1) is a random
coefficient controlling stochastic motion. The perturbation
term AX,”'() is a random hydrodynamic disturbances:

1-2
axP'(e)=p, -w-|ub—lb|,
1+7;
(t+1)*7
where P€ {0, 1} determines the presence of noise, and
ri~U(0, 1).
The updated position is accepted if it improves the
fitness:

(1D

Pl . Pl .
X.:{Xi AT B < E (12)

X;, else.

This formulation allows each tardigrade to move
dynamically toward better regions while maintaining
stochastic diversity, thus effectively performing wide
exploration.

Exploitation phase. Once a tardigrade finds a
resource-rich region, it limits its movement to fine
adjustments in the local area. This behavior corresponds
to the exploitation phase of optimization.

The local search is expressed as:

X2 =X+ ory(Food, ~ I:X) + AX (1), (13)

The local random perturbation term AX.*(?) is
defined as:

”

Asz(t): P, '%'(Xbest —1y 'Xi)’
(t+1)*"

where r; ~ U(0, 1) and I-€ {1, 2}.

The adaptive coefficient o controls the intensity of
local movement and gradually decreases with iterations,
ensuring convergence:

o=1-(@/D"". (15)

Finally, the updated position is accepted if it

improves the fitness value:

xFP? it FP? < F;
X;, else.

(14

(16)
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This phase simulates precise micro-movements of
tardigrades near favorable food sources, analogous to
local refinement around optima.

Tun mechanism: adaptive switching between
phases. Tardigrades enter the fun state when exposed to
unfavorable conditions and later revive once the
environment becomes suitable again. In TOA, this
phenomenon is abstracted to govern the switching
between exploitation and exploration.

If a tardigrade’s position does not improve for
several consecutive iterations (7)), or if the food location
becomes less favorable, the algorithm triggers the tun
mechanism and reactivates exploration.

The phase update rule is defined as:

Update phase for member i :

switch to exploration, 7§; > 7;

(17)

switch to exploration, F; < Fr,,4 ;

stay in exploitation, else.

where 7is the maximum allowable stagnation duration.
The counter 7; is updated in each iteration as:
Y I 0,

. t+1 t.
TS, = 0, if F;™" <F;;
TS; +1, else.

When the tun mechanism is activated, the tardigrade
regenerates its energy and re-enters the exploration phase
from an improved position close to the global best:

(18)

X™ =X+ 1y (Xpew — 15°X0); (19)
™ - ™ .
X, - XM, it B < F, 20)
X;, else.

where X, is the newly calculated position for the i-th
individual based on the tun mechanism; F/™ is the
corresponding objective function value.

This mechanism helps the algorithm recover
diversity, escape local optima and maintain global search
ability throughout the optimization process.

Simulation studies and experimental analysis of
the UC problem. This section presents a comprehensive
analysis of the performance of the proposed TOA in
solving the UC problem.

Case study. To evaluate the effectiveness of the
proposed TOA in solving the UC problem, a comprehensive
case study is designed. The case study considers a power
system comprising 10 generating units, with diverse
operational characteristics and cost parameters. The detailed
specifications of each generating unit including maximum
and minimum generation capacities (P,"™ and P,"™") and fuel
cost coefficients (a;, b;, ¢;) are summarized in Table 1. These
parameters provide a realistic basis for simulating
operational costs and constraints.

The planning horizon for this study is set to 24
hours, representing a typical daily operation schedule.
The hourly system load demand (P”) over the 24-hour
period is defined as follows: P° = (700, 750, 850, 950,
1000, 1100, 1150, 1200, 1300, 1400, 1450, 1500, 1400,
1300, 1200, 1050, 1000, 1100, 1200, 1400, 1300, 1100,
900, 800) MW. This load profile captures variations in
electricity demand throughout a typical day, reflecting

peak and off-peak periods that challenge the scheduling
and dispatch of generating units.

Table 1
Generators data

Unit| P"™, MW | P MW | ¢, $ | b, MW | ¢, $/MW*
1 455 150 1000 16.19 0.00048
2 455 150 970 17.26 0.00031
3 130 20 700 16.6 0.002
4 130 20 680 16.5 0.00211
5 162 25 450 19.7 0.00398
6 80 20 370 22.26 0.00712
7 85 25 480 27.74 0.00079
8 55 10 660 25.92 0.00413
9 55 10 665 27.27 0.00222
10 55 10 670 27.79 0.00173

The selected network configuration provides a
realistic test bed for evaluating TOA performance,
incorporating units with a wide range of generation
capacities, fuel costs, and operational constraints. The
case study network is modeled as a simplified system
with a single-bus load representation, allowing focus on
the commitment and dispatch problem without the
additional complexity of transmission constraints. Each
generating unit is assumed to operate independently, but
the total generation must satisfy the system demand in
every hour while respecting minimum and maximum
generation limits, as well as the binary commitment status
of each unit.

By employing this case study, the proposed TOA
algorithm is tested under practical operational conditions,
enabling assessment of its ability to generate cost-
effective, feasible schedules and to balance exploration
and exploitation effectively in a real-world power system
scenario. This approach provides a robust framework for
comparative analysis against other state-of-the-art
metaheuristic methods.

Simulation results. The TOA is implemented for
the 24-hour planning horizon described in the case study,
and the results are summarized in Table 2, which details
the hourly generation schedule of each unit alongside the
corresponding hourly generation cost.

Table 2 provides the optimal power output for each
generating unit across all 24 hours, ensuring that the
system demand is met while respecting unit-specific
constraints such as minimum and maximum generation
limits. The hourly cost of supplying energy is also
reported, allowing for an assessment of cost variations
throughout the day.

From the results, it is observed that the minimum
hourly generation cost occurs at hour 1, with a value of
$13,683.13, while the maximum hourly generation cost is
recorded at hour 12, amounting to $33,932.85. The total
generation cost for the entire 24-hour period is calculated
to be $560,497.99, demonstrating the efficiency of TOA
in minimizing operational costs under realistic operational
conditions.

The generation schedules shown in Table 2 indicate
that TOA successfully allocates power outputs in a
manner that meets the hourly system demand while
maintaining operational feasibility for all units.
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Results obtained from TOA in optimizing the UC problem

Table 2

Hour| Cost,$ | GI, MW | G2, MW | G3, MW | G4, MW | G5, MW | G6, MW | G7, MW | G8, MW | G9, MW | G10, MW
1 |13683.13| 455 245 0 0 0 0 0 0 0 0
2 | 1455431 455 |294.9892 0 0 0 0 0 0 0 0
3 | 16892.93 | 454.0284 | 265.973 0 129.9987 0 0 0 0 0 0
4 | 19261.7 | 454.7526 | 235.2669 | 129.9902 | 129.9902 0 0 0 0 0 0
5 | 20132.57 | 454.9878 | 285.0178 | 129.9972 | 129.9972 0 0 0 0 0 0
6 | 22396.72 | 452.8644 | 363.8085 | 125.8501 | 129.8987 | 27.57826 0 0 0 0 0
7 | 23267.58 | 454.996 | 423.1044 | 117.084 | 129.804 | 25.01165 0 0 0 0 0
8 |24150.11| 455 455 130 130 | 29.98856 0 0 0 0 0
9 |27320.34 | 450.3331 | 450.3272 | 127.845 | 123.1917 | 100.5967 | 22.34973 | 25.35662 0 0 0
10 | 30154.94 | 4543235 | 454.3237 | 129.8694 | 128.3279 | 136.2574 | 54.2766 | 27.12575 | 15.49565 0 0
11 | 32042.39 | 454.9642 | 454.9642 | 129.3439 | 128.417 | 161.1025 | 44.04084 | 25.06252 | 30.86957 | 21.2352 0
12 | 33932.85 | 454.9856 | 454.9858 | 129.9251 | 129.9251 | 161.9093 | 74.2046 | 38.19795 | 32.77667 | 13.07466 | 10.01527
13 |30324.48 | 453.9498 | 453.8795 | 129.5039 | 129.5039 | 106.284 | 65.80941 | 51.03695 | 10.03235 0 0
14 | 27444.02 | 452.5941 | 452.5941 | 129.9926 | 129.9926 | 28.77119 | 79.78389 | 26.27156 0 0 0
15 |24151.93 | 454.7145 | 454.7145 | 130 130 30.569 0 0 0 0 0
16 |21005.99 | 454.0312 | 335.9734 | 129.9977 | 129.9977 0 0 0 0 0 0
17 [20132.99 | 454.4689 | 285.532 | 129.9996 | 129.9996 0 0 0 0 0 0
18 [22397.25 | 454.868 | 383.3131 | 106.697 | 129.9719 | 25.14999 0 0 0 0 0
19 [24147.18| 455 455 130 130 | 29.84141 0 0 0 0 0
20 |30232.79 | 454.9843 | 454.9886 | 129.7335 | 129.9606 | 105.9667 | 79.93328 | 34.41234 | 10.02059 0 0
21 |27277.48 | 454.8961 | 454.8964 | 129.9839 | 124.2223 | 90.04006 | 20.15884 | 25.80241 0 0 0
22 [22400.55 | 454.1909 | 381.7471 | 129.9388 | 108.2244 | 25.89879 0 0 0 0 0
23 | 17765.08 | 453.8843 | 316.1406 0 129.9752 0 0 0 0 0 0
24 | 15428.68 | 453.5143 | 346.4857 0 0 0 0 0 0 0 0

The results reflect the algorithm’s capability to
manage both peak and off-peak demand periods,
effectively balancing high-demand hours with cost-
efficient generation from multiple units.

Figure 1 shows the hourly load demand versus the
total generation output. It can be seen that the scheduled
generation closely follows the system demand, ensuring
full compliance with the power balance constraint. This
confirms that the TOA can generate feasible UC
schedules while satisfying demand at all times.

Load Demand vs Generation
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Fig. 1. Hourly generation and demand curves of the power
plants over the study period
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Figure 2 shows the hourly generation cost curve,
highlighting the variation in cost throughout the 24-hour
horizon. As observed, the highest hourly generation cost
occurs at hour 12, while the lowest cost corresponds to
hour 1. This trend is consistent with the system load profile,
as periods of higher demand generally lead to increased
generation costs due to the dispatch of higher-cost units.

Overall, the simulation results demonstrate that TOA
is capable of producing cost-effective and feasible UC
schedules across all hours of the day, handling the
complexity of multiple units with diverse operational

characteristics. The results confirm that TOA is a robust
and reliable optimization tool for real-world UC problems.

»10°
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Fig. 2. Hourly generation cost over the study period
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Comparison with metaheuristic algorithms. In
this subsection, the performance of the proposed TOA is
rigorously compared with 6 well-known metaheuristic
algorithms, namely: genetic algorithm (GA) [12], particle
swarm optimization (PSO) [13], gravitational search
algorithm (GSA) [14], whale optimization algorithm
(WOA) [19], multi-verse optimizer (MVO) [20] and
reptile search algorithm (RSA) [21]. To ensure a fair and
statistically significant comparison, TOA and each
competitor algorithm were independently executed ten
times on the same UC problem instance. The outcomes of
these runs were evaluated using 6 statistical indicators:
mean, best, worst, median, standard deviation and rank,
with results presented in Table 3. The cost metric
considered is the average cost per MWh, calculated as:

Average cost per MWh = total cost / X.P”. 21)

Table 3 highlights the statistical performance of all
algorithms across multiple runs. The results clearly
demonstrate that TOA achieves the lowest mean cost
(20.70201 $/MWh) among all algorithms, reflecting
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superior economic efficiency in the generation scheduling
problem. Furthermore, TOA attains the best recorded cost
(20.68258 $/MWh) and maintains a small standard
deviation (0.0118), indicating high solution reliability and
robustness against stochastic variations inherent to
metaheuristic optimization.

Table 3

Statistical results of the optimization algorithms for the UC problem

Algorithm| Mean Best Worst |[Median| Std |Rank
TOA 120.70201]20.68258|20.71869| 20.7 |0.0118 | 1
GA  |20.70768|20.68936|20.72181| 20.7 [0.01232| 2
PSO  |20.90376/20.84684]|20.93963| 20.9 [0.03007| 3
GSA |21.00885|20.99178|21.02262| 21 0.009 | 7
MVO |20.95189|20.88262|21.02085| 20.9 0.04207| 5
WOA 20.95449(20.90798] 21.0091 | 21 |0.03107| 6
RSA  ]20.95109|20.90124|20.99329| 21 ]0.03373] 4

The statistical comparison reveals several key insights:

1. Superior performance of TOA. TOA consistently
outperforms all other algorithms in terms of both mean
and best cost, establishing it as the most effective
optimization method for the considered UC problem.

2. Stability and robustness. The relatively low
standard deviation of TOA indicates high consistency
across multiple runs, reducing the likelihood of
suboptimal solutions.

3. Competitor analysis. GA exhibits competitive
performance with slightly higher mean cost and rank 2,
while PSO and RSA show moderate performance. The other
algorithms (GSA, MVO, WOA) display higher mean costs
and greater variability, suggesting less efficient exploration-
exploitation balance for this UC instance.

In addition to numerical analysis, Fig. 3 presents
boxplots of the cost distributions for TOA and competitor
algorithms. The boxplots visually confirm that TOA not
only achieves lower median and quartile values but also
exhibits a narrower interquartile range, reflecting both
high-quality solutions and reduced variability. The boxplots
of other algorithms, particularly GSA, WOA, and MVO,
indicate larger spread and occasional higher-cost outliers,
further emphasizing TOA’s superiority in achieving both
optimal and reliable solutions.

Comparison of Algorithms - UC
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Fig. 3. Boxplot diagrams obtained from TOA and competing
algorithms on UC problems

Overall, the comparative analysis demonstrates that
TOA provides a robust, cost-effective, and highly reliable
optimization framework for the UC problem,
outperforming well-established metaheuristic algorithms
in both solution quality and stability.

Conclusions. This study presented an efficient and
reliable solution framework for the UC problem using the
TOA. The UC problem, as a fundamental operational task
in power systems, requires optimization methods capable
of handling mixed-integer decision variables, nonlinear
cost structures, and a wide range of operational constraints.
In this work, TOA was employed to schedule ten
generating units over a 24-hour horizon while satisfying
realistic operating limits and load balance requirements.

The scientific contribution of this study lies in the
development and application of a biologically inspired,
parameter-free, and self-adaptive optimization
mechanism. TOA models the unique survival strategies of
tardigrades (active mobility, localized adjustment, and
cryptobiotic stabilization) and translates these into
adaptive exploration-exploitation operators. This design
enables the algorithm to dynamically adjust its search
behavior without external parameter tuning, effectively
overcoming challenges such as premature convergence
and insufficient local refinement that commonly affect
traditional metaheuristics in UC applications.

The performance evaluation against six well-
established algorithms demonstrated that TOA consistently
achieves lower operating costs, stronger convergence
stability, and higher robustness across multiple runs. The
algorithm maintained feasibility with respect to all UC
constraints and produced reliable schedules with minimal
variability. These findings validate the practical suitability
of TOA for modern power system operations and confirm
its superiority in balancing global search efficiency and
local optimization accuracy.

Future extensions of this research can further enhance
the applicability of TOA. First, TOA may be expanded to
large-scale UC systems, multi-area networks, and
transmission-constrained environments. Second, integrating
renewable energy sources, energy storage systems, and
uncertainty modeling would allow TOA to address emerging
challenges in future power grids. Third, hybrid TOA variants
combining machine learning or local search strategies could
improve convergence speed and precision. Additionally,
multi-objective UC formulations involving cost, emissions,
and reliability merit investigation. Finally, applying TOA to
real-time UC, stochastic scheduling, and other energy
management problems represents a promising direction for
broader power system optimization.
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Comparative performance analysis of backstepping and sliding mode control for static
synchronous compensators based on flying capacitor multicell converters

Introduction. The integration of a static synchronous compensator (STATCOM) based on a flying capacitor multicell converter (FCMC)
provides an effective solution for dynamic reactive power compensation and voltage quality improvement. The adoption of nonlinear control
strategies, such as sliding mode control (SMC) and backstepping (BSC), enhances system robustness and ensures precise tracking of variables
despite network nonlinearities and disturbances. Problem. Reactive, inductive or capacitive loads cause network imbalances leading to
voltage sags, swells and fluctuations at the point of common coupling (PCC). These disturbances degrade power quality, reduce the power
factor and place excessive stress on equipment. Moreover, high reactive power flow increases losses and decreases the overall system
efficiency. Goal. This study compares the performance of SMC and BSC controllers applied to a STATCOM for PCC voltage regulation
aiming to improve the power factor, effectively control reactive power and overcome the limitations of conventional controllers under network
nonlinearities and voltage disturbances caused by reactive loads. Methodology. The SMC uses a sliding surface based on current errors to
achieve fast and precise tracking even in the presence of disturbances. The BSC control employs Lyapunov functions to decompose the
nonlinear system into controllable subsystems, ensuring overall stability. Both strategies are simulated on a 5-level flying capacitor multicell
STATCOM using MATLAB/Simulink. Simulation results confirm the effectiveness of both controllers in maintaining the PCC voltage at its
reference value with a very short response time (1 ms), even under reactive load variations. Precise reactive power control enables rapid
compensation of fluctuations, improves the power factor and reduces harmonic distortion. The scientific novelty of this work lies in the
comparative performance analysis of the nonlinear SMC and BSC controllers applied to a STATCOM based on a FCMC converter,
considering network disturbances caused by reactive loads. Practical value. These nonlinear control strategies significantly enhance the
stability, voltage quality, and power factor of low-voltage networks equipped with STATCOMSs. References 36, tables 4, figures 18.

Key words: flying capacitor multicell converter, static synchronous compensator, sliding mode control, PI controller.

Bemyn. Inmeepayis cmamuynozo cunxponnozo xkomnencamopa (STATCOM) ma ocnogi 6azamoenemenmno2o nepemeoposaya 3
npimarouum koHoencamopom (FCMC) 3abe3neuye egpexmushe piwiena 0aa OUHAMIYHOI KOMNEHCayii peakmuroi nomysicHoCmi ma
nokpawjenHs Axocmi Hanpyeu. Bnposaooicenms menimiiinux cmpameziii Kepysannsa, maxux sk xoesne kepysanns (SMC) ma
38opomuuii kpox (BSC), niosuwye cmitikicmo cucmemu ma 3a6es3neuyc moune 8i0CmenHceHHsa SMIHHUX, He36aAXHCAI0YYU HA HEeNIHIlIHICb
ma 30ypennss mepeoci. Ilpoonema. Peaxmueni, iHOyKmueHi abo €MHICHI HABAHMANCEHH GUKIUKAIOMb OUCOANAHC Mepedici, uo
npu3eoouUms 00 3HUJCEeHb, 301IblUeHb Mma KOAUusans Hanpyeu 6 mouyi cnintehoeo nioxkawouenns (PCC). Li 30ypenna nociputyroms
SKICMb eneKmpoenepeii, 3HUICYIomy KoepiyicHm nomydjicHOCmi ma Cmeopioloms HAOMIpHe Hasanmadicenuss na obraonants. Kpin
Mo2o, BUCOKUIL NOMIK PeaKmMUGHOI NOMYIHCHOCMI 30iNbULYE BMPaAMU MA 3HUICYE 3a2anbHy eghekmusHicms cucmemu. Mema. Y yvomy
docriddcenni nopisnioemocs npooykmugnicms kowmpoaepie SMC ma BSC, wo 3acmocosyiomucsi 00 STATCOM onsa pezyniosannus
nanpyeu PCC, 3 memolo nokpawenms Koe@iyichma nomysicHoCmi, epeKmusHo20 KepyBamHs DeakmusHO0 NOMY*CHICMIO ma
nooonanHs obmedicenb mpaouyitinux KOHmMpoiepie 3a ymMoe HeriniliHocmi mepedici ma 30ypens Hanpyeu, CHPUYUHEHUX PeaKmueHUMU
nasanmasicennamu. Memoouka. SMC suxopucmogye Ko83Hy NOGePXHIO HA OCHOBI NOXUOOK CIPYMY 05l O0CACHEeHHS WBUOKO20 md
MOYHO20 GI0CmediceHHs. Hasimb 3a HaseHocmi 30ypensv. Kepysanns BSC euxopucmosye @ynkyii Jlanynoea 0as po3xkiadanHs
HeNiHiliHOT cucmemu Ha Keposawi niocucmemu, 3abesneyyiouu 3a2anvHy cmabiteHicms. O0uosi cmpamezii Mooenoomsca Ha
n’amupienesomy bacamoenremenmuomy STATCOM 3 nimatouum xondencamopom 3a 0onomozoio MATLAB/Simulink. Pe3ynemamu
MOOeN08anHs NIOMEePINCYIOMb epekmusHicmb 060X kKonmponepie y niompumyi nanpyeu PCC na it onopnomy 3nauenni 3 oysice
Kopomxum yacom 8iozyky (1 mc), nagime 3a xKonusans peaxmusno2o nasanmaoicenns. Toune Kepy8anus peakmusHoIO NOMYICHICIIO
00380J1€ WIBUOKO KOMNEHCYB8AMU KOTUBAHHS, NOKPAWYE KOepiyicHm NomylcHoCmi ma 3meHulye capmonitini cnomeopenns. Haykosa
HOBU3HA POOOMU NOJSI2AE 6 NOPIGHANLHOMY AHANI3I NPOOYKmusHocmi Heainitinux xonmponepie SMC ma BSC, 3acmocosanux 0o
STATCOM Hna ocnosi nepemeoprosava FCMC, 3 ypaxysanusam mepedicegux 30ypeHsb, CHPUHUHEHUX PeaKMUSHUMU HABAHMANCEHHAMIUL.
Ilpakmuuna 3nauumicme. Lfi neninitini cmpamezii Kepy8anHs 3HA4HO NOKPAWYIOMb CMAbINbHICMY, AKICMb Hanpyeu ma Koegiyicum
NOMYAHCHOCMI HU3bK08OIbMHUX Mepedic, ocHawenux STATCOM. Bibn. 36, Tabn. 4, puc. 18.

Kniouoei cnosa: GaratoejieMeHTHHI NepeTBOPIOBAY 3 JITAIOYHM KOHIEHCATOPOM, CTATHYHHI CHHXPOHHHI KOMIeHcaTop,
KepyBaHHs KOB3HUM pe:kumom, I1I-peryasrop.

Introduction. Flexible AC transmission systems
(FACTS) have been widely adopted in modern power
networks to enable efficient control of power flow,
enhance the maximum transferable power, regulate
voltage profiles, improve power factor, and strengthen
overall system stability. In addition, certain FACTS
devices contribute to network frequency management,
thereby supporting reliable and flexible operation of the
electrical grid [1, 2]. Within the wide range of FACTS
devices, the  static = synchronous  compensator
(STATCOM) has received considerable attention due to
its robustness and capability to provide dynamic reactive
power with rapid response [3]. It is widely regarded as
one of the most effective FACTS devices. When
connected in parallel with the power grid, the STATCOM
operates via voltage source converters integrated into the
transmission network. Its operating principle relies on
controlling the reactive power exchanged between the
converter and the grid, analogous to the behavior of a
rotating synchronous machine [4, 5]. This exchange is

accomplished through 3-phase voltages of adjustable
amplitude and frequency, which are synchronized with
the grid and generated from a DC voltage source
maintained by charged capacitors [6].

The implementation of a STATCOM can be
achieved using a conventional 2-level voltage source
converter, as reported in earlier studies [5]. Such
converters offer several advantages, including a reduced
component count, the use of at most two DC voltage
sources, and relatively straightforward control strategies.
However, they exhibit significant limitations, such as
poor output voltage quality, high harmonic distortion, and
applicability restricted to low-voltage and low-to
medium-power systems. In recent years, 2-level
converter-based STATCOMs have increasingly been
supplanted by multilevel converter technologies.
Multilevel converters provide numerous benefits,
including an increased number of output voltage levels,
superior harmonic performance, higher efficiency,
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improved power quality, reduced total converter losses,
and lower electromagnetic interference due to decreased
dv/dt stresses in the system [7-9]. Accordingly,
considerable research efforts are currently directed toward
the design, optimization and control of STATCOM
topologies based on multilevel converters.

As demonstrated in several studies [7—12], 3 main
multilevel converter structures are commonly identified:

1) cascaded H-bridge converters;

2) neutral-point clamped converters;

3) flying capacitor multicell converters (FCMCs).

The FCMC offers several compelling advantages for
medium voltage applications. Notably, it can operate
without a transformer, requires no clamping diodes, and
inherently maintains its floating-capacitor voltages at their
nominal values. This natural self-balancing property
enables the design of converters with a large number of
voltage levels [13, 14].

However, one of the main control challenges in
FCMCs lies in maintaining stable and balanced voltages
across all floating capacitors. In the absence of an effective
balancing mechanism, the voltages of these capacitors can
drift from their nominal values, thereby increasing the
electrical stress on the power switches. To ensure reliable
voltage balancing, these structures generally rely on
advanced modulation techniques, notably phase-shifted
pulse width modulation (PS-PWM) [15, 16].

The interleaved carrier modulation technique,
widely known as PS-PWM, is the conventional control
strategy employed in flying-capacitor converters. This
method is particularly effective because the phase-shifted
switching patterns naturally distribute the charge among
the floating capacitors, thereby maintaining their voltage
balance without requiring additional control loops. By
preserving the inherent self-balancing property of the
capacitor voltages, PS-PWM ensures reliable operation of
the switching devices and enhances the overall stability of
the converter [17, 18].

Recent research efforts have been directed towards
enhancing the performance of multilevel STATCOM
systems through PWM-based control approaches. In [19],
the authors studied a 5-level half-bridge modular multilevel
converter (MMC) for D-STATCOM applications,
employing phase disposition modulation and a PI controller
to effectively balance the capacitor voltages. The authors in
[20] proposed a flexible modeling approach for a delta-
connected MMC STATCOM with embedded energy
storage, aiming to optimize reactive power compensation
and system interface control. Finally, the authors of [21]
developed a variable DC voltage control strategy for
MMC-STATCOMs, which improves the reactive power
response and stabilizes capacitor voltages under various
operating conditions.

The goal of the work. This study compares the
performance of sliding mode control (SMC) and
backstepping (BSC) controllers applied to a STATCOM
for point of common coupling (PCC) voltage regulation
aiming to improve the power factor, effectively control
reactive power and overcome the limitations of
conventional controllers under network nonlinearities and
voltage disturbances caused by reactive loads. The BSC
provides stable and precise regulation of voltage and
reactive current, while the SMC offers high robustness and
a fast dynamic response, with a minor chattering effect.
Both methods outperform linear controllers such as PID

and linear quadratic regulator in STATCOM applications
by effectively handling nonlinearitiecs and network
disturbances, while enabling precise balancing of floating
capacitors and optimization of reactive power flow, thereby
ensuring improved overall stability and performance.

System under study. The studied system (Fig. 1)
consists of a 3-phase voltage source and 2 types of
balanced 3 phase loads: a fixed active load and 2 dynamic
reactive loads. The setup also includes a multilevel
STATCOM comprising a DC energy source typically
provided by high-capacity capacitors coupled with a 5-level
FCMC. The compensator is connected to the PCC through
a 3-phase filter inductor, enabling effective voltage
regulation and mitigation of network disturbances. The
control subsystem, which includes the reference signal
generator and the controller, ensures dynamic voltage
regulation while maintaining the desired power factor. The
exchange of reactive power between the grid and the
STATCOM is controlled by adjusting the compensator’s
output voltage V..

When the STATCOM voltage exceeds the grid
voltage at the point of PCC, reactive power is injected
into the grid. Conversely, if the grid voltage is higher than
the STATCOM voltage, reactive power flows from the
grid to the compensator. When the two voltages are equal,
there is no exchange of reactive power [22, 23].

Vgabe
gabe ~ PCC

VLabe
ILabe

Three phase source

Three
phase
A ‘\ Load

FCMC vea L R
Filter

vepb L R

vee L R

]

|

| T L

|\'dclo 4@
S

I

Control
— o somemJ _ ___STATCOM

Fig. 1. Equivalent circuit of STATCOM

Mathematical modeling of the STATCOM. The
circuit of a distribution system controlled by a STATCOM
is shown in Fig. 1. In this system, V. denote the 3-phase
grid voltages at the PCC, V. represent the 3-phase output
voltages of the converter, and /., are the corresponding
STATCOM output currents. Moreover, L denotes the
coupling filter inductance per phase, while R represents the
series resistance, which accounts for both the winding
resistance of the coupling filter and the conduction losses
of the converter.

The instantaneous phase voltages at the PCC are:

Vea =V cosat ; 1)
Vap =V cos(ot —27/3) 2
Ve =Vpcos(wt —4m/3) . 3)

According to Kirchhoff’s law of wvoltages, the
relationship between the voltage at the PCC, the converter
output voltage and the currents is as follows [24-26]:

Veabe =Veabe + RI

ga cabc

+ L—dl(cif;”‘f . 4)
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Using the Park transformation (abc-dq), the equation
(4) can be rewritten as follows:

Vy=V.;+RI, +L%—La)1q; 5)
dr
d1,
VqZch-i-RIq-FL?-FLCOId, (6)

where 1, I, are the d and g axis currents corresponding to
L, I, 1I..;; @ is the synchronized angular velocity of
rotation of the voltage vector; V4, V,, are the d and q axis
voltages corresponding to Ve, Vep, Vee-

According to the theory of instantaneous power, the
active and reactive power exchanged between the network
and the STATCOM can be calculated in the dg frame as:

3
P:E(led-i-Vq]q); (7)

0= %(Vqld V). ®)

In the synchronized rotary reference frame V, = V;
and V, = 0, the instantaneous active and reactive powers
can be written as follows:

P:EVdId; (9)
2
3

0=-Valy. (10)

FCMC model. FCMC is based on the series
connection of multiple switching cells, which allows the
generation of high voltages with low harmonic distortion.
Each phase of the converter consists of a set of p cells,
interleaved with (p—1) floating capacitors. Each cell
comprises 2 bidirectional switches (IGBTs), operated
complementarily to prevent short circuits between voltage
sources [16, 27, 28]. The binary state S;; of switching cell
(i=1,2,3,..., p)in phase (k= a, b, c¢) corresponds to the
state of the upper switch of the cell: S;; = 1 when the
switch is closed, and Sj; = 0 when it is open.

The converter output voltage Vo can then be
expressed as a function of the switching states Sy
according to the following relationship:

v (&
el Su—pl2|
P =

In a state of equilibrium, the voltages of the cells are
equal:

(11)

Vio =

Veceiiki = Ve ! P - (12)
Under these conditions, the voltages of the
capacitors are given by:
iV
Vo =— (13)

For a converter with p cells, the number of levels
that the converter is capable of generating at the output is

ptl. The characteristic values per phase of the
combination of p switching cells are defined in Table 1.
Table 1
Definition of the per phase characteristic parameters of FCMC
Number of cells p
Number of active switches 2p
Number of flying capacitors p-1
Number of combinations 27
Number of generated output voltage levels| p+1
Main supply voltage value Vie
Voltage source of each cell i i-Valp

In the specific case where the converter consists of
4 cells, it is referred to as a 5-level series multicell
converter. Figure 2 illustrates the structure of one arm of
this converter, which is composed of 8 switches forming
4 switching cells connected in series, along with 3 floating
capacitors. The DC bus, in turn, consists of 2 capacitors,
denoted C1 and C2.

I_h
Sk4 l

TSle TSkZ J TSkl| 1
]\ ckl k

=Cl
Vde| 0 I‘\ ekd Ck2 Vek2 Ckl
TC Sk -[ su-[
) ] Vikn
Celld Cell3 Cell2 Celll  Neutral

Fig. 2. Per-leg circuit configurations of the 5-level FCMC

The output voltages of the converter, measured with
respect to the negative terminal O of the DC bus, are
expressed as follows [29]:

Vio =S4 —0.5) - Ve +(Sp3 = Sia) - Vers (14)
+(Sk2 = Si3) Voo + (S = Sk2) - V.
The switches states of 4-cell 5-leve1 FCM converter

are demonstrated in Table 2.
Table 2
States of switches in the 4-cell-5-level FCMC

Output voltage level|States of (Si1, Sz, Sis, Sie)[Number of state

Vad2 (1,1, 1, 1) 1
1,1,1,0)(1, 1,1, 1)

Vaclt (L10.1)(0. 1.1 1) !

0 (1,1,0,0)(1,0,0, 1) s
0,0,1,1)(0,1, 1,0
_ 0,0,0,1)(0,0,1,0)

Vald (0.1,0,0)(1.0.0.0) 4

V32 (0,0,0,0) 1

For a balanced 3-phase system, the sum of the
3 phase voltages is zero:
Van + Vbn cn =0. (15)
The relationship between the converter output
voltages Vy, (k= a, b, ¢) and the Voltage V.o is:
Vi =Viio = Vao
where V,,O = (VaO + VbO + Vco) /3.
Starting from (16), we express V,,, V;, and V,, in
terms of Vo, V3o and V.o:

(16)

an:(2/3)’Va0_(1/3)'Vb0_(1/3)’ (17)
0 =—(1/3) V0 +(213) Vo —(1/3)-V, (18)
——(1/3)-Va0—(1/3)~Vb0+(2/3)~V00, (19)

where Vao, Vo, V.0 are determined by (11).

STATCOM control strategy. The block diagram of
the control strategy is shown in Fig. 3. This diagram
consists of a dual-loop control structure: an inner current
control loop and an outer current reference generation loop.
In the outer loop, the DC voltage control loop is designed
to maintain the DC-link voltage at its reference value.

The measured DC voltage is compared with the
reference value, and the resulting error is processed by a
PI controller. This controller generates the active current
reference component /. as shown in Fig. 3. Similarly, in
the AC voltage regulation loop, the RMS value of the AC
voltage measured at PCC is compared with a predefined
reference voltage. The resulting error is processed by
another PI controller, in which the proportional term
provides a fast dynamic response to voltage variations,
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while the integral term eliminates the steady-state error.
The control signal produced by the controller is then
converted into reactive current references /s enabling
the adjustment of the reactive power exchanged by the
STATCOM, thereby ensuring effective voltage regulation
at the PCC and enhancing the overall stability of the
power system [7, 22]. The quantity V,,, denotes the
measured value of the AC voltage, calculated from the
components d and g of the 3-phase voltage vector:

Vims =\\Vid +V3 . (20)

The inner current control loop, implementing either
SMC or the backstepping approach, subsequently
computes the converter reference output voltages required
for the modulation process.

abe
dq
bo
PLL .
. Vd
Vaab q
gabe
‘ %) 1d ! Gate
Ieabe | ape BSC Signals
’ dq Igq Or | PS-PWM |
SMC
Vde _rldref ! Iqref
—:(P—» PI Controller
Vaeref |
Vems PI Controller

Vrmsref

Fig. 3. STATCOM control block diagram

Sliding mode controller. In the control strategy,
STATCOM is driven using SMC to regulate the
STATCOM currents (I, and 1,) [30, 31]. The equations of
state (5) and (6) are expressed as follows:

a, R, 1 1
Sd o Vel +—V; 21
dr I d I cd q I d (21)
ds R 1 1
q
R AL S T g 22
e L4 e TdThe @2)
with:
Vy= Vdﬁeq +Vaer s (23)
Vy=Vy og+Vyer- (24)

The implementation of SMC
selection of sliding surfaces:

is initiated by the

Sq =larer =143 (25)

Sq=1grer —14- (26)
After derivation, we obtain:

Sa=ITgur =14 (27)

Sy =lyer —1,. (28)

Then, by substituting (21) into (27) and (22) into
(28), we obtain:

L . R 1 1
Sa =1grer—14 :[dref"'zld —ol, +chd —ZVd; (29)

Sq :Iqref_[q :Iq,.ef—i-z[q-Fa)[d +chq —ZVq. (30)

S‘d =—ky -sign(Sy); 31

S, =—kg-sign(S,), (32)

where k,, k, are the design parameters chosen according
to the desired performance in closed loop.

By substituting Sd and Sq with their expressions

from (29), (30) into (31), (32), respectively, we obtain:

. R 1 1 .
Laref + 7 la—@lg+ T Vea =7 Va =—kg -sign(Sy) , (33)

. R 1 1 .
Lyrer +zlq +aly +Zch —qu =—k, -sign(S,). (34)

Consequently, the V; and ¥V, control commands can
be expressed as follows:

Vi =L gpr + Rlg = oLI, + Vg + L-ky -sign(Sy) =

(35
= Vd_eq +Viers
Vy=Llyer +RIg+ 0Ll +Voy + Lk, -sign(S,) = (36)
=V, eqtVyer-

The following control and correction terms are obtained:
e equivalent commands terms:

Vi eqg=Llger +Rly =Ll +Vey ; (37
Vy og=Llyer + R, + LI, +V,, ; (3%
e correction terms:
Vier =L kg -sign(Sy) ; (39)
Vaer = L-ky -sign(S,). (40)

In  MATLAB/Simulink  implementation, the
chattering phenomenon was alleviated by replacing the
discontinuous sign(S) function with a Saturation block.
This adjustment results in a smoother control behavior
near the sliding surface while retaining the robustness and
stability of the sliding mode controller.

Backstepping current controller. The backstepping
approach is a robust nonlinear control strategy based on
Lyapunov’s stability theory, which enables a systematic
linearization of nonlinear systems. The method consists in
progressively constructing the control law by defining
some state variables as virtual control inputs and designing
intermediate control laws for each stage [32, 33]. The
purpose of the BSC applied to the active and reactive
currents is to guarantee that the active and reactive current
components (I; and 1), accurately track their respective
reference values Ly.rand 1.

The tracking errors of these currents are defined by:

21 =g — 14 (41)

2y =lgrer — 1. (42)
Their derivatives are given by:

G =Ly — 14 (43)

2y =Iyer —1,. (44)

Substituting (21) into (43) and (22) into (44), we
obtain:
Vd _Vcd .

. : R
“ o Zl:ldref"'z[d_aﬂq_—L 5 (45)
And to check Lyapunov stability criterion vV o_V
. . ; R q cq
S; x.S; <0 we must have: 9] :Iqref+zlq+aﬂd_T' (46)
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Lyapunov candidate functions are defined by:

| )
Vi=—zt; 47
1554 (47)
szézg. (48)

The derivation of these functions leads to:

; . : R V,=V,
Vl =Zz1Z1 = Zl[ldref +Ild —a)lq —%J, (49)

. ) . R Vi =Veq
V2 =2ZpZp = ZZ[Iqref +Zlq +a)1d —T . (50)

To ensure the stability of the Lyapunov function, its
derivative must always be negative. To achieve this, we

choose:
21 =—kiz; (51)
(52)

Replacing the expression for z; in (45) and the

22 = —k222 .

expression for z, in (46), we obtain:

. R Vi=V.a
Idref-l-zld—wlq— £ :_k121§
. R V., -V

Iqref-l-zlq-f-a)ld—%:—kzZz.

Vg can then be defined by:

(54)

The commands V,; and

Vcd:L( klzl Idref—RId-i-a)I j-i—Vd; (55)

. R
ch :L(—kzzz—lqref—Zlq—a)ldj-i-Vq, (56)
where k; and k, are the positive constants.

The reference voltages in the dg frame, obtained
from the output of the inner current control loop (whether
based on SMC or the backstepping method), are
transformed into the stationary (a, b, c¢) reference frame.
These voltages are then compared with triangular carrier
signals to generate the corresponding switching signals
for the power switches. Several capacitor voltage
balancing techniques have been proposed in the literature.
Among these methods, the PS-PWM technique stands out
for its ease of implementation and its superior
performance in terms of total harmonic distortion (THD)
compared to other techniques. It is based on the use of
multiple triangular carrier signals with identical peak-to-
peak amplitude and frequency, each phase-shifted relative
to the previous one, with the phase shift expressed as
@ =360°p [34, 35].

Figure 4 shows the reference and carrier signals used
in conventional PS-PWM modulation for a 4-cell, 5-level
FCMC. In this topology, the PS-PWM method employs
4 carrier signals of identical amplitude and frequency,
each phase-shifted by 90° relative to the preceding one
(Fig. 5). A sinusoidal reference signal, varying within the
interval [-1, 1] in the linear modulation region, is
compared with all 4 carriers to generate the switching
control signals. Each comparison generates a binary
output: 1 if the reference signal is greater than or equal to
the carrier, and 0 otherwise (Fig. 4).

Carrier 1 Carrier 2 Carrier3 Carrier 4

0
-1 : )
Time (s) Reference signal, Vkref
Sk1 | | I
Sk2 LI | —
Sk3 1 [ 1
Skd 1 =

Fig. 4. PS-PWM technique for the 5-level FCMC
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-1

' —h-
L 4 (;‘arrlerz Sk?
Increasing delay Sia
phase shift -

Csrrier4 . Sk4

Reference Signal Vkref

Carrier1

Carrier 3

NOT Skd
Fig. 5. Schematic diagram of the PS-PWM control

Simulation results and analysis. The complete
electrical system, shown in Fig. 1, along with the proposed
control strategy, illustrated in Fig. 3, was simulated in
MATLAB/Simulink (SimPowerSystems) with a reactive
power compensation capacity of £100 kVAr, under various
reactive load conditions, based on the main parameters
summarized in Table 3. In the simulation scenario, load L1
is applied continuously from 0 to 8 s. At £ = 0.4 s, an
inductive load L2 is added, and at # = 0.6 s, a capacitive
load L3 is applied while L2 is disconnected.

Table 3

Parameters of simulated system [36]

Component Parameters Value
Line-to-line RMS voltage 381V
Frequency 50 Hz

AC source Source resistance 7 mQ
Source inductance 0.23 mH
DC-link voltage 750 V

STATCOM L filter inductance 0.7 mH
Fixed load L1 100 kW

Load Dynamic load L2 10 kW / +50 kVAr

load L3 10 kW /=50 kVAr

Figure 6 shows the effective per-phase voltage at the
PCC, with and without STATCOM compensation, during
the connection of reactive loads (inductive and capacitive).
The red curve represents the PCC voltage without
STATCOM operation. As observed, the voltage amplitude
increases relative to the desired value between 0.2 s and
0.4 s due to the connection of capacitive loads, which inject
additional reactive power into the network, causing an
overvoltage. It then decreases between 0.4 s and 0.6 s
relative to the nominal voltage due to the connection of
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inductive loads, which absorb more reactive power,
resulting in voltage sag. Conversely, the green curve
illustrates the PCC voltage with the STATCOM operating
under SMC. It is clearly observed that the voltage is
accurately maintained at its reference value, exhibiting a
very fast response time of approximately 1 ms, even during
the connection of reactive loads. The blue curve shows the
PCC voltage with the STATCOM -controlled using the
backstepping method, demonstrating its effectiveness in
maintaining the voltage at the desired value, with a very fast
response time and fewer fluctuations compared to the
STATCOM under SMC.

240 Vrms: \% ‘ l—\ln: with STATCOM-BSC
—Vga -with STATCOM-SMC

230 k —Vga-without STATCOM
1, s

210 i L i . >

0 01 02 03 04 05 06 07 08
Fig. 6. RMS phase voltage at PCC without and with STATCOM

Figure 7 shows the 3-phase voltages at the PCC
without the STATCOM during the connection of reactive
loads. Overvoltages caused by capacitive loads can be
observed between 0.2 s and 0.4 s, and voltage sags resulting
from inductive loads appear between 0.4 s and 0.6 s.

400VV

ey

F1g 7. 3-phase Voltage (abc) at PCC w1th0ut STATCOM

Figure 8 illustrates the 3-phase voltages at the PCC
under STATCOM operation. The voltage waveforms clearly
reach the desired values, demonstrating the responsiveness
and effectiveness of the proposed controllers.

Figure 9 presents the dynamic response of the
reactive power exchanged between the compensator and
the AC network for the 2 proposed structures (SMC
STATCOM and BSC STATCOM). It is clearly observed
that both structures respond effectively to voltage
disturbances caused by reactive loads at the PCC through
the injection and absorption of reactive power. This figure
confirms that the network remains in a steady state during
the periods from 0 s to 0.2 s and from 0.6 s to 0.8 s,
during which no reactive power is exchanged between the
STATCOM and the network. In the interval 0.2 s to 0.4 s,
the network experiences a voltage increase due to the
connection of the capacitive load, and the STATCOM
intervenes by absorbing the necessary reactive power to
compensate for the excess, meaning that the STATCOM
operates in inductive mode. In the interval from 0.4 s to
0.6 s, the network experiences voltage sag due to the
connection of the inductive load, and the STATCOM
intervenes by injecting the necessary reactive power to
compensate for the loss, meaning that the STATCOM
operates in capacitive mode.

50

(3

wh =
§§§ WM%WWWWWWWWWWWWW
e s
Jol i s |
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Fig. 9. Reactive power exchanged by the STATCOM

In Fig. 10, the phase voltage at the PCC and the
phase current of the STATCOM compensator are shown.
As observed, during the intervals from 0 to 0.2 s and from
0.6 s to 0.8 s, no disturbances affect the source, and no
reactive power is supplied or absorbed by the
compensator, resulting in zero current. Conversely, during
the interval from 0.2 s to 0.3 s, the compensator operates
in inductive mode: the STATCOM current lags the
voltage by 90°. Finally, during the interval from 0.3 s to
0.4 s, the compensator operates in capacitive mode: the
STATCOM current leads the Voltage by 90°.
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Fig. 10. Grid voltage Vg and current I, waveform

of STATCOM output

Figure 11 shows the evolution of the STATCOM DC
bus voltage. This voltage stabilizes around 750 V, with
minor fluctuations not exceeding 4 % for both structures
(SMC STATCOM and BSC STATCOM) during the voltage
sag and overvoltage intervals caused by reactive loads. It is
also observed that the fluctuations are slightly smaller for the
SMC STATCOM compared to the BSC STATCOM.
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Figure 12 shows the network phase voltage (V,,) and
the corresponding phase current (/,) at the PCC in the
absence of the STATCOM. It can be observed that the
current leads the source voltage (capacitive behavior)
during the interval 0.2 s to 0.4 s, and lags behind it
(inductive behavior) during the interval 0.4 s to 0.6 s. These
phase shifts between the network voltage and current,
caused by the presence of capacitive and inductive loads,
disturb the stability of reactive power and deteriorate the
power quality within the electrical system.
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Fig. 12. Grid voltage V,, and current I, without STATCOM

Figure 13 shows the voltage and current waveforms
of phase A at the point of PCC during STATCOM
operation. It can be observed that the current and voltage
are nearly in phase, with the STATCOM effectively
compensating the reactive power supplied by the capacitive
loads between 0.2 s and 0.4 s, and the reactive power
absorbed by the inductive loads between 0.4 s and 0.6 s,
thereby achieving a unity power factor. These results
confirm the STATCOM’s capability to maintain a
sinusoidal current aligned with the grid voltage at the PCC,
irrespective of load variations.

Figures 14, 15 show the voltage between phase
A and the neutral point O (Vo) at the converter output
for both STATCOM-BSC and STATCOM-SMC
structures. It is clearly observed that this voltage exhibits
5 distinct and symmetrical levels: £V,./2, £V,./4 and 0.
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Fig. 13. Grid voltage V,, and current /,, with STATCOM
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Fig. 15. Output phase voltage V., of the STATCOM-SMC converter

Figures 16, 17 illustrate the line-to-line voltage
(V) between phases A and B at the converter output for the
same structures, in which the voltage displays 9 levels: —V;
=3Vdd; Va2 —Vald; 0; Vidd; Vad2; 3Vyl4; Vg thereby
confirming the proper operation of the multilevel converter
and the accuracy of the applied modulation.
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Figure 18 illustrates the evolution of the internal
flying capacitor voltages of the converter for phase of the
STATCOM during the connection of reactive loads. A
natural balancing of the flying capacitor voltages is also
observed, achieved through the PS-PWM control
technique. The voltage variations of the capacitors
become more pronounced during the time interval
between 0.2 s and 0.6 s, due to the reactive power

supplied to or absorbed by the reactive loads
800 ;

600

400

Table 4
Comparison of performance of SMC and BSC
THD of V, Fundamental V,
at PCC, % at PCC, V
STATCOM SMC 3.13 310.1
STATCOM BSC 4.44 310

Conclusions. This paper presented a comparative
analysis of the performance of two nonlinear control
strategies, namely backstepping and sliding mode, applied
to a STATCOM based on a 5-level series multicell flying-
capacitor converter, for dynamic reactive power
compensation, voltage regulation, and power factor
improvement in a low-voltage network. The control
strategies were implemented to ensure accurate tracking
of active and reactive currents as well as stable voltage
regulation. The study showed that the connection or
disconnection of inductive and capacitive loads, causing
voltage sags or swells, can be effectively compensated by
the STATCOM.

The STATCOM model and the two control
strategies were implemented in MATLAB/Simulink. The
simulation results demonstrated that both controllers can
maintain a stable voltage at the PCC with a fast dynamic
response of approximately 1 ms, due to the almost
instantaneous injection or absorption of reactive power,
even under network disturbances such as load variations,
voltage sags, and swells. In addition, the THD of the PCC
voltage remains well below the 5 % limit specified by the
IEEE-519 standard, with values of 3.13 % for BSC and
4.44 % for SMC, showing that the BSC strategy achieves
superior harmonic performance.

Future works should focus on experimental
validation of these control strategies under real operating
conditions, as well as on further optimization of dynamic
performance and capacitor-voltage balancing.
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Optimizing residential energy usage patterns in smart grids using hybrid metaheuristic techniques

Introduction. This study applies hybrid metaheuristic optimization techniques to intelligently schedule household loads, ensuring a balance
between cost reduction, comfort and grid stability in smart homes. Problem. The growing gap between energy demand and supply leads to
high electricity costs, increased appliance waiting times, a higher peak-to-average ratio (PAR) and reduced user comfort. Efficient
management of residential energy consumption remains a major challenge for sustainable smart grid operation. Goal. This study aims to
minimize electricity costs, reduce PAR and enhance user comfort by optimally scheduling household appliances and shifting loads from peak
hours to off-peak hours. Methodology. A demand-side management approach is implemented using 5 metaheuristic optimization algorithms:
harmony search algorithm (HSA), flower pollination algorithm (FPA), hybrid harmony flower pollination algorithm (HFPA), multiverse
optimization algorithm (MVO) and cuckoo search algorithm (CSA). Real-time pricing is employed as the pricing model. MATLAB simulations
were conducted for 10, 30 and 50 smart homes, each comprising 15 residential loads categorized as controllable or base appliances. Results.
Simulation results demonstrate that the proposed HFPA consistently outperforms HSA, FPA, MVO and CSA across all tested scenarios,
achieving notable reductions in electricity cost and PAR while minimizing appliance waiting times. Scientific novelty. The hybrid HFPA
effectively combines the strengths of HSA and FPA, balancing exploration and exploitation to deliver superior performance in multi-objective
optimization for home energy management systems. Practical value. The proposed HFPA achieved up to 19.86 % reduction in electricity cost
and 81.03 % minimization in PAR, significantly enhancing user comfort and operational efficiency. The method can be further extended for
integration with renewable energy sources and machine learning-based predictive control systems. References 32, tables 6, figures 5.

Key words: home energy management system, energy consumption pattern, meta-heuristic optimization, hybrid optimization
technique, demand side management.

Bcmyn. Y pobomi 3acmocosyomscs 2ibpuoHi MemaespucmuyHi Memoou onmumizayii’ 05k IHMeneKmyanbHO20 NIAHYEAHHSL HABAHMAICEHHS
no6ymosux npunaoie, wo 3abeneuyiomv OANAHC MIdC 3HUICCHHAM BUMPAn, KOM@OPMom ma cmabiibHiCmio Mepedici Y «PO3VMHUXY
6younkax. Ilpobnema. 3pocmarnms pospugy Misc NORUMOM § NPONO3UYIEIO eHePeli NPU3800UNb 00 GUCOKUX GUMPAM HA eIeKMPOeHEPEito,
30LIbUIEHHS. YaCy OYIKY8AHHS NPUIAdi8, NIOBULEHHS! BIOHOUEHHS! NIKOBO2O HABAHMANCEHHS 00 cepednboeo (PAR) i 3uudicenms komgpopmy
Kopucmysauis. Egpexmugne ynpaenintsa cnodlCUBAHHAM eHep2ii y JHCUMI0Ux OYOUHKAX 3aTUMAEMbCs CEPLio3HOI0 npobnemoto Ons cmanoi
pobomu «po3ymHoiy mepedici. Mema. [lane 00CHiOHCeHHs: CNPSIMOBAHe HA MIHIMI3AYIIO 6UMpam Ha elekmpoenepeiio, sHudicents PAR ma
niosuujents Kom@opmy KOpUucmyauie WIAXOM ONMUMATLHO2O NIAHY8AHHA POOOMU NOOYMOSUX npunadie ma nepeHeceHHs
HABAHMACEHHA 3 NIKOBUX 200UMHUKI6 Ha Henikosi. Memooduka. Peanizosano nioxio 00 ynpasuinmsa NONUMOM 3 BUKOPUCTIAHHAM 5
MemaespUCMUYHUX aneopummie onmumizayii: aneopummy nowtyky eapmonii (HSA), aneopummy xeimkosoeo sanunenns (FPA), 2ibpuonoeo
2apMOHitiHo2o aneopummy keimkoeoeo 3anunenus (HFPA), ancopummy onmumizayii mynemuececsimy (MVO) ma ancopummy nowyky
so3yi (CSA). ¥V sxocmi mooeni yinoymeopeHHs UKOPUCTIOBYEMbCSL YIHOYMBOPEHHS. Y PeXCUMi peaibroco dacy. Tposedeno cumynayii y
MATLAB onsa 10, 30 ma 50 «po3ymHux 6yOUHKI8», KOXCEH 3 AKUX 8KII0YA8 15 nobymosux HagaHmaxicetyv, Kiacugiko8anux ax KepoeaHi yu
6azoei npunaou. Pesynomamu mooentosannsa noxkasyioms, wo 3anponovosanuii HFPA nepesepuiye HSA, FPA, MVO ma CSA4 y ecix
NpOMeCcmoBanux CyeHapiax, 00CA2aloHU NOMIMHO20 3HUMICEHHS. sumpam Ha eiekmpoenepeiio ma PAR 3a minimizayii wacy ouikysanmns
npunaodie. Haykoea noeusna. I'iopuonuii HFPA egexmueno noeonye y cobi nepesacu HSA ma FPA, 6anancyrouu 0ocnioscenus ma
BUKOPUCIMAHHSL TS 3A6e3NeUeHHsT BUCOKOL NPOOYKMUGHOCII Y 6a2amoyinbositi OnmumMi3ayii cucmem YpAaeiHHs eHepeOCNONCUBAHHIM Y
oyounxy. Ilpakxmuuna 3nauumicme. 3anpononosanuti HFPA oOoseonae smusumu eumpamu Ha enekmpoenepeilo 0o 19,86 % ma
minimizysamu PAR na 81,03 %, 3nauno niosuwuew Komghopm kopucmysaua ma egexmusHicms pobomu. Memoo moowce Oymu
000amKo60 po3uiupeno ons inmespayii 3 GIOHOGTIOBAHUMU OJicepeNamu eHepeii ma cUcmemamit HPOSHO3VIOU020 KepY8aHHs HA OCHOGI
MawuHHo2o HaguarnHsa. bioi. 32, Tabm. 6, puc. 5.

Knmiouogi cnosa: cuereMa KepyBaHHsSI €HePrOCHOKHBAHHSIM y OYIHMHKY, CTPYKTYpa €HEProCHo:KMBAHHs], MeTaeBPHCTHYHA
onrTuMizauis, riopuaHuii MeToa onTUMI3alii, KepyBaHHS MOMMTOM.

Introduction. The rapid growth in global power
demand, driven by technological advancements, highlights
the urgent need for efficient energy management.
Traditional electricity networks are increasingly unable to
meet these growing needs, prompting the development of a
new concept known as the Smart Grid. Smart Grid
integrates cutting-edge components such as smart devices,
clean energy sources, smart meters, and energy-saving
appliances. Smart meters, for example, are used to monitor
energy flow importing, exporting, or both. They are also
critical in ensuring communication between customers and
utilities, offering efficient, reliable, cost-effective, and
dynamically controllable energy solutions [1, 2].

Many demand-side management (DSM) solutions
have been suggested in the literature to optimize power
consumption patterns by shifting loads on a priority basis,
reducing loads to off-peak levels, and filling valleys by
utilizing energy during low-demand periods. These
approaches help balance supply and demand effectively
[3]. The objectives of DSM techniques are to minimize
electricity cost, energy consumption, and the peak-to-
average ratio (PAR). Demand response programs, which
play a pivotal role in DSM, encourage customers to modify
their power consumption habits depending on price signals.
Demand response is typically classified into 2 types: price-

based and incentive-based programs, both aiming to induce
energy-efficient behaviors [3, 4]. For example, users
shifting their loads during off-peak hours benefit from
lower power bills, increasing user satisfaction.

The major objectives of electricity management
include lowering PAR, electricity costs, and energy use,
along with the integration of renewable energy sources. To
fulfill these objectives, several DSM strategies have been
devised; some involving scheduling algorithms that
optimize demand through demand response programs.
These initiatives use smart appliances, smart metering
infrastructure, and two-way communication to ensure
effective energy use in multiple load sectors such as homes,
plazas, towns, cities, and industries. Dynamic pricing
systems also play a vital role: real-time pricing (RTP)
provides current data and prices; variable peak pricing
manages multiple peak periods; and time-of-use pricing
accounts for devices operating at different times [4, 5].

Given that residential areas contribute significantly to
overall energy consumption, this research focuses on
optimizing the usage of smart appliances in single and
multiple homes. Appliances are categorized as controllable
or base appliances to facilitate effective scheduling.
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The main challenges in Smart Grid include
minimization of energy consumption, electricity bill
reduction, PAR reduction, minimization of waiting time
(equivalent to maximizing user comfort), and renewable
energy source integration. Several heuristic and
mathematical approaches have been proposed to address
these optimization challenges. Most crucially, waiting
time — used as a proxy for user comfort is often
overlooked in efforts to mitigate rising power expenses.
Furthermore, the unpredictable nature of consumer
demand complicates optimal scheduling at the residential
level. DSM also faces challenges such as communication,
load shifting, security and privacy, and fairness. To
address these limitations, various meta-heuristic
optimization strategies have been applied. Previous
studies have employed binary particle swarm optimization
(BPSO), genetic algorithm (GA), bacterial foraging
optimization (BFOA), wind-driven optimization (WDO)
and hybrid methods such as GA-BPSO.

This study aims to minimize electricity costs, reduce
PAR, and enhance user comfort by optimally scheduling
household appliances and shifting loads from peak hours
to off-peak hours. To accomplish these aims, 5
metaheuristic optimization algorithms are implemented to
optimally shift household loads from peak hours to off-
peak hours within a smart grid environment: harmony
search algorithm (HSA), flower pollination algorithm
(FPA), hybrid harmony flower pollination algorithm
(HFPA), multiverse optimization algorithm (MVO) and
cuckoo search algorithm (CSA).

Analysis of the related work. In recent years, a variety
of optimization strategies have been presented to enhance
Smart Grid optimization utilizing DSM and demand
response. Cost minimization, PAR reduction, and load
optimization have always been the primary objectives for
achieving an ideal solution. In this part, a literature review on
various optimization strategies is presented. In [6], the
authors proposed an empirical pattern and real-time mutli-
period artificial bee colony (MABC) technique type cardinal
electrical power management scheme for home microgrids to
maximize system overall performance and decrease power
expenditures. To regulate unit pricing in real time, this
system employs real-time scheduling in conjunction with
day-ahead scheduling points, as well as a localized energy
marketplace structure based on single-side auctioneer. The
recommended approach’s performance is compared to that
of the mixed integer non-linear programming (MINLP)
method. The results show a considerable increase in
efficiency and accuracy across a variety of circumstances.
An experimental approach to energy management systems
(EnMS), focusing on reducing energy consumption through
advanced techniques is discussed in [7].

EnMS is a technique created by UNIDO that is used
to minimize greenhouse gas emissions [8] into the
environment by conserving energy. This strategy would
be used for commercial and office buildings that utilize a
lot of power on a regular basis. Simulation and results
indicate that installing EnMS can cut power usage by up
to 30 %. The distributed optimization algorithm for
microgrids energy management (MEM-DOA) was first
put out in [9]. The authors of this paper contend that the
contributions of distributed energy generation and
distributed energy storage to DSM cannot be
overestimated. A DSM-connected grid consists of large-
scale central energy storage, electric vehicles, and a
variety of smart consumers, both active and passive.
MEM-DOA is being implemented by the authors

according to the type of customer. According to the
results, the suggested approach is more successful in
reducing PAR, power costs, and user comfort. The
authors [10] presented a hybrid method for residential
area load scheduling called teaching learning genetic
optimization (TLGO), which blends the teaching
learning-based optimization (TLBO) algorithm with GA.

In [11] was proposed a metaheuristic optimization
strategy for residential areas. This study work employs 3
metaheuristic optimization techniques: tabu search
algorithm, particle swarm optimization (PSO) and
simulated annealing. The authors of [12] describe a home
energy management system (HEMS) that is based on 4
heuristic algorithms: WDO, GA, BFOA and BPSO.
Additionally, a hybrid method called genetic BPSO
(GBPSO) is suggested. The RTP model is used to get
updated time base prices of energy units for load
optimization. The simulation and findings illustrate that
GA out runs in PAR, BPSO outruns in cost minimization,
and GBPSO out runs in cost and PAR reduction. Based
on the RTP price structure, work [13] suggests a simple
DSM model for residential clients. It seeks to lower
electricity bills, PAR and appliance wait times. The GA
heuristic technique is used in this study. The authors
explore 2 test systems for validation of simulation results,
one is of one user or home and other one is 20 users. The
results show that the proposed system perform well in
both cases. A heuristic-based evolutionary method has
been developed in [14] with the primary goal to minimize
electricity costs and PAR. In this research, the authors
look at 3 sorts of users: residential load, industrial load
and commercial load. The results demonstrate that the
suggested method can handle several types of devices and
achieves the desired PAR and cost.

The authors proposed a successful DSM paradigm for
residential areas in [15]. The authors employ 2 pricing
methods, time-of-use and inclining block rate and 3
optimization approaches: GA, ant colony optimization
(ACO) algorithm and BPSO. The results of the study
illustrated that GA outperform from ACO and BPSO in cost
and PAR minimization. In [16], employs consumer demand
response with dynamic price rates. The goal of this strategy
is to enhance the user experience by shift the loads from
high demand period to low demand period. The authors
provide self-organizing home energy networks that are
controlled by appliance control interfaces and interact with
smart appliances. In [17], the authors provide a real-time
information-based energy management system for
balancing the household load in microgrid. For this
objective, the authors employ GA to reduce power costs
while increasing user comfort. In this study, daily utilizing
loads are divided into 5 categories: elastic, inelastic,
thermostatically controlled, user aware, and normally used
loads. The results reveal that the proposed algorithms
lowered costs by up to 22.63 % and reduced PAR by up to
22.77 %. The authors employ RTP to encourage consumers
to engage in load scheduling [18]. The authors employ an
intelligent decision support system (IDSS) for load
scheduling. High-performance scheduling is used to
establish time of use pricing, on/off peak pricing, RTP, two-
tier pricing and combinations of the above.

In [19], a multi-objective optimization framework is
suggested for the optimized operation of a stand-alone
combined cooling, heating, and power microgrid. The
study employs a modified chaos particle swarm
optimization (MCPSO) algorithm to enhance convergence
speed and search performance for complex optimization
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problems. In [20] was proposed a strategy to tackle global
warming and increasing carbon emissions. The authors
assess their goal by utilizing GA, effective differential
evolution (EDE), the suggested improved differential
teaching learning algorithm, and the TLBO method to
control energy usage and user comfort. The authors of this
study utilize RTP. For the HEMS in DSM, the authors [21]
proposed a heuristic optimization method. For residential
load control, this study employs the conventional dynamic

programming approach in addition to 2 heuristic
optimization techniques: GA and BPSO. In [22], the
authors suggest a realistic scheduling mechanism (RSM) to
cut power costs and achieve equilibrium amongst appliance
utilities. In this study, the authors suggest a BPSO-based
optimization approach to cut power costs and improve user
pleasure. PAR is ignored in this article. Table 1 gives a
summary of the most recent study, including the research
purpose, recommended methodology, and constraints.

Table 1
Review of the most recent research

References Techniques Objectives Limitations
Energy management systems for smart MABC, MINLP Cost, PAR reduction, user comfort Increased system
hybrid home [6] complexity
Energy management system on energy EnMS Cost reduction and maximize user PAR is neglected
efficiency [7] comfort
Distributed optimization algorithm MEM-DOA Cost, PAR reduction Usey comfort is
for DSM [9] ignored
Intelligent hybrid heuristic approach for PAR not considered,

smart metering [10]

GA, TLBO, TLGO

Cost and user comfort .
Increased complexity

Metaheuristic optimization techniques for

PSO, simulated

. Increased system
Cost, PAR reduction, user comfort 4

residential energy management [11] annealing, tabu search complexity
- . GA, BPSO, BFOA, . Increased system

Heuristic algorithm based HEMS [12] WDO, GBPSO Cost and PAR reduction complexity

An improved system architecture GA Cost reduction PAR is ignored

for optimal DSM [13]

Heuristic based

Cost reduction and minimization of

Waiting time is

DSM of smart grid [14] evolutionary algorithm PAR ignored
Using heuristic methods to optimize energy GA. BPSO. ACO Reduce cost, PAR, execution time, Increased system
management [15] ’ ’ and improve user comfort. complexity

An intelligent HEMS to improve demand ANFIS predictor Energy consumption User comfort is
response [16] ignored
Real-time information-driven energy GA Minimize power costs while PAR not considered,
management [17] increasing user comfort increased complexity
Heuristic optimization of consumer IDSS Minimize electricity cost and PAR and user
electricity costs [18] execution time comfort is ignored
MCPSO based optimized operation PSO. MCPSO Convergence speed, environmental Increase system
model [19] > benefit complexity
DSM in nearly zero energy buildings [20] GA, EDE, TLBO User Cfomngz?n;gisnergy PAR is neglected
Hybrid optimization for residential load [21] BPSO, GA Max‘mlzeelll:;rr i‘itn;fc"(f; MMIZE | pAR not considered
RSM for smart houses [22] BPSO, RSM Electricity cost and user comfort PAR is neglected

System model. Energy management and end-user
demand-side control are the two main goals of DSM, which
increase its efficiency and dependability. Smart devices
such as energy management controllers (EnMCs) and smart
meters are installed in every smart home to facilitate
consistent and reliable bidirectional communication
between consumers and utilities. The EnMC receives data
from sensors, storage devices, local generation, and all
electrical equipment. Smart meter sends pricing signals to
the EnMC after receiving them from the utility. After that,
the EnMC organizes appliance data according to the
utility’s price signal. Smart meter and utilities can connect
via wired protocols or wireless systems such as Z-Wave
and ZigBee. All electric loads, EnMCs and smart meters
interact over a home area network. This paper examined
single and multiple homes equipped with 15 appliances. In
the energy pricing model, the RTP tariff is used to generate
an electricity bill. To achieve the aforementioned aims,
operating time interval (OTI) of 5 min, 30 min and 1 hour
are employed. A 1-hour time slot is broken into 12 equal-
sized sub-time slots, each of which lasts 5 min. Because

many appliances last less than an 1 hour, the remaining
operating time of the appliance is squandered. As a result, a
5-min time interval saves power and makes the system
more resilient than a 30-min or 1-hour OTIL.

Load categorization. Load appliances are
categorized according to their power consumption into 2
main classes: non-controllable appliances and base
appliances. Figure 1 shows the model of the proposed
system and Table 2 shows the parameters of all
appliances. Burst load appliances are another name for
non-controllable appliances. The time slots of these
appliances can be adjusted to any available slot. It is
impossible to change the equipment’s overall running
time or energy consumption pattern. These appliances can
not be shut off once they are switched on. Examples of
these items are a washing machine and a fabric dryer.
Base appliances are also known as fixed appliances. The
total operating duration and energy consumption pattern
of these appliances cannot be altered. If the user wants to
switch on these appliances at any time, they must do so
during the specified time frame.
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Table 2
Parameters of appliances
Appliances LOT, slots | PR", kW Category
Washing machine 18 2 Non-controllable
Cloth dryer 10 2 Non-controllable
Dish washer 20 0.5 Non-controllable
Hair dryer 3 1.8 Base
Toaster 2 0.8 Base
Kettle 2 2 Base
Phone 288 0.005 Base
Computer 24 0.15 Base
Hair straighter 2 0.055 Base
Oven 13 2.4 Base
Cooker hood 13 0.225 Base
Iron 6 2.4 Base
Light 90 0.1 Base
Refrigerator 288 1.67 Base
Television 158 0.083 Base

LOT - length of operation time (time slots); PR — power rating (kW).

Price model. Power prices are determined by the
utility and power costs are calculated accordingly.
Different dynamic methods are employed to reduce power
costs and the PAR levels. These dynamic methods
incentivize customers to shift large loads from peak to
off-peak hours. Time-of-use, inclining block rate, critical
peak pricing, day-ahead pricing and RTP are all included
in dynamic pricing plans. In this study, RTP is used to
calculate power bills. RTP-based power pricing can
fluctuate as frequently as once per hour. Price signals in
RTP may vary between time slots, whereas other pricing
methods remain consistent for each time slot.

Mathematical formulation of the problem. The
HEMS problem is formulated as a multi-objective
optimization problem. The goal is to determine the
optimal control of household appliances, energy storage
units and distributed generation sources to minimize
energy cost and PAR, while maintaining acceptable
waiting time and maximizing user satisfaction.

The objective function can be expressed as a
weighted sum of multiple objectives:

Fiin= a1-Ciop + a"PAR + a3 W, — a4 U, (1

where C,, is the total energy cost; PAR is the peak-to-average
ratio of power demand; W, is the total waiting time, hrs; U is
the user satisfaction index (0-1); g — oy-are the weighting
coefficients representing the priority of each objectives.

The cost of energy consumption is calculated as:

T
Cior = 2 7(t) Egriat), )
t=1

where {7 is the electricity price at time ¢ (time of use tariff);
E.?) is the energy purchased from the grid at time .
The energy balance constraint is expressed as:

H
D By(t) = E g () +E pG (6)+ Epgy (2). 3)
Al

where P(f) is the power demand of home appliance /4 at
time #; Egi?) + Eps(f) + Ep(?) is the combination of grid,
local generation and storage.

PAR reduction. The PAR is defined as:

o (4010
%Z;(Z;ﬁph(f)'xh(t)) ’

where x;(f) is the binary control variable (ON/OFF status
of appliance #).

Waiting time constraint. If an appliance % is
deferred by d,, hours, then:

DY )

Proposed approaches. HSA. In this work, the heuristic
algorithm HSA is applied to achieve the objectives. In 2001,
this algorithm was proposed by Prof. Zong Woo Geem. The
HSA is motivated by musicians’ improvisations to establish
harmony in their works [23]. It is based on 3 primary
components: harmony memory, harmony memory
consideration and pitch correction. Initially, a harmony
memory is created with potential solutions. During each
cycle, a new solution is generated by either selecting values
from the harmony memory or generating new ones using

PAR =
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pitch adjustment and a randomization factor. New harmony
is tested using a fitness function, and if it outperforms the
poorest solution in the harmony memory, it replaces it. This
iterative procedure is repeated until an optimal or satisfactory
solution is found, making HSA suitable for addressing
complex optimization issues [24].

Steps of HSA are next:

1 Initialize all the algorithm parameters

2 Generate starting harmoniousness memory

3 Measure the fitness of starting generated memory

4 forx=1:Hdo

5 for itr = 1 : Maximum.iterations do

6 Improvise new harmony vector newh

7 fory=1:12do

8 if rand() < HMCR then

9 Choose value from
harmoniousness memory

10 if rand() < PAR then

11 | Tune the value

12 end if

13 else

14 | Select a random value

15 end if

16 end for

17 end for

18 Perform selection process

19 Compare newh with worst harmony Xworst

20 if f(xnew) < f(xworst) then

21 xworst = xnew

22 else

23 | Keep the existing value

24 end if

25 end for

FPA is inspired by the pollination process in
flowering plants [25]. It uses 2 modes of pollination: global
and local. In global pollination, solutions are updated by
considering the best solution and a Lévy flight-based
random walk. In local pollination, neighboring solutions
are combined to create new candidate solutions. The
transition between global and local pollination is controlled
by a switch probability parameter. FPA mimics the natural
foraging and pollination behaviors of insects to effectively
explore and exploit the solution space, making it a robust
approach for optimization tasks. The most recent nature-
inspired algorithm is FPA, which is based on the
pollination process of plants. Flowering plants’ flower
pollination technique led Xin-She Yang to develop FPA in
2012. FPA is primarily used to address both constrained
and unconstrained optimization issues. The primary
advantages of FPA that interest researchers are its
processing speed, resilience and simplicity of modification
based on requirements [26]. The 4 rules listed below are
used for simplicity of reference.

1) Biotic and cross-pollination are considered global
pollination processes; pollen is carried by pollinators in a
manner consistent with Lévy flights.

2)Local pollination involves abiotic pollination and
self-pollination.

3) Pollinators, like insects, contribute to the likelihood
of reproduction based on the matching of two flowers.

4) The interplay of local and global pollination may be
regulated by a switch probability p [0, 1], which is
somewhat biased in favor of local pollination. The
algorithm 2 depicts the entire FPA process.

Steps of FPA are next:

1 for x =1 — population.size do

2 for y=1 — loads do

3 Generate a random population

4 Calculate F = fitness function

5 if FOF(i—1)||load(t) < unscheduledload(t) then
6 F@i)=F()

7 if (va using (4) — (ha < ta) then

8 Load is ON

9 else

10 | wait until Low demand period (off-peak hours)
11 end if

12 else

13 | FG)=Fi-1)

14 end if

15 end for

16 end for

17 forz=1— Maxltr do

18 Generate random flowers (population)
19 for m =1 : appliances do

20 if rand > ProbabilitySwitch then
21 | use levy flight to update solution
22 else

23 select random population

24 check simple bounds

25 end if

26 end for

27 Evaluate new solution

28 if Fnew < Fold then

29 | update the solution using new fitness values
30 end update the global best

31 end Return best solution

HFPA is a hybrid optimization technique combining
the strengths of HSA and FPA [27]. It utilizes the harmony
memory concept of HSA to generate and refine solutions in
the early phases and uses the global and local pollination
concepts of FPA to make better use of the solution
exploration and exploitation. Such hybridization will be used
to strike a balance between convergence speed and solution
space diversity. The incorporation of these 2 methodologies
has resulted in better performance of HFPA in terms of
computational efficiency and solution quality, and makes
HFPA effective in dealing with complex optimization
problems [28].

Steps of HFPA are next:

Initialize all the parameters
Generate initial harmoniousness memory
for x =1 — MaxItr do

1

2

3

4 Generate random flowers (population)

5 for m = 1: appliances do

6 if rand > P robabilitySwitch then
7 | use levy flight to update solution
8 else

9 select random population
10 check simple bounds

11 end if

12 end for

13 Evaluate new solution

14 Perform selection

15 Compare new solution with worst harmony
16 if (xnew) < fixworst) then

17 | XWorst = xnew

18 else

19 | Keep existing

20 end if update the global best

21 end for Return best solution

The suggested hybrid algorithm HFPA employs
FPA in initializing the population of n flowers or pollen
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gametes with random solutions. A d-dimensional step
vector L is drawn from a Lévy distribution, then the new
solutions are compared to the worst harmony vectors.

MVO algorithm is inspired by such concepts as the
multiverse theory [29]. It applies the theory of white
holes, black holes and wormholes to explore and exploit
the processes of optimization. White holes represent
solutions that are being found and carry positive
characteristics with the previous but black holes represent
the substitution of unwanted solutions with better
solutions. Wormholes lead to random modifications in
solutions and this keeps the space of search diverse. It
uses dynamic exploration and exploitation to dynamically
balance between them to optimally converge upon the
best solution and, therefore, it can be applied to a broad
class of optimization problems [30].

Steps of MVO algorithm are next:

1 Initialize all parameters

2 Generate initial population of universes

3 Evaluate fitness of each universe

4 fori=1:Tdo

5 for itr = 1 : Max.iterations do

6 Sort universes based on fitness
Normalize inflation rates

7 forj=1:Ndo

8 ’ if rand() < WEP then

9 Perform white hole tunneling

11 else

12 ‘ Perform wormhole existence

probability adjustment

13 end if
end for

14 end for

16 Perform selection

17 Compare new universe with worst universe
Xworst

18 if f{iXnew) < filXworst) then

19 | Xworst = Xnew

20 else

21 | Keep existing

22 end if

23 end for

CSA is a bio inspired optimization algorithm that
emulates the collaborative foraging process of cuckoo
birds [31]. The techniques employed by the algorithm
include selection of nest, egg-laying area and finding of
prey. Cuckoo eggs are solutions that might be good, and
the algorithm repeats the process of replacing the old with
a better one as it searches through the cuckoo eggs. It
utilizes search mechanisms such as global and local
search in maintaining diversity combined with speed in
approaching convergence. The flexible characteristic of

Steps of CSA are next:

1 Initialize all parameters

2 Generate initial population

3 Evaluate fitness of each individual

4 fori=1:Tdo

5 for itr =1 : Max.iterations do

6 Sort universes based on fitness
Select the best individuals

7 forj=1:Ndo

8 if rand() < Pm then

9 Perform mutation

11 else

12 | Perform local search

13 end if
end for

14 end for

16 Perform selection

17 Compare new universe with worst universe
Xworst

18 if f(Xnew) < f(Xworst) then

19 Xworst = Xnew

20 else

21 | Keep existing

22 end if

23 end for

Simulation and results. This section evaluates the
performance of the suggested approach using MATLAB
simulations with the RTP scheme. The algorithm’s efficacy
is evaluated using measures such as power cost, energy
usage, PAR reduction and user satisfaction. The simulation
scenario includes single and multiple households, each with
15 appliances divided into 2 categories: non-controllable
and base appliances.

Figure 2 depicts the power cost of the simulated
algorithm for single and multiple homes, as determined
during the scheduling process. It also shows the electricity
cost of HAS, FPA, HFPA, MVO and CSA, which is less
than the unplanned cost. The comparative data is provided
in Table 3. The results demonstrate that the hybrid
approach of HFPA and MVO outperforms than the other
strategies in terms of cost in all scenarios.

60000 C,,, cent

)
I Unscheduled

40000

20000

the method defines its applicability in addressing non- _ 10 homes 30 homes 30 homes
linear as well as multidimensional optimization [32]. Fig. 2. Total cost against different OTIs
Table 3
Cost comparison of single home for different OTIs
OTI Parameters | Unscheduled | HSA FPA | HFPA | MVO CSA
Cost, cent 71.09 66.577 65.14 |61.647| 63.134 | 64.98
5-min | Difference — 4.513 5.95 9.443 7.956 6.11
Efficiency, % - 6.34 8.36 13.28 11.19 8.59
Cost, cent 480.822 420.614 | 408.977 |386.912| 390.883 |407.214
30-min | Difference — 60.207 | 71.844 193.909| 89.939 |73.608
Efficiency, % — 12.53 14.94 19.54 18.70 15.31
Cost, cent 963.304 847.751 | 836.283 |771.988| 793.218 |835.012
1-hour | Difference - 115.552 | 127.021 |191.313] 170.086 |128.292
Efficiency, % - 11.99 13.59 19.86 17.65 13.31
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The reduction of PAR is beneficial to both utilities and
consumers. During the scheduling process, if PAR increases,
then the cost also increases, and if PAR is reduced, then the
electricity cost decreases. The PAR performance of HSA,
FPA, HFPA, MVO and CSA is listed in Table 4 for all OTIs.
It is shown that PAR is reduced compared to the unscheduled
case. Result shows (Fig. 3) that HFPA and MVO perform
better in all OTIs compared to CSA, HSA and FPA.

Table 4 compares the PAR for different optimization
techniques. HFPA stands out by significantly reducing
PAR, particularly in the 30-min interval, where it
achieves an efficiency improvement of 81.03 %. This
demonstrates how HFPA reduces power consumption
while maintaining system performance. The results
complement this by showing the efficiency levels of the
optimization techniques over time. It highlights that
HFPA and MVO maintain higher efficiency across all
time intervals, with particularly strong performance in the

1-hour interval. These results underscore the effectiveness
of HFPA and MVO in reducing power consumption and
ensuring high efficiency over extended periods.

I Unscheduled I [

EEEHsA

I FPA

I HFPA nl
EEwmv _ _ . =
[Tcs

10 homes 30 homes 50 homes
Fig. 3. PAR against different OTIs

Table 4
PAR comparison of single home for different OTIs
OTI Parameters | Unscheduled | HSA FPA HFPA MVO CSA
PAR 16.204 7.8312 | 7.9717 | 3.4293 5.4567 | 7.6243
5-min | Difference — 8.3728 | 8.2323 | 12.7747 | 10.7473 | 8.5797
Efficiency, % - 51.67 50.8 78.83 66.32 52.94
PAR 14.421 6.2447 | 53035 | 2.7345 4.4155 | 5.0005
30-min | Difference - 8.1763 | 9.1175 | 11.6865 | 10.0055 | 9.4205
Efficiency, % - 56.69 | 63.22 81.03 69.38 65.32
PAR 8.0991 5.2407 | 5.3035 | 2.7345 3.5535 | 5.1545
1-hour | Difference — 2.8584 | 2.7956 | 5.3646 | 4.5456 | 2.9446
Efficiency, % - 35.29 34.51 66.23 56.12 36.36
The waiting time and electricity cost both affect user Table 5
comfort. In this case, waiting time is used to gauge Waiting time comparison of single home for different OTIs
consumer comfort. Customers must use the most energy- Parameter | OTI | HSA | FPA | HFPA | MVO | CSA
efficient appliance schedule in order to reduce their power Waiting [omin | 115 | 110 | 102 | 105 | 108
costs. Power costs and user comfort are a trade-off; if time 30-min| 23 20 18 19 21
customers value comfort more than power costs, they will I-hour| 9 7.5 7 7.5 8.2

have to pay more for electricity. Power costs and user
comfort are inversely related.

Figure 4 shows the average waiting time for HSA,
FPA, HFPA, MVO and CSA. These results show that
waiting time is reduced compared to unplanned cases.
The results show that HFPA and MVO perform better in
all OTIs than CSA, HSA, and FPA.

W,, min

400

300

200

100 -

0

50 homes
Fig. 4. The average waiting time for different OTIs

10 homes 30 homes

Table 5 compares the waiting times for each
optimization technique across the 3 OTIs. HFPA achieves
the lowest waiting times, particularly in the 1-hour
interval, where the waiting time is reduced to just 7 min.
This demonstrates HFPA’s ability to enhance system
responsiveness.

Comparison of techniques. HFPA emerges as the best
choice because it offers excellent performance across all 3
criteria (cost, waiting time and PAR). It effectively handles
the interdependencies between multiple homes, optimizing
energy sharing and scheduling. Its hybrid nature makes it
adaptable to multi-objective problems common in multi-
home systems. The MVO is a close second because it
performs well in dynamic, highly interconnected
environments where energy demands fluctuate significantly.
However, its computational complexity may be a limitation
for very large-scale systems.

Figure 5 shows a comparison of the proposed
algorithms for all constraints. Table 6 shows a
comparison of algorithms for HEMS for multiple homes.

Performance Comparison of Home Energy Management Algorithms

5| === Cost Optimization
mmm Waiting Time Optimization
mmm PAR Optimization

w o

N

Performance Score

0

HSA FPA
Fig. 5. Comparison of proposed algorithms for all constraints

HFPA Mvo CSA
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Table 6

Comparison of algorithms for HEMS for multiple homes

Algorithm .C(.)St . Wa?“‘?g time .PAR . Strengths Weaknesses Suitability
optimization | optimization | optimization
Simple algorithm, Limited global Better for simpler,
computationally efficient | optimization capabilities, | independent multi-home
HSA Moderate Good Moderate for small-scale systems struggles with systems with less
interdependencies between| complex constraints
homes
Balances local and global May struggle with Suitable for moderately
optimization, effective for | dynamic changes in load- | interconnected multi-
FPA Good Moderate Good multiple objectives sharing and inter-home home systems with
dependencies predictable energy
patterns
Combines the strengths of Computationally Ideal for highly
HSA and FPA, handles | demanding, requires more | interconnected systems
HFPA Excellent Excellent Excellent interdependencies resources requiring robust
effectively optimization for cost,
waiting time and PAR
Excels in handling dynamic High computational Suitable for complex and
MVO Excellent Good Excellent and interdependent syst§ms, complexity, slower highly dynamic mu}ti-
adaptable to changes in convergence for very | home systems, especially
energy demand large-scale systems with fluctuating demands
Fast convergence, effective | Less capable of handling | Best for smaller-scale
CSA Good Good Moderate for systems with complex interd_ependencies mult.i-h_ome_ systems with
straightforward and dynamic energy limited interaction
optimization needs management between homes

Conclusions. The introduction of smart grids has
enabled considerable advances in energy system
optimization, notably through the use of HEMS in smart
homes. Effective energy management in these contexts
requires accurate scheduling of smart appliances, a challenge
addressed by ground breaking discoveries in DSM. DSM
approaches have been effectively deployed in the residential,
commercial and industrial sectors, proving their ability to
balance consumer load profiles within grid networks.

This study investigates metaheuristic optimization
methodologies for increasing energy efficiency in smart
homes. The strategies studied include the HSA, FPA,
HFPA, MVO and CSA. These solutions optimize energy
use across multiple loads while using the RTP model to
determine power bills. Simulations in MATLAB show that
these strategies effectively reduce electricity bills and PAR.
Compared to the unscheduled case, energy costs decreased
by up to 19.86 % (HFPA), 19.54 % (HFPA, 30-min OTI),
and 13.28 % (HFPA, 5-min OTI). The highest savings
were achieved by the HFPA algorithm, consistently
outperforming others. The PAR was reduced by up to
81.03 % (HFPA, 30-min OTI), 78.83 % (HFPA, 5-min
OTI), and 66.23 % (HFPA, 1-hour OTI). This confirms
effective load shifting and peak shaving. All algorithms
maintained waiting times within acceptable limits. HFPA
achieved the best results with only 102 min (5-min OTI),
18 min (30-min OTI), and 7 min (1-hour OTI), ensuring
high user comfort.

The HFPA is the most successful of the proposed
approaches, outperforming others in key criteria such as
cost reduction, reduced waiting time, and enhanced PAR.
Its hybrid formulation enables it to deal with the multi-
objective attribute of energy management in multi-home
systems by optimizing energy sharing as well as appliance
schedules. The MVO is in second place and has an
exceptional performance in the context of various
dynamic and interconnected environments where energy
requirements are highly volatile. But it can be considered
computationally intensive to scale to the larger size.

The research shows that metaheuristic optimization
methods can be used to enhance smart home energy
management that would allow developing a more
sustainable and efficient practice of energy consumption.

It is recommended that future research would
concentrate on improvement and optimization of HFPA
so it can be introduced at an even greater scale. It must
also be combined with the machine learning and deep
learning models to improve predictability and accuracy.
The MVO is associated with greater complexity and
hence, there is need to lower the degree of complexity of
this algorithm in any follow up research. The proposed
model should be combined with renewable energy
resources in order to enhance sustainability.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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The methodology of multi objective design of active-passive shielding system for overhead power
lines magnetic field in residential buildings space based on metaheuristic optimization method

Problem. Most studies of power frequency magnetic field reduced to safe level in in residential buildings located near overhead power lines
carried out based on passive or active electromagnetic shielding, but there is no methodology for designing active-passive systems that
include active and solid or multi-circuit passive shields. The goal of the work is to develop the methodology of multi objective design of
active-passive electromagnetic shielding system, conmsisting of active and solid self or multi-circuit passive parts to improve shielding
efficiency of initial magnetic field in residential building edges generated by overhead power lines to sanitary standards level. This goal
proposed to achieve based on metaheuristic optimization method Methodology. Multi objective design methodology of active-passive
shielding system based on solution of the geometric inverse problem of magnetostatics for the resulting magnetic field generated by the
transmission line wires, compensation windings of the active shielding system and a passive shield in the form of a solid or multi-loop shield.
The geometric forward problem is solved based on solutions of Maxwell’s equation for magnetic field three-dimensional model using the
COMSOL Multiphysics sofiware. The solution of the geometric inverse problem of magnetostatics is formulated as a minimax vector
problem of nonlinear programming. The solution of the minimax vector problem of nonlinear programming is calculated based on the
metaeristic optimization algorithm from Pareto optimal solutions taking into account binary preference relations. Results. During combined
active and solid or multi-circuit passive shielding system design spatial arrangement coordinates of solid or multi-loop passive shield and
compensating windings, as well as windings currents and phases of active shield calculated. New scientific results are theoretical and
experimental studies of a designed combined active and of solid or multi-circuit passive shielding system efficiency for magnetic field created
by overhead power lines. Scientific novelty. For the first time multi objective design methodology for combined active and solid or multi-
circuit passive shielding system taking into account original field shielding effectiveness decrease in residential building edges for more
effective reduction of industrial frequency magnetic field created by overhead power lines developed. Practical value. Practical
recommendations for the reasonable choice of the coordinates of the spatial arrangement of compensation windings of the active shielding
system and a passive shield in the form of a solid or multi-loop shield, as well as the currents and phases in the compensation windings,
parameters of regulators of the open and closed controls of the two degrees of freedom active shielding system and parameters of positions
of magnetic field sensors of the active shielding system for magnetic field generated by overhead power lines in residential building space
are given. The possibility of reducing the initial magnetic field induction to the sanitary standards level shown. References 438, figures 11.
Key words: overhead power line, magnetic field, combined electromagnetic active and passive shielding system, design
computer simulation, experimental research.

Ilpobnema. Binvwicmv Oocniodcenv NO 3HUICEHHIO DIBHA MAZHIMHO20 MO NPOMUCTOB0I 4ACMOMU 8 JICUMAO0BUX OYOUHKAX, WO
PO3MAUIOBAaHI NOOIU3Y NOGIMPSAHUX MiHIl eleKmponepeoayi, 00 6e3NeUH020 PiBHs, BUKOHAHI HA OCHOBI NACUBHUX AO0 AKMUBHUX 3AC00i8
e1eKMPOMACHIMHO20 eKPAHYBAHHS, ajle GIOCYMHSA MemOoO0N02is NPOEKMYBAHHA AKMUBHO-NACUSHUX CUCTEM, SIKI BKTIOUAI0Mb AKMUGHI
ma cyyinoni abo 6azamoxonmypni nacusui expanu. Memoio pobomu € po3podka memooonoii 6azamoyinbo8020 NPOEKMY6aHH
AKMUBHO-NACUBHOT cUCeMU eleKMPOMASHIMHO020 eKPAHYB8AHHA, WO CKIA0AEMbCA 3 aKMUBHUX Ma CYYIIbHUX abo 0azamoKoHmMypHUX
nacusHux Hacmun O NiOBUWeHHs eheKmUBHOCHI eKpany8aHHsa GUXIOHO20 MASHIMHO20 NOJA HA KPAsaX JICUMNOSUX Oyldisenv, ujo
2eHepyEMbCsl NOGIMPAHUMUY NIHIAMU enekmponepedati, 00 piensa canimapuux nopm. [ocsemu 3aznauenoi memu nponoHyemuvcs Ha
0CHO8I Memody memaespucmuyroi onmumizayii. Memoouka. bazamoyinb06e npoeKmy8anHsa aKMUEHO-NACUBHOT CUCTNEMU eKPAHYBAHHS
bazyemucs na po3e a3anHi ceomempuiHoi obepHenoi 3a0aui MazHIMOCMAamuKy 051 Pe3yIbmyIou020 MAHIMHO20 NOJIA, WO 2eHePyEMbCsl
npogooamu ninii enexmponepeoayi, KOMNEHCAYiuHUMU OOMOMKAMU AKMUBHOI cUCeMU eKPAHYBAHHS MA NACUBHUM eKPAHOM Y 8u2aA0i
cyyinbio2o abo bazamoxkonmyprozo expamy. I eomempuuna npama 3a0a4a oOUUCTIOEMbCS HA OCHOGI PO36 A3Ki6 pieHanHa Makceenna
Ona  MpUBUMIPHOI MOOeNi MASHIMHO20 NOAAL 34 00NOMo2ot0 npozpamuozo 3abesneuenns COMSOL Multiphysics. Po3s’azox
2e0MeMPUYHOI 00epHenol 3a0aui MAHIMOCMAmuKy POPMYIOEMbCA AK MIHIMAKCHA 6EKMOPHA 3A0a4a HEeNiHIHO20 NPOSPAMYEAHHS.
Po3é’sz0x minimaxcnoi éekmophoi’ 3a0aui HeniMiliNo20 NPOSPAMYBAHHs PO3PAX0BYEMbCA HA OCHOGI MEMAespUcmuiHo20 aneopummy
onmumizayii, wjo 6azyemucs na onmumanvhux 3a Ilapemo po3s’sazkax 3 ypaxysanuam 6inapnux cniesionouienv nepegazu. Pezynomamu.
B npoyeci bazamoyineo6020 npoekmyeanis akmueHo-nAcCUGHOI CUCeMU eNeKMPOMACHIMHO20 eKPaAHYBAHHs PO3PAXOEAHO KOOPOUHANU
npoCmopo8o20 po3mMAauily8ants CyyiibHo2o abo 0azamoKoHMYpHO20 NACUEHO20 eKpaHy Ma KOMNEHCAyiiHuX O0OMOMOK cucmemu
AKMUBHO20 eKPAHYBAHHS, 4 MAKOJIC CIMPYM ma (azu KOMREHCYIOUUx 0OMOMOK cucmemu akmueHo2o expanysanns. Hosumu naykosumu
pe3yIbmamamu € meopemudni ma eKCHepUMEHMANbHI OOCTIONCEHHS. epheKMUGHOCMI CUHME308aH0I KOMOIHOB8AHOT akmueHoi ma
CYYinbHOl, abo 6acamoKOHMYpHOL, NACUBHOI eNeKMPOMASHIMHUX EKPAHYIOUUX CUCTEM MACHIMHO20 NOJs, WO CMEOPIOEMbCS
nogimpsiHumu ninismu enexkmponepeoaui. Haykoea noeusna. Bnepuie pospobreno memooonoeito 6azamoyiib08020 NPOEKNYSAHHS
KOMOIHOBAHOI akmueHoi ma CyyinbHoi, abo 6acamoKOHMypPHOL, NACUBHOI cucmeMu eKPAHY8AHHS 3 VDAXYEAHHAM eqeKmusHOCni
EKPAHYBAHHS PE3YbMYIOU020 MAZHIMHO20 NONA HA KPAAX HCUMA0SUX 6YOieent 0is Oinbill eqheKmusHo20 3MEeHEHH MACHIMHO20 NOJA
NPOMUCTIOB0T HACMOMU, WO CMEOPIOEMbCS NOGIMPSHUMU TIHIAMU elexmponepedadi. Tpakmuyuna 3nauumicms. Haoano npaxmuuni
pexomenoayii w000 O06IPYHMOBAH020 BUOOPY KOOPOUHAM NPOCMOPOBO2O PO3MAULYBAHHS KOMNEHCAYIUHUX O0OMOMOK cucmemu
AKMUBHO20 eKPAMYBAHHS MA NACUBHO2O eKPAHY Y 8U2IAJL CYYiTbHO20, ab0 DA2AmMOKOHMYPHORO, eKpaKy, d MAaKodc Cmpymie ma ¢as 6
KOMREHCayitiHux 0OMOMKAX, NApamempie pe2yiamopie po3iMKHYno20 ma 3aMKHYMo20 YRPAGIIHHS CUCeMU aKIMUBHO20 eKPAHYB8AHHS 3
06oma cmyneHamu c80600uU Mma NApamempie noI0ACeHb OAMUUKIE MASHIMHO20 NOJIA CUCHEMU AKMUBHO20 eKPAHYBAHHS Ol MACHIMHO20
NoJA, WO 2eHEPYEMBCS NOGIMPAHUMU TIHIAMU eleKmponepeoayi 8 npocmopi scumaosoi 3a0yoosu. Ilokazana MoNCIUGICMb 3HUICEHHS
iHOYKYIT UXIOHO20 MACHIMHO20 NOJA 00 pigHs canimapnux Hopm. biom. 48, puc. 11.

Knrouoei crosa: noBiTpsiHa JiiHis eJieKTponepeadyi, MarHiTHe 1moje, cucTeMa KOMOIHOBAHOI'0 €1eKTPOMATHITHOIO AKTUBHOI'O
Ta MACHBHOTO0 €KPAHYBAHHS, NPOEKTYBAHHS, KOMII’IOTePHe MO/IeJIIOBAHHS, eKCIIepUMeHTAJbHi A0CTi/IzKeHHS.

Introduction. Operating high-voltage overhead World Health Organization discovered the carcinogenic

power lines, located in residential areas of most developed
countries of the world, are the main sources of power
frequency magnetic fields, which massively affect the
population and are more dangerous to health than electric
fields. At the end of the 20th century, experts from the

properties of the power frequency magnetic field with its
weak but long-term effect on humans [1]. Therefore, over
the past 20 years, sanitary standards for the maximum
permissible level of power frequency of 50-60 Hz for the
population have been actively implemented and constantly
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strengthened in the world, and intensive development of
methods for normalizing power frequency magnetic fields
is being carried out [2, 3].

Calculations and the results of numerous experiments
show, the maximum permissible level of induction of
power frequency magnetic fields at the border of sanitary
protection zones of operating overhead lines, which were
previously determined only by the EP, can be exceeded by
more than an order of magnitude [3—5]. This poses a threat
to the health of hundreds of thousands of people living
closer than 100 m from the overhead line.

\ i Y As an example,
f Fig. 1 shows
residential  buildings
located close to power
line. From an
economic point of
view, methods of
shielding  residential
buildings from
magnetic field
f overhead lines are
more promising [6, 7].
The economic
significance of the
work lies in
normalizing the level

Fig. 1. Residential buildings located

close to power line
of the magnetic field of industrial frequency in existing
residential buildings located near overhead power lines,
without decommissioning or reconstructing already
operating overhead lines. The social significance of the
work lies in ensuring the protection of public health from
the negative effects of the man-made magnetic field of
industrial frequency and, accordingly, extending the life
expectancy of the population of Ukraine.

However, at present, the problem of effective shielding
of power frequency magnetic fields of overhead lines has
not been sufficiently studied. Methods of passive
(electromagnetic) shielding of power frequency magnetic
fields with conductive plates, which are traditional and
effective for power frequency magnetic fields, when used
for shielding magnetic fields of power frequency 50-60 Hz,
require increased metal capacity, which within the
framework of economic feasibility limits their efficiency to
the level of 2-3, which in some cases is insufficient [8, 9]. In
addition, traditional passive electromagnetic shield are
airtight for air and opaque for light, which creates a problem
of shielding window openings of residential buildings.

Active shielding methods of power frequency
magnetic fields can be provided higher efficiency of
shielding of overhead power lines (up to 10) with lower
metal content [10—13]. Their essence lies in the automatic
formation in a closed structure using special windings of
compensating power frequency magnetic fields with such
a space-time structure, the superposition of which with
the power frequency magnetic fields of the overhead
power line in the protection zone is minimized to a safe
level [14-16]. The technology of active shielding of
power frequency magnetic fields of operating overhead
power lines has been used for more than 10 years by most
developed countries of the world, for example, the USA,
Italy, Spain and Israel [17, 18].

However, methods and means of increasing the
characteristics of both active and passive shielding

systems of residential buildings for effective protection of
their residents from the effects of overhead power lines
remain undeveloped [19-26]. Also, the methods of active
and passive shielding do not have a theoretical and
experimental justification, and the criteria for their
rational use depending on the design and localization of
overhead power lines relative to the residential building
have not been determined [26-28]. The idea of the
research is to optimize the systems of active and passive
shielding of overhead power lines in residential buildings
depending on the spatial structure of the overhead power
lines, which is determined by the design and localization
of overhead power lines, as well as the use of transparent
lattice electromagnetic shielding for residential buildings.

When designing combined electromagnetic shield, it
is necessary to reduce the level of the initial magnetic field
in the entire shielding space along the length, width and
height of the residential building [29-31]. Therefore, it is
necessary to use a three-dimensional model of the magnetic
field. Moreover, the need to use passive shielding may be
needed precisely at the edges of the residential building
[32-34]. When designing combined electromagnetic
shielding, it is necessary to take into account the inaccurate
knowledge of the parameters of the initial magnetic field,
as well as their change during operation, and therefore the
designed system must be robust [35-37].

Therefore, the problem of designing combined
electromagnetic shielding taking into account the
uncertainties of the initial magnetic field model is reduced
to solving a minimax vector optimization problem with
constraints [38—40]. The components of the vector
objective function are the values of the induction of the
resulting magnetic field at the considered points of the
shielding space. These components of the vector objective
function are nonlinear nonconvex functions and contain a
set of local extrema [41—43].

To solve such complex, multidimensional nonlinear
and nonconvex optimization problems, metaheuristic
group intelligence algorithms are widely used [31, 32].

The goal of the work is to develop the methodology
of multi objective design of active-passive electromagnetic
shielding system, consisting from active and solid or multi-
circuit passive parts to improve shielding efficiency of
initial magnetic field in residential building edges
generated by overhead power lines to sanitary standards
level. This goal proposed to achieve based on metaheuristic
optimization method.

Definition of geometric forward magnetostatic
problem for passive solid electromagnetic shield. The
most widespread method of reducing the magnetic field level
is electromagnetic shielding using a solid passive shield. The
geometric forward problem of magnetostatics for solid
passive electromagnetic shield is to calculate the secondary
three-dimensional model of magnetic field generated by a
solid passive electromagnetic shield placed in the original
magnetic field. It is assumed that the coordinates of the
spatial location, geometric dimensions and electrical
parameters — electrical and magnetic conductivity of the
solid passive electromagnetic shield are specified. Naturally,
the original magnetic field is also considered specified.

To model electromagnetic processes in a solid passive
electromagnetic  shield, the COMSOL Multiphysics
software is used to solve Maxwell’s equations using the
finite element method for three-dimensional models of the
electromagnetic field in the following form.
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Gauss’s law for electric field

v.E=L, (1)
€0
Gauss’s law for magnetism
V-B=0; 2)
Faraday’s law for electromagnetic induction
OB
VxE=——; 3
= A3)

Ampere’s loop law
VB = i+ o )

where vector E is electric field strength; vector B is
magnetic flux density; vector J is current density; p is
electric charge density.
To study the process of electromagnetic shielding of
a three-phase power line through which a harmonic
current flows in a steady state, the law of the total current
in integral form, written in a quasi-stationary
approximation in terms of complex amplitudes, was used:
§Hd1 - j YEdS + jJex’dS , (5)
/ S S
where H, E — complex amplitudes of the intensity vectors
of the magnetic and electric fields, respectively;
J?" — complex amplitude of the current density vector of
external sources; y — specific electrical conductivity;
[ — contour covering the integration surface S.
Equation (1) can be written in the form:

§irotA"d1 =L@ j yA"dS + 11y - j JAS (6)

1 H 3 3
where A" is the vector magnetic potential; 4 is the relative
magnetic permeability; 1g=47-10"" H/m is the magnetic
constant; o is the circular frequency.

The obtained equation describes the distribution of
vector magnetic potential in the system «solid
electromagnetic shield — current sources of magnetic
field». The electromagnetic shield is given by its
geometric parameters, relative magnetic permeability u
and specific electrical conductivity y. For the external
environment, we can set =1, y=0. The system of current
sources is described by the frequency o and the current
density distribution vector J. In this case, the current
conductors are considered as current filaments.

Numerical modeling of electromagnetic processes in
systems with extended current conductors and thin-walled
open-circuited conductive shielding elements is based on
the combined use of finite difference methods and
absorbing boundary conditions, the division of the
computational domain into a number of additional
subdomains containing thin-walled elements, and the use of
a non-uniform computational grid to calculate the field in
the thickness of the shield walls with subsequent «stitching»
of the solutions obtained in each subdomain [44, 45].

The computational domain contains current
conductors, an electromagnetic shield and a protected
area. Uniaxial well-matched layers are introduced at the
boundaries of the computational domain: this additional
medium occupies several cells of the computational grid
and plays an auxiliary role, and its anisotropic parameters
ensure fast and non-reflective attenuation of the

electromagnetic field in it. Therefore, at its outer
boundary, the value of the vector magnetic potential can
be set equal to zero: 4° = 0. The computational domain
was divided into a number of additional subdomains,
some of which contained thin-walled conductive
elements. A rectangular grid was imposed in each
subdomain, and the step inside the shielding elements was
smaller. The solutions obtained in each subdomain were
«stitched» at their boundaries [46].

Let us define the vector X, of the sought
parameters of solid passive electromagnetic shield, the
components of which are coordinates of the spatial
location, geometric dimensions and electrical parameters
— electrical and magnetic conductivity of the solid passive
electromagnetic shield. Such three-dimensional numerical
modeling allows us to calculate instantaneous value of a
vector B, (X, P, f) of induction of the three-
dimensional model of magnetic field generated by solid
electromagnetic shield at the point P; of the shielding
space at the moment of time ¢. Therefore, the geometric
forward problem of magnetostatics for a solid passive
electromagnetic shield is solved.

Definition of geometric forward magnetostatic
problem for multi-circuit passive electromagnetic
shield. The geometric forward problem of magnetostatics
for multi-circuit passive electromagnetic shield is to
calculate the secondary three-dimensional model of
magnetic field generated by a multi-circuit passive
electromagnetic shield placed in the original magnetic
field [26]. It is assumed that the coordinates of the spatial
location, geometric dimensions and electrical parameters
— electrical and magnetic conductivity of multi-circuit
passive electromagnetic shield are specified. Naturally,
the original magnetic field is also considered specified.

Multi-circuit passive shield consist of a set of
aluminum wires that are interconnected in a certain way
and form current circuit. In most cases, all the wires of the
shield are connected in parallel. The wires are arranged
parallel to each other and parallel to the overhead line,
which provides the greatest shielding efficiency. The
calculation of the magnetic field of multi-circuit passive
shield can be carried out by analytical, semi-analytical or
numerical methods.

For given initial magnetic field induction vector
Br(0:, X,, 0, t) as well as of geometric dimensions vector
values X, of multi-circuit passive contour shield,
magnetic flux @(X,, X,, J, f) piercing contour / of multi-
circuit passive shield calculated [26]

dil(Xa,Xp,é,t):jBRa(Xa,é,t)dS. %)
S

Current Ip(X,, X,, d, f) in complex form, induced in
circuit / of multi-circuit passive shield calculated according
to Ohm law and in integral form of Faraday law [19]:

Ip(X,. X ,,0,t)=—joB(X,, X ,.0,0)]...
CMR(X )+ joL (X)),
where R/(X,) — active resistance and inductance L,(X,) of
circuit / of multi-circuit passive shield calculated for
passive shield geometric dimensions vector values X,.

In the numerical method of calculating the three-
dimensional model of the magnetic field of multi-circuit

®)
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passive shield, the coordinates of the spatial arrangement
of the wires, the geometric dimensions of these wires and
the electrical conductivity of the shield wires are given.
The entire calculation area is divided into sub-areas, each
of which is aluminum or air. During the calculation,
discrete calculation mesh were superimposed, the types
and sizes of which differed significantly according to the
calculation sub-area. The presented model allows you to
calculate the electric currents induced in the screen and,
accordingly, find the three-dimensional model of of the
shielded magnetic field distribution.

Let us define the vector X, of the sought parameters
of multi-circuit passive electromagnetic shield, the
components of which are coordinates of the spatial
location, geometric dimensions and electrical parameters —
electrical and magnetic conductivity of multi-circuit
passive electromagnetic shield. Such three-dimensional
numerical modeling allows us to calculate instantaneous
value of a vector B,.(X,., P;, f) of induction of the three-
dimensional model of magnetic field generated by multi-
circuit electromagnetic shield at the point P; of the
shielding space at the moment of time ¢. Therefore, the
geometric forward problem of magnetostatics for a multi-
circuit passive electromagnetic shield is solved.

Definition of geometric forward magnetostatic
problem for active quasi-static electromagnetic shield.
Let’s first consider a quasi-static formulation of the
forward magnetostatic problem of current regulation in
the compensation windings of an active shielding system.
This direct problem involves calculating a three-
dimensional model of the magnetic field generated by the
compensation windings of an active shielding system. It is
assumed that the spatial coordinates of these
compensation windings of the active shielding system are
specified, as are the instantaneous current values — the
amplitudes and phases of the currents in these
compensation windings of the active shielding system.

Three-dimensional model is calculated the magnetic
field inside a residential building and represents the
compensation windings of the active shielding system as a
set of current conductors, while the influence of other
elements is not taken into account. The general method of
calculating the three-dimensional model of magnetic field
based on the Biot-Savart law. The essence of the method
is that the conductors are replaced by a broken line
consisting of straight segments. A current i(f) flows
through each infinitely thin segment of the conductor with
a d/ length. According to the Biot-Savart law, the current
i(¢) flowing through the segment d/ generates a magnetic
field with induction:

t —L(t) X
aB(r) =2 LI R). ©)

Then we can calculate the magnetic field induction
generated by the entire compensation winding.

ki) % (@xR)
Bl)="1 IL P (10)

where it is assumed that the integration is carried out
along a line segment (—L,+L) along which the unit vector
is directed.

Let us define the vector X, of the sought geometric
parameters of compensation windings of an active
shielding system, the components of which are
coordinates of the spatial location, geometric dimensions
compensation windings of an active shielding system.

Let us define also the vector I, of sought electric
parameters of compensation windings of an active
shielding system, the components of which are current in
these compensation windings of an active shielding system.

Such three-dimensional numerical modeling allows us
to calculate based on the Biot-Savart law (6) instantaneous
value of a vector By (Xugs, Lugss Pi» t) of induction of the
three-dimensional model of magnetic field generated by
active quasi-static electromagnetic shield at the point P; of
the shielding space at the moment of time ¢. Therefore, the
geometric forward problem of magnetostatics for active
quasi-static electromagnetic shield is solved.

Definition of geometric forward magnetostatic
problem for magnetic field sensors positions of active
electromagnetic shield. The active shielding system is a
multi-channel dynamic automatic control system, the
number of channels in which is determined by the number
of compensation windings. This active shielding system is
a two-degree-of-freedom system and simultaneously
includes open and closed control loops. The forward
objective of designing an active shielding system is to
calculate the currents in the compensation windings of the
active shielding system using magnetic field sensors.
Moreover, to implement closed-loop control, the magnetic
field sensors are installed within the shielding space.

The number of these magnetic field sensors is
usually equal to the number of compensation windings in
the active shielding system. To implement open-loop
current control in the compensation windings of the active
shielding system, the magnetic field sensor is installed
outside the shielding space. Typically, to implement open
current control loops in all compensation windings of the
active shielding system, one magnetic field sensor is used,
which is installed at a significant distance from the
shielding space. In this case, it is assumed that the
voltages at the outputs of the magnetic field sensors,
which are used to implement open and closed loops for
regulating currents in the compensation windings of the
active shielding system, are specified.

The geometric forward magnetostatic problem for
positions of magnetic field sensors of active
electromagnetic shield is to calculate the output of the
magnetic field sensors, which is necessary for
implementing open and closed loop current control in the
compensation windings of the active shielding system. In
this case, it is naturally assumed that the spatial coordinates
and spatial orientation angles of these magnetic field
sensors are specified. Naturally, the magnetic field at the
location of these magnetic field sensors is also assumed to
be known.

Let’s first consider definition of geometric forward
magnetostatic problem for magnetic field sensors
positions of active electromagnetic shield. We introduce
the induction vector Bz(f) the components of which are
induction vectors Br(Q,,f) of the resulting magnetic field
at points Q; of magnetic field sensors installed. We also
introduce the unit vectors ¢ of the angular positions of the
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magnetic field sensors and column vector K,, of the gain
coefficients of the magnetic field sensor taking into
account the number of turns of their measuring coils and
the gains of the preamplifiers.

Then the vector y(f) of sensor output voltage will
take the following form

Ys(O)=Br()@ 9@ Ky +w(?), (11

where the sign ® denotes the tensor (Kronecker) product of
the column vectors; w(?) is the magnetometer noise vector.

The components of the sensor output voltage vector
ys(t) are instantaneous values of projections of the
components of the induction vectors Bg(Q;, t) of the
resulting magnetic field in sensors installed points Q; on
the components of unit vectors ¢ of the angular position
of the magnetic field sensors taking into account the
components of column vector Kj, of the magnetic field
sensor gain coefficients.

Let’s define a vector X, of positions of magnetic
field sensors for active dynamic electromagnetic shield,
whose components are the vector of spatial coordinates Q;
and the vector of angular positions ¢ of the magnetic field
sensor. Then, for a given vector X,,, based on (7), a
geometric forward magnetostatic problem for magnetic
field sensors positions of active electromagnetic shield
can be solved — the vector of instantaneous values of the
magnetic field sensor output voltages can be calculated.

Definition of forward problem for active dynamic
electromagnetic shield. Let us now consider the forward
problem for active dynamic electromagnetic shield of
calculating the currents I,(f) in the compensation
windings of the active shielding system using a dynamic
system with two degrees of freedom based on the output
voltages y,(¢) of the magnetic field sensors.

Let us introduce the vector X,,,, the components of
which are the parameters of the open and closed
controllers R(X,,), with the help of which control with
two degrees of freedom is implemented. Then, based on
the vectors yy(f) of instantaneous values of the output
voltages of the magnetic field sensors using the regulators
of the open and closed controls of the two degrees of
freedom active shielding system, a vector [I,(f) of
instantaneous values of the currents in the cleanliness
windings can be calculated.

Iw(t""l):R(Xars)ys(t)' (12)

Definition of geometric inverse magnetostatic
problem for combined electromagnetic shield. The
resulting magnetic field in the shielding space is a
superposition of the original magnetic field generated by
the transmission line wires and the combined
electromagnetic shield. The combined electromagnetic
shield includes the active shield windings and a passive
solid or multi-circuit shield.

In most works devoted to the calculation of the
electromagnetic field of power transmission lines, the
sagging of the wires on the field distribution is not taken
into account. The wires are assumed to be infinite,
rectilinear and parallel to the earth’s surface. The advantage
of this approach is that it allows the problem of calculating
the magnetic field to be considered in a two-dimensional
setting. However, research results have shown that

neglecting the effect of sagging when calculating the
magnetic field can lead to an error of 45 %.

Therefore, when calculating the magnetic field of
overhead power lines, we will take into account the
sagging of the wires. It is assumed that the wires have the
shape of a catenary line, and in this case the problem of
calculating the magnetic field is three-dimensional.

Let us define the vector X, of the parameters of
overhead power lines, the components of which are are
coordinates of the spatial location and geometric
dimensions of overhead power lines wires as wel as
vector Xj,; of amplitudes 4; and phases ¢, of currents in
power transmission lines wires.

Currents in transmission lines exhibit daily, weekly,
seasonal, and annual variations. Let’s define the
uncertainty vector d of the initial magnetic field generated
by the transmission line. Then, the vector B;,/(d, P;, t) of
the instantaneous value at time t of the resulting magnetic
space point P; can be calculated as a three-dimensional
model based on the Biot-Savart law (10).

Such three-dimensional numerical modeling allows us
to calculate the distributions of the induction of the three-
dimensional model of magnetic field generated by the
transmission line wires, that is, to solve the geometric forward
problem of magnetostatics for transmission line wires.

Let us first consider the problem of compensating
for the initial magnetic field generated by the power
transmission line wires using a combined shield in a
quasi-static setting. For given vectors of parameters of a
solid passive electromagnetic shield X, a multi-circuit
passive electromagnetic shield X, and geometric X,
and currents I, parameters of compensation windings of
an active shielding system in a quasi-stationary setting
based on the solution of geometric forward problems, the
instantaneous values of the magnetic field induction
vectors B, (X, P, f) generated by solid passive
electromagnetic shield vectors B,.(X,., P; ) generated
by multi-circuit passive electromagnetic shield vectors
By (Xugss Lags> Pi, t) generated by compensation windings
of an active shielding system at the moment of time ¢ in
space point P; can be calculated.

Let us introduce the vector X of the required
parameters of the design of a combined shield, the
components of which are vectors of parameters of a solid
passive electromagnetic shield X,,., a multi-circuit passive
electromagnetic shield X, and geometric X, and
currents I, parameters of compensation windings of an
active shielding system in a quasi-stationary setting

X:(XPSS’XpCS’XaqsaI (13)

Then the instantaneous value of the vector Br(X, J,

P, f) of the resulting magnetic field induction is
calculated as the following sum

aqs )

BR(Xvaﬂpiﬂt):Bz'pl(aapivt)"'Bpss(Xpssti’t)"' (14)
+chs(chs’Pi’t)+ Baqs(Xaqs’Iaqsapiat

Let us now consider the problem of compensation of
the initial magnetic field generated by the power
transmission line wires using a combined shield in a
dynamic setting taking into account the solution to the
problem of spatial placement and angular position of
magnetic field sensors, as well as the design of active
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shielding system controllers as a dynamic system with
two degrees of freedom. In contrast to the quasi-static
formulation of the problem of designing a combined
shield, when the currents in the compensation windings of
the active shielding system are the desired parameters, in
the dynamic formulation of the problem of designing a
combined shield, when the currents in the compensation
windings of the active shielding system are calculated
using a dynamic system with two degrees of freedom.

For the given values of the vector X, of the sought
parameters of the spatial and angular positions of the
magnetic field sensors, the output voltages y(f) of the
magnetic field sensors are calculated based on the solution of
the geometric forward problem. Naturally, when calculating
the output voltages of the magnetic field sensors, the
calculated values of the vector Br(Q;, ¢) of resulting magnetic
field at the installation points Q; of the magnetic field sensors
inside the shielding space are used to implement closed-loop
control algorithms for the currents of the compensation
windings of the active shielding system.

When calculating the output voltage y,(¢) of the initial
magnetic field sensors, the calculated values of the initial
magnetic field B,(Q,, ) at the installation points O; of the
magnetic field sensor outside the shielding space are used
to implement open-loop control algorithms for the currents
of the compensation windings of the active shielding
system. For the given values of the vector X, of the
parameters of the active shielding system regulators, the
vector I,(¢) of instantaneous values of the currents in the
compensation windings of the active shielding system are
calculated based on the calculated output voltages y(f) of
the magnetic field sensors. Then, for the values of currents
I(?) in the compensation windings of the active dynamic
shielding system calculated in this way and for the given
values of the vector X, of the sought geometric
parameters of compensation windings of an active
shielding system, the value of instantaneous value of
induction vector B.(X,gs» Xusps Xars> Pi» 1) 18 calculated.

Then three-dimensional numerical modeling allows
us to calculate based on the Biot-Savart law (10)
instantaneous value of a vector B u(Xugs» Xusps Xars> Pis 1)
of induction of the three-dimensional model of magnetic
field generated by active dynamic electromagnetic
shielding system at the point P; of the shielding space at
the moment of time ¢. Therefore, the geometric forward
problem of magnetostatics for active dynamic
electromagnetic shielding system is solved.

Let us introduce the vector X of the required
parameters of the design of combined shield with
dynamic  electromagnetic  shielding system, the
components of which are vectors of parameters of a solid
passive electromagnetic shield X, a multi-circuit passive
electromagnetic shield X, geometric parameters X, of
compensation windings of an active shielding system,
positions X,, of magnetic field sensors for active
dynamic electromagnetic shield and regulator parameters
X, of active dynamic electromagnetic shielding system

X = (X 60 X pes> Xags> Xagp» X, (15)

pss><X pess»“Xags><rasp>

Then the instantaneous value of the vector Br(X, o,
P, t) of the resulting magnetic field induction is
calculated as the following sum

ars )

BR(X,ﬁ,Pi,t)= Bipl(aapiat)"_Bpss(Xpss’Pis

B, \X, ., P,t|+B (X X, p> X grs» B

t)+
(16)
pcs( pes» ift) ags \“*aqs>“*asp> il

The requirements for the resulting magnetic field
level apply not to the instantaneous value Bi(X, o, P;, f) of
the magnetic field induction vector, but to its effective
value. Therefore, based on the instantaneous value Br(X,
d, P;, 1) of magnetic field induction vector we calculated
effective value Bp(X, 0, P;) of resulting magnetic field
induction in shielding space point P. A safe magnetic
field level for habitation is usually regulated throughout
the entire shielding space, so we introduce a vector Br(X,
0) of effective magnetic field values. Its components are
the effective magnetic field values Bg(X, J, P, at
individual points P; of the shielding space, covering the
entire shielding space

Br(X,0)=(Br(X.6,P).Bx(X.6,P,).. Bp(X.6,P,)) . (17)

Then the problem of designing a combined shield is
reduced to solving a nonlinear minimax vector
optimization problem Bg(X, d). In the process of this
problem solving it is necessary to minimize Br(X, 9)) (14)
or (16) by the vector X (9) or (15) of sought parameters,
but to maximize this same Br(X, J) by the vector ¢ of
uncertainty parameters.

Metaheuristic optimization algorithm. A distinctive
feature of the nonlinear minimax vector optimization
problem (15) or (17) is its multi-extremality, which is due to
the nature of the original nonlinear functions. Furthermore,
the scalar objective functions that are components of the
vector objective function are antagonistic. This is due to the
nature of the compensation of the initial magnetic field at a
specific point in the shielding space. When minimizing the
magnetic field level at a particular point in the shielding
space, the magnetic field level at other points in the
shielding space increases due to undercompensation or
overcompensation of the original magnetic field using a
combined electromagnetic shield.

To solve such complex, nonlinear and
multidimensional optimization problems metaheuristic
algorithms of group intelligence are widely used. From
metaheuristic algorithms the most widely used are genetic
optimization, particle swarm optimization (PSO), white
whale optimization, gray wolf optimization, wind driven
optimization, bacterial foraging optimization algorithm,
binary particle swarm optimization, harmony search
algorithm, flower pollination algorithm, harmony flower
pollination algorithm, multiverse optimization algorithm,
coco search algorithm and many other algorithms that
model the group intelligence of the behavior of a swarm of
living organisms. To improve computing capabilities, a
combination of these metaheuristic algorithms is used, and
these evolutionary algorithms of group intelligence are also
used simultaneously with deterministic algorithms —
sequential quadratic programming, Levenberg-Marquardt
algorithms and many others.

Currently, it seems that various types of heuristic
algorithms based on PSO are most widely used.

Consider calculated nonlinear minimax vector
optimization problem based on PSO. Let’s first look
initial value of sought parameters vector X and external
parametric perturbations vectors 4. for nonlinear minimax
vector optimization problem calculated by PSO.

ars»
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Nonlinear minimax vector optimization problem
required parameters (17) desired parameters vectors X
and uncertainties parameters vectors d. It is necessary to
minimize nonlinear minimax vector optimization problem
(17) by parameters vectors X but maximize the same
nonlinear minimax vector optimization problem by
uncertainty parameters vector d. Therefore, each particle i
of swarm j included both position x;(f), J;(¢) and velocity
v(1), u;(f) components for both required vector X and
vector 0 calculated.

Xt +1) = (1) + vy (e +1); (18)
Syt +1)= () + uy (¢ +1), (19)
where
v (4 1) = w0+ ey 1 (OH (pr = () () o)
- 0csy o 0]
(t+1) wiu ()+Clﬂ’lj( (Plj glj(t |_zy(t)
@)

#
—5g(t)]+02jr2j(f)H<P2j—gzj(t))[zj(f)—%'(f)]

In fact, all varieties of PSO algorithms are
implementations of random search algorithms of first-
order order. In this case, the role of the derivative is
played by the random direction in which the change in the
objective function is greatest. It is well known that first-
order methods are most effective when searching far from
the optimum. As the optimum is approached, the rate of
change of the objective function decreases, and
consequently, the effectiveness of first-order methods
declines. Furthermore, as the extremum is approached,
zigzag movements are possible, with the extremum point
jumping. In a nearly stationary region, second-order
methods are more effective, using both first and second
derivatives to find the extremum.

Let us consider a heuristic algorithm for random
search based on a swarm of particle motion, which
simultaneously uses the velocities and accelerations of
particles — analogs of the first and second derivatives,
calculated on the basis of random search [47]. Let us denote
the initial values of the vectors Xj(¢) and J;(¢), which are
calculated using the PSO. Then the step d;;(#) of further
changing the vector X;() is calculated as the solution of the
problem of minimizing the quadratic objective function.

Minimize

F(X;5(0,05(0) + 1/ 24 (0) H (0l (0) + .

et T (Od g (0).

Also the step djj5(¢) of further changing the vector
0;(t) is calculated as the solution of the problem of
maximizing the quadratic objective function.

Maximize

F(X;(1).0; (t))> +1/2d}5 () Hyjs (Odyj5(1) + ..

+ .]115 (t)dy§(t)

In these both quadratic objective function (22), (23)
the components of Jacobian matrices Jj;(f), J;s(f) and
Hessian matrices H(f), H;s(¢), respectively, along
vectors X(f) and d;(f) calculated from velocities v;(?),
u;(f) and accelerations A4,(¢), A;5(f) of particle i of swarm
J movement from x;(%), d;(¥) positions.

22)

23)

Particles movement accelerations A;(f), A;s(f)
calculated based on velocities v;(?), u;(¢) as

Ays(t+1) =y (e +1)—uy (¢). (25)
Then, to minimize nonlinear minimax vector
optimization problem by Xj(f) and to maximize nonlinear

minimax vector optimization problem by J;(f) step size
optimal values dj;(¢) and dj;s(?) calculated as

Ay () () + vy (1) =0 (26)
Ay () (t)+u;(e)=0. (27)
And then particle motion calculated as
xi(t+1) = x () + (O (0 ; (28)
Syt +1) =8 (t)+ a5 ()i (0) - (29)

In conclusion, we note that to calculate the optimal
values of the motion steps dj;,() and d;5(¢) to minimize the
objective function (22) and maximize the objective
function (23), it is necessary to calculate the inverse
Hessian matrices H;(¢), H;(f), respectively, along
vectors X;(f) and d;(¢). Random search of this matrices
are calculated from velocities vi(¥), u;(¢) and accelerations

Ay (1), A;s(f) of particle i of swarm j movement from x;(%),

0;(f) positions. To improve computational efficiency, a
stochastic analogue of the Levenberg-Marquardt
algorithm is used. The step sizes are calculated as

T (M0 + Adiaglg T (0 ) =
=—Jy i 0F (X (1),0;(0);
UsT (W 5(0)+ Adiag|r s (e

T
=—J;5 (OF (X;(0),8;(0).

In this case, there is no need to calculate the inverse
Hessian matrix and particle motion calculated by (28, 29).

When nonlinear minimax vector optimization
problem global optimum calculated from Pareto sets of
optimal solutions it is necessary binary preference
relations used [31, 32].

Simulation results. As an example, Fig. 2 shows
three-dimensional magnetic field level distribution with
combined shield with of a multi-circuit passive shield when
only one passive shield is operating (@), when only one
active shield is operating (b), and when a combined shield
with a multi-circuit passive shield is operating (c). As can
be seen from Fig. 2,a, when only one multi-loop passive
shield is in operation, the level of induction in the shielding
space is practically independent of the width of the passive
shield. As can be seen from Fig. 2,5, when only one active
shield is in operation, the level of induction in the shielding
space is approximately 2-3 times lower than when only
one multi-circuit passive shield is in operation. Moreover,
the level of induction in the shielding space increases
significantly at the edges of the shielding zone, which is
due to the finite length of the compensation windings of the
active shield. As can be seen from Fig. 2,c, when operating
a combined shield with a multi-contour passive shield, the
level of induction in the shielding space is practically
independent of the width of the passive shield.

W05 1) =
(31)
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Fig. 2. Three-dimensional magnetic field level distribution with
combined shield with multi-circuit passive shield

As a second example, Fig. 3 shows three-dimensional
magnetic field level distribution with combined shield with
solid passive shield when operating a combined shield with

continuous passive shield without (@) and with side plates (b).
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Fig. 3. Three-dimensional magnetic field level distribution
with combined shield with solid passive shield

As follows from the comparison of these distributions
of magnetic field induction, when using side plates from a
continuous passive shield, the level of induction at the edges
of the shielding space decreases compared to a continuous
passive shield without side plates.

Experimental setup of a combined electromagnetic
shielding systems. To conduct comprehensive experimental
studies, an experimental setup of a combined

electromagnetic shield was developed [48].

Figure 4 shows a solid passive shield without side
plates. Figure 5 shows a solid passive shield with side
plates on either side of the shield.

Figure 6 shows a multi-circuit passive shield.

Figure 7 shows the active
shield compensation windings.
This figure also  shows
magnetometers installed in the
shielding space and designed
‘M to provide feedback on the
S resulting  magnetic  field.
Figure 8 shows the power
amplifiers for powering the
_ active shield compensation
windings. Figure 9 shows the

ot Y electronic part of the control
Fig. 6. Multi-circuit passive System for the active shield
shield compensation windings.

1 i

i ;
Fig. 7. Active shield compensation windings
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Fig. 8. Power amplifiers for powering the active shield
compensation windings

Fig. 9. Control system electronic part for active shield
compensation windings

Experimental studies results. Figure 10 shows
experimentally measured three-dimensional magnetic field
level distribution with combined shield with of a multi-
circuit passive shield when only one passive shield is
operating (a), when only one active shield is operating (b),
and when a combined shield with a multi-circuit passive
shield is operating (c¢). As can be seen from Fig. 10,a, when
only one multi-loop passive shield is in operation, the
level of induction in the shielding space is practically
independent of the width of the passive shield. As can be
seen from Fig. 10,b, when only one active shield is in
operation, the level of induction in the shielding space is
approximately 2—3 times lower than when only one multi-
circuit passive shield is in operation. Moreover, the level
of induction in the shielding space increases significantly
at the edges of the shielding zone, which is due to the
finite length of the compensation windings of the active
shield. As can be seen from Fig. 10,c, when operating a
combined shield with a multi-contour passive shield, the
level of induction in the shielding space is practically
independent of the width of the passive shield.

Figure 11 shows experimentally measured three
dimensions magnetic field level distribution with
combined shield with solid passive shield during
operation of a combined shield with a continuous passive
shield without (a) and with side plates (b).

How should these experimental distributed magnetic
field inductions be compared, using side plates of a
continuous passive screen, induction in the central part
and at the edges of the screen, displacement of space
compared to continuous passive light without side plates.

Based on the comparison of the experimentally
measured three dimensions magnetic field level distribution
(Fig. 10, 11) and the results of modeling three-dimensional
magnetic field level distribution (Fig. 2, 3), we can
conclude that experimentally measured induction levels
values of magnetic field distribution coincide with
calculated magnetic field distributions with 20 % accuracy.
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Conclusions.

1. For the first time methodology of multi objective design
of active-passive electromagnetic shielding system, consisting of
active and solid self or multi-circuit passive parts, based on
metaheuristic optimization algorithm developed, which allows
to improve shielding efficiency of initial magnetic field in
residential building edges generated by overhead power lines to
sanitary standards level.

2. A new solution method for active-passive shielding
system design developed based on solution of the geometric
inverse problem of magnetostatics for the resulting magnetic
field generated by the transmission line wires, which made it
possible to calculate the coordinates of the spatial
arrangement of compensation windings of the active
shielding system and a passive shield in the form of a solid
or multi-loop shield, as well as the currents and phases in the
compensation windings, parameters of regulators of the open
and closed controls of the two degrees of freedom active
shielding system and parameters of positions of magnetic
field sensors of the active shielding system.

3. A new solution method for geometric inverse
problem based on minimax vector nonlinear programming
problem is proposed. The geometric forward problem solved
based on Maxwell’s equation solutions for magnetic field
three-dimensional model using the COMSOL Multiphysics
software. The minimax vector nonlinear programming
problem calculated based on the metaeristic optimization
algorithm point from Pareto optimal solutions taking into
account binary preference relations, which allows to reduce
the computation time.

4. Results of theoretical and experimental studies of
different types designed combined active and solid or multi-
circuit passive shielding system efficiency for magnetic field
created by overhead power lines are given. Results of
experimental studies confirmed the correctness of the main
theoretical principles. Experimentally measured induction
levels values of resulting magnetic field distribution coincide
with calculated magnetic field distributions with 20 %
accuracy.

5. Practical recommendations for the reasonable choice
of the coordinates of the spatial arrangement of compensation
windings of the active shielding system and a passive shield in
the form of a solid or multi-loop shield, as well as the currents
and phases in the compensation windings, parameters of
regulators of the open and closed controls of the two degrees
of freedom active shielding system and parameters of
positions of magnetic field sensors of the active shielding
system for magnetic field generated by overhead power lines
in residential building space are given.

6. It is planned to practically realization of developed
methodology for the multi objective design of active-passive
electromagnetic shielding systems of magnetic fields for
residential buildings located near 110 kV overhead power
transmission lines to normalize magnetic field level in real
residential building.
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Intelligent unified power quality conditioner based photovoltaic to improve grid reliability
and mitigate power quality issues

Problem. Electrical distribution networks are plagued by power quality problems, which have a negative impact on sensitive electrical
loads. These problems include reactive current, low power factor on the load side, and voltage harmonics, voltage sags and voltage
swells on the grid voltage side. To address these issues, a unified power quality conditioner (UPQC) that combines shunt and series
compensators is suggested. The goal of the work is to implement a UPQC integrated with a photovoltaic (PV) system to mitigate power
quality problems in the power system, and boosting the grid supply through power injection from the PV system. Methodology. One of
the less complex and effective ways to improve the grid’s voltage quality is by using the unit vector template generation (UVTG) strategy
as the composition technique (UPQC-P) through the UPQC series compensator. The synchronous reference frame (SRF) strategy
through the UPQC shunt compensator to improve the current quality on the load side is used. To further optimize the SRF strategy, it is
used the snake optimization (SO) to find the optimal values for the PI controller’s parameters. Results. The UPQC-PV is used to
mitigation the power quality issues in the grid and loads by UVTG and SRF techniques in series and shunt compensators, respectively.
Scientific novelty. The composition technique (UPQC-P) through a series compensator and uses the SO for tuning the PI controller in
the shunt compensator. Practical value. This study reduces the total harmonic distortion (THD) in the load voltage to 0.57 %, while the
THD in the grid voltage remains at 10 %. It restores the load voltage to its reference value of 230 V during voltage sags (down to 161 V)
and swells (up to 300 V) in the grid. Additionally, it mitigates the low power factor on the load side (0.707 lagging) to achieve a unity
power factor in grid current, balances the unbalanced load current to a balanced grid current, and enhances grid stability by injecting
power from the PV system into the grid. References 33, table 3, figures 7.

Key words: power quality, unified power quality conditioner, unit vector template generation, synchronous reference frame
strategy, photovoltaic system.

Ipoonema. Po3nodinohi enekmpomepedici cmpasicoaoms 6i0 npooiem sKOCmi eleKmpoeHepel, SKi HeeamueHo 6NIUBAIONMb HA YYIMIUGE
enekmpuyni Hasanmadgicenns. Lli npobnemu exmovaiomy peakmueHull CMpyM, HUSLKULL KOeiyicHm NOMYMHCHOCMI HA CMOPOHI
HABAHMAICEHHS, A MAKOJIC 2APMOHIKU HANPY2U, 3HUIICEHH Ma CMPUOKU HAnpyeu HA CMOPOHI Hanpyeu mepedici. JInsa eupiwienns yux
npobnem npononyemvcs €Ounutl cmabinizamop saxocmi  enekmpoenepeii (UPQC), skuti noe€oHye uwiyHmyloui ma RoCHio08Hi
xomnencamopu. Memoto pobomu ¢ enposadoicennss UPQC, inmeeposanoeo 3 gomoenexmpuunoro (PV) cucmemoro, ons 3menuienHs
npobnem sKocmi enekmpoeHepeii 6 eHepeocucmemi ma NIOBUUWEHHS NOMYICHOCTL MEPEXNCl WSIXOM No0adi eHepeii 6 Mepexcy.
Memoouxa. O0num 3 MeHwt CKIAOHUX Ma epeKmuHux cnocodie NOKpawents aKoCmi Hanpyeu Mepedici € GUKOPUCMAHHA cmpamezii
eenepayii wabnonie oounuunux eexmopie (UVTG) sax memoody xomnosuyii (UPQC-P) 3a 0onomozcoio nociioogHozo KomneHcamopa
UPQC. Buxopucmosyemucsi cmpamezis cunxpontoi cucmemu 6ionixy (SRF) uepes komnencamop wiynmy UPQC 0ns nokpawenns akocmi
cmpymy Ha cmopoui nasanmagicents. J{nsa nodanvuioi onmumizayii cmpamezii SRF ukopucmogyemocs onmumizayiio muny «3miikay
(SO), wob 3naiimu onmumanvhi 3nauenns napamempie I1l-pecynamopa. Pezynemamu. Memoo UPQC-PV suxopucmosyemscsi ons
3MeHuenHs npodaem i3 AKICmIO elekmpoenepeii 8 mepedici ma nasanmagicenusax 3a oonomozoro memooie UVTG ma SRF y nocrioosnux
ma wyHmylouux xomnencamopax eionosiono. Haykoea noseuszna. Memoo romnosuyii (UPQC-P) suxopucmosye nocnioosHuil
Komnencamop ma suxopucmogye SO ona narawmysanns Ill-pecynamopa 6 wiynmyiouvomy xomnencamopi. Ilpaxmuuna 3nauumicmo
nonsieac y aMeHuen i 3a2anbho2o koegiyicnma capmonitinux cnomeopens (THD) y nanpysi nasanmasicenns 0o 0,57 %, mooi sx THD y
nanpy3si mepeoici sanuuwiacmoca na pieni 10 %, a makooic 6iOHOGNENHA HANPY2U HABAHMANCEHHS 00 OnopHo2o 3navenns 230 B nio uac
smeHwennss (0o 161 B) ma spocmamnv (0o 300 B) manpyeu 6 mepesci. Kpim mozo, ompumano 3meHuieHHs HU3bKo20 Koeiyichma
nomysicHocmi Ha cmopoHi Hasanmadicens (3ampumxa 0,707) 0na OocsAeHeHHA OOUHUYHO20 KoeqhiyieHma NOmy*cHOCmi 6 cmpymi
Mepedci, BUPIBHANHS He30aNaHCO8AHO20 CIMPYMY HABAHMAICEHHS 00 30ananco8aH020 CMpPYMY Mepedici ma nioguujents cmaditbHocmi
Mepedxci uAxom 66edents enepeii 3 PV cucmemu 6 mepexcy. bion. 33, tadmn. 3, puc. 7.

Kniouosi cnosa: sakicTh esiekTpoeHeprii, yHigikoBanuii cradinizaTop sikocTi esiekTpoeHeprii, reHepauis 1a0J10Hy OJUHUYHOIO
BEKTOpa, CTPaTerisi CHHXpOHHOI CHCTeMH Billiky, ()oTOeIeKTPUYHA CHCTEMA.

Introduction. The primary goals of electrical
distribution networks are to ensure a constant power flow
from the grid and to provide consumers with a pure
sinusoidal voltage and frequency [1]. Distribution networks
have recently faced challenges with power quality, including
imbalanced loads, harmonic load currents, and high reactive
power consumption [2]. Additionally, these devices do not
protect the customer’s load end from surges, dips,
fluctuations, imbalances, or voltage swells in the grid. To
prevent power quality defects from activating their protective
mechanisms, critical loads including medical devices and
financial facilities that use uninterruptible power supplies
require constant, sinusoidal, balanced voltages with a steady
frequency and magnitude [3, 4]. This results in a financial
loss due to decreased efficiency, time, quality, and consumer
satisfaction [5]. The best solution for addressing voltage and
current quality issues for sensitive loads seems to be a sort of
robust, reliable device called a unified power quality
conditioner (UPQC). One answer to many power quality
issues is the UPQC, which combines shunt and series
compensators [6]. The shunt component of the UPQC,
connected in parallel to the load, delivers reactive power

compensation, load unbalancing, and harmonic mitigation
resulting from nonlinear loads. The series component of the
UPQC, which is interconnected between the grid and the
load, addresses issues related to sag, swell, variations,
imbalance, and harmonic voltage in the grid [7].

The goal of the work is to implement a UPQC
integrated with a photovoltaic (PV) system to mitigate power
quality problems in the power system, and boosting the grid
supply through power injection from the PV system.

Review of the literature. In 1998, Fujita and Akagi
implemented the earliest use of UPQC utilizing a series
active power filter (APF) and a shunt APF with an
integrated DC link [8]. Subsequent years saw additional
researchers examining the UPQC and developing various
topologies, mathematical models, and control
methodologies for it. The research article employs a
single-phase UPQC to mitigate power quality challenges
in grid-connected solar systems, including voltage sags
and swells, as well as linear and nonlinear loads. The
system employs a unit vector template generation
(UVTG) control algorithm in both the shunt and series
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inverters of the UPQC, utilizing a phase-locked loop
(PLL) and the composition technique (UPQC-P) to
enhance voltage and current quality [9]. The article
presents an effective sizing methodology for a solar PV
based on UPQC with distributed generation (UPQC-DG),
which mitigates power quality concerns such as voltage
sags and swells and reactive nonlinear loads while
decreasing the supply current across all operational
conditions through the PV system. The method employs
an enhanced power angle control (PAC) technique
utilizing nonlinear programming methods to equilibrate
the reactive power load between series and shunt
converters, the composition technique (UPQC-S) in the
series converter, and the synchronous reference frame
(SRF) theory in the shunt converter [10]. The study
suggests improving the solar PV-based UPQC-DG to
address power quality challenges, such as voltage sags
and swells, reactive nonlinear loads, and to offer reactive
power assistance to the grid. The system regulates load
reactive electricity and exports it to the grid
systematically. The control methodology integrates the
composition approach (UPQC-S) within the series
converter alongside PAC and SRF theory in the shunt
converter. A PI controller manages reactive power flow,
whereas the PAC approach allocates the reactive power
load between series and shunt APFs to diminish the total
rating [11]. This research examines the UPQC-PV’s role
in delivering regulated electricity and preserving power
quality. The system utilises an adaptive notch filter-based
instantaneous symmetrical component controller for
series compensation of voltage sags and swells, the
composition technique (UPQC-P), and a moving average
filter employing an adaptive hyperbolic tangent function
controller for shunt compensation to regulate current
supply in case of nonlinear loads. Simulations validate the
system’s effectiveness, showing a significant reduction in
total harmonic distortion (THD) from 33.45 % to 2.45 %
[12]. This article describes a system that includes a
standalone hydro turbine-driven permanent magnet
synchronous generator that supplies sensitive and
nonlinear loads through a UPQC-based energy storage
system. The UPQC mitigates harmonic voltage supply
and current quality problems, including reactive power
compensation and harmonic removal, while modifying
the load, incorporating series (the composition technique
UPQC-P) and shunt compensators [13]. This research
introduces a unified framework for adaptive and variable
phase angle control in single-phase UPQC, employing the
practical ~ optimized-Volt-Ampere  (VA)  loading
operational strategy and the universal flexible control
method (the composition technique UPQC-S). The
proposed approach can systematically and iteratively
determine the optimal phase angle across different power
ratings and various grid disturbances. This technique
employs a gradual alteration of the phase angle to
mitigate its impact on sensitive loads. A comparison with
the UPQC-P approach revealed a reduction in VA loading
with the proposed technique [14]. This paper proposes an
operation scheme for the UPQC under VA capacity
constraints using hierarchical optimization. The approach
contains 3 optimization objectives:

1) reducing load voltage deviation;

2) improving the power factor of the power grid;

3) minimizing the total apparent power of the UPQC
(the compositional approach UPQC-S) [15].

The research seeks to improve power quality in grid-
connected renewable energy systems (PV-wind) with
nonlinear loads. The study examines the deployment of the
UPQC, which consists of a series of components utilizing the
UVTG strategy and a shunt component employing the SRF
algorithm. APFs are linked by a DC connection to alleviate
harmonic distortions and voltage imbalances (sag and swell)
referred to as the composition technique (UPQC-P) [16].
This article defines the Volterra expansion filter using the
least mean square (LMS) and least mean square/fourth
(LMS/F) control algorithms on UPQC. Additionally, a non
dominated sorting genetic algorithm-II optimization method
is employed to determine the PI controller gains within the
Volterra LMS/F control algorithms. Voltage source
disturbances are (sag, harmonic and unbalance), and 3-phase
nonlinear loads. A zigzag transformer is applied on the load
side to mitigate neutral current when the load configuration
is a 3-phase system. Given that the UPQC circuit
configuration is 3-phase 3-wire, the composition technique
(UPQC-P) [17]. This paper discusses the treatment of power
quality issues, including sag, swell, and nonlinear loads,
through a UPQC-PV using the PAC strategy in the series
converter, The composition technique (UPQC-S) and a shunt
converter utilizing SRF strategy, alongside the optimization
of PI controller parameters in the shunt converter via particle
swarm optimization to enhance the stability and performance
of the DC link voltage under varying operational conditions
[18]. The study introduces a method that reduces demand on
load voltage sensors and source current sensors in managing
the series and parallel components of the UPQC device. The
line voltage for 2 phases of the load was measured, and the
3rd phase was inferred, along with the source current. PV
system was integrated with the UPQC device to enhance
power quality and increase the reliability of the source by
reducing the active power delivered to the load. The study
examines system disturbances, including harmonics,
asymmetrical voltage sags and swells (unbalance), nonlinear
loads, and unbalanced loads by removing one of the load
phases. The primary drawback of this paper is that, in
instances of voltage imbalance in one phase, not only is the
voltage of the unbalanced phase compensated, but the
voltages of the remaining healthy phases are also
compensated. Additionally, algorithms for maximizing
power from the PV system are not employed, as it is directly
connected to the UPQC device. The composition technique
(UPQC-P) and 3-phase 3-wire type UPQC [19]. This paper
proposes a method for implementing a variable leaky LMS
adaptive compensation strategy as a replacement to a low-
pass filter for tracking the fundamental component of current
and voltage signals in the control of shunt and series
inverters of the UPQC-PV, addressing power quality issues
such as voltage sags, swells, and both balanced and
unbalanced non-linear loads. The limitation of this technique
depends on the estimation method employed. The approach
is complex and challenging to calculate its optimal values.
Furthermore, strategies designed to optimize power
extraction from the solar system are not utilized, as it is
directly linked to the UPQC device. The composition
method (UPQC-P) and the 3-phase 3-wire type UPQC [20].

UPQC system configuration. Series and shunt
compensators are integrated in UPQC-PV (Fig. 1). The 3-
phase, 4-wire UPQC’s power circuit consists of 2 voltage
source inverters (VSIs) connected by a shared DC link
capacitor at the DC bus. At its core, it consists [21, 22]:
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1) The series compensator, situated between the grid
supply and the load, serves as both a dynamic voltage
restorer and a series compensator within the UPQC. This
compensator work is to return the load voltage to its
reference value while keeping the voltage at the consumer
load unaffected by issues with the grid voltage.

2) The shunt compensators, also known as distribution
compensators (DSTATCOMs) in the UPQC framework,
are inverters that are linked in parallel with the load. Their
purpose is to improve the current quality and reduce the
unbalanced load current.

3)A UPQC consists of several passive components.
These components include an AC coupling inductor to
connect the 2 VSIs to the grid, a DC-link capacitor (also
referred to as a DC bus capacitor) to supply DC voltage to
the VSIs, and LC filters to minimize switching ripples in
the outputs of the shunt and series compensators.
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Fig. 1. Configuration of the UPQC-PV

Control technique for UPQC. Control strategy of
series compensator. This section ensures that the load
voltage meets the necessary values and is free of power
quality issues by addressing voltage quality concerns
related to sag, swell, and harmonics in the source voltage.
An approach called UVTG is put into action by the
control circuit. A PLL is used to produce the phase angle
(wt) at the source voltage’s fundamental frequency. It
then generates 3-phase signals at the same frequency, free
of power quality concerns, and compares them to the load
voltage. Afterwards, pulse width modulation (PWM) is
used to generate the series inverter circuit’s gate signals
[23]. The UPQC series compensator (Fig. 2) is
responsible for delivering load voltages free of distortion.

V Grid
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Vpeak
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PWM
To Series inverter
“ Output
PLL sin (wt-120)
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VL
Extraction of the fundamental component Phase
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Fig. 2. The control circuit of series compensator in UPQC-based
UVTG technique

Control strategy of the shunt compensator
(DSTATCOM). This section addresses quality issues in the
current source, specifically concerning low power factor and
reactive power as well as imbalances resulting from uneven
loads on the load side. The system regulates the DC link
voltage via a PI controller [24], with its parameters
optimized using the snake optimization (SO) algorithm to
achieve optimal performance in the source current. Figure 3,
which depicts the SRF theory, shows how to generate the
reference current signal using the SRF method, moreover a
dq0 frame is used to alter the load currents from an abc
frame. After that, any harmonics in the [, component are
filtered out using the low pass filter (LPF). After that, it
becomes the /; fundamental, and then, to get the harmonic
numbers, we subtract this component from the initial 1,
value. After that, the Pl controller’s output signal is
integrated with the value [25]. To generate the 3-phase
source’s fundamental frequency, use a PLL. By contrasting
the reference currents with the 3-phase shunt compensator’s
output current, this technique uses hysteresis to produce gate
signals for the shunt compensator [26].

Snake
Optimization

Extraction of the fundamental component

Fig. 3. The control circuit of shunt compensator in UPQC-based
SRF technique

PV system control. To optimize solar power systems,
the perturb and observe (P&O) algorithm makes
incremental changes to the system and then monitors the
impact of those changes on the system’s power production.
To find the best perturbation direction for the highest power,
it compares the current and past power levels. To maximize
the benefits of a solar system, boost converters are utilized
by increasing the output voltage of the PV panel to the level
necessary for the UPQC to operate with the minimal
number of PV panels [27]. Using the maximum power point
tracking approach, which is based on the P&O algorithm, is
a prominent way to enhance the efficiency of UPQC. The P-
V characteristics of PV panels as they are exposed to solar
radiation are shown in Fig. 4.
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Fig. 4. P-V characteristics of PV panels
Figure 5 shows the flowchart of the P&O algorithm

to find the maximum power under the influence of solar
radiation and heat directed at the PV panels.
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Snake optimization. Snake reproductive behavior is
affected by variables such as temperature and food
accessibility. Mating often transpires in late spring and
early summer when temperatures are moderate. When
food is plentiful, male snakes vie for the attention of
females. The female determines the suitability of a
partner, and upon copulation, she deposits her eggs in a
nest or burrow and departs after hatching [28]. The SO
method is derived from the reproductive behavior of
snakes. It functions in 2 stages: exploration and
exploitation. In the absence of food and freezing
temperatures during exploration, the snake seeks
sustenance. In exploitation, the serpent prioritizes
efficiency, adjusting according to food supply and
temperature. When food is accessible and temperatures
are elevated, the snake consumes it. Mating occurs under
simultaneous conditions of food and cold, characterized
by 2 modes: a competitive mode, in which males vie for
females, and a mating mode, wherein pairs copulate
depending on food availability. Upon mating, the female
may deposit eggs that subsequently hatch into baby
snakes [29].The mathematical model and technique are
elucidated in depth in the following sections:

1) Initialization [30-32]: before beginning the
optimization process, SO, like other metheuristic
algorithms, creates a uniformly distributed, randomly
generated population. The following equation can be used
to find the initial population:

X; = Xmin r'(xmax - xmin)a (1)
where x; is the position of i" individual; # is the random
number between 0 and 1; Xpa, Xmin are the lower and
upper bounds of the problem respectively.

Assuming there are n,, males and n, females in the
swarm, after initialization the swarm will be divided into
2 equal groups. In order to assess each group, we can
define food and temperature using (2) for temperature
Temp and (3) — for food quantity Q:

Temp = exp(—t/ T); 2)

O =cyexp[(+-1)/ T1; 3)
where ¢, T are the current and maximum iteration times,
respectively; ¢y is the constant equal to 0.5.

2) Exploration phase (no food) [30-32]: if the value of
Q is less than the threshold (where the threshold is 0.25), the
snakes will update their position relative to any randomly
chosen position in their search for food. To model the
exploration phase, the following equation is used:

xi,m(t—"_l) = xrand,ln(t)iCZ'am'[(xmax - xmin)'rand - xmin]; (4)
xi,f(t—‘rl) = xrand,/(t)iCZ'af[(xlnax - xmin)'rand - xmin]; (5)
where a,,, as are the individuals’ respective food-finding
capacities; rand is the random number between 0 and 1;
¢, is the constant equal to 0.05 [30-32].

3) Exploitation phase (food exists) [30-32]: the food
is available if the quantity exceeds the threshold value
0.6. After that, the snakes will start to feel the
temperature. Only when the temperature drops below 0.6
will the snakes start eating what’s already there. The
process is illustrated below:

X (t+1) = Xppoates-Temp-rand-[Xpoqs — x;(1)],  (6)
where x;; is the position of individual (male or female);
Xpoa 15 the position of the best individuals; c; is the
constant equal to 2.

SO was used in this work to find the best parameters
for PI controller [33] in UPQC by the objective function
by integral error.

t
IAE = [left)dr )
0
Table 1 explains the parameters of SO algorithm.
Table 1

The parameters of SO algorithm

Parameters Values
Number of variables Kp, K;
Minimum desirable [0, 0]
Maximum desirable [50, 50]
Population size and iteration number| 20, 50

Results and simulation. A right-shunt UPQC
configuration with 3 phases and 4 wires was modeled in
the MATLAB/Simulink program. The power system and
UPQC parameters are listed in Table 2.

Table 2
The power system parameters
Parameters Value
Grid voltage V, V 400
Grid frequency f, Hz 50
3 phase balance load P, kW, 20
0, kVAr 20
3 phase unbalance load P, kW, 6,7,8
Qe KVAT| 6,7, 8
PI parameter for balance load Kp, | 0.6925
K, |12.2467
PI parameter for unbalance load Kp,| 0.6234
K; 22
DC link voltage V., V 800
DC link capacitor C, mF, 4
C,, mF 4
Shunt inductance Lg,, mH 3
Shunt filter capacitance Cyy, uF, 600
filter resistance R, Q 6
Series inductance L, mH 30
Series filter capacitance C,, UF, 150
filter resistance R, Q 6
Rated power P, kW 29.6
Open-circuit voltage V., V 47.8
Short-circuit current /., A 10.17
Voltage at maximum power V,,,,, V | 38.8
Current at maximum power /,,,, A 9.54
Number of cells in parallel 6
Number of cells in series 14
Boost converter inductance L, mH 0.35
Boost converter capacitance C, uF 220
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The line-to-line voltage of the grid is 400 V, so the
phase voltage is 230 V. The instances of mitigating power
quality issues through the UPQC are categorized as follows.

1) the voltage quality issues in the grid (sag, swell
and harmonics). Figure 6 shows all cases of the power
quality issues in grid voltage and load side.
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Fig. 6. All cases of the power quality issues in grid voltage and load side: a — sag grid voltage; b — voltage injected by series part of
UPQC; ¢ — load voltage; d — swell grid voltage; e — load voltage; f— voltage injected by series part of UPQC; g — harmonics grid

voltage; h — load voltage; i — voltage injected by series part of UPQC; j — RMS grid voltage; £ — RMS load voltage; / — RMS voltage

injected by series part of UPQC; m — grid waveforms of voltage and current; » — load waveforms of voltage and current; o — THD of

grid voltage; p — THD of load voltage after mitigation by UPQC
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The UVTG technique in series UPQC to mitigate the
voltage quality issues under voltage sag (30 % p.u) of the
grid voltage between (0.3-0.5) s in Fig. 6,a and the phase
RMS voltage grid is 161 V (Fig. 6.j), voltage swell (30 %
p-u) of the grid voltage between (0.7-0.9) s in Fig. 6,d and
the RMS phase voltage grid is 300 V (Fig. 6,/) and
distorted grid voltage by harmonic 5™ order (0.1 p.u of the
fundamental grid voltage, zero degree) during (1.1-1.3) s
in Fig. 6,g. The series part of UPQC works to solve the
problems of the voltage source by injecting a voltage in
series between the grid and load side so that when a sag
occurs, it injects a voltage with the same percentage of the
decrease but in phase with the grid voltage in Fig. 6,c so
that the load voltage is constant and is not affected by the
reduction of the grid voltage in Fig. 6,b. Similarly, when a
swell in the grid voltage occurs, it injects a voltage in
series with the same value as the swell but in the opposite
phase of the grid voltage in Fig. 6,/ When a distortion
occurs in the grid voltage, the UPQC works to inject a
voltage that contains harmonics in the opposite phase of
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the harmonics present in the voltage grid in Fig. 6,
resulting in a THD of 10 % in the grid voltage in Fig. 6,0.
The THD in load voltage decreased after the injection
process via the series part to 0.57 % in Fig. 6,p. Thus, the
load voltage always remains constant in value from the
reference value and a pure sinusoidal form, free of voltage
problems in the source in Fig. 6,b,e,h. And a control
mechanism utilizing the SRF d-g methodology in a shunt
part of UPQC were employed to address current quality
concerns. Balanced reactive load is 20 kVAr and power
factor in load side is 0.707 in Fig. 6,n along with the
control techniques employed for shunt part the SRF uses
adjusted PI control parameters optimized by the SO
algorithm to mitigation the reactive power in grid current
the power factor unity for all phase in Fig. 6,m.

2) The current quality issues in the load (unbalance
load and reactive power compensations). In this part
explain the integration of a PV system enhances the
functionality of the UPQC system by increasing reliability
and reducing grid losses by Fig. 7.
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Fig. 7. All modes of the current quality issues in grid and load side: a — waveform grid current; » — waveform unbalance load current;
¢ — current injected by shunt part of UPQC; d — RMS grid current; e — RMS of unbalance load current; f— RMS current injected by shunt part
of UPQC; g — total active and reactive power of grid;  — total active and reactive power of load; i — total active PV power; j — solar radiation

The system operates in 3 distinct modes, depending
on the ratio of the total active power of the load capacity
to the active power of the PV generation capacity, based
on the variation of the irradiance directed at the PV with
the temperature factor on the cells at 25 °C, as follows.

Mode 1 (the active power of the PV system is
greater than the active power of the load).

In this mode, the PV system generates an active
power of 31 kW. In contrast, the total active power of the
load is 21 kW. This occurs when the solar radiation
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intensity incident on the solar cells is 1000 W/m®.
Consequently, the solar cells provide electricity to meet
the demand of the load, while the surplus energy is sent
into the grid. Consequently, the grid is fortified with
electrical power, thereby improving its stability.

Mode 2 (the active power of the PV system is less
than the active power of the load).

In this mode, the PV system generates an active
power of 12.6 kW. In contrast, the total active power of
the load is 21 kW. This occurs when the solar radiation
intensity incident on the solar cells is 400 W/m’.
Consequently, the solar cells provide part of the
electricity to meet the load demand; in this mode, no
surplus energy is sent to the grid.

Mode 3 (the PV system does not generate any active
power). This occurs when the solar radiation intensity
incident on the solar cells is 0 W/m?”. Therefore, the grid
has to supply the total load demand.

In all modes, the imbalanced currents and reactive
power are compensated on the grid side because the
imbalanced load and power factors are 0.707 lagging in
all phases. Table 3 explains the characteristics of
connected the PV to UPQC to mitigation the current
quality issues in load.

Table 3
All modes by integration of UPQC-PV

Parameters Mode 1{Mode 2|Mode 3
Duration 7, s 0-0.4 {0.4-0.8] 0.8-1
10.2 15 334
RMS grid current /., A| 10.6 | 15.38 | 33.85
10.62 | 154 | 33.88
37 37 37
RMS load current 75, A| 43.2 | 43.2 | 43.2
494 | 494 | 494
Grid power P, kW, 7.3, 10, 23.6
O.pc KVAr 0 0 0
Load power P, kW, 6,7,816,7,8|6,7,8
Ou.kVAr 16,7,816,7,8(6,7,8
PV power Ppy, kW 31 12.6 0

Conclusions. Using UPQC integrated with a PV
system to mitigate power quality problems in the power
system and boost the grid supply through power injection
from the PV system, the proposed work improves the
electrical power quality supplied to sensitive electrical
loads, which is a result of power quality problems in the
grid system. Utilizing the UVTG strategy as the
composition methodology (UPQC-P) through the UPQC
series compensator is a straightforward and efficient
method to enhance the voltage quality of the grid. To
enhance the load side current quality, implement the SRF
technique via the UPQC shunt compensator. In order to
fine-tune the SRF strategy even further, we determine the
best values for the parameters of the PI controller using SO.
While the grid voltage maintains a THD of 10 %, this study
brings the load voltage down to 0.57 %. Whenever the grid
voltage drops below 161 V or rises above 300 V, it brings
the load voltage back up to its reference value of 230 V.
Achieving a unity power factor in grid current, balancing
the imbalanced load current to a balanced grid current, and
enhancing grid stability by injecting power from the PV
system are all additional benefits. It also mitigates the low
power factor on the load side (0.707 lagging).
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Comparative analysis of numerical, evolutionary and metaheuristic methods for experimental
implementation of selective harmonic elimination in a five-level emerging inverter

Introduction. Multilevel inverters (MLIs) are widely used in renewable energy conversion and high-performance power applications due to
their ability to generate output voltages with low harmonic distortion and reduced switching stress. Selective harmonic elimination (SHE)
remains one of the most effective modulation strategies for suppressing low-order harmonics; however, its practical implementation relies on
solving nonlinear transcendental equations that often require robust and efficient computational methods. Problem. Determining optimal
switching angles for SHE in MLIs remains a challenging optimization problem because of the nonlinear, non-convex nature of the governing
equations and the need to simultaneously preserve the fundamental voltage component while eliminating selected harmonics. The choice of an
appropriate numerical or optimization-based solution method directly affects computational efficiency, robustness, and practical
implementability. The goal of the work is the reducing harmonic distortion of output voltage and determining optimal switching angles of a
single-phase 5-level inverter using the Newton-Raphson (NR) method, particle swarm optimization (PSO) and genetic algorithm (GA).
Methodology. The operating principle and harmonic model of the inverter are first established using Fourier series analysis. The SHE
problem is formulated as a system of nonlinear equations subject to ordering constraints. The NR method is used as a fast numerical solver,
while PSO and GA are employed as evolutionary and metaheuristic optimization techniques capable of handling non-convex search spaces.
All algorithms are implemented in MATLAB/Simulink over a range of modulation indices. Experimental validation is carried out using an
Arduino Mega 2560-based prototype, where the optimized switching patterns are executed in real time and the output voltage is analyzed
using oscilloscope and harmonic measurement tools. Results. The three approaches converge to identical switching-angle solutions over the
investigated modulation range, confirming the consistency of the formulation. Simulation results demonstrate effective elimination of the 3rd
harmonic and its multiples, with the total harmonic distortion of the output voltage decreasing from 28.42 % at M = 0.55, f = 1 kHz to 14.88 %
at M = 0.55, f= 10 kHz. In terms of computational efficiency, NR-SHE achieves the shortest execution time (0.516 s), while PSO-SHE (10.237 s)
and GA-SHE (23.289 s) require longer computation. Experimental waveforms and harmonic spectra closely match the simulation results,
validating the proposed approach. Scientific novelty. This work provides a unified comparative analysis of numerical, evolutionary and
metaheuristic methods for SHE applied to a 5-level emerging inverter with a reduced switch count (6 switches instead of 8 in a conventional
S-level H-bridge). In addition, it demonstrates the feasibility of executing SHE-based modulation schemes on a low-cost Arduino
microcontroller. Practical value. The presented results offer practical guidance for selecting suitable computational methods for SHE in MLIs
and confirm that efficient harmonic control can be achieved using inexpensive embedded platforms. The findings are relevant for research,
prototyping and educational applications in industrial electronics and power conversion systems. References 21, tables 5, figures 12.

Key words: emerging multilevel inverter, genetic algorithm, Newton-Raphson algorithm, particle swarm optimization,
selective harmonic elimination.

Bemyn.  Baeamopignesi  insepmopu  (MLIs) wupoxo uxopucmogyiomscsa 6 cucmemax nepemeopenHsi 6IOHOBTIO8AHOI enepeii ma
BUCOKONPOOYKIMUBHUX EHEPLeMUYHUX CUCEMAX 3A60KU IXHIll 30amHOCMI 2eHepyeami UXIOHY Hanpyey 3 HUbKUM DIGHeM 2apMOHIK ma
3MEeHUeHUM Hanpy20to nepemuxanis. Bubipkose ycynenns capmonix (SHE) 3anuuaemobcs 00Hi€0 3 HatleheKMUuSHiuux cmpamezitit Mooyiayii
015l 3MEHWeHHsl 2APMOHIK HUICHO20 NOPSAOKY, OOHAK ii NPAKMUYHA peanizayis 3a1edCcumy i0 po36 sA3aHHs HeHIUHUX MPAHCYEHOEHMHUX
Di6HARb, AKI YACMO BUMARAIOMb HAOWIHUX MA eheKmusHux o0uucuosanvhux memoois. IIpobnema. Busnauenns onmumanohux Kymie
nepemuxanns ons SHE 6 MLIs 3amuuaemobca ckiaonoio 3a0auero onmumizayii yepes HeniHitiHuLl, HeONYKIuLl Xapakmep KepieHux PieHAHb ma
HeoOXIOHICHb OOHOUACHO20 30ePediCeHH sl OCHOBHOI CKIA00601 Hanpyau npu YCYHeHHI GUOpanux 2apmonik. Bubip 6ionosionozo uuciogoeo abo
ONMUMIBAYIHO20 MeMOOY D036 3aHHA 0e3n0cepeOHb0 BNIUBAE HA  OOYUCTIOBATbHY  eeKmueHicmb, HAOIHICMb MA  NPAKMUYHY
peanizoeanicmo. Memoro pobomu € 3MeHulenHs 2apMOHIIHUX CHOMEOPeHb GUXIOHOI Hanpyeu ma GUSHAYEHHS ONMUMANbHUX KYMie
nepemMuxanHs 00Hoa3Ho20 S-pigHesoo ineepmopa 3a donomozoto memooy Hviomona-Paghcona (NR), onmumizayii poro uacmunox (PSO)
ma eenemuunoco aneopummy (GA). Memoouxa. [Ipunyun pobomu ma 2apMOHIUHA MOOeNb IHEEPMOPA CROYAMKY BCIMAHOGNIOIONMbCS 3
donomoeoio ananizy psidie Qyp’c. 3adauy SHE chopmynbo6ano sk cucmemy HeHIUHUX PiGHsIHb 3 00MedceHHaMU Ha GROPsOKyeants. Memoo
NR sukopucmogyemvcs sk weuoKull yucnosutl po3e ‘asysay, mooi six PSO ma GA suxopucmosytomucsi K eoMOYitiHi ma Memaespucmuyti
Memoou onmumizayii, 30amHi 0opobIsImu HeonyKi npocmopu noutyky. Bci aneopummu peanizosani 6 MATLAB/Simulink ons dianazomny
inoexcie mooynayii. ExcnepumenmanvHa nepesipka npo8oOUmvCs 3 GUKOPUCMIAHHAM mnpomomuny Ha 6asi Arduino Mega 2560, oOe
onmuMi306ani WAGIOHU NEPEMUKAHHA BUKOHYIOMbCS 68 PedCUMI PeanbHo20 4acy, a GUXIOHA Hanpyea aHanizyemocs 3a OONOMO2010
ocyunozpagha ma iHcmpymenmis suMipiosarts capmotix. Pezynemamu. Tpu nioxoou cxo0smucsi 00 I0eHMUYHUX PiuieHb KVma NEPemMuKanHsl
6 00CIIONCYBAHOMY Olanazoni MOOVIsIYIL, wjo niomeepodicye y3200dceHicmsy (opmymosanns. Pezynomamu modemosanns demoncmpyome
eghexmugHe ycynenns 3-i 2apMoHiKu ma ii KpamHux, npu YooMmy 3a2aibHe 2apMOHiuHe CnOmBopenHs 8UXIOHOT Hanpyau smeHwyemoca 3 28,42 %
npu M = 0.55, f=1«kly oo 14,88 % npu M = 0.55, = 10 xl'y. 3 mouku 30py obuucnosanvroi epekmusrnocmi, NR-SHE docseae
Hatikopomuiozo yacy euxonauns (0,516 c), mooi ax PSO-SHE (10,237 ¢) ma GA-SHE (23,289 c¢) eumazaroms 0osuiux obyucieHy.
Excnepumenmansni gpopmu x6unb ma 2apMoHiyHi cnekmpu mo4Ho 8i0n08ioaome pe3yibmamam Mo0en08anHs, wo niomeepoicye
sanpononosanuil nioxio. Haykeea noeusna. 1{s po6oma nadae yHigixosanuti nopieHANbHUL AHANI3 YUCTIOBUX, €GONIOYIUHUX Mma
memaespucmuunux memooie ona SHE, 3acmocoeanux 0o 106020 5-pieneso2o ineepmopa 3i 3MEHUEHOIO KilbKICIO NepeMUuKayie
(6 nepemurauie samicme 8-mu y 36unatinomy 5-pisnesomy H-wocmi). Kpim mozo, 6ona demoncmpye mModiciugicms 6UKOHAHHS cXeM MOOYIAYIT
na ocnosi SHE na neoopozomy mikpoxonmponepi Arduino. Ilpakmuuna 3nauumicme. IIpeocmasneni pesyiomamu nponoHyiont RpaKmuyi
pexomeHoayii wooo eubopy 8ionosionux oduuciosanvhux memoois ona SHE ¢ MLI ma niomeeposcyiomy, wjo epexmuerHo2o 2apMoHiuHO20
KOHMPONIO MOXNCHA 00CAmU 3a OONOMO2010 Hedopocux 80yoosanux niam@opm. Pesyiomamu € axmyanvhumu 015 OOCTONCEHD,
NPOMOMUNYBAHHS MA OCGIMHIX 3ACMOCYBAHb )y NPOMUCTOBIL eleKMPOHIiYyi ma cucmemax nepemsopenns ewepeii. biom. 21, tabn. 5, puc. 12.
Kniouosi cnosa: HoBuUii 6araTopiBHeBUIi iHBepTOp, reHeTUYHUI ajaroput™m, ajroputM Herotona-Pagcona, ontumizaunis poro
YACTHHOK, BUOIpKOBE YCYHEHHSI TAPMOHIK.

Introduction. Since multilevel inverters (MLIs) can  connected renewable energies and multilevel resonant
produce high-voltage outputs with improved power inverters make heavy use of these converters [2].
quality, they have become a hot topic in power electronics Review of recent publications demonstrates that,
research [1]. Distributed generation systems, grid- there are primarily 2 types of MLIs: traditional and new.
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Topologies commonly used in inverters include the
neutral-point-clamped, the flying-capacitor and the
cascaded H-bridge [3]. Inverters with an uneven number
of levels, inverters with fewer components, inverters with
soft switches, and MLIs with a single source are all
examples of recent advances [4]. The simplicity of control
requirements, low total standing voltage, minimal
switching losses, and cost-effectiveness of emerging
topologies as compared to traditional designs are
attracting attention [5]. There are 2 main types of
modulation when it comes to generating gating signals for
converter semiconductor devices. One type is high-
switching frequency modulation, which includes
techniques like sinusoidal pulse width modulation, and
space vector pulse width modulation [6, 7]. On the other
hand, fundamental-frequency modulation includes
methods like selective harmonic elimination (SHE),
optimal switching angle modulation, and nearest-level
modulation [8]. The fundamental-frequency modulation is
becoming more pragmatic because the advancements in
digital control hardware as digital signal processors, field-
programmable gate arrays and embedded controllers [9].

To put SHE into action, the best switching angles must
be determined by solving nonlinear transcendental
equations.  Various methods, including algebraic
approaches, numerical techniques, and metaheuristic and
evolutionary algorithms, are employed to generate solutions
[10]. Metaeuristic methods are great at finding good
approximations when optimization problems are hard. Some
algorithms that could be mentioned in this context are
genetic algorithm (GA); flower pollination algorithm;
gravitational search algorithm; grey wolf optimizer;
artificial neural networks; particle swarm optimization
(PSO); artificial bee colony; ant colony optimization; bald
eagle search; salp swarm algorithm; wild horse optimization
algorithm; and generalized pattern search [11-14].

The goal of this work is the reducing harmonic
distortion of output voltage and determining optimal
switching angles of a single-phase 5-level inverter using
the Newton-Raphson (NR) method, particle swarm
optimization and genetic algorithms. By providing a
comparative perspective on numerical, metaheuristic and
evolutionary techniques for solving the SHE problem, the
findings offer practical guidance for selecting appropriate
optimization methods and demonstrate that emerging
multilevel topologies can be efficiently controlled using
accessible, low-cost embedded platforms.

The key benefits of the proposed study are simplicity
and low-cost implementation of the system. By covering the
principles, applications and benefits of Arduino-based
controlled inverters, this research seeks to be a reference for
students and engineers interested in developing converter
applications using this kind of open-source technology.
Furthermore, the comparative analysis between a numerical
method, metaheuristic algorithm and evolutionary algorithm
presents valuable information to select the appropriate
algorithm for harmonic elimination in MLIs.

Description of the MLI system. The basic
architecture of the single-phase 5-level inverter is given in
Fig. 1. The circuit comprises 2 DC sources, 6 electronic
switches and resistor load. In a full switching period (7),
the inverter has 12 switching transitions, where the
switches operate periodically by complementary mode
(81, S5), (53, Sy) and (Ss, Sg), hence we can set (S, Sp, S,) =
= (S}, S5, Ss) to suggest the following switching system:

0 A (S,.85)=(0,0)0r (1,1}
Vge 5 (84.85.5.)=(0,1,0)
Vo=3+V —2 (S,.5,.8.)=(0,0; (1)
( )=(
( )=

Fig. 1. Topology of the 5-level emerging inverter

By using equal power V,. sources and appropriate
switching modes, the inverter can generate 5-levels of
output voltage (Vp): 0, =V, +Va, —2Vy and +2V,, (Fig. 2).

Vo .

+2Vdc -

+Vdc I—l

37,
0 | . .
0 6 n 2n
-Vde
The switching angles
-2Vdce
Fig. 2. The output voltage of the 5-level emerging inverter

Mathematical description of the harmonic

problem. Harmonics refer to sine wave voltages or
currents that occur at integer multiples of the fundamental
frequency of the network. When harmonics combine with
the fundamental sine wave voltage or current, they cause
distortion in the energy waveform. These additional
frequencies can lead to various issues in electrical systems,
including overheating of equipment and distortion of power
quality. To keep networks running smoothly and reliably,
it’s important to understand and deal with harmonics. If the
total harmonic distortion (THD) is 0, it means that there
are no harmonics in the electrical network. THD is the ratio
of the RMS value of the harmonics in a signal (voltage or
current) to the RMS value at the fundamental frequency.

The harmonics manifest as «lines» referred to as the
spectrum. Harmonics beyond the 30™ rank are often
disregarded. The symmetry of output voltage waveforms
leads to the near-elimination of even-order harmonics
(e.g., the 2™, 4™ 6™ and beyond). Consequently, these
even harmonics are generally considered negligible. In
contrast, odd-order harmonics (such as the 3", 5™ 7™ and
beyond) frequently manifest in electrical grids and are
therefore the primary focus of harmonic mitigation
studies [5, 15]. The mathematical basis behind these
signals was developed by J. Fourier. His seminal work
proved that any complex signal which is periodic and
piecewise-continuous can be resolved into a series of
simple sinusoidal waves, called harmonics [10]. Via the
Fourier series, this decomposition enables a powerful
analytical method. It permits the engineer to analyze each
harmonic component separately and then use the principle
of superposition to determine the signal’s behavior.
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The standard trigonometric representation of the
Fourier series for the output voltage V(?) is:

o0
Vo) = a70 + Z[an cos(nawyt) + b, sin(n a)ot)] , )
n=l
where ay = 24/T is the fundamental angular frequency;
ay = 0 is the DC component; a,, b, are the Fourier
coefficients: a, = 0, while b,, is determined as:

2 T
b, = 7{ Vo(t)sin(nat)dt . 3)

By integrating Vy(f) over [0, 2z] and performing
standard algebraic simplifications, Eq. (3) is reformulated as:

b, = 4—V(cos(n 6,)+cos(nb,)). 4)
nr

where 6, 6 are the switching angles.
Substituting (4) into (2) yields the expression for the
inverter output voltage Vy(¢) as:

Vo(t) = i[%(cos(n 6,) + cos(n 02))Jsin(na)0t) G
n=l1

For n=1, the output voltage of inverter V() can be
calculated by the fundamental harmonic 4,:

by = ﬂ(cos(el) +cos(6,)). (6)
T
The 3™ harmonic /5 is defined as:
hy = :—V(cos(3¢91) +¢0s(36,)). (7)
T

Following the analysis technique described in [16, 17],
the optimal switching angles can be computed. This
computation involves finding the solution of (8):

0 = (cos(36)) +cos(36,) )

M= %(cos(&l) + cos(@z)), ®)

where £ is the number of angles; M is the modulation index:

7th
M=—1_ )
4-k-V
It is also important that the best angles meet the
conditions as:

0<6 <0,<7x/2. (10)

The next sections explain and analyze the suggested
3 optimization-based methods (NR, PSO, and GA) for
solving the SHE problem. The objective is to find the best
switching angles that meet the basic voltage requirements
and eliminate the 3™ harmonic with its multiples.

Solving the SHE problem with Newton-Raphson
(NR) algorithm. The NR approach, one of the beneficial
numerical methods, can be used to compute and solve the
set of transcendental nonlinear equations [18]. An initial
estimate is made at the start of this iteration process,
which eventually converges to the solution. The switching
angles’ initial approximation values are:

0'=10/; /1.
The nonlinear system is represented in matrix form:
F(Hj ): [cos(SH{) cos(392/ )] , (11)
cos\@/ | cos|6f )

where:

Ao}z 2 :(ﬂhl/(o4~V)]'

The derivative of the nonlinear system (11) is
computed as:
[aF(mT _[—3sing36’1j ) —3sin{3€j )J (12)
20 | | —sin 011) —sin 6’2]2) '
The steps for executing the NR algorithm for our

study are as follows. _
1) Set the initial values of §’ when j = 0.

o = [Hlj; 921]~
2) Compute the value of:
F(6=F.

3) Linearizing the system around 6° :
0
pO L [EO g0 _ 7
06

Such as:
do’=1d6" d6].
4) Compute d@° utilizing the subsequent equation:

do° = [inv[ag—(amm(z - FO).

5) Adjust the initial values
0" =6 +do.

6) The algorithm continues the prior steps for each
equation until the required level of accuracy is achieved
for d@’. The solutions of the equation must adhere to the
constraint in (10).

Solving the SHE problem with PSO algorithm.
An objective function in optimization is essential for
eliminating undesirable harmonics while maintaining the
fundamental component at its designated magnitude.
Consequently, (13) establishes the objective function:

2 2 2
F(HI,HZ):[ZCQS(H”)—kMJ +[Zcos(36’n)] - (13)
n=1 n=1
The optimal angles are established through the
minimization of (13), subject to the constraints of (10). The
primary issue is the nonlinearity of (8); thus, the PSO
algorithm is utilized to address this challenge. Algorithm 1
below illustrates the pseudocode of PSO. The PSO
algorithm consists of 3 components: 1) initial parameters;
2) assess the objective function; 3) particles’ mobility
involves updating their position and velocity.
Algorithm 1: PSO pseudocode
Input: objective function F(8,, 8,); swarm size N; iterations
number Ny,,; acceleration constants ¢, ¢,; minimum and
maximum inertia weights Wi, Winax.
Output: optimal switching angles (6, 8,), a solution vector
Gpes: = (61, 6>) that minimizes F(0,, 6,).
1: Initialize:

: iter <~ 0

: for each particle i =1 to N do

: Initialize position X; randomly in search space [0, 7/2].
: Initialize velocity V; to 0.

: Evaluate fitness: Py, — F (X).

: Set personal best: P; < X.

: end for

9: Find global best: Gy, «— argmin F(P;)
10: Optimization Loop:

11: while i, < max Iter do

12: for each particle i =1 to N do

13: // update velocity and position

0O L AW
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14: Vi = ([Viwl + [err1-(Press = X)]) + [c2:72(Gest — X))
15: X <Xt V;

16: // apply position constraints: 0 < 6;< 6, < z/2
17: if X; violates constraints then

18: re-initialize X;

19: end if

20: // Evaluate and update bests

21: if F(X)) < F(P;) then

22: P, X,

23: if F(P)) < F(Gj,.,) then

24: Gpesy <— P;

25: end if

26: end if

27: end for

28: iter — iter + 1

29: end while

30: return Gy,

In the PSO model, the search process is carried out
by a population of interacting agents, referred to as
particles. Each particle represents a candidate solution
encoded as a parameter vector, and its motion within the
search domain is governed by its velocity ¥; and position
X;, both of which are initialized randomly. The initial
position of a particle is considered its personal best P
After initialization, the quality of each particle is
evaluated through the objective (fitness) function.

The global best solution Gy, is identified by
selecting the particle with the lowest fitness value among
the swarm. Particle trajectories in the D-dimensional
search space are updated based on 3 main components:
the inertia weight, which regulates exploration; the
cognitive term reflecting each particle’s historical best
performance Py, and the social term guided by Gy.,. The
velocity update for the (V) iteration follows the
formulation given in (14), and the subsequent position
update (X;;) is obtained using (15) [5]:

Vit = ([Viw] + [er 7 (Press — X)) + [€272(Grese — Xp)]); (14)
Xt =X+ Vi (15)

The inertia weight is calculated as:

W= Wnax — J: [(Wmax ~ Wmin )/Nlter]' (16)

Table 1 shows the setting of the PSO algorithm [5]. It is
established in the literature that no definitive procedure or
guideline exists for determining the parameters of
metaheuristic algorithms. The parameter settings for
metaheuristic  optimization algorithms represent an
optimization task in its own right. These parameters are
typically tuned empirically or adapted dynamically to
balance exploration and exploitation. The parameters
typically recommended by researchers are ¢; = ¢, = 2.05,
Winin = 0.4, Winax = 0.9. The literature review provides insight
into the parameters that are nearly suitable. Additionally, the
user may experiment with the parameters and analyze the
outcomes, like we did in this study.

Table 1
The setting of PSO algorithm
Parameter Symbol Value

Swarm size N 40
Iterations number Nier 100
Number of variables 61, 0>, M| 3

0, 6, € [0,90]
Limit intervals 0, 6, €[0, 90]

M |M e[0.45,0.85]
The acceleration coefficients| ¢y, ¢, 2.05
Minimum inertia weight Winin 0.4
Maximum inertia weight Winax 0.9

Solving the SHE problem with GA algorithm.
GA was first introduced as a model inspired by biological
evolution. When set up adequately in a data space, GA is
an effective method to solve optimization problems [19].
Optimization is the process of finding the best solution to
a problem while keeping in mind a number of factors
related to the system’s properties and limitations. The
genetic approach is employed to minimize (13) under the
constraint of (10), allows for the determination of the
optimal commutation angles. Algorithm 2 illustrates the
GA pseudocode, delineating the method into 5 specific
steps: 1) population initialization; 2) objective function
evaluation; 3) selection; 4) crossover; 5) mutation.
Algorithm 2: GA pseudocode
Input: objective function F(6,, 6,). Population size. Maximum
generations. Chromosome 3 (M, 6, 0,) is the quantity of
variables. Search spaces are the intervals limit. Encoding is
binary with 10 bits per variable. Crossover type and its
probability. Mutation type and its probability.
Output: optimal switching angles (¢, 0,), the best individual
that minimizes F(0;, 6,).
1: Initialize:
2: g < 0// Initialize generation counter.
3: Initialize P(g) // Randomly generate initial population of N
chromosomes.
4: for each chromosome i in P(g) do
5: Decode chromosome to real values: (6,, &', M").
6: Evaluate fitness: F; «— F(6, 6).
7: end for
8: Find best individual: Best «— argminF(P(g)).
9: Optimization Loop:
10: while g < G« do
11: // Step 1: Selection (roulette wheel).
12: Create mating pool M, by selecting N parents from P(g)
with probability proportional to fitness.
13: // Step 2: Crossover (random, P, = 1).
14: for each pair of parents in M, do
15: Perform random single-point crossover to produce two
offspring.
16: Add offspring to offspring population Py,
17: end for
18: // Step 3: Mutation (random, P,, = 0.05).
19: for each chromosome in P, do
20: for each bit in the chromosome do
21: if rand() < P,, then
22: Flip the bit (0—1 or 1—0).
23: end if
24: end for
25: end for
26: // Form new generation & evaluate.
27: P(g+1)«—Popring // new generation replaces the old.
28: for each chromosome 7 in P(g+1) do
29: Decode chromosome to real values: (6,, &', M").
30: Evaluate fitness: F; «— F(6,, 6.
31: end for
32:// Update best solution
33: CurrentBest < argminF(P(g+1)).
34: if F(CurrentBest) < F(Best) then
35: Best — CurrentBest.
36: end if
37:.g+—g+1
38: end while
39: return Best.

By using random processes to make new generations
of solutions, the best one is chosen from a group of
possible solutions. This method depends on 3 operators:
selection, crossover and mutation, which are applied to
the current population in order and repeated until a
stopping point is reached [20].
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The parameters of the GA are shown in Table 2. It is
well-known in the literature that there is no method or rule
for setting the parameters of metaheuristic algorithms. The
found of these settings is, in fact, a problem on their own. It
is possible to determine the range of optimum values by a
literature review. Additionally, users can vary the
parameters and compare the results, similar to the approach
taken in this study.

Table 2
The parameters of the GA
Parameter Value
Size of the population 50
Number of generations 100
Quantity of variables 3 (M, 6, 6,)
6, € [0, 90]
Intervals limit 6, € [0, 90]
M € [0.1,0.85]
Number’s length in binary 10
Selection Roulette
Crossover Random
Probability of crossover 100 %
Mutation Random
Probability of mutation 5%

Results discussion. The simulations were performed
using the MATLAB/Simulink environment to execute the
optimization algorithms. Figure 3 presents the switching
angles 0, and 6, obtained using the NR, GA and PSO
algorithms. As shown, all 3 methods converge to identical
solutions for both switching angles over the modulation
index M range 0.45-0.85. Therefore, we can primarily
focus on the differences in implementation complexity and

computational efﬁ01ency when evaluatlng these algorithms.
90 e
e :

A S O

) ASTNE O S A SR ]

o] RSO OO

401 61 (GA) 62 (N-R)

1 (N-R)

01 (PSO)
02 (PS0)

62 (GA)

30k

10| RRERREReY

10 e

345 05 055 06 065 07 075 08 08
Fig. 3. The angles 0, and 6, versus M using the 3 algorithms

To demonstrate the effectiveness of the discussed
SHE modulation technique and the proposed system, we
performed 3 tests using different values of M for
comparison purposes. In these tests 2 DC sources of 15V
are used. Table 3 displays the parameter settings in each
of the 3 cases.

Table 3

Parameter settings to test the 5-level inverter
Test Setting

Case 1| f=1kHz, M=0.55, 6,=21°, 6,=81°

Case 2| f=5kHz, M=0.65, 6,=11°, 6,=71°

Case 3|f=10 kHz, M=0.85, §,=19°, 6,=41°

Simulation results. Figure 4 shows the simulation
output voltage of the 5-level emerging inverter using SHE
modulation in the 3 cases, and Fig. 5 — the simulation
harmonic spectrum in this cases.

v,V @K\é V,V :

20 20

1.

1 t,ms 2 0 02 t,ms 04 O 0.1 ¢, ms 0.2
Fig. 4. The simulation output voltage of the 5-level inverter
using SHE modulation: a — case 1; b — case 2; ¢ — case 3

THD= 28.42% THD= 26. 71"/,, THD= 14.88%
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Fig. 5. The simulation harmonic spectrum of the inverter’s
output voltage: a — case 1; b — case 2; ¢ — case 3

Across all 3 operating conditions, the 3™ harmonic and
its multiples are effectively suppressed, confirming the
success of the harmonic elimination strategy. In terms of
overall distortion, the THD,, of the output voltage is 28.42 %
in case 1. This value decreases to 26.71 % in case 2 and is
further reduced to 14.88 % in case 3, demonstrating a
progressive improvement in waveform quality.

Experimental results. To validate the simulation
results, experimental tests were conducted using an
experimental prototype. Figure 6 shows photo of the
experimental setup. An Arduino Mega 2560 chip is used
to execute the SHE modulation code and generate the
suitable gating signals. The harmonic spectrums are
extracted using digital oscilloscope. The fluke power
quality analyzer is used to measure the THD, values.

Fig. 6. Photo of the
experimental setup:

A — PC with Arduino
IDE software

B — Arduino Mega 2560
chip

C — 5-level inverter

D — resistive load

E, F — power supplies
G — oscilloscope

Figure 7 depicts the experlmental output voltage of
the 5-level emerging inverter using SHE modulation in
case 1. Their associated harmonic spectrum is given in
Fig. 8. The waveform results agree perfectly with the
simulation results shown in F1g 4,a and Fig. 5,a.
ICHI [10 V/div] E

L [5 00 us/div]

Fig. 7. The experimental output voltage
of the 5-level inverter using SHE modulation in case 1
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Fig. 8. The experimental harmonic spectrum
of the 5-level output voltage in case 1

Figure 9 depicts the experimental output voltage of
the 5-level inverter using SHE modulation in case 2. Their
associated harmonic spectrum is shown in Fig. 10. The
waveform results agree perfectly with the simulation
results shown in Fig. 4,b and Fig. 5,b.

CH1:[10 V/div]

Ul
t:[lOO us/div]

F ig'. 9. The ekperirhéntal'dutput 'voltag'é
of the 5-level inverter using SHE modulation in case 2

g

Fig. 10. The experimental harmonic spectrum
of the 5-level output voltage in case 2

Figure 11 displays the experimental output voltage
of the 5-level inverter using SHE modulation in case 3.
Their associated harmonic spectrum is given in Fig. 12.
The waveform results agree perfectly with the simulation
results shown in Fig. 4,c and Fig. 5,c.

Il ‘“\. JJ \\”[ﬂ

v JUJ i

] [50 us/div]
Fig. 11. The experimental output voltage
of the 5-level inverter using SHE modulation in case 3

WJ ¥ 9.98757kHz

F ié. 12. The experimental harmonic spectrum
of the 5-level output voltage in case 3

Comparison of results. Figure 4 presents the
simulated phase-voltage of the 5-level inverter for all 3
cases, while Fig. 7, 9, 11 show the corresponding
measurements obtained from the experimental prototype.
A comparison between both sets of results indicates a
strong agreement, confirming the accuracy of the
simulation model. Likewise, the harmonic analyses of the
output voltage in all 3 cases exhibit close correspondence
between the simulated and experimental spectra, as
summarized in Table 4. In each operating condition, the
3™ harmonic and its multiples are effectively eliminated.
These outcomes were achieved using a relatively simple
implementation method, and the observed performance is
consistent with results previously reported in [5, 21].

Table 4
THD, comparison
Test | Simulation THD,, % | Experimental THD,, %
Case 1 28.42 29.7
Case 2 26.71 27.2
Case 3 14.88 15.1

Table 5 details the computation time necessary for
finding the switching angles in each approach. The PSO-
SHE necessitates 10.237 s, but the NR-SHE requires
merely 0.516 s. The GA-SHE operates at a sluggish pace,

necessitating 23.289 s.
Table 5
The execution time of the 3 algorithms

Method The execution time, s
NR-SHE 0.516
PSO-SHE 10.237
GA-SHE 23.289

In fact, all 3 methods are able to produce valid
switching angles for the SHE problem. However, their
performances are significantly different regarding
execution time, complexity, and interpretability. The NR
method is the most rapid and computationally efficient
approach due to the use of a deterministic numerical
scheme. Indeed, its main advantage is that the associated
solution process is fully interpretable: it naturally yields
clear convergence behavior based on the Jacobian and
nonlinear equations. However, NR requires a good initial
guess and may fail to converge for some values of the
modulation index, hence limiting its robustness.

On the other hand, PSO and GA are metaheuristic
algorithms that search globally within the solution space.
No starting values are needed which are close to the final
solution. Therefore, they are more robust on problematic or
multi-modal harmonic equations. However, metaheuristic
methods behave like «black box» optimizers. Therefore,
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from an analytical point of view, they do not supply any
insight in how the solution is reached, whereas their
internal search dynamics are less interpretable than in NR
methods. In general, the execution times are longer and
parameters require careful tuning.

Overall, while the NR method is attractive because
of its speed and interpretability, PSO and GA offer
superior flexibility and robustness, especially when the
harmonic elimination problem becomes highly nonlinear.

Conclusions.

1. This work focused on reducing output voltage
harmonic distortion and determining optimal switching
angles for a single-phase 5-level emerging inverter using
3 approaches: numerical (NR), evolutionary (GA) and
metaheuristic (PSO). All approaches successfully
achieved harmonic reduction and converged to the same
switching angle solutions across the tested modulation
indices, confirming the validity of the mathematical
formulation and the reliability of the optimization process.

2. Simulation results showed that the 3 harmonic and its
multiples were effectively eliminated for all operating
conditions. THD of the output voltage reduced progressively
with frequency and modulation indices, decreasing from
28.42 % at (M = 0.55, f=1 kHz) to 14.88 % at (M = 0.55,
f =10 kHz). These results demonstrate the effectiveness
of SHE in reducing harmonic distortion and enhancing
waveform quality in reduced-switch 5-level inverter
topologies.

3. Numerical results show clear performance differences
among the 3 methods. NR-SHE is the fastest (0.516 s) due
to its deterministic structure, while PSO-SHE (10.237 s)
and GA-SHE (23.289 s) require significantly longer times
because of their search mechanisms. Thus, NR offers the
best computational efficiency, whereas PSO and GA
provide higher robustness for complex or highly nonlinear
modulation indices. Methodologically, NR is interpretable
and offers predictable convergence but depends on a good
initial guess. In contrast, PSO and GA require no initial
solution and explore the search space, improving
robustness at the expense of longer execution times and
less transparency in how the solution is obtained.

4. An Arduino Mega 2560 platform was employed to
implement the optimized switching patterns, highlighting
the feasibility of using low-cost open-source hardware for
experimental validation and educational purposes. The
measured waveforms and harmonic spectra closely
matched the simulation results, thereby confirming the
accuracy of the discussed numerical, evolutionary, and
metaheuristic methods, as well as the practical reliability
of the proposed inverter design.

5. The future works will focus on the integration of
hybrid optimization schemes that combine the speed of
deterministic methods with the global search capability of
metaheuristics, enabling faster computation of switching

angles  while  maintaining  robustness  against
nonlinearities. Additionally, extending the inverter
topology to higher-level or modular multilevel

configurations may yield improved output waveform
quality and reduced harmonic content. Implementing the
optimization and control algorithms on high performance
embedded platforms such as digital signal processors,
field-programmable gate arrays processors can further

accelerate computation time. Finally, this work opens
pathways for applying the proposed approach to related
energy conversion systems, including alternative
converter structures and renewable energy based
applications. Future studies may integrate photovoltaic,
wind or hybrid solar-wind sources to develop sustainable,
high performance power electronic systems optimized for
modern energy infrastructures.
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Normal and degraded operation of the open-end winding induction machine
fed by 2-level inverters in cascading

Introduction. The machine-converter system is a prevalent and essential configuration, widely used not only in variable-speed industrial
drive applications, but also in high-tech transportation and power fields. Problem. Conventional drive systems, particularly those supplied
by standard 2-level inverters, face major challenges regarding the enhancement of their dynamic performance and drive availability. To
overcome these limitations, a solution involves utilizing the open-end stator winding induction machine associated with cascaded 2-level
inverter topologies. The goal of this work is to improve the availability of the drive system by increasing its degrees of freedom through the
association of an open-end winding induction machine by two cascaded 2-level inverters. Methodology. The mathematical modeling of this
machine is presented and validated using MATLAB/Simulink. To evaluate the machine’s performance, it is first powered by two cascaded 2-
level inverters and subsequently by three cascaded 2-level inverters. Following this initial evaluation, the machine is then fed by two
cascaded 2-level inverters operating in degraded mode. This analysis features different failure configurations, and the specific operational
conditions that must be respected. Results. This topology enhances dynamic performances and enables effective power segmentation as well
as a degraded mode operation. These benefits are confirmed by the simulation results. The scientific novelty is based on demonstrating the
effectiveness of degraded mode control, which gives the machine-cascaded inverters topology a superior advantage in terms of reliability
and performances. Practical value. This topology provides a highly reliable and fault-tolerant drive solution, ensuring better performance
during normal operation and better availability after an inverter failure. References 15, tables 1, figures 24.

Key words: open-end winding induction machine, cascaded 2-level inverters, degraded mode, power segmentation.

Bemyn. Cucmema «mawiuna-nepemsopiosay € NOUUpeHoIo ma 8aicIugor0 KOHMIgypayicio, wo wupoko 6UKOPUCMOBYEMbCA He MIbKU 6
cucmemax npugoody 3 peyIbO8aHol0 WEUOKICIO 8 NPOMUCIOBOCH, d U Y BUCOKOMEXHONOIUHUX MPAHCNOPMHUX MA eHepeemUUHUX
eanyssix. Ilpoonema. Tpaouyiini cucmemu npugody, 0cob6IUE0 Mmi, SKI JHCUGTAMbBCA 60 CMAHOAPMHUX OBOPIGHEBUX THEEPMOPIE,
CMUKAIOMbCA i3 CepliosHUMU NPOOIEMAMU WOOO0 NIOBUIEHHS IX OUHAMIYHUX XAPAKMEPUCTIUK Ma 00CMYnHOCMI npusody. /s nooonranHs
yux obmediceHb NPONOHYEMbCA PillelHts, WO BKIIOYAE BUKOPUCANHS ACUHXPOHHOI MAWUHU 3 GIOKPUMOIO CMAMOPHOI0 0OMOMKOIO 8
NOEOHAHHI 3 KACKAOHUMU 080PIHeSUMU iHBepMOPHUMU mononoziamu. Mema pobomu — niosuwents O0CHYRHOCMI CUCmeMU NpUgoody 3a
PAXYHOK 30inblenHs il cmyneHie c60000U WNAXOM 3 €OHAHHA ACUHXPOHHOI MAWUHU 3 BIOKPUMOIO 0OMOMKOIO 3 080MA KACKAOHUMU
oeopienesumu  ineepmopamu. Memoouka. Mamemamuuna modenv yici mawunu po3pobrena ma nepegipena 3a O0ONOMO2010
MATLAB/Simulink. /[na oyinku npooyKmueHoCmi MauiuHu CnoYamiy JCUIAmy ii 6i0 080X KACKAOHUX OBOPIGHESUX IHBEPMOPIB, a NOmim
8i0 MPbOX KACKAOHUX 080PIigHeaUX ingepmopis. 1licas noyamxo6oi OYiHKU MAWUHA HCUBUMBCSA 80 080X KACKAOHO 3 €OHAHUX O80PIGHEGUX
iHeepmopis, w0 npayiorms 'y pesxcumi 3HudxCeHoi nomyxcrocmi. Lleti ananiz exaouae pisHi 3MiHU GIOMOB | KOHKpemHi yMOS8U
excnayamayii, Akux neobxiono dompumysamucs. Pesynomamu. /lana mononozia niosuuye Ounamiyni Xxapakmepucmuxu ma 3adesneyye
eghekmusHe ce2MeHMY8AHHA NOMYHCHOCII, 4 MAKOHC podOmy 8 pexcumi sHusxicenoi nomysxcnocmi. Li nepesazu niomeeposcyromvcs
pe3ynomamamu modemosants. Haykoea noeuzna ipynmyemoca na oemoHcmpayii egexmugHoCmi YnpaeiinHa 8 pedicumi 3HUNICEHOT
NOMYJICHOCMI, WO 0a€ MONONOIT (MAUUHA-KACKAOHI THBEpMOpUy 3HAYHY nepesazy 3 No2iAdy HAOIUHOCMI ma NpoOYKMUSHOCMI.
Ilpakmuuna yinnicme. JJana mononocisa 3abesneuye UCOKOHAOIIHe mMa GiOMOBOCMIlIKe PIEeHHs Olsl NPUBOOY, 2APAHMYIOUU KPAULY
NPOOYKMUBHICTIG ) HOPMATHOMY PedcuMi pobomu ma Kpawgy 00CHmynHicme nicia eiomosu ineepmopa. bion. 15, Tadn. 1, puc. 24.
Kniouoei cnosa: acHHXpOHHA MalllMHA 3 BIAKPHTO 00MOTKOI, KACKAJHI ABOpiBHEeBi IHBEPTOPH, peKUM 3i 3HHIKEHOIO
NOTYKHICTIO, CETMEHTALisl OTY>KHOCTI.

Introduction. In order to satisfy the demands for
reliability, availability and dynamic performance of the
drive system across various industrial domains [1-3],
power segmentation at the level of the machines is often
used [4-6]. This approach specifically allows for the
optimization of electrical system performance by
simultaneously  increasing  reliability, = modularity,
scalability and reconfigurability, while also ensuring better
cost control; ultimately, adopting this strategy yields
cleaner power waveforms and minimizes stress on power
semiconductor devices, thereby substantially enhancing the
overall efficiency and durability of the drive system.
Consequently, several lines of research have focused on
inverter structures such as 2-level cascaded inverters and
various other multilevel topologies [7, 8] as well as on
machine structures including multiphase machines [9, 10],
double-star machines, where each star is supplied by its
own 3-phase voltage source inverter [11-13], this
architecture substantially enhances the drive system’s
reliability, providing multiple degrees of redundancy [4].
Another machine structure is the open-end winding
induction machine (OEWIM), where each end is supplied
by its own 3-phase voltage source inverter [5, 14, 15].

The goal of this work is to improve the availability
of the drive system by increasing its degrees of freedom
through the association of an open-end winding induction
machine by two cascaded 2-level inverters.

The structure of the work is next. In the first part, the
mathematical modeling of the proposed OEWIM is
presented and implemented in the MATLAB/Simulink. In
the second part, the OEWIM is fed by cascaded 2-level
inverter structures based on a pulse width modulation
(PWM) strategy. The various results obtained concerning
the speed, torque, stator current, the voltage between
phases of the cascaded inverters and the machine, the total
harmonic distortion (THD) of the voltage and the torque
ripple are shown. The final part of this work presents the
machine’s degraded mode performance across 4 specific
inverter failure configurations, utilizing two cascaded 2-
level inverters. Successfully conducting this study
requires strict adherence to predefined operational
constraints unique to each configuration.

Modeling of the OEWIM. As shown in Fig. 1, the
design of the OEWIM allows for a dual-inverter supply
configuration.
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Fig. 1. The design of o the OEWIM
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The following state equations describe the
mathematical flux model in the (d, ¢) reference frame:

dX() 1 .
5 =[4]- [x(]+[B1- U@®); 0

Y(1)=[c]- x (),
where the state vector:
X(t): dj] = [¢sd gzSsq Dy ] s
the control vector:
U(t)=U()-U5(0)
the output vector:
Y(0)=[

[Vsdl Vsd2 Vsql - qu]T

I]: [Isd Isq Iy Irq]T :
The equation of current vector is:

[1]= L1 [@]. 2)
The matrices [A], [B] and [C] are:
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I B
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dg — @
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L 1
0 " oy, o] -
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0010
0 0 01
1 ~ Ly 0 ]
oLy oL L,
0 1 0 L
==, s AL
m 0 — 0
oL,L; oL,
0 L 0 1
L oL, L oL,
where 7, = L/R,, 7. = L,/R, are the constants of time for

stator and rotor; R,, R, are the resistances of stator
and rotor; L, L, are the inductances of stator and rotor;
o=1- (Lmz/LS-L,.) is the coefficient of dispersion of Blondel;
L, is the mutual inductance between stator and rotor.

The mechanical equation governing the drive and
the electromagnetic torque 7, is:

dw
Tpn— T, =j—+ fow; (6)
dr
3
Tem _Tr = E p(‘//sals/)’ _(//Sﬁlm)’ ™)

where T, is the load torque; f is the frequency; w is the
angular frequency; p is the number of pairs of poles; v,
Wsp, Lsen Isp are the flux linkages and the stator currents in
the (o, P) reference frame.

Supply of the OEWIM by two cascaded 2-level
inverters. The OEWIM is fed by two cascaded 2-level
inverters based on PWM, with each inverter drawing power
from a quarter of the DC-link voltage (E/4) (Fig. 2).

converter Al converter A2
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Fig. 2. Supply the OEWIM by two cascaded 2-level inverters

The evolution of the stator currents, speed and
torque is shown in Fig. 3, illustrating the transient and
steady-state modes during normal operation. The load
torque is the type kew”.
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Fig. 3. Evolution of the stator currents, speed and torque

Figure 4 provides an enlarged view of the torque
under steady-state conditions.
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Fig. 4. Enlarged view of the torque

The torque ripple is calculated as:
302.65-300
Aem 300
Figure 5 shows the compound voltages in the steady-
state regime during normal operation. Specifically, the
voltages at stator input Al (U;=Vs;—Vs,) of converter Al
and at input A2 (U,=Vs,—Vsy;) of converter A2 are shown.
The machine phase-to-phase voltage U,, which is given by
the difference U =U,—U,, features 5 voltage levels.
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Fig. 5. Compound voltages at the terminals
of the two cascaded 2-level inverters and the machine
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THD of the voltage across the machine terminals is
24.99 % (Fig. 6).

Fundamental (50Hz) = 451.7 , THD= 24 99%
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Fig. 6. THD of the machine voltage

The use of cascaded 2-level inverters to power the
machine significantly increases the phase-to-phase voltage
level from 3 to 5 levels when compared to conventional
converters with the same machine. This configuration also
substantially improves the voltage THD and doubles the
bandwidth relative to a classic induction machine [4].

Supply of the OEWIM by three cascaded 2-level
inverters. As illustrated in Fig. 7, the OEWIM is powered
by three cascaded 2-level inverters. Crucially, each
inverter is supplied by a dedicated DC source equivalent
to 1/6 of the total DC-link voltage (£/6).
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Fig. 7. Supply the OEWIM by three cascaded 2-level inverters

Figure 8 provides an enlarged view of the torque
under steady-state conditions.
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Fig. 8. Enlarged view of the torque

The steady-state torque ripple was calculated as

follows: AT, = %

Figure 9 shows a detailed visualization of the
compound voltages in the steady-state regime during
normal operation. It clearly differentiates the 4-level
voltage waveform observed at the converter terminals
from the 7-level voltage waveform observed at the
machine terminals.
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Fig. 9. Compound voltages at the terminals
of the three cascaded 2-level inverters and the machine

THD of the voltage across the machine terminals is
15.07 % (Fig. 10).

Fundamental (50Hz) = 450.3 , THD= 15.07 %
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Fig. 10. THD of the machine voltage

The performance characteristics for different
cascaded converters are detailed in Table 1. Specifically,
the table reports the voltage levels at converter Al, A2
and OEWIM terminals, the voltage harmonic distortion
rate and the steady-state torque ripple.

Table 1
Different results of THD and torque ripple
Voltage levels THD of the AT %
Inverter Al | Inverter A2 | Machine N | voltage, % em
3 3 5 24.99 0.88
4 4 7 15.07 0.45

The integration of cascaded 2-level inverters with the
OEWIM configuration delivers substantial performance
enhancements across the drive system. Chief among these is
the ability to increase the phase-to-phase voltage resolution
from 5 to 7 levels, depending on the cascaded inverter
topology employed. This voltage resolution directly
translates into quantifiable improvements in signal quality.
The voltage THD is drastically reduced from 24.99 % to
15.07 %, and the torque quality is improved, decreasing from
0.88 % to 0.45 %.

Degraded mode operation for the OEWIM fed by
two cascaded 2-level inverters. Our focus is the
degraded-mode operation of the OEWIM, which is
powered by two 3-level converter systems. As each
system comprises two cascaded 2-level inverters, we
investigate 4 potential fault configurations by considering
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only failures within the converter feeding input Al, given
the operational symmetry with input A2. These 4
configurations stem from the fault location (upper or
lower stage) in each of the 2 cascaded inverters. The
specific operational constraints for each configuration
must be adhered to throughout the study.

Sizing inverters. Accurate sizing of cascaded 2-level
inverters is a prerequisite for proposing a mitigation
strategy during degraded-mode operation. This section
demonstrates the relevant sizing criteria based on the
configuration of two cascaded 2-level inverters (Fig. 11).

Inv2
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EruKz [Pu B (rs {7 | Tep T -
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£
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o
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Fig. 11. Induction machine fed by two cascaded 2-level inverters

n — fictitious neutral;

i — inverter number;
=[1,2];

j — phase number;

j=1{1,2,3};

E T21

As shown in Fig. 11, the DC bus voltage for each
inverter is denoted by E. This allows us to define the
relation as follows. For inverter 2:

E E E
Vr,, :_"‘VAZOZ:_"’;:E- )

For inverter 1:

3E +V 3E + E 2F 9)
) A202 9

In this configuration, the OEWIM is sized for a
power P. Since the machine is powered at each input by
two cascaded 2-level inverters, the required sizing is:

o inverters Inv A1l and Inv A21 are rated for a power P/2;
o inverters Inv A12 and Inv A22 are rated for P/4.

Different configurations. We consider the failures
of the converter Al (the behavior is identical for failures
of the converter A2). Only one fault is considered at a
time. Four configurations 1—4 are possible.

Configuration 1. In the 1¥ configuration (Fig. 12)
we consider an open circuit of one of the switches: Ty or
Ty, or Ty3 of the inverter A11 (following a short circuit).
The control must act so that the 3 switches T,;, T;» and
T,; are in state 0 and the switches T’;;, T’1, and T’y are
in state 1. We will thus have a star coupling of the input
Al of the machine.

This is the operation of the classic induction
machine powered by converter A2. The machine must
operate at reduced speed and therefore there are no
conditions on the sizing of the inverters:

e 70 % of the nominal speed for 7, = ka*;
¢ 50 % of the nominal speed for 7, = ko.

VT'] 1 =

Converter Al

Inverter A12

Converter A2

E i P tomerterad
vy gTZI TzzJ TzaJ :r ‘:
: H ! 2-level i
- i : ' Inverters
ET’;J 172, Ty : i A22
E | I_
4 Ty Ti Tis\ £ : 2-level
i : Inverter
T - A21
Ty Ty, T3 :
POEWIM oo !

Inverter Al1

F1g 12. Supply the OEWIM by cascaded 2-level inverters
for the configuration 1

The provided figures illustrate the simulated operation
of an OEWIM powered by two cascaded 3-phase inverters.
The simulation is designed to show the machine’s behavior
before and after a fault that occurs at z = 1.2 s in inverter
Al1. The system has a load torque defined by the equation
T, = ko®. This particular characteristic necessitates a
control strategy that intentionally commands the machine’s
speed to drop to 70 % of its nominal value following the
fault. As shown in Fig. 13, this speed reduction is imposed
at the moment of the fault, which effectively reducing the
required torque to manage the load and allowing the
machine to operate safely despite the inverter failure.
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Fig. 13. Evolution of speed and torque for the configuration 1

Figure 14 shows the evolution of the stator currents
before and after the failure in the inverter Al11, which
occurs alongside a reduction in speed.
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Fig. 14. Evolution of stator current for configuration 1

Figure 15 shows the evolution of the machine and
inverter voltages, covering the regimes before and after
the failure that occurred within inverter A11. A zoomed
visualization is included to accurately capture the
immediate dynamic response of the system to the fault.
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Configuration 2. In the 2™ configuration (Fig. 16)
we consider an open circuit in one of the switches of
inverter A11 (T’y;, T’15, or T’13). Following a short circuit
event, the control system must act to force the affected
switches (T’;;, T’15, and T’j3) to state 0 and their
complementary switches (T}, Ti,, and T);) to state 1. For
this configuration, the machine is powered through its
input 2 and exclusively by the A12 inverter. Following
the failure of inverter A11, the OEWIM shifts into a fault-
tolerant mode where it is supplied only by the remaining
inverters (A12, A21 and A22). This operational change
means the machine is now fed by the sum of 3 continuous
DC buses, resulting in a total DC-link voltage 3£/4. This
constrained voltage supply directly limits the maximum
operational speed the machine can achieve while
delivering the required load torque. Consequently, the
machine must operate at a reduced maximum speed: this
speed is 86 % of the nominal value for quadratic load
torque 7, = ko?, or is further restricted to 75 % of the
nominal speed for linear load torque 7, = ko.

..............................................
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Inverter A12

Converter A2
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i Wi Inverter
T A21
H \ T

Inverter A1l
Fig. 16. Supply the OEWIM by cascaded 2-level inverters
for configuration 2

Figure 17 presents the evolution of speed and torque

with a speed reduction to 86 % of the nominal speed to
maintain the operating current for 7, = ko”.
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Fig. 17. Evolution of speed and torque for configuration 2

Figure 18 shows the evolution of the stator currents

during an event accompanied by a reduction in speed.
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Fig. 18. Evolutlon of stator current for configuration 2

Figure 19 shows the evolution of the machine and

inverter voltages in both normal and degraded operating
modes. A zoomed visualization provides a detailed view
to better capture the immediate impact of the fault that

occurred at = 1.2 s in inverter A11.
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Fig. 19. Evolution of the machine and inverter voltages
for configuration 2
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Configuration 3. For the 3™ configuration (Fig. 20)
we consider an open-circuit fault on one of the switches
(Ty1, Tay, or Ta;) of inverter A12. The control system must
then act by ensuring that the 3 switches (T, T1,, and T3)
are set to state 0 and switches (T7,1, T2, and T’y3) are set
to state 1. The input Al of the machine is powered by
only inverter A11. We will have the same power supply
conditions as in the 2" configuration, where the power
supply to input Al is provided solely by inverter Al2.
Moreover, in both cases, the DC bus voltage at input Al
is E/4, the results are then identical to those obtained in
the 2™ configuration.

Converter Al

B T PP P T PP TP PP PP PP PP "

Inverter A12

Converter A2

=] ! 2-Level
: Inverters
A22

] |
2
-
=

2-Level
Inverter
A21

Flg 20. Supply the OEWIM by cascaded 2-level inverters
for the configuration 3

Configuration 4. The 4™ configuration involves an
open-circuit fault on switch (T,;, T’5,, or T’53) of inverter
A12. Consequently, the control sets switches (17,1, T’ and
T’x) to state 0 and switches (T,;, Tsp, and Tp3) to state 1
(Fig. 21). Since the DC bus voltage at input Al is now E/2,
the machine operates at nominal speed. No operating
conditions need to be imposed on inverter All, as it is
sized for half of the nominal power.
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F1g 21 Supply the OEWIM by cascaded 2-level inverters for
configuration 4

The evolution of the speed and torque after the
inverter All failure is shown in Fig. 22. The results
display the state before and after the fault at t = 1.2 s,
maintaining 100 % of the nominal speed with a load
torque of 7, = keo”.

Figure 23 shows the evolution of the stator currents
before and after the failure of inverter A12, demonstrating
that the stator current magnitude remains unchanged (or
similar) despite the fault.
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Fig. 22. Evolution of the speed and torque for configuration 4
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The evolution of the machine and inverter voltages
before and after a failure in inverter A1l at t = 1.2 s is
shown in Fig. 24. This event occurred while the DC bus
voltage at input Al is E/2. A zoomed view provides a
detailed visualization to better capture the immediate
impact of the fault.
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Fig. 24. Evolution of the machine and inverter voltages
for configuration 4

The characteristics of the machine, which has a
nominal power P = 45 kW, are defined by: nominal speed
of 1450 rpm, stator resistance R, = 150 m{2, rotor resistance
R, = 46 mQ, stator inductance L, = 17.9 mH, rotor
inductance L, = 18.6 mH, mutual inductance L,, = 17.2 mH.

Conclusions. The association of the OEWIM with
cascaded 2-level inverter structures offers benefits in both
operating modes. In normal mode, it improves dynamic
performances. In degraded mode, it enhances the system’s
reliability, availability, and safety because the failure of a
single inverter does not stop the motor.
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The OEWIM mathematical model was derived and
simulated using the MATLAB/Simulink. The results
obtained allowed us to draw the following conclusions: for
the normal operation, supplying the machine with cascaded
2-level inverter structures offers several advantages. These
include a higher output voltage level (increasing from
5 levels with two cascaded inverters to 7 levels with three
cascaded inverters), a significant decrease in voltage THD
(falling from 2499 % to 15.07 % for the same
configurations, respectively) and enhanced torque quality
(improving from 0.88 % to 0.45 %). The different degraded
mode operating configurations for the OEWIM were
investigated with the analysis of the switch failure in one of
the two cascaded 2-level inverters. Four configurations are
then detailed, along with the operational constraints
necessary for each scenario. The resulting simulations
confirmed the control strategy’s efficacy and underscore
the importance of this inverter-machine topology for
guaranteeing system service continuity. Furthermore, the
system configuration successfully balances the power
segmentation capabilities and service continuity achieved
by using cascaded two-level inverters with the machine.
Moreover, the use of cascaded 2-level inverters to feed the
machine makes it possible to withstand a second inverter
fault, consequently enhancing the drive system’s reliability.
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Bidirectional DC/AC converter for flexible distributed energy integration into AC microgrids

Introduction. This work focuses on the development of microgrids in remote areas, islands and regions frequently affected by natural
disasters, particularly in Vietnam and other island countries in Asia. Problem. The converters perform direct and isolated energy
conversion to AC or DC microgrids, which are distributed grids that integrate various distributed energy sources, including renewable
energy such as wind power, solar power and others. To enable the system to operate continuously providing stable power, improving the
efficiency and effectiveness of distributed power sources by providing a suitable circuit design to limit losses on the main switches and
the number of switches and passive components in the converter is minimal. The goal is to develop the internal structure of a boost DC
converter into a multi-port converter connected to the storage system and the AC microgrid under the condition of reducing the main
switching losses with the condition of intermittent charging of the storage system during the operating period of the solar power source.
Methodology. The study uses the switching adjustment method and modeling simulated to analyze the operating conditions adapted to
the application system. Results. Analytical expressions were derived for calculating currents, voltages, losses on components, main
switches, and conventional switches. The influence of storage circuit switching on reducing losses in the main switch is shown for the
operating cases. Scientific novelty. Using the developed simulation model, new expressions were derived that allow us to establish
operational dependencies that reveal the relationships between the parameters of the storage device’s switching components. These
dependencies determine the efficiency and performance of the operational function, meeting the requirements of the microgrid system.
Practical value. Enhance the efficiency of utilizing distributed energy sources and improve the conversion efficiency of flexible operation
converters for AC or DC microgrids in the power system. References 30, tables 2, figures 22.

Key words: boost DC/DC converter, battery, DC/DC full bridge, bidirectional DC/DC and DC/AC converters.

Bcmyn. Poboma npucesuena pospooyi Mikpomepexc y 6i00a1eHUX palloHax, Ha OCMpPOB8ax i 8 Pe2ioHax, 4acmo CXUTbHUX 00 CIMUXTIHUX X,
30Kkpema y B’emnami ma inwux ocmpienux kpainax Aszii. Ilpoonema. Ilepemeoprosaui 30iicHI0OmMb npsiMe ma i307b08aHe NepemeopeHHs
enepeii 6 AC abo DC mikpomepedici, SKi € po3nooineHUMU Mepexcami, wo inmezpyioms pisHi po3noodineni dxcepena enepeii, eKmouaroyu
8IOHOBIOBAHI Odicepena, Maki sAK Gimposa, coHAuHa enepeis mowo. [ia 3abe3neuenns 6e3nepepsnoi pobomu cucmemu ma cmabiibHO20
eNIeKMPONOCMAYAHHS HeOOXIOHO NIOSUUMU eeKMUBHICb PO3NOOLIEHUX 0JCepell eHepeii 3a PAXYHOK GIONOBIOHOT CXeMOMEXHIKU, o
obMmedxncye empamu Ha 20N06HUX NEPEMUKAYAX, A MAKOXMC MIHIMIZyeamu KilbKiCmb NepeMuxadie ma NACUSHUX KOMNOHEHMI8 Y
nepemsopiosaui. Mema nonszac 6 pospobyi enympiwneoi cmpykmypu nioguwyeansnoco DC nepemeopiosaua 6 Oacamonopmoguii
nepemsopiosay, niokmoueHuti 0o cucmemu Hakonuuenns enepeii i AC mikpomepenici, 3a yMo8U 3HUIICEHHS 6MPam HA 20T06HUX NEPeMUKAYAX |
nepiooudHol 3apaAOKU cucmemu HAKONUYEHHs eHepeii npomazoM nepiody pobomu CoHAYHO20 Odcepena eHepeli. Memooduka. Y pobomi
BUKOPUCTNOBYEMbCS. MEMOO Peyio8anis NePeMUKAHHA Ma MOOemo8ants Ol aHaai3y YMOG eKCHiyamayii, aoanmosanux 00 cucmemu
sacmocyeanns. Pezynemamu. Ompumani ananimuyni eupasu O PO3PAXYHKY CHIPYMIS, HANpYe, 6Mpam Hd KOMNOHEHMAx, 20106HUX md
36uNaliHUX nepemuKkayax. [Jis pisHux pedicumie pobomu NOKA3aHO GNIUE NEPeMUKAHHA Kl HAKONUYYBAYA HA 3HUJICEHHS 6MPAm )y 20106HOMY
sumukaui. Haykoea nosusna. 3a 0onomoeoio pospobnenoi imimayitinoi Mooeni ompumaHo HO8i eupasu, wjo O00360AI0Mb GCIMAHOSUMU
onepayiliii 3a1e2CHOCMI, SKI POIKPUSAIOMb 83AEMO38 A3KU MIJIC NAPAMEMPAMU KOMymayitiHux KOMNOHeHmie Hakonudysaya. Lli sanescnocmi
BUHAUAIOMb  eEKMUBHICIb MA  NPOOYKMUGHICIb  ONEPAYIIHO20  PEeNCUMY, W0 GIONOGIOAE BUMO2AM MIKPOMEPEICeE0l CUCMEMU.
Ilpakmuuna 3nauumicms. Iliosuwennsa eghpekmugHocmi GUKOPUCIAHHS PO3NOOINEHUX Odicepen eHepeii ma NoKpaweHHs Koegiyicnma
nepemsopenns eHyukux nepemsopiogayis onsi AC abo DC mixpomepedic 6 enepeocucmenmi. bion. 30, Tab. 2, puc. 22.

Kniouosi cnosa: ninsumysaabunii DC/DC neperBopioBay, 6aTapesi akymyJstopiB, noauii DC/DC mict, aBonanpaseni DC/DC i
DC/AC neperBoproBaui.

Introduction. A comprehensive overview of the
micro-AC grid multi-port converter topology has been
presented in [1-5]. In recent years, our society has caused
numerous negative environmental impacts through the
intensive use of traditional energy sources. In addition,
the deterioration of the distribution system and the
increasing demand for electrical energy has made this
concern evident. Although there have been many
promising developments in energy decentralization using
renewable energy sources in recent years [6]. The
increasing penetration of renewable energy sources into
the conventional AC grid may cause other problems such
as voltage and frequency instability [7].

To address these issues, concepts such as microgrids,
minigrids and smart grids for future distribution systems
have been researched and put into practice. The microgrid
concept was initially proposed in [8]. Its operating principle
involves aggregating multiple micropower sources and
loads into a system-like model that includes these
components and enables either stand-alone or grid-
connected operation [9]. Therefore, to optimize the grid
appropriately using both AC and DC hybrid systems in the
ongoing and future smart grid, typical hybrid microgrid
architecture is proposed to reduce the number of power
converters in standalone AC or DC systems and to promote
the interconnection of different AC and DC sources and

loads as a multi-energy system. In this architecture, power
routers aim to minimize losses in power distribution [10],
energy management for hybrid microgrids using
conventional transformers is an inflexible constraint for
operations [11-13]. In contrast to AC or DC power grids,
the control, system management and operation of hybrid
microgrids are more complex. This structure can provide
the following contents:

1) Hybrid microgrids can flexibly supply power loads
from both DC and AC subgrids, thus system reliability can
be improved by feasible alternative power sources [14].

2)Each DC source can be easily connected to the DC
line by simply adjusting the DC voltage to limit the
starting current.

3) System costs and losses are reduced because some
power conversion stages are eliminated for both DC
source and load components.

4) The system can be expanded more easily because
DC converters can be installed in parallel.

In hybrid renewable energy systems, components
such as unidirectional AC/DC converters are used to
connect sources to the grid, sources to stored energy, or to
perform a single operating function in one direction only.
Bidirectional converters handle one load and are capable
of connecting two AC and DC grids. DC/DC converters
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are employed for DC grids, and multi-output DC/DC
converters serve different loads [15—18], the literature has
some limitations in the existing multi-port converter
topologies, and further research is needed in this area.
Renewable energy-based power systems may use dual-
input single-output converters [19]. The solar power
system, which includes a DC/AC converter, has many
components that limit the conversion efficiency [20].
Similarly, portable devices also utilize dual-input single-
output converters [21]. For low input voltages
corresponding to renewable energy sources there is a
family of three-switched multi-input DC/DC converters
[22]. The DC/DC converter can work with low voltage
sources [23]. Dual-port, multi-output DC/DC converter
converts energy in one direction [24, 25]. Later, many
other topologies were derived from this basic series of
converters [26, 27]. Multi-input and multi-output
converters [28] are often used for hybridization between
renewable energy sources and electric vehicles for higher
efficiency, lower cost and higher reliability. With
different current, voltage characteristics are proposed in
the DC/DC converter [29] has many components that
destabilize the energy conversion. In this topology, the
voltage stress on the switch is reduced by increasing the
output voltage level.

The converter structure proposed in this work is
implemented in a system with a block diagram (Fig. 1).
This system can operate to meet different voltage
parameter requirements and integrate several distributed
power sources to handle changing loads. Sources can be
used independently or simultaneously with this structure
if connected in parallel with the DC line connected right
inside the DC/DC phase conversion converter with
simple, low-volume switching components.

AC grid Fig. 1. Schematic
diagram of a
microgrid system
using a DC/DC/AC

converter

DC/AC

The advantages of the proposed topology over the
topologies in the cited papers are:
e it can connect multiple input sources or a single
input source at the same time;
e it can power multiple loads with different voltage
levels;
¢ in addition to providing regulated output power to
the load, this converter can harvest maximum power from
input sources.
The goal is to develop the internal structure of a boost
DC converter into a multi-port converter connected to the
storage system and the AC microgrid under the condition of
reducing the main switching losses with the condition of
intermittent charging of the storage system during the
operating period of the solar power source. The new
topology assimilates multiple renewable energy sources and
powers multiple loads with different output levels. Energy is
converted in two directions for each stage and case,
according to the requirements of the source and load.
Proposed converter operating case. The proposed
converter is designed to provide an AC load output and to
receive input from the AC grid and a renewable energy
source, such as distributed energy, in each operating case.
This converter is developed by integrating boost converters,

buck-boost bidirectional converters, and H-bridges. Figure 2
shows the circuit diagram of this combination.
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Fig. 2. Proposed DC/DC/AC converter combining power source,
DC load, AC load, storage system and AC microgrid

The converter is linked by wind power or solar battery
in this paper using solar power, a storage system port
denoted by Bat (could be an electric vehicle-EV) and an
output load port is AC grid. Two independent inductors
with inductances L1 and L2 facilitate energy exchange in 2
basic boost converters, which include an electronic switch
M1 connected to a PV source. In this structure, it is possible
to add more energy sources to the circuit by connecting
additional boost circuits in parallel to the input point of the
energy storage circuit. Furthermore, L2 is connected to an
H-bridge circuit to enable bidirectional operation. The
converter is equipped with 6 power electronic switches: M1
and M2, as well as the switch group M3-M6. These
switches can be controlled independently, and each power
switch group can be adjusted based on the converter’s
operating conditions. The switches are the main elements
that convert energy from the inverter ports: PV sources,
storage systems, AC, DC loads and microgrids. M1 is
responsible for efficient energy conversion from a PV
power source. Diode D2 is responsible for maximum energy
transfer to AC and DC loads, M2 converts energy taken
from PV power source and AC grid.

To analyze the proposed
assumptions are made, as follows:

o all switches ideally conduct reverse blocking;
e all connected renewable energy sources are assumed
to supply DC voltages at their maximum power points.

The following are the possible cases that can be
described according to the different input and output
operations of this new converter. Each case of this
converter operating in a steady state will be analyzed
independently in the following sections.

*Case 1. In the first case of the converter shown in
Fig. 3, energy from solar renewable sources supplies power
to the storage system. Additionally, it can feed the DC load,
which is sourced from VCI1, as well as the loads at the AC
supply grid, including the AC source and other loads. The
accumulator system is charged during the conversion. The
converter is implemented based on the DC/DC circuit
principles of boost, buck, and H-bridge. A single-phase
H-bridge is connected to the AC supply grid. The H-bridge
circuit is connected to the AC grid via transformer T1, as
shown in Fig. 3. The circuit connected to the storage
system acts as a buffer circuit for the DC/DC converter at
the key switch M1, helping to consume the leakage energy
of the coil L1. The voltage to the DC/AC converter is
limited by the voltage on the Bat storage system:

U =U

converter, certain

— (M
P-4,

Upar =Uc1d> 2
where d,, d, are the duty cycle of M1 and M2 respectively;
Uq, is the output voltage of DC/DC converter stage.
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Fig. 3. Schematic diagram in case 1

This mode of operation can be applied when
multiple distributed energy sources are available, and
maximum power can be obtained with the addition of
Boost converters. In addition to boosting the power to the
load, the excess energy can be stored for later use. When
the Bat is charging in this mode and M2 will control the
Bat charging voltage and will close when the Bat is fully
charged, or the input voltage increases to a certain value.
The transfer of energy from the source to the load
depends on the control strategy used to generate gate
signals that control the input and output switches. This
strategy is based on the availability of the input source,
the load conditions, and the status of storage devices.

The voltage across the main switches M1 and M2 is:

U
Up =Upp +—2—; 3
=Yy €)
Upp=—L—Ugpy - 4
M2 =97~ Vba 4)

Current M1 is expressed as:
(u,, —uy)d
pv M1)41 + io ) (5)
L1
where i is the initial operating current of the converter.
When M2 has d, operating to conduct current, the
current through switch M2 is:
i =ip1—icy- (6)
Conduction loss power is:

M1 =

2
Peonamosrer =Ups _m1-Ipsmi +rm1 - Ips i+

. 2 )
~+Ups m6ips m6+"m1 IDs me>
where Upy is the junction voltage when the MOSFET
switch is turn-on; Ipg is the drain-to-source current of the
MOSFET.
Power loss during switching is:

Plossisw = fow Wop + Woﬁ’) > (®)
where W,,, W, are the energy dissipation during turn-on
and turn-off times, respectively [30]; f;, is the switching
frequency of switches M1 and M2.

Conduction loss power of diode D1 is:

Boss p1="Ssw VD1 Ip1> €))
where Vp,, Ip; are the voltage, current of D1 during the

time for current to pass.
Power losses of LC component in the converter are:

2

Pri=Rpy 1 1ms s (10)
2

Pro=Rpo - I1opmss (11)
2

PCI :RCI 'ICIVms > (12)

where R, R;», Ry are the internal resistances of coils L1,
L2, C1; 1}y, s 132ms» 121,msare the effective currents
through coils L1, L2, C1.

Total power loss in the converter in case 1 is:
Ploss _casel = F condMOSFET + Ploss _sw +

13)
+Poss p1+PL1 +Pro + Py

In which d; and d, are the opening times of M1 and
M2, respectively, and they have different values to ensure
that the output voltage of bridge H is stable. As a result,
the opening time of M2 (d,) is delayed compared to that
of M1 (d)). As expression (1) we see an advantage of this
circuit is that the opening time of the locks is always less
than 1/2 of the working cycle of the converter.

Bat is charged with current when the switch M2 is
active and if the PV source voltage is less than Bat
voltage then the PV supply diagram is considered to be
inactive. This is also a value to set the working threshold
for the PV source to supply to the load.

*Case 2. Figure 4 shows the schematic diagram for
case 2. The required AC and DC load power is supplied
so that the storage system will temporarily suspend the
charging state. The charging circuit of lock M2 does not
operate. Due to many reasons such as the energy from the
PV source not being enough to meet the load (cloudy
weather), the AC and DC load increasing, or the storage
system is fully charged. The converter operates according
to the DC/DC boost circuit principle combined with the
H-bridge. The switches M1 and M3-M6 work on the
DC/DC boost converter and the DC/AC H-bridge circuit
(converting energy to the AC grid).

L1 D1

| MJ d
-1 PV solar _4 H Cr

=0
Fig. 4. Schematic diagram in case 2

*Case 3. In case 3 (Fig. 5) AC and DC loads are
supplied from PV power source and storage system. In
this case, PV power source reduces capacity, the load
increases, and the AC grid is at a high load time, so the
storage system generates additional energy to supply the
load. At this time, the circuit has M1 active, D2 active,
and M3-M6 active.

L1 D
~n Dt
C

]
.| PV solar [
H

*Case 4. Case 4 operations (Fig. 6) the Bat storage
source energy supplies the load and the AC grid, the
switch M1 is not working, the PV energy source is not
working because of the weather at night. M2 is not
working, and the energy is transmitted through D2 and L2
to the H-bridge circuit. In this case, the microgrid load is
used under priority conditions because of the limited
energy source from the storage system.

T

< .
Fig. 5. Schematic diagram in case 3
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Fig. 6. Schematic diagram in case 4

*Case 5. Case 5 operations (Fig. 7) excess solar
energy is supplied to the DC load. Meanwhile, the AC
load receives sufficient and surplus energy from the AC
grid. As a result, the energy from PV sources and the AC
grid becomes redundant, leading to the accumulation
system being charged from both sources. This case arises
when distributed energy sources are built locally close to
each other in an area. The circuit operates in this case as
follows: M1, M2 and M3-M6 operate according to the
Boost principle and H-bridge circuit.

AC grid

L1 D1
AN ™)

o N
T e
ijv solar T.iq aT — P2

Fig. 7. Schematic diagram in case 5

*Case 6. This case of the converter system assumes
that the AC grid power source is sufficient and has
surplus power to supply the AC load, leading to the
converter operating independently of the AC grid. The PV
power source supplies Bat storage and the DC load if any.
The converter operates as a DC/DC boost in which M1
and M2 are active, and the H-bridge circuit is inactive.
The PV power is always used thoroughly and efficiently.
The operation of case 6 is depicted in Fig. 8.

“
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Fig. 8. Schematic diagram in case 6

*Case 7. Figure 9 describes this case of the converter
assuming that renewable energy sources stop producing
energy (wind sources need to stop operating or maintenance
due to natural disasters or weather, solar energy sources at
night). In addition, the load-side energy source connected to
the AC grid system is connected to another source of energy
with excess energy; then the energy is converted from the
AC grid to the DC load and the Bat storage system through
M3-M6 and M2 locks in operation.
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Fig. 9. Schematic diagram in case 7

In the seven working cases, case 1, case 3 and case 5,
the main switches M1, M2, and the common switch
H-bridge in the proposed converter perform full operation.
These cases all demonstrate the loss limitation process for
the main switch M1 when there is a storage connection
circuit. The stress voltage on switch M1 is limited to a
maximum of the rated voltage on the battery. The regulating
switches in the converter play a crucial role in managing
operations for real-world scenarios. They account for the
requirements of each load and the capacity of the regulating
sources, ensuring the optimal use of renewable energy from
the AC microgrid and PV distributed sources connected to
the storage system. The flexible DC/DC/AC converter
proposed has the following highlights:

1. There are 7 cases to convert energy to optimize electric
energy from renewable energy sources, storage systems, and
energy sources from the grid. Flexibly adjust sources and
loads according to the priority conditions of the load
(electricity customers). Increase the stability of the
continuous power supply for the load (when there is a power
outage due to incidents or natural disasters). For converters
[1-5], which only perform certain functions for identifying
the maximum point of the distributed energy source supplied
to the load, the load depends on the capacity of the source or
storage system. Additionally, the system does not utilize
coordination from energy sources in the AC microgrid.

2.In the principal circuit, multiple sources can be
connected by placing the connection structures in parallel
with the connection point of capacitor C1 (Fig. 2). This
method allows for many distributed input sources to pass
through the proposed converter without altering its internal
structure. However, this approach may complicate the
control system. In contrast, converters described in [26, 27]
are limited to only one or two input sources.

3. The converter limits the stress voltage on the switch
M1 when adjusting the charging mode for the appropriate
storage system when the right time the switch Ml
changes state from open to closed, the switch M2 opens
for a period of time shorter than the closing time of the
switch M1 to dissipate the leakage energy of the coil L1.

Control engineering. In this converter, there are
6 electronic switches to control with the cases analyzed in
the above section described as Fig. 10 using the PWM
technique for main switches M1, M2 and SPWM for the

H-bridge.
o
Fig. 10. Control
FB1 block diagram for
FB2 Control mixed-source
FB3 DC/DC/AC
FB4 converter

M4,
M5

Each case of control mode will be implemented
differently with the goal that the output voltage connected
to the H-bridge circuit of the converter is almost stable and
finds the largest power points from renewable energy
sources and storage systems. Therefore, the control circuit
has current and voltage feedback loops and uses the
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maximum power point finding method for the converter.
From specific terminals such as current and voltage on Bat;
current and voltage on AC and DC loads; current and
voltage on PV source and AC grid to determine the energy
status of the terminals connected to the converter. From
those parameters to give control commands according to
the operating cases of the converter in accordance with the
goal of optimal use of energy from the PV source.

*Case 1 — PV supplies energy to Bat, AC, DC loads,
and AC grid. The control mode for this case has the
following basic components and requirements for the
control circuit:

I)Implement the algorithm to find the maximum
power point for the 2 mixed energy sources;

2) Adjust the output voltage to stabilize the load or
connect to the AC grid and DC grid;

3)Implement the charging mode control for Bat.
Switches M1 and M2 perform control using a PWM
control technique along with controlling switches M3-M6
according to the feedback signal from the storage system
and the AC microgrid output current and voltage to
perform appropriate control.

*Case 2 — PV supplies energy to AC grid, DC and
AC loads. In the converter, the energy feedback signal on
the Bat is full or needs to supply power to the AC or DC
load, leading to the control circuit for the charging circuit
for the Bat not working and stopping charging from the
renewable energy source and only supplying power to the
AC grid through the H-bridge DC/AC converter. Pulse
width modulation for the switch M1 is calculated as the
formula in the basic boost converter so that the voltage to
the H-circuit is stable.

*Case 3 — PV and Bat supply power to AC, DC
loads, and AC grid. This mode is intended for the power
source to the AC grid and DC load to be supplied from
PV and Bat solar power. The feedback signal from the
feedback loops confirms to modulate the pulse width for
the electronic switch M1, M3-M6 is calculated as the
formula in the basic boost converter and H-bridge.

*Case 4 — Bat supplies power to AC grid. This mode
is intended for the power source to the AC grid to be
supported from the Bat source when it is dark, and the PV
renewable source is no longer generating electricity.
There is essentially an independent DC/AC conversion
circuit from Bat to the AC load. The feedback signal is
confirmed to be sent back to control the M3—M6 switches
to operate as a DC/AC circuit.

*Case 5 — PV energy and AC grid supply the AC and
DC storage and load systems together. At this time, PV
energy generates well (DC load decreases), AC grid has
excess energy (AC load decreases). There are essentially
2 DC/DC and AC/DC conversion circuits. Feedback
signals from the feedback loops make control decisions
for the M1, M2, and M3-M6 switches according to the
corresponding principle as the circuit above.

*Case 6 — PV source supplies energy to Bat.
Converter works independently of the AC grid, the AC
load demand is fully supplied from the AC grid. Besides,
the PV source is still generating electricity, the Bat is not
fully charged yet. The control signal will command M1
and M2 to operate.

*Case 7 — AC grid supplies power to Bat. This mode
is intended to supply power to Bat from the AC grid when
there are no renewable energy sources. This situation will
arise when Bat is fully discharged or under-powered.
Control signal for switches M2 and M3-M6 AC/DC
H-bridge circuit.

Simulation results. The proposed converter model
discussed above is simulated using Orcad software
corresponding to the operating cases. The simulation model
is based on the actual operating situation of the system
when the converter is connected and to verify the analytical
results obtained in this section. The parameters used for
simulation study are predetermined and are presented in
Table 1. The input voltage corresponds to the voltage level
of small renewable energy sources such as solar panels,
fuel cells and small wind turbines. The output voltage is
designed to power low power electronic devices, and the
output voltage is designed to charge a 200 V Bat storage
battery. The performance of the converter under different
operating conditions in open-loop and closed-loop systems
is evaluated and discussed in this section.

Table 1
System parameters for simulation studies
Parameter Value

PV source voltage, V 75-180
Battery voltage, VDC 200
AC grid, AC load 220V, 50 Hz
DC load, V 250
Inductance L1, L2, uH 10
Load capacitance, puF 10
Electronic switch MOSFET
DC/DC switching frequency, kHz 50
DC/AC switching frequency, kHz 30

Simulation for case 1. The simulation model for the
converter is shown in Fig. 2. In this model, the input source
varies with the environmental changes, so in addition to
supplying power to the load, additional power is stored.

The proposed inverter operating mode involves
3 components, i.e., PV source, Bat and AC, DC load. This
mode will operate during the day when PV source is
good. The aim of this mode is to utilize maximum power
from PV and can connect a wind source to supply power
to AC load and storage. This objective needs to be
achieved while ensuring maximum power point tracking
of PV source.

Figure 11,a shows the reverse breakdown voltage
value of 240 V for the M1 and M2 switches at the
V(M1:2) probe, from which we can get the parameter
value to select the appropriate electronic switch for the
circuit. In the M1 voltage graph, an image of the parasitic
parameter of the MOSFET is seen during the off period,
this effect increases the actual loss of the MOSFET. The
output voltage of the load is close to 250-400 VDC at the
V(L2) probe. Current through the components L1, M1,
M2 in Fig. 11,a, the current values through the inductance
components L1 at the PV power source.

Figure 11,b shows the total power values at the
sources and the loads in the whole system. We can see the
sources at the loads, including the 2™ and 3™ measuring
terminals. From the values, we can simply calculate the
efficiency of the conversion system in this case when
changing the input power value.
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Fig. 11. Graph during case 1 operation:
a — current and voltage diagrams of the elements in the circuit;

b — active power of PV input and AC load

Simulation for case 2. This case involves
2 components — PV source and AC load. From Fig. 12,a
it is observed that the reverse voltage on M1 is the same
as in case 1, but the load decreases due to no power
supply to Bat, so it is necessary to adjust the control pulse
width for M1 to decrease. Figure 12,a results of
measuring the current value through the load and through
the M1, L1 switches compared to scenario 1. Figure 12,h
shows the power value of two PV source components and
AC load. The energy part at the load value is determined by
the PV input voltage parameter of 75 V.
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Fig. 12. a — current and voltage diagrams of the elements in the
circuit; b — active power of PV input and AC load in case 2

Simulation for case 3. This mode is active when the
battery is fully charged as well as when the PV still gets
enough light to produce electricity. The purpose is to
supplement the energy from storage to the load at AC and
DC. From Fig. 13,a we have the simulation diagram of
the conversion system in this case, this implies that the
control for this mode is active, and it is verified.

Figure 13,b shows the power measurement results of
3 components in the power supply circuit of the Bat
power supply.
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Fig. 13. a — simulation diagram of case 3; b — power on 3 ports

Simulation for case 4. Similarly, in this case, Fig. 14
illustrates the measurement results of the battery storage
power supplied to the AC load, as well as the current and
voltage patterns of the circuit elements during the energy
conversion process. With this energy source, it is possible
to provide partial stabilization for the entire system when
there is a shortage of energy in the AC microgrid.

Simulation for case 5. The power measurement
results of the storage and AC load supplied by PV energy
source and AC grid are shown in Fig. 15. With this
energy source it can provide partial stabilization for the
storage system as well as the load side that is reducing the
power flow.
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Simulation for case 6. Figure 16,a shows the voltage
and current values on the elements M1, M2, and L1, the
input voltage for the storage system. Figure 16,b shows
the input and output power values to determine the
efficiency of this conversion process.

Simulation for case 7. In 7 case H-bridge circuits are
working, the current and voltage signals on elements M2
and L2 are shown in Fig. 17,a. Figure 17,b shows the
power values of the AC load, AC grid and Bat.

Figure 18 shows the simulation results of the
performance of the DC/DC/AC converter with different
power values for each specific case, the maximum
working power is 2500 W, PV voltage is 75 V. The
voltage change of the power supply input is shown in
some cases with PV power supply.

When the load demand energy changes at the AC
microgrid, it affects the energy conversion process from
the energy source supplied from PV with each mode of

increasing or decreasing the energy consumption, the
change time is 5-10 ms to reach the change value when
decreasing as shown in Fig. 18. The fluctuation amplitude
is about 10 % compared to the new change value.
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Fig. 16. a — voltage-consistent signal; b — input and output
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Figure 19,a cases 1, 2, 3, 5, 6 show the power
efficiency for the specific cases, where the higher
efficiency value is in cases 2 and 3 near 96.9 % at 500 W
operating power. The low efficiency value is near 94.2 %
at 2500 W operating power in case 6 in the converter.
Figure 19,b depicts the overall efficiency of the converter
for the 7 cases.
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Experimental results. Figure 20 shows the
experimental DC/DC/AC converter at the following
parameters: input voltage value 75-180 VDC; AC load
capacity 500-2500 W.

Fig. 20. Experimental image of flexible converter:
1 — converter; 2 — storage; 3 — single-phase AC grid;
4 — DC source; 5 — single-phase AC load

Table 2 shows the input and output parameters of the
converter at the ports.

Table 2
Experimental parameters

DC/DC boost input voltage, VDC 75-180
DC/DC boost output voltage, VDC 250
Inductances L1, L2, uH 10
Bat capacitor, pF 10
Boost circuit output capacitor, pF 10
Diodes D1, D2 Murl560
MOSFET switch M1 IRF740
MOSFET switch M2 IRFP640N
MOSFET switches M3-M6 IRF340
DC load, Q 500
AC output voltage, V 220£3 %
AC input voltage, VDC 200-350
AC load frequency, Hz 50£0.5 %

Figure 21 shows the experimental operation modes
with the largest power value change of 2500 W, the input
voltage from the PV source is 75-180 V, voltage on the
DC bus is 398-399 VDC can be connected to DC
microgrid, the values are displayed on the voltage and
power meters.

Figure 21 shows the output voltage waveform of the
load under varying load conditions. The actual output
voltage is a sinusoidal waveform with a frequency of 50
Hz, in harmony with the AC grid, as shown in Fig. 21,a.

Figure 21,b — the voltage from the PV source is 75 V
working with the AC load capacity of more than 1000 W
and the DC voltage at DC load 399 VDC.

Figure 21,c — the voltage from the PV source is more
than 110 V working with the AC load capacity of more
than 1500 W.

Figure 21,d — the voltage from the PV source is 75 V
working with the AC load capacity of more than 2000 W.

Figure 21,e — the voltage from the PV source is more
than 180 V working with the AC load capacity of more
than 2000 W.

Figure 21,/ — the voltage from the PV source is 110 V
working with the AC load capacity of more than 2500 W.

Experimental results are given for some typical cases
in the 7 operating cases of the converter. The simulated and
calculated efficiency is determined at different power
values with the maximum value of 2500 W (Fig. 19). It has
been studied in different load capacities and operating
modes with different functions of the proposed converter.
The average efficiency when powered by PV power source
is close to 96.2 % corresponding to power 500 W, the
efficiency at 2500 W power is close to 94.5 % (Fig. 22).
The average efficiency when powered from the system
storage (cases 2 and 4) is 96 %. For example, there is only
one mode, such as DC/DC (case 6 is 95.8 %) and DC/AC
(efficiency above 95 % [15, 16]). According to the
experimental results, the average efficiency of the designed
converter in working with different modes is close to 95.3
% with a maximum power of 2500 W.

Figure 22 shows the experimental and simulated
average performance of the converter with a difference of
almost 1 % in value. This difference is basically
consistent with the actual performance during the
experiment because the loss values of the components in
the device, the quality of the electronic components, and
the quality of the printed circuit board will be larger in the
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simulation. The experimental performance of the
proposed converter is larger than that of the references
[15, 16] with a load operating mode of less than 2500 W.

Display All
Mrmsi) =225

(CH 1~ IS T=1=1V] Time 10.00ms i

f—AC load near 2500 W
Fig. 21. AC load power values change
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Fig. 22. Converter performance compared with references

Conclusions. The article is devoted to a
multifunctional DC/AC bidirectional converter with three
different independent ports, flexible operation with 7 cases,
application for AC microgrids and distributed energy
sources. The operating case results demonstrate 94.5 %
efficiency of the converter when implemented in the system.
The power circuit design creates a snubber at the storage
system to limit the stress voltage on the main switch
connected to the renewable energy source.

This study shows that the snubber parameters used for
charging the energy storage system with recovery affect the
performance, cost and design of DC/DC/AC converters in
power generation and energy conversion systems.

The experimental converter basically corresponds to
the simulation design and is capable of operating flexibly
for systems with microgrids that can be connected to the
distribution grid or work independently.

The presented research has shown the possibility of
developing high-frequency non-isolated DC/DC/AC
converters with low-cost performance and shows a
feasible method to study new systems in the non-isolated
DC/DC/AC converter family.

This solution converter increases the stability of the
current grid in the Vietnamese power system. Improves the
efficiency of using renewable energy sources (or distributed
energy sources) contributes to national energy security.
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Influence of zinc oxide nanoparticles on flashover voltage
of unsaturated polyester resin-based composites for electrical insulators

Introduction. Polyester-based composites are increasingly used in electrical applications for their insulation, mechanical, and thermal
properties. Nanofillers have shown promise in enhancing the properties of polymer-based composites. Goal. This study aims to improve
the flashover voltage of unsaturated polyester resin (UPR)-based composites by incorporating zinc oxide (ZnO) nanoparticles.
Methodology. UPR/ZnO nanocomposites were prepared with various ZnO nanofiller ratios (0 %, 1 %, 3 %, 5 %, and 7 % by weight)
with different sample lengths (0.5, 1.5, 2, and 2.5 cm). The flashover voltage was measured for the pure UPR sample and each
composition of the studied filler ratios at various sample lengths. X-ray diffraction analysis was performed. A curve-fitting method was
applied to estimate the flashover voltage of UPR/ZnO nanocomposites containing intermediate filler ratios between those experimentally
tested. Results. Incorporation of ZnO nanofillers significantly enhanced the flashover voltage of polyester-based nanocomposites. The
pure UPR sample exhibited the lowest flashover voltage, whereas the composite with 7 wt.% ZnO nanofiller demonstrated the highest.
Notably, increasing the sample length further improved flashover voltage. Scientific novelty. This study examines the influence of ZnO
nanoparticles on the flashover voltage of UPR-based composites. Practical value. The obtained findings can contribute to the
development of polyester-based nanocomposite insulators with enhanced flashover voltage. References 26, tables 3, figures 6.

Key words: unsaturated polyester resin, zinc oxide, filler, nanocomposites, flashover voltage, curve fitting technique.

Bcemyn. Komnosumu na ocHogi noniecmepy 6ce wacmiuie UKOPUCMOSYIOMbCS 6 eeKMpPOMeXHiyl 3a60KU CE0IM I30MAYILUHUM,
MeXaniuHum ma meniogum eracmusocmam. Hanonanoeniosaui eussunucs nepcnekmu@HuMu Oasi NOKPAWEHHs G1ACmuocmel
Komno3umieé Ha ocHogi noaimepie. Mema. Lle docniosicenns cnpsamosane Ha NiOGUWEHHS HAnpyeu npoboio KOMNO3UMI6 HA OCHOBI
nenacuuenoi noriegpipnoi cmonu (UPR) winsxom exniouarouu Hanouacmunox okcudy yunxy (Zn0O). Memoouka. Hanoxomnosumu
UPR/ZnO 6ynu ucomosneni 3 pizHumu macogumu yacmxamu nanonanoguiosava ZnO (0 %, 1 %, 3 %, 5 % ma 7 % 3a macoio) 3
piznoro dosocunoro 3paskie (0.5, 1.5, 2 ma 2.5 cm). Hanpyay npoboro sumiproganu oas yucmoeo 3paska UPR ma koxcHoi komnosuyii
3 00CAIONCYBAHUMU KOHYSHMPAYIAMU HANOBHIO8AYA NPU PI3HIL 008JCUHT 3pa3Ki6. Byio nposedeno penmeenigcoKuti Oudpaxyiinu
ananiz. Memoo anpoxcumayii kpusux 6y10 3acmocosano 0as oyiHku nanpyeu npobor nanokomnosumie UPR/ZnO 3 npomidchumu
KOHYEHMpayiamy HANOBHIOBAYA MIJC eKCnepumMeHmanbho oocriodcenumu. Pesynsmamu. Bxarouenns nanounanosmiosauie ZnQO
Cymmeso niosuwuio Hanpyey npo6oio noniepiprux Hanoxomnozumie. Qucmuil 3pazox UPR npodemoncmpysas HaiHudicuy Hanpyey
npoboro, mooi sax komnozum i3 7 mac.% naronanosuwoeaua ZnO noxasae nausuwy. IIpumimno, wo 30inbuieHHss 008XHCUHU 3PA3KA
dodamxoso niosuwysano nanpyey npoborw. Haykoea noeuzna. Y oocnioxcenni posensinymo enaue nanovacmunox ZnO na nanpyay
npoboio komnoszumis na octosi UPR. Ipakmuuna 3nauumicms. Ompumani pe3yiomamu MOICYMs CAPUIMU po3pooyi noiiedipHux
HAHOKOMNO3UMHUX [307IAMOPI8 i3 nidguwyeHor Hanpyeor npoboro. bidin. 26, Tabmn. 3, puc. 6.

Knrouosi crnosa: HeHacuuyeHa moiedipHa cM0Ja, OKCHI LHHKY, HANOBHIOBAY, HAHOKOMIIO3UTH, HAMpyra npodow, MeTox
anpoxkcuManii KpuBoi.

Introduction. Insulators are crucial to the safety and
reliability of power networks [1, 2]. As power systems
continue to evolve to meet increasing energy demands and
incorporate renewable energy sources [3—8], the selection
of suitable insulation materials becomes critical to ensuring
high performance and long-term reliability [9—12].

Traditional insulation materials such as ceramic,
glass, and porcelain have been widely used since the late
1880s due to their high electrical resistance and dielectric
properties. However, these materials exhibit several
drawbacks, including fragility, brittleness, high weight,
susceptibility to environmental factors, complex
manufacturing processes, high production costs, aging
effects, and, in the case of porcelain, water absorption [13].

To address these challenges, researchers have
investigated polymeric-based insulators [14]. These
polymeric-based insulators offer significant advantages over
conventional ceramic insulators, including enhanced
hydrophobicity, lighter structures that facilitate easier
installation, and greater resistance to environmental
degradation [15, 16].

Unsaturated polyester resins (UPRs). UPRs are
widely used in electrical insulation due to their excellent
physical properties, ease of processing, and cost-
effectiveness. Upon curing, these resins form a solid
structure with outstanding durability and mechanical
strength [17-19].

Micro- and nanoscale inorganic fillers are widely
used to enhance the performance of polymeric materials.
Their incorporation improves mechanical strength [20],
thermal stability, and dielectric properties, making
polymeric-based composites highly suitable for advanced
electrical insulation applications [13, 21, 22].

Goal. This study aims to improve the flashover
voltage of unsaturated polyester resin (UPR)-based
composites by incorporating zinc oxide (ZnO)
nanoparticles.

UPR/ZnO nanocomposite samples were fabricated
with different ZnO ratios (0 %, 1 %, 3 %, 5 %, and 7 %
by weight), and their flashover voltages were measured
for samples with various lengths (0.5, 1.5, 2, and 2.5 cm).

X-ray diffraction (XRD) was used to characterize
the structural properties of the prepared samples.

A curve-fitting approach was employed to predict
the flashover voltage of UPR/ZnO nanocomposites with
intermediate filler ratios between the studied filler ratios.

Materials. The following materials were used:

e UPR, supplied by Egyptian British Co.

e 7ZnO nanoparticles, obtained from Nano Tech Egypt,
with an average particle size of 30+5 nm.

¢ Ethyl alcohol (70 %), used as a reactive diluent.

e Methyl ethyl ketone peroxide (MEKP), which
served as the hardener and was utilized as an initiator
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agent. It has a density of 1.18+0.005 g/cm’ and a viscosity
of 23-25 mPa-s.
o Cobalt naphthenate, used as an accelerator.

To ensure accurate composition ratios, all weight
measurements for UPR and ZnO were performed using a
Sartorius analytical balance with a precision of 0.1 mg.

Preparation of pure UPR samples. UPR was
dissolved in 70 % ethyl alcohol using a magnetic stirrer for
8 min. Subsequently, MEKP was added as an initiator, and
the mixture was stirred for an additional 8 min. Cobalt
naphthenate was added as an accelerator to initiate the
curing process of the polyester resin before reinforcement.
The mixture was stirred to ensure homogeneous
distribution of the catalyst and initiator within the matrix,
without any filler. The samples were molded into
cylindrical rods (1.5 cm diameter) with lengths of 0.5 cm,
1.5 cm, and 2 cm at an ambient temperature of 25 °C [17].

Preparation of the UPR/ZnO nanocomposite
samples. UPR/ZnO nanocomposites with various ZnO
nanoparticle ratios were prepared by first dispersing ZnO
nanoparticles in ethanol. This dispersion was subjected to
ultrasonic vibration at 1500+50 rpm for 30 min, while
also using mechanical agitation. ZnO nanoparticles were
added to the UPR matrix at weight fractions of 1 %, 3 %,
5 %, and 7 %, relative to the total composite weight. After
this, UPR and the initiator (MEKP) were gradually added
to the solution. The mixture was then stirred vigorously
for 10 min. Then, the accelerator (cobalt naphthenate) was
added, and the mixture was stirred further to ensure even
dispersion of ZnO throughout the resin. The resulting
compositions were poured into cylindrical plastic molds
with lengths of 0.5 ¢cm, 1.5 cm, and 2 ¢cm and a fixed
diameter of 1.5 cm. After curing, the samples were
prepared for each testing technique [17]. Preliminary
trials showed that ZnO ratios above 7 wt.% caused a
significant increase in viscosity. This made casting
difficult and hindered uniform dispersion due to
nanoparticle agglomeration.

The curing process was carried out at ambient
temperature (~ 25 °C) using 1 wt.% MEKP and 0.5 wt.%
cobalt naphthenate. No significant mass loss was detected
before or after curing (< 0.1 %). This indicates that no
low-molecular-weight decomposition products were
released during the crosslinking process.

UPR weight ratios and ZnO nanofiller weight ratios,
and the corresponding sample names are listed in Table 1.

Table 1
UPR weight ratios and ZnO nanofiller weight ratios, and the
corresponding sample names

Sample name % ratio o_f UPR by % ratio of ZnQ
weight nanofiller by weight

P (Pure UPR) 100 % 0

Z1 99 % 1%

Z3 97 % 3%

Z5 95 % 5%

Y4 93 % 7%

XRD analysis. X-ray Diffraction (XRD) analysis
was performed to assess the dispersibility of ZnO
nanoparticles in the different prepared samples. XRD
analysis was performed using an EMMAO 143 X-ray
diffractometer (GBC, Australia) with a Bragg’s angle (26)

scanning range of 0°-80°. The XRD patterns of pure
polyester, ZnO  nanoparticles, and UPR/ZnO
nanocomposites are shown in Fig. 1.
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Fig. 1. XRD of pure polyester, ZnO nanoparticles and UPR/ZnO
nanocomposites

According to Fig. 1, the presence of crystalline ZnO
was confirmed by reflections at 26 angles of 31.8°, 34.4°,
36.3°, 47.5°, 56.6°, and 62.8° [23]. The pure polyester
intensity peak at 22.66° decreased as the ZnO content
increased, indicating a uniform dispersion of ZnO
nanoparticles [24, 25].

Flashover test. The flashover test is a critical method
for evaluating the electrical properties of materials,
particularly for outdoor insulators [15]. This test provides
key characteristics of the studied UPR/ZnO nanocomposites,
assessing their ability to withstand applied voltages.

Testing apparatus for flashover voltage. The AC
flashover voltage test was performed using a high-voltage
(HV) transformer (Terco HV 9105), which operates at
100 kV, 5 kVA, and 50 Hz. The voltage applied to the
transformer’s primary winding was regulated using a
variac (0-250 V) controlled by a smooth control panel.
Two electrodes were securely fixed on the samples,
ensuring parallel alignment without defects. The
transformer’s LV side incorporated a safety circuit to
disconnect the supply and prevent excessive current
during flashover. The tests were conducted in the HV
laboratory at Aswan University. To protect the HV
transformer from high current surges during flashover, a
2.8 MQ resistor was connected in series with the
secondary winding of the transformer. The schematic
diagram of the implemented flashover test platform is
illustrated in Fig. 2 [26].
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Fig. 2. Schematic diagram of flashover voltage test platform

Results and discussion. Flashover voltage
measurements were conducted on the studied samples,
with different sample lengths (0.5 cm, 1.5 cm, 2 cm, and

Electrical Engineering & Electromechanics, 2026, no. 2

85



2.5 cm), at room temperature (25 °C) under normal dry
weather conditions. The AC voltage increased steadily at
0.5 kV/s until breakdown occurred. Each sample was
tested 10 times to ensure accuracy; the mean flashover
voltages were calculated and listed in Table 2.

Table 2
Mean flashover voltage for the studied samples with different
lengths
Sample length
Sample 05cm | 15em | 2cm [ 25cm
Mean flashover voltage, kV
P 7.379 27.692 34.482 40.097
Z1 7.386 28.463 35.647 41.113
Z3 8.011 30.163 37.613 43.960
Z5 9.124 32.051 39.764 46.048
Z7 12.000 35.752 43.350 47.928

For all samples with different lengths, results
showed that the flashover voltage increased directly with
the increase in the ratio of ZnO filler. Sample Z7
exhibited the highest flashover voltage, whereas pure
polyester had the lowest value. Additionally, the results
showed that the flashover voltage increased directly with
the increase in sample length.

For samples 0.5 cm in length, sample Z7 achieved
an improvement in the flashover voltage of 62.624 % over
pure polyester. For samples 1.5 cm in length, Z7 achieved
an improvement in flashover voltage of 29.1 % compared
to pure polyester.

For samples 2 cm in length, sample Z7 achieved an
improvement in flashover voltage of 25.72 % compared
to pure polyester. For samples of 2.5 cm in length, Z7
achieved an improvement in the flashover voltage of
25.72 % compared to pure polyester.

Curve fitting and flashover voltage prediction.
Accurate prediction of flashover voltage for UPR/ZnO
nanocomposites is essential due to the high cost of raw
materials. To address this, 3rd- and 4th-degree
polynomial regressions were implemented using
MATLAB to estimate the flashover voltage of UPR/ZnO
nanocomposites with intermediate ZnO ratios between the
studied ratios, which were not prepared. These models were
developed using the experimental results of the studied
samples with various weight ratios of ZnO nanoparticles
(0%, 1 %, 3 %, 5 %, and 7 %) across four lengths (0.5,
1.5, 2, and 2.5 cm). Based on the root mean square error
(RMSE) criterion, the 4th-degree polynomial showed the
optimal fit, providing the highest accuracy and minimal
deviation across all sample dimensions.

Flashover voltage of UPR/ZnO nanocomposites
for various samples by the curve fitting technique. The
following 4™-degree polynomial equation represents the
best curve-fitting model for the dataset:

y=P X'+ P, X°+ Py X* + Py X +Ps, (1)
where y is the flashover voltage; X is the percentage ratio of
the ZnO nanofiller; P; — Ps are the coefficients. Detailed
results for each sample length are next.

Flashover voltage of 0.5 cm length samples.
Mathematical model: coefficients of (1) would be:
P,=0.0049613095, P,= —0.0528184524, P; = 0.248610119,
P=-0.1937529762, Ps=7.379.

Statistical indicators: RMSE = 0.0 kV, R* = 1.0.

Figure 3 shows that the fitted curve accurately
represents the flashover voltage data for the samples of
0.5 cm in length.

Flashover Voltage at 0.5 cm
RMSE = 0.000000 KV, R? = 1.000000

T
O Data0.5cm
115 F —Fit0.5em

95

Flashover Voltage (KV)

0 1 2 3 4 5 6 7
Nano ZnO Percentage (%)
Fig. 3. Fitted curve results for the flashover voltage versus various

weight percentages of nano ZnO filler for 0.5 cm length samples

Flashover voltage of 1.5 cm length samples.
Mathematical model: coefficients of (1) would be:
P1=0.0049172619, P, =-0.0448220238, P; =0.1416970238,
P,=-0.6692077381, Ps=27.692.

Statistical indicators: RMSE = 0.0 kV, R*=1.0.

Figure 4 shows that the fitted curve accurately
represents the flashover voltage data for the samples of
1.5 cm in length.

Flashover Voltage at 1.5 cm
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Fig. 4. Fitted curve results for the flashover voltage versus various

weight percentages of nano ZnO filler for 1.5 cm length samples

Flashover voltage of 2 cm length samples.
Mathematical model: coefficients of (1) would be:
P,=0.0013261905, P,=0.004822619,
P;=-0.097197619, P,=1.2560488095, Ps = 34.482.
Statistical indicators: RMSE = 0.0 kV, R*=1.0.

Figure 5 shows that the fitted curve accurately
represents the flashover voltage data for the samples of
2 cm in length.

Flashover voltage of 2.5 cm length samples.
Mathematical model: coefficients of Eq. (1) would be:
P=0.0082315476, P,=—0.1202255952, P;=0.5097255952,
P,=0.6182684524, Ps=40.097.

Statistical indicators: RMSE = 0.0 kV, R*=1.0.

Figure 6 shows that the fitted curve accurately
represents the flashover voltage data for the samples of
2.5 cm in length.
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Fig. 5. Fitted curve results for the flashover voltage versus various

weight percentages of nano ZnO filler for 2 cm length samples
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Fig. 6. Fitted curve results for the flashover voltage versus various
weight percentages of nano ZnO filler for 2.5 cm length samples

Prediction of flashover voltage. Using the best-fit
equations obtained from the curve-fitting technique, the
prediction of flashover voltage for unmanufactured samples
with intermediate ratios of nano ZnO filler (in the range of
0 % to 7 % by weight) is presented in Table 3.

Table 3
Predicted flashover voltage for several intermediate ZnO nanofiller
ratios
Sample % ratio of ZnO nanofiller | Predicted flashover
length, cm by weight voltage, kV

0.5 2 7.643
1.5 2 29.317
2.0 4 38.599
2.5 6 46.856

Conclusions. This study investigated the impact of
incorporating ZnO nanofiller on the flashover voltage of
unsaturated polyester resin (UPR)-based nanocomposites.
To evaluate the effect of ZnO, UPR/ZnO nanocomposites
were prepared with different ZnO nanofiller ratios (0 %,
1 %, 3 %, 5 %, and 7 % by weight) and various sample
lengths (0.5, 1.5, 2, and 2.5 cm). Experimental trials
indicated that preparing UPR/ZnO nanocomposites with
ZnO contents exceeding 7 wt% was extremely
challenging due to the significant increase in viscosity,
which hindered proper casting and promoted filler
agglomeration. XRD analysis confirmed the successful
incorporation and adequate dispersion of the ZnO

nanofiller within the polymer matrix. Flashover voltage
measurements were conducted under identical dry
conditions to ensure consistency. A curve-fitting approach
based on 3rd- and 4th-degree polynomial regressions was
implemented to predict the flashover voltage of
unprepared UPR/ZnO nanocomposites of intermediate
ZnO ratios between the studied ratios. Based on the RMSE
criterion, the fourth-degree polynomial model provided the
highest prediction accuracy with minimal deviation. The key
findings can be summarized as follows:

1. Pure polyester exhibits the lowest flashover voltage
among all tested samples.

2. Incorporation of nano-ZnO filler significantly
enhanced the flashover voltage of UPR/ZnO-based
nanocomposites.

3. Flashover voltage increased proportionally with
increasing ZnO filler content up to 7 wt.%.

4. UPR/ZnO composites containing 7 wt.% nano ZnO
filler demonstrated the highest flashover voltage among all
the prepared samples for all sample lengths.

5. Flashover voltage increased with increasing sample
length.

6. The polynomial regression model proved to be an
effective predictive tool, minimizing the need for
additional costly experimental investigations.
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Highly accurate approximation for sheath currents in high-voltage three-phase cable line

Introduction. This study focuses on sheath currents in high-voltage single-core XLPE-insulated power cables with solid bonding. The
analysis covers flat and trefoil three-phase cable lines. Sheath current calculation is essential for evaluating thermal conditions, losses,
and overall cable performance. Problem. The regulatory documents of the Ministry of Energy of Ukraine provide formulas for sheath
currents. We examine them by comparing with verified analytical solutions and find significant discrepancies in a wide range of typical
parameters of high-voltage three-phase cable line. So the formulas in the current regulatory document have a narrow range of
applicability, and the engineering calculations based on them may lead to significant inaccuracies and incorrect decisions. Goal. The
paper aims to develop novel formulas for the RMS values of sheath currents in high-voltage three-phase cable lines with flat and trefoil
arrangements of power cables, ensuring the accuracy required for engineering calculations across a wide range of cable line
parameters. Methodology. This study is grounded on the previously developed and experimentally verified analytical model and
corresponding formulas for calculating sheath currents and cable line magnetic field. These verified formulas for sheath currents are too
cumbersome, so an approximation technique is used to find compact ones. Results. A novel approximation for sheath current in the flat
cable line is developed. The discrepancy between the approximation and the verified formulas is within 5 %. Additionally, a new form of
the formula for sheath current in the trefoil cable line is proposed. Scientific novelty. To perform the approximation, an original quality
index is proposed. It is derived from the heat output of metal sheaths of cables. Practical value. The developed approximation for sheath
current can be directly applied to the design of high-voltage cable lines, the analysis of the operating modes, and the control of the
compliance of existing cable lines with actual operating conditions. References 20, table 1, figures 4.

Keywords: metal sheath, cable line, single-core cable, solid bonding, regulatory document.

Bcmyn. B pobomi pozensimymo cmpymu 8 eKpamax OOHOJICUNbHUX CUTOBUX Kabenig 6UcoKoi nampyau, 3 i301ayi€lo 3i 3ulumozo
noniemuneny (XLPE), npu 3a3emnenni 3 000x Kinyig. AHaniz oxonmoe KabenvHi AiHii 3MIHHO20 CIpyMYy 3 PO3MAauly8anHam Kabenie 3a
cxemamu «y NAOWUHIY ma «y mpuxymuuky. Pospaxynox cmpymy é expamax € ead)ciusum npu oyinyi meniogo2o cmawy, empam ma
pedcumy pobomu Kabervroi ninii. Ilpoénema. Hopmamueni Odoxymenmu Minicmepcmea eHnepeemuxu Ykpainu Mmicmams
CRiBBIOHOUEHHSL 01 PO3PAXYHKY CIMPYMI8 8 eKpaHax. AHANi3 yux cniégiOHOWEHb WIAXOM NOPIGHAHHA 3 6ePUGIKOBAHUMU AHATTMUYHUMU
Gopmynamu nokazas 3HauHy po30IdHCHICIb V WUPOKOMY OIaNa3oHi MUNogux napamempie mpugpasnoi kabdenvHoi il 6Ucokoi Hanpyau.
Bionogiono, cniegionowients 6 YUHHUX HOPMAMUBHUX OOKYMEHMAX MAaroms 8y3bKull 0ianasoH 3acmoco8HOC, a iX BUKOPUCTAHHA OJiA
iHDICEHepHUX PO3PAXYHKI6 MOodice npusgecmu 00 3HAYHUX HemouHocmell ma XubHux euctosxie. Memoio pobomu € po3pobKa HOBUX
HAONUIICEHUX CNIBBIOHOWEHb OISl PO3PAXYHKY OIOYUX 3HAYEHb CMpPYMI6 y eKkpanax kabenie mpugaznux xabenvHux uiHill 8UCOKol
Hanpyeu, npoKNaoeHux 3a cXemamu «y NIOWUHI» ma «y MPUKYMHUKY», 3a0nsa 3abe3neyeHHs HeoOXiOHOi MOUHOCMI Y WUPOKOMY
dianazoui napamempie xabenvnoi ninii. Memoodonozia. [ocniodxcenns IpyHmyemvca HA pauiue po3pooOneniti asmopamu ma
EeKCnepUMEHMANbHO 6ePUGIKOBAHIT AHANIMUYHIL MOOeNi ma GiONOGIOHUX CRIGGIOHOWEHHSX OJISl PO3PAXYHKY CMPYMIG 8 eKpamax, ma
maznimnoeo noas mpughasnoi kabenvnoi ainii. OCKilbKuU 3a3Hay¥eHi CiG8IOHOWEHHsL Ol CIMPYMIG € 3aHAOMO 2POMIZOKUMU, TMOMY OJisL
SHAXOOHCEHHS. KOMNAKMHO20 CRI6GIOHOWEHHs UKopucmosyemuvcs  anpokcumayis. Pezynemamu. Pospobneno nose mnabnusicene
CRiBGIOHOWEHHS OJis PO3PAXYHKY CIPYMY 6 eKpAaHAaX KabelbHol JMIHII 3 po3mautysanHsm Kabenig «y niowutiy. Posbixcnicme midc
HAOMUICEHHSAM Ma 8epugikosanumu Gopmyramu cmanogums 00 5 %. Kpim moeo, 3anpononoeano Hogy @opmy ChnigeioHouleHHs 05
PO3DAXYHKY CIMPYMY 6 eKpaHax KabeabHol MMl 3 posmawysanHam kabenig «y mpukymuuxy. Hayxoea wnoeusna. /11 euxonawms
anpoxcumayii 3anponoHO8aAHO OPUSIHATLHULL NOKA3HUK SIKOCMI, SKUL 6U3HAYACMbCS 6eIUYUHAMU Menio8oi Ol cmpymie 6 eKpaHax
kabenis. Ilpakmuuna 3nauumicme. Po3pobnene nabnudicene cnigioHouleHHs OJil POPAXYHKY CHPYMY 8 eKpamax Mooice Gymu
6e3no0cepedHbo 3acmoco8ane npu NPOEKMYSAHHI MPUPAZHUX KAOeTIbHUX NIHIU BUCOKOL Hanpyeu, ananizi pexcumis ixnvboi pobomu ma
KOHMPOJi 6i0NOGIOHOCMI ICHYIOUUX KAbelbHUX MHIl ghakmuynum ymosam excniayamayii. bion. 20, Ta6n. 1, puc. 4.

Knrouoei cnosa: ekpaH, kadeslbHAa JIiHisA, OTHOKUWIBLHUI Kabe/ib, 3a3eMJIeHHS 3 000X KiHLiB, HOPMATUBHUI JOKYMEHT.

Introduction. The most advanced means of
electrical energy transmission in urban areas are

Single-point bonding is the simplest way. In this
case, the metal sheaths of cables are solidly bonded

underground high-voltage three-phase cable line. A typical
cable line consists of three single-core XLPE-insulated
power cables. The main structural elements of these
cables are an aluminum or copper conductor, XLPE
insulation, and a copper sheath (Fig. 1). The metal sheath
provides a uniform electric field in the insulation layer.

The Ukrainian industry uses the regulatory
document [1]. According to them, the metal sheaths of
cables require earthing. For this, sheaths are bonded and
earthed at one or several points. Typically, there are three
types of bonding: single-point bonding, cross-bonding,
and solid bonding. Other types of bonding are discussed
in [2], but they are not commonly used.

Fig. 1. Single-core XLPE-insulated power cable: 1 — aluminum
or copper conductor, 2 — XLPE insulation, 3 — copper sheath

together and earthed at only one point along an
elementary section of cable line. The single-point bonding
provides no circulating sheath currents and consequently
no heating in sheaths. But sheaths are earthed only once.
Thus, the cables have zero electric potential only at the
earthing point. And additional protective devices are
required for installation at each elementary section.

To implement the cross-bonding, the cable line
length is divided into three approximately equal sections,
and the metal sheaths in consecutive sections are cross-
connected. As a result, there are no longitudinal sheath
currents. However, this type of bonding is not widespread
because of its relative complexity and high cost.

Solid bonding of high-voltage power cables is the
most common one. All metal sheaths are electrically
bonded together and earthed at two points: at the beginning
and at the end of the cable line. Solid bonding ensures the
absence of impulse overvoltage and does not require
additional protective devices. Moreover, the cable metal
sheaths form closed loops with induced longitudinal
currents [3—6]. Thus, the magnetic field of induced currents
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decreases the total magnetic field of the cable line. This
effect contributes to the solution of magnetic ecology
problems [7—11]. But currents in the sheaths can disrupt the
thermal regime of the cable line and reduce its capacity.

The transmission capacity is determined by the
temperature of the cable conductor. This temperature can
be determined by numerical simulation of the cable line
thermal field [12—14] or by using the standard IEC 60287
[15]. IEC 60287 is applicable in most cases, and
numerical simulation has almost no constraints when a
specific case is under study. However, to simulate the
cable line thermal field, the RMS values of sheath
currents are required.

The analytical formulas for calculating sheath
currents provided in the regulatory document [1] are
compact. However, the analysis below demonstrates that
they have a narrow range of applicability, and calculations
based on them may lead to significant inaccuracies.

Solid bonding is studied in [16], and a compact
formula for sheath current is proposed. It is derived via
algebraic manipulation of the known formulas for metal
sheath losses in the standard IEC 60287 [15]. While
mathematically valid, it obscures the physical interpretation
and lacks experimental or numerical verification. In
contrast, this paper presents an alternative approach that
gives a novel verified approximation for a flat cable line.

The paper aims to develop novel formulas for the
RMS values of sheath currents in high-voltage three-phase
cable lines with flat and trefoil arrangements of power
cables, ensuring the accuracy required for engineering
calculations across a wide range of cable line parameters.

Verified formulas for sheath currents. The
reduction of cable line magnetic field in the case of solid
bonding is studied in [17]. As a result, the analytical model
of the cable line magnetic field and the corresponding
formulas for sheath currents are developed and
experimentally verified. The following natural assumptions
are used in [17]: the distribution of the induced current is
uniform within each metal sheath, and the sheath thickness
is much smaller than the cable radius. The discrepancy
between calculations carried out according to [17] and
experimental results from [18] is within 5 %.

Analytical formulas for the phasors of sheath
currents are represented in [17]. To obtain the formulas
for the RMS values of the sheath currents, we compute
the modulus of the current phasors and divide by /2.
Furthermore, the currents can be conveniently described
with only two dimensionless parameters of the cable line:

Ho® S
Q 27R° 4 d’ M
where w=27-50 rad/s is the angular frequency of current;
R is the DC resistance of a cable sheath unit length, (¥/m;
s is the distance between axes of adjacent cables, m; d is the
metal sheath diameter, m; y is the vacuum permeability.

Parameters Q and 4 vary within specific ranges
related to the high-voltage cable line. Namely, the
parameter A varies from 1 to 10, and Q varies from 0.1 to
0.5. The minimum of 4 occurs for closely laid cables, and
the junction zone of cables exhibits maxima of 4. The
parameter Q is inversely proportional to DC resistance R.
Table 1 shows the Q wvalues for typical high-voltage
power cables from [19].

Table 1
Parameter Q for a typical high-voltage
single-core XLPE-insulated power cables

Metal sheath Metal sheath
No. cross-section DC resistance 0
S, mm? R107, Q/m
1 35 0.524 0.12
2 50 0.387 0.16
3 70 0.268 0.23
4 95 0.193 0.33
5 120 0.153 0.41
6 150 0.124 0.51

We consider two types of arrangements of solidly
bonded high-voltage power cables. In the case of the
trefoil arrangement, the RMS values of sheath currents
are equal and have the following form:

212
In“24
Iy =1- Qz—z 2)
1+0%In%24

In case of the flat arrangement, when currents in
conductors form a positive sequence set, we get the
following formulas for the RMS values of sheath currents:

P (Q-ln4A~ln4A3+\/§-ln2)2+ln232413.
sh1 =4 ’

2
(Q.1H4A-ln4ﬁ3 —;j +4-n%164

0% In*44
Iy,=1- |22 3
20N 9402 m2 4k @

(Q.1n4A-1n4A3 —\/§~ln2)2 +In?324
2 b
[Q.1H4A~ln4A3 —;j +4-In’164

Ig3=1-

where / is the RMS value of current in the conductors of
the cables.

If the flat cable line has negative-sequence current,
then the right sides of the first and the third formulas
in (3) are swapped.

Note that the difference between formulas (2), (3)
and their original forms from [17] is due to the difference
in the definition of the dimensionless parameter 4. Here
we use the metal sheath diameter in the denominator. At
the same time, the sheath radius is used as the
denominator in [17].

Thus, we get verified formulas (2) and (3) for sheath
currents within the accepted assumptions. Formula (2) is
sufficiently compact for a trefoil cable line. But we treat
formulas (3) as too cumbersome for a flat cable line.

Sheath current in trefoil cable line. The regulatory
document [1] provides the following formula for sheath
current in a trefoil cable line when its power cables are
solidly bonded:

s 20.0019 ’ @
‘ R2,+0.0019

where R is a DC resistance of the metal sheath per one
kilometer length at a temperature of 70 °C, Q/km.

We express (4) in terms of Q and obtain the
following formula for the sheath current:

4.75-0°

_hg (5)
72 +4.75-0?

reg __
I8 =1-

N
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To examine (4), (5) and to compare them with the
verified analytical formula (2), we use the original quality
index ¢ derived from the heat output of sheaths of power
cables. It shows the discrepancy in the total heat output of
sheaths when different formulas for sheath current are
used. As the sheath heat output = [Szh .R, then

3 . (Ireg)z (Il‘eg)z
=[1- 212 1-100% = [1-£21.100% ,  (6)
3'[sh Ish

where the numerator is calculated via (4) or (5), and the
denominator is calculated via (2).

The factor 3 in the numerator and denominator of (6)
indicates the number of cables.

Figure 2,a shows that the quality index & weakly
depends on parameter Q, and Fig. 2,b — significant
dependence on parameter 4. Particularly, ¢ rapidly rises
from 0 to 60 % with the growth of 4 from 1 to 1.5. So the
formula (4) has a narrow range of applicability when 4 is
close to 1. But in general, it is not appropriate for
engineering calculations. In contrast, the formula (2) is
accurate and compact for engineering calculations of
sheath current in a trefoil cable line.

Note that the value 4=1.1 from Fig. 2,a refers to the
cables laid in direct contact. The value 4=2.2 refers to the
cable spacing equal to one cable diameter. And according
to the regulatory document [20], the value A4=4.4
represents the maximum permissible cable spacing along
the cable route.

Sheath current in flat cable line. Here, we
calculate the sheath current in the flat cable line by
analogy with our calculations for the trefoil one.

The regulatory document [1] provides the following
formula for sheath current in a flat cable line when its
power cables are solidly bonded:

=1 075 —207 025 20 g)
: R2)+0.017 R2,+0.01

We express (7) in terms of O and get the following:
425.-0° 25-0°

I'75=1-10.75- —_
sh \/ 2 1425.0° 721250
Then we examine (7), (8) by evaluating the

discrepancy between the total heat output of the sheaths.
The quality index ¢ is as follows for the flat cable line:

2
reg
3'(Ish )
2 2 2
Ishl +Ish2 +Ish3

0.01

+0.25- .(8)

c=|1-

100%, 9)

where the sheath current is calculated via (8) in the
nominator and via (3) in the denominator.

Figure 3 shows the dependences of the quality index
¢ on the parameters 4 and Q. Figure 3,a shows that ¢ is
approximately 20 % and does not depend on QO when
A=2.2 only. In contrast, ¢ changes significantly with O at
other values of 4. Figure 3,b shows that the quality index
¢ rapidly falls from 100 % to 20 % as the parameter 4
increases from 1.5 to 2.2. The quality index ¢ takes
appropriate values in the range 0-20 % only when 4 lies
in the narrow range from 2.2 to 4. And ¢ is about zero
when 4 is about 2.8.
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Fig. 2. Quality analysis of the regulatory formula
for sheath current in the trefoil cable line
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Fig. 3. Quality analysis of the regulatory formula
for sheath current in the flat cable line

So the formula in regulatory document [1] has a
narrow range of applicability, and the engineering
calculations based on it may lead to significant inaccuracies
and incorrect decisions.

To develop an accurate approximation for sheath
current in a flat cable line, we use the following form
based on (2):

21.2
K 212
1+0% In*(2.52-4)
where F(Q, A) is a non-dimensional correcting

coefficient, and 2.52-4 is a geometrical mean value of
three pairwise distances between cables.

In definition (9), we substitute /_;¥ with (10) and

find the unknown function F(Q, 4) by minimizing the
quality index & under the constraints that O varies from
0.1 to 0.5 and 4 varies from 1 to 10. Thus, we obtain the
following novel approximation:
Japrox _ ;| 0?1n%(2.52-4)
sh 1+0%In2(2.52- 4)
14 0.05-0.3Q N 0.1+0.0750 .
A A
To find the discrepancy between the approximation
(11) and the verified formulas (3), we substitute /*

an

with (10) in the definition (9) and analyze the quality
index ¢ in Fig. 4. It shows that ¢ is less than 3 %. And it is
less than the 5 % error of analytical model used to find
formulas (2) and (3).

Thus, the proposed formulas (2) and (11) are directly
applicable to the design of high-voltage cable lines, the
analysis of operating modes, and the assessment of
compliance with actual operating conditions.
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Fig. 4. Quality analysis of the novel approximation

for sheath current in the flat cable line

Conclusions. This paper demonstrates that the
formulas for calculating the RMS wvalues of sheath
currents in high-voltage three-phase cable line, as
recommended by the regulatory documents of the
Ministry of Energy of Ukraine when sheaths are solidly
bonded, have narrow ranges of applicability. And the
engineering calculations based on them may lead to
significant inaccuracies and incorrect decisions.

A novel approximate formula for calculating the RMS
values of sheath current in the flat cable line is developed.
The approximation error is within 5 %. Additionally, the new
form of the formula for the trefoil cable line is proposed.
These formulas for calculating sheath currents cover the
entire range of parameters of high-voltage cable lines.

The developed formulas are recommended for use in
revising the regulatory documents of the Ministry of
Energy of Ukraine that govern the calculation of sheath
currents in cable lines with solidly bonded sheaths.
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