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This study investigates the optimal design configuration of a hydrogen refueling station
located in southern Iran, focusing on the integration of renewable energy sources and
seawater desalination technology to achieve self-sufficiency. The station integrates
various components, including photovoltaic panels, fuel cells, desalination units, natural
gas and power-to-hydrogen conversion systems, and storage facilities for water and
hydrogen. The primary goals are to achieve an independent power supply from renewable
sources and an autonomous water supply through seawater desalination. To determine
the most cost-effective configuration, a Mixed Integer Linear Programming (MILP)
model is developed, taking into account the water and power consumption of each
component. The objective is to minimize the Net Present Cost (NPC) of investment,
maintenance, and operation. The model is implemented and solved using the CBC solver
within the PYOMO environment. The study's findings reveal that converting natural gas
to hydrogen is more economically viable than power-to-hydrogen conversion, with the
former accounting for more than 95% of the hydrogen produced. The power demand is
effectively met by combining photovoltaic systems, fuel cells, and hydrogen storage.
Moreover, the study highlights the benefits of integrating water and hydrogen storage
systems, which optimizes the utilization of photovoltaic energy. Excess energy generated
by the photovoltaic panels is utilized for seawater desalination and the production of
green hydrogen.

NOMENCLATURE

Sets EHZT The initial value of H2T(MWh)

y Index of years in the project’s lifetime horizon Qy*fj}" The Charging value of H2T (MW)

h Index of hours in the time horizon Q;fnzL* The Charging value of hydrogen to H2T (MW)

n Index of typical day types |; a2 Binary variable for the charging mode of H2T

C Set of HRS components KF’fZH Power consumption factor for P2H (MWh/ton H2)
Variables v The charge value of WT(m3)

cN Investment cost of the HRS ($) Wy""nT; The charging value of hydrogen to WT (m3/h)

C;"' Annual operation cost of the HRS ($) Wy"f”nl; The charging value (m3/h)

Cy Annual replacement cost of the HRS ($) 1 Binary variable for the charging mode of WT
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c,)e, Total natural gas cost of the HRS ($) Parameters
WO, The water generation of the RO(m3) Kfe RO power consumption factor (MWh/m3 H20)
ij‘:f*h—ccs The hydrogen generation of SMR_CCS (MW) nte Efficiency of FC
pSMi-¢¢5 The power consumption of the SMR_CCS(MW) xMR-CC SMR power consumption factor (MWh/ ton H2)
G- The natural gas consumption of the SMR_CCS (m3) KoVR-CCs SMR natural gas feeding factor (m3/ ton H2)
Pk The electrical power generation from the FC (MW) w7 The initial value of WST(m3)
QyF_Cmh The H2 power consumption of the FC (MW) ,(g('\)";fccs CO2 emission factor for SMR (m3/ton H2)
Gy on The amount of gas consumed in the HRS(m3) K Lower heat value of hydrogen (MWh/ton H2)
Qyan The hydrogen power generation of P2H (MW) T H2 tank efficiency
N The electrical power consumption of the P2H (MW) ~ —Her Charging /discharging range of the H2T
S The optimized size of the HRS components. WWT Charging /discharging range of the WT

C
§C Maximum capacity of the HRS components RPV . The solar radiation (W/m2)

y.n,

I. Introduction

According to the International Energy Agency (IEA), the
transportation sector is responsible for approximately 8 Gt
CO; emissions, making it the third-largest carbon emitter
globally [1]. Coupled with accelerated urbanization, the
sector is projected to further escalate energy demand and
CO; emissions. In 2022, global CO, emissions from
transportation increased by over 250 Mt, reaching nearly 8
Gt CO,. At the sector level, transportation witnessed the
most significant rise in emissions, with an increase of nearly
240 Mt globally between 2022 and 2023 [2]. Thus, reducing
carbon emissions from the transportation sector is an urgent
challenge that must be addressed immediately. Conversely,
clean hydrogen offers a promising solution for mitigating
climate change and could be pivotal in the decarbonizing of
transportation. Fuel cells will enable hydrogen-powered
transportation to cut emissions, offering superior efficiency
versus conventional engines [3]. Hydrogen production can
be categorized into three primary types: gray, blue, and green
hydrogen. Gray hydrogen, produced from fossil fuels
without carbon capture, produces substantial carbon
emissions. Carbon capture, utilization, and storage
technologies are critical components in global climate
change mitigation strategies, providing an effective method
to substantially decrease carbon dioxide emissions from both
industrial operations and energy production[4]. Blue
hydrogen incorporates carbon capture and storage (CCS),
which reduces its carbon footprint significantly [5]. Finally,
green hydrogen is produced using renewable energy sources
[6]. Grey hydrogen is currently the most economical and
preferred pathway for commercial hydrogen generation [7],
and green hydrogen represents only about 4% of global
industrial hydrogen production [8]. Due to cost and CO,
emission challenges, blue hydrogen is seen as a transitional
solution, facilitating immediate reductions in carbon
emissions [9]. Currently, blue hydrogen serves as an
essential bridge between high-emission grey hydrogen and

zero-emission green hydrogen, which remains limited in
scale. While the ultimate goal of the transition is prioritizing
green hydrogen through electrolysis, this shift depends
significantly on technological advancements in electrolysis
methods. Until such breakthroughs occur, blue hydrogen
provides a practical intermediate solution on the pathway to
a low-carbon hydrogen economy[10] To facilitate the
broader adoption of hydrogen fuel, it is essential to plan the
development of hydrogen refueling stations(HRSs) and the
development of hydrogen fuel in transportation and meeting
various sector demands requires long-term planning for
optimal production and operation of hydrogen refueling
stations. A techno-economic comparison shows wind-based
systems are more cost-effective than solar for green
hydrogen production in Riyadh, Saudi Arabia[11]. Analysis
of five European hydrogen stations shows buses average
14.62 kg per fill with 10-minute refueling times, consuming
7 kg/100 km while operating 10 hours daily with 80%
availability[12]. A model for optimal siting and sizing of
hydrogen refueling stations is presented to minimize
consumer costs through life-cycle cost analysis and supply
chain optimization[13]. In Ref. [14], a technical analysis
comparing hydrogen refueling stations in Turkey and Spain
demonstrates that solar systems work best for Turkey, in
contrast, combined solar-wind systems are more efficient in
Spain. An optimization study for Al-Kharj examines
combined solar and wind technologies with storage systems,
achieving efficient hydrogen production at $9.34/kg
LCOH][15]. A novel optimization study in Datong analyzes
hybrid renewable systems with hydrogen refueling,
demonstrating the effective integration of solar power and
storage solutions[16]. A techno-economic analysis of a
wind-PV hybrid hydrogen station in Cesme, Turkey
demonstrates the feasibility of fueling 25 vehicles daily, with
hydrogen production costs ranging from $7.53-7.87/kg using
HOMER software[17]. A comparative analysis of three PV-
based hydrogen production methods reveals that grid-
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connected systems achieve the lowest costs (5.5 €/kg),
outperforming standalone systems with batteries (5.74 €/kg)
and fuel cells (7.38 €/kg)[18]. This study optimizes a
hydrogen refueling station combining PV and electrolyzer,
showing trade-offs between CO2 reduction and system
capacity utilization while maintaining high operational
efficiency[19]. According to research [20], a Moroccan
study evaluates solar-powered hydrogen stations for taxis,
showing cost reductions with increased capacity.

This study reveals renewable facilities combining
photovoltaic storage deliver optimal economics, achieving
production expenses of 4.78-5.55 €/kg for clean vehicle
support[21]. In Ref.[22], a study on IGW agrivoltaic
systems across five countries demonstrated the feasibility of
combining solar power with agriculture for hydrogen
production. Their analysis showed that such systems could
support millions of hydrogen vehicle refueling annually
while maintaining agricultural productivity, with hydrogen
production costs ranging from £3.06 to £6.38/kg depending
on location. The integrated energy approach can optimize
hydrogen production while supporting the simultaneous
generation of clean electricity, heat, and cooling which is
essential for decarbonizing the energy sector [23].
Discovering enhanced methods to utilize eco-friendly
renewable energy sources has become highly significant, as
these approaches can mitigate the detrimental impacts of
carbon dioxide emissions that threaten our ecosystem, which
is already facing concerning levels of climate change[24].
The rise of Power-to-Gas technology signals an innovative
breakthrough in energy conversion and storage systems,
presenting a hopeful solution for managing renewable
energy inconsistency while advancing decarbonization
efforts throughout the energy landscape. P2G functions by
transforming surplus electricity production into hydrogen-
based fuels through electrolytic processes[25]. According to
Ref. [26], Research shows that among integrated renewable
systems, biomass achieves the highest exergy efficiency
while geothermal offers the best economic performance for
hydrogen production via electrolysis.

Ref. [27] presents a comprehensive methodology for
dimensioning components of an on-site hydrogen refueling
station. The system's electrical requirements are fulfilled
through a grid-connected photovoltaic array. Considering the
intermittent nature of solar resources, the conventional
electrical grid provides supplementary power during periods
of insufficient generation while also accommodating the
export of excess production. Ref. [28] illuminates the
prospects for green hydrogen development in Tunisia
through a rigorous economic analysis. The study presents a
comprehensive assessment of the levelized hydrogen cost
and net profit metrics for a photovoltaic-powered hydrogen
refueling station, offering a detailed evaluation and
discussion of the financial implications. In [29] a novel off-
grid integrated energy system structure was proposed to

Optimizing the Design of a Hydrogen Refueling/ H. Maleki, et al

address both market hydrogen demands and the electrical,
heating, and cooling requirements of the HRS support
building. Through a cost-minimizing mixed integer
quadratic constrained programming model, researchers
solved optimal sizing and scheduling challenges, with results
demonstrating the structure's effectiveness and advantages,
as documented.

In [30], an integrated energy system combining wind
turbines with an on-site hydrogen refueling station is
proposed that can simultaneously satisfy cooling, heating,
power, and hydrogen demands. The system determines
equipment capacity while optimizing total annual costs.
Configurations with varying numbers of wind turbines were
analyzed. When equipped with 5 turbines, the system
achieves 91% hydrogen self-production with minimal
energy redundancy. Ref. [31] analyzes three system
configurations: standalone wind park hydrogen refueling
stations with battery backup, fuel cell backup, and grid
connection. The analysis considers local wind potential,
equipment costs, and hydrogen demand. The research aims
to determine the optimal sizing for wind turbines,
electrolyzers, power converters, and storage tanks. Ref. [32]
introduces an off-grid integrated electricity-hydrogen system
that incorporates solar and hydroelectric renewable energy
sources, serves both industrial and residential loads, and
includes electric vehicle charging infrastructure, hydrogen
refueling for fuel cell vehicles, natural gas pipeline
integration, and seasonal hydrogen storage capabilities.
According to [33], an optimized hybrid renewable energy
system with a vanadium redox flow battery for on-site
hydrogen production was evaluated for serving 20 fuel cell
vehicles across seven South Korean locations. Their analysis
reveals levelized hydrogen costs ranging from 8.77-19.1
$/kg and energy costs between 2.1-4.58 $/kWh. The global
community faces a crisis as water resources become
increasingly scarce and water stress intensifies, necessitating
the development of innovative and environmentally friendly
technologies to ensure a reliable and sustainable water
supply for future generations. The nexus of water and energy
systems means that water scarcity can significantly impact
the efficiency and reliability of power generation[34].
Moreover, hydrogen production through both natural gas
reforming and electricity-to-hydrogen conversion needs
substantial water consumption as a feedstock, and expanding
these facilities without considering water supply could
further intensify water stress. On the one hand, reverse
osmosis technology for seawater desalination has proven to
be a promising solution to water scarcity. However, one of
the key challenges in implementing desalination is public
concern over energy consumption[35] and its expansion
requires the development of electrical energy production to
meet the significant power demands of these facilities.

TABLE 1 provides a summary of recent scientific research
related to previous perspectives on hydrogen refueling
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stations. Additionally, this table highlights the unique aspects
of the present study in comparison to previous research.
After reviewing the literature on hydrogen refueling stations,
several advantages and limitations become apparent. Most
studies [21, 27-33] successfully integrate renewable energy
sources with hydrogen production for transportation,
demonstrating technical feasibility across different
geographical contexts.

TABLE 1 COMPARISON OF THIS STUDY WITH THE

LITERATURE REVIEW
7] 5
o £ Ze
[ 5 2 @) = = Q z z o
g 2 2 = g 2 gz 4 2 2
z &
2 ==
[271 2020 VY x v v x x
[28] 2022 VY x v v
[29] 2022 VY x v v x x x
[21] 2023 Y v v v x x x
[30] 2023 v x v v x x x
[31] 2023 Y v v v x x x
[32] 2024 Y v v v x x x
[33] 2024 Y x v v x x x
This
2025 ¥ v 4 v v v v
paper

However, these works primarily focus on green hydrogen
production through electrolysis without considering blue
hydrogen alternatives.

A significant limitation in the existing literature is the lack
of attention to water requirements for hydrogen production.
None of the reviewed studies [21, 27-33] address water
usage or incorporate water desalination in HRS, which is
crucial for sustainable operation, especially in water-scarce
regions. Additionally, while some studies incorporate energy
storage solutions and fuel cells, they typically don't optimize
for multiple energy carriers simultaneously.

The current paper addresses these gaps by integrating both
blue hydrogen and green hydrogen production pathways,
incorporating water desalination technology, explicitly
accounting for water consumption in hydrogen production,
and representing a more comprehensive approach to
hydrogen refueling station design and optimization. In
summary, the innovations of this paper include the
following:

A. Renewable Power and Water Supply for HRS:
Providing an optimal solution for the power and water
supply of HRS in remote and water-stressed areas,
integrating photovoltaic energy, seawater desalination, fuel
cell, and storage technologies.

B. Optimal Hydrogen Production Method for HRS:
Analyzing the economics of green hydrogen production
through water electrolysis and blue hydrogen through
methane reforming with carbon capture technology,
considering investment costs, natural gas, electricity, and
water consumption.

C. Maximization of Photovoltaic Energy Usage:
Optimizing surplus photovoltaic energy utilization for green
hydrogen production and seawater desalination and storage
systems.

This study addresses the optimal design of a hydrogen
refueling station by integrating photovoltaic (PV) as a
renewable energy source, power to hydrogen(P2H), steam
methane reformer equipped by carbon capture (SMR-CCS),
fuel cell (FC), seawater desalination (RO), and water and
hydrogen storage units (WT & H2T), with focusing on
meeting the power and water requirement for hydrogen
production in a self-sufficient manner through photovoltaic
and seawater desalination. The mathematical model is
formulated based on Mixed-Integer Linear Programming
(MILP). By selecting a suitable geographical area in
southern Iran for station development, historical radiation
and temperature data have been examined. Finally, the
optimization problem was solved in the PYOMO
environment using the CBC solver.

IL. The structure of the proposed HRS

The Fig.1, illustrates the schematic diagram of the
integrated on-site Hydrogen Refueling Station. The system
consists of several components: PV, FC, P2H, SMR-CCS,
RO, WT, and H2T. The HRS is connected to the natural gas
network. This configuration efficiently integrates diverse
energy conversion and storage elements to meet hydrogen
demand. Hydrogen is produced through the P2H and SMR-
CCS, while the PV and FC provide the necessary power for
the HRS. The RO desalinates seawater to supply fresh water
for hydrogen production. The sizing and operation of all
components are optimized to minimize the net present cost
(NPC) of the project.

NG |
Network |

Sea |
Water

Fig. 1. The schematic of the proposed HRS
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ITI. Mathematical formulation

This paper determines the optimal capacity of the HRS by
minimizing the overall project cost, as presented in Eq. (1).
In this context, Lf refers to the project's lifetime, and Nn
indicates the number of representative days considered. To
make the problem more manageable and solvable, the typical
days (Nd) are selected according to seasonal periods. The
real interest rate (r) is defined in equation (2), where Z and |
correspond to the nominal interest rate and annual inflation,
respectively.

Minimise : (1)

Lf

NPC=(C™+) (C)'+C)/(L+r)’ +
y=1

Lf Nd 24

DD INCE [ A+r)Y)

y=1n=1 h=1
[ Z-1 2)
1+1
The investment, operational, and replacement costs of the
HRS components are calculated based on their optimal
capacities, as defined in equations (3) to (5).

cN=>"4's, 3)
ceC

C/ =Y a's Vi<y<Lf “)
ceC

Cl=> %S Vi<y<Lf ®)

ceC

The variable S is associated with the optimal size of the
energy HRS components. The parameters A/,4"andAf,

(v}
correspond to the unit costs for investment, operation, and
replacement of the HRS components. The replacement factor
is only applied to equipment with a shorter useful life than
the project's duration, and its value remains zero throughout
the equipment's lifespan. When the equipment reaches the
end of its useful life, the replacement cost is incurred in the
relevant year. The set C refers to the HRS components.
Natural gas sourced from the network is utilized in the steam
methane reformers to generate hydrogen. The hourly cost of
purchasing gas from the network is calculated in equation
(6). The parameter G, represents the quantity of gas

purchased per hour, while the other parameter ;o is
associated with the gas price.
CNG :iNGGy‘n’h (6)

y.nh

A. P2H model

The P2H is capable of converting electricity into
hydrogen. The mathematical model for the P2H system is
formulated based on the relationship between the electricity
input and hydrogen output, as shown in Eq. (7). The
electrolyzer consumes approximately 55 kW of electrical
energy to produce one kilogram of hydrogen at 60%
efficiency[36, 37]. Furthermore, Eq. (8) determines the

Optimizing the Design of a Hydrogen Refueling/ H. Maleki, et al

water consumption of the P2H, which is based on the volume
of hydrogen produced

Pon = ke Qu N )
W =& Qran ®)
B. RO model

At present, reverse osmosis using membrane technology
is the most widely employed method for seawater
desalination. This process requires electrical energy for
desalination and is more energy-efficient compared to other
methods [38]. In [39], A review of data from over 70
seawater desalination plants reveals that the lowest specific
energy consumption for reverse osmosis (RO), considering
the plant's additional electrical consumption, is 3.1 kWh/m?®.

PRO = SECFOWF? €))

y.n,h y,n,h

The parameters Pnyh,SECROandWnyh represent, in

order, the electrical energy usage in kWh, the volume of
freshwater produced in cubic meters, and the specific energy
consumption coefficient of the RO plant.
C. FC model

The proposed HRS focuses on utilizing carbon-free power
generation systems. Considering the unavailability of the PV
at night and its reliance on weather conditions, the FC serves
as a controllable energy source. Thus, since electricity can be
generated from hydrogen via an FC, this unit is included in
the study as described in equation (10).

Prnn =17 Qi (10)
D. SMR-CCS

The SMR is a widely used method for hydrogen
production, accounting for approximately 76% of global
hydrogen production. It is also important to note that
hydrogen production from coal gasification represents 22%,
while only 2% of global hydrogen production comes from
electrolysis[40].

Hydrogen production from natural gas requires the
consumption of natural gas, electricity, and water, and results
in CO2 emissions. The necessary heat is produced by
burning natural gas, while electrical energy is used to set up
the required process conditions. In this study, the
mathematical model for this unit is developed using
equations (11) to (13).

SMR-CCS SMR-CCS ~ SMR-CCS
F)y,n,h = KP Qy,n,h (11)

SMR-CCS SMR-CCS ~ SMR-CCS
Gy,n,h = KG Qy,n,h (]2)
SMR-CCS __ __SMR-CCS ~ SMR-CCS 13
Wy,n,h - Pw Qy,n,h 13)

The parameters Q

SMR-CCs SMR-CCs SMR-CCS
o Kp ,and K¢ represent

.n,h
the hydrogen production rate in kW, the electricity
consumption coefficients, and gas consumption coefficients
per kW of hydrogen produced. In[41], The natural gas feed
consumption for the SMR is reported to be 3.5 kg of natural
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gas per kg of hydrogen produced. The steam methane
reformer can be integrated with a carbon capture system,
which significantly lowers carbon emissions. However, this
setup increases the consumption of methane gas and
electricity, depending on the carbon capture level. In this
study, a carbon capture rate of 85% is assumed.
E. H2T

In the proposed HRS the hydrogen tank is also considered,
and the (14)-(19) related to this component, the hourly stored
energy of tank ( E/'7} ) is updated by (14). According to (15)

— (17) and using binary variables (172" & 11217, this

y.n,h y.n,h

H2T +

system can be used in charging (Q,'

) or discharging (

Q;'ZL) modes. According to (18) the amount of hydrogen

stored in the first hour ( E;'7} ) is the same as the 24th hour (
E;'?1). In addition, the amount of initial charge of the tank

is also defined as a variable (E}'?" ) and its amount will be

optimized by (19):
Ejion = Eyons + &0 (Qgan = Qylan ) (14)
. L<H2T 15
QI <1Q (15)
—Ha2T
QI =1 Q (16)
a1z <1 17
Ejnee =Ejny (18)
Eyno=En"" (19)

The 12, is related to the lower heat value of hydrogen.

F. WT
The mathematical model of the water storage tank is
expressed in (20)- (25). The hourly stored water in the tank (
Vg, ) is updated by (20) and the WT can be used in

WT +

charging(Q, ;) or discharging( Q™) mode by (21)-(23).

y,n,h
According to (24) the amount of water stored in the first hour
is the same as the 24th hour. In addition, the amount of initial
charge of the tank is also defined as a variable and its value
is optimized by (25).

Vo =V W W (20)
+ T 21
W < YT @n
- vl 22
W< 1YW (22)
L+, <1 (23)
Vﬁ,m :Vx/;r,l (24)
Vx/nT,o :Vi:w (25)

G. balance constraints
The balance constraints for electricity, water, hydrogen,
and natural gas demands and supplies in the HRS are
expressed in (26)- (29), respectively. The electrical energy
balance is defined by (26), the water balance by (27), and the

hydrogen balance by (28). Finally, (29) balances the import
of gas and its consumption in the SMRs.

D PV FC P2H SMR _CCS RO

Pn,s,h = Pn,s,h + I:)n,s,h - I:)n,s,h - Pn,s,h_ - Pn,s,h (26)
D RO P2H SMR-CCS WT + WT —

Wn,s,h :Wn,s,h _Wn,s,h _Wn,s,h _Qn,s,h +Qn,s,h (27)
D P2H SMR-CCS FC H2T + H2T -

Qn,s‘h :Qn.s.h +Qn.s‘h 7Qn‘s,h 7Qn‘s,h Jr(-\)n‘s,h (28)

SMR-CCS

Gn,s,h = Gn,s,h (29)

H. PV

According to Eq. (30), the amount of power generation
from PV depends on the amount of radiation and the
temperature of the environment [42, 43].

R - 30
Pty =S X222 {1— 171+ 2O R T ﬂ 0
ref

The PV power in this model represents the total power of
the PV unit at the maximum power point. Also, S, shows

the nominal power of the optimal size for the PV unit at the
maximum power point and the standard condition of
RY =1000W /m?andT.’ =25°C Nt and NOCT

ref ref

respectively show the power temperature coefficient at the
maximum power point and nominal operating cell
temperature.

IV. Solution method

In this model, the mathematical formulation is presented
to minimize investment, operation, and emission costs. The
problem is solved using the CBC solver within the PYOMO
software package, which supports MILP formulations.
PYOMO is an open-source software package based on
Python that offers a wide range of optimization capabilities
for formulating, solving, and analyzing optimization models
[30].

The proposed on-site HRS integrates solar energy, natural
gas, and seawater desalination technologies. This study
considers the optimal HRS design in Gankhak-e Sheykhi,
Bushehr province, Iran. This area benefits from abundant
solar and natural gas resources, as illustrated in Fig. 2, and is
close to seawater. Historical data on solar radiation and
temperature for this region, spanning 22 years, has been
sourced from NASA. Irradiance and temperature seasonal
averages for typical days have been calculated, as shown in
Fig. 3 and Fig. 4.

The HRS is engineered to address specific demands for
electricity, water, and hydrogen. In addition to the fixed
demands it must fulfill, the HRS components also have
variable electricity and gas consumption, which are
accounted for in the energy supply and demand balance.
Basic design parameters, including energy prices,
investment, operational and replacement costs, technical
specifications, and parameters for each component, are
detailed in Tables 2 to 5.
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In this study, the HRS is designed to supply the average 45
hydrogen load of 3200 kg/day, sufficient to refuel 100 trucks,
each equipped with a 32 kg hydrogen tank. As shown in
Fig.5, during the night, hydrogen demand decreases and
reaches its minimum between 24:00 to 7:00. Conversely,

during the day, the hydrogen demand increases, peaking £ 304 - - :

between 16:00 to 18:00. Electrical demand of the on-site

HRS encompasses both industrial and non-industrial 237

consumptions. It should be mentioned that industrial 20

electrical consumption pertains to the energy required for \/\
0 5 10 s 20

40

351

Temperature (°C)

HRS operations, calculated hourly using mathematical 151
models. According to Fig. 5 the assumed electrical load
profile, non-industrial electrical consumption, related to 10+
non-industrial buildings such as ventilation and lighting
electricity consumption is minimized during the night,
specifically from 23:00 to 07:00. During the day, electricity Fig. 4. Seasonal average temperature
consumption rises due to the activation of welfare services
and increased cooling requirements, peaking between 11:00

to 17:00. 8 1
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TABLE 2 HRS COMPONENTS COST DATA

Item C! cM CR Lf
PV 1000  $/kW 10 $/kW/year 0 25
FC 1000 $/kW 0 - 500 5
P2H 872 $/kW 19.2  $/kW/year 50 15
SMR_cCS 1583 $/kW 475  $/kW/year 0 25
CON 200 $/kW 5 $/kW/year 0 25
H2T 700 $/kg 0 - 200 30
RO 50.8 $/m3/h 029  $/m3/year 0 30
WT 311 $/m3/h 31 $/m3/year 0 30

TABLE 3 HRS BASIC DATA

Item Value Unit
lifetime 25 year
Interest rate 8 %
Inflation rate 2 %
Annual operation days 336 day
Natural gas price 0.3 $/m3

TABLE 4 THE COEFFICIENT [44, 45]

Component kP k® K"
[kWh/kg H2]  [kg/kg Hz]  [m’/kgH]

P2H 55 0 0.009

SMR_CCS 4.42 34 0.0097

TABLE 5 THE COMPONENT PARAMETERS [39, 46, 47]

Component Parameters
RO SEC =3.1kWh/m?
PV RAY =1000W / m?
TP =25°C

ref
N, =-0.45%/ C
NOCT =45C

V. Results and discussion

The optimal capacities of the on-site HRS components and
the cost breakdown of the project are detailed in Tables 6 and
6. For hydrogen production components: 1- The optimal
sizes are 7.76 MW for the SMR-CCS and 0.14 MW for the
P2H. 2- The optimal capacity for the H2T is 297 kg.
Comparing the capacities, it is evident that the P2H has a
relatively minor role compared to the SMR-CCS, with the
P2H capacity being less than 2% of the total. The energy

storage capacity in the H2T, considering the LHV of
hydrogen at 33.3 kWh/kg and an assumed operational limit
0190 %, total 8.9 MWh. Regarding the electricity production
components: 1-The optimal sizes are 1.34 MW for the PV
and 0.82 MW for the FC. 2- The PV system is notably larger
compared to FC. For water supply, an RO with a capacity of
7 m® and a WT with a capacity of 25 m? are optimal for
meeting the water requirements of the HRS. These optimal
sizes ensure the efficient operation and cost-effectiveness of
the HRS in meeting hydrogen, electricity, and water
demands.

TABLE 6 THE HRS COEFFICIENT OPTIMAL SIZING

Components Unit Value

PV MW 1.34
FC MW 0.82
CON MW 2.16
P2H MW 0.14
SMR-CCS MW 7.76
H2T kg 297

RO m3 7

WT m3 25

According to the results shown in Table 7, the net present
cost of this project for the optimal scheme is $53.13 billion,
encompassing installation, repair, and operational expenses.
The cost breakdown is as follows: investment costs ($15.22
million), maintenance costs ($5.12 million), replacement
costs ($0.95 million), and natural gas purchase costs ($31.84
million). As illustrated in Fig. 6, the most significant portion
of the HRS cost is attributed to natural gas expenses (60% of
the total cost). The investment cost (IC), maintenance cost
(MC), and replacement cost (RC) are replacement costs
follow, with a share 0f28.9%, 9.6 %, and 1.8%, respectively.

TABLE 7 THE COST BREAKDOWN OF OPTIMAL HRS

*Cost component Value(MS$)
IC 15.22
MC 5.12
RC 0.95
NGC 31.84
NPC 53.13

VI. Optimal operation of the HRS

Figures 7 -9 illustrate the hourly electrical, hydrogen, and
water balances in the on-site HRS for the first year, across
each season.
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NGC

Fig. 6. Percentage of on-site HRS project costs in different sectors

According to Fig. 7, it is evident that the electricity during
the day is primarily supplied by the PV system, with its
output varying by season. In summer, the PV system reaches
its peak output of 1.03 MW at noon, while in winter, the
maximum production decreases to 0.79 MW. Conversely, the
FC operates as a controllable source, balancing the electrical
power when PV output fluctuates. During daylight hours, the
FC's power decreases and may even be inactive during
specific periods: 8:00 AM- 3:00 PM in spring, 8:00 AM-
4:00 PM in summer, 10:00 AM- 2:00 PM in autumn, and
10:00 AM- 2:00 PM in winter. At night, when solar energy
is unavailable, the FC supplies the entire electrical power
needed for the on-site HRS. Additionally, the power
consumption for the HRS components is depicted. The
SMR-CCS, which plays a significant role in hydrogen
production, is the largest electricity consumer in the HRS. In
the proposed HRS the maximum available power from the
PV system is utilized and any surplus electricity generated is
used to produce hydrogen through the P2H during the day.

The role of the on-site HRS components in hydrogen
balancing is illustrated in Fig 8. In the current structure of
the on-site HRS, both the SMR-CCS and P2H contribute to
hydrogen production. However, the optimal results show that
most of the hydrogen required is produced by the SMR-CCS
across all seasons. Fig. 8 reveals that, for most of the 24-hour
cycle, the SMR-CCS meets the hydrogen demand, with the
P2H's contribution being minimal. Additionally, a 40%
minimum production limit for the SMR-CCS results in
surplus hydrogen being stored in the H2T between 22:00 and
07:00, when demand falls below this production threshold.
This stored hydrogen is discharged during the day, although
the discharge period varies slightly across seasons. In
summer and spring, the P2H's higher participation at noon
requires the H2T to release some of its stored energy in the
morning to accommodate the P2H's energy needs.
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Fig. 7. Electrical power balance in various seasons

In this study, the water required for hydrogen production
in the on-site HRS is supplied by an optimized reverse
osmosis (RO) unit and a water tank. The RO unit desalinates
seawater using electrical power. Fig. 9 shows the water
balance within the on-site HRS. This unit operates
predominantly during the day when solar energy is abundant.
The RO's peak operation occurs between 11:00 and 14:00 in
all seasons except winter. In winter, the RO operates between
11:00 and 14:00.
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Fig. 8. Hydrogen power balance in various seasons

The RO is generally inactive between 14:00 and 23:00
across all seasons except summer. During summer, due to
increased electricity production from PV in the afternoon,
some of the surplus electricity is used by the RO, allowing it
to operate until 15:00. During this period, the water tank is
adequately filled and used during the night. Additionally,
since the operating hours of the RO in winter and autumn are
shorter compared to other seasons, it is necessary to utilize it
more during the night to balance water production and
consumption. In winter, the RO is reactivated from 23:00 to
08:00, with its utilization optimized throughout these hours.
Conversely, the RO's utilization is lowest during these hours
in summer.
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Fig. 9. Water balance in various seasons

VII. The Levelized Cost of Hydrogen
The Levelized Cost of Hydrogen (LCOH) metric quantifies
the ratio of NPC to cumulative hydrogen production
throughout the HRS's lifespan. The LCOH will be
determined using (31).
NPC 31)
Lf Nd 24

22 2.Q0n /A1)

y=1 n=1 h=1

LCOH =

In order to validate our research outcomes, we compared
our results with established literature as presented in Table 8.
This table chronicles the evolution of hydrogen production
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economics through various Power-to-Hydrogen (P2H)
implementations from 2020 to 2025. Our hybrid system,
combining P2H with SMR-CCS, achieves a remarkable
LCOH of $3.82/kg. This economic performance
demonstrates a substantial advantage when contrasted with
previous research efforts. Contemporary studies published in
2024 reported significantly higher production costs, with
values ranging from $8.77-$19.1[33] and $11.36 [48].
Similarly, projections for 2025 technologies in earlier
research anticipated costs between $13.81-$17.52 [49],
while studies from 2020-2023 documented LCOH figures
between $5.17 and $13.55 [21, 27, 31, 49]. The marked cost
reduction achieved in our research can be attributed to the
novel integration approach that leverages complementary
strengths of both P2H and SMR-CCS technologies. This
strategic combination optimizes resource utilization and
operational efficiency, yielding a cost structure that
substantially improves upon single-technology solutions.
The economic advantage demonstrated here suggests
promising pathways toward commercially viable low-carbon
hydrogen production.

TABLE 8 LCOH in Recent Literature

HYDROGEN

REF. YEAR PRODUCTION LCOH [$/Ka]
METHOD

271 2020 P2H 8.96-13.55

1501 2020 P2H 5.51-6.12

[211 2023 P2H 5.17-6

[31] 2023 P2H 6.75"

[33] 2024 P2H 8.77-19.1

[48] 2024 P2H 11.36"

[49] 2025 P2H 13.81*-17.52"
P2H

THIs 2025 & 3.76

PAPER SMR-CCS

*Values were converted from Euro to US Dollar using the
annual average exchange rates: 1.1410 (2020), 1.0817 (2023),
and 1.0820 (2024) as reported by the Federal Reserve
Economic Data (FRED, Series AEXUSEU)[51] using the
monthly average exchange rates: 1.0356 (Jan 2025) as
reported by the Federal Reserve Economic Data (FRED,
Series EXUSEU)[52]

VIII. Sensitivity analysis

This section presents a comprehensive sensitivity analysis
of the hydrogen production system's economic performance
metrics net present cost and levelized cost of hydrogen
concerning six key parameters: natural gas price, investment
costs, project lifetime, interest rate, and solar radiation. The
analysis evaluates how variations in these parameters within
a +10% range affect the system's economic viability.
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I.  Parameter Impact on NPC

Figure 10 illustrates how changes in key parameters
within a+10% range affect the NPC. Natural gas price shows
the most significant impact with a strong linear relationship,
where a 10% increase results in approximately 12.5% higher
costs from 56.3 to 62.5 million dollars, demonstrating the
substantial contribution of fuel expenses to the system's
economics. Interest rate displays an inverse relationship to
NPC, where a 10% increase reduces costs by about 8% from
56.3 to 51.8 million dollars, reflecting how financing
conditions  significantly impact long-term  project
economics. Investment costs and project lifetime show
moderate influences with similar positive slopes, indicating
that higher capital costs or longer project durations both
increase overall system costs proportionally. Solar Radiation
exhibits an almost horizontal line with a slight negative
slope, indicating minimal impact on NPC across the
variation range. This stability suggests that the system design
effectively mitigates potential economic risks associated
with solar resource variability, making the proposed hybrid
hydrogen production system resilient to fluctuations in
renewable energy availability.

62.5

60.0 4

—@— Natural Gas Price
Interest Rate
47.5 1 —e— Solar Radiation
== Project Lifetime
—de— Investment Costs

45.0 T T T T T T T
-10% 8% 5% 2% 0% 2% 5% 8% 10%

Parameter Change (%)

Fig. 10. Impact of varying parameters on the NPC

J. Parameter Impact on LCOH

Figure 11 illustrates how changes in key parameters
within a £10% range affect the LCOH. Natural gas price
demonstrates the most significant influence, showing a
strong linear relationship where a 10% increase raises LCOH
from 4.02 to 4.50 $/kg while a 10% decrease reduces it to
3.58 $/kg. This substantial impact highlights the critical role
of fuel costs in hydrogen production economics. Investment
costs follow with moderate influence, showing a positive
correlation where increased capital expenditure directly
increases production costs. Project lifetime displays an
inverse relationship to LCOH, with longer durations
reducing unit costs as capital expenses are distributed over
more production years. Interest rate shows a modest positive
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correlation with LCOH, indicating that financing conditions
affect production costs but less dramatically than fuel prices.
Solar radiation exhibits minimal influence with an almost
horizontal trend line, confirming the system's economic
resilience to solar energy variability. This stability represents
a valuable characteristic of the hybrid hydrogen production
system, particularly in regions with seasonal weather
patterns.
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Fig. 11. Impact of varying parameters on the LCOH

IX. Practical Significance of Research
Findings

To ensure the practical applicability of this research's
results, the following aspects have been considered in both
the mathematical modeling and the case study:

a) Considering that both hydrogen production pathways
require multiple inputs, this research's mathematical
modeling has comprehensively addressed resource
requirements. For blue hydrogen production through SMR-
CCS, the model accounts for methane gas as the main
feedstock along with electricity and water consumption.
Similarly, for green hydrogen production, both electricity
and water requirements are incorporated in the P2H
modeling. To ensure the HRS's self-sufficiency and avoid
placing demands on existing infrastructure, the research
includes optimal sizing and operation of seawater
desalination with water storage capabilities. The electricity
consumption of all processes, including desalination, has
been included in the comprehensive modeling approach.

b) The HRS location in southern Iran was strategically
selected to ensure reliable access to its three essential inputs:
natural gas, seawater, and renewable resources. This coastal
positioning guarantees uninterrupted resource availability
throughout the planning horizon. To maximize renewable
energy utilization, the specific site was chosen within high-
potential photovoltaic areas identified by the SATBA

organization in Bushehr province[53]. The design ensures
complete independence in electricity supply through optimal
sizing of solar components, informed by a comprehensive
analysis of 22 years of historical NASA weather data. This
integrated approach to site selection and renewable energy
system design creates a self-sufficient hydrogen production
facility with secure resource access.

Given the considerations mentioned above and based on
the optimal sizing obtained for components, it is evident that
implementing blue hydrogen within the planned horizon will
be more optimal than green hydrogen. Research comparisons
confirm that our hybrid blue-green hydrogen model achieves
lower production costs than green hydrogen alternatives.
Furthermore, the development of both production pathways
enhances resource delivery security for hydrogen refueling
stations, addressing a critical requirement for reliable
hydrogen supply infrastructure.

X. Conclusion

This study presents a comprehensive approach for
developing low-carbon hydrogen refueling stations with
integrated water management. Key findings include:

Sustainable Water and Power Supply: The research
optimizes both water and power provision through an
integrated systems approach. For power management, the
study incorporates photovoltaics, fuel cells, and hydrogen
storage with precisely modeled component requirements.
For water supply, the system includes seawater desalination
and water storage facilities specifically designed to meet the
substantial water demands of hydrogen production via
electrolysis, ensuring a sustainable and independent water
supply chain. This comprehensive approach to resource
management creates a self-sufficient system capable of
reliable hydrogen production without dependence on
external water or power infrastructure.

Cost-Competitive Hydrogen Production: Analysis of
investment, maintenance, and operational costs reveals
natural gas-based hydrogen production with carbon capture
remains economically dominant, comprising over 95% of the
required capacity compared to electrolysis. Our hybrid
system achieves an LCOH of $3.82/kg, substantially lower
than comparable studies reporting costs between $5.17-
$19.1/kg. This economic advantage demonstrates how
strategic integration of complementary technologies
improves cost efficiency.

Optimized Resource Management and System Flexibility:
The integration of water desalination, storage systems, and
power-to-hydrogen  conversion  achieves  maximum
renewable energy utilization by directing surplus
photovoltaic energy to water treatment and green hydrogen
production. This integrated approach enhances overall
system flexibility, with the combination of reverse osmosis
and water storage reducing optimal RO capacity by 15%.
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Robust System Design: Sensitivity analysis confirms the
system's remarkable resilience to parameter variations.
Natural gas price shows the most impact on economics,
while solar radiation exhibits minimal influence, indicating
the system effectively mitigates risks associated with
renewable resource variability. This stability ensures reliable
performance across changing conditions.

Future work will explore the impact of PV system
optimization through tracking systems to maximize solar
energy capture. The research will also evaluate alternative
energy management strategies and their influence on hybrid
energy system design and performance. These enhancements
aim to further improve system efficiency and reduce costs as
electrolysis technology advances, supporting the transitional
pathway from blue to green hydrogen production while
maintaining consistent resource delivery security.
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This research aims to provide a comprehensive review of various CCM control strategies for
flyback inverters. The study is carried out based on published data in reports, papers, and other
available online documents. The introduced control strategies make use of different approaches
to dominate the constraints on determining the feedback control system gains caused by the
zero put on right-half-plane (RHP) and dynamics of the LC filter. Thus, the tracking of the
considered output current is accurately implemented and the introduced control systems carry
out the attenuation of disturbances. Moreover, zero steady-state error and the stability
requirements are fulfilled by properly regulating the control signal. The best control structure
should be enough fast to employ the fewest number of delays in its structure resulting the
burden in the computational system being considerably decreased.

right-half plane,
stability.
NOMENCLATURE
Ae Core cross-sectional area Ki Integral gain.
AL No gap Inductance factor. Lm Magnetizing inductance.
Bsat Saturation flux density. n (Ns/Np) Turn ratio of the flyback transformer.
Omax The peak value of the converter duty cycle for DCM state. N (fs/ fg) Control system delays number.
fy Frequency of utility voltage. Ns Semiconductors total number.
fs Switching and sampling frequency. Pavg The average value of output power
ig Current of grid. Rov The dynamic resistance of PV
lavgpriss The average current value associated with the primary side of the  Ts Period of switching
transformer in a switching cycle.
lavgpri.g The average transformer primary current in half of the utility v Voltage of grid
cycle.
ipri The transformer’s primary side current. Vims Grid voltage RMS value
Irms Grid current RMS value. Vi The maximum value of utility voltage
lov Photovoltaic (PV) module output current Vi The PV panel voltage.
Kr Repetitive controller gain. ) The utility voltage angular frequency.

l. Introduction

By enhancing the importance of energy derived from natural
sources, photovoltaic (PV) devices have been broadly used in
different scopes. The utility-tied photovoltaic systems can be
grouped into three main category: the centralized, string, and ac

module systems [1]-[6]. Between these systems, the low-power
inverter that is stated ac module system or micro-inverter is placed
on every photovoltaic system, providing the exclusively tracking
the maximum power point (MPP). Consequently, the losses of
power owing to inconformity of photovoltaic module and regional
shading can be decreased [7]-[11]. In addition, the characteristics
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like simpler preservation and high value of the micro-inverter
reliability are another advantages of them [12]-[17]. Therefore, the
above aspects result the ac-module a suitable method for renewable
power generating systems for future times.

While at the nominal power the flyback converter works in
CCM in a PV micro-inverter system, entering the DCM at
momentary output powers with low values or when decreasing the
solar irradiation is an unavoidable phenomenon. Thus, a hybrid
operation mode can be considered for the flyback micro-inverter
working in the whole utility cycle. The system with low gain is an
intrinsic specification of DCM operated flyback converter. As a
result, a high gain for the feedback control system should be
applied for proper reference signal tracking and complete
attenuation of the disturbances. However, the limitation put on the
control system gain as a result of zero placed on the right-half-
plane (RHP) in CCM while applying the usual PI controller is
unavoidable. As a consequence, it results in power quality being
unacceptable and the total harmonic distortion being high (THD)
due to inaccurate DCM control system performance [18], [19].
This is the main factor for the hybrid mode confined usage of the
flyback converter contrary to its outstanding specifications in
micro-inverter applications.

Solving the above matter, the static reference frame
proportional resonant (PR) controller [20— 22] and the digital
repetitive controller [23-25] are reported in the literature.
However, the simple approach, little error in steady-state, and little
burden in the computational system are some benefits of the PR
controller. The decline with the exponential state as a reaction of
step change is an example of the constraints of the above controller.
In addition, the sensitivity to the variable frequency changes of
repetitive signals and the phase shift instability appearing in signals
that are measured are other PR controller disadvantages [20-22].
Dealing with periodic signals, the repetitive control method is an
efficient scheme. Bode plot infinite amplitudes of this control
system at harmonics of the main frequency can result in controller
instability. Contrary to different solutions that have been suggested
to solve this matter, these schemes suffer from other constraints,
such as unacceptable performance responding to disturbances with
a non-intermittent nature, slow dynamic response, and vast
requirements for memory space [23-25].

The harmonic control array (HCA) method that has been
introduced lately, is an appropriate scheme to control systems with
intermittent temper such as disturbance and/or reference signals
[26-28]. Compensating periodic control signal is easily generated
by applying this control scheme, tracking or rejecting considered
harmonic components. Moreover, the system gain at the utility
frequency and its multiples can be augmented by applying the
HCA method. In the mentioned approach, the harmonic contents
of the reference and control signals are calculated by using the
integral of the Fourier series [26-28]. So, to implement this scheme
several delays considering switching frequency should be
employed. These delays sometimes cause the system’s dynamic
response to be unstable and very slow.

In this study, we suggest using the filtered signal instead of
applying sluggish or intricate schemes controlling the flyback
inverter in the CCM state. The selected structure is very easy to
implement and also fast which enhances the control system gain at
the utility frequency and corresponding harmonics to boost the
tracking operation in both DCM and CCM operation states. Part 11
concisely investigates the steady-state performance of the two-

238

switch flyback converter. Section 11 analyzes the control issue and
the various control schemes tackling it.

I1. The two-switch flyback inverter analysis in
steady-state

An Illustration of the flyback two-switch ac-module main circuit

is shown in Fig.1 which is composed of the flyback two-switch
inverter with turn ratio n (Ns/Np), decoupling capacitor Ci,, a
current source inverter (CSI) (Sac1 — Sacs), and an output filter. The
switches (S1.) of the flyback inverter operate concurrently with
high-frequency to transmit the power of the photovoltaic system to
the grid. The sinusoidal waveform is obtained from the rectified
one by employing the CSI and injecting it into the grid.
The turned-on switches Sac1 and Sacs Operate as the utility positive
voltage reaches. In the same way, when the negative voltage of
utility reaches, Sacz and Sacs are turned on. Fig. 2 illustrates the
inverter’s main waveforms. While each switching period Ts is
enhanced, the current of magnetizing inductance iLn in DCM
becomes zero and the transformer is completely demagnetized. As
soon as the next switching cycle starts in CCM operation, and
within a switching cycle, the current in magnetizing inductance ium
is non-zero.

By assuming the lossless operation of the system and by noting
the balance of power over the utility period, the output power of
the PV module is expressed as [29]

By

=V

pvlavgpri,g = V;Jvlpv = Vonslrms = Pavg 1)

Ly 12 Tout

:Cf

Grid

Li /2

Fig. 1. The flyback two-switch micro-inverter configuration.

In a switching period, by employing the power balance equation,
the converter output power can be shown as
Poye(t) = valpriavg,s =Ty (t)ig ®)
= 2Vmslyms Sin®(wt) = 2P, sin®(wt) )

In half of the utility period Ty, the average value of the primary
current of the transformer is expressed as

T 2
maXx

1 ¢, V,,d
lavgpri,g = ﬁ J.|pri tdt= ZVLT 3)
0

Therefore, the calculation of the photovoltaic system output
power is obtained as

h
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\ 2 pvd 2malx 4
4L, f )
Employing the derived equation in (4) we can determine the

duty ratio in DCM as follows

. 2 .
Dpcw (t) = dpax sin(at)| = v [PouLin fs [sin(@t)] (5)
pv

The duty ratio and turn ratio n are not dependent in the DCM
case but the duty ratio is affected by L, and input power at given
specifications in addition to selected frequency fs. The maximum
amount of the primary current in DCM by applying equation (5),
is expressed as

va :valavgpri,g =

Vev Dpem (1) _, | Pavg

I' pempri, pk (1) = ¢ ¢ [sin(at)| (6)
m 's m 's
Viria
: /7 \ t
| N | | N
| | |
| | |
Sa:l‘A
ON OFF ON OFF
t
| | |
| | |
| | |
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0 Ts/2 Ts 3Ts/2 2Ts
Taria
(@)
Sawtooth carrier signal
Reference signal
Si2
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DCM
it ¥ ¥m ccm
KTs (k+d) T (k+D)T, (k+1+0)T,

(b)
Fig. 2. The main waveforms of the flyback inverter[37]

Operating the converter in CCM, by using the inductor voltage—
seconds law in a switching cycle for Ly, the duty ratio in CCM can
be derived as [29]

Vg |Sin a)t|

Dcem (1) = Q)

NV py +Vg sin ]
However, the converter duty cycle operating in CCM is
impressed by the turn ratio n, it doesn’t change with input power.
The critical magnetizing converter inductance determining the
CCM and DCM performance is expressed as
Vo 1
4o, fs (VY IV, +1)

®)

meri =

As shown formerly, operated in DCM, the I,,,; peak magnitude
is obtained as (6). Operating in CCM, as illustrated in Fig. 2, to
obtain the primary current maximum value lcempripk , adding the
two components the mean value of magnetizing current I, and the
ripple component Ai_n, of that are necessary. Turning on the main
switch Sy, the primary current is equal to the magnetizing current.

As aresult, by dividing the average primary current and the duty
cycle, the magnetizing inductance current average value can be
obtained. Thus, the magnetizing inductance current average
amount and its ripple component can be expressed as

| .
|Lm(t):Da"g¢
cem (1)
v 9)
A =——Deep (t)
m meS

Thus, the maximum amount of primary current lcempripk iS
obtained as

Iavgpri,s
Dcewm (1)
_ Pout (1) % NVey +|Vg (t)| + Vpy % |Vg (t)|

|Vg (t)| 2I—m fs anV + |Vg (t)|

At different output powers, the duty cycle variation over half a
utility period is illustrated in Fig.3 at specified quantities of fs, L,
and n. As shown in this scheme, for defined specifications,
corresponding to the output power the duty cycle is increased by
employing the fixed input voltage. The inverter operates in DCM
if the momentary duty cycle at DCM operation mode is lower than
the curve of CCM specified with the transformer turn ratio n in
Fig.3; otherwise, the CCM operation mode is enabled. At a specific
power, the CCM duty cycle doesn’t intersect with the DCM curve,
so the inverter operation is carried out only in the DCM state.

+ Ypv Dcem (0T
2L,

ICCMpri, pk =
(10)

Vpy

I11. The flyback ac-module control structure analysis

A. The flyback ac-module control issue

Time-varying performance and nonlinearity are characteristics of
flyback inverter. However, by considering small changes around its
operating point it can be considered as a system with a linear time-
invariant nature. As a result of changes in the performance, appropriate
transfer functions should be derived with regard to each state. Good
tracking performance and stability should be considered by the
controller in various operating states. Unavoidably working in DCM
at low power conditions of the inverter, the transfer function of control
to-output current can be determined as

\ P,

Gi - 29 1
4-pem Vims | 2fsLm -
This relation specifies a gain with a low value in all frequencies.
Having accurate and fast reference tracking and rejection of
disturbances performances, the gain of the feedback controller
should be enough high in the DCM state. Operating in CCM, the

transfer function of the converter can be shown as [30]

Ms? + Ns + K
$2(RpyCin Lin) + 5Ly + D?ceM Ry

Gig—ccm = 12)

where



International Journal of Industrial Electronics, Control and Optimization (IECO). 2025, 8(3) 240

M =— ILmR CinLm

| 1-D,
N=- Ir_1m Lm +RpyCin ( C_CM)(va n )
| (13
1-D V
+(—nCCM)(va+Tm_DCCM ILmev)

Observing the relation of (12), G is.com has a zero put on RHP that
places limitations on the feedback controller gains satisfying the
system stability. Depending on the operating point of the system the
RHP zero obtains various quantities. Transferring the maximum
power, the minimum value of RHP zero occurs at the maximum value
of grid voltage. All the operating points should be covered by the
converter’s controller, lowering the feedback control system.
Moreover, the poles of the operating system are calculated as

l 1
pole (Gig_cem) = ) Ro\Cin +
(14)
1 /m —4R%p D%cem Gy
2 vaCin Lm
DCM CCM DCM
0.5r Poutl
P L

0.4 T TR S DCM=--]

’ ,r’ - S8a ‘\\ CCM =
0 ,/ __f_mf?i_ ‘\ Poutl>Pout2 >Pout3

3r /,, //— --_\\ N

2 7 ~o \\
’ -7 \\\ S
0.2 6 SN
P4 N >
,1'15/ \\\\
0.1 fooe RN
24 M
0
0 DCM CCM DCM 0.01

Fig. 3. Variations of duty cycle during half a grid period for CCM and

TABLE1 CHARACTERISTICS OF POLE-ZERO FOR FOUR
VARIOUS PERFORMANCE STATES

Op. D Pout Iim Vm(V) Zeroes Poles

point (%) (W) (A

Opty 300 269.33 Z, =486 %<10° -7.8.1"'/-
35.01 17.13 Z,=--138 j1780

Opt, 200 2199 7, -6.36x10° “78.1%/-
30.55 13.09 Z,=-144 j1560

Opts 100 185 7, -988x10° -78.1+/
23.72 8.43 Z,=-150 j1210

opt, 30 8517 7, -202x10° 781+
14.55 412 Z,--154 j739

According to the calculated relation of (12), the pole-zero scheme is
demonstrated in Fig.4. The elaborate analysis of these operating points
is also mentioned in Table I. As it is shown, decreasing the output
power with instantaneous nature, moving the poles toward the real axis
and moving away the zeroes from the origin. From the pole/zero
distribution of the system, a non-minimal phase specification due to
zero put on RHP is also observable. In addition, the oscillatory of the
system is observable by increasing the instantaneous output power.
Compensated system Bode plots utilizing the usual PI controller
with two various proportional gains are illustrated in Fig. 5. Table 1l
lists the parameters employed in this study. Satisfying the constraint
considering the minimum RHP zero of the inverter, the proportional
gain of the controller should be sufficiently low.
In this regard, the gain of the system in the main frequency and
its multiples in DCM is lesser than in CCM. This causes the flyback
converter incapable of implementing reference tracking and rejecting
the disturbances set by the photovoltaic system and utility in DCM.
The proportional gain of the controller can be increased to solve this
problem. However, the gain of the control system in all frequencies is
increased which can make the system unstable as a result of system
gain constraint regarding RHP zero. Thus, to design the flyback
controller system, choosing the proper gains of the PI controller is a
big problem. Various control approaches have been introduced in the
literature to solve these control issues which are explained in the
following part.

DCM TABLE 2 PARAMETERS OF THE EMPLOYED FLYBACK AC-
MODULE
Pole-Zero Map -
2000 T T T T Parameter value Unit
1spol 0P 0Pz Opi3——Opid Turn ratio of transformers (Np/Ns) 1/10
x Utility voltage and frequency 220/50 V/Hz
B 1 Power of output 200 W
S sool X | Sampling and switching frequency 100 kHz
% Op14 opt3 Opt2 Optt Input voltage (Vi) 50 \'4
ER eore ) Magnetizing inductance Lm 15 uH
g 00 / , Leakage inductance Li 0.3 uH
§ ol | Capacitor Cin 6.4 mF
= Inductor L 3 mH
-1500 - Capacitor Ct 0.66 uF
o ! ! Core type EE42
o0 50 100 % Rectifier diode D3 IDP12E120
Real fvts (seconds” ) Clamping diodes D1, D2 22GQ100
Fig. 4. Placement of Pole-zero for various operating points Main switches S, S, IPB107N20N3G
Unfolding bridge switches Sac1-Saca IRFP450B
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Fig. 5. The maked-up system Bode plots when the usual P1 controller
is employed. (a) DCM state. (b) CCM state

B. The Usual Control Systems of Flyback Micro-inverter

Improving the stability of the inverter, the usual control system of
the flyback ac-module with the repetitive controller is illustrated in Fig.
6[19]. This control structure preserves the gain of the system high at
only the low-frequency region, enhancing the output current tracking
performance, while preventing the disturbances of grid voltage at
the main and low-order harmonic frequencies. In addition, to
compensate for the system phase lag in the repetitive control
structure, the phase lead compensator is also employed. The above
controller is obtained as

Bode Diagram

Magnitude (dB)

Phase (deg)

or Pl controller
Proposed controller

102 108 104 10° 10¢
Frequency (rad/s)

(@
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Dynamics of
dual-mode Y
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k
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Repetitive controller

(b)
Fig. 6. Repetitive control structure (a) Bode plot (b) Control
block diagram [19]

N
Gre(2) =k @) 6 () (15)

-27"Q(z)

0(z) is the low-pass filter, and G, (z) is the system phase lead
compensator. As Fig. 6 (b) illustrates and expressed in (15), the
control system’s large delays cause the dynamics of the system to
be slowed down and may lead to system instability. Moreover, the
Bode plot infinite amplitudes of this controller at harmonics of the
main frequency can cause instability of the control system.

Indirectly controlling the output current [Fig.7] which controls
the input current of the converter is applied in [29], [34] and [35].
Concerning fast and proper reference tracking performances, it is
not as efficient as direct control schemes. Subharmonics
phenomena and bifurcation are observable in the charge control
approach under certain operating conditions [36]. Mitigating the
oscillation and unsuitable operation of the usual control structure,
a fourth-order model of the converter has been derived in [30]. This
model of the converter including the output filter is calculated as

p53+Asz+Bs+C

(16)
s* +Es® + Fs2 + Hs+ M

Gig—ccm =

Where A, B, C, E, F, H, M,and p are calculated in [30].The bode
plot comparison of second and fourth-order models is shown in
Fig. 8. As it is shown, the fourth-order model shows a resonant
peak and sudden phase drop at a specified frequency. Thus,
designing the appropriate controller including the output CL filter
can be a big challenge. Employing the lag term with a conventional
P1 controller is proposed in this paper. The damping term is derived
as

1

Clag = 535 x 1055 ¥ 1 4
The proposed controller is shown in Fig.9 and the bode plot of
the compensated system is illustrated in Fig. 10. Although the
suggested design structure of the decoupled two-stage
controller is systematic way, it is a process with intricate and
Time-consuming nature to determine the lag term appropriately
and precisely.
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Fig.9. The proposed control system in [30]

Enhancing the stability of the usual flyback ac-module control
system with the PR controller has been illustrated in Fig. 11. By
applying the PR controller with HCs (harmonic compensators),
high gain at the main frequency of the utility and its harmonics is
reached. In addition, the bandwidth in DCM is enhanced. Thus,
tracking of the reference and rejecting the disturbances as well as
the suitable stability in both DCM/CCM states are fulfilled [18],
[38]. The above controller with resonant gain 4, proportional gain
k, and cut-off frequency w. is expressed as

2K .S
2 (18)

Putting the HC to the mentioned system, the errors of the
considered harmonic frequencies can be alleviated, and its transfer

Cpr(s) =k, +
pr (5) =K, s+ 20,5+ w
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Fig.10. The bode plot of the compensated system [30]

function with the resonant gain for each harmonic &y is expressed
as

Chc(8)= z

1=357,....

2krf| @cS

(19)

s2 42,5+ (Iw)?

As expressed in Fig. 11 (b) and stated in (18) and (19), slowing
down the dynamic of the system and the possibility of unacceptable
effects on the operation of the system are the consequences of
adding multiple harmonic frequencies to the controller. In addition,
the availability of the infinite amplitudes in the controller’s Bode
diagram at considered harmonic frequencies can result in
instability of the control system.

Fig. 12 shows another flyback micro-inverter control system that
can be employed [27]. Employing a gain with great value at the
frequency of the grid and its harmonics without a high proportional
gain is the property of the current control system with a harmonic
control array (HCA) structure. Thus, in this scheme, the reference
signal is tracked easily with zero error in steady-state accompanied
by the satisfaction of the appropriate CCM stability. Three stages
of this control approach are determined as:

1- The dispersing unit to diffuse harmonics

1 < ekt 1 X —j2Ak/N
<xp = Zx[k]e‘ -5 Zx[k]eJ (20)

k=n—-N+1 k=n—N-+1

2- The assembling unit to collect harmonics

f[n] =< f > [n]

S | @1
+2Re Z< f >, [n]el2™/N
h=1
3- The controller section to control the whole process
<f>[n]=K, <e>[n]+K,E[n] (22)

As it is shown in Fig. 12 and (20)-(22), several large delays are
employed in the HCA control system that slow down the dynamics
of the converter, and the stability of the system can be affected.
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Moreover, the requirement of large memory space is another
challenge of this approach.

C. Selection of the best control approach

As stated, the usual control systems present unacceptable
performances concerning the aforementioned converter control
problem. To have a proper and stable performance in hybrid

Bode Diagram
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Operation Mode

Docm — selector
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Fig. 11. Control structure of PR (a) Bode plot
(b) Control block diagram [18]

CCM/DCM state, the main solution is selecting the controller gains
proportional to frequency. As a result, we suggest a very simple but
highly effective control structure that has been introduced in [37].
A PI control system accompanied by a low pass filter that permits
only the main frequency and its low order harmonics to go across
the system. The suggested control structure has a significantly fast

On the advance of Flyback CCM Control Strategies: a comprehensive review/ Saleh Mohammadi,et al

response that is performed easily in the low-frequency section with
a large proportional gain. As a result, proper implementation in
both CCM and DCM states is guaranteed. The employed filter with
low pass characteristics in the suggested system is determined as

1

G - -
(2 (A-2Yf)+1

(23)

where 7= %ﬂfc with cut-off frequency f,(Hz) . The suggested

control scheme is illustrated in Fig. 13 whose simplicity and fast
response are superior to the other control approaches such as
repetitive controller, PR as well as HCA. The compensated system
Bode plot with the presented control system is illustrated in Fig.
14. It is shown that the high gain at low order harmonics with the
suggested control system is provided modifying the tracking speed
and disturbance rejection performances accompanied with stability
in both CCM and DCM operation states.

Various CCM control approaches employed in flyback ac-module
are compared in Table IlI. As it is shown, the best tracking speed
is presented with the aforementioned control structure and also it
applies a little burden in the computational system approximately
between all of the other control approaches. Moreover, the primary
switches’ voltage stresses are limited to the DC input voltage
employing the two-switch scheme of the converter leading to using
the switches with low voltage rating with low conduction losses.

1V. Conclusion

This paper presented a detailed survey of the various control structures
introduced to solve the problems that come from the control to output
current transfer function zero put on the right-half-plane (RHP) in the
flyback micro-inverters. The working principle of each structure,
features, restrictions, and recent status were investigated. As a general
result, a P1 controller with a low pass filter has a better performance
against different types of control systems. In the mentioned control
scheme, a high system gain at the main frequency and its multiples
is provided with the usual P1 controller accompanied by a low-pass
filter. The usual control problem existing in flyback ac-modules
operated at CCM is solved with this control system. It imposes an
accurate and suitable DCM tracking operation and acceptable
CCM stability. Also, the selected control approach presents little
burden in the computational system and has a suitable dynamic
response that does not exist in the usual control systems.
Furthermore, the disturbances are better rejected and tracking of
reference in conjunction with the other control systems is faster
implemented.

HCA control system
N
L il—Z —j2zim/N }KPS+K| j2z1m/N
N1-z"* 1 s
N -
_ L il—Z o i273mIN 1Kps+K, g izram/N . .
lout ref 1-771 3 s ynamics of | gy
I 3 " 5 flyback
e[n] : : 0 microinverter
N )
L, il_z e_jz,sz/N iKp5+K| eJ27an/N
N1-Z7" H s

Fig. 12. The control scheme for HCA-based system [27]



International Journal of Industrial Electronics, Control and Optimization (IECO). 2025, 8(3)

244

Proposed control system

Duty ratio

Dy

iout,ref 1
+
- (f,A-z")+1

Kps+K,

Dynamics of | gy

z

flyback >

S microinverter

Fig. 13. The suggested control approach in [37]

TABLE 3
THE COMPARISON OF VARIOUS CCM CONTROL APPROACHES EMPLOYED IN FLYBACK AC-MODULE
Reference Control controller  Tracking Memory Voltage Power f’;{'FfPT MPPT THD  Effici  Approxim
parameter speed space stress of factor OS5 Voltage (%) €YY ate power
requirement main (%) range (%) W]
switches V)
[18] Output current PR+HC medium large Vev+V/n - - 3/0-89 é% 2.4 96.1 200
o=
[19] Output current  repetitive low large Vpy - 98.5 Vinpp=60 24 96.3 200
[29] Input current type Il medium small VevtVm/n 0.99 98 Vinpp=27 <5 87.4 200
[30] Output current type Il high small Vpy +Vp/n - - \2/5-5§ 585 4 95.7 200
mpp
[33] Output current  repetitive low large Vpv - - Vinpp=48 2.9 96 200
[34] Input current type Il medium small Vpy+Vi/n - 99.5 Vimpp=35.6 5 90 200
[35] Input current type Il medium small Vpy+Vim/n 0.99 98 Vinpp=27 - 86.8 200
[36] Input current Charge medium small Vey +Vm/n 0.99 98 20-27 & 1.56 - 200
control Vimpp=27
[37] Output current Pl high small Vpy >0.98 Vimpp=50 - 96.1 200
[38] Output current PR+HC medium large Vpy+Vim/n - - 2.34 - 200
[39] Output current PR+HC medium large Vey+Vm/n - Vmpp=38.9 227 945 200
[40] Output current PR+HC medium large Vev+Vm/n Vimpp=28.7 21 - 200
40 Bofjel?iagrarln . 100 Bode Diagram
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Fig. 14. Open-loop Bode plots of the maked-up system by the selected appropriate controller. (a) In DCM. (b) In CCM
REFERENCES soft switching. IEEE transactions on industrial electronics. 2013
. . . May 17;61(4):1819-33.
[1] A. Mousaei, M. Gheisarnejad, M.H. Khooban, Challenges and [5] GaoM,Chen M, Zhan : : : :
o . . . . . , , g C, Qian Z. Analysis and implementation
Opﬁpﬁtun'F'ES d'm; t|>: '?.CTS ?ewclfg Xtetracrt]mgl V‘.”thl EIG(.:U'C of an improved flyback inverter for photovoltaic AC module
Venicies In distribution networks. echnological review, applications. IEEE transactions on Power Electronics. 2013 Aug
Jour of ) Srsge, Volue T3, art A 2728y 3428
' 1o i . 6] Christidis GC, Nanakos AC, Tatakis EC. Hybrid
152X https://doi.org/10.1016/j.est.2023.108860 [61 ; ; ; y
. B . - discontinuous/boundary  conduction mode of flyback
[21 Kim YH, Jang JW, Shin SC, Won _CY' Welghted_-efflmency microinverter for AC—PV modules. IEEE Transactions on Power
enhancement control for a photovoltaic AC module interleaved Electronics. 2015 Aug 19;31(6):4195-205
flyback inverter using asynchronogs rectlf_ler. IEEE transactions [7] Kyritsis AC, Tatakis EC, Papanikolaou NP. Optimum design of
3] g;fa%‘?’e,\rﬂiecggg'% Zﬂjaﬁgbiézﬁli)i§6h4i%f_i?:?éncy fiyback the current-source flyback inverter for decentralized grid-
S ' L < A : connected photovoltaic systems. IEEE transactions on energy
mlclrp-lqvertelrE\I/Evgh a new adaptl\F/>e snutétl)er for_ phgt(;)ilsokjlc conversion. 2008 Feb 15;23(1):281-93.
gpgl'(cl‘;t_':golng_'ﬂ transactions on Power Electronics. ar [8] Mohammadi S, lzadfar HR, Eskandarian N. A new adaptive
[4] Sljkesh . N Péhlevaninezhad M, Jain PK. Analysis and clamp for “improving ~weighted efficiency in grid-tied

implementation of a single-stage flyback PV microinverter with

photovoltaic interleaved two-switch flyback micro-inverter.



245

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

On the advance of Flyback CCM Control Strategies: a comprehensive review/ Saleh Mohammadi,et al

International Transactions on Electrical Energy Systems. 2019
Aug;29(8):e12033.

Zhang F, Xie Y, Hu Y, Chen G, Wang X. A hybrid boost-
flyback/flyback microinverter for photovoltaic applications.
IEEE Transactions on Industrial Electronics. 2019 Feb
11;67(1):308-18.

Sarikhani A, Allahverdinejad B, Hamzeh M, Afjei E. A
continuous input and output current quadratic buck-boost
converter with positive output voltage for photovoltaic
applications. Solar Energy. 2019 Aug 1;188:19-27.

Rahimi R, Farhangi S, Farhangi B, Moradi GR, Afshari E,
Blaabjerg F. H8 inverter to reduce leakage current in
transformerless  three-phase  grid-connected photovoltaic
systems. IEEE Journal of Emerging and Selected Topics in
Power Electronics. 2017 Aug 23;6(2):910-8.

Mohammadi S, Zarchi HA. An interleaved high-power two-
switch flyback inverter with a fast and robust maximum power
point tracker. In2016 7th Power Electronics and Drive Systems
Technologies Conference (PEDSTC) 2016 Feb 16 (pp. 320-
325). IEEE.

Mohammadi S, Zarchi HA, Amiri M. Interleaved two-switch
flyback microinverter for grid-tied photovoltaic applications.
InThe 6th Power Electronics, Drive Systems & Technologies
Conference (PEDSTC2015) 2015 Feb 3 (pp. 59-64). IEEE.
Wang F, Feng X, Zhang L, Du Y, Su J. Impedance-based
analysis of grid harmonic interactions between aggregated
flyback micro-inverters and the grid. IET Power Electronics.
2018 Mar;11(3):453-9.

Keshani M, Adib E, Farzanehfard H. Micro-inverter based on
single-ended primary-inductance converter topology with an
active clamp power decoupling. IET power electronics. 2018
Jan;11(1):73-81.

Mohammadi S, lzadfar HR, Eskandarian N. Performance
optimisation of the grid-connected flyback inverter under
improved hybrid conduction mode. IET Renewable Power
Generation. 2020 Oct;14(13):2437-46.

Dong D, Agamy MS, Harfman-Todorovic M, Liu X, Garces L,
Zhou R, Cioffi P. A PV residential microinverter with grid-
support function: Design, implementation, and field testing.
IEEE Transactions on Industry Applications. 2017 Sep
14;54(1):469-81.2

Lee SH, Cha WJ, Kwon JM, Kwon BH. Control strategy of
flyback microinverter with hybrid mode for PV AC modules.
IEEE transactions on industrial electronics. 2015 Sep
23;63(2):995-1002.

Kim S, Lee SH, Lee JS, Kim M. Dual-mode flyback inverters in
grid-connected photovoltaic systems. IET Renewable Power
Generation. 2016 Oct;10(9):1402-12.

Kim S, Lee SH, Lee JS, Kim M. Dual-mode flyback inverters in
grid-connected photovoltaic systems. IET Renewable Power
Generation. 2016 Oct;10(9):1402-12.

Mousaei, A.; Naderi, Y. Optimal Predictive Torque Distribution
Control System to Enhance Stability and Energy Efficiency in
Electric ~ Vehicles.  Sustainability 2023, 15, 15155.
https://doi.org/10.3390/su152015155.

Karbasforooshan MS, Monfared M. Multi-resonant indirect
digital current control technique for single-phase shunt active
power filters. Electric Power Components and Systems. 2019
Aug 9;47(13):1196-202.

[23] Mattavelli P, Marafao FP. Repetitive-based control for selective

[24]

harmonic compensation in active power filters. IEEE
Transactions on Industrial Electronics. 2004 Oct 4;51(5):1018-
24.

Geng H, Zheng Z, Zou T, Chu B, Chandra A. Fast repetitive
control with harmonic correction loops for shunt active power

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[38]

[36]

[37]

[38]

[39]

[40]

filter applied in weak grid. IEEE Transactions on Industry
applications. 2019 Jan 25;55(3):3198-206.

Pandove G, Singh M. Robust repetitive control design for a
three-phase four wire shunt active power filter. IEEE
Transactions on Industrial Informatics. 2018 Oct 9;15(5):2810-
8.

Dogruel M, Celik HH. Harmonic control arrays method with a
real time application to periodic position control. IEEE
transactions on control systems technology. 2010 May
6;19(3):521-30.

Karbasforooshan MS, Monfared M, Dogruel M. Application of
the harmonic control arrays technique to single-phase stand-
alone inverters. IET Power Electronics. 2016 Jun;9(7):1445-53.
Karbasforooshan MS, Monfared M, Dogruel M. Indirect control
of single-phase active power filters using harmonic control
arrays. In2017 Conference on Electrical Power Distribution
Networks Conference (EPDC) 2017 Apr 19 (pp. 143-148).
IEEE.

Li Y, Oruganti R. A low cost flyback CCM inverter for AC
module application. IEEE transactions on Power Electronics.
2011 Aug 18;27(3):1295-303.

Edwin FF, Xiao W, Khadkikar V. Dynamic modeling and
control of interleaved flyback module-integrated converter for
PV power applications. IEEE transactions on industrial
electronics. 2013 Apr 16;61(3):1377-88.

Sharifi S, Monfared M, Nikbahar A. Highly efficient single-
phase direct AC-to-AC converter with reduced semiconductor
count. IEEE Transactions on Industrial Electronics. 2020 Feb
5;68(2):1130-8.

Choi HS. Transformer Design Consideration for off-line Flyback
Converters using Fairchild Power Switch. Fairchild
Semiconductor App. Note AN4140. 2004:1-0.

Jeong YS, Lee SH, Jeong SG, Kwon JM, Kwon BH. High-
efficiency bidirectional grid-tied converter using single power
conversion with high-quality grid current. IEEE Transactions on
Industrial Electronics. 2017 May 11; 64(11):8504-13.

Thang TV, Thao NM, Jang JH, Park JH. Analysis and design of
grid-connected photovoltaic systems with multiple-integrated
converters and a pseudo-dc-link inverter. IEEE Transactions on
industrial electronics. 2013 Sep 9; 61(7):3377-86.

Li Y, Oruganti R. A low cost high efficiency inverter for
photovoltaic AC module application. In2010 35th IEEE
Photovoltaic Specialists Conference 2010 Jun 20 (pp. 002853-
002858). IEEE.

Li Y, Oruganti R. A flyback-CCM inverter scheme for
photovoltaic AC module application. Australian Journal of
Electrical and Electronics Engineering. 2009 Jan 1; 6(3):301-9.
Mohammadi S, Izadfar HR, Eskandarian N. A simple and highly
efficient flyback inverter control strategy for AC module
application. IET Power Electronics. 2022 Oct 31

M. Dong and X. Tian, "Dual-Mode interleaved flyback micro-
inverter," 2017 Chinese Automation Congress (CAC), Jinan,
China, 2017, pp. 7719-7724, doi: 10.1109/CAC.2017.8244175.
Yang Jian and Ye Bingging, "Accurate modeling and sliding
mode control method to improve the current sharing
performance for PV grid-connected interleaved flyback mirco-
inverter," 2016 IEEE International Conference on Power and
Renewable Energy (ICPRE), Shanghai, 2016, pp. 558-564, doi:
10.1109/ICPRE.2016.7871138.

D. L. Caiza, S. Kouro, F. Flores-Bahamonde and R. Hernandez,
"Unfolding PV Microinverter Current Control: Rectified
Sinusoidal vs Sinusoidal Reference Waveform," 2018 IEEE
Energy Conversion Congress and Exposition (ECCE), Portland,
OR, USA, 2018, pp. 7094-7100, doi:
10.1109/ECCE.2018.8558024.



International Journal of Industrial Electronics, Control and Optimization (IECO). 2025, 8(3)

Saleh Mohammadi recieved his Ph.D. degree
in power Engineering from the University of
Semnan, Iran in 2020 wth an honor. In 2024,
he joined the Department of Electrical and
Computer  Engineering at  Esfarayen
University of Technology, Esfarayen, Iran. His
research interests include, power electronics
and active filters.

Naser Eskandarian is currently an Assistant
Professor in the Electrical and Computer
Engineering  Department  of  Semnan
University. His research interests include
computer control, robotics, power electronics,
and electric vehicles. He has managed several
industrial projects, some of which have won
international awards.

246

Hamid Reza lzadfar is currently an Associate
Professor in the Electrical and Computer
Engineering  Department  of  Semnan
University. His main research interests are the
design and analysis of electric machines and
drives.



International Journal Of
Industrial Electronics Control and Optimization

int ISSN: 3517-2645
ISSN: 3568-2645

A Setting-Free Loss of Excitation Detection of Synchronous Generator
in the Presence of FACTs Device

Milad Niaz Azari ! | Iraj Ahmadi ! | Hossein Abolqasemi

Department of Electrical Engineering, University of Science and Technology of Mazandaran, Behshahr, Iran

Corresponding Author Email:

Article Info

ABSTRACT

Article type:
Research Article

Article history:

Received: 08-September-2024
Received in revised form:
28-October-2024

Accepted: 18-November-2024
Published online:23-Sep-2025

Keywords:

Loss of Excitation,
Derivative of the Resistance,
STATCOM,

Stable Power Swing.

This paper analyzes the loss of excitation (LOE) fault, as one of the most common faults
in synchronous generators, and investigates the methods of its detection. Then, the
performance of a power system equipped with STATCOM is simulated using
Matlab/Simulink software, and the effects of the generator performance on the resistor
and its derivatives in the generator terminal are analyzed. A novel LOE detection method
based on a derivative of resistance is proposed. To demonstrate the efficiency of this
method, various generator load sizes and conditions are considered. The simulation
results show that the amount of resistance time derivative in all cases, whether with or
without STATCOM, serves as a reliable new criterion for LOE detection. This method
proves to be faster and more accurate than conventional methods. The simulation results
at different load amounts and types confirm the validity of the proposed method.

NOMENCLATURE Xroe () Total Reactance
Eg Inner Voltage of The Generator FACTS Flexible AC Transmission Systems
X (0) Reactance of The Generator SPS Stable Power Swing
X, Leakage Reactance of The LOE,, Threshold Value
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Koyt Reactance of The Transmission R Resistance
Network
Voltage of The Transmission .
E,
syst Network Q Reactive power
LOE Loss of Excitation s Apparent Power
5 Power Angle P Active Power

I. Introduction

The blackouts of August 14, 2003, in North America
highlighted many aspects of system protection [1,2].
Considering that power outages in industrial centers may

inflict irreparable losses when a fault occurs, the relay must
detect faults, track them, measure them, and prepare the
alarming devices or, if necessary, automatically take action to
interrupt the electric circuit. If the fault is dangerous, only the
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faulty device should be disconnected from the circuit, and the
other faultless parts of the network should continue to operate
without power interruption until the fault does not threaten
them. The good and reliable performance of power systems is
mainly protected by protective relays. If we aim to establish a
highly reliable system, all components must be protected [3];
especially, generators require robust protection as they are the
main sources of energy. Therefore, any faults in these
generators must be detected quickly, so they need relays that
offer high and reliable protective capabilities.

Loss of Excitation (LOE) is an important fault in
synchronous machines that adversely affects both the network
and the generator. LOE occurs when DC sources fail due to
events such as field open circuits, accidental interruptions,
regulator failures, or loss of field in the exciter [5, 6]. The
primary method of LOE protection involves using voltage and
current transfers, which are associated with the field circuit and
may glitch in some cases. Masson [11] introduced a single-
phase mho component with a negative offset. Berdy [12]
proposed a distance relay with two zones for LOE detection,
which is now regarded as a trustworthy procedure for LOE
detection. Figure 1 shows the performance waveform of this
relay. This procedure may not distinguish between stable
power swing (SPS) and LOE, so a time delay is used to
interrupt relay maloperation. However, this solution is not a
rational way because this deliberateness time delay can have
additional impacts on the device and network, as the defective
generator continues to draw reactive power for an extended
period. Other strategies, such as those based on neural
networks, require substantial training data under various
circumstances and can take a considerable amount of time.
Since these strategies depend on framework characteristics,
they may not work well when utilizing wholly different
frameworks [7, 8].

Among other strategies for LOE detection are
methodologies based on fuzzy logic, which are utilized to
move forward the execution of common strategies for LOE
discovery by utilizing the impedance tracking and terminal
voltage of the generator [9,10]. These strategies are faster and
more secure than traditional impedance procedures.
Researchers have also examined the influence of transmission
line midpoint STATCOM on generator protection behavior
[11, 12]. This research investigates a power plant with two
generators under two potential LOE scenarios: complete LOE
and partial LOE, based on field short circuits and sudden drops
in excitation voltage at various generator loads. The findings
indicate that midpoint STATCOM adversely affects the
performance of LOE relays, particularly in terms of time delay.
Unlike the impedance-based approach, another strategy
represents the event (LOE) by utilizing the rate of change of
terminal voltage and output reactive power [13]. This strategy
employs the voltage derivative and reactive power derivative
to introduce an index known as the Loss of Excitation Index

(LOELI. If this index exceeds a threshold value (LOE,;), the
LOE has occurred. This strategy can also distinguish between
LOE and SPS and performs much faster than existing methods.
Yaghubi [14] provided a quick and accurate distinction
between SPS and LOE of synchronous generators. Since there
is an imbalance in the SPS condition, the detection of this
phenomenon remains a challenge. This study proposed a rapid
diagnostic method for addressing this issue. The proposed
hybrid approach was based on the derivatives of reactive
output power and terminal voltage, as well as the rapid change
of the Fourier transform coefficients of the three-phase active
power at the relay location [14]. At the moment of an LOE
fault, the proposed index exceeds the threshold value, and the
active power FFT remains relatively stable. However, during
the occurrence of SPS, the active power FFT exhibits
significant changes. In recent years, to enhance power
transmission and optimize the utilization of power system
capabilities, the adoption of flexible AC transmission systems
(FACTS) such as static synchronous compensators
(STATCOM) has become increasingly popular. Nevertheless,
STATCOM alters the voltage and current within the power
system, potentially disrupting relay operation (LOE). As a
result, Yaghobi [15] introduced a novel method for flux-based
LOE protection in the presence of STATCOM, which relies on
changes in the generator linkage flux at the relay's position.
This relay operates independently of coordination with other
generator protection relays.

Figure (1): Two protection zones of Berdy Relay

Another paper on the protection of synchronous generator
excitation loss during and after various external faults is
presented by Yaghobi [16]. This method relies on changes in
the magnetic flux in the air gap and the negative sequence
current. In [17], the author introduced a new LOE detection
method and proposed a modern approach for LOE detection
that uses a combined conspire based on the derivative of the
terminal voltage and power angle of the generator. Niaz Azari
[18] presented a setting-free method to detect this malfunction.
To address this issue, a flux derivative method was proposed
for fault detection. Since the time derivative of the flux or the
rate of change in the flux at the moment of LOE has a negative
value, it serves as a reliable indicator for identifying this fault.
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Among the methods discussed, the LOE detection method that
uses distance relays is the most prevalent due to its simplicity.
However, it cannot distinguish between LOE and SPS, which
is the main problem with these types of relays. To address this
issue, a deliberate time delay was implemented to prevent LOE
from malfunctioning. However, this approach proved
ineffective, as the time delay increased tension within the
device and the power network. To resolve this problem,
methods such as fuzzy logic, neural networks, and magnetic
flux were employed. These techniques are faster and more
accurate than the distance relay method, though each has its
own challenges.

Section Il describes a new method of LOE detection in the
presence of FACTS devices, specifically STATCOM. This
method is simpler than existing methods, offers appropriate
accuracy, and does not require setting.

Il. The Proposed LOE Detection Method

A.  Without STATCOM
LOE in synchronous generators occurs when the field

current is interrupted due to an open circuit in the field winding.

To illustrate an LOE situation, assume that a generator is
connected to the electrical network via a transformer. Figure 2
depicts the single-line connection diagram. When LOE is
distinguished by relay 40, the equivalent circuit of the system
after the LOE event can appear at each stage as in Figure 3,
since LOE is symmetrical in nature.

Fig. 2. The single-line diagram of the system

Xe(D) Xr | p. A
Y Y Y\ I:]_
>y |
40 T T
Eg<0 Z ) Esyee 90

aw - A (
& “ & Y

Fig. 3. The system equivalent circuit

When LOE occurs, the inner voltage of the generator (E;)
diminishes, inducing changes in the terminal voltage and
current, which can result in variations in the impedance
detected by the relay. During the LOE occasion, X;(t)
changes, so it is sensible to think of it as a function of time
from the minute of the start of the LOE. Assuming
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K=Esyst/EG, the time derivative of the equivalent resistance
can be expressed as [3]

dR (1-K(@)*»-sins§ dK
- = c—— Xroe ()
dt (1+K?—-2Kcosd)? dt (1)

K(t) " Sin6 dXTOt(t)
1+ K2—-2Kcosé dt

It should be stated that the total reactance can be as follows:

XTot(t) = XG(t) + XT + Xsyst (2)

Since k is expanding, ‘;—It( is positive and because (Egyg <

E), the primary portion of (1) is positive. Based on [3], after
a few seconds, the second part of Eq. (1) will be zero. At this
time, Es,s Wwill be more than Eg, so after a certain duration,

‘;—': will continue to be positive and LOE can be identified. In

. .- dRrR . - - .
power swing conditions, I is again negative for some time.

But, the negative time is different from the LOE. When it
happens, K can be assumed 1 and the value of the proposed
index can be written as follows:

dR 2cosd(t) —2 dé ¥
dt ~ (14+K2—2Kcos&(t)? dt ~ Tt

®

As proven in [3], the sign of Z—': is the opposite of g. The
% swings have a frequency of 3.0 to 7 Hz, so the longest
period of Z—i that occurs during the oscillation is expected to
be 3.33 seconds. As is evident in Figure 4, Z—f is positive in the

primary half of periodicity, and hence Z—fwill not be negative
for more than 1.67 seconds during power swings. To
discriminate LOE from power swings, the proposed relay must
wait 1.67 seconds. If Z—f is negative, LOE will be
distinguished[3].

Fig. 4. gdiagram during power swings[3]

B. Inthe Presence of STATCOM
It can be assumed that in the presence of STATCOM devices,
Esyst will be equal to 1pu with the compensation done. So, K
will be 1/EG. Therefore, in the event of LOE, K will exceed 1.
As a result, according to Eq. (3), the R time derivative will be
negative when the fault occurs. It must be emphasized that if
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the STATCOM compensation is extreme, Esyst will be more
than 1pu and again K will be more than 1 and there will be no
problem in fault detection with the proposed method.

Accordingly, Figure 5 displays the proposed method in the
form of a flowchart in the presence and absence of
STATCOM. First, the relay calculates Z—f. When it is not

zero, it will check its sign. If it is negative for more than 1.67
seconds, LOE can be detected and a trip signal is sent to the
generator circuit breakers. If it is negative for less than this
time, a power swing can be reported.

Start

dRr
Calculate =

Yes
d_R _ Normal
dt State
No

ar No

Is = Negative
for 1.67 SES
Seconds?

Yes
LOE

Fig .5. The algorithm of the proposed method in the presence
and absence of STATCOM

I11. Simulation and analysis of the results

This section analyzes the performance of the proposed
method. Figure 6 shows a schematic of a power system with
infinite bus. The performance of the proposed method will be
compared with this method’s performance in the absence of
STATCOM. In this configuration, a 200 MW, 8.13 kV salient
pole synchronous generator is connected to a 500 kV, 20,000
MW power grid through a transformer.

L 200 KV
l | System

STATCOM

Fig. 6. The general scheme of the simulated power system

In addition, the different loads in each generator unit based
on the capability curve are shown in Table 1. STATCOM is

connected to the middle of the transmission line for voltage
regulation, transmission, and optimal use of power.
STATCOM mitigates reactive power by monitoring the
terminal voltage and comparing it with the set value.

TABLE 1 Different generator loads

Load No. S=P+jQ Load No. S=P +jQ
1 0.1+j0.5 11 0.9-j0.2
2 0.1+J0.2 12 0.7-J0.2
3 0.3+J0.2 13 0.7-J0.5
4 0.3+J0.5 14 0.5-J0.2
5 0.5+J0.2 15 0.5-J0.4
6 0.5+j0.4 16 0.5-j0.6
7 0.7+J0.2 17 0.3-J0.6
8 0.7+J0.4 18 0.3-J0.4
9 0.9+J0.3 19 0.3-J0.2
10 0.9+J0.1 20 0.1-J0.6

A. Simulation in the Absence of STATCOM
In this part, different loading conditions are examined to
observe the behavior of the proposed LOE relay in the absence
of STATCOM. First, the normal conditions are examined in
the simulation and then the output waveforms for the
resistance and the derivative of the resistance are displayed.

Figures 7(a) and 7(b) show the output diagram of R and Z—f

under normal conditions, respectively. Next, to show that the
proposed method is reliable and efficient for all loading
situations, some inductive and capacitive, heavy and light
loads are tested. Since the LOE occurs in the fifth second,

Figure 8 shows the diagram of R and 'Z—I: in low load of

L=0.1+J0.5.

The diagram illustrating the resistance indicates that in the
moments preceding the fault, the resistance value follows a
sinusoidal pattern with a positive value. However, when the
fault occurs, the resistance value, which is dependent on the
voltage, begins to decrease. The derivative of the resistance
becomes negative after the LOE event that occurs in the fifth
second, remaining negative until the ninth second, after which
it starts to increase again. In the following, the capacitive load
is examined. Figure 9 displays the value of the resistance and
the derivative of the resistance in the load L=0.3-J0.2 and it
can be seen that in this load and in inductive loads, the
resistance value starts to decrease at the beginning of the fault
but will remain positive. Furthermore, according to the
diagram, the resistance derivative stays negative for longer
than 1.67 seconds, so it is concluded that the proposed method
can be used as a valid indicator for LOE fault identification.
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Fig. 9. Diagrams derived from the LOE simulation for the load of L=0.2
J0.2

B. Simulation in the Presence of the STATCOM

This section addresses the behavior of the proposed method
in the presence of STATCOM. First, Figure 10 displays the
output diagram of the resistance and the derivative of the
resistance in the normal state. According to this diagram, the
resistance value seen in the generator terminal is sinusoidal
with a positive value and is the same as in the absence of
STATCOM, and the derivative diagram of resistance starts to
decrease after a few oscillations and finally approaches the
zero point. Now, the condition of the fault detection in
different loads is examined. First, the output waveform for
inductive load L=0.1+J0.5 is shown in Figure 11. According
to this figure and the fact that the fault occurs in the 5th second,
it can be concluded that like the case of the absence of
STATCOM, the proposed method gives the correct answer to
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detect the LOE fault in such a way that the value of R is
positive, and its derivative remains negative for a long time.
Figure 12 shows the output diagram of resistance and its
derivative in the case of capacitive load L=0.3-J0.2 in the
presence of STATCOM. According to these diagrams and in
comparison to the other situations, it can be seen that the new
method can distinguish the LOE in this situation too.
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Fig. 10. Diagrams derived from the simulation at Normal state in

the presence of STATCOM
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Fig. 11. Diagrams derived from the simulation for the load of
L=0.1+J0.5 in the presence of STATCOM
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Fig.12. Diagrams derived from the simulation for the load of L=
0.3-J0.2 in the presence of STATCOM

C.  SPS conditions Simulation
This section discusses the conditions for detecting SPS and

distinguishing it from LOE. SPS is caused by a short circuit
fault. In SPS conditions, unlike LOE conditions, the dR/dt
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output graph fluctuates positively and negatively and returns
to normal after a few seconds. Figure 13 shows the behavior of
resistance and its derivative in SPS mode at load L=0.1+J0.5
in the absence of STATCOM. SPS starts at the 3rd second and
disappears at 1.3. According to the above figure, which shows
that the resistance value is positive and according to its
derivative becoming positive and negative and finally
returning to its initial state, it can be stated that in accordance
with the proposed procedure, unlike the LOE detection mode,
the derivative value remains negative for a relatively long
period of time. The negative time of the resistance derivative
is less than 1.67 seconds, so it can distinguish SPS. Figure 14
displays the diagrams of resistance and its derivative in the

event of SPS at load L=0.1+J0.5 in the presence of STATCOM.

According to these diagrams, it can be expressed that the
proposed procedure can detect SPS and distinguish it from
LOE fault in this condition.

2000

1000

e

dRidt(ohm/s)

-1000

2000

-3000
0 2 4 6 8 10

Time (s)

®)- =

Time (s)

(@)-R

Fig. 13. Diagrams for SPS condition for the load of L=0.1+J0.3 in
the absence of STATCOM
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Fig. 14. Diagrams for SPS condition for the load of L=0.1+J0.3 in
the absence of STATCOM

IVV. Comparison of Methods

Table 2 shows the operating time of different relays, both in
the presence and absence of STATCOM. Based on this
performance timetable, the proposed method is much faster
than the common methods. Of course, the flux method and flux
derivative are the fastest in operation, but as it is known, it is
sophisticated to implement these methods.

In terms of computational complexity and implementation
difficulty, the proposed method outperforms the other ones
such as fuzzy logic [9], neural network [19], and state

estimation [20] methods since they need training data and
complex mathematical equations and relationships for LOE
fault detection.

TABLE 2 COMPARISON OF METHODS

Relay Operating Without With Setting
type Time STATCOM STATCOM Free
Positive 11.2 Yes No No
Offset
Berdy 10.4s Yes No No
Fuzzy 9.1s Yes No No
Logic
Flux 3.1s Yes Yes Yes
Flux 1.7s Yes Yes Yes
Derivative
Proposed 5.35s Yes Yes Yes
Method

V. Conclusions

Considering that most methods of LOE fault detection and
their distinguishing from SPS are based on impedance paths,
these methods cannot often differentiate between the two
options. Consequently, an intentional time delay is employed
to prevent the improper operation of the impedance relay.
However, this time delay is not an ideal solution, as it increases
the stress on both the generator and the system. This paper
proposed an algorithm based on the resistance derivative
method that can effectively detect LOE and SPS and
distinguish between them in the presence of STATCOM in
different capacitive and inductive loads. Specifically, if the
derivative of the resistance remains negative for longer than
1.67 seconds, it indicates an LOE fault. If it is shorter, it
indicates an SPS. A key advantage of this proposed method,
unlike impedance-based methods that require setting, is that it
does not necessitate any adjustments.
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In electric vehicles, energy storage systems (ESSs) are essential for managing power
fluctuations and ensuring operational safety. Supercapacitors (SCs) have recently
emerged as promising ESS candidates due to their high-power density, rapid
charge/discharge capabilities, and low internal losses. Integrating SCs with batteries or
fuel cells in hybrid configurations can leverage the strengths of each technology while
mitigating their individual weaknesses. This paper presents a novel estimation technique
for supercapacitors in electric vehicles. The method involves wavelet decomposition and
denoising, followed by importing low-frequency signals into a back-propagation neural
network for one-step prediction to determine the state-of-charge (SOC) of the SC. The
proposed method is tested with a Maxwell supercapacitor model under various
charge/discharge current profiles and temperature conditions, comparing the results with
conventional techniques. The artificial neural networks (ANNs) with wavelet pre-
processed input demonstrate significantly improved SOC estimation accuracy across
different discharge profiles.

I. Introduction

methods often struggle with the inherent nonlinearities and

Batteries like Li-ion offer high energy density for electric
vehicles, but their limited lifespan and sensitivity to charging
rates and temperature present significant challenges.
Combining them with supercapacitors (SCs) in a hybrid
energy storage system (HESS) is a promising solution to
enhance efficiency and address these limitations, as research
has shown [1]. Accurately diagnosing the state-of-charge
(SOC) of supercapacitors is vital for managing energy
distribution between the supercapacitor and the battery,
optimizing performance, and ensuring the reliability of EVs
[2].

The SOC of a supercapacitor, indicating its remaining
energy relative to its maximum capacity, is crucial for
effective energy management, ensuring the supercapacitor
operates within safe limits, and optimizing the performance
and lifespan of the entire energy storage system [3].

Estimating the State of Charge of a supercapacitor, is
crucial for efficient and safe operation. However, traditional

dynamic characteristics of these devices. These methods fall
into several categories:

Direct Measurement Methods: These methods rely on
directly measurable parameters of the energy storage device.

Coulomb  Counting: Coulomb counting is a
straightforward method that integrates the current over time.
While simple, this method suffers from cumulative error
over time and requires an accurate initial SOC value [4].

Voltage-based: These methods estimate SOC by
measuring the terminal voltage of the supercapacitor.
However, the nonlinear relationship between voltage and
SOC, particularly at high and low extremes, limits accuracy
[5].

Current Integration: SOC is estimated by integrating the
current flowing in or out of the device over time. This
method suffers from drift and requires accurate initial SOC
[6].

Model-Based  Methods:  These
mathematical models of the energy storage device.

methods  utilize
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Equivalent Circuit Models: Represent the device with
electrical components (resistors, capacitors, inductors) to
simulate behavior and estimate SOC. Accuracy depends on
model complexity and parameter identification [18].

Electrochemical Models: More complex models based on
the underlying electrochemical reactions within the device,
offer higher accuracy but require significant computational
resources [7].

Kalman Filtering: A recursive algorithm that combines
model predictions with measurements to estimate SOC,
reducing noise and improving accuracy. Requires a well-
defined model and can be computationally demanding [1].

Data-Driven Methods: These methods leverage machine
learning algorithms trained on historical or experimental
data.

Artificial Neural Networks: ANNs have shown promise in
SOC estimation due to their ability to capture complex,
nonlinear relationships without explicit mathematical
models. ANNs can learn from historical data and adapt to
new conditions, making them suitable for dynamic
environments like EVs [8-10].

Support Vector Machines: Effective for classification and
regression tasks, can be used for SOC estimation. Require
careful selection of kernel functions and hyperparameters
[11].

Fuzzy Logic: Handles uncertainties and non-linearities
well, suitable for complex systems. Requires expert
knowledge for rule definition and membership function
design [12].

Hybrid Methods: Combine multiple approaches to
leverage their strengths and mitigate weaknesses. For
example, combining an ECM with a Kalman filter or using
an ANN to improve the accuracy of a voltage-based method
[13].

This categorization is not exhaustive, and new methods
are constantly being developed. The choice of the most
suitable method depends on factors like the specific energy
storage device, required accuracy, computational resources,
and application requirements.

Modeling the behavior of supercapacitors is challenging
due to their complex dependence on current, temperature,
chemistry, and past conditions [8]. Traditional methods
struggle with such intricate nonlinearities. Artificial Neural
Networks (ANNSs) offer a powerful alternative, excelling at
capturing complex relationships without requiring explicit
mathematical equations or physical derivations.

When tackling a nonlinear system like a supercapacitor,
ANNs bypass the need for cumbersome calculations.
Instead, they learn by analyzing a carefully chosen data set.
By adjusting internal connections (neurons) and iteratively
fine-tuning them, the ANN gradually approximates the
system's behavior. Remarkably, even with limited data,

ANNSs can identify subtle patterns and adapt to unseen
situations.

A well-trained ANN exhibits resilience to unexpected
inputs, including noise and disruptions. This robustness
allows it to deliver accurate predictions even in uncertain
environments [9, 10].

In contrast to the aforementioned approaches, ANNs have
emerged as a popular tool for estimating SOC in both
batteries and supercapacitors, handling both constant and
dynamic discharge currents [8, 10]. Several variables are
chosen as the ANN's inputs. The weights are usually trained
using a BP algorithm. Reported error margins vary, with
references claiming accuracy within 10% [8]. However,
recent breakthroughs have led to significantly improved
accuracy, with some researchers reporting error rates as low
as 1% [14-19].

For modeling supercapacitors in automotive applications,
research suggests using a one-layer feed-forward ANN
trained with the back-propagation algorithm [8]. Similarly,
an ANN-based performance computing model for lead-acid
batteries in EVs has been proposed in [10].

These neural network approaches exhibit greater accuracy
compared to traditional methods like the Peukert equation
(maximum error 1.724%), multilevel Peukert equation
(maximum error 1.379%), and least-square method
(maximum error 1.379%). Studies show that the proposed
ANN models achieve significantly lower errors [8].

For energy management and optimal power control,
establishing a precise model to display SC dynamics
behavior is critical; however, this is difficult.

The following are the key contributions of this work:

1- To improve the conventional function of training ANN,
a WT model is created. It's used to break down a voltage
profile into its various components, each with its own
frequency.

2- The number of neurons in multi-layer neural networks
is optimized.

3- The proposed WT model and ANN’s are combined to
create a complete wavelet ANN model, which greatly
improves SOC estimation accuracy.

4- The proposed wavelet ANN model exhibited robust
performance across a range of driving cycles (discharge
current profiles), consistently providing reliable SOC
estimations with low error rates. These results compare
favorably to those reported in the literature.

5- The classification unit is not needed for categorizing the
different discharge current profiles in this ANN system. This
is yet another significant outcome of this project.

6- The given technique can be employed to precisely
determine the SOC of a SCs module, which is exceptionally
beneficial in EV applications.

The layout of this study is as follows: Section 2 covers the
background on WT. Section 3 delves into the background of
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ANN. Section 4 outlines the details of the test bench. The
outcomes and relevant discussions are unveiled in Section 5.
Lastly, the conclusion of this study is drawn in Section 6.

I1. Wavelet Transform (WT) Specification

Given that the Fourier transform (FT) fails to pinpoint the
exact moment of a specific frequency's appearance within a
signal time series, it proves inadequate for examining
nonstationary signals. Conversely, the wavelet transform
(WT) transposes a signal from the time domain (TD) into a
time-scaled frequency domain (TSFD). This method enables
a nonstationary and nonlinear signal profile to be
disassembled into a set of profiles, each with distinct
frequencies. Wavelet [20] is a short-duration wave that
develops and decays over a short period of time.

The Wavelet Transform (WT) breaks down a signal into
its building blocks based on frequency. It separates the signal
into two types of information:

Approximation (A) data: This captures the overall trend
and low-frequency components of the signal. Think of it like
the smooth outline of a painting.

Detail (D) data: This contains the high-frequency details
and sharp features, like the brushstrokes and textures in the
painting.

However, unlike traditional WT, which only analyzes the
low-frequency part, the method used here goes further. It
decomposes the signal into multiple levels (like zooming in
on the painting). This allows for a more detailed
understanding of both the overall shape and the fine details.

Figure 1 illustrates this three-level decomposition. In the
notation Aa; B and Da; B, o represents the level (zoom level)
and P is an index that identifies specific signals within that
level.

Various stages of decomposition can be undertaken, but
studies indicate that the tri-level decomposition exhibits
superior performance in other time series prediction
applications, such as power system load forecasting in the
conventional wavelet transformation [21]. WT bifurcates
into two classifications: the Continuous Wavelet Transform
(CWT) and the Discrete Wavelet Transform (DWT). The
CWT encapsulates all the information contained in the
provided signal x(t), as represented by Eq. (1).

W(ab)= [yap®-xOdt m

—00
CWT, on the other hand, is computationally inefficient
and needs a lot of memory compared to DWT. DWT is
accurate enough to decompose a signal while still being
computationally light. As a result, we use a DWT in this
analysis. For a particular signal, denoted as x(t), the
definition of DWT is expressed in Eq. (2).
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T m

_(m/2 t-n-2

W(m,n) =2 (m/ )ZV/[Z—m]X(t) 2
t=0

In this context, T denotes the duration of the signal x(t),

with m and n symbolizing the scaling and translational

parameters in such a manner that (a= 2™ and (b =n - 2™M).
Further, t represents the individual time parameter in its
discrete form.

III. ANN Model Specification

The artificial neural network has long been recognized as
an effective estimation method for both linear and non-linear
systems. ANNs can be used to model nonlinear dynamic
systems to some level of precision [22].

! =
Level ] — [a@n]| [paal
Level 2 = [a2n| [pe2

v
Leels —=> [a@y| [pE2)]

Fig. 1. AWT with Three-level. In both A (a, B) and D (a, B), o
is symbolic of the levels, whereas [ indicates the position of
the signal within the level noted by a.

ANNs offer a multitude of benefits, comprising the
capacity to discern intricate nonlinear links between
dependent and independent variables, bypassing the
requirement for formal statistical education. Additionally,
they can identify every conceivable correlation among
predictive variables and provide a plethora of training
algorithms [8, 9]. Despite these advantages, they also
possess certain drawbacks such as their 'black box' structure,
increased computational demand, tendency towards
overfitting, and the practical essence of model building [23].
The structure of a ANN outlines the configuration of neural
connections, along with the categorization of units
characterized by an activation function. The processing
algorithm defines the method through which neurons
compute the output vector, given a specific set of weights for
each input vector. The training algorithm explicates how the
ANN modifies its weights 'W' corresponding to all input
vectors, also known as training vectors.

As a result of the training algorithm, the ANN will gain
information and store it in synaptic weights. There are
several different types of ANNs, but multi-layer feed-
forward networks are the most common. Figure 2 shows a
sample feed-forward ANN scheme (input, one hidden layer,
and output layer) [24, 25].
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This work employs a three-layers, Feed Forward ANN to
estimate the SOC. In the construction of an ANN, neurons
function as fundamental components. As illustrated in Figure
3, an ANN's single layer can have 'I' inputs given by X = [x1,
x2 ... xi]T and 'k’ neurons. It should be noted that 'k' is
typically not equal to 'i'. Furthermore, each input is linked to
individual neurons through suitable weightings.

Every neuron computes the cumulative total of its inputs,
factoring in the bias, and subjects this result to its activation
function. Consequently, there are 'k' resultant outputs yl=
[y11,y12 ... y1k]T associated with the ANN represented by
a singular layer (where the primary index in y1 outcomes of
the first layer is detailed as y11, y12 ... ylk) and,

Input Layer Hidden Layer

Output Layer
2 E
| &
Fig. 2. Sample of a feed-forward ANN
. Weights
T~ ) Synaptic
. \E] "\(,'\u\lj;n:giuns Activation Function
Inputs ( Z i s
e o Output
Summing Point
Fig. 3. The diagram of a neuron
yi=F: (W1X + Bl) 3)

The term 'F1' signifies the activation matrix pertaining to
this individual layer. This matrix is characterized by being
diagonal and consisting of k elements. The matrix's nature is
contingent on the net inputs directed towards this specific
layer.

F1 (S1)=diag [f1s], fIs] ... f1(sk)] “

The elements mentioned are the activation functions for
each of the 'k' nodes, which are presumed to be identical,
denoted as f11=f12=...=f1k=fl. 'S1' represents the net vector,
S1=[sl, s2,..., sk]T, comprising the net inputs sl, s2,..., sk
for neurons 1, 2, ..., K, and S_j equals S; = Y7_; wi;x; (¢) +
b;. Additionally, ‘w;’ signifies the weight matrix for the
output layer, which due to the predefined structure, must
encompass k rows and n columns.

Wii Wiz Win
Wy = [ : ; l (®)

W1 Wizt Wign
The term ‘w;;° typically represents the weight
transitioning from target node 'j' to origin node '1', given that
iand j are any numbers from 1 to k and 1 to n respectively.

B1, on the other hand, signifies the bias vector for a single
layer, expressed as B1 = [bll, b12, ..., blk]T. Here, bll,
bl2, ..., blk denote the individual biases of nodes ranging
from 1 to k in the final layer. We can construct an ANN with
three lyres by extending the aforementioned equations. In
this study, a mere 10 cycles of SC voltage profiles were
utilized as training data and for estimating the state-of-
charge.

IV. Experimental Set-Up

Figure 4 depicts the experimental setup. The trials
employed a SC cell provided by Maxwell Technologies,
boasting a specified voltage of 2.7 V and a capacitance of
350 F. Comprehensive data regarding the SC cell's
parameters can be found in Table I.

TABLE 1 THE SYSTEM'S EXPERIMENTAL
PARAMETERS
Parameter Value
Supercapacitor cell Maxwell technology
Rated voltage of cell 27V
Rated capacitance of cell 350 F
Sampling frequency fs 50 Hz
Operating temperature T °c 0,25,35,45,55
Minimum Temperature °c -40
Maximum Temperature °c 70
Absolute maximum voltage 2.85V
Absolute maximum Current 170 A
Maximum ESRDC initial 3.2 m.ohm
Specific energy 5.6 wh/Kg
Leakage current (at 25 °c) 0.3 mA
Maximum continuous Current 15°C 21A
Maximum continuous Current 40°C 34 A
Life time 500000 life cycle

The SC's charge and discharge current is monitored and
controlled by a battery testing and formulation system, both
software and hardware, courtesy of BaSyTec technology.
This system is used to generate the required current profiles
and to mimic the conditions experienced during real-world
Electric Vehicle (EV) driving scenarios. T=25°C, 35°C,
45°C, and 55°C are the temperatures used in the
experiments. The Battery test device is limited to a sampling
frequency of fs=50 Hz. For data acquisition, eight different
current discharge profiles are employed, as follow:

- Worldwide harmonized Light vehicles Test Cycles
(WLTC)

- Artemis cycle with maximum speeds of 130 (Art 130)

- Artemis Urban (Art Urban)

- Artemis Rural (Art Rural)

- West Virginia Suburban (WVUSUB) driving cycle

- Japan Cycle 08 (JCO08)

- Japan 10-15 mode (JP1015)

- New European Driving Cycle (NEDC)
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V. Results and Discussion

A diagnostic process and implementation algorithm for
SOC estimation of SC are shown in Figure 5. The next step
is ANN training after identifying a proper pattern with
wavelet transform, as shown in figure 6 and outlined in
section II. This enables one to gain a better understanding of
the ANN mechanism prior to its implementation. The NN's
learning algorithm is a computational method that

Special features of Binder technology cooling
incubators

*Temperature range: 4 °C to 100 °C

*Electric cooling with Peltier module
*Adjustable fan speed

*Controller with time-segment and real-time
programming

*Inner door made of tempered safety glass
*Data recording and USB interface

interface
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determines the strength of connections, such as layer weights
and biases in neurons. The validation data collection is used
during the learning process to boost the ANN's generality.

The learning process is terminated based on the validation
data set when the error function starts to increase or becomes
smaller than the convergence tolerance, whichever comes
first.

BaSyTec XCTS:

Battery Test and FormationSystem
Max, curr/chan : 80 A

Max, P/chan : 400 w

Parallel operation : Optional, 400 A
Voltage range : 0-6 V

Fig. 4. Pictures of the experimental setup

L Supercapacitor
Dat: ti
l ‘TOltage
Feature
\dentification ‘Wavelet transform
MLP neural
Artificial neural network [ network

l

SOC estimation

Fig. 5. SOC estimation and implementation algorithm

We use the data to train a neural network, in which, the
hidden layer contains 30 neurons. Hyperbolic tangent (Tanh)
function is used as an activation function. The maximum
number of epochs is set to 100, and validation MSE goal is
set to 1e-6. Since the Levenberg—Marquardt algorithm has a
fast rate of convergence, we use it to train the parameters of
the neural networks in this study. The training performance
of the ANN has been shown in figure 7. The best validation
MSE is 0.0001318 at epoch 87.

The data are randomly divided into three sets: training
(60% of the data), testing (20%), and crossvalidation (20%)
as shown in the Table II. All data are normalized in the range
of [0, 1].

The accuracy of SOC estimation is analyzed using five
established error metrics:

Mean Square Error (MSE), Root Mean Square Error
(RMSE), and Normalized Root Mean Square Error
(NRMSE): These metrics quantify the average magnitude of
errors between predicted and actual SOC values.

Original Signal
o = N W
i

§ 0 i 1[ 1[ | lj_ ) |

8 -0.05] | [ I | —
N 015 1 1‘5 > 2.‘5 :s 3.‘5

SR R TR DT I BT

3701 A e RS Rt At it et et
0.2 ! ! . . ! : !

0 0.5 1 1.5 2 25 3 3.5
3 T T T T T T T
=2 g
“
<1F
0 . . | . | I |
0 0.5 1 1.5 2 25 3 3.5
Time (sec) x10%

Fig. 6. Output results from a 3-level WT intended for ANN
training input, derived solely from a single current discharge
profile
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NRMSE normalizes the error by the SOC range, allowing
for comparisons across different datasets.

Best Validation Performance is 0.0001318 at epoch 87
—Train
Validation

/

0.00001

Mean Squared Error (mse)
£ e
H
|

0.000001

0.0000001
[] 10 20 30 40 60 70 80 90 100

50
100 Epochs

Fig. 7. Training performance of the ANN

TABLE 2 DATA DIVISION IN LEARNING PROCESS
Discharge Number of Number of Number of
Profile All Data Training Testing
Samples Samples Samples
WLTC 40000 24000 8000
Art 130 16250 9750 3250
Art Urban 10000 6000 2000
Art Rural 2000 1200 400
WVUSUB 10000 6000 2000
JC08 8000 4800 1600
JP1015 7500 4500 1500
NEDC 10000 6000 2000

Average Relative Percentage Error (ARPE): This metric
expresses the average error as a percentage of the actual SOC
values, providing a relative measure of accuracy.

By analyzing these error metrics across all three data sets,
this work provides a comprehensive understanding of the
ANN's generalizability and effectiveness in real-world
applications.

MSE = ~ S, (Ua() = Ua())? ()
N A )2

RMSE = z,Zl(ue(/N) Ua() @

NRMSE = —=MSE ®)

max—Umin

N Uo(N=Ug(j
MAE = Yj=11Ue(N-Ua(J) ©)

ARPE = ;Vﬂ%x 100% (10)

Wherein N signifies the quantity of training or testing
data, Up,q, represents the highest recorded value, and U,,;,
depicts the smallest value of the gathered data. U,(j) and
U, (j) pertain to the predicted SOC yielded from the trained
neural network, and the actual SOC deduced from the
empirical data, respectively.

Figure 8 depicts the real and predicted SOC training
outcomes for the best and worst estimated conditions using
the same training data collection. For all current discharge
profiles, the SOC estimate is very accurate, and the
corresponding errors are close to zero, as predicted. The

testing data from each test was used to determine the
accuracy of the qualified ANN for SOC estimation. Figure 9
depicts a comparison of the real SOC and the predicted SOC
at the temperature of 30°C for various EV discharge current
profiles. To ensure the ANN's consistency, we run it 20 times
at various temperatures. All estimated SOCs are found to be
very similar to the corresponding real SOCs, indicating that
the proposed ANN can provide reliable SOC estimation for
EVs.
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Fig. 8. Regressions of training, validation and test based
outputs A. the best estimation state for JC08 driving cycle, B.
the worst estimation state for ART 130 driving cycle.

specifications across various EV discharge current
profiles. The JCO8 profile yielded the smallest estimation
error, while the ART 130 profile resulted in the largest.
Benchmarking against existing methods demonstrates the
proposed algorithm's effectiveness. Compared to the
method in [14],
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TABLE 3 SOC ESTIMATION ERROR SPECIFICATIONS IN DIFFERENT CURRENT DECHARGE PROFILES OF EVS
APPLICATIONS
MSE NRMSE ARPE RMSE MAE
Driving
This This This This Improvement This Improvement
cycle Others Others
Work Work Work Work (%) Work (%)
WLTC 102e-06 0.0300 0.4393 0.0101 0.012 [14] 19.80 0.00735 0.0085[14] 15.65
ART 130 187e-06 0.0970 0.6131 0.0137 0.00854
ART
6.2e-06 0.0583 0.1060  0.0025 0.002 [19] -4 0.00178 0.0037[15] 107.87
Urban
Art Rural 3.1e-06 0.0485 0.0737  0.0018 0.00120
WVUSUB 4.1e-06 0.0579 0.0897  0.0020 0.00147 0.0086[16] 485.03
JCo08 14e-06 0.0357 0.1710  0.0038 0.00279
JP1015 2.4e-06 0.0462 0.0613 0.0016 0.0064[17] 300.00 0.00106 0.006 [17] 475.47
NEDC 17e-06 0.0324 0.1679  0.0042 0.00280 0.003 [18] 35.71
Test Data Test Data proposed method achieves a 19.8% reduction in RMSE and
100 Eomasoc| 1 100 Eetm Soc a 15.65% improvement in MAE for the WLTC profile.
~ 8 5 8 While the method in [19] exhibits slightly lower RMSE
; 60 § 60 for the ART Urban case, the proposed method significantly
“ 40 “ 40 improves MAE by 107.87% compared to [15]. Furthermore,
20 20 the  proposed method demonstrates  substantial
o 1500 3000 450 A fse0  ° o 750 1500 2250 3000 improvements in MAE for other profiles: a 35.71%
A Sample: B. Samples improvement for NEDC and a fivefold reduction for
Test Data Test Data ]
— — WVUSUB and JP1015 compared to those reported in [16] to
ctual ctua
100 Estimated SOC 100 Estimated SOC [1 8]’ respectively.
g Zz S 50 It is worth mentioning that current ANN approach does
60 . . . . . . .
§ " g “ not require the classification unit. It is another fascinating
w
20 " contribution of this work in comparison to other works like
in [9]. The overall error of all tests for Art Rural current
N e T p. " samples discharge profile is plotted in figure.10, as a typical example.
Test Data
Test Data
100 100 Actual SOC MSE = 3.1683e-06, RMSE = 0.00178, ARPE = 0.073657 %,
" Eutkmatod 50C Estimated SOC NRMSE = 0.048508, MAE = 0.0012009,
~ 80 0.02 ‘ : : : : : .
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Fig. 9. Actual and estimated SOC% in different current
discharge profiles, A. WLTC, B. Art 130, C. Art Urban, D. Art
Rural, E. WVUSUB, F.JC08, G.JP1015, H. NEDC

Table III provides a quantitative analysis of the proposed
method's robustness, presenting SOC estimation error the

the State-of-Charge (SOC) of supercapacitors in electric
vehicles (EVs). The key innovation lies in treating the SOC
as the ANN's output and incorporating the distribution of
discharged capacity as one of'its inputs. This allows the ANN
to capture the impact of varying discharge current profiles on
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the SC's residual capacity, leading to more accurate
estimations tailored to different EV driving cycles.

Performance is evaluated using various error metrics
(MSE, RMSE, NRMSE, ARPE, MAE) on different testing
datasets. The consistently low values close to zero
demonstrate the proposed three-layer ANN's capability of
providing reliable SOC estimation.

Furthermore, a wavelet transform model is introduced to
decompose the voltage profile into its frequency
components. This information is then fused with the NN
model to create a comprehensive Wavelet Neural Network
(WNN) model. This combined approach significantly
improves the accuracy of SOC estimation compared to the
NN alone.

The WNN model demonstrates high reliability under
diverse driving cycle conditions, supported by detailed error
statistics. While previous work presented in [9], highlighted
the lack of a classification unit for various discharge profiles,
this NN approach effectively addresses this challenge. It
accurately estimates the SOC of a SC module, finding
potential applications in various EV scenarios.

Future work could explore extending the ANN to account
for multiple SC modules and ageing effects. Despite
limitations in certain hybrid EVs regarding grid-based
charging and unknown fully charged states, the proposed
ANN method remains applicable in such situations.
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In the field of mobile robot navigation, challenges such as nonlinear conditions,
uncertainties, and the advancement of methods have made accurate position estimation
essential. This study evaluates the effectiveness of a fuzzy-based adaptive unscented
Kalman filter (FAUKF) for improving the state estimation accuracy for mobile robot
localization. The proposed approach leverages the FAUKF algorithm to address noise
uncertainty effectively by adaptively adjusting the covariance of the measurement noise
based on a defined adaptation law. The Mamdani Fuzzy Inference System (FIS) serves
as an observer, enhancing the matching law and improving overall system performance.
The findings of this study demonstrate that the FAUKF algorithm provides superior
position estimation accuracy compared to conventional Unscented Kalman Filter (UKF)
methods. Furthermore, the research introduces an innovative navigation framework for
mobile robots by integrating the Random Tree Routing algorithm with Rapidly exploring
Random Tree Star (RRT*) for optimal path planning in indoor environments. The RRT*
integration aims to generate efficient and optimal paths while addressing safety
considerations and environmental constraints. By combining the prediction and update
phases of the Kalman filter, the proposed methodology effectively minimizes the
propagation of uncertainty during the localization process, thereby enabling precise
localization and robust path planning for designated targets. The simulation results
confirmed the effectiveness of this method in maintaining constant uncertainty levels in
localization over time. The proposed adaptive method enables efficient navigation in
complex environments. Path planning is a critical element in robotics applications, and
the RRT*-based approach presented herein offers a comprehensive solution for
generating optimal and efficient paths. By providing an up-to-date perspective, this
research contributes to the evolving landscape of mobile robot localization methods. The
proposed method highlights the importance of utilizing adaptive algorithms and
advanced path-planning techniques to enhance navigation capabilities in indoor
environments.

NOMENCLATURE Qx  Covariance matrix of procedure noise at moment k.

v Forward speed of the robot. Ry Covariance matrix of measurement noise at moment k.
w  The robot's turning speed. Zx ~ Measurements of sigma points at time k.

0  Orientation changes of the robot. Z,  Weighted average of forecast measurements at time k.
L The distance between the wheels. Pz.z  Predicted measurement covariance at time k.

R Radius of the robot wheel. Px,.z. Covariance between measurement and state at time k.
X. Estimation of state at moment k. Cr  Theoretical covariance.

we  control input. Cx  True residual covariance.

Vi The measurement noise matrix at moment k.

I. Introduction

With technological improvements in the present era, the

importance of mobile

robots

applications has increased. The discussion on mobile robot
localization has undergone significant progress, but there are
still challenges in developing efficient and reliable

localization strategies for robots operating in indoor

in various operational
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environments. Existing methods are often associated with
complex and dynamic environments, leading to
inappropriate and  suboptimal  performances. The
categorization of mobile robots is based on both operational
specifications and the specific environmental conditions in
which they function. In the current technology landscape,
mobile robots play an important role in various operational
scenarios. Mobile robots face complex localization
challenges. Understanding and optimizing the localization
patterns of these robots are essential for their effective
navigation and performance. In [l], regarding the
localization of mobile robots, localization problems were
analyzed and showed that position tracking accounted for
55% of the challenges, followed by global localization with
26%, and the issue of retrieving a kidnapped robot with 19%.
These are among the significant challenges in the field of
mobile-robot localization. Accurate position tracking is the
biggest challenge for autonomous robots owing to the
complexity and variability of localization across different
environments. In [2], mobile robots can be classified based
on their movement systems, including fixed (e.g., robotic
arms), ground-based, aerial, and underwater configurations.
The choice of robot design is significantly influenced by the
operational environment and application requirements.
Mobile robots have important applications in industrial,
medical, and therapeutic fields, social services, agricultural
work, space research, and exploration. A moving robot
requires accurate localization and high navigation accuracy
to achieve control goals. Localization is a serious problem
for mobile robots. For optimal navigation, the robot
progresses through several key stages, including perception,
localization, recognition, and motion control. During the
perception phase, the robot analyzes sensor data to derive
valuable insights. In the localization stage, the robot
determines its present position within an operational setting
by using external sensor data. Subsequently, in the
recognition phase, the robot strategizes the actions necessary
to achieve its objectives. The motion control step enables the
robot to navigate its intended path by adjusting its motor
function. Over the past decade, localization has emerged as
a focal point in extensive research [3]. The odometry
calculation algorithm is a common localization method used
in the navigation processes of mobile robots [4-5]. Selecting
a filtering method is crucial for acquiring precise
assessments of the target states. Robot position estimation
involves determining the current and future status of the
robot by analyzing data from a moment ago and previous
data [7]. In robot localization applications, states usually
represent parameters such as position, velocity, and
acceleration of the robot. Measurements or observations may
include variables such as sensor beam angle, robot distance
to obstacles, wheel odometer information, and other relevant
parameters based on application-specific needs. UKF is a
widely used filtering method for nonlinear systems

characterized by higher-order nonlinear systems and
complex models. Experimental evidence shows that the UKF
provides a higher estimation accuracy than the EKF. In [30],
a novel adhesion estimation method for rail systems is
presented, combining an extended Kalman filter (EKF) and
particle swarm optimization (PSO). This method addresses
challenges in adhesion estimation and demonstrates that AI
and machine learning techniques improve accuracy,
potentially benefiting the rail transport industry.

In the UKF framework, it is assumed that the covariances
of the process noise and measurement noise remain constant
during the estimation process. In reality, the majority of
nonlinear systems encounter uncertainties that are dynamic
and unpredictable in their nature. To achieve a higher
estimation accuracy with the UKF algorithm, adjusting or
adapting the noise covariances during the estimation process
is essential [8]. Various methods for matching noise
covariances can be found in the literature. In [9], a
Differential Drive Mobile Robot (DDMR) was proposed that
uses fuzzy logic for obstacle avoidance. The robot processes
the ultrasonic sensor inputs to control its motor speed,
enabling effective navigation in a low-cost design. The
primary trait of the FLC is its capability to regulate a
nonlinear dynamic system by establishing a mapping
between the input and output parameters, based on the
designer or expert input, without relying on mathematical
implementations [10]. Several studies have been conducted
on the capabilities of the adaptive approach based on fuzzy
innovation with the UKF for nonlinear systems. In [11], the
use of an unscented Kalman filter for vehicle state estimation
is investigated, along with an exploration of adaptive fading.
In [12], a study is presented on Doppler-bearing passive
target tracking (DBT) with nonlinear measurement
equations, which pose notable challenges to tracking
accuracy. This research focuses on improving the efficiency
of sigma-point Kalman filtering by developing a transformed
unscented simplex cubature Kalman filter designed to
minimize dependency on prior statistical knowledge. The
filter is initialized via a range-parameterized Unscented
Kalman Filter, and its effectiveness is verified through
Monte Carlo simulations, with tracking accuracy assessed
against the Cramér-Rao lower bound (CRLB).

A comparative study of the Adaptive Fuzzy Extended
Kalman Filter (AFEKF) and FAUKEF for state estimation in
unmanned aerial vehicles (UAVs), based on real flight data
from a fixed-wing aircraft is presented in [13]. This analysis
illustrates the superior performance of FAUKF in enhancing
the estimation accuracy and reducing maneuvering errors in
fixed-wing UAV operations, marking a notable improvement
over the AFEKF method. Additionally, the combination of
the adaptive fuzzy unscented Kalman filter with an adaptive
fuzzy neural extension has shown promising potential for
advancing the effectiveness of state estimation algorithms in
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UAV applications, with particular relevance for motion
planning algorithms.

Reference [14] highlighted the application of the RRT
path-planning algorithm in managing robotic baggage
trolleys within airport environments and demonstrated its
efficacy in mitigating collision risks with both static and
dynamic obstacles. A notable innovation of this approach lies
in its deviation from traditional methods, which rely
exclusively on rooted trees for state-space exploration.
Instead, it employs a structure that traverses multiple
subtrees, thereby offering greater adaptability. Each subtree
independently evaluates its surroundings, while the main
rooted tree consolidates this information to accelerate
progress towards the target state. Comprehensive
evaluations, including simulations and real-world scenarios,
indicate that the RRT algorithm outperforms one-way and
two-way risk-based algorithms in terms of scheduling
efficiency and resilience.

Reference [15] introduced an algorithm designed to
overcome the challenges of sampling efficiency and
convergence rates encountered by RRT* variants in
environments characterized by extended corridors. By
integrating heuristic sampling into path expansion, the
algorithm enables RRT* to explore the environment swiftly
and iteratively optimize the sampling region to identify the
most efficient path between the start and goal points.
Comparative simulation results indicate that RRT* offers
improved node utilization, faster convergence, and produces
higher-quality paths than the traditional RRT algorithm
within an equivalent number of iterations.

In summary, RRT* is a valuable algorithm for addressing
path-planning challenges in complex environments. This
study advances the field of autonomous navigation for
mobile robots in indoor settings by introducing an innovative
combination of a fuzzy-based adaptive unscented Kalman
filter and random tree routing algorithm. The primary
objective is to develop a robust and adaptive navigation
system capable of efficiently operating in intricate and
dynamic indoor spaces. This study aims to establish an
optimal automatic localization strategy for mobile robots in
indoor environments, demonstrating the effectiveness of the
proposed approach in achieving precise navigation and
localization. By integrating the adaptive unscented Kalman
filter with fuzzy logic and random tree routing, this study
provides valuable insights into mobile robot localization,
offering practical implications for various indoor
applications.

The structure of this paper is organized as follows: Section
2 provides a comprehensive overview of the robot
localization problem, along with relevant equations. Section
3 delves into the localization analysis, detailing the
application of the fuzzy adaptive unscented Kalman filter
and RRT* path-planning algorithm, along with their
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associated equations. Finally, Section 4 presents the
simulation results and a detailed evaluation.

II. Methodology

A.  The problem of localization

The localization of mobile robots in indoor environments
poses a complex challenge owing to the presence of
obstacles, uncertainty of sensors, and need for real-time
localization. Traditional localization strategies often have
problems in dynamic environments and may not be able to
realize optimal solutions in complex scenarios. A mobile
robot tracks its position using an odometer while moving in
a known environment. Nonetheless, owing to the
inaccuracies in odometer readings, the robot's current
position becomes uncertain during the localization process.
Therefore, it is necessary to localize the robot based on the
measurement noise. Using an adaptive approach ensures that
the uncertainty in localization does not increase. External
sensors such as lasers, vision, and lidar are employed to
detect the operating environment and facilitate the
localization of the robot. The information from the sensors
can be combined with the odometer information of the
robot's wheels to localize the robot accurately. Even with a
global positioning sensor (GPS), the exact position of a robot
cannot be measured directly [1]. Data from the robot's
sensors can only be extracted to provide information about
the best estimate of the robot's position. Beliefs related to
robot configurations are usually represented as probability
density functions (PDF) [1]. During the prediction update,
the robot used external sensors to estimate its position.
However, owing to the odometry error, the uncertainty of the
robot configuration is greatly increased, and adaptive
approaches need to be applied. The kinematics of a robotic
system is intricately related to the configuration and
characteristics of its wheels. Kinematics play an important
role in determining the movement capabilities of robots. A
common and basic configuration is the differential-drive
system, which has two wheels of the same size.

The differential drive system manages both forward speed
and steering angle. The kinematic model of the robot is
shown in Fig.1, which allows precise calculation of the
robot's position with a comprehensive understanding of its
structure. Estimating the position of a mobile robot poses a
challenge because sensor measurements are not directly
available. Factors such as motion inaccuracy and wheel slip
require an accurate robot model that limits uncertainties. The
geometric characteristics of each wheel not only affect the
motion of the robot but also impose limitations. For example,
lateral slip in the wheels can lead to deflection and
uncertainty in localization. By understanding and combining
these kinematic principles, robotic systems can increase their
localization accuracy and operational efficiency. Fig.2 shows
the position of a robot according to the global coordinate
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system. The vector represents the position of the robot at
time step and is expressed as follows:

Xk
Yk 1
/| o

Xk:

Fig.1. Kinematic model of moving robot.

p 2
Vel — — — (r)/ﬁ

Xk x
Fig.2. Position of the robot represented by coordinates

(xk, ¥x,0%) in 2D cartesian space. The robot’s orientation is
represented by 6.

The position vector X, consists of the x;, and y,
coordinates, which represent the robot's position in the plane,
along with 6;, the orientation of the robot, indicating its
direction. Fig.1 shows the kinematic model of the moving
robot. The movement of the robot is characterized by two
key parameters: the forward speed v and the rotational speed
w, which describe the robot's linear velocity and angular
velocity, respectively. The wheel radius of the robot is
represented by R, and the distance between the wheels is
denoted by L. The parameter 6 indicates the angular change
in the robot's direction.

The robot workspace defines the range of possible
positions that the robot can achieve. The wheel radius of the
robot and the distance between the wheels are indicated by
R and L, respectively, and 6 represents the amount of angle
changes. Referring to Fig.3, the distance traveled by the left
wheel Ag, and the right wheel A, along with the total

distance traveled by the robot which is indicated by As. The
angle a represents the orientation of the rod connecting the

wheels relative to the horizontal axis. The equations related
to the calculation of Ag_and A, as well as As are as follows:

A= Ra )
A= (R+L)a ®)
AS — ASr -2|_ Asl (4)

According to Fig.3, the distance traveled by the left wheel
and the right wheel can be calculated. In the next step, the
new angle of the robot is calculated as follows:

-4y ©®)

A
g =—r
L

Fig.3. A simple rotation example that shows the basic
parameters of the robot's kinematics.

Since the method of calculating the angle and distance
traveled by the robot wheels is already available, it is
possible to calculate the position of the robot. According to
Fig.4, itis possible to obtain the relevant equations.

The current position of a moving robot can be estimated
from its initial position information by calculating the
coordinate changes over time (Ax, Ay, Af) and finally the
odometry distance can be calculated as follows:

A6 6
Ax=Ascos(9+7) ©)

Ay = As sin (8 + %) %

The actual state is a function that depends on the previous
state. In Equation (8), Xj represents the robot's current
position, while X, _; denotes its position at the preceding
time step k — 1. Based on (8), the robot's current position
can be determined using its previous position. It is important
to highlight that the system under consideration operates in
a discrete framework.

AO
As cos (6 + 7)

A6
As sin (0 + 7)
A6

Ax

Ay
A6

X = X1 + = Xy-1 + ®
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Fig.4. Kinematic parameters with which the distance
traveled in the detour path is calculated.

Odometers serve as sensors designed to monitor wheel
rotations over time. Typically, these devices acquire data
from wheel encoders, recording the total revolutions of each
wheel. Errors in odometer readings can be categorized into
systematic (certain) and unsystematic (uncertain) types.
Systematic errors arise from intrinsic flaws in the physical
structure of the odometer system and can be mitigated
through precise calibration. Conversely, unsystematic errors
persist even after calibration. Significant discrepancies in
calculating travel distance errors directly impact the angular
orientation accuracy of the robot. Over time, the cumulative
effects of directional and orientation deviations surpass
navigation measurement errors, playing a more substantial
role in localization inaccuracies due to their non-linear
contributions.

For this purpose, measurement noise should be
minimized. The basic equation for updating the odometric
position for the mobile robot is according to (8). Assume that
the position of the moving robot at time k — 1 is as follows:

Xie—1

Xy—q = | V-1 9)
Or—1

At moment k, the robot moves to the new position X,.

Using (10), the new position X}, at time k can be predicted

from the previous position X, _;:
A, + A 5 — A

A
] S1
0_ )
cos( k-1 T oL

Xk-1
- Ag +A A, — A
R = FKiep ) = |V | +| 21 20 S'-(e o S’)
k f(kl k) [9 > sin|0Oy_1 + oL (10)
k-1
Ay — A,
L

In equation (10), u, is a variable representing a control
input. Also, y,_, and x,_,are the position of the robot at
time k — 1 and 6,,_, is the direction of the robot at time k —
1. The control input u;, is according to (11):

0, = [isl] (11)
Sr
B. Localization using fuzzy adaptive unscented
Kalman filter and RRT* algorithm

In the standard implementation of the unscented Kalman
filter (UKF), the noise covariance matrices are typically
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assumed to remain constant throughout the estimation
process. However, achieving optimal performance of the
UKEF algorithm requires an accurate specification of the
process and measurement noise covariance matrices. While
existing research highlights the effectiveness of the standard
UKF under Gaussian noise distributions and well-defined
initial conditions, its performance significantly declines in
the presence of non-Gaussian noise or uncertain conditions.
In practical applications involving nonlinear dynamic
systems, noise is often characterized by uncertainties and
time-varying disturbances. Consequently, the real-time
adjustment of noise covariances becomes crucial for
enhancing UKF performance. An adaptive strategy that
dynamically updates the noise covariances online offers a
robust solution to these challenges, improving estimation
accuracy and overall algorithm efficiency.

The techniques used for covariance adjustment can be
classified into two main frameworks [16]. The first
framework includes methods based on mathematical
principles such as Bayesian inference, covariance matching,
initial correlation techniques, and maximum likelihood
estimation. On the other hand, the second framework
includes techniques based on global optimization strategies.
At present, Al-based approaches are increasingly popular in
the optimization of these processes in various fields, and
fuzzy logic stands out as an important component in the field
of artificial intelligence. The dynamics of the robot and its
measurement equation are presented according to Equations
(12) and (13), respectively:

X = [ Kpem1, Upe—1) + Wy (12)
Zy = HXy) + Vi (13)
where z, is the measurement output vector, u,_4 is the input
vector and X, is the state vector. The index k represents the
time step. The process noise is represented by Wi,
characterized by its mean value and covariance matrix Q.
The function H represents the nonlinear measurement model
of the system. The measurement noise is denoted as V,
which has a mean of zero and a covariance matrix R,. For a
lidar sensor, the measurement vector consists of two
parameters: r, which is the distance from the robot to the
lidar, and a, which is the angle between the robot and the
lidar. The lidar sensor reading is accompanied by
measurement noise v, Wwith covariance Rj. Sensor

observations are denoted by Z:

Ze=|o] (14)

The nonlinear functions of the system and measurement
are according to (15) and (16), respectively:
Xp—1 + As cos(AB) (15)
f(Bk—1,uk—1) = | Yeo1 + As sin(A6)
O,_, + A6
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2 2 (16)
B (Ans) = | |G+ (=)
atanZ(Si,x = xSy — y) -0
In relation (16), S; is a vector containing the coordinates
of the turning points and their special identifiers, which are
defined in advance:
Xi 17
Si = [yi] o
A key limitation of the odometry method is the
accumulation of errors and the reliance on an oversimplified
motion model. Odometry estimates the distance traveled by
measuring wheel rotations; however, errors inevitably
accumulate over time, leading to inaccuracies in the robot's
position and orientation estimates. Furthermore, odometry
assumes an idealized motion model in which the robot
moves either in a straight line or rotates with perfect
precision. In practice, nonlinear environmental factors and
irregularities in motion introduce deviations from this
idealized model, exacerbating errors in odometry-based
calculations. For this reason, a sensor fusion approach should
be used regarding this problem. The unscented Kalman filter
or UKF is a derivative of the EKF. The UKF employs a
deterministic sampling approach to represent the state
distribution using a minimal set of carefully chosen sample
points, known as sigma points. These sigma points are
selected with high precision to capture the mean and
covariance of the state distribution effectively. Similar to
EKF, the UKF operates through two fundamental steps:
model prediction and data integration [17]. Unlike the EKF,
the UKF does not require the computation of the Jacobian
matrix, making it particularly advantageous for systems with
highly nonlinear dynamics [18]. The UKF is selecting a
certain amount of points from previous milestones [19]. The
robot motion mode model is presented according to the
equations (12) and (13). The nonlinear functions of the
system and measurement are according to (15) and (16),
respectively. By receiving the error covariance matrix of the
previous moment P,_,, the state vector X,_; and sigma
points are formed as follows:
Xik-1= X1 i=0

Xiker = Xpor + (a,/nPk_l)i i=1,..,n (18)
Xike1 = Kpor — (a,/nPk_l)i i=L+1,..2n

where a is a scalar and positive and determines the
expansion of sigma points around X;,_;. The i column of the
square root of the matrix P is represented by(v/P)i. The new
sigma points work through the unscented conversion
principle and the transfer function f of the previous sigma
points:

Xipe = f(Xigem1) Ui-1) (19)

The predicted mean according is as follows:

. 2n (20)
Xe=) Wi Xk
i=

and the covariance of the estimation error according to (21):
2n N o \T (21)
b= Z oWi (X — X)) (Ko — X)) + Qi
=

where in (21), X, is the predicted value of a state
parameter, P, is the mean squared error of X, and w; is the
weight of sigma points, also X;  is the updated sampling
point. The equations related to the calculation of weights are
shown in (22):

1 ! i =0
Wi: ——2 L=
a
22
. | (22

2na?

Wi

The formulation for sigma measurements is expressed in
Equation (23):

Zk = H(Xi,k' uk) (23)
The weighted average of the predicted measurements is as
follows (24):

— 2n (24)

Zy = Wi Zy

i=0
UKF gain is calculated according to the following relations:

2n _ _ (25)
PZka =Z OWL' (Zk_Zk)(Zk_Zk) +Rk

i=

2n N _ (26)
Prs = ) wi (X~ 2%~ Z)

i=
Kk = PXkaPZka_1 (27)

UKF has updated the measurement as follows in the update
phase:

Xe =X + K (2 - Z)) (28)

Py = Py — KiPy, 7, Ki" (29)
where Py, 7, is the covariance parameter of the predicted
measurement, Py, 7, is the covariance parameter between
the measurement and the state, K, is the Kalman gain, Py is
the covariance parameter and X, is the state evaluation [20].

B.1. RRT* path planning algorithm

The Rapidly-exploring Random Tree Star (RRT*)
algorithm is a sampling-based path planning approach
designed to identify efficient and feasible paths for robotic
systems navigating complex environments [21]. RRT*
incrementally constructs a tree structure, starting from an
initial configuration and progressing towards a target
configuration, effectively exploring the state space to
determine optimal paths [22]. A notable feature of RRT* is
its capability to dynamically refine the tree structure by
reorganizing nodes, thereby enhancing path quality and
ensuring convergence [23]. This adaptive framework makes
RRT* particularly suitable for addressing challenges in high-
dimensional spaces and systems with non-holonomic



271

constraints [24-25].

The configuration of the unknown region is denoted as X,
where X is a set with members X = {x,y, 8}. Here x and y
represent the two-dimensional coordinates, while 6
represents the direction. In addition, X,,s includes all
regions with obstacles, while Xg,., refers to the parts of the
environment that are free of obstacles. The equation (30)
expresses the mathematical connection between these two
sets:

X (30)
Xf‘ree - E

In the following, more important concepts are presented
for consideration. These concepts are: Xi;; and Xxgoql,
which mean the starting point and the goal point,
respectively [25]. The solution of the motion planning
problem is 0:[0,1] = X,.., where ¢(0) = x;;r and
(1) = Xgoa- In RRT*, a tree pattern T = (V, E) is also
constructed, which consists of the set of vertices V < X and
branches E ¢ V x V. The sample randomly samples a state
Xrana € Xrree from the unobstructed space. Distance with
two states x,x’ € X, the function dist(x,x") returns the
cost of connecting path x and x’. The cost used in this article
is in terms of Euclidean distance. Nearest and Near are
defined by a set V < X and state x € X. These two
procedures return the nearest node in the tree and all the
nearest nodes that are centered inside a sphere of volume
¥ ((log n)/m)Y%. About x in terms of distance y is a
constant as described in [25], d is the dimension of X space
and n is the number of vertices. Steer function Steer (x, x")
returns a path ¢: [0,1] - X connecting x and x'. Checking
for a collision with a path ¢:[0,1] —» X, the function
InCollision (o) checks whether the path is in Xg,..., and if
not, returns the first failed state xfail. The cost function
with a vertex x, let C (x) be the cost of the entire unique path
that starts from the root vertex x;,;;, goes along the nodes of
the tree and reaches the state x, while c(o) is the cost
function of the path is ¢:[0,1] —» X. Sorting a list L, an
ordered set of elements of the form (c;,x;,0;), the
L.sort() function sorts all elements of L based on c; in
ascending order. In configuration, RRT* builds the search
tree based on nodes by randomly collecting samples
incrementally, so they are constructed in a way that rapidly
reduces the expected distance of randomly selected nodes in
the tree. As the nodes grow, using x,,,q (random nodes), it
is generated to connect x,,,,, Node and x,,,4 Node [25]. It
is shown in Fig.5 that by repeating this process, the nodes
form a tree together to reach the target state.

The pseudo code of the RRT* algorithm is in the form of
Fig.6. The RRT* algorithm is sampling-based and
decentralized, reducing the process waste of dealing with too
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Xgoal
Search tree T

State space X

Fig.5. RRT* path planning development.

many data sets for the processor. Additionally, during
exploration, RRT* finds an optimal path to avoid obstacles.
This means that the robot can navigate in an unknown area
using obstacle avoidance and routing by generating
probabilistic models of the environment. RRT* is close to
reality considering the robot model, without assuming that
the robot has the ability to move in all directions. Based on
kinematic models, it is known that any number of positions
can be achieved by the robot after a certain period of time,
and accordingly, the number of new positions is created
based on the previous position.

Algorithm 1: The RRT* Algorithm

1.V « Xpuh E < 6T « (V,E);
2:fori=1- Ndo

3: Xyana < Sample(i);

4: Xnear « Near(V, X,qna);

5:if X,pqr = @ then

6: Xpear < Nearst (V, X,qna);

7: end if

8: Xparent < Find Best Parents (Xyeqr, Xrana);
9:if Xpgrent # Null then

10:V « VU {Xygnah E < E U {Xnear Xrana) b
11: E « Rewire(E, Xpear Xrana);

12: end if

13: end for

14:return T = (V,E);

Fig.6. RRT* Pseudo Code.

This creates a large number of possible values over time.
Given any expected X,,nq Position, the nearest X, .-
position can always be found in a large number of values.
Then, a set of corresponding trajectories is obtained by
inverting the status points. The method used here is similar
to the random sampling strategy, and then the best control
input is selected from the sample results. It is also very
simple to deal with obstacle related problems: when X4
is hitting an obstacle, it is directly ignored, and if the path
intersects the obstacle, another X, is directly selected.
This leads to a series of different paths to avoid collisions
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with obstacles. Then, based on this, a route plan is generated
and the results can be drawn and checked.

B.2. matching AUKF with fuzzy system

The proposed methodology involves combining a fuzzy-
based adaptive unscented Kalman filter with a random tree
routing algorithm to enhance the precision and efficiency of
data processing within indoor environments. This integration
leverages the complementary strengths of both techniques,
effectively addressing the challenges associated with
measurement noise and the uncertainties inherent in external
sensing sensors. The core of the proposed approach is a
fuzzy-based adaptive unscented Kalman filter, designed to
estimate the position of a mobile robot in the presence of
uncertainties. By incorporating fuzzy logic, the filter can
effectively handle uncertainties that traditional Kalman
filters may have difficulty dealing with. This approach
enables real-time adjustment of the measurement noise
covariance based on the evolving characteristics of the data,
ensuring robust performance in dynamic scenarios. The
moving robot uses RRT* routing algorithm. This algorithm
uses an optimal structure for dynamic routing in the map and
minimizes delay. Fig.7, which shows the different steps of
the approach, provides an overview of the method.

] )
+ Controller E'—(RRT‘ ) Define Aand 5 ]

AFUKF!
(A - Initialization R_Adapted 1

7]

T
i Update |}

4daptation Rules

Theoretical
Covariance

Residual Hﬂr'rlra) Covariance FLC

Fig.7. Schematic representation of the FAUKF approach.

In Fig.7, the starting and target points are defined as A and
B, respectively. Then, the RRT* algorithm receives these
points and designs an optimal path for robot operation
according to the map environment. The designed path
contains the coordinates transferred to the controller, which
follow these points. The task of the UKF block is to estimate
the position of the robot. The UKF receives point A as the
initialization, and thus the estimation starts online. In the
time-update phase, the covariance is computed theoretically
to predict the state of the system and uncertainty.
Subsequently, in the second phase, known as the
Measurement Update, measurement data are incorporated
into the filter, contributing to the calculation of the residual
value. These values are transferred to the fuzzy block after
mathematical operations as DOM, i.e. deviation angle. The
fuzzy rules, when applied and considering the initial

measurement covariance, facilitate the computation of
adaptive measurement noise. This process provides an
overview of the FAUKF system, with each component
detailed in the subsequent sections. In contrast to this
adaptive approach, the standard Unscented Kalman Filter
typically assumes constant noise covariances across
successive iterations.

The precise definition of measurement and process noise
covariance matrices is critical for the optimal functioning of
the UKF algorithm. However, the algorithm's performance
may degrade when faced with non-Gaussian noise
distributions and uncertainties. In practical applications,
particularly those involving nonlinear dynamical systems,
time-varying uncertainties and disturbances are common.
Consequently, online adaptation of the measurement noise
covariance is essential to enhance the UKF's performance.
Employing an adaptive strategy that dynamically adjusts the
noise covariance parameters can effectively address these
challenges, thereby improving estimation accuracy in
complex and uncertain environments. Strategies for adapting
noise covariance can be categorized into two primary
frameworks. The first framework involves mathematical
approaches, including Bayesian techniques, covariance
matching, principal correlation analysis, and maximum
likelihood estimation. The second framework relies on
optimization methodologies. Recently, artificial intelligence
(Al)-based techniques, particularly those utilizing fuzzy
logic, have gained prominence in process optimization
across various domains. Fuzzy logic, a key component of Al,
has garnered increasing attention in the scientific community
due to its unique ability to handle the uncertainties and
ambiguities inherent in complex systems. Its strength lies in
providing an approximate representation of such systems,
making it a powerful tool for managing dynamic
complexities. Notably, the integration of fuzzy logic with
Kalman filter-based estimation methods has become a
significant area of research, offering promising solutions in
diverse application fields.

The standard unscented Kalman filter algorithm faces
challenges when faced with uncertain or unknown noise
distributions, leading to ambiguity and inaccuracy that can
compromise estimation accuracy. To address this issue,
researchers have turned to fuzzy set theory as a promising
solution. Fuzzy set theory, which is famous for its efficiency
in  managing uncertainties, serves as a powerful
mathematical tool to reduce uncertainty in system modeling
and estimation processes. It is worth noting that the structure
of fuzzy logic reflects the complex functioning of the human
brain, which operates through linguistic variables to guide
complex decision-making scenarios with elegance and
adaptability. The main elements of a fuzzy logic controller
(FLC) include a structured sequence of processes aimed at
effectively managing complex system dynamics. The initial
phase, known as fuzzification, involves converting input and
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output data into precise linguistic terms, laying the
groundwork for subsequent operations. After fuzzification,
two critical components—the database and rule base—come
into play, whose membership functions are -carefully
determined by domain experts or operators. This step is
seamlessly integrated with the inference engine and
collectively forms the FIS. Fuzzy inference, akin to
approximate reasoning, facilitates the evaluation of
linguistic descriptions and finally produces results as
processed parameter values. Subsequently, in the
defuzzification phase, the outputs of the comprehensive
system are transformed into measurable numerical values
through the hub method, ensuring a seamless transition from
linguistic representations to practical, quantitative data for
informed decision-making processes.Regarding advanced
estimation techniques, the integration of fuzzy logic
principles into the FAUKF framework provides a robust
approach to enhancing tracking performance. In this method,
a Mamdani fuzzy inference system dynamically adjusts the
measurement noise covariance, as presented in Equation
(34). At the core of this process is the degree of match
(DOM) parameter, defined as the ratio between the actual
residual covariance C, and the theoretical covariance Cr.
This index serves as a key indicator of deviation or relative
differences between covariances and guides the adjustment
mechanism with accuracy and efficiency.

The FIS acts as a complex decision engine and generates
a scaling parameter that fine-tunes the noise covariance in
the measurement space and optimizes estimation accuracy.

The adaptation law governing the iterative adjustment of
Ry, described in Equation (35), is carefully established
through a methodical trial-and-error approach and employs
fuzzy logic principles to refine estimation tracking
performance. This innovative integration of fuzzy logic and
adaptive strategies represents a paradigm shift in estimation
methodology, demonstrating the transformative potential of
fuzzy-based approaches to optimize noise covariance control
mechanisms and enhance system performance. The
difference between predicted and actual measurements is
determined using Equation (31).

ex =2 — 7y (31)
2n — — \T (32)
Cr = szzk = Z OWi (Zk - Zk)(Zk - Zk)
i=
+ Ry
L1 i . (33)
AT W €rCxk
k-W+1
tr(C 34
pou T (34)
tr(Cr)
ARk = a3 X Rk—l (35)
ARk+1 = Rk + ARk (36)

Here, only Ry is adapted for two reasons: first, it is
assumed that the noise associated with the measurement

Mobile Robot Localization ..../ M. Hajiali, et al

information significantly affects the filter in any form. The
second reason is to reduce the computational load of the
filter. The outline of the proposed algorithm is shown in
Figure 8. This algorithm is executed iteratively until the end
of the simulation time. The proposed FAUKF pseudocode,
illustrating the different steps for better understanding, is
also presented in Fig. 8. Here, kkk represents the number of

Monte Carlo runs, and TTT denotes the total simulation
time.

Algorithm 2 : Pseudede of the Proposed FAUKF

Require: Initialization of x,, Py, Q, R, UKF and system parameters.

Ensure: Demention of f;, hy, Z, and others.
fori=1: Time Vector do
fork=1:Tdo
Find residual by using(31).
Caculate Cr and C4 from (32) and (33).
Find DOM to FIS from (34).
Caculate tuning parameter (a) from FIS.
Update (ARy) as given in (35) (AR, = ARy44).
Stored states and other required parameters.
end for
Stored parameters for each Monte Carlo run.
end for

Fig.8. Algorithm.2. FAUKF a Pseudo Code.
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Fig.9. Membership functions: (a) input membership
function (b) output membership function.

Five sets of triangular membership functions are
considered for input (DOM) and output () parameters.
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Membership functions for input and output parameters are
shown in Fig.9 MS (small medium), ZE (zero), MB (large
medium), B (large) and IL (large increase), | (increase), M
(maintain), R (decrease), RL (large decrease) respectively .
To avoid the computational complexity of the problem, a
fuzzification strategy based on the conventional method is
used. Fuzzy rules (IF-THEN) for input and output
parameters are as follows:

1) If DOM was in part S, then a is equal to RL.

2) If DOM was in the MS part, then « is equal to R.

3) If DOM was in part ZE, then « is equal to M.

4) If DOM was in the MB part, then « is equal to I.

5) If DOM was in part B, then « is equal to IL.

A fuzzification method is needed to convert the fuzzy
output into a crisp value. Here the center of area or center of
gravity method is implemented for this purpose. It is very
common and widely used. Mathematically, it is expressed as
follows:

_ 2je1 Xjla,j (37)
Z}n=1 .“a,j

where a;th clear value, m is the number of rules and i, ;.
J represents the membership function of j according to the
defined fuzzy rule. Furthermore, for a more detailed
theoretical background and mathematical formulation of
fuzzy logic, the interested reader can refer to the following
references: [26-29].

II1. Test Results

A. Evaluation of Performance

The robot moves within the map environment, recording
measurement data from its internal wheel movement sensors
and collecting measurements related to environmental signs
and obstacles using its external sensors. The corresponding
simulation environment is implemented in MATLAB. To
address the navigation accuracy problem, the FAUKF-based
localization method and RRT*-based route planning method
are introduced. The robot simulation environment is
designed to resemble a hypothetical closed environment.
Fig.10 shows the actual path of the robot and the map of the
environment, with the robot's path marked in red. The robot's
path is designed using the random tree algorithm with fast
exploration. Localization is performed by identifying
landmarks from the measured data and matching them with
the landmarks on the map. The difference between the
positions of the estimated and measured landmarks is used
to calculate the robot's position and state. The robot is
equipped with a lidar sensor, which is installed at the front
and measures the distance and angle to the observed target.
The speed of the robot is 1 m/s and the maximum steering
angle is 1.59 degrees. The distance between the wheels is
0.05 and the maximum range of the laser range finder is 0.5
meters and its field of view is 90 degrees. The control
frequency is 50 Hz and the standard deviation of the noise of

direct speed and angular speed are as follows ¢_v and ¢_vy
respectively:

o, = 0.01m/s ,g, = 0.017° (38)

y =[0.1 0.001 0.001 0.001 ] (39)

The sampling frequency of the sensors is 5Hz and the

standard deviation of the measurement noise in distance and
direction is as (39):

o, =0.5m/s ,a9 = 0.05 (40)
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Fig.10. path designed by RRT* algorithm and environment
map.
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Fig.11. Real path and robot position estimation by odometry.
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Fig.12. Real path and robot position estimation by FAUKF.

Fig.11 and Fig.12 show the results of positioning based on
odometry and FAUKF. The signs on the map are marked
with the symbol m. In Fig.11, the black line corresponds to
the localization of the robot by odometry. In Fig.12, the
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turquoise color corresponds to FAUKF estimation. It is clear
that the performance results of FAUKF method are better
than odometry. In other words, in positioning with the
proposed algorithm, the estimated path of the robot is as
close as possible to the real path. The robot has successfully
localized from the starting point to the target point and
according to the route planning designed by the RRT*
algorithm, it has reached the target point. In the combination
of FAUKF and RRT* algorithm, it is clear that the path
generated by the simulation of the proposed algorithm is
optimal. Fig.12 shows the localization accuracy of FAUKF.
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Fig.13. The accuracy of FAUKEF related to the estimation of
the real position of the moving robot.

In Fig.13, the localization error and the generated angle
error are very small and the error is not additive. As a result,
the proposed approach has increased the localization
accuracy significantly compared to odometry. Fig.14 to
Fig.16 show the localization error in the X and Y axes, as well
as the orientation of the front angle of the robot relative to
the path angle.
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Fig.14. Accuracy of FAUKF compared to odomety in X axis.

In Fig.14, the localization error of FAUKF is compared
with odometry in the X axis. The odometry only worked
according to the real position of the robot in the initial
moments, and the accumulation of noises caused the
unsuccessful performance of the odometry. This is because
the noise of the sensors and related noises are not considered.
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It is angular velocity and forward velocity. And as for
localization with FAUKF, because the characteristics of
noises are taken into account and the information of internal
and external sensors are combined, this has made the robot
no longer face the problem of accumulating errors. In Fig.15,
FAUKEF localization error and odometry are compared in Y
axis. Localization errors, such as system error and sensor
error, which are created using the odometry algorithm, are
continuously accumulating. Therefore, the accuracy of
odometry localization results is poor.
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Fig.15. Accuracy of FAUKF compared to Y-axis odometry.
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Fig.16. Accuracy of FAUKF compared to odometry related to
the differential angle of the robot in orientation.

In Fig.16, the orientation of the front angle of the robot
has followed the path angle almost correctly. The root mean
square error (RMSE) is a measure commonly used to
measure the difference between predicted values and actual
values in regression analysis. RMSE shows the average
deviation or error between the predicted and actual values of
a model's predictions. By taking the root mean square of the
errors between the predicted values and the actual values, it
is calculated. A lower RMSE value indicates a better fit of
the model. According to the explanation, the simulation
results are given in Table (1).

A disadvantage of the proposed method is its longer
processing time due to its complexity, whereas the other
methods demonstrate shorter processing times because of
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their simplicity. However, this trade-off is outweighed by the
superior performance and accuracy of the proposed method,

results, it can be said that the FAUKF approach has
performed promisingly and has made a significant

improvement over the conventional UKF. This shows that
combining fuzzy logic with UKF has been able to increase
the accuracy of the system. The Table 1 shows that the

TABLE 1:PERFORMANCE COMPARISON OF
LOCALIZATION TECHNIQUES.

FAUKEF approach has the longest run time of 6.5 seconds.

Average error in different directions and RMSE ) ) )
This delay in the FAUKF approach's run time could be a

Technique X Y z RMSE I)Trl(:;:z:gc';g significant weakness, as it may not be suitable for time-
FAUKF+RRT* 0.001 001 0012  0.046 6.5 sec sensitive robotic localization and navigation tasks.
UKF +RRT* 0002 0019 0020 0.047 1.49 sec . Robot Visualization
EKF +RRT*  0.027 0.025 0.095  0.055 1.23 sec
Odometry 0037 006 0032  0.077 1.36 sec )s
which is essential for achieving reliable results in our 2f

application. Table 2 shows the advantages and disadvantages
of the proposed method compared to other methods. Fig.17
to Fig.20 show the navigation simulation results. In order to .l
make the simulation results more objective, the navigation
simulation of the mobile robot is carried out in four different 05
groups of selected paths. The mobile robot moves from the
starting point to the target point. The red paths show the
results of the RRT* algorithm. The black lines are results
based on odometric calculations. The cyan paths are the
position estimation by FAUKF algorithm and the green dots
are the map markers.
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Fig.17. The first path estimated by the FAUKF.
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TABLE 2: COMPARISON OF THE PROPOSED METHOD

COMPARE WITH OTHERS METHOD 2
Method Advantage Disadvantage % 15
Proposed High accuracy Longer processing time >

Method Robust performance 1
Other Method Faster processing Low accuracy
time 03
Simplicity Limited robustness

X [meters]

The FAUKF approach shows the lowest value of RMSE Fig.18. The second path estimated by the FAUKF.

(root mean square error) compared to other methods. UKF
also performs well, with a root mean square error of 0.047,
which is slightly higher than the FAUKF approach. Also,
EKF has a root mean square error of 0.055, which is higher
than FAUKF and UKF approaches. And finally, the
odometric approach that relies solely on the robot's internal 2
sensors has the highest error squared, i.e. 0.077, which
indicates a greater deviation from the actual path compared
to other methods. Table 1 shows that the FAUKF approach,
when integrated with the RRT* route planning method,
provides the most accurate route estimation among the 05
techniques evaluated. The low RMSE values for the FAUKF

and UKF approaches indicate that these methods can better 0 PR — 5 2 25 3
handle the time-varying noise characteristics of the system X [meters]

compared to the oedometric and EKF methods. The RMSE Fig.19. The third path estimated by the FAUKF.
difference between the FAUKF and UKF approaches,

although small (0.001), shows that the FAUKF approach has

been able to perform better. Therefore, according to these

Robot Visualization

25

Y [meters]
&




277

Robot Visualization

25

Y [meters]
o

05

0 0.5 1 15 2 25 3
X [meters]

Fig.20. The Fourth path estimated by FAUKF.

The findings clearly demonstrate the effectiveness of the
RRT* routing algorithm in constructing optimal paths. The
results indicate that the algorithm not only ensures route
optimization but also prioritizes safety requirements and
adheres to the constraints defined by the operational
environment. Simulations presented in the conclusion
section further affirm that the RRT* algorithm successfully
designs safe and efficient paths, transmitting the path
information as control inputs to the robot. Additionally, it is
evident that the FAUKF provides accurate estimations of the
robot's actual position across various trajectories, even when
odometry data deviates significantly from the true position.
This highlights the high precision and adaptability of the
mobile robot, showcasing the method's overall efficiency
and stability. These results suggest the potential for broader
application of this approach in dynamic and uncertain
environments.

B. Evaluation of Stability
The stability of FAUKF is achieved through the adaptive
tuning of the measurement noise covariance, which is
controlled by a fuzzy logic system. This tuning mechanism
helps the filter remain stable by responding dynamically to
variations in measurement noise, particularly in nonlinear or
fluctuating environments. Additionally, the Unscented
Kalman Filter framework itself contributes to stability by
accurately propagating sigma points through nonlinear
functions without requiring linearization, which reduces
approximation errors and enhances convergence stability.

In terms of robustness, the FAUKF demonstrates
resilience against modeling inaccuracies and unexpected
disturbances. The adaptive fuzzy component plays a critical
role in adjusting the filter to real-time conditions by refining
noise covariance values, which helps maintain accurate state
estimation even when system dynamics deviate from
expected models. This approach ensures that FAUKF can
handle diverse operational conditions and provides
consistent performance across a variety of nonlinear and
unpredictable scenarios.

Checking the stability of a filter through consistency
analysis is crucial for evaluating its performance,
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particularly in terms of reliable and accurate state estimation.
To assess the filter's consistency, the estimated values are
compared with the probability density function (PDF) of an
ideal filter. Consistency is verified by the normalized
estimation error squared (NEES):

NEES = (x—R)" P (x=X)

A

where x is the ground truth, X is the estimated mean, and P
is the estimated covariance. Consistency is further evaluated
by performing multiple Monte Carlo runs and calculating the
average NEES (ANEES). Given N runs, the ANEES is
computed as:

N
ANEES = %Z NEES
i=1

3.5
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Fig.21. Consistency of Proposed Method.

The NEES value indicates whether the estimated
covariance P accurately reflects the error in state estimates.
For a stable and consistent filter, NEES values should be
statistically bounded within certain confidence limits based
on the degrees of freedom in the state vector. If NEES
consistently falls outside these bounds, it may indicate that
the filter's assumptions or adjustments are inadequate or not
well-tuned. For the 2-dimensional vehicle position with 20
Monte Carlo simulations the two-sided 95% probability
concentration region for ANEES is bounded by interval
[1.3, 2.79] and algorithm is consistent if ANEES with
probability 95% belong to [1.3, 2.79]. Fig.21 shows that the
proposed method is consistent.

IV. Conclusions

In this study, the performance of an adaptive unscented
Kalman filter has been investigated. This method involves
matching the covariance of the measurement noise using an
adaptation rule to handle uncertainty in the noise, and
utilizing the output of the Mamdani fuzzy inference system
as the adjustment factor for the adaptation rules, with
triangular membership functions. The comparative analysis
of this approach showed that the FAUKF method
outperforms odometry, EKF, and UKF methods. Notably,
the proposed FAUKF method demonstrated a square root
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error of 0.046, which is lower than the values of 0.077 for
odometry, 0.055 for EKF, and 0.047 for UKF. This indicates
a significant improvement in accuracy, highlighting the
superiority of the FAUKF method in state estimation
accuracy for robot localization tasks. To further validate the
effectiveness of the proposed method, experiments using the
Random Tree Routing Algorithm with Rapid Exploration
(RRT)* were conducted across four different paths.

The FAUKF technique exhibited the longest runtime of
6.5 seconds, substantially exceeding the execution times of
the other evaluated methods. To mitigate this weakness, the
researchers should consider optimizing the FAUKF
algorithm or investigating alternative approaches that can
achieve comparable accuracy without the considerable
runtime overhead. The results emphasize the robustness and
versatility of the FAUKF method, confirming its potential to
revolutionize the accuracy of state estimation in indoor
environments. The integration of the FAUKF method with
the RRT* algorithm presents a promising approach to
enhance state estimation performance and optimize robot
localization tasks in dynamic indoor settings. Enhancing the
computational efficiency of the FAUKF technique would be
a crucial step to improve its practicality and applicability for
real-time robotic tasks in dynamic environments.
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This paper presents an Enhanced Model-Free Sliding Mode Control (EMFSMC) method
tailored for the speed loop of a 12-slot/19-pole yokeless and segmented armature axial
flux-switching permanent magnet (12S/19P YASA-AFFSSPM) motor, focusing on
robustness against parameter perturbations. Traditional control techniques, such as
Proportional-Integral (PI) control and Model-Free Sliding Mode Control (MFSMC),
have shown limitations in handling the motor's nonlinear behavior and susceptibility to
disturbances. The proposed EMFSMC algorithm optimizes speed loop performance by
establishing a hyperlocal model of the YASA-AFFSSPM motor, which accounts for
parameter variations. An improved double-power combinatorial reaching law is
developed to enhance convergence rates during the sliding surface approach phase, while
an Extended Sliding Mode Disturbance Observer (ESMDQO) provides real-time
monitoring of unknown disturbances affecting speed control. Simulation results
demonstrate that the EMFSMC significantly accelerates the speed response time to
approximately 0.015 seconds with minimal overshoot, compared to 0.04 seconds and a
12.5% overshoot with the MFSMC. Additionally, under sudden load conditions, the
EMFSMC controller exhibits a speed drop of only 4 rpm, recovering to stability in about
0.01 seconds, while the MFSMC controller experiences a 9 rpm drop with a recovery
time of 0.03 seconds. These findings confirm that the EMFSMC enhances the speed
response rate and robustness of the speed loop, outperforming traditional control
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EVs. methodologies across various operating conditions.
NOMENCLATURE
Ud, Uq d-q axis voltages s Sliding variable
Rso Nominal value of the stator phase winding Ldo, Lqo Nominal values of the stator winding d-q axis
resistance inductances
id, iq d-q axis current components a, B Exponents in the reaching law
kq, k,,k; Positive constants used in reaching laws £1, & Exponential parameters in the reaching law
We Rotor electrical angular velocity X1, X2 State variables of speed error and its integral
Pro Permanent magnet flux linkage S1 Sliding surface for speed error
] Moment of inertia Sz Sliding surface for speed estimation error
AR5 Perturbation of resistance {,6 Parameters in the extended hyper-local model
ALq, AL,  Perturbations of the stator inductance parameters F Unknown part of the system
Ay, Variation of the magnetic flux linkage of the F Real-time estimation of the unknown part of the
permanent magnet system
Te Output electromagnetic torque o Real-time speed estimation
np Number of rotor poles Ue Control input of the speed loop feedback controller
AT Torque disturbance due to parameter perturbation We* Given speed of the motor
Aud, Auq  Uncertain quantities caused by parameter changes l Observer gain in the extended sliding mode
in the d-axis and g-axis disturbance observer
R(t) Rate of change of the unknown quantity s Sliding variable
11, N2 Positive constants in the observer control law k1, k,,ks  Positive constants used in reaching laws
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I. Introduction

Permanent Magnet Synchronous Motors (PMSMs) play
a crucial role in various industries, serving as a cornerstone
in applications that demand high precision and efficiency,
such as robotics, aerospace, automotive, and renewable
energy systems. In recent times, a specific type of PMSM
known as the Flux Switching Permanent Magnet (FSPM)
motor has emerged as a promising alternative, offering
advancements in power density and control flexibility [1-2].
The 12Slots/19 poles yokeless and segmented armature flux-
switching sandwiched permanent magnet (12S/19P YASA-
AFFSSPM) machines represent an innovative category of
flux machines with a unique topology. This design provides
several benefits, including increased torque density,
minimized cogging torque, and electrical as well as magnetic
isolation between phases [3, 4]. Consequently, the 12S/19P
YASA-AFFSSPM configuration shows significant potential
as an in-wheel direct drive motor for Electric Vehicles (EVs).
Since the system equations of FSPM motors closely
resemble those of PMSMs, control strategies developed for
PMSMs can be effectively adapted for FSPM motors.
While traditional Proportional-Integral (PI) control is
simple and easy to implement, it lacks robustness against
external disturbances and changes in system parameters due
to the nonlinear and strongly coupled nature of Permanent
Magnet Synchronous Motors (PMSMs). To address this
limitation, advanced control methods such as model
predictive control [5], model-free control [6], neural network
control [7], and sliding mode control [8] have been proposed.
Model-free control is notable for its insensitivity to both
internal and external disturbances and its robustness in
scenarios where dynamic effects on the system are poorly
modeled. Sliding mode control also offers advantages in
insensitivity to parameter variations and strong robustness.
Thus, combining sliding mode control with model-free
control effectively reduces the reliance on accurate motor
system models and mitigates the impacts of system
parameter changes and external disturbances. However,
integrating sliding mode control and model-free control can
introduce chattering, which is a common issue with sliding
mode methods. Therefore, enhancing system response speed
while reducing chattering has become a primary focus in
model-free sliding mode control research. Approaches like
the one suggested in [9] are often used to lessen chattering.
In robotic systems, Reference [10] developed a model-free
control scheme that combines adaptive dynamic sliding
mode control with a voltage control strategy, addressing
uncertainties in practical applications by estimating lumped
uncertainty, thus improving tracking performance and
ensuring system stability, as validated through simulation
results. Building on this, References [11] and [12] introduced
double power-law and multi-power-law approach laws to
expedite convergence rates and minimize chattering through

the incorporation of power-law terms. Subsequently,
Reference [13] proposed double power-law combination
approach laws derived from the double power-law approach
laws, enhancing system performance across different states.
Recent advancements in control strategies, particularly
sliding mode control (SMC), have shown promise in
managing chaotic systems with uncertainties. Reference [14]
illustrates that SMC can stabilize time-varying chaotic
systems by defining a sliding surface that mitigates the
effects of disturbances, ensuring fixed-time stability.
Reference [15] effectively reduced chattering by using an
extended state observer for improved estimation accuracy
compared to traditional observers [16]. However, challenges
such as managing multiple parameters and intricate tuning
arose. To address these issues, Reference [17] developed an
extended sliding mode disturbance observer, enhancing
system robustness. Additionally, Reference [18] introduced
an adaptive fuzzy fractional-order fast terminal sliding mode
control approach, employing a novel fractional-order sliding
surface and fuzzy system to eliminate chattering and
ensuring finite-time stability via Lyapunov's theorem.

To tackle parameter perturbations affecting the
robustness of control systems for the 12-slot/19-pole
yokeless and segmented armature axial flux-switching
sandwiched permanent magnet (12S/19P YASA-AFFSSPM)
motor, this study presents the Enhanced Model-Free Sliding
Mode Control (EMFSMC) algorithm. This algorithm
features a novel double-power combination sliding mode
reaching law to enhance convergence rates during the sliding
mode approach while reducing chattering. The integration of
the Extended Sliding Mode Disturbance Observer (ESMDO)
allows for real-time monitoring and estimation of unknown
disturbances affecting speed control, improving overall
accuracy and stability.

Simulation and experimental results indicate that
EMFSMC outperforms MFSMC in speed response time,
stability, and robustness under various operating conditions,
leading to significant reductions in speed drop and recovery
time during sudden load changes. These advancements
enhance the performance of the YASA-AFFSSPM motor,
making it a promising candidate for applications in electric
vehicles and other precision-demanding industries.
Comprehensive validations demonstrate the effectiveness of
the proposed control algorithms in significantly improving
the performance of the 12S/19P YASA-AFFSSPM motor.

II. Configuration

In [3], a novel motor structure without yoke and armature
segmentation is proposed to maximize slot space and coil
winding capacity, thereby enhancing the slot fill factor and
torque density. The YASA-AFFSSPM motor, depicted in
Fig. 1, features a stator with 12 modular units, each
containing 3 "1"-shaped stator teeth, 2 "I1"-shaped permanent
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magnets, and 1 winding coil. This yokeless stator design
optimizes coil winding space, resulting in increased average
torque output. The motor also uses two rotors positioned 180
degrees apart electrically, which effectively eliminates high-
order harmonics of back-EMF and reduces cogging torque.

Rotor2

ajod
Buiyoimpues

PMs

I
Rotorl ' Armature

Stator teeth z° winding

Fig. 1. Machine topology.

. di .
Ug = Ryoig + Lgo T‘: — welLgoiq + Augy 0

, di ,
Ug = Rgoiq + Lgo TZ + WeLgoiq + welro + Auy

Here, uqg and ugq are the d-q axis voltages; Rs, is the nominal
value of the stator phase winding resistance; iq and iq are the
d-g axis current components; L4 and Lq, are the nominal
values of the stator winding d-q axis inductances; w. is the
rotor electrical angular velocity; wr, is the nominal value of
the PM flux linkage; Auq and Augq are the uncertain quantities
caused by parameter changes in the d-axis and g-axis of the
motor, expressed as :

Mug = ARqig + ALy 2 — weALqi, 2
Mty = ARqlg + AL L — weALyly + welip,
Here, where, AR;s is the perturbation of resistance, ALg
and AL, are the perturbations of the stator inductance
parameters; Ay is the variation of the magnetic flux linkage
of the permanent magnet. The electromagnetic torque
equation is given by:

3 1.
Te = 5mp[tro + (La — Lq)ialiq + AT
3 .
= Enpwexth + 4T, (3)

where Yoy = Pro + (La — Ly )ig is effective magnetic flux
linkage, Te represents the output electromagnetic torque, np
is the rotor poles number and AT, represents the torque
disturbance due to parameter perturbation, expressed as:

AT, = Znp [, + (AL — ALg)iglig (4)

The mechanical motion equation in the d-q coordinate
system is given by:
Te = TL + Ld&

- + Bwy, (%)

here, T, represents the load torque, J is the moment of inertia,
B is the torque damping coefficient, and Bwn is the damping
torque. By combining Equations (3) and (5), the speed state
equation of YASA-AFFSSPM under parameter perturbation
can be obtained as

d 3nj . B n
% = ETplpexth - 7we + TP(ATe - TL) (6)
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III. Controller Design

A. Improved reaching Law Design

Reference [13] indicates that the double-power reaching
law outperforms other reaching laws such as the constant-
speed, exponential. The double-power reaching law is
expressed as:

§ = —ky|s|%sgn (s) — kals|Psgn (s) W

The double-power combined reaching law exhibits
superior performance compared to both the double-power
reaching law and the fast-power reaching law. Therefore,
this paper proposes a new reaching law based on the double-
power combined reaching law, represented as:

< —kq|s|* sgn(s)
—k,|s|P sgn(s) — & |x,|*1s

B k< —ky|s|%sgn(s) )

—ksys — &,|x,|*2s

>,|s| >1
8
Is| <1

In Eq.s (7) and (8): ki, ka, ks, €1, &2 are all greater than 0;
0<a; 4,<1; 1<, A1 and sgn(s) denotes the sign function. The
new reaching law introduces exponential terms & |x,|*ts
and &,|x,|*2s to improve the convergence rate. Moreover,
by introducing the state variables x; the exponential
parameter can be adaptively changed. Through proper
setting of all parameters, it can effectively suppress vibration
generation.

B. Analysis of Convergence Rate of Enhanced
reaching Law

Assuming the initial state s is s(0), and s(0)>1, the
convergence process of the system can be divided into two
stages.

s(0)—s(T1)=1, where T1 is the required time. For Eq.
(8), since 0<a, 42<1, and 1<pB, 11, the ky|s|%sgn (s5) <
k,|s|Psgn (s) + & |x;|*1s convergence rate in this stage is
mainly affected by —k,|s|fsgn(s) — & lx,|*s . The
reaching law (8) can be written

$ = —ky|s|Psgn (s) — &1lx; | M5 9)

Solving equations with multiple power terms is
somewhat challenging. They can be considered as multiple
equations to solve and compare separately. Thus, Equation
(9) can be divided into $ = —k,|s|®sgn(s) and s =
—elx;|Ms, respectively. By separately considering the
convergence rate under the influence of —k,|s|#sgn (s) and
—&|x;|*s, the required convergence time for this stage of
the new convergent rate must be less than either of the two
solutions.

Solving § = —k,|s|fsgn (s), and rearranging the
original equation, we get

5= ke (10)

Let to be the time taken by s(0)—s(to)=1 under the
influence of § = —k,|s|Psgn (s) only. Integrating Eq. (10)
from t=0 to t=t, to get the convergence time t, as
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_1-s(0)*B
o = T ()
Solving can be obtained for § = —¢|x,|*s. Arrange the
original equation to get:
$
lel—Als = —& (12)
Let t; be the time taken by s(0)—s(ty)=1 under the
influence of only s = —&|x,|*ts. Integrating Eq.(12) from
t=0 to t=t;, the convergence time t; can be obtained:
ty=——f" ——d(n s) (13)

£ 70 [x M

Therefore, for the new reaching law, the time T; required
from s(0) to s(T) is
T; < min(to, t;) (14)

2) s(T1 )—s(t)=0, let the required time be T,. For
equation (8), since 0<a, A2 <1, 1<B, Al and k;s <
k;|s|%sgn (s) + &,|x,|*2s, the convergent rate at this stage
is mainly affected by k,|s|%sgn (s) + &,|x;|*s and the
convergent law (8) can be written as
§ = —ky|s|*sgn (s) — &2lx, 125 (15)

Similarly, Equation (15) can be divided into § =
—k,|s|%sgn (s) and $= —g,|x;]%s. By separately
considering the convergence rate under the influence of
k,|s|%sgn (s) and &,|x,|*2s, the required convergence time
in this stage must be less than either of the two solutions.
Solving s = —k,|s|*sgn (s) and rearranging the original

equation, we get
s

== —k; (16)
Let t2 be the time required for s(T1)—s(t2")=0 under the
sole action of § = —k,|s|*sgn (s). Thus, integrating both
sides of equation (16) from t=T; to t=t,’, we can obtain the
approximate time t.
1

tz = —kl(l—(x) (17)

The given equation is § = —&,|x; |*2s. Upon rearranging:
s _ _ 18)

lxq1*2s &2 (

Similarly, let t; be the time required for s(T1)— s(t's)=0
under the sole action of s = —&,|x;|*2s. Thus, integrating
both sides of equation (18) from t=T; to t=t's, we can obtain
the approximate time ts.

1 pth 1
t; = 5 T13 ™ d(Ins) 19

Therefore, for the new modeled approximation law, the
time T required for s(Ty) to reach s(t)=0 is obtained as:

T, < min(t,, t3) (20)

To sum up, it can be seen that the convergence time of
the new reaching law is approximately T=T; +T, <t +t,, and
the convergence time of the double power combination
reaching law is approximately Ts =ty +t,. Additionally, it is
known that the convergence time of the double power-law
convergence law is Ts,+T3. Thus, we have T<Ts<T,.
Therefore, the new reaching law exhibits superior
convergence speed compared to both the double power
reaching law and the double-power combined reaching law.

C. Analysis on the Existence and Reachability of
reaching Law

The theorem states that when the initial state of the
system s(0) is not on the sliding surface, then the system state

can asymptotically converge to the sliding surface under the
action of the sliding mode convergence law (8).
Proof: Let the Lyapunov function be V=s%2. According to
equation (8), we can obtain the relationship can be obtained
as:

—kq|s|*sgn (s)

s —e|x;|Ms <0, |s|>1
. — B
V = s k2|i| Sgn(s)) (21)
—k1|s]|” sgn(s))
s —ks3s <0, Is| <1

—e|x,|*2s

From equation (21), we can see that V = ss = 0 if and
only if s=0. According to the conditions of existence and
reachability of reaching law, if the designed reaching law
satisfies the Lyapunov stability condition, namely, if the
first-order derivative of the Lyapunov function V is negative
(V < 0), then the reaching law is both existent and reachable.
Therefore, the reaching law (8) can lead the system state to
asymptotically converge to the sliding surface.

D. Design of improved model-free sliding mode
controller for speed loop

Based on the hyperlocal model theory [20], a hyperlocal
model of the speed loop is established based on the input and
output of the YASA-AFFSSPM motor speed loop.

w, =F + aig (22)
where, a represents the to-be-designed g-axis stator current
parameter, and F represents the known part of the system as
well as the uncertain parameters.

Based on the hyper-local model [20], the model-free
controller for the speed loop can be designed as follows.
iy = % (23)

Here, w; is the given speed of the motor; uc is the control
input of the speed loop feedback controller. By combining
Equation (22) and Equation (23), we can obtain:

(W —w.)+u, =0 (24)
Designing the speed loop feedback controller as a sliding
mode controller allows for the integration of model-free
control with sliding mode control methods. Using the
YASA-AFFSSPM speed error as a state variable:
X = w; = w, ,
{xz =[x, dt (25)

By combining Equation (24) and Equation (25), and then

differentiating Equation (25), we obtain:

s (26)
Xy = We — We

Select the sliding surface as

S1 = x1 +cx, (27)

where c is a parameter to be designed, and c>0.
Differentiating Equation (27) and substituting Equation (26),
we get:

$1 =cxy — U, (28)

To improve the convergence rate during the sliding mode
approach phase and reduce chattering during the sliding
phase, we select an improved double power combination
reaching law for designing the controller. Therefore, by
combining Equation (8), (26), and (28), we obtain:
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(0 - bty |
U, = +kyls; 1 sgn(sy) + elxy |M1s, /-’ ! 29)
<C(w; — we) + kqlse|* Sgn(51)> s, < 1
+kss; + €|x; |25, P

In order to ensure stability of the designed controller, the
sliding mode reachability condition needs to be satisfied:

V,=55% <0 (30)

We select the Lyapunov function Vi=s;%/2. Since we
choose the improved reaching law as the sliding mode
convergence rate, substituting equations (28) and (29) into
the function (30), we obtain:

—kqls11% sgn(s;)

. S - —elx; | M1, s> 1
Vi =5$% = —k2|sl|ﬁsgn (s1) (31)
—kq|s{]* sgn(s
5 - 11511% sgn(s;) Jsi] <1

—k3s; — €lx;|*2s,

From equation (31), we can see that the controller
satisfies the sliding mode reachability condition. By
combining equations (23) and (29), we obtain the designed
YASA-AFFSSPM motor vector control system's speed
loop improved model-free sliding mode control law:

—F+wz+c(wi—we)

1 +kqls1|%sgn(sy) 1
a +&|xq|Msy |51l >

= +kz|s11Psgn (s1) (32)
—F+wgt+c(wg—we)
LI Healsil®senGsy) s, <1
a A =
k +k3sq+elxq|*2sy

E. ESMDO Design

From the control law equation (32), we can see that there
exist unknown parts F in the system. Therefore, we design
an extended sliding mode disturbance observer to observe
and compensate for the unknown part F. The extended
hyper-local model for YASA-AFFSSPM motor is given by:

dwc:(iq —Sw, + F

dt

r (33)
- = R®

In equation (33), R(t) represents the rate of change of the
unknown quantity F, and { and J are parameters to be
designed. For equation (33), the system is designed with the
following extended sliding mode disturbance observer as:

do . A

5 = Clg = 0w, + F + g

aF (34
& lugmo

~

In the equation & represents the real-time speed
estimation, F represents the real-time estimation of the
unknown part of the system, usm is the sliding mode function
to be designed, | is the observer usm, gain.

By combining equations (33) and (34), the observation error
is given by:

Enhanced Speed /Rahmani-Fard, et al

X =0x+F + ugm,
dF (35)
@ ligmo — R(t)

The error terms are as follows: speed estimation error:
x = d, — w,, system disturbance observation error: F =
F — F. We choose the speed error as the sliding surface s,
as:
S; =X =0, — W, (36)
To ensure performance during the sliding mode approach
phase, we choose exponential convergence law for the
reaching law:
$2 = —M1sgn (x) — Mmox @37)
where #; and 7. are positive constants. Then, the sliding
mode observer control law Usmo is:
Ugmo = —6x — F —n;5gn (x) — nox (38)
Theorem 2: If we choose equation (36) as the sliding
surface, and n; > ||F||, then the observer in equation (34) is
asymptotically stable.
Proof: Let the Lyapunov function be V, = s3/2.
Vy = 8,5, = x(8x + F + Ugno) =
x(ﬁ — 11880 (x) — nzx) = (39)
xF —nyxsgn (x) = 1222 < x| (|| F| = )

Therefore, as long as 7, < ||F||, V < 0 is guaranteed.
F=1[ (=6x—n;sgn(x) —nx)dt (40)

Substituting the observed value F obtained from
equation (40) into equation (32), we obtain the model-free
sliding mode control law for the speed loop as:

—F+ap+c(ws—we)
1 +kals1|%sgn(sy)
- 1 |51| >1
a +&|xq|*sq

i, = +kz|s11Fsgn (s1) (41)
—Ft+wst+c(wg—we)
l( +kqls11% sgn(s) >|51| <1

@\ +kgsy+elxq|tzs,

In summary, we obtain the model-free Enhanced sliding
mode controller (ESMC) for the YASA-AFFSSPM motor
system as shown in Figure 2. The feedback controller uc in
the controller incorporates the improved sliding mode
control law with the enhanced double power combination
reaching law. The disturbance F is observed in real-time by
the extended sliding mode disturbance observer.

]
i
i + X
ESMC
We

Fig. 2 Enhanced model-free sliding mode controller.
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IV. Simulation Results and Analysis

In order to further verify the feasibility of the IMFSMC
algorithm and its better robustness against load disturbances
and parameter perturbations, a MATLAB/SIMULINK
model was constructed to compare and verify the simulation
results of the EMFSMC, MFSMC, control algorithms.
parameters of 12S/19P YASA-AFFSSPM motor are shown
in table 1. After conducting a theoretical analysis of the
vector control technology for permanent magnet
synchronous motors, in this paper simulation models are
constructed to the SVPWM module, coordinate
transformation module, and proposed control module within
the vector control system. Ultimately, these modules are
integrated to complete the simulation of a dual closed-loop
vector control system with id = 0. The analysis also examines
the responsiveness and stability of the system based on the
mathematical model of the motor in the dq axes. The system
control block diagram of traditional MFSMC and EMFSMC
motor are shown in the Fig. 3. Moreover, motor parameter
settings are shown in the Tablel. The parameters of the
control methods are as follows. EMFSMC parameters:
k=10, k=200, k=10, &= 0.1, £=0.55, a=1, =70, 4,;=1.5,
4=0.5, p=1.5, =10, =1, &=100. MFSMC parameters:
k1=10, k2=200, k3=10, &= 0.1, 82=0.55, OC=1, C=70, )L1=1.5,
4=0.5, p=1.5.

A. Analysis of simulation results under parameter
perturbation

Setting the initial torque of the motor to 0 N.m, at 0.2 s,
the torque increases to 10 N.m. Setting the initial value of the
rotor flux to 0.062 Wb, at 0.1 s, the rotor flux decreases to
0.042 Wb. The g-axis inductance of the motor decreases
from 0.47 mH to 0.29 mH at 0.3 s. Figure 4 shows the motor
speed response curve. It shows the simulation results of the
12S/19P  YASA-AFFSSPM control system under the
Traditional MFSMC and EMFSMC controllers.

TABLE. 1: 12S/19P YASA-AFFSSPM MOTOR

PARAMETERS
Parameter Symbol  Value Unit
d-axis inductance Lg 0.2e-3 H
g-axis inductance Lg 0.47e-3 H
DC bus voltage Ugc 311 \
Rotor flux 'd 0.062 Whb
Phase resistance R 0.025 Q
Load torque T 12 N-m
Moment of inertia J 0.00302 Kg.m?

With the MFSMC controller, it takes a long time for the
motor to reach the preset speed from a no-load start,
approximately 0.04 seconds, with a significant overshoot of
about 12.5%. Compared with traditional MFSMC control,
with the EMFSMC controller 12S/19P YASA-AFFSSPM
response time is significantly reduced, about 0.015s, and it
reaches the given speed quickly without overshoot.

At 0.1 s when the rotor flux decreases, the speed curve of
EMFSMC is also superior to MFSMC, with the speed curve
of EMFSMC stabilizing after 0.08 s following a 0.1 rpm
fluctuation, while MFSMC control requires 0.05 s to
stabilize after fluctuations of 0.15 rpm, showing inferior
performance compared to EMFSMC. At 0.3 s, when the g-
axis suddenly decrease, the speed curve of EMFSMC shows
even smaller speed fluctuations compared to MFSMC
control method. Therefore, it is evident that in speed control,
EMFSMC is more precise and stable than MFSMC.
When a load of 10N'm is suddenly added to the 12S/19P
YASA-AFFSSPM at 0.2s, the MFSMC control produces a
rotational speed drop of about 9 rpm, and returns to the
steady state after about 0.03s; the rotational speed drop using
the improved EMFSMC control is only about is 4 rpm, and
the speed recovery time is shortened to about 0.01s. Figure
5 shows the torque response curves of the two control
methods.

EMFSMC

Fig. 3 Control block diagram. (a) Traditional MFSMC (b)

EMFSMC.
250
200 N v
€
£150
= —— MFSMC
g 100 —— EMFSMC
w
50
0
0 0.1 0.2 0.3 0.4
Times (sec.)
(a)
200.2 200.02
——EMFSMC
£ ~ 200
g ——MFSMC g
= 200 S 199.98
] 8
2 & —MFSMC
D @ 199.96 |
——EMFSMC
199.8 : : : : 199.94
008 01 012 014 016 0. 0.28 0.3 0.32 0.
Times (sec.) Times (sec.)

(b) (c)

Fig4. Comparison of the speed (a) Global speed comparison
waveforms (b) Local magnified waveforms under
demagnetization fault at t=0.1sec. (c) Local magnified
waveforms under decrease of g-axis inductance. at t=0.3sec.
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From the analysis of Figure 6 (a), it can be seen that the
three-phase current waveform when using the MFSMC
controller has obvious current distortion, while the current
waveform of Figure 6 (b) when using the EMFSMC
controller is smoother and close to sinusoidal wave.

Through comparison, it can be seen that the torque ripple
under the MFSMC controller is larger, about 1.6N-m, while
using the EMFSMC controller, the torque ripple is
significantly reduced, about IN-m and the dynamic response
speed of the motor's electromagnetic torque is significantly
improved. Figure 6 shows the current response waveform
before and after the load torque changes suddenly.

40
35
30 ——MFSMC
25

2 ——EMFSMC
15
10

Torque (N.m)

0 0.1 0.2 0.3 0.4
Times (sec.)

Fig. 5 Torque response curve

labe (A)
labe (A)

01 0.15 0.2 0.25 03 01 0.15 0.2 0.25 03
Times (sec.) Times (sec.)

(a) (b)
Fig. 6 Three-phase current response curve (a) MFSMC
controller (b) EMFSMC controller

Figure 7 is a comparative simulation diagram when the speed
control system starts without load and the speed suddenly
changes to 400r/min in 0.2s. Through analysis, it can be seen
that the EMFSMC controller proposed in this article can be
used under variable speed conditions, and the speed
regulation performance is relatively ideal. Compared with
the MFSMC controller, it can significantly reduce the
overshoot phenomenon after a large speed mutation, and
quickly reach the given rotating speed value.

450

400

350
el
E 200 MFSMC
& 150 ——EMFSMC

100

50

0
0 0.1 0.2 0.3 0.4

Times (sec.)
Fig. 7 Speed response curve.
V. Experimental Results

In order to evaluate the performance of the proposed
control on 12S/19P YASA-AFFSSPM motor, a prototype
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motor is manufactured. The system employs vector control,
facilitated by a three-phase converter, with the vector control
algorithm implemented through a MicroLab digital
controller. Figure 8 depicts the experimental arrangement for
the proposed method.

In the experiment, the initial torque of the motor is set to 5
Nm, and at 0.2 seconds, the torque increases to 15 Nm. The
initial value of the motor rotor magnetic flux linkage is set to
0.062 Wb, which decreases to 0.042 Wb at 0.3 seconds.

Oscilloscope | YASAJAFFsSPM | Commercial - ppicrol abBox

motor inverter .
= y

Torque/speed
measuring instrument

Fig. 8. Motor testing platform.

The g-axis inductance of the motor decreases from 0.47 mH
to 0.29 mH at 0.4 seconds, while the d-axis inductance
decreases from 0.2 mH to 0.14 mH at 0.5 seconds. The motor
resistance increases to 0.035 Q at 0.6 seconds. Figures 9, 10,
and 11 illustrate the experimental waveforms of the d-q axis
currents, speed, and torque for the MFSMC and EMFSMC
control methods under motor parameter perturbations. To
ensure consistency, the parameter design and parameter
perturbation time were aligned with the parameters used in
the simulation experiments.

;L:;\—I 46A Ay P

i 2A
Foa A

2t z
Il(mﬂmd min Y, Imuumu min Y,
2 m T
27\%10&4 Z o ! i'\Iln\”' e
200 m/s 200 m/s
(a) (b)

Fig. 9. waveforms under load and parameter disturbances. (a)
EMFSMC. (b) MFSMC.

Upon analyzing the experimental results, it can be seen
that the overall trend and effectiveness of the semi-physical
experiment are consistent with the simulation. In comparison
of Figures 10(a) and 10(b), after 0.05 seconds of motor
startup, when the speed stabilizes at 1000 rad/min, the speed
fluctuation of EMFSMC is only #£0.004 rad/min, whereas the
speed fluctuation for the MFSMC control method is £0.03
rad/min. Therefore, the speed curve of the EMFSMC is
smoother and exhibits less jitter compared to that of the
MFSMC control method. Similarly, when the torque
stabilizes at 15 N-m, the torque variation of EMFSMC is
+1.5 N'm, while the torque fluctuation for MFSMC control
is greater, at #2.5 N-m. Thus, it is evident that the torque
experimental waveform variation of the EMFSMC is smaller
than that of the MFSMC control, showcasing stronger
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robustness. Comparing Figures 11(a) and 11(b), which
depict the d-q axis current experimental waveforms for
EMFSMC and MFSMC control, we observe that after
approximately 0.45 seconds of parameter perturbation and
once the current reaches stability, the variation in the g-axis
current for EMFSMC is £2.5 A, while the variation for the
MFSMC control method is £3.1 A.

*% 004rad/min ¥, $0034 Y
1000rad/min 1000rad/min @
®

2 59 < T -
2N mI_,r\ m LilSNm o 27N mI:z\ m L25Nm g
- = :
II(I\ m Im\ m T
[N

200 m/s 200 m/s
(a) (b)
Fig. 10. Speed and torque waveforms. (a) EMFSMC. (b)
MFSMC.

Therefore, the magnitude of the current experimental
waveform variation for EMFSMC is smaller than that of the
MFSMC control. Thus, whether comparing the speed and
torque experimental waveforms or the current experimental
waveforms, IMFSMC exhibits smaller fluctuations and
operates more stably under both steady-state conditions and
parameter perturbations.

S TssAT 724 4425A Thsa] 24 PELALS
T20A T v Tooa ¥ v
JED Y I:n A !

- ¥ ¢ A A
200 m/s 200 m/s
(a) (b)
Fig. 11. d-q axis current waveforms. (a) EMFSMC. (b)

MFSMC.

Quantitative and qualitative comparison between
EMFSMC and MFSMC is given in Table 2. In summary, the
EMFSMC method, while more complex and requiring more
parameters, offers superior convergence speed and
robustness against disturbances compared to both MFSMC
and traditional PI control. The MFSMC provides a balance
between complexity and performance but falls short in speed
and robustness. PI control remains the simplest but is less
effective in dynamic applications where precision and
responsiveness are critical.

TABLE 2: COMPARISON BETWEEN EMFSMC AND

MFSMC.

Criterion EMFSMC  MFSMC
Time response ~0.015S ~0.04 sec.

Overshoot At least ~12.5%

Speed drop under sudden load ~4 rpm ~9 rpm
Recovery time to steady state ~0.01 sec. ~0.03 sec.
Speed fluctuations ~0.1 rpm ~0.15 rpm
Torque fluctuations ~1Nm ~1.6 N-m

Current fluctuations +25A +3.1A
Response to load changes Fast and Slow and
stable unstable

Control accuracy higher lower

Strength against disturbances higher lower

VI. Conclusion

Considering the impact of external conditions on motor
parameter perturbations that reduce the robustness of speed
loop control systems, an Enhanced Model-Free Sliding
Mode Control (EMFSMC) algorithm is proposed. The
following conclusions are drawn from mathematical analysis
and experimental verification: 1) An improved double-
power combination sliding mode reaching law is employed
to redesign the sliding mode controller, enhancing system
stability and reducing chattering typical of traditional
reaching laws. 2) Integrating the Extended Sliding Mode
Disturbance Observer (ESMDO) with the improved model-
free sliding mode controller enables real-time estimation of
unknown disturbances in the speed loop, significantly
boosting the motor system's response capability.
Specifically, EMFSMC reduces speed response time from
approximately 0.04 seconds with Model-Free Sliding Mode
Control (MFSMC) to about 0.015 seconds, marking an
improvement of approximately 62.5%. Under sudden load
conditions, speed drop is minimized from 9 rpm with
MFSMC to 4 rpm with EMFSMC, achieving a reduction of
about 55.6%. The recovery time to stability is also enhanced,
decreasing from 0.03 seconds with MFSMC to 0.01 seconds
with EMFSMC, a 66.7% improvement. These enhancements
in speed response, stability, and robustness highlight the
effectiveness of EMFSMC in dynamic applications,
especially in electric vehicles and precision-demanding
industries.
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This article presents a transformer-less bidirectional converter, which is designed with
dual resonant frequencies. It supports Electric Vehicle (EV) charging systems, via
capacitive coupling wireless power transfer (CCWPT) technique. In addition, its
bidirectional power transfer feature can be used to return energy to the stations of the
power-wall systems. This converter smoothly operates in both voltage step-up and step-
down operation modes, which provides soft switching conditions for all semiconductor
switches. The capacitive coupling technique provides robust galvanic isolation between
the primary and secondary sides circuits, while the transformer-less design improves its
efficiency and reduces its volume and cost, significantly. The proposed converter
supports both full-bridge and half-bridge configurations to adapt to diverse power
transfer requirements. The cost-effective CCWPT setup enables multi-EV charging from
a single station. A prototype of the given converter has been meticulously developed and
experimentally validated, demonstrating excellent performance. The converter
efficiently converts output power in a wide range from 200 W to 1000 W, accommodates
input voltage from 300 to 500 V, and delivers a 400 V output voltage, which is suitable

Step up/down. for EV battery charging. It also achieves a maximum efficiency value of 96%, in practice.
NOMENCLATURE
Crelative Relative cost. n Transformer turn-ratio.
Cr Resonant capacitor. Q The quality factor of the resonant circuit.
Cr eq Equivalent resonant capacitor. r Intrinsic resistor.
. Normalized cumulative maximum power through all
Co Output capacitor. Sn switches and diodes.
D Diode component. thody(on) Body diode conducting time.
Normalized cumulative energy is stored in all .
Ecn capaci tors.gy tdetay(on) Power MOSFET delay for turning on.
Ein Normalized cumulﬁ;té\aecfgrirgy Is stored in all tais 2Cdc discharge time from input voltage to 0 V.
F Normalized switching frequency. tdead Dead time between gate-source signals.
fr Resonant frequency. tds(on) Power MOSFET conducting time.
fs Switching frequency. Ts Switching time (1/f5).
Gy, Converter voltage gain transfer function. Ve Forward voltage of the MOSFET body diode.
Go, Output voltage sensitivity to the control signal. Vs Power MOSFET drain-source voltage.
lgs Power MOSFET drain-source current. Vs Power MOSFET gate-source voltage.
lgs Power MOSFET gate-source current. Zin Input impedance.
Lm Magnetizing inductor. Z, Output impedance.
Lr Resonant inductor.
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I. Introduction

In recent years, the proliferation of Electric Vehicles
(EVs) has underscored the significance of efficient EV
charging and power management within the industry [1].
Concurrently, advancements in Power-Wall technology
have aimed to enhance energy storage efficiency by storing
energy during periods of low demand and releasing it when
needed, offering various advantages [2]. Short-distance
wireless power transfer (WPT) methods, typically effective
over distances of less than one meter, include Inductive
Coupling [3] and Capacitive Coupling [4], where the
Capacitive Coupling Wireless Power Transfer (CCWPT)
method has emerged as a safer, more cost-effective, and
reliable alternative to the Inductive Coupling Wireless
Power Transfer (ICWPT) [5].

A compact ICWPT charger for EVs has been introduced
in [6], while the charger achieves higher efficiency by
eliminating the transformer in its converters, its portable
two-section design makes it impractical for large-scale
charging stations serving multiple EVs. Another study, given
in [7], modified the resonant capacitor of an LLC resonant
converter to enable CCWPT. While both configurations ,7]
[8 maintain structural simplicity, they suffer from
inefficiencies.

Converters employed for CCWPT in prior research [9-11],
encountered limitations such as increased power loss due to
excessive parallel components. For CCWPT-based EV
charging applications [12-15] converters integrated within a
car’s bumper [12] faced some drawbacks, including hard-
switching, low switching frequency, and reduced efficiency.
Additionally, CCWPT configurations between the floor and
the vehicle’s underbody [13-15] exhibited inefficiency
caused by high return current and increased power loss,
particularly under no-load conditions. A bidirectional
converter proposed in [16] suffers from incomplete filtering
of switching harmonics, leading to transformer overheating
and degraded efficiency. Similarly, a CCWPT solution
proposed in [17] positions charging plates between the car’s
floor and the ground. However, under typical scenarios with
standard ground clearance, power transfer remains limited,
resulting in suboptimal charging rates. Overall, resonant
converters with transformers provide galvanic isolation and
voltage regulation. Nevertheless, operating these converters
at frequencies deviating from their resonant frequencies
introduces additional harmonics into the transformer, which
increases its power dissipation. Moreover, considering the
cost-effectiveness and structural simplicity of the CCWPT
relative to the ICWPT [4], hybrid WPT or ICWPT solutions
are financially unsuitable for large-scale deployment.

Many resonant converters equipped with parallel resonant
tank components can operate in both step-up and step-down
operation modes. However, bidirectional converters are

essential for applications such as Power-Wall systems. A
previous study introduced a bidirectional resonant converter,
but during reverse conduction, switching harmonics are
inadequately filtered, resulting in higher power losses. While
subsequent studies [19 ,18] attempted to resolve these issues,
the incorporation of a transformer led to additional costs,
energy losses, and high volume. Although another research
work [18], which proposes a three-level bidirectional CLLC
converter with a wide input voltage range, has been designed
to enhance voltage regulation, it exhibits significant
efficiency drops under light-load conditions, alongside
higher losses due to the employed transformer, similar to
[20]. Furthermore, the present paper provides a
comprehensive structure with experimental validation and
deeper mathematical analysis.

In [21] and [22], transformer-less converters have been
introduced. Although these converters feature a low
component count, they experience hard-switching events,
causing higher electromagnetic noise and switching power
losses. While such issues are not critical at low power levels,
they become significant in high-power EV applications,
directly affecting efficiency and limiting the converter's
suitability for high-power industries. In [23], an EV charger
has been proposed; however, the lack of empirical evidence
and detailed mathematical analysis limits further
investigation. The converter also needs a broad switching
frequency range and lacks constant current control.
Similarly, in [24], a DC-DC converter has been introduced
with persisting issues of noise and incomplete soft-switching
operation. Other research works in [25, 26] introduce some
converters that lack adequate filtering before the
transformer, allowing harmonics to pass through the
transformer and cause heating, which ultimately restricts
power density. Some other converters for EV charging with
soft-switching operation are proposed in [27-29], but their
employed transformers increase their sizes, cost, and power
losses. These converters operate at wide switching frequency
ranges, which reduce their efficiencies and result in
significant  circulating currents under off-resonant
conditions. In terms of multi-output charging, most of these
converters incorporated transformers, which, while
supporting high-power applications, escalated costs and
posed control challenges under varying load conditions. In
[30] multi-output transformers faced similar drawbacks,
including a high number of components. The problem of
input/output isolation, as well as broad switching frequency
ranges, persisted in [31-33], complicating control over a
wide power range.

This paper introduces a bidirectional transformer-less
isolated resonant converter, which can be designed
specifically for CCWPT applications. Using the CCWPT
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technique not only reduces costs but also enables the charger
to accommodate multiple vehicles simultaneously. The
transformer-less architecture contributes to enhancing
efficiency and reducing the weight, while capacitive
coupling ensures reliable input-output isolation. The
optimally designed resonant tank mitigates harmonics in
both forward and backward power flow operation modes.
The bidirectional capability further supports Power-Wall
applications, enabling flexible battery allocation.
Additionally, the CCWPT inherently provides robust
isolation between the input and the output ports. To limit
frequency variations, a combination of the half-bridge and
the full-bridge topologies has been adopted, which
minimizes the frequency deviations and enhances the
efficiency, in practice.

The proposed converter and its key waveforms are given
in Section II, and then its mathematical analysis is given in
Section III. Next, a design procedure is introduced in Section
IV, in detail. The proposed converter experimental results are
described in Section V. Finally, the paper is concluded in
Section.

I1. Proposed Converter and Its Key Waveforms

The proposed converter, shown in Fig. 1, is a novel
transformer-less bidirectional resonant converter tailored
specifically for Capacitive Coupling Wireless Power
Transfer (CCWPT) applications. By reconfiguring the
resonant capacitors into two series connections, the design
achieves effective isolation between the input and output
ports, eliminating the need for a transformer. This
architecture is optimized for wireless power transfer (WPT)
applications, with the primary side of the resonant capacitors
installed on a wall structure and the secondary side
embedded within the EV’s bumper. Fig. 2 illustrates the key
waveforms of the converter, highlighting essential
operational characteristics and performance metrics. These
waveforms include critical parameters such as input voltage,
input current, output voltage, output current, and switching
signals, offering a comprehensive view of the converter's
behavior across varying operating conditions. Fig. 3
demonstrates a typical EV charging scenario, displaying the
converter’s practical application in real-world conditions. In
this setup, capacitive plates are strategically positioned on
both the wall and the car’s bumper, separated by a dielectric
foam layer. As the EV approaches the wall, the plates align,
with the dielectric layer preventing any short circuits. With
a separation distance of around 1 mm, it is possible to
achieve capacitance values in the Nano Farad (nF) range.
The foam layer on the wall side provides flexibility, ensuring
reliable and consistent contact between the plates. A notable
advantage of the proposed design is that all key components
are housed on the wall side, resulting in a lighter and more
compact setup on the vehicle. This centralized configuration
enhances cost-effectiveness by allowing the wall-side

infrastructure to be universally applied to multiple vehicles,
making it more economical than designs with components
embedded within each vehicle. While a hybrid WPT setup
with an inductor on the vehicle side is considered, the use of
the car’s bumper for CCWPT requires an alternative
approach to inductive coupling. Given the diversity of
vehicles that may adopt this technology, extensive inductive
windings on each vehicle would be cost-prohibitive.

In summary, the proposed converter offers a transformer-
less, cost-effective solution for efficient CCWPT in EV
charging applications. Its design ensures robust input-output
isolation and demonstrates the feasibility and practicality of
implementing the CCWPT through capacitive coupling
techniques.

III. Mathematical Analysis

Text Both First Harmonic Approximation (FHA) and
small signal models of the converter, as well as its different
components power losses, are given here, respectively.

A. FHA model
To enable a streamlined yet effective analysis of the
proposed converter, the FHA method is applied, which is
solely focused on the first harmonics of the different
switching waveforms of the converter, while omitting
higher-order harmonics, as detailed in [33].
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Fig. 1. Key waveforms of the proposed converter.
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Using the FHA approach, equivalent circuits of the
converter are derived, creating a simplified framework for
evaluating the converter’s performance and core
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characteristics. Fig. 5(a) shows the equivalent circuit of the
proposed converter based on the FHA method, which
reduces the complexity of the overall structure by focusing
exclusively on the first harmonic components. This
simplification enhances understanding and analysis of the
converter’s behavior. Additionally, Fig. 5(b) provides a more
condensed representation of the FHA-based equivalent
circuit, aiding in mathematical analysis and extraction of key
converter parameters. The following equations describe the
relationships between various parameters within the FHA
framework:

(iu(t) =Cp3 2z Ve ®),
. d 1
i(t) = C‘req dt Vee (1), M
Uiy () = i3 (6) = i1 (0.
CTICTZ 8 fs
C = ;R =—R rF =7
Tea Crl + CTZ “ 7-[2 t fr 2
i @)
=1+4+—
m=1+"
Vv, = t) For Full bridge,
v (3)
Vv, = %sin(anSt) For Half bridge.
L./C 1 1
0= YL/C L= (@)
R, 2nfR.Q (2nfs)*C,
1 1
frl = frZ =

S O
27'[\/ Lrl Crl 27'[\/ (Lrl + Lm)Crl

The first harmonic approximation strikes a balance
between accuracy and complexity reduction in the analysis.
Considering the given simplified equivalent circuit of the
proposed converter, as shown in Fig. 5(b), we can write:

V1) =V (8) = v () — v (8) = 0 (6)

7] (t) — VL2 (t) - vLm(t) — Vce (t) =0 (7)

Here, O represents the converter quality factor, F is the
normalized switching frequency, and f; is the switching
frequency. Additionally, f;; and f;> denote the converter's first
and second resonant frequencies, respectively. n also denotes
the transformer turn ratio. The converter's voltage gain is
derived through straightforward algebraic calculations as
follows:

Vin
(m - 1)F? ®)

T nJ(FPm— D)2 1 F2(F — 12(m - DQ?

Fig. 6 shows the proposed converter voltage gain versus
the normalized switching frequency in full- and half-bridge
configurations, by considering (8) under different
conditions.

B. Small Signal Model
In the resonant converters, absence of the DC current and
voltage components across certain circuit elements of the
resonant tank can complicate small-signal modeling by using
the traditional methods. However, as outlined in [34], if the

modulation frequency is significantly lower than the
switching frequency, the resonant capacitor can be
approximated as an inductor, thereby simplifying the small-
signal model of the converter.

Since the proposed converter employs an LLC resonant
circuit; its seventh-order model can be reduced to a third-
order LLC model. Furthermore, according to [34], this third-
order model can be further simplified to a second-order
model, as depicted in Fig. 7, with the relevant equations
derived in (9) to (15) in this section.

The frequency response of this small-signal model is
shown in Fig. 8(a). To regulate the output voltage under step
input voltage and load changes, a conventional Proportional-
Integral (PI) controller is employed, where its frequency
response is plotted in Fig. 8(b). The closed-loop system
frequency response is also given in Fig. 8(c), while Fig. 8(d)
shows the time-domain response of the closed-loop
configuration, demonstrating robust performance under
input and output disturbances. The converter with its control
scheme is illustrated in Fig. 8(e), too. For simplicity, the
forward conduction mode is depicted, here; however, the
converter operates similarly during backward conduction
mode. A microcontroller (uC) is utilized as a voltage-
controlled oscillator (VCO) to implement the conventional
pulse-frequency modulation (PFM) technique. The
microcontroller dynamically determines whether the
converter operates in its half-bridge or full-bridge operation
mode depending on the output power and input voltage
conditions.

(@ (b)
Fig. 5. (a) FHA equivalent circuit of the proposed converter
and (b) its simplified equivalent circuit.
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Some key transfer functions and main parameters of the
proposed converter are summarized, here, as follows:
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C. Power Losses Analysis

Here, power losses of the different components of the
proposed converter are given, in summary.

1. Diode Power Loss
1
nlgy, sin(w,t), 0<t< ETO

ips () = . (16)
0. SToS t<Ty

1
[ 0, 0t <37,
T, T, +T,
ip2(t) = {nlp sino,1),  ZSt<" I V)
T, +T,
V<<,

Where, o, = 2rf,. The average and RMS current values
of each diode are respectively equal to:

R e I (19)
Dlgyg 2 fs RMS Zn]]:S
A

Power losses due to the forward voltage drop, ¥}, and
conduction resistance, 7, of each diode are respectively equal
to:

Pyr=V:I —VI°—VP" 19

Vf_fDlavg_fE_vo? ( )
m? f, 1y

Py =13, 15= E?:R_LP (20)

Therefore, each diode's total conduction loss is identified,
easily.

Ve mefre
Py =Py + Py, = (—f+ 8;RL)P (21)
N

2. Output Capacitor Power Loss

Output capacitor current can be identified as follows:

T,
gy sin(o,t) —1,, 0<t< ?0
leo(®) = " (22)
—I,. 7 S t<Ts
2 f,
ICo_rms =1, ?Fr -1 (23)
s

Therefore, its power loss is given as follows:

_(Eh ey @8
_ oy,

In addition, the following parameters are defined here to
calculate each MOSFET total power loss.
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Fig. 7. Small-signal model of the proposed converter.
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tais: 2Cqc discharge time from input voltage to 0 V.
tieaq: dead-time between gate-source signals.
tdelayony: power MOSFET turning on the delay time.
Trodv(on): bOdy diode conducting time.

Ves: power MOSFET gate-source voltage.

Viyr: power MOSFET body diode forward voltage.
tascony: power MOSFET conducting time.

3. Driving MOSFET Power Loss

This loss is due to gate-source power MOSFET capacitor
charge and discharge, which is given as follows:

Parve = 2 (5 o2 f 25)
4. Power Loss of Body Diode of Each Power MOSFET
tais = Ming (Cas1 + Cas2)fs (26)
thody(on) = taead — tais T tdelay(on) (27)

n.v,

11
<Z£ - tdis) tbody(on)fs (28)

Ly,
5.Power MOSFETSs Turning off Power Loss

Two assumptions are made, here: the first one is in the
meanwhile of power MOSFET turning off, the power
MOSFET current is near the magnetizing inductor current.
The second one is rising voltage and the magnetizing
inductor current is linear.
Vin =V,

n ds(on) ¢ (29)

Vds(t) = Vds(on) +— ¢
dis
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6. Body Diode MOSFET Power Loss
8
tdis = M_Lm (Cdsl + Cdsz)fs (32)
g
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nv, /11
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TABLE | Main Specifications of the Proposed Converter

Prototype.
Parameter Value
Input Voltage 300-500 V
Output Voltage 400 I\E/\fséjliﬁglii;?r
Switches N60E23
Microcontroller STM32F103
Gate-Drive TC4427
Switching Frequency 470-715 kHz
Output Power 200-1000 W
C1,C; 2x10 nF
Cs 5nF
Lit, Lz 2x10 uH
Ln 14 uH
Cout S5uF
IV. Design procedure

A design procedure is given here for the proposed
converter to determine the optimal values of its key
components to achieve the desired performance and
operational characteristics. The symmetrical configuration
of the proposed converter simplifies its design procedure and
improves overall efficiency. Specifically, the capacitance
values are chosen to establish a symmetrical structure, such
that C2=C,3=2C,;=2C, o, and the inductance values are
selected to ensure symmetry, with L,;=L,,. By adopting this
symmetrical structure, the converter can be analyzed as an
LLC resonant structure, where the resonant frequencies f;,
and f;; are equal:

1 1
==y =———="1;
2T Lrl Crl 21T er CT‘eq (35)

These resonant frequencies are two critical design
parameters, which significantly affect the converter

fr1

performance. The selection of capacitance and inductance
values is based on achieving the desired resonant
frequencies, which are determined by considering input and
output voltage requirements, power ratings, and efficiency
targets. These factors influence the choice of switches,
capacitors, and inductors. Furthermore, the design
methodology incorporates considerations beyond electrical
specifications, such as physical layout optimization,
effective thermal management, and mitigation of
electromagnetic interference (EMI). This comprehensive
approach aims to enhance various aspects of the converter's
performance, including efficiency, compactness, cost-
effectiveness, and reliability. Throughout the design phase,
simulation tools, and rigorous mathematical analyses are
utilized to validate the system’s performance and fine-tune
component values for optimal results.

The different design steps for the proposed converter are
outlined in summary as follows:

Step (I) Determine the Input and Output Voltages Variation
Ranges: Establish the maximum and minimum values of
the input and output voltages based on the design
specifications.

Step (II) Calculate Transformer Turns Ratio (n): Use the
given input and output voltage values to calculate the
required transformer turns ratio.

Step (III) Set Voltage Gain Boundaries: Determine the
minimum and maximum voltage gain boundaries based on
the design requirements and constraints.

Step (IV) Determine Quality Factor (Q) and Inductance
Ratio (L,): Calculate the necessary Q-factor and
inductance ratio (L,) wusing the gain-frequency
characteristics of the LLC resonant converter.

Step (V) Calculate Resonant Tank Component Values:
Using (4) and (5), calculate the values of the resonant tank
components (i.e., L., Ln, and C, ) to ensure optimal
performance.

The overall design procedure is summarized in Fig. 9,
which provides a visual representation of the systematic
design process for the proposed converter.

V. Experimental Results

The proposed transformer-less bidirectional converter
underwent a thorough experimental evaluation, combining
simulation analyses with practical testing. Tailored for
applications such as EV charging and Power-Wall energy
storage, the converter leverages CCWPT technology to
enable both step-up and step-down operation modes.

It functions efficiently between two defined resonant
frequencies, ensuring seamless transitions between these
operating modes. When the switching frequency surpasses
the upper limit, the converter intuitively transitions from a
full-bridge to a half-bridge configuration. A prototype
converter, as shown in Fig. 10 and specified in Table I, is
implemented and subjected to comprehensive testing under
extreme conditions to validate its performance.
Experimental results, detailed in Figs. 11 and 12, highlight
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the converter's reliable functionality even under demanding
scenarios.
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Fig. 10. Prototype of the proposed converter (a) primary
section, (b) PCB of the primary section, (c) capacitors for the
CCWPT part, (d) PCB of the secondary section, and (e)
secondary part of the prototype converter.

The recorded waveforms from testing substantiate the
system's ability to maintain stable and efficient operation
across its range of applications. A detailed comparison of the
proposed transformer-less bidirectional resonant converter
with other EV chargers in the literature is tabulated in Table
II and illustrated in Fig. 13. This analysis evaluates key
performance metrics, including efficiency, operational

complexity, size, cost, and reliability. Using [5], (36), and
(37), this comparison highlights several distinct advantages
of the proposed converter over the existing solutions, as
follows for the papers in Table II:

En = —(% Lrlfr),
PrnaxTs
Ecny = ﬂ' (36)
PraxTs
Sy = P—(Vmaxslmaxs + Vinax plmax p)-
max

( Crelativve =
n

P (3(Vmax SImax S) + Vmax DImax D)
max

n=1- LOW nom.of Components,
n = 1.25 - MED. nom.of Components,

(37

n =15 - HIGH nom.of Components.

1) The bulky transformer is not used in the transformer-
less architecture, which significantly reduces its size,
weight, and cost as compared to the traditional
transformer-based topologies [27-29, 34-37]. This
reduction in physical component count not only
reduces the manufacturing and maintenance costs,
but also improves the power density.

2) The proposed methods use the CCWPT to ensure
robust isolation between the input and output ports
without requiring a magnetic transformer,
simplifying the overall design and reducing
electromagnetic interference (EMI).

3) The proposed converter's high efficiency is another
critical advantage in comparison to [7, 12,27, 34, 35].
Experimental validation, as shown in Fig. 14,
demonstrates a maximum efficiency of up to 96%,
outperforming most other solutions listed in Table II.
This high efficiency is achieved through the
implementation of soft-switching techniques, such as
ZVS and ZCS.

4) The converter ZVS and ZCS soft-switching operations
minimize the EMI noise and power switching losses
that make it possible to design the converter at high
switching frequencies. High-frequency operation
reduces volumes of the passive components including
the required filters and resonant tank components,
achieving a more compact, efficient, high power
density, and reliable structure, in practice. These
features not only improve energy conversion
performance but also reduce thermal stress on the
components, extending their operational lifespan,
too.

5) Furthermore, the flexibility of the proposed converter
stands out in its ability to seamlessly transition
between half-bridge and full-bridge configurations,
which enables the converter to operate efficiently in
both step-up and step-down operation modes,
maintaining consistent performance across a wide
range of input and output voltage conditions contrary
to converters in [7, 12]. In contrast, many
conventional chargers are limited to either step-up or
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step-down operation, which restricts their application
scope such as converters in [27-29, 34-37].

6) The ability to adapt the switching frequency within a
controlled range further minimizes switching stress,
enhancing reliability and operational stability.

7) Reliability and safety are other advantages of the
proposed method. The converter incorporates an
overload protection mechanism, which defines a safe
power margin and employs current protection to
prevent damage under fault conditions. This feature,
combined with the compact and simplified design,
ensures dependable performance even under the
worst-case scenarios.

Table II demonstrates that the proposed converter
outperforms others in terms of operational simplicity and
robustness, making it a more viable option for practical
applications. In summary, the proposed transformer-less
bidirectional resonant converter offers several benefits over
the other existing methods, including superior efficiency,
compactness, operational flexibility, and reliability. These
attributes, as highlighted in Table II and supported by
experimental results, establish the proposed solution as a
cutting-edge alternative for EV charging and Power-Wall
applications, addressing the limitations of current
technologies while meeting the demands of modern power
conversion systems.

ZVS Turmon: [:
e bgsor

(b)

Fig. 11. Experimental open-loop waveforms of the proposed
converter at 300 V input voltage and 1 kW output power: (a)
gate-source voltage of Oy, drain-source voltage of Oz, and
drain current and loss of Qy, respectively, and (b) Current
through L, voltage across Cr, and current and loss of Qs,
respectively.

(®
Fig. 12. Experimental open-loop waveforms of the proposed
converter under 500 V input voltage and also 200 W output
power values, (a) gate-source voltages of Q; and drain-source
of 02, O drain current and loss, respectively, and (b) L,
current, Cr voltage, Qs current and its loss, respectively.
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Fig. 13. Comparison of the proposed converter (P.C.) with
some conventional converters including a comparison of (a)
relative cost, (b) normalized resonant capacitor energy (c)
normalized power stress on power MOSFETs, and (d)
normalized resonant inductor energy.
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transformer and employing capacitive coupling, the design
achieves robust input-output port isolation, a maximum
efficiency of 96%, reduced volume, weight, and cost, as well

mMOSFETs

= Inductors as high power density—addressing critical challenges in

. modern power conversion systems. The bidirectional
Capacitors . . . . .
functionality enables seamless integration with Power-Wall

systems, supporting partial allocation of EV battery storage.

- The converter's ZVS and ZCS soft-switching operations,

experimentally validated, minimize EMI noise and

95

—_ -
\C -
S P I . . . . .
.90 L switching losses, allowing for high-frequency operation.
=Y yeumummmmE® . . ) .
5 AT This reduces the volume of passive components, including
Q . .
E 85 T 400V (Experimental =+ 200V (Simtlted) ﬁlter's and re§onant tank elet'nents, resultlng. ina comp?ct,
o = 400V (Simulated) == %200 V (Experimental) efficient, high-power-density, and reliable design.
80 Additionally, the converter generates sinusoidal current and
200 300 400 500 600 700 800 900 10 | " ih Tow h o di . .
Output Power (W) voltage waveforms with low harmonic distortion, ensuring
(b) efficient power transfer across capacitive plates and
Fig. 14. (a) Power losses of the MOSFETS, inductors, and magnetic components. The ability to transition between half-

capacitors used in the prototyped converter and (b) simulated
and experimental efficiency curves of the proposed converter
Versus output power.

bridge and full-bridge configurations reduces the switching
frequency range, facilitating both step-up and step-down
operations with minimal switching stress. Experimental

VI. Conclusion results underscore the converter's potential as an efficient

This paper proposes a novel transformer-less bidirectional and practical solution for wireless EV charging and energy
resonant converter utilizing the CCWPT technique for EV storage systems, advancing the state of power electronics
charging and Power-Wall applications. By eliminating the research.

TABLE Il Comparison of the Proposed Converter with Conventional Resonant Converters
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State estimation of nuclear reactors often plays a crucial role in accomplishing load-
following control. This study presents a novel approach that leverages a weighted particle
filter to address the challenges associated with estimating these crucial parameters,
including relative precursor concentration (C.) and fuel temperature (T), under varying
reactor power conditions. A high-fidelity nonlinear dynamic reactor model was
developed, incorporating noises in both process and measurement models. The proposed
method was evaluated by extensive simulations under a wide range of operational
scenarios. The particle filter demonstrated exceptional performance in tracking the time-
varying states of the nuclear reactor. Comparative analysis with a conventional Kalman
filter and the extended Kalman filter revealed the superior robustness of the particle filter
in handling nonlinearities inherent in nuclear systems. The proposed approach offers
several advantages, including the ability to capture multimodal distributions, handle non-
Gaussian noise, and provide probabilistic estimates. Despite the increased computational
cost associated with particle filtering, the benefits in terms of estimation accuracy and
reliability justify its application in nuclear power plant monitoring and control systems.

1. Introduction

conditions. However, the radioactive environment within the

Nuclear power plants are essential to the global energy
landscape, providing a reliable and low-carbon source of
electricity. However, these complex systems exhibit
nonlinear behaviors, making their operation intricate and
demanding precise control. Parameters such as precursor
concentration and fuel temperature are crucial for
maintaining reactor stability and preventing accidents.
Accurate estimation of these parameters is vital for
optimizing plant performance, ensuring safety, and
extending the lifespan of nuclear fuel. By leveraging
advanced modeling techniques and real-time monitoring,
engineers can gain valuable insights into the reactor's
internal state, enabling proactive decision-making and
timely interventions [1].

Precursor concentration and fuel temperature play a
pivotal role in reactor dynamics, influencing factors such as
reactivity, power distribution, and thermal-hydraulic

reactor core renders direct measurement of these quantities
exceedingly difficult, if not impossible. Consequently,
advanced estimation techniques, such as those based on
mathematical models and statistical inference, are essential
for inferring these critical states from available sensor
measurements. By employing these techniques, we can gain
valuable insights into the reactor's internal state, enabling
proactive monitoring, control, and decision-making,
ultimately enhancing both safety and operational efficiency
[2].

Jiuwu Hui [3] researched the application of the Extended
State Observer (ESO) for regulating power levels in nuclear
power plants. The study aimed to create a control strategy
that integrates ESO with Adaptive Dynamic Sliding Mode
Control (ADSMC) techniques. This ESO-ADSMC approach
effectively tackles the challenges posed by the dynamic
behavior and uncertainties inherent in nuclear power plant
operations. Qadeer and Bhatti [4] introduced an innovative

Copyright © H. Eliasi (S)
Al Publisher: University of Sistan and Baluchestan
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technique to estimate the states of automotive engines
through a super-twisting second-order sliding mode
observer. This observer demonstrated exceptional accuracy
in estimating the dynamic states of the system, effectively
handling variations and disturbances that may arise during
operation.

Jiuwu Hui and Jingqi Yuan [5] suggested the application
of a particle filter for accurate linear state estimation in the
presence of perturbations within a modular high-temperature
gas-cooled reactor. This approach leverages a set of particles
to effectively capture and address uncertainties and
disturbances, representing the potential states of the system.
In 2019, Dong et al. [6] proposed an adaptive state observer
designed to estimate the concentrations of poisons in nuclear
power plants. This innovative approach utilizes adaptive
algorithms to continuously refine estimations by
incorporating real-time measurements and the dynamics of
the system. In 2018, Ansarifar et al. [7] employed a Higher-
Order Sliding Mode Observer (HOSMO) in a Pressurized
Water Reactor (PWR) to estimate the nonlinear dynamics of
poisons present in a nuclear power plant. The development
of the HOSMO, focused on xenon concentration, requires
the formulation of a control strategy aimed at maintaining
stable and accurate reactor performance in response to
varying power demands. Wang et al. [8] explored the
application of Artificial Neural Networks (ANNs) to
estimate poison concentrations in nuclear power plants. They
developed an ANN model by training it with historical
operational data, which was then employed for real-time
estimation of poison concentrations. Zhe Dong et al. [9]
utilized a high-order ESO as a state estimation method to
assess state variables and disturbances within energy
systems. They particularly focused on nuclear reactors. Koul
et al. [10] explored the use of the Rao-Blackwellized
unscented Kalman filter for adaptive state estimation in
nuclear reactors. This approach merges the advantages of the
unscented Kalman filter with the Rao-Blackwellization
principle, thereby improving the accuracy and adaptability
of state monitoring. In 2015, an Extended Kalman Filter
(EFK) was designed by Ansarifar et al. [11]. They used the
EKF approach to estimate the poison concentrations and
precursor density in a nuclear power plant with three groups
of delayed neutrons.

In [12], a study was conducted to estimate dynamic
variables in power systems using various Bayesian filters,
including the EKF, unscented Kalman filter, ensemble
Kalman filter, and particle filter. The study identified that
while some filters excelled in accuracy, others offered
greater robustness under noisy conditions, highlighting
trade-offs in effectiveness and computational complexity. In
[13], a novel method was introduced for estimating adhesion
in rail systems, combining an EKF with particle swarm
optimization. This approach addresses the challenges
associated with adhesion estimation and shows that the

application of artificial intelligence and machine learning
techniques can improve accuracy, offering potential
advantages for the rail transport industry. In [14], a novel
linear parameter varying estimator was developed to
estimate the hydrazine molar concentration in the secondary
circuit of nuclear power plants. The proposed method
utilizes dynamic shaping filters of arbitrary order to define
estimation performance objectives, leveraging L.-gain
synthesis based on uncertainty characterization through
static integral quadratic constraint multipliers. In [15], a
study was conducted to develop a novel approach for reactor
power level control in PWRs by integrating Nonlinear
Generalized Predictive Control (NGPC) with an EKF. The
research demonstrated that this NGPC + EKF methodology
could effectively address the challenges of nonlinearity,
model mismatch, and noise and significantly enhance the
reliability and performance of nuclear reactor control
systems. This innovative approach represents a valuable
advancement in nuclear engineering.

By incorporating the particle filter approach into our
estimation framework, we aim to address the difficulties
related to the precise estimation of fuel temperature and
precursor concentrations within a nuclear power plant
setting. Our research seeks to enhance both the accuracy and
reliability of these concentration estimates significantly. The
results from our simulations provide strong support for the
effectiveness of the proposed observer. Additionally, a
comprehensive assessment of the particle filter, along with
the Kalman filter and EKF, demonstrates significant
improvements in tracking actual system variables and
greater resilience to noises. The particle filter, in particular,
shows exceptional capabilities in effectively mitigating
noises, illustrating its superior performance [16].

The article is organized into a structured framework as
follows:  Section II introduces a comprehensive
mathematical model for the PWR. Section III provides
detailed design procedures for the KF, EKF, and PF
algorithms with a focus on the estimation of the states within
the PWR system. Section IV presents numerical simulations
that assess and compare the estimation performance of the
different approaches. Finally, Section V concludes with a
summary of the key findings.

II. PWR Formulation

A nuclear reactor model is a sophisticated mathematical
representation that encapsulates the physical characteristics
and dynamic behavior of a nuclear reactor system. These
models are vital for simulating the performance of nuclear
reactors under various operational scenarios, providing
insights into their efficiency, safety, and overall
functionality. The development of these models typically
involves a blend of fundamental physical principles,
empirical data, and engineering approximations to
accurately capture the intricacies of reactor operation [17].
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Assumption 1: The groups of precursors are considered
as a single group. This assumption is made to simplify the
model and facilitate the analyses, which will allow for the
examination of the overall behavior of these groups rather
than the separate effects of the individual precursors.

A. Representation of PWR Equations

In nuclear power plants, the term "neutronics" pertains to
the investigation of neutron behavior and interactions within
the reactor core. The dynamics of neutrons are governed by
a series of equations known as the neutron transport
equations. These equations detail the movement of neutrons
through the reactor core while considering factors such as
neutron production, absorption, scattering, and leakage. A
one-point kinetic nuclear reactor model is mathematically
represented by the following equations [18], [19]:

dn, (p—p) B

L=t 4G Q)
dc,

==, —AC, @)

where n, denotes the relative changes in neutron density
compared to its initial value, C, is the delayed neutron
precursor concentration, normalized with respect to its initial
value, 8 and A denote one group delayed neutron yield and
decay constant, respectively, and A denotes prompt neutron
lifetime. Reactor nominal power is outlined below:

p(t) = pony (3)
where p, denotes the first changes in reactor power level.
Xenon poison is the most significant poison in nuclear
reactors. For a one-dimensional model of a nuclear reactor
core, the fluctuations of this poison can lead to a power plant
shutdown. The production rate of this poison has a
significant effect on the power of the reactor. The equations
of poisons in the nuclear power plant, which include I-135
and X-135, can be expressed as follows [20]:

dl _ 4
a—ylzfd’_/lll 4)
ax

% = (W Zf — 0. X)) — L, X + A1 Q)

where [ and X denote iodine and xenon concentrations
respectively, o, denotes microscopic thermal neutron
absorption cross-section of xenon, ¥, and y; denote xenon
and iodine yield per fission and 4, and 4; denote xenon and
iodine decay constants, respectively, Xf represents the
macroscopic fission cross-section, and ¢ is the neutron flux
represented as follows:
¢ = vnon, ©)

where v and n denote the mean velocity of thermal neutron
and initial equilibrium neutron density, respectively. By
incorporating the influence of both fuel and coolant
temperatures, it is possible to construct a simplified lumped
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parameter model to analyze thermal transients. The
presented model is outlined as follows: [21], [22]:

a1, 1
&y frp = (T = Tc)] (7)
T, 1
— = m [(1 =)+ 0(T; - Te) ®

= 2M (T — Tin)]

where Ty, T¢ and Ty, are fuel temperature, coolant average
temperature, and coolant inlet temperature, respectively. The
parameter ff is a fraction of reactor power deposited in the
fuel. Also, iy , l¢, 2, and M are the total heat capacity of
the fuel, the total heat capacity of the coolant, the heat
transfer coefficient between fuel and coolant, and the mass
flow rate multiplied by the heat capacity of the coolant,
respectively. The reactivity model p of a PWR is influenced
by the control rod movement, xenon, and temperature
feedback. This model includes the sum of three components
where 8p,,: represents reactivity caused by control rod
movement, Jpr denotes thermal reactivity feedback
referring to the change in reactivity due to changes in
temperature, and J&py denotes variations in xenon
concentration which lead to alterations in feedback
reactivity. The one-point reactivity model is depicted as
follows:

p = 6pext + 6pr + 6px ©)
where
d(6pext)
Ttext = GrZrod (10)
Spr = af(Tf - Tfo) + ac(Te —Teo) QY
ax (X — Xo)
S0y = —————2~ 12

where G, and Z,,, denote the total reactivity of the control
rod and control rod speed. a; and a denote the thermal
reactivity coefficient of the fuel and coolant, respectively.
Tro, Tco and X, denote the initial conditions of fuel
temperature, liquid coolant temperature, and xenon,
respectively. The above equations should be written as
(13-18) to adhere to the framework of state equations
[12].
x = felx,u) +we

y = he(x,u) + v, -
Ewwl]l=0Q (14)
Elvev ] =R (1)
X = [Tlr, Cr, I, X, Tf; Tc: 6pext]T (16)
U= Zyrog (17
I ()

where x is the state vector, y is the output vector, u is the
input vector, the functions f'¢ and /c represent the state and
output equations, respectively, and the subscript ¢ indicates
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TABLE I NOMENCLATURE

TABLE II VALUES OF THE PWR PARAMETERS

Parameters Symbols
Initial neutron density Ny
Initial nominal power Po
Initial equilibrium neutron density no
Mean velocity of thermal neutron v
Effective prompt neutron lifetime A
Fraction of delayed neutron production B
Radioactive decay constant A
1-135 decay constants A
X-135 decay constants Ay
Total reactivity of the control rod G,
Fuel total heat capacity Ur
Coolant total heat capacity Uc
Fraction of reactor power deposited in the fuel fr
Inlet coolant temperature Tin
Macroscopic fission cross-section g
1-135 yield per fission Vi
X-135 yield per fission Vx
Combined effect of mass flow rate and heat M
capacity of the coolant
Heat transfer coefficient fuel-to-coolant 0
X-135 microscopic absorption cross-section Oy
Thermal reactivity coefficient of fuel ar
Thermal reactivity coefficient of coolant ac
Initial condition of liquid coolant temperature Teo
Initial condition of fuel temperature Tro
Initial condition of xenon Xo
Control rod speed Zrod
Average liquid coolant temperature T,
Fuel temperature T¢
Xenon concentration X
Iodine concentration I
Neutron flux @

Symbols Values Units
Nyo 1 -
Po 2500 MW
Ny Do 8 -
2500><(2.5><10 )
v 2.2 x 105 cm/s
A 2x1075 s
B 6.019 x 103 -
A 0.150 st
A 2.88x107° st
Ay 2.08 x 1075 st
G, 14.5 x 1073 -
U 26.3 MW.s/°C
160 .
Uc (ano + 540) MWS/ C
fr 0.92 -
Tin 291.3 °C
Py 0.3358 cm™t
Vi 0.0639 -
Vx 0.00228 -
M (28 X ny) + 74 MW.c™?
0 5 c1
(o +499) .
Oy 2.36 x 10718 cm?
as (nyo — 4.24) x 1075 %k /°C
ac (—4n,9 —17.3) x 1075 %k /°C
Teo 303.55 °C
Tro 653.80 °C
Xo 8.11 x 10%° -

the continuous state. w, and v, are the process and output
noises, respectively, which are modeled as Gaussian (with
zero means), and their covariance matrix is defined
according to Eq. (14) and (15), respectively, where E[.] is the
statistical math expectation. All the parameters of PWR
have been described in Table 1. Also, Table II presents the
parameter values of the reactor model.

B. Discretization of PWR Equations
To implement the proposed filters, the continuous
equations of the nuclear reactor must first be discretized
[23]. In order to make the equations discrete, the definition
of the derivative for the variable x is used as described in Eq.
(19).
o x(k) —x(k-1)
= At
where At is sampling interval and k and k — 1 are the
same as kAt and (k — 1)At;. By substituting the
aforementioned relationship into the state matrix equations,
we arrive at Eq. (20) as follows:
x(k) = x(k — 1) + Aty X (fe(x,uw) +w,) (20)
By simplifying Eq. (20), we obtain the following relation:

- x(k) = x(k — 1) + xAty, (19)

X = (g1, Ug—1) X Dts + Xp_q + Wiy

Vi = h(xe, wp) + vy
the above equations represent the discretized form of a

e2y)

nuclear power plant, which is used to implement the
proposed filters.

II1. Preliminary

This section will explore the Kalman filter, the EKF, and
the particle filter, which are used to estimate precursor
concentration and fuel temperature.

A. Kalman filter

This method is a computational technique based on
mathematical principles, designed to accurately estimate the
true states of a system by integrating predictions from a
mathematical model with sensor measurements. The method
consists of two fundamental steps: prediction and update. In
the prediction step, the previous state estimate and the
system model are utilized to project the current state forward
in time, incorporating information about the system's
dynamics to create an expected state prediction. During the
update process, the Kalman filter computes the Kalman gain,
which determines the appropriate weight to be assigned to
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the new measurement data versus the predicted state
estimate. The steps of the KF method for the nonlinear PWR
dynamics are outlined as [24], [11]:

Prediction step:

In Eq. (22) and (23), the state and covariance matrix of the
states are predicted.

55\,: = Akk\k—l + Bkuk (22)
Py = AgPe_1Af + Qq (23)
%(0) = x,

P(0) = P, @4

where X, is the prediction at the current time, X;_, denotes
the state estimation at time k — 1, Parameter Q; depicts the
process covariance noise, P, represents the covariance
matrix which is predicted from the prediction step,
parameters X, denotes the initial mean, and P, represents the
initial covariance estimation error.

Update step:
Ve =y — HXy (25)
K, =Pk_HT(HPk_HT+Rk) (26)
T = X + K Yk 27)
P = —-KcH)P, (28)

where H is the measurement matrix. ¥ signifies the
deviation of the observed measurement y;., and the predicted
measurement HX, . The measurement noise covariance is
Rj.. Kalman gain, denoted by K}, determines the weight or
importance given to the measurements relative to the
predicted state estimate, X, represents the state estimation,
which is adjusted using the Kalman gain and residual
measurement, and P, is the updated covariance matrix of
errors. The given nonlinear model is approximated linearly
around the operating conditions (equilibrium point): Xeq,
and Ueq,,- A, denotes the transfer function of states, By is

the input matrix applied to the input vector u,. A; and By
are outlined below:

of
k= 52
0x Xeqyteq ,
o (29)
k™ u Xeqpteq

where f(.) is a function of the states and input of the
system mentioned in Eq. (21).

B. Extended Kalman filter (EKF)

The previously described Kalman filter relied on
linearization at the equilibrium point, which renders the A
and B, matrices invalid. To address this issue, an EKF is
employed. The EKF is a widely used technique for state
estimation, operating iteratively to estimate system
dynamics from a series of noisy measurements. It consists of
two main stages: prediction and update. In the prediction
phase, the state estimate and its covariance are advanced in
time by applying the nonlinear system dynamics. Then,
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during the update phase, the projected state estimate is
adjusted using the new measurement data. This adjustment
utilizes the Kalman gain, which is calculated through the
linearization of the system and measurement equations [25].
As outlined by the modified Euler’s discretization presented
in Eq. (21), the EKF estimation process consists of two key
steps: prediction and update. The equations governing the
EKF are defined as follows [25]:
Prediction step:

e = fRp1 Ug—1) + Wiy (30)
Py = Fyo1PeoaFi_y + Qq €2
Update step:

Ik = Yk — h(Zi, uk) (32)
K, =Pk_HT(HPk_HT+Rk) (33)
X = X + KDk (34)
P = —-KcH)P, (35)

where ¥, represents the measurement residual, y, and
h(X,u,) indicate  measurement and  estimated
measurement, respectively, K}, represents the estimator gain,
X and Py, represent updated states and covariance estimates,
respectively, F, represents the variables transition jacobian,
and Hj denotes the observation jacobian expressed as

follows:
of (xp, u
= Gt 6
ox R Uk-1
0h(xy)
Hy, = 37
k ox Rig ke ( )

C. Particle filter

According to the approaches reviewed in the previous
sections, in the Kalman filter, matrices A, and B) are
constants. So, if the equilibrium point changes, matrices
A and By, cannot be used anymore. On the other hand, in
the EKF, if the accurate mathematical model of the system is
not available, it may be difficult to estimate the states.
Therefore, in order to improve the state estimation according
to the mentioned limitations, a PF is evaluated for precursor
concentration and fuel temperature estimations.
the particle filter is a state estimation technique used for
nonlinear systems with high-dimensional state spaces. It
estimates the state's posterior probability distribution by
using a set of particles. Each particle represents a potential
system state, and its weight indicates the likelihood of that
state being true. The particle filter overcomes the limitations
of the KF and EKF by employing resampling with
replacement, addressing particle degeneracy, improving
computational efficiency, and providing a better
representation of the posterior distribution, particularly in
high dimensional spaces. The particle filter utilizes a set of
discrete samples with associated weights to approximate a
probability distribution function. This representation is
described as follows [26], [27]:
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N
PCaly) = ) IWiSCx = xb)] G®)
i=1
Eq. (38) represents the posterior distribution P (x |y ) of
the state x; given the observations yj in the context of a
particle filter. The equation approximates this posterior
distribution as a sum of contributions from N particles,
represented by the index i. Each particle x.. is assigned a
weight Wi, reflecting how likely that particle is given the
observations. These weights are updated at each time step
to ensure that the particles representing more probable
states are emphasized in the approximation and
correspond to:

N
Z wi =1 (39)
i=1

The delta function &(x, —x.) signifies that each
particle contributes to the posterior only when the current
state x;, matches the value of the particle x. . This allows
for the representation of the posterior as a weighted sum
of discrete points in the state space. This formulation
effectively captures the complexities of the posterior
distribution in nonlinear and non-Gaussian systems using
a finite number of particles. Each particle serves as a
sample of the possible states, allowing for flexible and
robust estimation of the state variable x, based on the
observations y, . The PF algorithm is succinctly outlined as
follows:

Initialization: Start with a collection of samples
{x!(0)} ¥ that are stochastically selected from initial state
distribution P(0) and let W} = 1/N, i = 1, ..., N.

Prediction: For each particle, propagate it forward in time
using the system dynamics. This involves applying the state
transition function to each particle, considering the process
noise. The prediction stage is outlined as:

Xi = f(xlic—v uk—l) + Wiy (40)

In (40), wi_, indicates white noise with covariance Q.

Update: Calculate the weight of each particle based on how
well it matches the new measurement, which is done using
the measurement model and the current measurement. The
update step consists of two parts: particle weight and
normalization, which are expressed as follows:

Particle weight:

Wi = Pl i) Wiy (41)
Normalization:
wi = Wi (42)
kK= SN
W
Resampling:
v i < Nesr (43)

Resample the particles with replacement, based on their
weights. This step aids in discarding particles with

diminished weights, thus prioritizing states with higher
likelihoods, Neffth is a predetermined threshold and let

Wi=1/N,i=1,..N.

State estimation:
N

%= ) [xiW] (#4)
i=1
Set k = k + 1 and repeat the process from step (b).
Assumption 2: It is assumed that the measurement and
process noise are Gaussian distributed, which is a common
assumption in filtering techniques.

IV. Simulation Results

This section compares the designed Kalman Filter (KF)
and EKF [11] in the presence of process and measurement
noises for a PWR to demonstrate the superiority of the
designed Particle Filter (PF). A feedback linearization
controller was implemented to regulate the system dynamics,
and numerical simulations were carried out using
MATLAB/Simulink. Three scenarios for power level
changes were considered to evaluate the estimation
approaches. To evaluate the performance of the KF, EKF,
and PF, three error detection criteria were employed: Integral
Absolute Error (IAE), Mean Error (ME), and Root Mean
Square Error (RMSE). This section summarizes the
assessment of these filters for state estimation. Metrics such
as ME, IAE, and RMSE were used to gauge transient
estimation and steady-state accuracy. So, 200 particles were
used for simulation in the PF. All system initial conditions
are deviated by 5% from their nominal values.

2]
IAE =J le(.)|dt (45)
0

(46)

(47)

The symbol @ represents total simulation time, while e(.)
represents the error of estimation associated with it.
Parameter s represents sample size, and y‘ and §' indicate
the true and predicted values, respectively.

A. The First Scenario

In the first scenario, the reactor is initially operating at its
nominal power level, representing an equilibrium state. At
the 18-second mark, the power level is decreased to 80% of
the nominal value. Subsequently, at the 108-second mark,
the power level is increased back to the nominal value. Fig.
1 shows the first power level changes in the nuclear power
plant. Figs. 2 and 3 compare the estimated and actual values
of the precursor concentration and fuel temperature for the
three filters described in Section III.
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Fig. 4 compares the RMSE of the proposed filters in the
first scenario. The results demonstrate that the proposed PF
exhibits superior convergence between the estimated and
actual states compared to other methods in the first scenario.
Furthermore, comprehensive evaluations consistently
indicate the superior performance of the PF over both KF and
EKF methods.

B.  The Second Scenario

In the second scenario, it is assumed that the power of the
reactor is at 80% of the rated power. Then, after 18 seconds,
the power of the reactor is reduced to 40% of its rated power.

After 108 seconds, the power is increased by 40%. Fig. 5
shows the second power level changes in the nuclear power
plant. Figs. 6 and 7 compare the estimated and actual values
of the precursor concentration and fuel temperature for the
three filters described in Section III. Fig. 8 presents a
comparative analysis of the RMSE for the proposed filters
under the second scenario. This visualization allows us to
directly assess the accuracy of each filter in estimating the
true system state, providing valuable insights into their
relative performance. The evaluation results indicate that the
proposed PF exhibits faster convergence and lower
estimation error than the KF and EKF algorithms in the
second scenario.
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C. The Third Scenario

In the third scenario, the reactor is subjected to a specific
power cycle. It begins operating at 40% of its maximum
power capacity. After 18 seconds, the reactor's power output
is decreased to 20%. The reactor maintains this reduced
power level for 108 seconds before returning to its initial
40% power level. Fig. 9 presents the modeled relative
neutron density during this sequence. Fig .10 compares the
estimated and the actual value of the precursor concentration
for the three filters described in Section III. In addition, Fig.
11 compares the estimated and actual value of the fuel
temperature for the three filters. Fig. 12 is a comparative
analysis of the RMSE for the proposed filters under the third
scenario.

The evaluation results suggest that the proposed PF
demonstrates better performance in terms of convergence
speed and estimation accuracy when compared to both the
KF and EKF algorithms. Specifically, the PF achieves faster
convergence, meaning that it reaches accurate estimates
more quickly than its counterparts. This characteristic is
crucial in applications requiring real-time processing and
rapid decision-making. Additionally, the PF exhibits lower
estimation errors, which implies that the estimates produced
are closer to the true values of the variables being estimated,
enhancing overall system reliability.
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TABLE III OVERVIEW ERROR METRICS FOR PRECURSOR CONCENTRATION AND FUEL TEMPERATURE ESTIMATION AT THREE SCENARIOS

Powers Estimation errors Indices KF EKF PF
c ME 0.0194 0.0119 0.0032
e(G) IAE 3.8934 23928 0.6380
First scenario ME 0.0099 0.0062 0.00065
e(Ty) IAE 1.9833 1.2493 0.1317
o(C) ME 0.0253 0.0152 0.0032
_ i IAE 5.0925 3.0459 0.6134
Second scenario ME 0.0123 0.0077 0.0007
e(Ty) IAE 3.4774 1.5496 0.1424
c ME 0.0173 0.0104 0.0049
. ' et IAE 3.4840 2.0834 0.9803
Third scenario ME 0.0058 0.0040 0.0011
e(Ty) IAE 1.1568 0.8131 02235

This study employs two error metrics, ME and IAE, to
evaluate the estimation accuracy of precursor concentration
and fuel temperature across three power levels. Table Il
presents the results of the two error metrics, ME and IAE,
evaluated across three different scenarios. ME serves as a
fundamental metric for assessing the average deviation in
estimations, offering insights into the overall accuracy of
predictions relative to actual measurements. It is calculated
as the average of the differences between predicted values
and observed values, helping to identify systematic biases in
the estimation model and providing a more comprehensive
understanding of the model's performance.

In contrast, IAE offers a more comprehensive analysis of
estimation accuracy over time. Unlike ME, which may be
misleading in the presence of compensating errors, IAE
accumulates the absolute discrepancies, capturing the
magnitude of all errors made during the estimation process.
By analyzing both ME and IAE, a nuanced understanding of
the estimation errors associated with precursor concentration
and fuel temperature can be derived, thereby enhancing the
reliability of predictive models at varying power levels. One
notable drawback of the proposed method is its extended
processing time, attributed to its inherent complexity, while
alternative methods benefit from shorter processing
durations due to their simpler designs. Nevertheless, this
trade-off is justified by the superior performance and
accuracy of the proposed method, which are critical for
ensuring reliable outcomes in our application. Table 1V
outlines the comparative advantages and disadvantages of
the proposed method relative to others.

D. Limitations
One of the limitations identified in this study is the
unavailability of comprehensive data on nuclear power
plants globally, which hampers the ability to conduct a
thorough analysis. This scarcity of data is attributed to
several factors, including the diversity of regulatory
frameworks in different countries, the proprietary nature of

TABLE IV COMPARISON OF THE PROPOSED METHOD
COMPAIR WITH OTHER METHODS

Method Advantage Disadvantage ProcF: Ssing
Time

Particle High Accuracy Longer

filter Robust processing time 4.4 sec

performance
Faster processing Low accuracy

KF and time 0.8 sec and

EKF Simplicit Limited 1.37 sec

Y robustness

information related to nuclear energy, and the varying levels
of transparency associated with national energy policies.
Many nations have imposed strict controls and regulations
on the dissemination of information pertaining to nuclear
facilities, resulting in fragmented data that can hinder
accurate comparisons and assessments. Furthermore, the
sensitive nature of nuclear operations often results in limited
public access to detailed operational metrics and safety
records, which are crucial for comprehensive analysis. Many
existing databases either provide outdated information or
lack the granularity necessary for robust evaluations of
nuclear power plants and their performance. Such challenges
underscore the complexities involved in researching nuclear
energy infrastructure on a global scale. Therefore, at this
stage of the research, reliable data in this area remain
unobtainable, which poses significant constraints on the
depth and breadth of the analysis that can be undertaken.
Another limitation of this study is the computational cost
of the PF. The PF utilizes a set of particles to estimate the
state; as the number of particles increases, the accuracy of
the estimation improves. However, the computational
expense of the PF also rises significantly. The mathematical
relationship between the number of particles and the
computational load can be expressed as follows:
C(N) =kxN (48)
where C(N) represents the computational complexity
for N particles and k is a constant value that represents
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the amount of computation for each particle. The Eq. (48)
illustrates a fundamental characteristic of PFs, where the
total computational cost is directly proportional to the
number of particles utilized in the estimation process.
This linear relationship signifies that as the number of
particles increases, the computational demands escalate
correspondingly, thereby  requiring additional
computational resources and time. This understanding
emphasizes the trade-off between accuracy and efficiency
in particle filtering; while increasing the number of
particles can enhance the accuracy of state estimates, it
also incurs a substantial increase in computational load.
Consequently, careful consideration must be given to the
selection of the number of particles in practical
applications to achieve a balance between desired
accuracy and available computational resources.

V. Conclusions

This study provided a detailed evaluation of the PF's
performance in estimating precursor concentration and fuel
temperature, positioning it against both the standard KF and
the EKF. The comparison revealed significant advantages of
the PF, particularly in terms of accuracy and reliability under
different operational scenarios. Three scenarios were
analyzed: high power, medium power, and low power. In all
three cases, the PF demonstrated a superior ability to
minimize estimation errors as defined by RMSE (Root Mean
Error), ME (Mean Error), and IAE. These metrics reflect the
filter's capacity to closely track the true values of precursor
concentration and fuel temperature, particularly during
periods of dynamic changes in power levels. The findings
highlight the robustness of the PF, especially in high power
scenarios where rapid fluctuations are expected. In these
conditions, the PF outperformed its Kalman counterparts by
efficiently handling the non-linearities and noises associated
with the estimation process. In the second and third
scenarios, the PF continued to maintain its edge, exhibiting
lower error rates and demonstrating better consistency in
performance. Furthermore, the ability of the PF to adapt to
varying conditions suggests its potential application in more
complex systems where precision in estimation is critical.

The results advocate for the adoption of the particle
filtering approach in relevant fields, particularly in systems
that are subject to rapid changes and unpredictable
dynamics. Overall, this study reinforces the importance of
advanced filtering techniques in achieving accurate
estimations in practical applications. Further investigations
could explore the integration of the PF with other
methodologies or its application in additional contexts,
ensuring continuous improvement in data estimation efforts.
This research not only contributes valuable insights into
filtering techniques but also emphasizes the ongoing need for

innovative solutions in the realm of estimation and control
systems.

Future works

The promising results obtained from the PF in estimating
precursor concentration and fuel temperature open several
avenues for future research and application. One potential
direction is the exploration of hybrid filtering techniques that
integrate the strengths of the PF with those of other
estimation methods, such as deep learning algorithms or
multi-model approaches. By leveraging the adaptive
capabilities of these methodologies, it may be possible to
further enhance estimation accuracy in highly dynamic
environments.
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The integration of distributed generation (DG) sources into distribution systems has
experienced significant growth due to their numerous advantages. However, DG
integration has also introduced substantial challenges to distribution system protection,
such as variations in fault current levels and bidirectional fault current flow. Under these
conditions, directional overcurrent relays may not operate as intended. This paper
proposes a directional comparison protection scheme for safeguarding lines and zones in
active distribution systems, based on the calculation of incremental active power
transient energy. Additionally, a differential protection scheme, based on the Teager—
Kaiser Energy Operator (TKEO), is incorporated to enhance the performance of the
directional identification algorithm. The proposed scheme is capable of detecting
symmetric and unsymmetric faults on microgrid lines at both low and medium voltage
levels and is adaptable to changes in microgrid configurations and load-switching
transients. The proposed methods offer the advantages of simplicity in calculation and
high accuracy. An AC active distribution system incorporating inverter-based DG
sources is modeled in PSCAD-EMTDC software to simulate various fault types, and the
simulation results are subsequently transferred to MATLAB for the implementation of
the proposed algorithms.

I. Introduction

the point of consumption, which reduces the distance that
electricity must travel through the network. Distributed

Electricity has been a fundamental requirement for human
society since the early stages of civilization. The rapid
growth in electricity consumption has significantly impacted
energy resources, particularly fossil fuels, leading to a
decline in these reserves. In addition, the increase in fossil
fuel consumption and the associated undesirable
environmental effects have created a basis for the
development and use of renewable energy. The deployment
of distributed generation resources in distribution systems
has increased markedly in recent years. Distributed
generation resources are those located at or near the point of
electricity consumption and inject their generated electricity
directly into the distribution grid. Distributed generation
(DG) resources offer several advantages over centralized
generation resources. The reduction of distribution network
losses is one of the most important advantages of distributed
generation (DG) resources, as they are typically located near

generation (DG) resources can significantly improve the
reliability of the power grid by providing a local source of
backup power in the event of a power outage from
centralized generation sources. DG resources can also
enhance the stability of a power grid by supplying local,
flexible, and responsive power during periods of increased
grid load. The use of renewable energy sources for electricity
generation can lead to a significant reduction in air pollution
and environmental impacts. The rapid growth of distributed
generation resources in distribution systems has created
conditions for the development and operation of microgrids.
The emergence of microgrids, which are small-scale power
systems, has revolutionized the landscape of electricity
supply. These innovative systems harness local generation
resources such as solar, wind, and small-scale generators,
offering a sustainable and flexible solution for regions
lacking access to the main grid or facing grid constraints.

Copyright © A. Ketabi (s).
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Microgrids, while capable of connecting to the main grid,
also possess the ability to operate in island mode. This
capability eliminates over-reliance on the central grid,
significantly enhancing system stability and security.
Microgrids can be broadly categorized into two types based
on their connection to the main grid:

1. Grid-Connected  Microgrids:  Grid-connected
microgrids establish a connection with the main grid,
enabling them to exchange power with the broader electricity
network. This bidirectional power flow allows these
microgrids to: Supplement Electricity Supply: During
periods of peak demand, grid-connected microgrids can
draw power from the main grid to meet local electricity
needs. Inject Excess Generation: Conversely, when
microgrid generation exceeds local demand, surplus
electricity can be injected into the main grid, contributing to
overall grid stability and resource optimization. Grid-
connected microgrids are particularly well-suited for
electrifying remote areas and regions with weak or unreliable
grid infrastructure.

They offer several advantages, including:

Enhanced System Stability and Security: The ability to
draw power from the main grid during disturbances ensures
uninterrupted power supply to critical loads. Reduced
Reliance on Central Grid: By generating and consuming
electricity locally, grid-connected microgrids lessen
dependence on the main grid, increasing energy autonomy.
Improved Power Quality: Active regulation of voltage and
frequency within the microgrid enhances power quality for
consumers. Increased Flexibility and Efficiency: Real-time
energy management and optimization enable grid-connected
microgrids to respond effectively to demand fluctuations and
optimize resource utilization.

2. Island Microgrids: Island microgrids operate
autonomously, disconnected from the main grid. They rely
solely on local generation resources to meet their electricity
needs. This self-sufficiency provides several benefits,
particularly in remote or grid-constrained areas:
Uninterrupted Power Supply: Island microgrids are immune
to disruptions in the main grid, ensuring a continuous and
reliable power supply for critical infrastructure and
communities. Energy Independence: By generating
electricity locally, island microgrids eliminate reliance on
imported fossil fuels, promoting energy independence and
sustainability.  Resilience in Remote Locations: Island
microgrids provide a stable power source for remote areas
that are difficult or expensive to connect to the main grid.

Despite their advantages, island microgrids also present
certain challenges: Higher Initial Investment: The upfront
costs of establishing an island microgrid, including local
generation and storage infrastructure, can be higher
compared to grid-connected systems. Need for Advanced
Control Systems: Island microgrids require sophisticated
control and management systems to ensure real-time

balancing of supply and demand and to maintain grid
stability. Limited Scalability: The capacity of island
microgrids is typically constrained by local generation
resources, limiting their ability to serve large-scale loads. In
addition to the categorization of microgrids based on their
grid connection type and location, another classification
scheme exists based on the type of power transfer employed
within the microgrid. This classification encompasses three
primary microgrid types:

1. AC Microgrids: In AC microgrids, all system
components, including generation sources, loads, and
transmission lines, utilize alternating current (AC) for power
transmission. AC, as the prevalent standard in the electricity
industry, offers advantages such as simplicity of structure,
case of connection to existing power grids, and high
efficiency in power transmission over long distances.

2. DC Microgrids: DC microgrids employ direct current
(DC) for power transmission throughout the system's
components. DC presents benefits such as lower losses over
short distances, compatibility with renewable energy
generation sources like solar panels and batteries, and
enhanced controllability and manageability.

3. Hybrid Microgrids: Hybrid microgrids represent a
combination of AC and DC microgrids. In this type of
microgrid, both AC and DC are utilized for power
transmission in different parts of the system. This approach
simultaneously harnesses the advantages of both AC and DC
systems, leading to increased flexibility and efficiency
within the microgrid.

Microgrid Selection: Selecting the appropriate microgrid
type depends on various factors, including the nature of
generation sources, load types, transmission line lengths, and
the control and protection requirements of the system. In
certain scenarios, employing a combination of AC and DC
microgrids, forming a hybrid microgrid, may constitute a
more optimal solution. The impact of these resources on the
performance of protective systems has also increased with
the growing penetration of distributed generation resources
(DGs) in power distribution networks. Among the most
significant impacts of DGs on the protection of distribution
systems are the following: Voltage variations: DGs are
typically small-scale and installed at various points in the
distribution network. Therefore, they may cause variations
in the network voltage levels, which can lead to disruptions
in the network and equipment damage. Influence of
distributed generation on network losses: Distributed
generation can cause either a reduction or an increase in
network losses, depending on the capacity, location, and type
of distributed generation. Changes in network losses can lead
to improper operation of protective equipment. The structure
of distributed generation (DG), the reduced level of fault
current in islanded mode, the change in fault current level
with the transition of microgrid mode from connected to
disconnected, and the low inertia of microgrids are all factors
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that affect the protection of active distribution systems and
the performance of directional overcurrent relays.[17]. The
structure of DG can influence the magnitude of the fault
current. DG connected to the distribution system through a
point of common coupling (PCC) can increase the fault
current. However, DG isolated from the distribution system
or connected to the distribution system through a microgrid
can reduce fault current [18-20]. In islanded mode, the DG
can lower the fault current by providing a local source of
power. This can impact the operation of the overcurrent
relays, which are designed to function based on the
magnitude of the fault current. Microgrids can operate in
either connected or islanded mode. In connected mode, the
microgrid is linked to the distribution system. In islanded
mode, the microgrid is isolated from the distribution system
[13, 19]. The change in the microgrid mode from connected
to islanded can alter the magnitude of fault current. This is
because the distributed generation (DG) connected to the
microgrid can provide a local source of power in the islanded
mode. Microgrids with low inertia are more vulnerable to
faults, as they can experience larger transient overvoltage
and overcurrent during a fault [16]. Despite the operational
challenges associated with the use of distributed energy
resources (DERs) in distribution systems, their unique
benefits are clear. These benefits include reduced energy
loss, improved network stability, and increased power supply
reliability. ~ Consequently, researchers have  been
investigating the effects of DERs on distribution systems and
have provided various solutions for the optimal utilization of
these resources. The authors in [17] propose a multi-agent
system-based protection scheme for protecting distribution
systems that contain distributed generation resources. The
proposed scheme can achieve satisfactory performance for
protection under low-impedance fault conditions. In [21], a
wave-polarity-based protective technique for fault detection
is proposed. This technique can accurately and quickly
detect faults by comparing the polarities of the traveling
waves at two points in the network. A protection scheme for
locating faults in radial distribution systems is proposed in
[22]; however, it does not function properly when distributed
generation resources are utilized. Moreover, the proposed
scheme does not perform well in radial distribution systems
with increased fault impedance. In [23], an automatic
coordination mechanism based on the exchange of
information was used to achieve coordination between the
overcurrent relays. This mechanism automatically
establishes coordination between relays using current and
voltage information at the relay connection point. The main
challenge of this mechanism is the need for a
telecommunications infrastructure to exchange information
between relays. In [24], an adaptive protection scheme based
on non-standard characteristic curves was proposed. This
scheme can provide satisfactory protection performance
under various network conditions by leveraging the
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flexibility of non-standard characteristic curves. However,
this scheme has a major drawback in that it does not consider
islanding performance. In [19], the authors proposed a novel
protection scheme based on the optimization of relay
parameters by considering multiple characteristic curves for
directional overcurrent relays. This scheme can provide
satisfactory protection under various network conditions. In
[25], a novel method was proposed for identifying single-
phase faults in active power distribution systems using zero-
and negative-sequence current. This method can identify
single-phase faults under various network conditions by
utilizing the features of zero- and negative-sequence
currents. Considering the impact of solid-state transformers
on the coordination of overcurrent relays, the authors in [5]
introduced a novel protection scheme. However, it fails to
operate under conditions with inverter-based distributed
generation resources and high-impedance faults. In [26], the
authors propose a novel adaptive optimization method for
directional overcurrent relay coordination to achieve optimal
protection coordination in microgrids with diverse
topologies. This innovative approach utilizes advanced
optimization algorithms to optimally adjust relay parameters
under various network conditions, ensuring robust protection
coordination against a wide range of faults. The method first
employs powerful feature extraction algorithms to extract
the characteristics of zero-sequence and negative-sequence
currents. Subsequently, these extracted features are fed into
an advanced prediction model to accurately estimate the fault
probability at different points in the network. Finally, relay
parameters are optimally tuned based on the predicted fault
probability to guarantee seamless coordination among relay
operations under various network scenarios. However, the
proposed method may not perform effectively in protecting
microgrids against high-impedance faults In[27], the authors
proposed an optimized approach for current protection of
power grids that utilizes local current information. This
method dynamically updates the relay operating
characteristics based on the grid's operational conditions and
distributed generation (DG) outages. This dynamic
adaptation enhances the protection's flexibility and
optimizes system performance against faults. Building upon
this work, the authors in [28 and 29] introduced novel
current-time-voltage (I-T-V) tripping characteristics to
further improve current protection efficiency. These new
characteristics enable faster and more reliable protection by
optimizing the total relay operation time. The formulation of
these characteristics was framed as a constrained nonlinear
programming (NLP) problem based on standard overcurrent
protection (OCR) characteristics. Despite the notable
advantages of the methods presented in [27, 28, and 29],
their effectiveness may be compromised in certain scenarios
due to the neglect of diverse grid operational conditions,
including fault type, fault magnitude, and pickup current
values. For instance, the extensive integration of DGs into
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the grid can significantly impact system behavior under fault
conditions, which is not fully considered in these
approaches. Therefore, it is crucial to continue research in
current protection of power grids with a focus on DG
integration and considering the diversity of grid operational
conditions. The development of adaptive and dynamic
protection schemes that can effectively accommodate
varying system conditions is of paramount importance. In
the research presented in [30 and 31], a novel approach to
coordinating directional overcurrent protection relays for the
protection of distribution system microgrids in grid-
connected and islanded operating modes was introduced.
This innovative method effectively addresses the inherent
challenges of microgrid protection by employing a fault
current limiter at the point of common coupling (PCC).
Furthermore, in [32], microgrid protection using directional
overcurrent relays and an agent-based communication
system was investigated. This approach provides fast and
accurate protection against a wide range of faults by relying
on dynamic information exchange between the relays.
Aiming to address the inherent challenges of protection
coordination in microgrids, a novel protection coordination
scheme utilizing dual-setting directional overcurrent relays
was proposed in [33]. This innovative scheme significantly
reduces the complexity and cost of the protection system by
eliminating the requirement for fault current limiters. In [34],
a novel scheme is proposed to enhance the protection level
of meshed microgrids. The scheme is based on the
employment of a set of directional overcurrent relays with
two settings. In [35], a novel hybrid optimization method
based on the integration of the firefly algorithm and linear
programming is proposed to enhance the performance of
directional overcurrent relays. By leveraging the strengths of
both algorithms, this innovative approach can achieve more
desirable and time-efficient results compared to traditional
methods. In [36], a novel differential protection scheme for
microgrid lines was proposed based on the definition of the
islanding correlation index in the presence of inverter-based
resources. This scheme, utilizing the correlation index, can
detect fault conditions in microgrid lines with higher
accuracy and speed than traditional protection schemes. In
[37], a novel differential protection scheme based on the
calculation of line impedances was proposed for active
distribution system lines containing inverter-based
distributed generation resources. A fault direction-finding
algorithm that utilizes the calculation of incremental changes
in voltage and current flowing through the lines, along with
an adaptive differential protection algorithm for fault
detection and protection of microgrid lines and zones, was
proposed in [10]. In [38], the authors proposed a novel
differential protection scheme for distribution lines based on
the calculation of current signal energy. The use of dual
settings for the coordination of directional overcurrent
relays, employing genetic algorithms to optimize relay

settings, was proposed in [39]. However, achieving
coordination for a large number of overcurrent relays with
dual settings is often challenging. Fault direction
identification using a power-based index for microgrid line
protection has been investigated in [40]. The proposed
scheme identifies faults based on the degree of network
unbalance caused by the fault and determines the fault
direction based on the direction of negative sequence
reactive power flow. Accordingly, the proposed method is
capable of satisfactory performance only for asymmetric
faults. The use of derivatives of active power flowing
through lines for fault direction detection has been
investigated in [41]. Although the proposed scheme
demonstrates desirable performance in the occurrence of
high-impedance faults, its nature may lead to activation
during load switching in the network. In [42], the Stockwell
transform and deep neural networks were employed for fault
detection and localization. The proposed method effectively
visualizes the time-frequency information of current and
voltage signals, thereby enhancing the speed of fault
detection. Nevertheless, the utilization of variable-length
windows to generate time-frequency representations for the
input signal could potentially reduce redundancy in the time-
frequency domain. Furthermore, the computational
complexity associated with this approach constitutes another
limitation. In [43], an autoregressive technique was proposed
for fault detection. High computational speed is one of the
advantages of the suggested method. However, this model
heavily relies on historical data for accurate predictions,
making it susceptible to performance degradation in the
presence of data anomalies. Moreover, the computational
complexity of the proposed method increases with the
number of parameters and data points, which may potentially
compromise its accuracy. In [44], fault detection is proposed
using zero-sequence current component decomposition to
extract fault features. Additionally, a whale optimization
algorithm is employed to enhance the decomposition
process. Subsequently, shape-based time series analysis
utilizing dynamic time warping derivatives is applied for
comparison. However, computational complexity poses a
limitation to this approach. Fault detection and classification
using positive sequence impedance energy calculation is
proposed in [45]. A novel fault detection and classification
method is proposed in [46], which simultaneously utilizes
both temporal and frequency domain variations of current
signals and defines a differential index. The weakness of the
proposed method lies in its inability to operate under
symmetrical fault conditions within the network Studies
have shown that most proposed methods for the protection
of active distribution systems are based on optimization
problems and coordination among multiple relays. This can
inherently lead to increased operational time of protection
systems. Moreover, achieving coordination among multiple
overcurrent relays is challenging. Given that identifying the
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direction of an error can simplify both error detection and
localization, novel approaches have been introduced in this
regard. One such approach is the method proposed in [10]. A
limitation of this approach is its inability to identify the
direction of fault current flow under single-phase fault
conditions. Furthermore, the proposed scheme has been
investigated and evaluated for three-phase faults with an
impedance of 0.1 ohms. This paper presents a fault direction
recognition scheme based on the derivatives of active power
flow and the calculation of its energy polarity for the
protection of lines and microgrid areas. The objective is to
identify the fault current direction resulting from various
fault types and to increase the fault impedance value
compared to similar methods. Additionally, to prevent the
fault direction scheme from being affected by factors such as
load switching and the occurrence of faults outside the
protection zone, a sub-differential scheme based on the
calculation of the transient energy difference of line current
signals is proposed. Table 1 presents the results of the study.
The following are the main contributions of this work that
demonstrate its novelty for the microgrid protection:

TABLE1 PERFORMANCE COMPARISON OF THE
PROPOSED METHOD WITH EXISTING METHODS

Ref. direction Operation  Inverter High
detection in island based penetration
mode sources of
resources
[24] x x v v
[25] x v x v
[26] x v v v
[10] v v v x
[38] x v v x
Proposed 4 v v v
Strategy

The proposed directional algorithm offers a
straightforward approach to fault detection in lines and areas
of a microgrid. This is because it solely relies on the active
power flow through lines and areas for fault detection. By
utilizing power derivatives, the transient energy of the active
power flow can be easily calculated.

The proposed directional algorithm is capable of
protecting microgrid lines and areas by effectively
distinguishing between internal and external faults

The proposed method is a two-stage protection scheme
that employs a differential protection approach based on the
energy difference of current signals flowing through lines
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and areas. This ensures reliable operation in the event of an
internal fault within the protected zone while preventing
false tripping in the case of external faults or heavy loading
conditions.

The proposed directional method is capable of identifying
the direction of fault current under various fault conditions
and microgrid configurations.

Moreover, the structure of the paper is organized as
follows:

Section II introduces the proposed fault direction
recognition method and the sub-differential scheme based on
the energy difference of signals. Section III evaluates the
performance of the proposed methods. Finally, Section IV
presents the conclusions.

II. Methodology

A.  Fault current direction identification algorithm

The increasing penetration of inverter-based distributed
generation resources in distribution systems leads to a
significant reduction in system inertia. In this case, the fault
current is much lower than in traditional distribution systems
that use machine-based distributed generation resources. The
significant reduction in fault current in distribution systems
with inverter-based distributed generation resources can
pose serious challenges to conventional protection methods.
Therefore, the proposed algorithms offer a novel and
innovative approach to the protection of active distribution
systems, which are described below. The presence of
distributed generation resources in local distribution systems
results in a bidirectional fault current. Therefore, identifying
the direction of the fault current at the time of its occurrence
is of utmost importance. However, the commonly used
sequence  components-based  directional  algorithms
presented in [25] may fail for microgrids with inverter-based
DERs. This is because inverter-based DERs produce few or
no zero- or negative-sequence components during faults. The
proposed direction-finding algorithm uses the magnitudes of
the power flowing through the microgrid lines and the
transient increasing energy of the real power to identify the
direction of the fault current at the time of occurrence. To
analyze three-phase networks, we consider the following
balanced sinusoidal phase and line voltages:

va(t)= J2v cos(wt +py )
vp(t)= \/EV COS(a)t-O-(pV -2?77:) (1)

ve®)= J2v cos(wt + ¢y, + 2?”)
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i.(0=~/2 1 cos(wr + ¢, )
i,()=~2 I cos(wt + ¢, -2?”) 2

i.(H= J21 cos(wt + ¢, +2?”)

The phase angles of the voltage and current, ¢, and ¢,

respectively, are represented with respect to a specified
reference. The above voltages and currents are characterized
by the presence of a sinusoidal component in their positive-
sequence components. This indicates that they are sinusoidal
and balanced. The voltage and current phasors can be
transformed to the stationary reference frame using (3):

1 1
1 —— — Va
Ve |_ \ﬁ 2 2|, 3
Vs 3 \/3 \/g ’
0o X2 N2
2 2 ¢

Currents can be transformed to a stationary reference
frame by using similar equations. In Equation (4), the
voltages and currents that have been converted to a fixed
reference frame are given.

Vo = \/§VCOS(wt +o,)
VB:\/EVsin(nggv)
.= \/§Icos(wt+¢|)

) “4)
iﬁ:\/§IS|n(wt+¢,)

where Uy, Ug, Lgand [gare the transformed voltages and

currents with respect to the reference axes off. The Clarke
transform and its inverse preserve instantaneous power in
three-phase systems. This property makes the Clarke
transform a very useful and efficient tool for analyzing
instantaneous power in three-phase systems. The
instantaneous three-phase active power is calculated using
the instantaneous phase voltages and line currents based on
Equation (5).
Pap(t) = va®ia(t) + voip(t) + v ()ic(t) ®)
The initial definition of p and g as given in [47] is
according to Equation (6).

oL )]

The above equation can be employed as a valuable
analytical tool for investigating the real power fluctuations
in three-phase systems. The fault location algorithm is based
on the integral of active power changes that pass through the
lines according to Equations (7) and (8).
dp=1p p

fault pre

™

Energy(t) = [ Ap(t)dt @)

In this equation, the change in active power flowing
through the protected area is denoted by Ap. The active
power flowing through the protected area at the time of the
fault and after the fault are denoted by p/*“tand pPre,
respectively. In this algorithm, the active power value in
each cycle is compared with that in the three previous cycles
to detect changes in the active power flowing through a
protected area. The difference between the two values is used
to determine whether a fault has occurred. Fig. 1 illustrates
the proposed energy algorithm for the protected area.

Start

Measuring voltage and current with a
sampling frequency of 1 kHz

Transformation of measured voltage
and current to a stationary reference
frame using equation (4)

[Calculation of active power using equation

(6)

Calculation of incremental power using
equation (7)

Is the incremental power No
greater than the specified
threshold value?

Yes

fault detected

Calculation of transient energy
increase using equation (8)

No Is the polarity of energy Yes
positive?

Forward fault

Reverse fault
detected

detected

Fig. 1. Fault direction identification algorithm.

The measured voltage and current signals, sampled at a
frequency of 1 kHz, constitute the input data for the
algorithm. If the active power samples exceed the preset
threshold for three consecutive samples, a fault is detected.
In this paper, the fault detection threshold is set to five
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percent of the nominal current. If the polarity of energy is
positive, a forward fault is detected. If the polarity of energy
is negative, a backward fault is detected. The received
energy from both sides of the line is positive in the context
of the proposed scheme for a bidirectional transmission line.
However, the detection of negative energy polarity on one
side of a transmission line indicates an external protection
zone fault. In the event of a fault on the middle line of a
distribution system, the direction of the fault current from the
network to the faulted area is indicated by the positive
polarity of upstream energy.
B. Differential protection scheme based on Tiger-

Kaiser energy calculation method

Building on Teager’s original concept, J. F. Kaiser
introduced a straightforward algorithm to compute the
energy present in a signal, based on its amplitude and
frequency of oscillation. For a continuous sinusoidal signal,
as depicted in equation (9), the energy required to generate
the signal is proportional to the product of the square of its
fundamental frequency and the square of its amplitude.
{ =acos(wt+ ¢P) )

Where @ and f are the angular frequency and base
frequency, respectively.
w=2xrf (10)

This energy measure is commonly referred to as the
Teager—Kaiser Energy Operator (TKEO) [48]. Furthermore,
the derived identity effectively links the Teager—Kaiser
energy of the signal with its key parameters, offering a
reliable metric for signal energy computation as shown in
equation (11).

m

]
L) =)L) = o’ 1n
The first and second-order derivatives of the signal £ (t)

are denoted byé(t) and ¢ (t), respectively, and play a
pivotal role in deriving the mathematical identity associated
with signal energy. Therefore, the continuous form of
TKEO, is expressed as

0
Ve =561 =615 (12)
Further, this technique can also be implemented for discrete
signal, shown in (13).
{[n] = a cos(n + ¢) (13)
Where Q represents the digital frequency in radians per
sample for the sample n, and ¢ denotes the phase as shown
in equation (14).

-7 (14)
f S

In this equation, f; is the sampling frequency in Hz. The two

adjacent points referenced in equation (13) can be

represented as a set of equations, as shown in equation (15).

{In—1]=acos(2[n—1] + ¢)
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{In+1]=acos(2[n+ 1]+ ¢) (15)

To compute the Teager-Kaiser Energy Operator (TKEO)
for a discrete-time signal, three consecutive signal samples
are required. The resulting energy value is calculated using
the expression provided in equation (16).

{n+118n-1]=n] - osin(2) (16)

Subject to a small value of ®, the sampling frequency can
be increased to more than eight times the signal frequency
by imposing a limitation of /4 on the value of This leads to
a reduction in the relative error to 11%. Under these
conditions, the energy operator yields a result that is
expressed in Equation (17) and represents the energy
contained in the signal [40].

() -dn+11¢n-1] = a*Q° a7)
Thus, the formulation of the Teager-Kaiser Energy Operator
(TKEO) for discrete signals is expressed as presented in
equation (18) [38],[48].

‘//g,,]:C[nfz'f[n‘l']][[n-]] (18)

It is important to highlight that the TKEO is an efficient
algorithm, requiring only two multiplications and one
subtraction per data point to estimate the signal energy. This
simplicity in computational operations contributes to its
speed, making it well-suited for real-time applications and
systems where rapid energy estimation is critical.

Fig. 2 presents the schematic diagram of differential
current protection operation for a line.

— Linel  F1 -« »ﬁ«
- -
X

R1 R2 R3 R4

BusA Bus B BusC

[ ; faes
labez

Fig. 2. Performance of the proposed differential scheme for the
line under protection.

Under normal operating conditions, the differential current
energy between protective relays R1 and R2 at the beginning
and end of line j is zero. In the event of a short-circuit fault
on line j, the difference between the energy integrals of the
current relays at the two ends of the line becomes non-zero,
indicating a fault on the protected line. Considering the
characteristics of this type of protection, it can be considered
an effective method for line protection. However, in
situations where the penetration level of distributed
generation sources on the system bus is high, the
effectiveness of this method will decrease significantly [38].

The implementation of differential protection schemes in
an extensive protection zone encompassing sources, loads,
lines, and buses necessitates the definition of an operational



International Journal of Industrial Electronics, Control and Optimization (IECO). 2025 8(3) 324

threshold for the proposed scheme. This method employs
Equations (19) and (20) to calculate the energy of current
signals at the inception and termination points of the
protected area. Subsequently, Equation (21) is utilized to
determine the energy difference between these two
signals [38].

_ 2
Esgpeane = L1gplN] "~ T1gpln*1] 1gpln-1] (19)
Eg+tpeane =  2+1p [n 2. | 26+1p [n+1] 1 2(+1)p [n-1] (20)
Energydif = El(j)pea,b,c -E 2(j+1)peab,c (21)

Exceeding the predetermined threshold of the calculated
energy difference confirms the occurrence of a fault within
the protected zone. Fig. 3 illustrates the differential current
protection algorithm in an extended protection zone. The
proposed differential protection scheme, in conjunction with
the directional identification algorithm, facilitates the
isolation of faulty zones from healthy zones and prevents
misoperation of the protective relay. The operating threshold
of the differential current protection scheme is determined
based on the calculation of fault energy for internal and
external faults, considering an allowable load of 10% for the
connected state and 5% for the islanded state. This threshold
is set to prevent the algorithm from malfunctioning under
permissible conditions, such as loading.

I Test Results

A Case study system:

To evaluate the performance of the proposed scheme, an
active distribution network with a 50 Hz frequency was
simulated using the PSCAD software. The data obtained
from this simulation was processed and used to implement
the proposed algorithms in MATLAB [37]. Fig. 4 illustrates
the studied system. The system consists of two 0.4 kV and
10 kV feeders that are connected to the 35 kV main grid via
a transformer. The short-circuit capacity at the coupling
point of these feeders to the main grid is 500 MVA, and the
R/X ratio is 0.1. The nominal powers of the distributed
generation (DG) sources in the 0.4 kV feeder are 200 kVA,
100 kVA, and 50 kVA, respectively. The nominal power of
the DG source located at the end of the 10 kV feeder is 600
kVA. DGL1 is a battery energy storage system (BESS), DG2
is a combined cooling, heating, and power (CCHP) system,
and DG3 is a photovoltaic (PV) system connected to the low-
voltage feeder. The DG source in the 10 kV feeder is a
machine-based source (diesel generator). The positive and
negative sequence resistances and inductances of the 0.4 kV
feeder are 0.32 Q/km and 0.261 mH/km, respectively. The
zero sequence resistance and inductance of this part of the
network are 1.1 Q/km and 0.955 mH/km, respectively. The
nominal powers of loads 1 to 6 in the 0.4 kV (low-voltage)

feeder are 40 kVA, 20 kVA, 40 kVA, 40 kVA, 5 kVA, and
25 kVA, respectively. It is worth noting that a shunt
capacitor with a nominal reactive power of 20 kVAR is used
in one part of the network. The positive and negative
sequence resistances and inductances of the 10 kV
subnetwork are 0.38 /km and 1.432 mH/km, respectively.
The zero sequence resistance and inductance are 0.76 Q/km
and 4.2 mH/km, respectively. The nominal powers of loads
7 to 9 in this part of the network are 100 kVA, 500 kVA, and
500 kVA, respectively. The 0.4 kV feeder consists of
inverter-based distributed generation (DG) sources that can
supply the loads of this feeder in case of grid islanding during
grid restructuring.

( Start )

>
¥

4

Measuring the
current signals at the
beginning and end of

the protection zone

Calculation of the energy of the
measured signals from equation (19)
and (20)

4

Calculation of the difference in the
energy of current signals from
equation (21)

The value of the
difference is greater
than the threshold?

Direction identification algorithm

Fig. 3. Energy difference algorithm of current signals.
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Table 2 demonstrates a comprehensive comparison
between the proposed method and a similar method
conducted in [10] for identifying the fault current direction.

The operating mode of energy storage batteries or
distributed generation (DG) sources with combined cooling,
heating, and power (CCHP) changes from P-Q to V-f control
to support voltage and frequency during grid islanding
transitions from grid-connected to island mode. However,
the operation of photovoltaic (PV) systems is such that P-Q
control is maintained in both grid-connected and island
modes.

TABLE 2 COMPARISON OF THE PROPOSED
DIRECTION IDENTIFICATION METHOD AND THE
METHOD PROPOSED IN REFERENCE [10]

Ref [10] Proposed Strategy

Energy- Corrected

Fault Fault Traditional Fault based fault

resistance  type differential  direction  differential  direction
detection

Ag v x v v

BC v v v v

BC-g v v v v

0.1 ohm ABC ~ i - -

ABC- v v v v

g

A-g x x v v

BC x x v v

20 ohm BC-g x x v v

ABC x x v v

It is noteworthy that the output current of the inverter-
based distributed generation (DG) sources used in this
network is limited to 1.5 times the nominal current in case of
a fault. It is also worth noting that the data presented in [49]
to [51] were used to implement the proposed network.

A. Analysis of Fault Current Behavior

The performance of the proposed scheme for determining
fault current direction based on the polarity of the
incremental active power, aiming to identify faults inside and
outside the protection zone, and the performance of the
proposed scheme for the protection of active distribution
lines in the following subsections have been investigated.

Case 1: Internal Faults: The performance of the proposed
fault current direction detection scheme is depicted in Fig.
5, focusing on a fault event on line 4. Relay 4 acts as the
input measurement for the designated protection zone, while
Relay 6 serves as the output measurement. Analyzing the
directional measurements from these relays reveals that, in
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scenarios where a fault occurs outside the protection zone or
during load switching external to this zone, the energy
calculated by both the input and output relays maintains the
same polarity. In contrast, when a fault is detected within the
protection zone, the input and output relays indicate an
incremental energy transient characterized by opposite
polarities.

~F5Shant Capacnor

Feder3
Federl

I Line4

Brk5 )

F3 Line2|

Load 2

Fig. 4. Case study system.

In Fig. 6, the effectiveness of the proposed approach for
identifying the direction of fault current in the event of a fault
at bus E is presented. The results shown in Fig. 5 and 6
demonstrate that for faults that occur within the protection
zone, the calculated energy polarity at both the beginning
and the end of this zone is found to be opposite. This
characteristic serves as a significant indicator for
recognizing internal faults and can be considered a reliable
standard for measuring the effectiveness of the zone
protection system. Moreover, the proposed index is capable
of identifying faults occurring within the distribution lines of
active distribution systems. Considering relays 4 and 5 as the
beginning and end relays of line 4, respectively, whenever a
fault occurs on line 4, the energy polarity of the relays at the
beginning and end of the protected line is positive, indicating
a fault ahead of the protective relays. As evident from Fig.
5, for a fault occurring on line 4, the calculated transient
energy polarity at both the beginning and end of the line is
positive.
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Fig. 5. Performance of the directional protection scheme
under three-phase fault conditions on line 4 in grid connected
mode.
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Fig. 6. Performance of Directional Protection Scheme under
a Single Line-to-Ground Fault (A-G) on Bus E in Grid-
Connected Mode.

However, as clearly shown in Fig. 6, for a fault occurring
outside the line, the energy polarity of the incoming relay is
positive, indicating a fault current flow direction from the
network towards the downstream. Under such conditions,
the calculated energy polarity for the outgoing relay is
negative, indicating a fault behind the relay. Fig. 7 illustrates
the identification of the fault direction on line 4 as an internal
fault.

As shown in Fig. 7, when a fault occurs on bus E, the
calculated energy polarity by the relay at the beginning of
line 4 is positive, and the energy polarity for the relay at the
end of the line is negative. This condition indicates a fault
outside the line. Additionally, since the fault occurs within
the protected zone, the energy polarity of relay 4 is positive
and the energy polarity of relay 6 is negative, which indicates
a fault within the protected zone. The results demonstrate
that the proposed scheme is capable of accurately and rapidly
detecting faults within the protected zone.
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Fig. 7. Performance of Directional Protection Scheme under
a Double Line-to-Ground Fault (AB-G) on Bus E in Islanded
Mode.

Case 2: External faults: One of the distinguishing features
of the proposed method is its ability to differentiate between
faults inside and outside the protection zone. Fig. 8 illustrates
the performance of the directional protection scheme when a
fault occurs outside the protection zone. As evident from Fig.
8, when a fault occurs on line 5, the energy polarity
calculated by relay 4 is positive, indicating a fault ahead of
the relay. In this situation, the energy polarity calculated by
relay 5 is negative, confirming a fault outside line 4.
Moreover, the positive energy polarity of the outgoing relay
corroborates the occurrence of a fault outside the protection
zone. Fig. 9 presents the results of fault current direction
finding under fault conditions outside the protection zone
during islanding mode operation.
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Fig. 8. Performance of the directional protection scheme
under a single-phase-to-ground fault (B-G) on line 5 in grid-
connected mode.

As evident from Fig. 9, when a fault occurs on bus A, the
energy polarity measured by relay 4 is negative. This
indicates that the fault current direction is from the load side
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Fig. 9. Performance of the directional protection scheme
under a three-phase fault on bus A during islanding mode
operation.

towards the source. Under such conditions, the energy
polarity of relay 5 is positive, implying a fault outside the
protected line. Furthermore, the negative polarity of relay 6
confirms that the fault is located outside the protection zone.
Fig. 10 illustrates the operational performance of the
proposed directional scheme in response to an external fault
occurring on line 8.
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Fig. 10. Performance of the proposed directional scheme under
single-phase fault conditions (A-G) in grid-connected mode on
line 8.

As illustrated in Fig. 10, it can be observed that in the case
of a fault occurring on line 8, relay number 3, which operates
with negative polarity, is able to identify the fault occurring
behind it. Therefore, should a fault arise at any location
within the network, all relays will react in a positive or
negative manner depending on the fault's position. This
capability is particularly beneficial for accurately locating
the fault. Furthermore, on line 7, the first relay exhibiting
positive polarity and the last relay exhibiting negative
polarity indicate the existence of a fault external to the line.
Based on the results obtained from the execution of the
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directed protection scheme under fault conditions within the
microgrid, it is evident that the proposed approach is
adequately equipped to detect faults and differentiate
between internal and external faults in the designated
protection zone. The assessment was conducted with a fault
impedance of 20 ohms, and the fault identification time was
5 milliseconds post-occurrence.
B. Current Differential Protection Scheme

In this section, the performance of the proposed
differential protection scheme is evaluated for detecting and
discriminating faults both inside and outside the protection
zone, while considering network loading conditions.

Case 1: Internal Faults: Fig. 11 demonstrates the operation
of the proposed design when faults occur within the
protected region.
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Fig. 11. Performance of the proposed scheme under three-
phase fault conditions on Line 4 in grid-connected mode.

4

While noise in transmitted data is commonly considered
in transmission lines, its impact is often overlooked in
distribution networks where line lengths are shorter.
Specifically, when a differential scheme is employed for
short lines, susceptibility to noise can become a
significant drawback of the proposed design. Fig. 12
illustrates the performance of the proposed scheme under
fault conditions in islanded mode. When a fault occurs at
10 seconds, the difference in energy of the current signals
exceeds the threshold, which can serve as a suitable
criterion for determining a fault within the protection
zone. The results clearly indicate that, following a fault
within the protected zone, the difference in energy of the
current signals entering and exiting the protected zone can
serve as a reliable criterion for fault detection.

Case 2: External faults and load switching: One of the
advantages of the proposed method is its immunity to
external faults and load switching operations outside the
protection zone. Fig. 13 illustrates the performance of the
proposed scheme under fault conditions, both inside and
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outside the protection zone. Fig. 14. depicts the performance
of the proposed scheme under fault conditions on busbar F
in islanded mode. The results clearly demonstrate the
proposed scheme's ability to discriminate between faults
inside and outside the protection zone.
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Fig. 12. Performance of the proposed scheme under an AB-G
phase-to-ground fault condition on Line 4 in island mode.
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Fig. 13. Performance of the proposed scheme under a three-
phase fault with an impedance of 0.1 ohms on line 5 at the 10th
second, and a three-phase fault with an impedance of 20 ohms
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Fig. 14. Performance of the proposed scheme under three-
phase fault condition on busbar F in islanded mode.

Fig. 15. illustrates the performance of the differential
protection scheme under a single-phase fault outside the
protection zone.
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Fig. 15. The performance of the proposed scheme under
single-phase (A-G) fault conditions on Line 5 in grid-
connected mode.

As seen in the figure, when a fault occurs at the 10th
second, the energy difference between the current signals
becomes greater than under normal conditions. However,
this difference is not sufficient to cause the proposed scheme
to operate. The performance of the proposed scheme has
been evaluated for internal faults within the protection zone
with a fault impedance of 20 ohm and for external faults
outside the protection zone with an impedance of 0.1 ohm.

Given that the algorithm employed to calculate the energy
of current signals passing through the protection zones
exhibits high accuracy and speed in tracking sinusoidal
signals, the transit time resulting from the difference
between the signal energy and the defined threshold is
extremely short. Since this scheme is a sub-algorithm to
complement the directional algorithm, it is reliable. The fault
detection time for this algorithm is 3 milliseconds.
Therefore, in addition to ease of calculation, the high speed
and accuracy of the method used are confirmed by the
obtained results.

Given that the proposed directional fault current algorithm
is highly sensitive to variations in active power flow, it is
imperative that the suggested sub-algorithm remains
unaffected by such changes. As evident from Fig. 16, load
switching results in a difference in the energy of current
signals that deviates from the normal state. However, by
defining a threshold and allowable load levels (10% of the
load level both outside and inside the protected zone), the
proposed scheme can effectively differentiate between
loading conditions.
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Fig. 16. Performance of the proposed scheme under
increased load at bus F in grid-connected mode.

Fig. 17 illustrates the proposed scheme's ability to
differentiate between load switching and fault occurrences
within the protected zone during islanded operation. The
results indicate that the proposed scheme, by determining an
appropriate threshold in both grid-connected and islanded
operation modes, can distinguish between faults within the
protection zone and loads outside the protection zone.

While directional protection schemes offer superior speed,
accuracy, and reliability for safeguarding areas containing
distributed generation and loads, results have shown that the
energy differential of current signals is effective only for
internal faults. Given the proposed directional protection
scheme's high sensitivity to active power variations, the
energy-based differential algorithm can be employed as a
supplementary method for external faults and load-switching
conditions within the network.

A similar adaptive differential protection and direction-
finding algorithm was employed in [10], but it exhibited
limitations in identifying the fault current direction under
single-phase fault conditions and had a detection capability
for faults with an impedance of 0.1 ohms. Based on the
obtained results, the proposed schemes have proven suitable
for identifying various fault types under different microgrid
operating conditions and have improved the impedance
detection capability to 20 ohms compared to the similar
method.

III. Conclusions

This paper presents a novel fault direction-finding scheme
for the protection of lines and zones, leveraging incremental
changes in active power flow. To prevent false operations
during external faults and load switching events, a
complementary differential protection scheme based on the
energy of current signals is utilized. The Teager-Kaiser
Energy Operator (TKEO) is employed to extract the energy
from current signals at both ends of the line, and fault
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detection is accomplished by evaluating the energy
difference between these signals. The results confirm that the
proposed directional scheme accurately determines fault
current direction under a variety of fault conditions, enabling
rapid and precise discrimination between internal and
external faults within the protected zone or line in diverse
microgrid configurations. Additionally, the proposed
methods demonstrate superior performance in handling
higher fault impedances compared to existing directional
schemes. Future work should investigate the impact of
harmonics within microgrids on the proposed methodology.
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Fig. 17. Performance of the proposed scheme during a load
increase at bus F at seconds10 and a three-phase fault at bus E
at seconds12 under islanded operation.
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The Siwakoti-H inverter (SHI) with a flying capacitor is a recent addition to the
transformerless inverter family, suitable for grid-connected single-phase photovoltaic
systems. It offers a promising alternative to traditional topologies without the need for
transformers, due to its minimal power electronic components. However, one of the key
challenges in managing flying capacitor (FC) inverters is ensuring that the voltage of the
FC remains within the desired range. Materials and Methods: To tackle this issue, first,
a novel nonlinear model of the SHI is obtained defining two control inputs and two
control outputs, and then a nonlinear feedback linearization (FBL) control design is
proposed for the SHI when connected to a single-phase grid. This article introduces a
novel approach to the modeling and control of the SHI enabling simultaneous control of
both the injected current to the grid and the flying capacitor voltage. The proposed
modeling and the designed control method play a crucial role in maintaining the capacitor
voltage within the specified range and in tracking a sinusoidal reference for the injected
current into the single-phase network. A PWM implementation of the proposed control
is also suggested which is useful in the practical setup. The obtained model can be
extended for the SHI with other line filters and it can be used to design more sophisticated
controllers for SHI. The simulation and practical results presented in this study
demonstrate the effectiveness of the proposed modeling and control approach.

1. Introduction

addition, there is a growing tendency in photovoltaic systems

Power electronics converters play a crucial role in
converting and regulating electric power in grid-connected
renewable energy systems through the switching patterns
[1]. The focus on renewable energy systems, such as wind
turbines and photovoltaic systems has been on achieving
high efficiency over the past decade [2-4]. In [3], a microgrid
with renewable energy sources is investigated and
complicated controllers are designed. In [4], a power system
with some distributed wind resources is considered and some
sophisticated nonlinear controllers are designed for the
system.

To minimize losses within the system, utilizing converter
topologies with fewer switching elements is essential. In

towards not using transformers in converters [5-6].
Transformerless inverter has higher efficiency, less weight
and lower cost compared to inverter with transformer;
however, conventional  single-phase  grid-connected
photovoltaic systems suffer from leakage current [7].
Besides safety issue, the leakage current increases grid
current  ripples, photovoltaic  system losses and
electromagnetic interference (EMI) [8]. The leakage current
is more investigated in [9]. In [10-12], three multi-level
switched-capacitor inverters are proposed which are not
suitable for grid-connected transformerless photovoltaic
application due to the issue of leakage current. In [13], a
fifteen-level inverter which has several DC sources and
suffers from leakage current.

Copyright © N. R. Abjadi(s).
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There are various transformerless single-phase inverters
which eliminate or reduce leakage current such as HERIC,
H5, H6 [14, 8]; however, compared to conventional H-
bridge inverter, these inverters have additional switches;
some of them need special modulations or can’t inject
reactive power to the grid. In [15], an H-bridge less grid-tied
multilevel inverter is proposed which reduce the leakage
current significantly; however, it cannot be built with the
available conventional H-bridges.

Some of the configurations use common ground to omit the
leakage current. In these configurations the negative end of
the solar panel is connected to the grid neutral directly. In
[16] and [17] two common ground transformerless inverters
are proposed which have simple configurations. They have
an additional capacitor compared to conventional H bridge
inverter. This capacitor is called the flying capacitor (FC).
The inverter in [17] is called Siwakoti H inverter (SHI).
There are three types of single-phase inverters with FC for
photovoltaic grid-connected applications: Type-I, which has
two switches in series during positive cycle [18]. This type
can be implemented using two half-bridges and an additional
diode. Type-II, which has a single switch in series during the
positive cycle [18]. The components of this type are the
same as those of type-I. Type-11l or SHI which is discussed
in this paper. Other types of single-phase inverters for
photovoltaic grid-connected applications are reviewed in
[19].

The SHI is a notable transformerless inverter topology that
has gained attention [18]. This innovative design, which
consists of only four switches, operates based on the flying
capacitor principle [17]. What sets this topology apart is its
ability to meet the needs of both positive and negative
voltage sources using a single flying capacitor.
Consequently, the number of the input voltage sources is
reduced in comparison to the three-level neutral point clamp
converter. Compared to the conventional H-bridge inverter,
the SHI eliminates leakage current while using the same
number of switches and a very similar topology. Compared
to the HERIC, the SHI has less components and it can also
inject reactive power to the grid without any special
modulation technique. For a single-phase photovoltaic
system, it is noteworthy that the nominal power is limited to
5KVA and given the relatively high costs of the solar power
system, it is usually preferred to inject only active power into
the grid. In the past, the operation of the grid-connected SHI
was analyzed using a state feedback controller [20]. While
the controller demonstrated satisfactory steady-state
performance for the mentioned converter, it exhibited a
noticeable deviation near the zero crossing of injected
current to the grid. Besides, the FC voltage is decreased
during the discharge state. This phenomenon can be
attributed to the abrupt transition of the power from the input
source to the floating capacitor. To address this issue and
enhance the dynamic response, an alternative approach,

utilizing direct/indirect model predictive control (MPC)
strategy for a grid-connected SHI has been suggested in [21-
22]. Both papers address the unbalancing issue of the FC
voltage; however, the presented controls are not perfect.
Considering a cost function to control the injected current
and the FC voltage simultaneously is not enough to achieve
perfect tracking and selection of the weights in the cost
function is also difficult. In addition, despite the offline
computation, the computation in the controllers is still high,
which consumes DSP time.

Nonlinear control methods address complex challenges by
analyzing and designing systems with nonlinear components
[23-24]. They offer diverse and powerful techniques,
established in industrial applications. Feedback linearization
methods, such as input-output feedback linearization
(IOFL), solve the tracking problem in many systems and
provide the stability of the closed-loop system [25]. In this
paper, first a suitable model is obtained for SHI, then using
this model an IOFL control is designed to achieve injected
current reference tracking and the FC voltage balancing.
The organization of the paper is as follows: In section Il the
SHI is described and its operation is discussed. A new
modeling of SHI is obtained in section Ill. A nonlinear
controller is designed for SHI in section IV. Simulation and
practical results are shown in sections IV and V respectively.
Finally the conclusions are provided in section VI.

II. SHI description and operation

The circuit diagram of the SHI connected to a single-phase
grid is depicted in Fig. 1. The SHI consists of four power
switches and a capacitor, as shown in Fig. 1. Among these
switches, S1 and S4 function as bipolar voltage blocking
switches, while S2 and S3 serve as unipolar voltage blocking
switches [17]. Consequently, switches S2 and S3 are
implemented using MOSFETs or IGBTs, whereas switches
S1 and S4 are implemented using a reverse blocking IGBTs
(RB-IGBTs) or MOSFETS with blocking diodes. Cr is the
FC. Since the polarity of the voltage across the FC does not
change and it must be large enough to store energy to
generate the negative voltage, a polarized electrolytic
capacitor can be used as the FC. There is no need for an AC
capacitor to serve as the FC. The inductance L is used as a
filter to connect the inverter to the grid. As it is seen, the
negative end of the input source is connected to the neutral
of the grid and the DC and AC sections have a common
ground.

TABLE I THE STATES OF THE SHI SWITCHES FOR THE
OPERATIONAL MODES

Mode S1 S2 S3 S4

P 0 0 1 0
V7 1 0 0 1
N 0 1 0 0
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In Fig. 2, it is shown when the source is a photovoltaic
panel, using the common ground, the parasitic capacitors of
the panel cannot generate leakage current. In fact, the
parasitic capacitor connected to the negative end is short
circuited and the parasitic capacitor connected to the positive
end has a constant voltage and its current equals zero.

A notable characteristic of this configuration is the
utilization of the input DC source to fulfill the negative
voltage required for the negative mode. This is accomplished
by cyclically charging and discharging the FC, resulting in a
virtual negative forward link, as illustrated in Figure 3.

The operation of the SHI can be described in three modes:
positive (P) mode, negative (N) mode, and zero (Z) mode, as
depicted in Fig. 4. During the P and N modes, switches S3
and S2 are activated, respectively. In the Z mode, switches
S1 and S4 are activated to provide the zero voltage at the
output and to charge the FC.

III. Modeling of the SHI

The three operational modes of the SHI are summarized
in Table I. For each of these modes, an equivalent circuit can
be obtained which are shown in Fig. 5. In the following,

Sy X .
considering the FC voltage (" 1) and the inductor current (

X . .

2) as state variables, the state-space equations of each
mode is obtained; then these equations are combined to
achieve the average model of the SHI.
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Fig. 3. lllustration of the charging and discharging of the
FC, a) charging mode b) discharging mode wherein the

capacitor uses as a virtual negative DC-link.
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A. P mode

Referring to Fig. 5.a and using Kirchhoff voltage/current
laws, one can obtain

i. =0 ®

i 2
V, Lg%+ R, +V, @)

c =

R . : o
where L is the equivalent series resistance (ESR) of the

inductor.
These equations can be rewritten as
% =0 ®)
« - Vie =V, —RX, 4
2 Lg
B. N mode

Referring to Fig. 5.b and using Kirchhoff voltage/current
laws, one can obtain

ICFC - Ig

Ve, tVi+V +(R.+R)iy =0

where RC is the ESR of the FC.
These equations can be rewritten as

. X,
X, =—=
' CFC
_ _Vg —X - (Rc + RL)XZ
X, = Lg
C. Z mode
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®)
Q)

U]
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Referring to Fig. 5.c and using Kirchhoff voltage/current

laws, one can obtain
-V, +VCFC + RC'CFC =0

Ri +V +V, =0

These equations can be rewritten as

X, = Ve =%
ReCec
5, = o TRX EgRsz

D. Average model

©)

(10)

(11)

(12)

To obtain the average model, the following duty-cycles

are defined for P, N and Z modes:

t+

ut =—
T
ot
u =—
T

tO

ul =—
T

(13)

(14)

(15)

where t*, t~ and t° are the time intervals of P, N and Z

modes respectively; T is the switching period.

It is notable that
ut+u +u’=1

(16)

Multiply (3)-(4), (7)-(8) and (11)-(12) by (13), (14) and (15)
respectively. From the sum of the results and using (16), it is

concluded that:
X =A+BW

where

RCCFC
-V, =R X,
Lg

(17)

(18)
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X _Vdc Xl_Vdc+L (19)
B— CecRe CrcRe Cic
\i _Xl_RCXZ
Lg Lg
K[V, 1] 0
W' =[u" u an

where W is the control input vector.

It is notable that (17) is a nonlinear system.

IV. FBL control

The SHI exhibits nonlinear behavior due to the product of
the state and input variables. In this section, using the new
model obtained in (17), a FBL controller is designed for SHI.
The FBL controller is designed based on the input-output
linearization. The basic approach of input-output
linearization is simply to differentiate the outputs functions
repeatedly until the inputs appear and then design the inputs
to cancel the nonlinearity and the coupling.

A. FBL controller design

Define the following tracking errors:

e =X, — X1

e, =X, — X
where x; and x; are reference values. One can consider e;
and e, as new outputs and their desired values are 0.

Differentiating (22) and (23) with respect to time and
substituting from (17), one can obtain:

€ =X —X] = a; + byut + bu” (22)
€, =Xy — X3 = ay + byyut + byu” (23)

where a; and b;; are the elements of (18) and (19)
respectively.
By equating (22) with —k; e, and (23) with —k,e,, the result
is:

é1+kie; =0 (24)

éz + kzez =0 (25)

By choosing positive coefficients k; and k,, the errors
converge to zero exponentially.
By comparing (22) with (24) and (23) with (25), it is
concluded that:
N 170 PR b 24 I klel] (26)

w= [u‘] =5 ([XE] 4 [kzez )
Eq. (26) is the FBL control law. Selecting k;s large enough,
the errors converge to zero rapidly.
B. Stability analysis

The system described by (17) or (22)-(23) is a multi-input
multi-output (MIMO) square system with two inputs (ui,

+
u ) and two outputs (e, e;). The system order n is 2. The
number 7; of differentiations required for one of the inputs (

u , u* ) to appear in the derivatives of output e; is called the
relative degree of the corresponding subsystem. For the
MIMO system the relative degree is (r,73) = (1,1). The
total relative degree is ¥ = r; + r, = 2 which is equal to the
system order n=2. In this case, there is no internal dynamics.
The control law (26) guarantees the exponential convergence
of errors to 0 without any need to worry about the stability
of the internal dynamics or zero dynamics. Based on the fact
that there is no zero dynamic, the system is also a minimum
phase system [23].

To check the singularity of the proposed controller, the
determinant of matrix B in (19) is obtained:

27

det(B) = (2Vaexy + 2V4 Rex,

LgCFCRC
—x%2 —Rexyxy +VE)
1 Cr142 dc
This determinant rarely becomes zero.
Assuming x; = V. one can obtain:

(28)

det(B) ~ 2V + VacRexy)

1
LyCrcRe
Moreover, assuming |R.x,| < V. itis concluded that:

(29)

det(B) =~ Vz)>0

1
LyCrcRe
C. Implementation Dwell times with PWMS

To implement this control law using PWM technique, one
can consider the following procedure. The gates pulses based
ont*,t” and t° are shown in Fig. 6.a. Comparing the pulses
in Fig. 6.a and the PWM signals in Fig. 6.b, one can obtain
the gates pulses as:

I I I I

G1 : t°
Gz | t-
I I
G4 | | ©
:
» = >
(@
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Fig. 6. Dwell times and PWM pulses, a) gates pulses, b) PWM

signals
G, = G, = PWM, (30)
G, = PWM, /\PWM2 (3D
G; = PWM, (32)

V. Simulation results

To show the validity and the effectiveness of the
proposed model and the proposed -controller, some
simulation results are obtained using PSIM software. Details
of the parameters used in all simulation runs are provided in
Table II.

In Fig. 7 the simulation results of PI control without
controlling the FC voltage is presented. It is seen that the FC
voltage changes a lot, which can cause problems for the
inverter. Even the overall closed-loop system may become
unstable.

In Fig. 8 the simulation results of FBL control are
presented. It is seen that the injected current to the grid tracks
its reference perfectly. The FC voltage is also near its
reference; however it has pulsations. This phenomenon is
due to the instantaneous power at the single-phase ac port,
which pulsates at twice the AC voltage frequency, generating
the second harmonic current at the DC bus.

FBL does not inherently account for the uncertainties,
making it less robust in practical scenarios where exact

TABLE II SHI AND CONTROLLER PARAMETERS

VALUES

Parameter Value

DC input voltage 20 v
Switching frequency 2 KHz
Line frequency 50 Hz

FC 1000 puF-35v

Filter inductor 20 mH
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Fig. 7. The simulation results of PI control without FC
voltage control, a) the injected current and its reference, b) the
FC voltage and its reference, ¢) the inverter voltage

system parameters are unknown or subject to variation.
To demonstrate the resilience of the designed control, an
additional simulation test has been added, considering a 20%
error in the values of the FC and the inductor. The results of
this test are presented in Fig. 9. It is seen with small
inaccuracy in the parameters, small deviations are appeared
between the responses and their references. To achieve a
robust control, the designed FBL control should be combined
with sliding mode control or adaptive control techniques.

VI. Experimental results

Fig. 10 shows the experimental setup. To implement the
proposed controller a Discovery board is used. It has a 32 bit
STM32F407 microcontroller. This microcontroller has 1 MB
of Flash memory, 192 KB of RAM, 17 timers, 3 ADCs and
2 DAC:s. This device provides a 168 MHz/210 DMIPS
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Fig. 8. The simulation results of FBL control, a) the injected
current and its reference, b) the FC voltage and its reference, c)
the inverter voltage, d) the pulses of gates
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Fig. 9. The simulation results of FBL control with 20% error
in some parameters, a) the injected current and its reference, b)
the FC voltage and its reference

Cortex-M4 with single cycle DSP MAC and floating
point unit suitable to measure the required variables and to
implement the nonlinear controller.

Two signals are measured and fed back to the control

system: the FC voltage ( Xl) and the inductor current ( X2 ).
The advantage of feeding back of these two variables is the
simultaneous control of the FC voltage and the injected
current into the grid.
In Fig. 11 the obtained practical results using the proposed
FBL control are shown. In Figs. 11.a and 11.b, the injected
current and its reference are shown in both increase and
decrease of the injected current. In both case, the injected
current tracks its reference. In Fig. 11.c the FC voltage is
shown during the increase of the injected current. The ripple
on FC voltage is from second order harmonics in single-
phase system and it is increased when the injected current is
increased as seen in the Fig. 11.c. Using the proposed FBL
control, the FC voltage does not deviate. The DC voltage
input is also shown in Fig. 11.d

filter

Fig. 10. The experimental setup

VII. Conclusions

In this paper, a new model is developed for the SHI. A
novel controller for the SHI is proposed based on the FBL
control. The deviation of the FC voltage is investigated and
it is demonstrated that such deviations can be avoided using
the proposed control. The proposed control is compared with
conventional PI control and it is shown that the proposed
controller can control the injected current and the FC voltage
simultaneously. To implement the proposed control using
PWM techniques, particularly in practical setups, an
innovative method is suggested. Simulation and practical
results are obtained and the superiority and effectiveness of
the proposed modeling and control are verified. It is
observed that although the experimental results are slightly
less accurate than the simulation results, the overall patterns
of the outcomes remain consistent. The innovative obtained
model of the SHI can be used to design more sophisticated
controllers. To improve robustness, the FBL control can be
combined with robust control techniques such as adaptive
control or sliding mode control techniques in future research
works.
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