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ABSTRACT

This article introduces a novel method to enhance the protection scheme for micro grid systems experiencing
significant transitions between islanded and grid operating modes. In order to handle the dynamic variations in
short-circuit fault current characteristics, the suggested hybrid flexible protection system strategically includes both
over current and differential relays. Adaptive over current relays are employed to safeguard distributed generators
(DGs) and individual load points (LPs), while differential relays are utilized to protect feeders, backbone lines,
and buses. This novel approach seeks to lessen the need for infrastructure upgrades and the complexity of setting
computations.

The protection scheme operates adaptively, utilizing over current relays for faults outside the protection zone and
employing differential relays for faults within the designated zone. This approach ensures the safety of consumers
and equipment connected within the micro grid system network. Time-domain simulations with a standard
microgrid test network in the MATLAB/Simulink software environment are used to validate the suggested
strategy. This research contributes to advancing the resilience and effectiveness of micro grid systems in dynamic
operational scenarios.

KEYWORDS : Adaptive over current relay, Short circuit fault current, Islanded mode, Distributed generators,
Reliability enhancement, Efficiency improvement, Stability, Protection zone.

INTRODUCTION

In the realm of grid modernization and the integration
of DG sources, micro grids have emerged as a
focal point. Characterized as medium- or low-voltage
networks encompassing local loads and DG sources,
micro grids offer the flexibility to operate in grid-
connected and islanded modes based on the presence
of a utility connection [1]. The proliferation of DG
sources in microgrids brings forth advantages such as
loss reduction, prevention of network congestion, and
increased resilience through islanded operation [2].

transitions between grid and islanded conditions pose
challenges in short-circuit behavioral changes, affecting
protection infrastructure. The key issue arises when a
microgrid shifts to an islanded condition, leading to
a significant reduction in short circuit levels due to
the absence of a utility supply [4]. This is especially
relevant in microgrids with DG sources that are mostly
inverter-based and that have current-limiting devices
installed, since this could make the current overcurrent
protection insufficient [5].

Adaptive overcurrent protection, a dynamic process
modifying protective responses in response to system
changes, employs microprocessor-based directional
overcurrent relays (DOCR) for microgrid protection.
DOCRs offer flexibility with selectable tripping curves
tailored to specific system needs. Implementation
of adaptive protection can follow centralized or
decentralized control approaches, each demanding

However, the integration of DG sources introduces
operational and protection challenges, deviating from
the conventional design principles of distribution
networks depend on large SC currents & radial power
flow [3].

Notably, topological changes in microgrids during

Vol. 47

April 2024

www.isteonline.in Special Issue No. 2




Enhancing Microgrid Resilience: A Robust Protection Strategy...........

distinct communication architectures [6]. Microgrid
protection encounters challenges during transitions
between grid-connected and islanded modes, leading
to short circuit level variations. Adaptation to these
changes is critical; however, traditional solutions, such
as adding storage units, prove impractical due to high
costsand uncertain fault-clearing times [7].

The bidirectional power flow in microgrids, a
consequence of distributed generator (DG) connections
and mesh configurations, introduces new protection
challenges. Power electronic converters in DGs,
operating in intermittent and current-limiting
environments, pose additional complexities. Meshed
networks, while enhancing reliability, present
communication challenges that impact -effective
protection [8-10]. In addressing these complexities,
adaptive protection schemes emerge as -effective
solutions for microgrids operating in diverse modes. A
proposed hybrid protection safeguarding feeders, buses,
and load points. Communication links are optional,
considering cost and complexity concerns [11-12].

Several studies propose adaptive protection methods
for low-voltage microgrids, utilizing communication
links for efficient fault detection and relay coordination.
While these systems provide reliable and fast operation,
communication failures remain unaddressed [13].
Alternatives, such as storage-based systems using
flywheels, present challenges in on-time fault clearing
and require substantial installations [14].

The core challenge in adaptive relaying lies in
adjusting relay settings based on load behavior, manner
of functioning and production levels. Directional
over current relays face coordination difficulties in
multi-source and multi-loop networks due to varied
current flow directions. Overcoming these challenges
necessitates the development of efficient and fast
adaptive overcurrent protection systems [15-16].

IMPACTS OF DG ON POWER SYSTEMS:
A COMPREHENSIVE ANALYSIS

“Incorporating Distributed Generators (DG) into
distribution networks yields a spectrum of effects, both
advantageous and detrimental. When addressing faults
in the distribution system, overcurrent protection plays a
pivotal role. However, the introduction of DG alters the
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overall fault current perceived by the relay, triggering
shifts in operation time and potential structural concerns
[17]. This change in fault current, influenced by the
DG’s location, can either elevate or diminish, leading to
adjusted relay operation times and potential challenges.

The escalation of nominal current flow raises concerns
about falsified tripping, given that relays are typically
configured to safeguard a specific section termed the
relay reach, determined by the minimal level Ipickup.
The presence of DG curtails this reach and diminishes
the overall fault current. Consequently, the relay might
fail to detect currents from buses below Ipickup,
categorizing them as beyond the protection system’s
reach [18].

Figure 1 visually depicts the influence of DG on relay
reach. In the absence of DG, the relay reverts to its
initial reach. However, the identification of DG presence
diminishes the relay reach, occasionally falling below
the actual reach. The collective impact of DG, fault
resistance (RF), and DG location from the power source
collectively shape the relay reach.

Original Reach

Reduced Reach
Figure 1 Assessment of original and reduced reach

Adjustments to thresholds for Short Circuit (SC) and
fault current (If) become imperative due to the modified
venin impedance of the system resulting from DG
attachment. Fault current levels fluctuate based on the
parallel association of DGs with machinery, impacting
the system’s configuration [19-20]. Lower fault currents
may render the fault undetectable, especially when they
are below load currents. Additionally, the grounding
connections of transformers and generators contribute
to distinguishing DG faults from asymmetrical faults.

DG interactions pose challenges to overcurrent relays,
particularly in bidirectional fault scenarios where
multiple switches may need activation for fault removal.
This intricacy necessitates additional switching devices
and protective measures for overcurrent relays,
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rendering them susceptible to false tripping due to
changes in fault currents [21].

INTEGRATED APPROACH:
CONFIGURATION, AND
METHODOLOGY

Recentadvancements in microgrid protectionunderscore
the need for integrating cost-effective wireless sensor
networks (WSN) and multifunctional microprocessor-
based relays. Noteworthy challenges include issues
with current transformer (CT) mismatches, CT
saturation leading to erroneous measurements, and
the the complex multi-terminal component differential
protection adjustment.

e @ iy

Figure 2: Study system

In response to the identified challenges, there emerges
a compelling need for a holistic solution in the form
of an integrated over current adaptive relay and
differential relay protection scheme tailored for smart
microgrid systems [22]. This envisioned protection
system must possess dynamic adaptability to grid
changes, incorporating self-monitoring and self-healing
capabilities. Leveraging Al methods, themicroprocessor/
numerical relay technology should optimize and adapt
seamlessly [23]. The protection strategy must be
customized for various zones and equipment within
the microgrid, ensuring cost-effectiveness, reliability,
and efficiency in both autonomous and grid-connected
modes [24]. A test microgrid system as depicted in

www.isteonline.in ~ Vol. 47

Special Issue No. 2

Mangre, et al

Figure 2. Subsequent sections delve into a meticulous
examination of the load flow within the AC microgrid
system for both operational modes.

System Parameters

Utility grid-rated capacity = 13.8 kV; DGI to DG6
rating = 0.2 MW; The power factor for all DGs = 0.9;
Load points LP1, LP2, LP4, LP5 rating =0.2 MW, Load
points LP3, LP6 rating = 0.1 MW, The power factor for
all load points (LPs) = 0.9 [31]

RESULTS AND DISCUSSIONS
AC Microgrid System with One DG Connection

The 3-phase sinusoidal voltage and current measurement
in normal operating conditions in the microgrid system
are done by using the 2 scope blocks connected to
the 3-phase V-I measurement bus bar. This microgrid
system model is formed in the MATLAB/Simulink
software environment.

Normal Operating Condition

Figure 3 shows the microgrid system model with one
DG connection in normal operating conditions.
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Figure 3: Microgrid system with one DG connection in
normal operating condition

Figure 4 shows the load flow report table for the
microgrid system with one DG connection in normal
operating conditions. In this table, the load flow for one
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3-phase source, one 3-phase RLC load, and one bus are
shown.
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Figure 4: Load flow report of the microgrid system with
one DG connection in normal operating condition

Figure 5: Voltage magnitude in normal operating
condition

In these results, Figure 5 shows the 3-phase sinusoidal
voltage magnitude when the microgrid system is
operating in grid-connected mode and the normal
condition with the 50 Hz frequency, and Figure 6 shows
the 3-phase sinusoidal current magnitude condition
with the 50 Hz frequency.
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Figure 6: Current magnitude in normal operating
condition

Faulty Condition

In this type of fault, the magnitudes of the voltage of
the 3 phases which are short-circuited with each other
drop down to the zero value instantaneously. Whereas,
the current of 3 faulted phases with each other increases
instantaneously to the maximum value.
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Figure 7: Microgrid system with one DG connection for
LLL fault on line L1

Figure 7 shows the microgrid system model with one DG
connection when LLL fault has occurred on line L1. The
3ss-phase sinusoidal voltage and current measurement
before and after the LLL fault occurrence on line L1
in the microgrid system are done by using the 2 scope
blocks connected to the 3-phase V-I measurement bus
bar.

Figure 8 shows the load flow report table for the
microgrid system with one DG connection for an LLL
fault that occurred on line L1. In this table, the load
flow for one 3-phase source, one 3-phase RLC load, and
three buses are shown.
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Figure 8: Load flow report with one DG connection for
LLL fault on line L1
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Figure 9: Voltage nature for LLL fault on line L1 before
and after the fault occurrence

Figure 9 shows the 3-phase voltage magnitude for
the LLL fault on line L1 before and after the fault
occurrence with the 50 Hz frequency. In this result,
initially, when the microgrid system is operated in
the normal operating condition the 3-phase voltage is
sinusoidal in nature from 0 to 1 second. The magnitude
of this sinusoidal voltage before the fault occurrence is
up to 170 kV from 0 to 1 second in normal operating
conditions. But, when 3 phase SC LLL fault is occurred
on the line L1 at 1 second that time voltage of all three
phases drops to zero instantaneously due to this LLL
fault on the line L1. The voltage of these three phases
remains zero till the LLL fault is cleared completely on
line L1 in the microgrid system.

Figure 10 shows the 3-phase sinusoidal current
magnitude for the LLL fault on line L1 before and after
the fault occurrence with the 50 Hz frequency. In this
result, initially, when the microgrid system is operated
in the normal operating condition the 3-phase current is
sinusoidal in nature with 10 to 15 A current magnitudes
from 0 to 1 second. But, when 3 phase SC LLL fault
occurs on line L1 at 1 second that time two phases’
current magnitude increases up to 78 A instantaneously,
and current of the remaining phase also increases up the
24 A instantaneously due to the LLL fault on the line
L1. This current magnitude remains high till the LLL
fault is cleared completely on line L1 in the microgrid
system.
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Figure 10: Current nature of LLL fault on line L1 before
and after the fault occurrence

In LLLG type of fault, the magnitude of the voltage
of the 3 phases which are short-circuited with each
other with the ground drops down to the zero value
instantaneously. Whereas, the current of 3 faulted
phases with each other with the ground increases
instantaneously to the maximum value.

Case Study - 1: Protecting an AC microgrid system
using a current differential relay protection scheme in
the event of a three-phase single LLG fault occurring
on line L1 in both modes of operation (protecting faults
occurring within the protected zone of the microgrid
structure, such as faults on feeders, lines, buses, etc.).

Case Study - 2 Protecting an AC microgrid system by
implementing an adaptive overcurrent relay protection
scheme. This scheme is designed to respond to a 3-phase
SC LLLG fault occurring at the 3-phase parallel RLC
load point LP1, in both modes of operation.

Current Differential Relays for AC Microgrid Protection
(Case Study 1

Figure 11 illustrates the intricate model of the microgrid
system in the grid-connected mode of operation.

In the grid-connected state of execution, the table for
the load flow assessment of the microgrid system is
shown in Figure 12 Each bus’s load flow computation
is included in this table. All of the components’ block
names, types, and bus IDs are listed here. The three-
phase RLC source, bus, and load points’ base voltages
are also displayed in this table. Each bus’s reference
voltage in pu is displayed.
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Figure 11: Micro grid system in grid-connected
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Figure 12: Load flow for grid-connected

RESULTS

When run in a grid-connected state, the microgrid
network produces the outcomes shown in Figure 13
On the three-phase line L1, a three-phase LLLG fault
is generated at 0.1 seconds, and three outcomes are
displayed. This safeguards the microgrid system’s
customers and machinery from three-phase faults that
happen within the designated zone (such as those at
feeders, lines, buses, etc.). Using the existing differential
relay protection technique, these faults are eliminated in
0.1t0 0.2 s.

According to this outcome, up until 0.1 seconds before
the fault occurs, the current flowing through radial
breaker unit 1 (RBUT1) is constant. Within 0.1 seconds
of the fault occurring on line L1, the current waveform
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of the RBUI current drops precipitously, reaching -2000
A current in a remarkably brief amount of time. The
RBUI current signal returns to its stable zero condition
and continues to do so in a straight line for up to 0.2
seconds after the current differential relay has been
successfully operated.

Differential Current-RBU1 and B1BU, the Radial
Breaker Units

The differential current in this scenario is initially
flowing in a straight line from zero to 0.1 seconds before
the fault occurs. However, the differential relay trips the
corresponding circuit breaker after 0.1 seconds when a
fault occurs at 0.1 seconds, after which line L1 flows at
a maximum differential current of 875 A.

‘S

] am [ [t [T ] a o w (1] ]

Seme

. l! (] Ll (L] - L]

Figure 13: grid-connected mode

State signals of the Radial breaker unit 1 (RBU1) and
the radial 1 breaker unit (R1BU).

This outcome is the consequence of a straight-line state
signal flow from the zero location up to 0.1 seconds,
emanating from the circuit breaker units RBU1 and
R1BU. Following the 0.1-second fault occurrence, the
RBU1 and R1BU state signals ascend to state 1, and
then remain in a steady upward flow until the fault is
entirely cleared on the line L1 unit, which occurs at 0.2
seconds after state 1.

Adaptive Overcurrent Relays for AC Microgrid
Protection (Case Study - 2)
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Figure 14: Islanded mode

Figure 14 offers an intricate view of the microgrid
system’s model during the islanded mode of operation.

The detailed load flow analysis is presented in Figure
15.
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Figure 15: Load flow

The load flow report also encompasses base voltage
values, reference voltages, active and reactive power
calculations, as well as voltage load flow and angle
measurements. These calculations, derived from the
power GUI block of the microgrid system’s model
during islanded operation, contribute to a thorough
understanding of the system’s performance.

Results during the Island Mode of Operation

The presented Figure 16 illustrates the outcomes during
the microgrid system’s islanded mode of operation.
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The adaptive overcurrent relay protection scheme
successfully clears these faults within the timeframe of
0.1 to 0.2 seconds, ensuring the safety and reliability of
the microgrid system.

Load Point 1 (LP1) Current

The adaptive overcurrent relay registers LP1 current
peaking at 2250 A for a brief 1 to 1.5 cycle duration.
Following fault clearance on LP1, the current stabilizes
and flows consistently from 0.14 to 0.2 seconds.

Figure 16: Islanded mode
CONCLUSION

This paper concludes that this protection scheme for the
microgrid system under the study operated effectively
and protected the overall microgrid system from 3
phases of SC symmetrical LLLG faults are occurred in
both grid-connected and islanded modes of operation.
Also, the adaptive overcurrent relays protection scheme
operated successfully and protected the consumers as
well as equipment connected in the microgrid system.

Also, this microgrid protection scheme shows feasibility
and effectiveness in both modes of operation under
the changing SC fault current level and varying fault
impedance in the microgrid system. This protection
scheme can be effectively implemented for symmetrical
faults like LLL, and LLLG faults. This protection
scheme improves the reliability, power quality,
efficiency, and safety operation of both consumers as
well as equipment connected to the microgrid system
by clearing the 3-phase SC faults in the minimum
possible time and by protecting the overall microgrid
system effectively.
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ABSTRACT

Thisresearch introduces an innovative hybrid adaptive protection system for microgrid systems, enhancing resilience
during transitions between grid and islanded modes. Integrating overcurrent and differential relays strategically,
the system addresses dynamic variations in short-circuit fault current characteristics. Adaptive overcurrent relays
protect DGs and individual LPs, while differential relays safeguard feeders, backbone lines, and buses, aiming
to minimize infrastructure upgrades and simplify setting computations. Through rigorous simulations covering
diverse operating conditions, the proposed scheme proves effective in shielding the microgrid from substantial
three-phase short-circuit fault currents, enhancing reliability, efficiency, power quality, and stability. Operating
adaptively, the scheme uses overcurrent relays for faults outside the protection zone and differential relays for
faults within the specified zone, ensuring the safety of consumers and equipment in the microgrid network.
Validation through simulations on a typical microgrid test network in MATLAB/Simulink significantly contributes
to advancing microgrid system resilience and effectiveness in dynamic operational scenarios.

KEYWORDS : Differential relay, Microgrid operation, Grid-connected mode, Islanded mode, Load points,
Reliability enhancement, Power quality assurance, Stability optimization.

Abbreviations & Nomenclature self-monitoring capabilities, and complex integration

of hardware and software units, demanding significant

MG Microgrid upgrades to existing infrastructure for practical
M Islanded Mode implementation [1]. Existing protection methods,
C.T Current Transformers such as differential schemes utilizing communicative
R1BU Radial 1 Breaker Unit relays, demand extensive communication infrastructure
GCM Grid Connected Mode and relay deployment at each line end [2]. In this
RE Fault Resistance challenging landscape, this research introduces a
B Bus hybrid protection scheme, combining differential and
AOCRP Adaptive Overcurrent Relay Protection a(.laptive. overcurrent relays. T.he S(fheme employs
- - - differential relays to safeguard microgrid feeders, lines,
MPPT Maximum Power Point Tracking and interconnecting buses, while adaptive overcurrent
Length ofline | L1,L2,L3,14,L5,L6,andLU=0.5km [ relays protect DGs and individual load points.
ADN A.the dI.Strlbutlon netwofks The integration of DGs into the main grid to form
DRP Differential Relay Protection a microgrid offers a viable alternative, leveraging
LLL 3 Phase Short circuit faults renewable sources for reduced transmission losses,
INTRODUCTION improvedpowerquality,andenvironmental sustainability

[3-5]. The operation of microgrids can be categorized

hile research on protection schemes formicrogrids  jnty four modes, each presenting unique challenges

is in its early stages, adaptive protection schemes
have been proposed, albeit with inherent complexities.
Adaptive protection requires advanced technology,
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to traditional protection coordination schemes. Fault
currents becoming bi-directional, limitations imposed
by inverter-based DGs, and variations in fault current
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levels due to different generator types contribute to the
ineffectiveness of conventional relays [6-7]. Adaptive
protection’s automatic adjustment to power system
conditions and the inherent advantages of differential
protection make this hybrid approach promising for
addressing the complexities of microgrid protection [8].

As microgrids continue to evolve, necessitating
dynamic protection solutions, this research explores
the integration of adaptive and differential protection
schemes to enhance the reliability and efficiency
of microgrid protection systems. Several studies
propose adaptive protection methods for low-voltage
microgrids, utilizing communication links for efficient
fault detection and relay coordination [9-11]. While
these systems provide reliable and fast operation,
communication failures remain unaddressed [12].
Alternatives, such as storage-based systems using
flywheels, present challenges in on-time fault clearing
and require substantial installations [13].

CHALLENGES IN EXISTING ADAPTIVE
OVERCURRENT RELAY APPROACHES

The current landscape of AOCR schemes faces critical
challenges, particularly in light of evolving distributed
energy resource (DER) interconnection requirements
and the dynamic transition to microgrid operations.

Existing AOCR schemes encounter difficulties in
accurately estimating fault current contributions from
DERs operating at varying output levels. Traditional
approaches, treating DERs as constant current sources,
may lead to overcompensation or underreaching due
to the complex nature of DER behavior [14]. These
challenges arise from factors like distance from the fault,
fault impedance, and fault type, making it imperative
to refine AOCR schemes to account for changing fault
current contributions [15].

Delayed Trip Time in Microgrid Mode

Microgrids, characterized by lower fault currents
compared to grid-connected systems, pose a unique
challenge to AOCR sensitivity in primary/secondary
protection zones. The traditional time-based
coordination methods may introduce significant delays
in relay trip times for faults within the primary zone, an
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aspect often overlooked in existing AOCR approaches
[16].

Current Direction Reversal during Mode Switching

The possibility of current direction reversal, a
phenomenon observed during mode switching in
both grid-connected systems and microgrids, remains
inadequately addressed in existing AOCR approaches.
[17]. These approaches are susceptible to under-
reaching, struggle with changing fault currents, and
may prove overly complex for traditional distribution
relays. The subsequent section delves into an emerging
vulnerability that challenges conventional practices in
relay programming [18].

PROTECTION STRATEGIES FOR
MICROGRIDS

Differential protection involves assessing the electrical
quantities entering and leaving a designated security
zone by comparing current through CTs. This method
relies on either current balance or voltage balance to
determine the absence of faults [19].
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Fig. 1 Current Balance Differential protection

The evolution of relay protection began with high-
current relay protection, from which the Discriminatory
Short Circuit Protection (DSCP) scheme emerged.
DSCEP differs from ‘overload’ protection, incorporating
time-based relay operation to safeguard devices
thermally. The AOCR Protection system, derived from
DSCP, addresses challenges in microgrid operation
modes, adapting to distinct short circuit attributes [20].
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Fig. 2: Adaptive overcurrent protection algorithm

AOCRP accommodates these complexities by enabling
adjustments based on grid conditions, facilitated
through external communication technology [21].
However, incorporating microgrid configurations into
the relay introduces inherent inefficiencies, particularly
in intricate network structures, potentially leading to
malfunctions during unforeseen events [22].

Adaptive Protection Scheme: Fig. 2 illustrates an
adaptive protection scheme with two approaches.

The first approach responds to alterations in the network,
adjusting configurations, linking or disconnecting DGs,
and transitioning between islanded and grid-connected
modes. This approach involves real-time calculation
and modification of settings, requiring robust decision-
making capabilities [20].

PROBLEM STATEMENT AND SYSTEM
DESCRIPTION

This envisioned protection system must possess
dynamic adaptability to grid changes, incorporating
self-monitoring and self-healing capabilities. The
protection strategy must be customized for various
zones and equipment within the microgrid, ensuring
cost-effectiveness, reliability, and efficiency.
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Fig. 3 System under study

This research paper is dedicated to securing the AC
microgrid system in both grid-connected and islanded
modes, employing a test microgrid system as depicted
in Fig 3. Subsequent sections delve into a meticulous
examination of the load flow within the AC microgrid
system for both operational modes.

System Parameters:

Utility grid-rated capacity = 13.8 kV; DG1 to DG6
rating = 0.2 MW, The power factor for all DGs = 0.9;
Load points LP1, LP2, LP4, LP5 rating = 0.2 MW, Load
points LP3,; LP6 rating = 0.1 MW; The power factor for
all load points (LPs) =0.9

Protection Settings:

Line and bus differential relay CT ratio = 150/5; Load
points CT ratio = 150/5; IDIFFPKP MIN = 0.05pu
(0.25A); IBreakpoint = 1pu (5A); K1 =20%; K2 =98%

Grid mode:
FINDINGS AND EXPLORATION

In the AC electrical power distribution network like a
power system network or microgrid system operating in
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both modes of operation in normal operating conditions
the 3-phase voltage and current waveforms are
sinusoidal in nature with a 50 Hz frequency. But, when
3-phase symmetrical short circuit (SC) faults like LLL,
LLLG, or unsymmetrical short circuit (SC) faults like
LG, LL, and LLG have occurred in the power system or
microgrid system operating in both modes of operation
then the magnitude of the SC voltage VSC is decreased
to the zero or nearest to the zero value and SC fault
current ISC is increased to the very high value in a very
short period.

Abnormal Operating Condition

Fig. 4 shows the microgrid system model with one DG
connection when 3-phase faults occurred on line L1. The
3-phase sinusoidal voltage and current measurement
before and after the fault occurrence on line L1 in the
microgrid system is done by using the 2 scope blocks
connected to the 3-phase V-1 measurement bus bar. This
microgrid system model is formed in the MATLAB/
Simulink software environment.

[ 3 phase
soUrce .
- Wswda
11
H 3Phase Powergui
braaker
Line unit
Scope 1 Scope 2 . J 1
[ ‘ [:] Line L1
’ P
L |
3 phase V-
1 measurement
T

Fig. 4: Microgrid system with one DG connection in faulty
condition

This diagram shows the load flow report table for the
microgrid system with one DG connection in the faulty
condition. In this table, the load flow for one 3-phase
source, one 3-phase RLC load, and two buses are shown.
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Fig. 5: Load flow report of the microgrid system with one
DG connection in faulty condition

Fig. 6 shows the 3-phase voltage magnitude before and
after the fault occurrence on the line L1 with the 50 Hz
frequency. In this result, initially, when the microgrid
system is operated in the normal operating condition
the 3-phase voltage is sinusoidal in nature from 0 to 1
second. The magnitude of this sinusoidal voltage is up
to 10 kV from 0 to 1 second in the normal condition.
But, when 3 phase SC fault is occurred on the line L1 at
1 second that time 3 phase voltage magnitude suddenly
drops to the zero value. This voltage magnitude remains
zero till the fault is cleared completely on line L1 in the
microgrid system.

Fig. 6: Voltage magnitude before and after the fault
occurrence

Fig. 7 shows the 3-phase sinusoidal current magnitude
before and after the fault occurrence on the line L1 with
the 50 Hz frequency. In this result, initially, when the
microgrid system is operated in the normal operating
condition the 3-phase current is sinusoidal in nature
with a small current magnitude from 0 to 1 second. But,
when 3 phase SC fault occurs on the line L1 at 1 second
that time 3 phase current magnitude drastically increases
to a very large amount. This current magnitude remains
high till the fault is cleared completely on line L1 in the
microgrid system.
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Fig. 7: Current magnitude before and after the fault
occurrence

Microgrid System with One DG Connection for
LLG Fault on Line L1

In this section, the voltage and current magnitude nature
concerning the time domain for various symmetrical and
unsymmetrical faults that occurred in the AC microgrid
system are discussed. The voltage of the phase where
the fault occurs instantaneously drops to zero value
and current increases to the maximum value after the
fault occurrence at that phase. The microgrid system
model for any of these symmetrical or unsymmetrical
faults is formed in the MATLAB/Simulink software
environment, load flow reports are taken from the
powerful block and results for each of the faults are
shown for validation and discussion purposes. Fig.
8 shows the microgrid system model with one DG
connection when an LLG fault has occurred on line L1.

The 3-phase sinusoidal voltage and current measurement
before and after the fault occurrence on line L1 in the
microgrid system is done by using the 2 scope blocks
connected to the 3-phase V-1 measurement bus bar. This
microgrid system model is formed in the MATLAB/
Simulink software environment.

oy J’.| . I

[ L g !j
Fig. 8: Microgrid system with one DG connection for

LLG fault on line L1
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Fig. 9 shows the load flow report table for the microgrid
system with one DG connection for the LLG fault that
occurred on line L1. In this table, the load flow for one
3-phase source, one 3-phase RLC load, and three buses
are shown.
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Fig 9: Load flow report of the microgrid system with one
DG connection for LLG fault on line L1

Fig 10 shows the 3-phase voltage magnitude for the LLG
fault on line L1 before and after the fault occurrence
with the 50 Hz frequency. In this result, initially, when
the microgrid system is operated in the normal operating
condition the 3-phase voltage is sinusoidal in nature
from 0 to 1 second.

T it T 0 e e P e
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Fig. 10: Voltage nature for LLG fault on line L1 before
and after the fault occurrence

The magnitude of this sinusoidal voltage before the fault
occurrence is up to 10 kV from 0 to 1 second in normal
operating conditions. But, when 3 phase SC LLG fault
occurred on line L1 at 1 second that time voltage of
the two phases dropped to zero instantaneously and
the remaining one-phase voltage increased up to 1.14
kV sinusoidally due to this LLG fault on line L1. The
voltage of these two phases remains zero till the LLG
fault is cleared completely on line L1 in the microgrid
system.

Fig 11 shows the 3-phase sinusoidal current magnitude
for LLG fault on line L1 before and after the fault

occurrence with the 50 Hz frequency.
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Fig. 11: Current nature for LLG fault on line L1 before
and after the fault

In this result, initially, when the microgrid system is
operated in the normal operating condition the 3-phase
current is sinusoidal in nature with 10 to 15 A current
magnitudes from 0 to 1 second. But, when 3 phase
SC LLG fault occurs on line L1 at 1 second that time
two phases’ current magnitude increases up to 70 A
in a very small-time duration and the current of the
remaining phase also increases up the 30 A in a small-
time duration due to the LLG fault on the line L1. This
current magnitude remains high till the LLG fault is
cleared completely on line L1 in the microgrid system.

Microgrid System with One DG Connection for
LLLG Fault on Line L1

3 phase
source

3 phase
breaker

Line

unit L_,_‘_

Fig 12: Microgrid system with one DG connection for
LLLG fault on line L1
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Fig 12 shows the microgrid system model with one
DG connection when an LLLG fault has occurred on
line L1. In this model, the microgrid system is operated
in the grid-connected mode of operation with one 0.2
MW DG and one 0.2 MW parallel RLC load point (LP)
connected in parallel with the DG at the lower end of
the power distribution buses. The 3-phase sinusoidal
voltage and current measurement before and after the
LLLG fault occurrence on line L1 in the microgrid
system is done by using the 2 scope blocks connected
to the 3-phase V-I measurement bus bar. This microgrid
system model is formed in the MATLAB/Simulink
software environment.
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Fig. 13: Load flow report of the microgrid system with
one DG connection for LLLG fault on line L1

Fig. 13 shows the load flow report table for the microgrid
system with one DG connection for the LLLG fault that
occurred on line L1. In this table, the load flow for one
3-phase source, one 3-phase RLC load, and three buses
are shown.

and o ]

Fig. 14: Voltage nature for LLLG fault on line L1 before
and after the fault

Fig. 14 illustrates the magnitude of the three-phase
voltage for an LLLG fault on line L1, both before and
after the fault, at a frequency of 50 Hz. During the
usual working conditions of the microgrid system, the
3-phase voltage exhibits a sinusoidal waveform ranging
from 0 to 1 second.

April 2024



Empowering Microgrids Protection Through Adaptive Relays

e e was wae

Fig 15: Current of LLLG fault on line L1 before and after
the fault

The amplitude of this sinusoidal voltage before the
fault event is 10 kV, ranging from 0 to 1 second, under
normal operating conditions. However, when a three-
phase short circuit line-to-line-to-ground fault occurs
on line L1 at 1 second, the voltage of all three phases
instantaneously drops to zero as a result of this LLLG
failure on line L1. The voltage of these three phases
remains at zero until the LLLG fault is completely
resolved on line L1 in the microgrid system

Fig.15 illustrates the magnitude of the sinusoidal current
in three phases for an LLLG fault on line L1, both before
and after the fault has occurred, with a frequency of 50
Hz. During typical operation of the microgrid system,
the 3-phase current exhibits a sinusoidal waveform with
current magnitudes ranging from 10 to 15 A, during
the time interval of 0 to 1 second. However, when a
three-phase short circuit to line-to-line-to-ground fault
occurs on line L1 at 1 second, the magnitudes of the
currents in two phases increase instantaneously to 78 A,
while the current in the remaining phase also increases
instantaneously to 24 A due to the LLLG fault on line
L1. The magnitude of the current will stay elevated
until the LLLG fault on line L1 in the microgrid system
is completely resolved.

Protection of AC Microgrid System from LLL-G
Faults

In this section, we will examine the safeguarding of
AC microgrid systems against three-phase SC LLLG
failures in both grid-connected and islanded modes of
operation. To study, analyze, and discuss the results,
we examined this microgrid system in two specific
case studies, referred to as Case Study - 1 and Case
Study - 2. The load flow report of the microgrid system
is obtained independently for each case study in both
modes of operation using the power GUI block. The
time-domain simulations, including outcomes, are
comprehensively presented and analyzed for each case
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study, encompassing both modes of operation. The
intricate models of microgrid systems being examined
in both operational modes are created using the
MATLAB/Simulink software environment.

Case Study - 1: Protecting an AC microgrid system
using a current differential relay protection scheme in
the event of a three-phase single LLG fault occurring
on line L1 in both modes of operation (protecting faults
occurring within the protected zone of the microgrid
structure, such as faults on feeders, lines, buses, etc.).

Case Study - 2 Protecting an AC microgrid system by
implementing an adaptive overcurrent relay protection
scheme.

Case Study 1: Current Differential Relays

As seen in Fig.16, a comprehensive model of the
microgrid network operating in island mode is displayed.

The table in Fig.17 displays the load flow evaluation
for the microgrid network in the islanded mode of
functioning. This table provides the load flow estimate
for each bus. The block name, block type, bus type, and
bus ID of every part are specified here.

The voltage load flow is in pu, and the voltage load flow
angle is measured in degrees. All load flow estimates
for the islanded mode functionality are derived and
obtained from the power Gui block of the microgrid
system’s architecture when it is run in islanded mode.
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Fig. 16: Microgrid islanded mode of operation
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Fig. 17: Load flow for an islanded mode of operation

Fig. 18 displays the outcomes of the microgrid system
when functioning in islanded mode. A 3-phase LLLG
defect is intentionally induced on the L1 phase of a
3-phase line, resulting in the display of 3 outcomes.
The purpose of this is to safeguard both the consumers
and equipment of the microgrid system from any 3
phase faults that may occur within the protected region.
The existing differential relay protection technique
effectively resolves these errors within a time frame
of 0.1 to 0.2 seconds.During the disconnection of
the microgrid system from the utility grid, the RBU1
current undergoes oscillations with a duration ranging
from 0 to 0.1 seconds. During islanded mode, if line L1
fails, the current in RBU1 increases to 38 A for a single
cycle. Following the resolution of the fault at 0.12
seconds on line L1, the current in RBU1 became stable
and continued to flow steadily from 0.12 to 0.2 seconds.

™ - . ™

¥ W e e
Fig. 18: Islanded mode of operation

In islanded mode, the differential current waveforms
remain identical to those in grid-connected mode. The
differential current waveform exhibits a rapid decrease
in the current signal, and the relay encountered a peak
current of 0.18 per unit (pu) between 0.1 and 0.13
seconds in islanded mode.
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The differential relay successfully detected and resolved
the line L1 fault in islanded mode within 0.1 and 0.14
seconds. Between 0.14 and 0.2 seconds, the differential
current remains at zero until the finish.

« State signals of the Radial breaker unit 1 (RBU1) and
the radial 1 breaker unit (R1BU).

This outcome demonstrates that the RBU1 and R1BU
status signals in the islanded mode closely resemble
those in the grid-connected mode.

Case Study 2: Adaptive Overcurrent Relays
Grid-connected mode.

Fig. 19 depicts the intricate model of the microgrid
network operating in the grid-connected mode.

Fig. 20 displays the table that represents the load flow
evaluation of a microgrid system in the grid-connected
state of performance. This table provides the load flow
estimations for each bus. Here, the block name, block
type, bus type, and bus ID of each component are
specified.
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Fig. 19 Microgrid network operating in grid-connected
mode
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Fig. 20: Load flow for grid-connected mode

In the context of the microgrid system’s grid-
connected mode of operation, as depicted in Fig. 21,
a comprehensive analysis of a 3-phase LLLG fault
occurring at load point LP1 at 0.1 seconds reveals
three key outcomes. This examination serves as a
crucial aspect of safeguarding the microgrid system’s
consumers and equipment, offering protection against
3-phase faults that may arise beyond the designated
protection zone (e.g., faults occurring at DGs, loads,
etc.). The adaptive overcurrent relay protection scheme
efficiently clears these faults within the timeframe of
0.1 to 0.2 seconds.
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Fig. 21: Grid-connected mode of operation

The LP1 current initially flows consistently from zero
up to 0.1 seconds. However, when a fault occurs at load
LPI1 at 0.1 seconds, the relay registers a substantial
current spike, reaching up to 2220 A between 0.1 and
0.16 seconds. The adaptive overcurrent relay promptly
operates and trips the respective circuit breaker after
0.1 seconds, successfully clearing the fault beyond the
protection zone by 0.16 seconds. Subsequently, the LP1
current continues to flow consistently from 0.16 to 0.2
seconds, with the differential relay remaining inactive
for faults occurring outside the zone of protection.
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CONCLUSION

This paper concludes that this protection scheme for the
microgrid system under the study operated effectively
and protected the overall microgrid system from 3
phases of SC symmetrical LLLG faults are occurred in
both grid-connected and islanded modes of operation.
The current differential relay protection scheme
operates successfully and protects the consumers as well
as equipment connected to the microgrid system when
3-phase SC faults occur inside the zone of protection.
Also, the adaptive overcurrent relays protection scheme
operated successfully and protected the consumers as
well as equipment connected in the microgrid system.

Also, this microgrid protection scheme shows feasibility
and effectiveness in both modes of operation under
the changing SC fault current level and varying fault
impedance in the microgrid system. This protection
scheme can be effectively implemented for symmetrical
faults like LLL, and LLLG faults. This protection
scheme improves the reliability, power quality,
efficiency, and safety operation of both consumers as
well as equipment connected to the microgrid system
by clearing the 3-phase SC faults in the minimum
possible time and by protecting the overall microgrid
system effectively.
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ABSTRACT

The escalating global demand for energy and the widespread integration of RES have reshaped the requisites of
modern electricity grids. Modern grids must change to accommodate the transition to sustainable energy systems.
HVDC technology emerges as a key facilitator for this transformation, offering advantages over traditional AC
systems. However, the absence of strong and dependable safety mechanisms for DC fault clearance poses a
significant obstacle to the implementation of HVDC grids.

The primary challenge associated with the VSC-HVDC system is the vulnerability to SC faults, which can result
in damage to both the converter valves and the line network. Additionally, the existing DC breakers suffer from
prolonged fault-clearing times, rendering them insufficiently fast and reliable for providing adequate protection on
multi-terminal networks. To overcome these challenges, the integration of CFCs with a hybrid DC circuit breaker
proves essential. This innovative approach aims to enhance the overall performance and resilience of the HVDC

system, ensuring effective management of power flows and robust protection against DC faults.

KEYWORDS : VSC, DC circuit protector, CFCs, HVDC grid.

INTRODUCTION

VDC systems have developed quickly in the past

several years, and the number of HVDC projects
worldwide has significantly increased. This increase
is indicative of a resurgence of interest in VSC-
HVDC technology. Concurrently, the effectiveness of
MT-HVDC networks is growing increasingly when
considering future power systems. It is anticipated that
the networks will make it easier for electricity grids to
incorporate large-scale renewable energy generation,
allowing for cross-border energy trade. Currently, two
MT-VSC-HVDC systems are operational: the 3-terminal
Nano HVDC system and the five-terminal Zhou Shan
network. Additionally, various alternative DC grid
configurations have been recommended to outline the
potential architecture of an upcoming European grid
Meshed HVDC (MHVDC) networks face difficulties
in managing power flows in addition to protection
concerns, especially when they take on the intricate
structure of MT-HVDC grids [6] [7]. Furthermore, there
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are several ways for current to flow between various
nodes. CFCs are integrated with DCCB to address these
issues.

CFCs are essential in meshed grids to prevent cable
currents from overloading. In a meshed circuit, there
are two main approaches to control current flow:
modifying branch resistances and introducing a voltage
source. Among various topologies, CFCs relying on
de-de converters offer superior flexibility without the
requirement for isolation transformers, distinguishing
them from AC converter conversions. DCCB, on the
other hand, functions when the power electronics path
permits mechanical breakers to swiftly interrupt the DC
and are crucial for protection against DC failures.

Fault protection and CFC functions can be combined
into one cohesive system, as they currently exist as
distinct functions. The coordination of CFCs in the
design of a hybrid DC circuit breaker is examined in this
work, with an emphasis on PHCBs (Proactive Hybrid
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Circuit Breakers), particularly those that incorporate
a load commutation switch (LCS). Power electronics
components need to remain consistently linked to the
DC power-carrying line for the proper functioning
of the hybrid DCCB and CFC. The configuration of
the converter (de-de), comprising two half-bridge
converters connected to capacitors, with each half-
bridge in series with the DC line, dictates the control
and functioning of CFCs. Subsequently, a detailed
examination of integrating DCCBs into CFCs is
presented, offering insights into the two systems under
investigation in this study.

THE PHYSICAL HYBRID CIRCUIT
BREAKER (PHCB)

The primary, secondary, and energy-absorption branches
make up the PHCB. The main branch has a mechanical
switch (UFO) and a small set of semiconductor switches
called the LCS. The secondary branch, on the other
hand, has a considerable selection of semiconductor
switches [1] [2]. The secondary branch, which is in
charge of current-limiting functions in this architecture,
is closely linked with the energy absorption branch.
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Fig. 1 PHCB

An essential part of the PHCB is the LCS, which diverts
current from the mechanical switch and directs it into
a circuit breaker that resembles a semiconductor [3].
Fig. 1 [13] analyzes and shows how to use and regulate
this circuit breaker; further, more precise information is
provided in [14] The concept of operation of the PHCB
is illustrated in Fig. 1. Figure 2(a). When the current
rises by 20% above the standard threshold, the system
goes into fault case mode. The turn-off signal for the
LCS is then recommended after a specific period. The
current flow across the LCS during a transient fault is
depicted in Fig. 2(b). [16]. Furthermore, research has
been done on the design of alternative circuit breakers
that are made up of comparable switches or LCSs [17-
18].
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Operation of PHCB

Fig. 2 depicts the PHCB working principle. As shown
in Fig. 2(a), the IL normally travels via the UFD &
the LCS. When the current is above the standard
threshold by 20%, the system enters fault case mode.
The LCS’s turn-off signal is then suggested following a
predetermined amount of time. The current flow during
a short-lived fault across the LCS is as seen in Fig. 2(b).

The UFD disengages the LCS on one side and reroutes
the current to the main breaker path immediately
upon the LCS tripping. At this point, the current can
be disconnected from the fault current using the main
breaker [8—9]. Fig. 2(c) shows the current flowing via
the route of the primary breaker. Lastly, the arrester
linked in parallel across the main breaker dissipates the
energy produced during the fault, as seen in Fig. 2(d).
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Fig.2 Protective HCB Operational

To reduce the amount of current that flows through the
lines during faults, a reactor is connected in series with
the main breaker and LCS.
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Fig. 3 I Control sequence of Proactive HCB
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Fig. 3 [19] shows how the PHCB’s control current
flows. Fig 4 displays the PHCB’s output voltage and
current at 1.8 kA and 320 kV, respectively, while Fig. 5
displays the PHCB’s MB output.

CURRENT FLOW CONTROLLER (CFC)

Fig. 6 shows the CFC diagram. The CFC is composed
of eight different IGBT switches. A description of the
CFC topology used in this work may be found in [12].
In essence, the CFC creates different voltage sources
and keeps the line from overloading by removing power
from one line to other. By circulating the DC along the
lines of the HVDC grid, this process efficiently modifies
the DC.

Table 1. Alternate CFC States

Mode | Higher | Comeal Switching States
|1:.I.:.u v D‘mtm v - - - v v - -
Sa | 522 | SW | 5BF | Sel | 52 ) 5dl | S
| Il | Fowsd 0 | 0 | @ | WM PWM ) 0 1]
DB | Fewsd | 0 0 | 1 |0 | PWMIPWM 00
3 B | Reveme FOM O FOM, @ | 0 b0 1] |
4 | W | Reese PWMLPWDL O L 0 | 0| 0 L]0

In table I the input current is shown as “i,” and the 2
branch currents are shown as “i”” and “i z,” that is, 1, 1,
i z> 0. There are 4 modes of operation available to the
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CFC as it only regulates two wires (currents). First, two
forward modes occur when currents flow out of the CFC
in a forward direction, and two reverse modes occur
when currents flow into the CFC in a reverse direction,
where “0” indicates that the switch is in the off position
and “1” indicates that the switch is on.

Iy = Terminal 3

Terminal |

—— Terminal 2
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Fig.6. H-Bridge Dual CFC Topology
Computational Modeling of CFC

The CFC is capable of efficiently controlling cable
current by combining certain switch states from
Table 1 [20]. When handling overload problems, this
functionality comes in handy because the CFC can
switch the current from one line to another. The greater
line current is used to charge the capacitor in the first
mode of CFC operation, as shown by the following set
of equations.

V =Ry +L1L =+ v+,

(1)
V=R, + L, 24V, o
R -
i1=0C i 3)

By defining x,=[il iz vc] ¢ The aforementioned equations
(1) through (3) can be classified in matrix form as where
“T” denotes the transposition operation.

[L; 0 0O = 13 —R; 0 —17Ti1

0 Lz O‘E iz‘ — \ 0 —Rz 0 ‘ iz +
_0 0 C -Uc 0 0 0 UC

1 —1 o1rv

0o 0 -—-1||W

0 0 o0l )
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Where, V is the bus voltage to which the CFCs is
connected, V is the voltage at the terminal ends of the
1* and 2™ lines, and V_ is the capacitor voltage. L” RI
and L IS, respectively, stand for the first and second
cables’ series inductance and resistance.

In this way, the equations are given for the mode
I capacitor discharge time, which occurs when the
capacitor discharges from the lower line current i ’.

_ di
V=Ryiy +L1L, 2+ V, 5
T di,
V=Ryiz+ L, 2 - v+ V, »
- d
g0 Sk
dt (7)

Equations (5), (6), and (7) can therefore be rearranged

as follows:
L]. Rl 0 il
{} Lz I'Z _Rz 0 iz +
—1 0llv,
s
0 0 —1 V1

The average model for CFC during i, > i z is obtained
by multiplying equations (4) and (8) by (I-D) and D.
The following equation is the result of combining this
result with the charging mode of operation’s duty ratio.

Ly 0 0] ri]
B Iy doofd | =
g 0 ¢ Vel
R, 0 ) 11
0 —R, 1—D||i|+
i 34D 0 1lv,
1 -1 0 V
1 0 -—-1||"
0o 0o ollv ®

B=D* BI + (I -D) * Bz and A=D* Al +(I -D)* Az. The
following is the form of equation (9) under steady-state
conditions.
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By solving equation (10), the stable-state value for the
Vc¢ can be expressed as:

R
ﬁD(V—V1J+(V2—V)(1—D)

o~

Ranz,r_py2
R2D2+(1-D) an
SYSTEM OVERVIEW AND MODELING
FRAMEWORK

A single VSC powers each of the four stations that make
up the M-HVDC grid. The stations are connected by four
cables. A hybrid- CB is placed at each line termination,
as shown in Fig. 7, and a CFC is addressed at Station
1. Two direct current CBs help the CFC coordinate its
operations.
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Fig. 7. One line diagram of Combined CFC and CBs

Computation of voltage source converter-based
HVDC

Fig. 8 shows a four-terminal VSC-HVDC network made
up of capacitors, a DC chopper, a DC inductor (DE), a
PHCB, and high-pass filters that operate at 200 kV. In
this setup, the rectifier and inverter use three-level NPC-
VSC devices and neighboring IGBT/Diodes. Two 100
km lines and two 8 ml-1 smoothing reactors are needed
to combine the rectifier and inverter [5-6].

Even though the VSC-HVDC sector is currently seeing
a rise in the use of CFC, three-level converters are still
the preferred choice for many authorized projects. Thus,
it is critical to take into account important interactions
since the integration of CFC and the three-level
composition may be crucial for future multi-Terminal
direct current (MT-dc) grids. The midpoints of each
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three-level converter are grounded by this MT system’s
grounding setup.

Fig. 8. Diagrammatic presentation of MT- VSC HVDC
system

The three-level NPC design is built using phase reactors,
transformers, switching IGBTs (insulated gate bipolar
transistors), and capacitors (dc). The VSC-HVDC-MT
system utilizes multiple control strategies, including
voltage margin control and voltage droop [21] as shown
in Fig 8. However, the P-Q control approach is utilized
in this particular three-level model.

A number of DC choppers have been used in comparable
configurations [23], and Table 2 contains an extensive
list of them. The parameters related to the circuit breaker
are also included in Table 3. The fundamental formulas
that regulate the movement of both active and reactive
power in a VSC-HVDC system are outlined below:
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Fig. 9 System of Control at the Sending End Conversion
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Equations (12) and (13) show that it is possible to
regulate the two converter voltages’ amplitudes to
change reactive power, and to change the phase angle
of the two converter voltages to control active power.
When the converter’s voltage Vc is at a greater angle
than the source voltage (0S), it acts as a rectifier;
otherwise, it acts as an inverter.

P e

L

Fig. 10. Sending End Converter Control subsystem

Figures 9 and 10 depict the SEC’s control system and
subsystem. A current controller and three-level PWM
are used to manage the rectifier side converter stations.
Fig. 11 provides more information about the PLL,
initializing filters, P-Q control, and the REC control
system. All of these parts work together to guarantee
the inverter side converter stations run smoothly.
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Fig. 11. Converter’s Receiving End Control System
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Table: 2 V & I Connection of DC chopper

Voltage (per unit) Current (kA)
1 0

1.01 0

1.02 0.5

1.03 1

1.05 1.25

1.15 1.25

Table 3 Specification of CB

Parameters YWalues
Strav Inductance (L1/Ls) 30 H
LCS snubber capacitance 5.5F
LCS varistors knee voltage rating 7.92 KV
Main breaker snubber capacitor 0234 F
Main breaker knee voltage rating 320 kV
DC-line inductor 100 mH
Mech. Operating time 2 ms

SIMULATION OUTCOMES AND
ANALYSIS

Fig. 12 displays the direct-axis reference current at
1.5 per unit along with the direct and quadrature-
axis current at the SEC. Potential conflicts within the
systems are shown by the Q and Q output at the REC
that is shown in Fig. 13.
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Fig.13 P, Q o/p at Receiving End CS
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The response of the designed control system was
evaluated by simulating the system depicted in Fig. 8
through the use of MATLAB SIMULINK software.
Three-level NPC-VSC was employed for the entire
simulation. The VSC-HVDC system effectively
manages the flow of both active and reactive power,
along with AC voltage regulation, as long as the load
constitutes an active AC system. Two significant studies
discuss the operation of PHCB, with or without CFC
coordination support.

Study 1

Study 1 shows that in a four-terminal VSC-HVDC
system, the second and fourth converters work as
inverters to maintain DC voltage, while the first and third
converters act as rectifiers to maintain P and Q power.
The rectifier side’s three-phase voltage and current are
examined in Fig. 14. P and Q power parameters are both
fixed at 0.17 watts per unit. The study’s findings are
shown in Fig. 15, 16, and 17 in that order.
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Fig. 20. O/p Signal at 3-level VSC
CONCLUSION

There are many benefits to integrating CFC with hybrid
circuit breaker designs. A four-terminal VSC grid with
a two-independent-converter architecture has been used
to validate this notion. To minimize overall grid power
losses or avoid overloading separate conductors, the
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CFC actively regulates the current inside the DC grid. In
addition, the controller can oversee other grid functions
like line switching and perhaps reduce the number of
switching devices. The findings show that fewer space
requirements and power losses occur from the CFC and
circuit breaker working together. Additionally, the DC
circuit breaker shields the CFC from overvoltage. The
breaker’s action diverts current away from the CFC
during transient DC fault currents. When compared to
independent systems, this voltage reduction permits a
depletion of power losses in the combined case studies.
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ABSTRACT

To effectively manage power in line with Energy Management controller recommendations, a bidirectional DC/DC
converter must be meticulously chosen for use in battery/ultracapacitor (UC) electric vehicle (EV) applications.
After thoroughly comparing three-level DC/DC converters with traditional two-level and interleaved bidirectional
buck/boost designs, this study firmly supports their use. We cover all the bases in our review, including the size or
the weight of the magnetic components and their overall efficiency.

Unlike earlier comparative studies that rely on fixed input and output parameters, this method offers a new
perspective by using power references from a wavelet transform based energy management strategy. This allows
for a more accurate evaluation of the converter’s performance in dynamic operational settings by accounting for
fluctuations in the voltages of the energy sources and the traction power. Thorough evaluations reveal that the
three-level converter is the best, exhibiting not just improved overall efficiency but also a smaller inductor. A
meticulously designed proof-of-concept These results are supported by a 1-kW bidirectional three-level DC/DC
converter, which achieves a remarkable peak efficiency of 93.2% at a switching frequency of 200 kHz. The three-
level converter’s innovative approach and convincing evidence make it a practical and effective choice for battery/
UC EV power processing.

KEYWORDS : EV, Interleaved converter, Ultracapacitor, Non-isolated dc to dc converter, Three level converters.

INTRODUCTION Fig. 1 illustrates the usual connection type, where the
UC is directly linked to the dc link and functions as a
power buffer. With the bidirectional dc to dc converter
serving as the only controllable unit, UC must regulate
the voltage within the top and lower operational limits
of the inverter in order to meet high power needs.

—

Vs with UCs can become attractive substitutes for
battery-only models with large capacity batteries
[1]. Based on factors like efficiency, control complexity,
and performance, several drivetrain topologies with
active or passive UC control are put forth and contrasted

[2].
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(¢) 3-level (TLC).
Fig. 2. buck/boost converters

Due to it has a significant impact on the system
performance overall, choosing a bidirectional converter
hierarchy is essential.
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Previous works have suggested and examined
bidirectional dc to dc converters for EVs; the majority
of these studies gives efficiency assessments for specific
power circumstances with defined input and output
characteristics [3]. A study of DC-to-DC converters in
EVs. According to this study, the bidirectional dc/dc
converter in EVs should be a 3-Level Converter (TLC).
[4]. It compares this converter which are shown in Fig.
2 [5]. As the drive cycle, use the Urban Dynamometer
Driving Schedule (UDDS).

Together with the appropriate UC and battery voltages,
the power distribution which is calculated using 3-level
Discrete Wavelet Transformation in [6] is employed in
estimates of efficiency and magnetic parameter size.

In order to determine which converter has the highest
efficiency and the smallest magnetic component size,
efficiency models that have been developed are utilized
to calculate the converters’ overall efficiency over the
course of the driving cycle. It is possible to extend this
analytical pathway to additional applications, such as
fuel-cell, PHEV [6]

1 1 A | i
e Ty Ty PO N T
| * ¥
oy ’ ke -
- 1 i =l i =l
e =
— | — - -
U = B S ] = |
F F
e [ M.
‘5:“ =I 1_;.1 —l
B ] + g * e g
m b M L]

- ' L L
i g

| —1 w2 e a2 ([ u= I
.‘ . ].n ] JI!_ L’:“_’:l( ! Fﬂ‘ ! ‘”!M,lf-z

Fig. 5. Buck mode operation

On the other hand, the boost inductor in CBC becomes
an important part in high-power applications, adding to
the system’s weight, volume, and cost. Higher losses
are also a result of the requirement for high-voltage
switches in CBC. Compared to the CBC, the use of a
Three-Level Converter (TLC) is a viable substitute that
offers significant advantages [7-8].

The TLC converter’s switching architecture is displayed
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in the Fig. 3. The phase-shifted switch turn-on periods
result in a ripple frequency in the effective inductor
current is twice that of usual designs [9].Fig. 4 and
5, respectively, show the boost and buck operation
modes of the TLC. The boost mode is the one being
explained, even though both modes do similar tasks.
There are four distinct modes of circuit operation, and
the corresponding circuits are classified according to
the duty cycle value. The duty cycle’s climax value,
represented by the letter “d,” is 0.5. The comparable
circuit sequence repeats as [V-II-IV-III for d< 0.5. An
control signal overlap happens as the duty cycle rises
over 0.5, creating a new equivalent circuit sequence,
[-II-T-ITI[ 10-11].

DIFFERENT ANALYSIS

Comparing TLC to the most sophisticated CBC and
BIC converters reveals a number of advantages.
The voltage across the switch controls a significant
amount of the switching loss. Specifically, exposing
the switches to half of the output voltage, even in the
absence of soft-switching, can significantly lower the
parasitic capacitance’s switching loss as compared
to CBC. Indeed, employing low voltage switches is
expected to significantly reduce losses due to parasitic
capacitance [12]. This section compares and contrasts
the two different topologies for bidirectional buck/
boost dc-dc converters shown in Fig. 2, accounting
for the power handled by the converter as well as the
dynamic fluctuations of the battery and UC voltages.
The comparison is based on the size and efficiency
of their magnetic components over the entire drive
cycle range. Obtain Cycle A. Common Elements was
established. The dynamic voltage changes of the energy
sources and the load power have a significant impact on
the efficiency of the bidirectional converter.

In the drive train architecture depicted in Fig. 1 the
energy sources and batteries. Because the UDDS
driving cycle simulates a 7.5-mile urban route with
numerous pauses, it was used for this experiment [13].
When operating in a linear mode, the battery voltage can
fluctuate between 350V and 380V. The UC’s voltage is
limited to 350V by the inverter’s minimum working
voltage, even though it is directly connected to the DC
connection and so cannot exceed 600V. A voltage swing
from 600V to 350V can be stored in the UC for a total
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energy of C+118.75kJ, where C is the capacitance of the
UC. This is due to the fact that the UC’s energy storage
is exactly proportional to the voltage squared. [14].

Table 1. Currents of Conversion During Four UDDS

CBLC TLC BIC
200pH 100pH 200pH
Max. Bat. Cur. [A] (ra_m) 138 64 130 123.2
Ripple Cur. @) i s [4] 30.86 428 15.43
Max., Ind. Cur. [A] (i mal 138.64 130 T7.03
Ripple Cur. @ iy [A] 30.86 428 30.86
Max. Ripple Cur. [A] {Adsw) 3294 1.5 158
Max. Ripple Cur. [A] (Aid) 3104 11.5 EI
Max. Ind. Rms Cur. |A] 12689 12686 63.49

In the current study, three-level wavelet decomposition
was used to derive reference powers for the battery and
UC [23].
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Fig. 6. Dynamic Fluctuation of state variables

Fig. 6 displays the battery, UC voltage fluctuations, and
converter power throughout the course of four UDDS
cycles. In this instance, we’re assuming that the battery
started off with a SOC of 80%.

In the sections that follow, size and efficiency studies
will be carried out using this data. The scale of the
magnetic component B. Peak flux density is inversely
related to the size of the magnetic component and is
determined by the peak current flowing through the
core. This is how the battery’s current ripple appears in
CBC: [15-16].

. |
Asbatpoost(a) =7 d(1—d) ()
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The TLC’s battery current ripple is,

_ Y
.ﬁ.ibat_TL(d) = 2Lf, deff(l G dgf}r) 2
The relationship between the duty cycle of a switch in a
transverse light-coupler (TLC) converter and the ripple
current may obtained by altering the duty cycles that are
effective from Eq. (1) & (2) and it became as shown in

Eq. 3)[17].

v
Abat_py (d) = {L £ed(1—d) N

Two inductor currents added together make up the BIC
converter’s input current as shown in Eq.(4). If the
switches duty cycles are below 50%, the input current
ripple will develop into

21‘7,',“—1’0 Vin
A;bat_pnterieavea(d) = Lf: ( o V_a) (4)
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Fig. 7. Flow diagram for the core geometry estimation
approach-based inductor design method

A ripple in the input current is defined as a situation
where the duty cycle is over fifty percent. as refer in

Eq. (5).
= Vo—20in (Vin
AiDat jnd evloavad (d) = 7( )

Lfs Yo

®)
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Assuming that Eq. (6) is satisfied for the current ripple
of all interleaving inductors,

i,
A;bat_ppierieavea(d) = L_;_'.;d (1 —d) ©)
At 75% duty cycles, BIC and TLC reach the greatest
input ripple current, while CBC reaches their highest
at 50%. The inductance needed by CBC is four times
greater than that of TLC for the same peak ripple in
battery current.

The size of the magnetic core can be determined by
measuring the extreme inductor current and necessary
inductance. In light of this, the drive cycle depicted in
Fig. 6 has been assessed using a switching transitional
converter operating at a frequency of 20 kHz.

1.251, 1,41, 1.7E, I, 2.5L ETH
Normalized Switching Frequency

f, TIm,

Fig.8. BIC and TLC core weights
Table 2Size of CBC, TLC, and BIC inductor

CRC (200 E) T (1D EL) (2»{1‘.:fi.2)
K. 0. 164 ]Gl 00833
L 17001 42 5245
4 |Aafem®] 263.2 263.2 136
™ as ag 42
AW [em?] AN LD AN AW
Wire AW GH20 AWGHT2 AW G20
=105 =167 BEL
W Jem’) 468 FTX 24.41
A lem] 13.56 678 AT
- OOTTIRIIOAT OOTTIZRAT BT TRFTAT
Core N
=3 w1 -6
Weinht [Kul 132 1.3 02626

However, 400uH produces a very big magnetic core,
as will be discussed later. Thus, 200uH is chosen as the
CBC'’s inductance [18-19]. Tablel shows that 138.7A,
with a ripple 0of 32.9A, is the maximum current that may
be taken from the battery in CBC. An inductor current
ripple of 30.8A is used to get the maximum inductor
current of 77A for BIC Even though this ripple has no
effect on the battery itself, itlooks at how it impacts the
core losses in the sections that follow.

Estimate the magnetic component’s magnitude using
the core geometry methodology. To estimate the core
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size, various elements must be determined, such as the
needed inductance (L), window utilization factor (Ku),
maximum flux density (Bmax), regulation (o), peak
current (Ipeak), rms current (Irms)and regulation (o)
[20].

Table 3 Analyzed Converter Specifications

LS T B
Input Volimge |¥] I5T-3K1 I5T7-381 357381
Cruipol YVoliage |%)] AB4-5T5 IEL-575 AR4-5T75
Peak Frop. Power |[KW) 4532 4532 4532
Peak Begen, Power [KW] -10.78 1078 1078
Pawer Switeh IXFB3D IXFX80 IXFBRID

B3P MNeBEI MI1ZOF
Swileh Hatings 1200WA0A GO TRA § 20 A,
Mo, of Switches 12 B 12
Swil. Froeg. [kHz] 2 20 | ]
Imdl. Kipple Frog. [kiz] 20 40 4y
Ingductance [pH| 200 ({1 200
Mool Cares F 4 I L
Cores Weight [kg| 2.4 ] I .6

This is influenced by the magnetic and electric factors.

.

E?2 =K,.K,.X -
The electrical coefficient, denoted as E, can be calculated
using the formula 0.5-L-Ipeak2, where L represents the
magnetic quantity and Ipeak represents the electrical
quantity shown in Eq. (8).

o —4
K, = 0.145 P,B2, .
The identification and evaluation of kg are essential
components of the estimation approach. However, some
of the core makers directly supply the Kg [cm5] value
linked with every core. A mathematical representation
of the relationship between area product and Kg is as
follows with reference of Eq. (9):

_, AW,
Ko = 20ir )
The term mean length per turn, or MLT is used. The
maximum flux density can be divided by the area to find
the current density as in Eq. (10).

] =

Bmax. A;

2.E.10%

EIKu

(10)
The wire size is determined by the current density in
Eq. (11).
J = lems

d (1)
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From Eq. (12), the total amount of turns could be
determined by using the provided wire size as well as
winding area.

WaKy

N =
Aw (12)

Fig. 7 shows the schematic of the choosing an inductor
core process. What matters most is the core material
you choose for the maximum flux density. The cores
with distributed air gap having a saturation flux density
of 1.1-1.5 T are known as magnetic or iron powder
cores. These cores find their most common use in
power inductors, more especially in DC inductors and
the switched mode power supply (SMPS) output filters.
Eq. (13) & (14) show that increasing the maximum
operational flux decreases the area product of the core,
an estimate of the core size; yet, increasing the core
losses causes the area product to grow.

In this example, it is expected that the maximum flux
density is roughly 0.5 T, which is the value commonly
used as Bmax/2. The standard value of the fill factor
Ku is 0.4. The control a is usually set at 1% in low
power applications, but as power grows, it is frequently
bounded to a lower level. The maximum power,
45.23kW, is reached before regulation is capped at
0.1%. The remaining parameters Ipeak, Irms, Al, L,
and Po,max are necessary to determine the product
area and, by extension, the core size. They are derived
from the dynamic modeling of four UDDS drive cycles.
For measuring core size, the kg is a helpful unit of
measurement [21]. The calculated kilogram (Kg) values
for TLC and BIC for different switching frequencies
are shown in Fig. 8. Fig. 8 omits the CBC because its
kilogram value is much greater. It clearly shows that
Kg is somewhat greater for TLC converters, but else
it is much the same for BIC converters. Please be
aware that the BIC values include the total kilograms
for two identical cores. Since commercially available
cores do not always have the precise winding and
cross-sectional areas predicted by Kg, the former is
not always applicable to actual implementation. An
iterative technique is utilized to generate approximate
core sizes for Kool Mu (sendust core) cores based on
the given requirements.

When compared to powdered iron cores, these cores
are recognized for their much superior thermal
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characteristics, reduced losses, and modest cost. Fig.
7 provides an illustration of the algorithm. The area
product of this core type can reach up to 791 cm4 of the
cores stored in the database, the algorithm chooses the
most useful one. Table 2 presents the findings related
to the basic design. The core weights of TLC, BIC, and
CBC converters are respectively 1.3 kg, 0.662 kg, and
2*1.3 kg. Part C: Rules for Choosing Semiconductors
It is important to evaluate the current and voltage
pressures on the power switches before making a
selection. Unlike TLC, where the switches are exposed
to half of the output voltage, CBC and BIC expose the
switches to the whole output voltage. The results of the
calculations presented in previous section.

A Indicate that 575V Is the upper limit for ultra-
capacitors. It follows that TLC switches should have
ratings greater than 287V and CBC and BIC switches
should have values greater than 575V. Furthermore,
due to the hard-switched nature of the converters, the
circuit’s parasitic output capacitances and inductances
may resonate, raising the peak voltage across the
switches well above this threshold. Therefore, it is
imperative to allocate a margin of safety. We can see
that TLC needs 600V switches, but CBC and BIC need
1200V switches based on this value of 2. It can be
shown from Table 1.

When considering these parameters, IGBTs stand out
as possible semiconductor devices, while MOSFETs
are more suited as switching devices for frequencies
between 20 and 40 kHz. On the other hand, high current
rating discrete MOSFETSs with voltage ratings of 1200V
or even 600V are not easy to come by. High power
IGBT modules or parallel linked [22].

MOSFETs are the two options that are dictated by these
restrictions. The feasibility of a parallel-connected
MOSFET structure is determined by taking the
switching frequency and switch cost into account. Since
many manufacturers use different standards to sell their
products, we choose 600V and 1200V MOSFETs from
the same brand and category/family so that we can
compare them fairly. Considering these factors, the
1200V/30A power MOSFETs IXFB30N120P and the
600V/80A IXFX80N60P3 were chosen for the TLC
and two-level converters of CBC and BIC, respectively.
Twelve IXFB30N120P MOSFETs are employed in

www.isteonline.in  Vol. 47

Special Issue No. 2

Gaikwad, et al

the CBC and BIC converters collectively, and eight
IXFX80N60P3 MOSFETs in the TLC [23].

PERFORMANCE ASSESSMENT

We design and analyze complete efficiency models
that account for a range of losses, in order to assess the
energy loss and overall converter efficiency during the
driving cycle. 5605 data points are analyze for every
converter in this thorough investigation utilizing the
parameters indicated in Table 3.

Switching Losses

At frequencies higher than 20 kHz, power dissipation
is caused by four main components of switching losses.
These parts are described below:

Overlap Power Losses (VDS and ID) in MOSFETs

The switching instant is when the current and voltage
bleed over, causing these losses. The region under the
drain current (ID) as well as drain-source voltage (VDS)
waveforms quantitatively depicts them.

Charge Loss at the Gate (Qt)

The charge that is discharged to the ground in each
switching cycle from the gate capacitance, which is
charged with gate voltage (VG), is the source of Qt.
Due of this, it is considered a switching loss.

Capacitance Losses in Parasites (COSS)

When the MOSFET is turned off, the charge in the
parasitic output capacitor (COSS) causes power to be
dissipated.

Problems with the MOSFETs Body Diodes Reverse
Recovery (Q_and V)

The return time (t ) of the body diode of the MOSFET
is associated with these losses. By removing the extra
charge (Q_) from the drift area prior to the diode
junction becoming reverse-biased, the diode is able to
switch off. The unwanted reverse recovery voltage (V)
is caused by this excess Q.

The following formula encompasses the equation
for switching losses in Three-Level Converters
(TLC), Bidirectional Inverter Converters (BIC), and
Conventional Buck/Boost Converters (CBC). It takes
into account the cumulative influence of these distinct
loss components. To characterize and reduce switching
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losses in various converter designs, this comprehensive
knowledge is crucial.

Py = fe-Nps- Npe. (05 Vps (DI () (& + £7) +
0.5.VE5 () Coss + QeVe) + Vi ()Qr) (13)

The switching frequency, denoted as fs, is associated
with the number of paralleled-switches (NPS) and
parallel converter (Npc). For the CBC configuration,
there are 6 paralleled-switches and 1 parallel converters.
For the BIC configuration, there are 3 paralleled-
switches and 2 paralleled converters. Lastly, for the
TLC configuration, there are 2 paralleled-switches and
1 paralleled converter. Furthermore, the terms tr and tf
represent the time it takes for MOSFETS to change from
the low-to-high and high-to-low states, respectively,
throughout switching intervals [24].

Dielectric Losses

Conduction loss, which is mostly caused by low
switching frequencies, is measured by the MOSFET
drain’s RMS current (ISRMS) and on-state resistance
(RDSon). The conduction loss for both CBC and BIC
may be computed by the following formula.

- IZpms(t)
Pepepe—Bic = Npe- (Rps(on) e

NPSVFIDavg(t)) (14)

Fig. 9 Energy losses at a 20 kHz switching frequency a)
Switching losses, b) core and conduction losses , ¢) and
overall loss
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Fig. 10. Energy losses at 100 kHz switching frequency
(a) Switching losses, (b) Conduction and core losses, (c)
Overall loss
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As indicated by Eq. (15), VF and IDavg are obtained
by multiplying the core volume Ve and the core loss
density Pe (Bac, fs), which are derived from the AC
magnetic flux density Bac and the operating frequency
fs.

PCu = ‘;Pe(Bac(t)*fs (15)
The permeability indicated above (u_ = 60) was actually
supplied by Magnetics Inc. for the calculation of Pe
(Bac, ) using the Eq. (16) [25].

2.01 £ 1.29
Pe(Bac;fs') = 193B;; (r)m 4

(16)
Efficiency Analysis

The converter losses are computed using Equations
(14)—~(16) taking into consideration the voltage profiles
and dynamic power mentioned in the unit above. Fig. 9
displays the energy losses as a consequence for each of
the three converters operating at a switching frequency
of 20 kHz.

In a similar vein, parasitic capacitances MOSFETs
have much reduced losses. For the specified switching
frequency, gate losses are negligible. Fig. 9(b) shows
the conduction losses, core losses, and copper losses
shown. To begin with, TLC uses fewer switches than
other converters, which means that its conduction
losses are lower. On the other hand, when more diodes
are used, the loss due to diode breakdown is greater.
Fig. 9(c) displays the total losses of all converters.
Despite having greater total conduction losses, TLC
shows somewhat better efficiency than alternatives. In,
you can see the outcomes at a switching frequency of
100 kHz [26].

The investigational waveforms for the TLC boost mode
with a duty cycle (d) of 0.48 are shown in Fig. 10. There
are three voltages involved in this system: 67V for the
input, 130V for the output, and 500W for the output
power. The waveforms show the following: a) the input
voltage, output current, and voltages across switches S1
and S4; b) the voltages across switches S2 and S3; and
c) the voltages across the inductor.

Fig.10. There is a clear indication that the efficiency gain
is far larger here. This further demonstrates that greater
switching frequencies make TLC more advantageous. It
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is possible to calculate the converters’ total efficiencies
over the whole drive cycle by consulting therefore
mentioned charts and doing the following:
n= =

Py+Psw+PeptPeytPe

)

CBC has an efficiency of 98.7%, BIC of 98.5%, and
TLC 0f 98.8%from Eq. (17). As the switching frequency
increases to 100 kHz, the efficiencies decrease to 96.4%,
96.3%, and 98%, sequentially. The analysis revealed
that, depending on the driving cycle conditions and
the size of the magnetic components, TLC converters
function more efficiently than CBC and BIC converters.
A larger efficiency gap is produced by greater switching
frequencies [27].

Control Complexity

Because it uses a single carrier signal to produce two
PWM pulses, the control mechanism of a conventional
buck/boost converter (CBC) is very simple because
there are fewer switches. The Bidirectional Inverter
Converter (BIC) and Three-Level Converter (TLC), on
the other hand, need two carrier signals phase-shifted
180 degrees. Importantly, TLC and BIC are similar
in that they both generate PWM. The existence of a
floating ground makes TLC more complicated and
expensive, as it requires independent gate drivers for
three switches [28-29].

The neutral-point voltage balancing controller is the
main source of complication in TLC control. Assuming
perfect symmetry in the drive and main circuits, the
DC link capacitor voltages should be half of the dc link
voltage in an ideal world. However, DC bus capacitor
Equivalent Series Resistance (ESR), drive circuit
inhomogeneity, and switch asymmetry all contribute to
the observed discrepancies. The result is that capacitor
voltages are not uniform, this causes switches and dc-
link capacitors to experience varying voltage strains.
TLC thus needs a different voltage balancing control.
Identifying the top or bottom capacitor voltage and
adjusting S2 or S3’s duty cycle in boost mode and S1
or S4’s duty cycle in buck mode correspondingly is one
effective technique. By using this compensating duty
cycle, the switch’s pulse width is changed in relation
to its complimentary switch. This corrects voltage
discrepancies in the dc link capacitors and guarantees
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that voltage stressors are distributed uniformly. When it
comes to maximizing the TLC converter’s performance
and reliability in real-world operating situations, this
complex control method is crucial [30-31].

RESULT AND DISCUSSION

A 1kW TLC proof-of-concept prototype has been
painstakingly designed. The converter’s 100 kHz
switching frequency produces an effective ripple
frequency of 200 kHz when it is in operation. In order to
make this work, a 100pH inductor is chosen with great
care. The IRFP350 switches used have a breakdown
voltage of 400V and can handle a constant drain current
of 16A. A low-priced dsPIC30f4011 microcontroller is
employed for control functions. The current flowing via
the inductor is tracked by an LEM CAS-25 sensor.

The outcomes in boost mode at three different operating
points. Different voltages are applied to diodes and
switches in each situation; significant voltage spikes
are created by hard-switching and parasitic inductances
on the PCB. As demonstrated by the findings for the
switching frequency and the doubled inductor current
frequency converter with the parameters indicated
in Table 3, these contributions to oscillations become
apparent at a system frequency of 200 kHz.
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Fig. 11 Efficiency curve of the three-level converter

Fig. 11 shows the efficiency curves that were obtained
from various voltage and power experiments. These
curves were then compared with the calculated
efficiencies that were also obtained under the same
conditions. The accuracy of the created loss model is
confirmed by this examination. At a switching frequency
of 200 kHz and a power of 900W, the model’s efficiency
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curves remarkably match those seen experimentally,
reaching a peak efficiency of 93.2%. This proves that
the suggested loss model is accurate and dependable,
and it shows that it can accurately forecast how the 1kW
TLC converter would operate.

CONCLUSIONS

Because it significantly affects system size and
efficiency in controlling battery power, the choice of
bidirectional dc/dc converter architecture is crucial to
the performance of battery/UC hybrid EV. The efficiency
of the converter decreases with increasing switching
losses, and this impact is more pronounced at higher
switching frequencies. This study proposes a three-
level non-isolated bidirectional dc/dc converter (TLC)
as the power electronics interface between the battery
and UC in place of the traditional two-quadrant buck/
boost converter (CBC). This modification is anticipated
to increase conversion efficiency and decrease the size
of magnetic components.

The study focuses on the three-level converter in
particular, comparing its magnetic component size
and performance to that of CBC and interleaved
bidirectional converters. UDDS drive cycles are used
to test these parameters. The results show that the
TLC converter has the smallest magnetic component
size and is the most efficient while all of the driving
cycle conditions are met, especially at high switching
frequencies. Battery/UC hybrid EVs may benefit from
the three-level, non-isolated bidirectional dc to dc
converter architecture, as these features.
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This article uses an Arduino UNO, a buzzer, a laser light, and straightforward software for forming a security
system. With this technology, we can set up a security alarm for unauthorized intruders anywhere. Safety is more
and more important in all fields as technology develops and grows daily. Everyone wants their private area which
only they can access. Therefore, we need to protect our room, office, locker, etc. The “Password-based gate lock
system by using Arduino” has been created in the suggested work. This item is a password- or pin-protected
computerized gate lock. Which requires the user to enter the proper password or PIN code to access the gate? In
this paper, a basic 10T gateway implementation proposal for use in a home IOT environment is presented. It is
based on the Arduino microcontroller. The author focused their study on the system’s security and performance.
The performance and capacity limits of the implemented gateway were examined through load experiments and

denial-of-service attacks.

KEYWORDS : Security system, Laser, Arduino, Face detention, IOT.

INTRODUCTION

onsidering the present scenario, security is a

key consideration. Every day, new technology
is developed worldwide. The criminal organization
develops new technology to carry out its operations [1].
Therefore, security technology needs to be up-to-date
and resilient to safeguard against crime. In this article,
a vast area has been covered using laser light. We
know laser light travels through long distances without
scattering effects [2]. The conventional approach
requires an excessive quantity of paperwork and is
more prone to human error. By removing the drawbacks
of conventional techniques and concentrating on
enhancing their benefits, highlighting the most recent
technical developments can help in the development
of innovative systems. [3]. Here is a security device
that makes use of a cheap laser torch that is typically
included with a key chain. The benefit of this security
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lock is that any laser pointer or torch that is readily
accessible in toy stores can be used [4].

Author J.A. Dharne’s automatic gate management
system utilizing number plate recognition and OCR:
Every day, new technology is developed worldwide.
The criminal gangs of today continue to advance their
technology to run their business. Therefore, security
technology must advance over time to keep the globe
free from crime [5]. A microcontroller called Arduino
Uno is employed in the suggested setup. In the suggested
system, Arduino is primarily used to offer a platform
for digital devices to connect with interactive items that
can sense and control physical equipment. [6]. These
two characteristics enable us to create a cutting-edge
security system that we might refer to as the “Laser
Security System. “Anytime a person or item passes
in front of the laser light, the buzzer automatically
sounds[7].Automatic  railway gate management
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by Chandan Ray using an Arduino [8]: Presently,
transportation is a necessary mode of transportation
that many people use regularly. The main focus of this
post is the automatic railway gate control using Arduino
UNO, buzzer, LED, IR sensor, etc.[9]. For additional
safety purposes, a GSM module is used. Railways
are one of those transportation mediums. Controlling
automatic train gates with an Arduino Chandan Ray, the
author in today’s society, transportation has developed
into an indispensable tool and is now a common part
of many people’s everyday lives. Railroads are one of
those transportation modes, and this article primarily
concentrates on railroad automation, specifica lly an
Arduino UNO, a buzzer based automatic railway gate
control [10]. You can more precisely control who has
access to your property thanks to these tools. Automated
gates increase protection and improve perimeter
control. You can cut down on the likelihood of crimes
like larceny and vandalism because you have control
over who has access to your property [11].

Unauthorized access can be prevented by having a
lock that holds the fingerprints of one or more users
and opens the system when a match is found[12].
The skin on our hands and soles displays a flow-like
pattern of ridges on each fingertip that is distinct and
unchanging, making biometric authorization one of
the greatest characteristics [13]. As a result, everyone
may be identified by their fingerprints. Recent hand-
held gadgets like mobile phones and computers feature
fingerprint scanners, which makes it simple to infer their
popularity and dependability [14]. With biometrics, a
special pattern will be utilized as the key. We will utilize
a fingerprint as the key in this case to implement the
article. The security lock will be implemented using a
variety of gadgets, each with a unique function to raise
the level of security, in this Arduino article [15].

Simply put, we might say that we are using Arduino to
create a door access system that analyzes fingerprints to
decide who we should let inside and who we shouldn’t.
To keep the device’s price as low as possible, we are
attempting to create it using a typical, basic door lock
that is installed in every home [16]. One kind of security
system that uses lasers to find intruders is a laser
security system. The device operates by directing a laser
beam through a room or other area and then detecting
any disturbances in the beam caused by an intruder
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[17]. If the beam is disturbed, an alarm is triggered,
alerting the owner of the system to the presence of an
intruder. Laser security systems are often used in high-
security environments, such as banks, museums, and
government buildings. For deployment, experimental
results and Simulation can be used, and the modeling
results indicate the improved proposed controller
performance[18]. This paper describes in the following
sections, the methodology that is adopted, some of
the reviews based on observation, and the overall
conclusion which has the base of previous sections.

METHODOLOGY

This section goes into great depth about the processes
and methods used in the conception, creation, and use of
an automatic gate. The automated gate was constructed
using both mechanical and electronic components. The
single-phase electric motor, the Arduino Uno IR sensor
buzzer, and the relay circuit are the electrical parts
used to build the control circuit for the automatic gate
Magnetic connections; and control keys for both heat
overload valves and circuit breakers. Cables, breakers,
an alert circuit, and signal lights [19] [20].

Creating a fingerprint-based security system using an
Arduino board and a fingerprint sensor is important
because thefts are getting worse daily, and security
has become a key issue. Therefore, securing our home
or locker is made simple by a digital fingerprint lock
[21] You’ll be able to follow the proper fingerprint
entry. A fingerprint-based door lock system allows only
authorized people access to the restricted ones. The
entire article is controlled by the Arduino [22].

f‘ Power Supply | /" Fingerprint
o \_Sensor R307 /

(— Arduino Uno }‘

.

/" Motor drive "

model }

/" 12vpC
\, Geared Motor

Fig. 1 Laser Security & Automatic Gate Way System
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Arduino UNO

The Arduino UNO is the best board for learning to
code and solder circuits. If this is your first experience
experimenting with the platform, the UNO is the
most robust board you could start with. The most
well-known and thoroughly documented device in
the Arduino family is the UNO board. [23]. This is
made with the open-source Arduino platform. With
Arduino, you can use a piece of software called the IDE
(Integrated Development Environment) that runs on
your computer to create and upload computer code to a
physical programmable circuit board, also known as a
microcontroller [24].
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Fig. 2 Arduino UNO

The Arduino may be programmed and started from a
different location via these pins. These pins facilitate
communication between multiple Arduino boards and
enable firmware uploading. When programming or
starting the Arduino, the ICSP pins function like an
AVR programmer [25]. The Arduino board itself has a
push button on top that is designated as the RESET key.
It may be blue or white. Pressing it has the same effect
as turning the power source on and off again [26]. The
board will not begin executing any of the instructions in
the sketch until after a new design has been uploaded.
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A TTL-USB converter is needed for direct module
connection to the PC without an intermediary
microcontroller or comparable platform. The LM358
may be used as a DC gain block and transducer
amplifier. A voltage regulator is a part that delivers a
constant output voltage regardless of variations in the
input voltage. A three or more-pin integrated circuit
(IC) is what it is. The Arduino’s digital inputs (also
known as digital I/O) are what enable you to connect
other integrated circuits (ICs), actuators, and sensors
to the board. When a barrel plug is put into the jack,
the jack’s spring pulls against the plug’s outer sleeve,
forcing the jack’s central pin to make contact with the
plug’s inner sleeve.

With its on-chip trimming, this fixed regulator can
achieve its voltage output tolerance of 1% while offering
much protection and stability for your article. These
voltage regulators each have a maximum output current
of 800 mA.This fixed regulator offers excellent stability
and safety for your article, and because of its on-chip
trimming, it can achieve an output voltage accuracy of
less than 1%. Each of these regulators for voltage has a
maximum output current capacity of 800 mA [27].

The Multi-Flex’s Tx and Rx LEDs show whether it
is transmitting or receiving messages over the RS485
network. Each time the multi-flex responds to the E2
by sending a signal, the Tx LED blinks once. When
a message is received by the Multi-Flex, the Rx LED
blinks once.

Resonators perform similarly to crystals but are
less expensive and do not need additional caps. The
temperature range for these resonators is +/-0.5% or
better. There is no need for external caps because these
resonators contain built-in load capacitors [28].

ICSP for ATMege328p

ICSP programming is a method of programming
microcontrollers while they are still connected to
a circuit. This allows for the programming of the
microcontroller without having to remove it from the
circuit. The Atmega328p microcontroller, which is
commonly used in Arduino boards, can be programmed
using the ICSP method. The programming is done
through six pins on the microcontroller that are used to

transfer data and commands [29].
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ATmega328p Microcontroller

The ATmega328P is a microcontroller that is commonly
used in Arduino boards. This 8-bit, low-power CMOS
microcontroller has AVR upgrades and is based on
the RISC architecture [30]. It features 32KB of flash
memory, 2KB of SRAM, and 1KB of EEPROM for
non-volatile data storage, together with 32KB of flash
memory for storing code. It contains 6 analog inputs,
23 general-purpose 1/0 pins, 6 PWM output pins, and
6 general-purpose I/O pins. It also has a variety of
communication interfaces, including SPI, 12C, and
USART. The ATmega328P is a versatile microcontroller
that is used in a wide range of applications, from
robotics to home [31].

Analogue inputs

The Arduino can input and output analog signals in
addition to digital signals. An analog signal can have
any number of values, in contrast to a digital signal,
which only has two values: HIGH and LOW.

Motor drive model

CPU: ESP8266(LX106) Community Developer:
ESP8266 Opensource Introductory Power:

The L293 is a popular motor driver IC that can control
two DC motors or one stepper motor. It is an H-bridge
driver, which means that it can control the direction
of the motor by reversing the polarity of the voltage
applied to it. The L.293 can handle a maximum current
of 600mA per channel and can operate on a wide range
of voltages, from 4.5V to 36V. It also has built-in
protection diodes that prevent damage to the IC from
the back EMF generated by the motor. The L293 is
commonly used in robotics, automation, and other
applications that require motor control [32]. There are
more nonlinear loads in the system, which introduce
harmonics and cause a variety of power quality issues
[33].

. 1293 Motor Driver | [
For T enper Moter | |

Fig. 3 Motor drive model
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Finger-prints sensor R307

The fingerprint sensor module shown in the
accompanyingimage madeiteasierand more economical
to include fingerprint identification in this article [34].
This suggests that collecting, registering, comparing,
and searching for fingerprints is fairly straightforward.
These modules can store fingerprints in FLASH memory
and may be used with any microcontroller or TTL serial
system [35]. These elements can be included in security
systems. the door locks, the clocks.

Fig. 4 Finger-prints sensor R307
12 V DC geared motor

A DC motor is any spinning electric motor that generates
mechanical energy using direct current (DC) power.
The most common types rely on the forces produced
by the generated magnetic fields that the coil’s current
induces. To keep the intended DC working voltage, a
finite energy storage capacitor terminates the voltage-
sourced converter on the DC side. Therefore, the
converter’s functioning switch array serves as the
conduit via which the DC capacitor communicates with
the AC system.By injecting both current and voltage
into the line at a subsynchronous frequency component,
network damping may be increased. to occasionally
change the current’s direction in a particular section of
the motor [36], Nearly every kind of DC motor has an
internal mechanism. This system might be electrical
or electromechanical. The functioning of a brushed
electric motor including a two-pole rotor (armature) and
a permanent magnet stator. On the magnets’ inside axis
faces, polarities are indicated by the letters “N” and “S”;
the opposing polarities are shown on the outer faces.
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LDR Sensor

LDR Sensor Light Resistance: 50-100 Ohms LDR
Rated Power: 200 W, Diameter: 3-20 mm, Application:
Phot- resistor.

Fig. 6 LDR Sensor
Laser

A laser is a technology that causes light to be emitted
at specific wavelengths and then amplifies that light,
creating a highly narrow beam of radiation. Visible,
infrared, or ultraviolet wavelengths are often only
briefly covered by the emission. The features of the
many distinct types of lasers that have been produced
are quite diverse. The word “laser” is an abbreviation
for “light amplification by the stimulated emission of
radiation [37].

Fig. 7 Laser
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Fingerprint Sensor Interface

Over half of all biometric safety devices use fingerprint
scanning, the most used biometric technology, and it
is easy to see why. We save an ever-increasing amount
of data on the devices we use and distribute it in ever-
more-dangerous ways online. Most of the time, simply
a few hurriedly selected digits are used in our passwords
to safeguard our financial and personal data.

The fingerprint sensor works on the principle of
processing which includes two elements enrolment &
matching. In enrolment, each individual has to put the
finger on the sensor device, so that the device checks
the fingerprints to process & generate the finger pattern
& it will be stored [42]. In matching, once an individual
places the finger then the system will generate a pattern
of the finger &compare it with the stored data. So a
fingerprint sensor is used to authenticate and recognize
the fingerprints of a person. These sensors are very
reliable and secure devices used for any security
authentication [43].

LTE TTTRTN]

Fingerpring Sensor

Fig. 8 Fingerprint sensor
Laser Security

A laser-based security system is one kind of security
system that uses lasers to detect intruders. The system
which works by emitting a laser beam across a room or
other area and then detecting any disturbances in the
beam caused by an intruder [44].

Bioalour] emcumm AT F0 Feven Fieen Fevis

Fig. 9 Fingerprint sensor
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If the beam is disturbed, an alarm is triggered, alerting
the owner of the system to the presence of an intruder.
Laser security systems are often used in high-security
environments, such as banks, museums, and government
buildings [45]

RESULT AND ANALYSIS

This section goes into great length regarding the
steps involved in designing, building, and utilizing
an automatic gate [38]. The control circuit for the
automated gate was created using electric motors,
Arduino Uno IR sensors, buzzers, and relay circuits.
Control switches and a contractor. Circuit breaker and
thermal overflow relay. Circuit breakers, signal lights,
cables, and an alert system [39]. The metal framing, the
metal gear in the gate rack, the rollers, the cantilever
rollers, the counterbalance post, the last post, and the
counterbalance are a few of the mechanical components
used in the design and construction of an automated
gate.

DT BASITI EAM R SICURITY SYSTTR
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Fig 10 Laser Security Result

We are demonstrating the parts for the Arduino-based
fingerprint gate lock and connecting them to the power
source [40]. This approach is based on enhancing
security and registers the owner’s fingerprint into the
Arduino using a fingerprint sensor. The cable used for
uploading code has also been utilized to supply the
Arduino with 5 volts of electricity. After signing in,
placing your thumb on the fingerprint sensor will release
the solenoid lock. This will cause the solenoid lock to
lock if you repeat it. Since locking and unlocking the
solenoid lock takes less than one second, it is used in
this article [41].
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OBSERVATIONAL CASES
Case 1: The lock will open

Fig 11 Automatic Gate lock will be open condition

In this system, the gate latch is connected to the
fingerprint scanner, which the user will input their
fingerprints into. The machine scans the print, and
then searches its database for a match. If a match is
discovered, the latch releases, unlocking the gate [46].
The user has the same issue while trying to lock the
door. If the fingerprint is accurate, the latch will close
and the gate will lock behind the person.

Case 2: The lock will not open

Fig 12: Automatic Gate lock will be not an open condition

The door will remain locked if the fingerprint is entered
incorrectly, forcing the user to retry until the door is
opened. If the wrong fingerprint is scanned, the user
will be informed to restart immediately [47].

CONCLUSION

The methods used in the design, construction, and use
of an automatic gate are covered in great depth in this
section. The control circuit for the automated gate was
created using electric motors, Arduino UNO, IR sensors,
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buzzers, and relay circuits. Control switches and a
magnetic contactor. Relay for thermal overload and
circuit breaker. cables, alarm systems, circuit breakers,
and signal lights. Some of the mechanical elements used
in the design and building of an automatic gate include
the metal framing, the gate rack metal gear, the rollers,
the cantilever rollers, and the counterbalance.

Since each fingerprint is distinct, the sensor can
recognize every print during testing. It gives access
to sites that are prohibited more control. This system
has various downsides, including the fact that it is a
closed system and is challenging to modify in terms of
hardware. Additionally, it requires a lot of electricity to
run, making it occasionally difficult to supply constant
power using batteries. It won’t operate if there’s a
power outage. In such a scenario, we may either
connect the system to an IPS or upgrade the system with
rechargeable batteries.
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