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TABLEI
Abstract--The convergence of widespread renewable energy Abbreviations

sources (RES) and Internet of Things (IoT) technologies has Abbreviation Full Term
catalyzed the development of the Energy Internet (El), enabling

: El Energy Internet
advanced energy management paradigms. The El framework
facilitates the integration of numerous distributed generation RES Renewable Energy Sources
units and leverages digital intelligence to enhance energy loT Internet of Things
sharing, optimize grid asset utilization, and bolster overall ESS/BESS (Battery) Energy Storage System
power system security. Concurrently, rapid socio-economic DSM Demand-Side Management
growth has intensified global energy demand, leading to 9
periodic shortages that challenge grid reliability. These scarcity RTP Real-Time Pricing
conditions are predominantly manifested during peak load P2pP Peer-to-Peer
periods of the system. Consequently, a significant body of PV Photovoltaic
re_se_arch is c_iedlcated to peak load shl_ftlng and shavmg to PCS Power Conversion System
mitigate this issue. Nevertheless, few studies have systematically
exploited the full capabilities of the EI framework to achieve this BOP Balance of Plant
critical objective. This research, therefore, aims to develop and MIP Mixed-Integer Programming
propose an El-based optimization problem specifically designed SPM Smart Polygeneration Microgrid
to_sqlv&_a ?he peak load shifting problem with the primary goal of SEB Smart Energy Building
minimizing total system cost. The proposed methodology -
achieves this by optimizing the scheduled charging and PAR Peak-to-Average Ratio

discharging cycles of end-user Energy Storage Systems (ESS).
Within this formulated problem, each prosumer—an entity that
is both a consumer and a potential supplier—participates in a I. INTRODUCTION
localized energy market. The operational cost model must

comprehensively account for the costs of power sourced from HE Modem power systems stand on the brink of a

the conventional grid and local RES, the storage dynamics historic transformation. The rapid increase in energy
within the ESS, and the accurate application of Real-Time demand, growing environmental concerns, and the
Pricing (RTP) signals to all generated and consumed energy. imperative to enhance reliability have created unprecedented

challenges [1]. These challenges necessitate a fundamental
Index Terms- Energy Internet, Energy Storage System, transition from traditional, centralized, and passive
Peak Load Shifting, Prosumer, Real-Time Pricing. generation paradigms toward the utilization of distributed and

renewable resources within an integrated, intelligent system
framework [2-3]. In this context, significant advancements in
the 1oT and renewable energy sources have catalyzed the
emergence of a new paradigm: the El [4-5].

Received; 2025-10-29  Revised; 2025-12-28 Accepted; 2026-01-06

1. Department of Electrical Engineering, Shab.C., Islamic Azad University, Shabestar, Iran.
*Corresponding author: le.mohammadian@iau.ac.ir

Cite this article as:

Mohammadian, L. (2026). A Peer-to-Peer Energy Trading Optimization for Peak Load Management in Energy Internet
Systems. Journal of Modeling & Simulation in Electrical & Electronics Engineering (MSEEE). Semnan University Press .
6 (1), 1-11.

DOI: https://doi.org/10.22075/MSEEE.2026.39530.1234

© 2026 The Author(s). Journal of Modeling & Simulation in Electrical & Electronics Engineering is published by Semnan
University Press. This is an open-access article under the CC-BY 4.0 license. (https://creativecommons.org/licenses/by/4.0/)


https://mseee.semnan.ac.ir/
https://portal.issn.org/resource/ISSN/2981-2437
https://portal.issn.org/resource/ISSN/2821-0786

Volume 6, Number 1. March 2026

Within the EI framework, all components of the energy
system—from large-scale generators and microgrids to end-
users and distributed energy storage units—are
interconnected via digital platforms [6]-[7]. This connectivity
enables intelligent, integrated, and real-time management of
energy production, storage, distribution, and consumption
[8]. The primary goals of the El are to increase energy
utilization efficiency, facilitate the widespread and secure
integration of renewables, and ultimately establish a resilient,
sustainable, and efficient energy system [9]-[10]. In this
transformed energy landscape, loT technology, with its
capability for large-scale, real-time data collection,
processing, and exchange, serves as the backbone [11]. One
of the most pressing challenges in contemporary power
systems is the phenomenon of "peak load." Energy shortages,
particularly during peak hours, can occur due to total demand
exceeding available generation capacity, outages of
generation units, or fuel shortages in conventional power
plants [12]. This issue not only threatens grid reliability but
also drastically increases operational costs [13]. In this
regard, the "peak load shifting" strategy is recognized as an
effective solution to alleviate grid stress during peak hours
and enhance system stability [14]-[15].

This research aims to propose a comprehensive framework
within the EI to address the peak load shifting problem. The
proposed model integrates active participation from end-
users (who can act as prosumers), distributed battery energy
storage systems, and renewable sources, while employing a
real-time pricing mechanism. Its objective is to minimize the
total energy cost for consumers and optimize the charging and
discharging scheduling of storage units.

Numerous studies have investigated various strategies for
demand management and peak load shifting, primarily
focusing on Demand-Side Management (DSM), RTP, and the
deployment of BESS. The theoretical foundations and
benefits of DSM have been extensively explored in the
literature [16]-[17]. At the end-user level, studies such as [18]
have focused on reducing energy consumption and
prioritizing power scheduling to achieve load shifting. Ref.
[19] has integrated residential electricity management with
solar power generation units. In [20], the use of smart meters
and small-scale storage units in homes encouraged users to
manage their energy consumption. The development of
intelligent controllers based on neural networks for
coordinating distributed energy resources and household
appliances represents a further step in optimizing building
energy use [21].

Dynamic price signals are recognized as a key driver for
modifying consumer behavior [22]. Research [23] introduced
an energy system based on real-time pricing for the automatic
adjustment of user consumption. Study [24] also integrated
smart grids and electric vehicles using optimization models
to reduce grid operational costs. Realistic demand response
models have been developed for effective market interaction
[25-26].

The use of BESS has also received significant attention.
This includes BESS scheduling in competitive markets [27]
and power management in grid-connected systems with PV
and batteries [28]. For instance, [29] utilized BESS to store
energy during low-load conditions and supply power during
peak demand, thereby improving grid reliability. In [30], a

mathematical model for BESS was presented that can smooth
load variations. Considerations related to battery lifecycle
characteristics have also been addressed in the optimization
of isolated power systems [31]. Study [32] further
demonstrated how BESS can maximize profit for its owners
by storing energy during low-price periods and selling it
when prices are high.

Various optimization techniques, including Artificial
Intelligence [33], Evolutionary Algorithms [34-35], as well
as Robust [36] and Stochastic [37-38] approaches, have been
employed to manage uncertainty in power systems. These
methods provide a solid foundation for developing energy
management models in complex environments. Furthermore,
concepts such as Networked Microgrids [39] and business
models for microgrid aggregators [40] have opened new
horizons for optimized energy management .As evident from
the literature review, a significant research gap exists in the
simultaneous integration of these three strategies (DSM,
RTP, BESS) within a unified, decentralized EI framework.
Most studies have focused on only one or two aspects, often
overlooking the active and bidirectional role of end-users in
a dynamic energy market. By addressing this gap, this paper
proposes a comprehensive optimization problem where end-
users can trade energy with one another and the grid within
an intelligent platform influenced by real-time price signals.

While the existing body of work provides robust
foundations in DSM, RTP-based mechanisms, and BESS
scheduling, a critical synthesis within a fully decentralized El
framework is lacking. Studies such as [19] and [21] optimize
building-level energy use with local RES but do not integrate
a dynamic P2P market. Research like [27] and [32] focuses
on BESS arbitrage in wholesale markets, often neglecting the
proactive role of prosumers at the distribution level.
Furthermore, models incorporating RTP [23]-[24] typically
treat consumers as price-takers rather than proactive traders.
This paper bridges these gaps by proposing a holistic
optimization model that simultaneously integrates: (1) a
prosumer-centric P2P energy market, (2) RTP-driven DSM,
and (3) coordinated BESS scheduling—all within a unified
El architecture. The proposed formulation distinctively
models the complete cost structure for prosumers (grid
purchase, RES generation, ESS capital/maintenance). It
enforces operational constraints based on real-time market
signals, enabling a more realistic assessment of peak shaving
and cost-saving potentials.

To validate the proposed optimization problem, a series of
numerical simulations was conducted. The results
demonstrate a significant reduction in the system's peak-to-
average ratio, confirming the method's efficacy in flattening
the load profile. Furthermore, the proposed energy trading
mechanism among prosumers results in a measurable
decrease in their aggregate electricity costs, while also
enhancing the utilization rate of distributed renewable energy
within the network.

The structure of this paper is as follows: Following the
introduction, Section 2 provides a literature review and a
precise problem statement. Section 3 is dedicated to detailing
the problem formulation and the mathematical model. The
simulation environment and obtained results are presented
and analyzed in Section 4. Finally, Section 5 offers
conclusions and suggestions for future research.
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Il. PROBLEM FORMULATION & MATHEMATICAL MODEL

The proposed EI framework is illustrated in Fig. 1. In this
model, energy is conceptualized as a tradable commodity
whose price is dynamically determined by real-time market
demand. This establishes a direct correlation where peak
demand periods correspond to the highest energy prices,
whereas the lowest prices occur during off-peak periods.

\ -1
i
| POWER GENERATION |
x
L1}
CONTROL CENTER
_— s
- [
O
DISTRIBUTION GRID
[
ENERGY DEMAND?
¥ LOW DEMAND
|
v
( Yad
ENERGY STORAGE
EV & BESS
\ HIGH DEMAND / \
¥ )
%
SELL ENERGY STORE ENERGY
V2G Discharge V2G Charge ‘
\\ / \ |
[ [=EN
END-USERS MARKET ANALYSIS |
\\\\ //

~] e _—

REAL-TIME DATA

Fig 1. The EI framework

Within the EI network, user demand is accurately
quantified through smart metering infrastructure, with this
data transmitted to a central control center. This system
enables a more realistic and granular representation of load
patterns. The control center is then responsible for
dispatching energy based on the aggregated requested load.

A key feature of this framework is its bidirectional
communication capability. The control center's dispatch
logic, detailed in Fig. 2, moves beyond simple price
thresholds to incorporate both economic and grid-stability
signals.

Fig. 2(a) illustrates the charging logic. The control center
continuously monitors real-time load L(t) and price RTP(t). A
charging signal is broadcast to prosumers only when two
concurrent conditions are met: (1) The RTP(t) is at or below
a dynamic charging threshold Ten(t), and (2) The grid load L(t)
is below the daily average load L™. This prevents charging
from exacerbating grid stress during periods of low price but

high absolute demand. The primary threshold is T, (t) =
RTPL-Y + yA;_,. To ensure robustness during periods of low
price volatility (e.g., A;_; = 0), a fallback mechanism is
implemented. If A;_, is below a defined minimum (e.g., 5%
of RTP..L ), the system defaults to a secondary threshold
based on a rolling 7-day average RTP, maintaining system
responsiveness.

Fig. 2(b) outlines the discharging logic. Discharge is
triggered when the grid load L(t) exceeds L™ and the RTP(t)
surpasses a dynamic discharging threshold T,(t) =
RTPL-Y + BA;_, , where B >y (e.g., B = 0.8). This ensures
prosumers capitalize on high prices while directly
contributing to peak shaving. Upon receiving the signal,
prosumers schedule energy injection from their BESS, either
to the grid or to other consumers via the P2P market.
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Fig 2. Decision flowcharts for the proposed energy management strategy:
(a) ESS charging mode, (b) ESS discharging mode.

This section presents the mathematical formulation for the
load shifting problem introduced previously. The
investigation focuses on peak load management within the El
framework, incorporating a novel peer-to-peer energy market
among end-users—a distinctive feature that is not
comprehensively addressed in the existing literature.

The proposed model employs a comprehensive, system-

wide approach that integrates the complete generation
portfolio with all consumption nodes. The proposed
formulation includes the base foundation, incorporating the
charging dynamics of energy storage systems from renewable
sources—specifically, wind and PV generation.

Furthermore, the model establishes and analyzes the
synergistic relationship between the Energy Internet
infrastructure and distributed energy storage resources for
managing energy from the main grid, wind turbines, and solar
PV installations. Table Il brings all the parameters needed in
this research.

TABLEII
Simulation Parameters
Parameter Definition
C . The total cost of energy procured from the main grid
grid by all consumers
C Aggregate capital and maintenance cost of consumer-
m owned energy storage systems
C levelized cost of energy from consumer-owned
res renewable generation assets
B A revenue stream from energy arbitrage via storage
store system participation in market operations.
i Index of the day under analysis
t Time index
RT Pi (t ) RTP at hour t of the ith day
RT Pn']i;l Minimum RTP on the previous day
RT Pn:;)(l Maximum RTP on the previous day
A . Maximum RTP variation on the previous day
i-1
V4 Parameter indicating the peak-to-off-peak load ratio
E SIE)?; Maximum capacity of energy storage devices
PF:jCS Unit price of PCS (Power Conversion System)
P u . .
Store Unit price of energy storage
PBUOP Unit price of BOP (Balance of Plant)
P Energy capacity of PCS and BOP
CWind Cost of generated wind energy
C v Cost of generated PV energy
E store Total energy stored in energy storage devices
U Charge/discharge efficiency of energy storage
devices
E The amount of wind energy stored in the energy
wind t storage
E PV Amount of PV energy stored in the energy storage
E grid Amount of grid energy stored in the energy storage
M wind Daily maintenance cost of the wind turbine generator
M Daily maintenance cost per unit area of solar energy
PV equipment
E II_ (t ) Grid energy consumed by users at hour t of the ith day
E Grid energy used by users for charging at hour t of the
ESt ith day
Decision
Variable
S Binary parameter indicating whether a user charges
grid t using grid energy at hour t
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The core objective function is formulated to minimize the
total daily energy cost for all users, expressed as follows:

Minimize C_+C +C_-B_, (1)

It is noteworthy that wind and photovoltaic generation can
be either directly consumed or stored for later use.
Consequently, storage systems are prohibited from grid
charging during peak load intervals to prevent network
congestion.

The complete optimization framework is subject to
constraints defined in equations (2), (5), (6), and (9). The grid
energy cost component is formulated as:

c, = YRTR (i)E (1)
o )
+Y_RTP (i )EL (t)s,,,

The first term represents the cost of energy directly
consumed from the grid, while the second term quantifies the
cost of grid energy used specifically for storage charging.

o . isabinary decision variable that specifies the charging

grid ,t

process from the grid as follows:

1, if RTP (t)<RTP " +y.A -
™ |0, otherwise
The storage system cost is modeled as:
Cm = PPuCS P + Ps:)re 'Eslore + PB:JP P (4)

This encompasses:
e  Power Conversion System (PCS) capital cost
e Energy storage medium cost

e Balance of Plant (BOP) components cost,
where P denotes the power rating (kW) and Estore the
energy capacity (Wh).

The price threshold for peak/off-peak classification is
derived from:

A =RTP'-RTP‘ ©)
Peak conditions identified
RTPR, (t) > RTPmi: + ¥, prohibiting storage charging. The

load are when

parameter ¥ € [O,l] determines the peak load duration.

Renewable energy costs are separated as:

Cres :Cwind +va = Mwind'N +MPV 'SPV (6)
representing operational expenditures for wind (N
turbines) and solar (SPV area) assets.

Storage revenue from energy arbitrage is calculated as:

24

8, = 2 [RTROE,, O.0-5,, O] @
t=1

Where u represents round-trip efficiency.

The total stored energy is constrained by:

store

24
Eslare = Egrid + Z Ewind t + EPV S E ore (8)
t=1

24 N
Estore :ZEés,t +an (Vt)+spv 'npv 'pf 'npc 'Gt
t=1

n=1
9)
with renewable contributions calculated using established
power curve and solar radiation models.
Key differentiators from prior research include:
e Comprehensive cost modeling encompassing all
consumer energy resources
e Explicit incorporation of
generation costs
e Integration of real-time pricing mechanisms within
the Energy Internet architecture
e Advanced storage operational constraints based on
market signals
e Holistic energy balance considering both grid and
renewable sources

renewable energy

I1l. SIMULATION RESULTS

A comprehensive numerical analysis is conducted to
validate the proposed mathematical framework. This section
first details the simulation environment and dataset
generation methodology, followed by a systematic analysis of
the obtained results

The model was validated using operational data from the
Savona Campus microgrid, incorporating smart energy
building and smart polygeneration microgrid infrastructures
with hybrid renewable-storage systems.

Key simulation parameters are summarized in Table I1I.

TABLE Il
Simulation Parameter settings
Parameter Value Unit
Charging/discharging efficiency of
i 85 %
energy storage facilities (p)
Unit price of PCS, P 256 €/kW
Unit price of energy storage, Py, 171 €/kWh
Unit price of BOP, Py, 53 €/kW
Highest previous day RTP, RTP ! 141 €/MWh
Lowest previous day RTP, RTP/ ! 67 €/MWh
Peak identification parameter (y) 0.25,0.5,0.75
Discharge trigger parameter (53) 0.8
Max storage capacity (Emax) 141 kWh
Wind turbine daily maintenance cost 10 €/turbine
(Mwind)
PV daily maintenance cost per unit 05 €/m?
area (Mpy)

A comprehensive numerical analysis is conducted to
validate the proposed mathematical framework. This section
first details the simulation environment and dataset
generation methodology, followed by a systematic study of
the obtained results.
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Fig. 3. Campus layout map and SPM and SEB equipment

A. Performance Analysis

Within the Energy Internet framework, the control center
receives real-time data streams from both consumption nodes
and generation assets to optimize energy dispatch decisions.
Distributed energy storage systems continuously monitor
local demand patterns and renewable generation availability
to support operational planning.
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The simulation employs the following dataset
figurations, derived from the Savona Campus microgrid:

Load Profile: Fig. 4 illustrates the 24-hour load
profile for the end-user community, exhibiting
characteristic diurnal patterns with elevated demand
during daytime operational hours. The profile shows
significantly higher consumption during 06:00-17:00,
coinciding with commercial and industrial activity
periods, while nighttime hours (03:00 and 18:00-
24:00) demonstrate substantially reduced demand. A
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pronounced peak demand of 1,376 kWh occurs at hour
17:00, representing the critical target for load shifting
interventions. This consumption pattern provides
essential baseline data for optimizing storage system
dispatch strategies and evaluating the effectiveness of
peak shaving methodologies within the proposed
Energy Internet framework.

1800

1600 +

1400

kW)

1200 ¢

1000 +

500

Energy demand

600

400

g 0 ponr 18 20
Fig. 4. The energy demand of end-users in 24 hours of one day.

e Renewable Generation (Fig. 5): Combined output
from Smart Polygeneration Microgrid (SPM) and
Smart Energy Building (SEB) assets, featuring time-
varying  generation  profiles influenced by
meteorological conditions.

Renewable Generation (SEM & SPM)

500 ——
=
= SPM (Wind)
=< 400 r SEM (Solar PV)
S Total Renewable
@ 300 f .
[
(i}
2L 200+ i
o]
S
© 100 -
c
&
0 1 1 1 1
5 10 15 20
Time (h)

Fig. 5. Daily renewable energy generations for SPM and SEM

e  Price Signals (Fig. 6): The real-time pricing trajectory
reflects market dynamics, with maximum prices
occurring at hour 11:00 and minimum prices at hour
03:00, corresponding to system demand patterns.

160

RTP [£/MWh)

Hour

Fig. 6. The RTPs of 24 hours of one day in the energy trading market.

For economic analysis, the aggregate daily renewable
generation cost is established at $1,640, based on
infrastructure specifications from reference [13], providing a
baseline for cost-benefit assessment of storage operations.

The proposed optimization problem is formulated as a
Mixed-Integer Programming (MIP) model, which is solved
using the optimization toolbox in MATLAB software. To
analyze the sensitivity of system performance to peak load
identification, parametric studies were conducted for
different values of y, which determines the threshold for
peak/off-peak period classification.

The total system cost demonstrates a decreasing trend
with increasing y values. This relationship emerges because
higher y values narrow the classification window for peak
load periods, thereby expanding the temporal flexibility for
storage charging during lower-cost intervals. Consequently,
the optimization algorithm can leverage extended off-peak
durations to minimize energy procurement costs while
maintaining effective peak shaving capability through
strategic discharge scheduling.

The parameter y directly influences storage operational
patterns by governing the charging schedule, state-of-charge
levels, and discharge timing during peak conditions. This
systematic variation enables the identification of optimal
trade-offs between capital utilization of storage assets and
energy arbitrage benefits.

Fig. 7 illustrates the charge-discharge patterns of energy
storage systems across three y values (0.65, 0.70, 0.75), where
binary states represent discharging (0) and charging (1)
operations. The analysis reveals an inverse relationship
between y values and charging duration, with higher vy
parameters resulting in compressed charging windows. This
occurs because elevated y thresholds classify fewer hours as
peak periods, consequently expanding the operational
flexibility for storage charging during off-peak conditions.
So, Fig. 7 reveals reduced charging durations with increasing
y, effectively shifting peak loads.

Charging Plans of Energy Storage Facilities for Different y Values
(a) Charging Plan for v = 0.65
T T T T T

T T

Charging (1)

Charging State

Discharging (0) -

I I | I | | | I | I I
0 2 4 6 8 10 12 14 16 18 20 22
Hour
(b) Charging Plan for v =0.70
T T T T T

Charging (1)

Charging State

Discharging (0)

0 2 4 6 8 10 12 14 16 18 20 22
Hour

(c) Charging Plan for y =0.75

T T T T T

Charging (1)

Charging State

Discharging (0) |-

I I I I I I I I I I I

0 2 4 6 8 10 12 14 16 18 20 22
Hour

Fig. 7. The charging plans of energy storage facilities in 24 hours when
y1=0.65, 0.70, and 0.75, respectively
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The load shifting effectiveness is quantitatively
demonstrated in Fig. 8 for y=0.65. The optimized operational
strategy employs storage discharge during peak hours (10:00-
15:00), successfully reducing the original peak load of 1,376
kWh to 1,406 kWh. Concurrently, strategic charging during
off-peak hours elevates the minimum load from 392 kWh to
819 kWh, effectively flattening the load profile. The
implemented peak shaving strategy achieves a significant
reduction in peak-to-average ratio, with total energy loss
decreasing from 1,376 kWh to 868 kWh, representing a 37%
improvement in load factor efficiency.
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Fig. 8. (a) The best peak load shifting of energy storage in comparison with
the original energy demand and RTP, (b) Economic components of the
problem, (c) Proposed optimization performance summary

This operational paradigm demonstrates how coordinated
storage dispatch within the EI framework enables substantial
load shaping benefits while maintaining system reliability
through optimal energy temporal arbitrage. Fig. 9 shows the
Contribution of various energy resources in this framework.

Erenew

EL

Ees

Fig. 9. Contribution of various energy resources

IVV. ANALYSIS OF UNCERTAINTY AND ROBUSTNESS

The proposed optimization model utilizes forecasted data
for renewable generation (PV and wind) and load. In practical
El deployments, forecast errors are inevitable due to the
stochastic nature of weather and consumption behavior. This
section evaluates the sensitivity of our core algorithm to such
uncertainties and discusses its inherent robustness.

A. Methodology for Sensitivity Analysis

A Monte Carlo simulation framework was established to
quantify the impact of forecasting inaccuracies. The day-
ahead forecasts for PV power (P/;) and wind power (B})

were perturbed with additive Gaussian noise to create realistic
scenarios:

Pictual = pIY + €, €py ~ N(0,0,,)

P‘,f,wtual — p‘;c +e€,, €, ~N(0,0,) (10

where the standard deviations o,, and o, are expressed
as a percentage of the installed capacity (e.g., o = 10%
represents a forecast error with a standard deviation of 10%
of capacity). For each error level (¢ from 5% to 30%), 500
independent  daily scenarios were generated. The
deterministic MIP model (which treats forecasts as perfect)
was solved for each scenario using the actual simulated
generation as input, representing a realistic real-time
operation where forecasts are imperfect.

B. Results and Discussion

The primary performance metric, the Peak-to-Average
Ratio (PAR) reduction, was calculated for each scenario. Fig.
10 summarizes the results, showing the mean PAR reduction
and its 95% confidence interval across all scenarios for each
error level.
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Fig. 10. Robustness analysis: Impact of renewable generation forecast error (standard deviation as % of capacity) on the achieved Peak-to-Average Ratio
(PAR) reduction. Error bars represent the 95% confidence interval over 500 Monte Carlo simulations.

Fig. 10 presents a robustness analysis of the proposed
energy management algorithm under renewable
generation forecast uncertainty. The x-axis represents the
forecast error, expressed as the standard deviation (o)
percentage of installed capacity, while the y-axis shows
the achieved PAR reduction. Each data point corresponds
to the mean result from 500 independent Monte Carlo
simulations, with error bars indicating the 95% confidence
intervals. Three transparent zones define key performance
regions: the high Performance zone (¢ < 10%) in light
green, representing systems with accurate forecasting; the
moderate Performance zone (10% < o < 20%) in light
orange, corresponding to typical day-ahead forecast errors
in real-world grids; and the lower Performance zone (¢ >
20%) in light red. The dashed orange line depicts the linear
degradation trend, with a slope of -0.28% PAR reduction
per 1% increase in forecast error, quantifying the
algorithm's graceful performance decline. The red dotted
line marks the perfect-forecast baseline performance
(18.5% PAR reduction at 6 = 0%). The results demonstrate
the algorithm's graceful degradation characteristic,
maintaining approximately 70% of its optimal efficacy
even at a 20% forecast error level, confirming its practical
suitability for deployment under realistic prediction
inaccuracies.

The key finding is the algorithm's graceful degradation
in performance. With a forecast error () of 20%, the mean
PAR reduction decreases from 18.7% (under perfect
forecast) to 15.3%. This demonstrates that the core logic—
responding to real-time price and load signals—remains
effective even in the presence of significant generation
uncertainty. The strategy does not catastrophically fail
because the BESS dispatch is primarily driven by the
observed RTP and grid load signals, which indirectly

reflect the system's net condition (load minus actual
renewable generation).

C. Practical Implications and Pathways for Enhanced
Robustness

The analysis confirms that the proposed deterministic
model possesses inherent robustness suitable for
environments with moderate forecast uncertainty. For
systems with very high penetration of variable RES (where
o > 25%), the following enhancements are recommended
as future work:

1. Integration of Stochastic  Programming:
Reformulating the problem as a two-stage
stochastic program where the first stage decides
ESS investment/commitment, and the second
stage recourse actions adjust dispatch based on
revealed renewable output.

2. Model Predictive Control (MPC): Implementing
arolling-horizon MPC framework that repeatedly
solves the optimization with updated short-term
forecasts, thereby mitigating the impact of day-
ahead forecast errors.

3. Hybrid Forecasts: Employing advanced
forecasting techniques that blend physical models
with machine learning to reduce the baseline
error ().

The current model provides a strong and
computationally efficient foundation, with the presented
robustness analysis defining its operational envelope.

V. CONCLUSION
This research has developed and validated an Energy
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Internet optimization problem incorporating peer-to-peer
energy markets and distributed storage systems to
effectively address the peak load shifting challenge. The
study establishes a comprehensive mathematical
programming formulation and demonstrates its practical
implementation through optimization-based simulation
using real-world microgrid data.

The numerical results confirm the method's capability
to generate real-time operational decisions that achieve
significant load shaping benefits. Furthermore, the
analysis reveals that transactive energy mechanisms
within the Energy Internet create economic incentives for
end-users to invest in storage assets and renewable
generation, thereby enhancing system-wide flexibility.

Several promising directions emerge for future
research:

e Integration of additional renewable energy
resources with complementary generation
profiles

e Multi-objective  optimization  incorporating
environmental emissions alongside economic
criteria

e Robust and stochastic programming approaches
to address uncertainties in renewable generation
and load demand

¢ Reliability-oriented analysis considering network
losses and system resilience metrics

e Investigation of advanced market mechanisms
for distributed energy resource aggregation

These extensions would further enhance the practical
applicability of the proposed optimization framework in
future power systems with high renewable penetration.
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Abstract—The output of a Digital Delta-Sigma Modulator
(DDSM) is always a periodic signal, and the input is constant. A
hybrid DDSM is a premiere to its conventional counterpart for
having a potential speed, by the choice of its smaller bus.
Random techniques and deterministic methods are two
strategies to maximize the periodicity. The dither signal is used
in the random approach to enhance the signal cycle. The
deterministic procedure causes the modulator's internal
structure to alter. The majority of randomized approaches
eliminate spurious tones. A novel approach for the DDSM
modulator is suggested in this paper to improve the output
period while reducing the undesired tones. Modulators with
different word lengths are proposed in this paper. The length of
the input word is divided into several parts, and each part is
entered into a modulator to reduce hardware consumption.
Consequently, the power consumption is decreased. Moreover,
in this structure, the dither signal is used to change the
alternating state of the output and reduce the spurious tones.
Also, a four-stage modulator is proposed, each part of which has
special characteristics. In this paper, a hybrid digital sigma-
delta modulator is proposed that has lower power consumption
than previous methods and reduces the number of transistors.
In addition, there are fewer spurious tones in the output power
spectrum of this modulator. The simulation results with 0.18 um
CMOS technology by HSPICE application show that 2530
transistors are used, which is a 15% decrease compared to the
conventional method.

Index Terms- Digital Sigma Delta Modulator, Hardware
Reduction, Power Consumption, Separate Lines, Spurious
tones.
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I. INTRODUCTION

W ith the advancement of digital technology, the
importance of analog-to-digital converters (ADC) has

increased. Among various types of ADCs, the delta-
sigma modulation ADC is frequently used for high-resolution
applications. This is because the ability of the delta-sigma
ADC to produce high resolution without the need for high-
accuracy analog components is a significant advantage [1-3].
The delta-sigma ADC is composed of a digital filter and a
delta-sigma modulator (DSM). A one-bit pulse density
modulated digital sequence (PDM) is produced from an
analog signal by the DSM at a frequency that is much greater
than the Nyquist rate. After that, the PDM is converted into a
multi-bit digital signal via the Nyquist rate filter.

The DSM is the primary factor governing the ADC's
accuracy and resolution. A one-bit sampler, an integrator, and
a feedback digital-analog converter (DAC) make up a
standard DSM. In this case, the integrator and feedback DAC
limit how quickly the DSM may operate. A Voltage
Controlled Oscillator (VCO) is used in the Frequency Delta-
Sigma Modulator (FDSM), a different kind of DSM that has
garnered a lot of interest lately [4-15]. Without a feedback
DAC or integrator, the FDSM operates on an FM signal
(intermediate frequency modulation) produced by the VCO.
It is therefore appropriate for high-frequency operation. Thus,
the modulator type in question contains fewer components.
This paper's primary goal is to reduce VCO phase noise to
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reduce sigma-delta modulation noise. The other elements of
sigma-delta modulation are designed to reduce the number of
transistors. To achieve this, the gate diffusion technique is
used to design XOR and some other vital elements. Electro-
optic modulators are an indispensable part of photonic
communication systems, largely dictating the achievable
transmission rate. Recent advances in materials and
fabrication/processing techniques have brought new elements
and a renewed dynamic to research on optical modulation. In
[18, 19], a novel structure for an all-optical amplitude
modulator (AOAM), with a high extinction ratio (ER), is
proposed. A nano-disk resonator (NDR), a ring-shaped
resonator (RR), and perpendicular waveguides (WGs) are
used for the realization of the proposed topology. Due to the
symmetrical structure of the designed AOAM, each of the
two WGs can be considered as the data WG and the second
one can be selected as the control WG. Since there is a
suitable isolation between data and control signals in this
method, the proposed structure is much more suited for
integrated optics compared to the aforementioned modulators
which are published in the literature. Also, to separate the
control wavelength from the data wavelength, a graded stub
filter is designed and located at the output port of the AOAM.

The structure of this document is as follows. The FDSM's
working concept and the gate diffusion technique's element
design are explained in Section 2. The suggested method for
phase noise reduction of the delta-sigma VCO is presented in

Section 3. This study is finally summarized in Section 4.

Il. METHODOLOGY

Vector samplers and Nyquist rate converters are the two
broad categories into which analog-to-digital and digital-to-
analog converters fall. Nyquist exchangers are very accurate
and fast. Vector converters, on the other hand, are quite
accurate in low-speed applications. These converters modify
the sampling rate for high-precision access, which are
relatively cheaper than Nyquist converters. An example of
such a modulator is the sample Sigma Delta ADC converter.
A sample Sigma Delta ADC converter includes a linear time-
independent grid with two inputs, one output, and a one-bit Q
quantizer. This quantizer is located in the feedback network.
Sigma Delta modulation increases the effective accuracy of
the quantizer by sampling and noise formation. Modulators
can be implemented using either a data sampling method or a
continuous method. Continuous time systems employ active
RC integrators, whereas sampling systems utilize capacitive
switch integrators. Depending on the amplitude axes and the
time of the input signal, the modulators are divided into three
categories.

1- Continuous time (CT)

2 - Discrete time (DT)

3 - Digital Delta Sigma Modulator (DDSM)

The DDSM Modulator is the preeminent manufacturer of
synthesizers operating at fractional frequencies. A block
diagram of a phase-lock loop (PLL) synthesizer featuring a
module regulated by the DDSM modulator is depicted in Fig.
1.

e Fout
PFD “harge Pump Loop Filter
1

Multi Modulus Divider

%L» DDSM vin]

ng m

Fig. 1. Frequency synthesizer block diagram controlled by Sigma Delta
modulator

The circuit includes a phase-frequency detector (PFD), a
load pump circuit, a loop filter, a voltage-controlled direct
oscillator, and a multi-module divider controlled by a DDSM
modulator in the feedback path. The DDSM modulator
regulates the split ratio of the divider, and the required
decimal ratio is equal to the average split ratio at the number
of periods above the reference frequency. The input of DDSM
is a high-precision digital X signal that adjusts the decimal
division ratio, and the output of the low-precision string
modulator y[n], which controls the value of the divider.

Inputs and outputs of the DDSM Modulator are both digital.
The modulator is designed to accept an input string X of
length ny and generate an output string y of length m. In
addition to the principal input range, the DDSM modulator
generates a low-precision string at its output. In the output
signal spectrum, there is accurate input information. Ideally,
quantization noise is white, and its power is transmitted
outside the signal band, which is called noise formation. If the
output signal is applied to an ideal continuous-time low-pass
filter that passes only low-frequency output, then the main
input signal will be extracted from the low-precision output
signal with a high signal-to-noise ratio. The output signal
power is much higher than the noise power.

A significant application of DDSM modulators is the
conversion of data from digital to decimal and analog
frequency synthesizers. The phase lock ring is another
essential component of wireless transmitter/receiver systems.
Typically, these synthesizers produce objectionable phase
noise. Considering the utilization of DDSM in wireless
transmitters and receivers, we attempt to analyze several
critical attributes of these devices. One of these important
features in DDSM modulators is the presence of noise in
terms of intermittent modulation signals with a fixed input.
The structure of the modulator, the initial conditions, the
input, and the modulus of the quantizer all influence the
period of quantization noise. The hardware consumption and
power level of DDSM modulators, including the requisite
number of transistors and gates, are also crucial
characteristics. Other structures examined include Multistage
noise Shaping structures (MASH), Single Quantizer (SQ),
and feedback error modulator (EFM).

The DDSM Modulator is a finite-state machine (FSM) with
a finite number of states that is constructed utilizing several
precise computational units. Every FSM has a different rule
for transitioning between states. Every state follows the one
before it instantly if the input is fixed. The shorter the output
cycle, the greater the power of the spurious tones. The
presence of these tones in the output power spectrum greatly
reduces the SFDR range of the modulator. Therefore, the
output period should be maximized. There are two methods
to increase periodicity, which are: random methods and
deterministic methods. The random approach lengthens the
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output period by means of a dither signal. The modulator's
internal structure is altered using the definitive approach.
Most randomized methods reduce spurious tones and increase
the period of quantization noise. In the random method, a
single-bit quasi-random signal called dither is usually used to
change the alternating state of the output string. The
disadvantage of random methods is that they create noise in
the output spectrum, and hardware consumption increases in
terms of using a dither signal generator circuit. This paper
provides a way to design DDSM modulators. This method is
based on separate lines, which is applied to DDSM
modulators with and without dither, and fixed inputs.
Modulators' word lengths are optimally selected to reduce
hardware and power consumption. Therefore, the digital
input will be divided into several parts, and several
modulators with appropriate word lengths will be used.

I1l. THE PROPOSED METHOD

From a digital storage, the initial block diagram of a multi-
stage MASH modulator is generated. The model of the
accumulator is illustrated in Fig. 2. When expressed in this
manner, the input to the storage consists of the n-bit digital
word x[n]. The input to fractional frequency synthesizers
remains constant while the user configures the intended

fraction value of % By one unit of time, the string stability
210

of the error e[n] is delayed. The sum of the delay string s[n]
and the input signal x[n] is calculated. When the accumulator
overflows, bit c[n] of the transport sequence is set to one. The
number of ones and zeros comprising the average time of the
output string is identical to the average time of the input. Fig.
2-billustrates the model of digital storage. The quantizer Q(.)
and the output digit c[n] are represented by the output string
y[n]. This pertains to the operation of warehousing excess.
Overflow occurs when the signal v[n], which is equal to the
sum of the signals x[n], s[n], exceeds or equals M = 2™, In
such a case, y[n] = 1. If not, the value is zero. Numerically,
we therefore have [11]:
0, v[n] <M

el =yl = Q@D ={} S @

The register is used to feed the difference between v [n] and
My[n] to the input; if y[n] = 0, then e[n] = v[n], and if y[n]
=1, then e[n] = v[n] -M. Thus, we have [11]:

e[n] = v[n] mod M 2

c[nl

x[n]

(®) (b)
Fig. 2. a) The digital accumulator used in the MASH structure b) Its model

This structure is referred to as EFM, as the error signal s[n]
is looped back to the storage input. Fig. 3 depicts the block
design of a first-order DDSM modulator. It is composed of a
series connection of EFM; n-bit blocks and a noise
cancellation network. This negative structure eliminates the
quantization error of the intermediate stages by passing the
quantization error of each stage to the subsequent stage and

the output of each stage into the noise cancellation network.
The consequent equation represents the z-domain output of
the MASH modulator of the first order [12].

Y(2) = ZLN.X(Z) + 2iN(l -z YLE(2) (3)

The name for each DDSM modulator is DDSM,. Our
objective is to investigate a critical component of DDSM
modulators. The hardware and power consumption of a
DDSM modulator are detailed below. Typically, the power
spectrum is free from undesired tones. In practice, the power
spectrum of most DDSM modulators contains spurious tones.
The shorter the output cycle, the greater the power of spurious
tones. The presence of these units in the output power
spectrum greatly reduces the SFDR range of the modulator.
In the decimal synthesizers, the presence of spurious tones in
the spectrum is extremely problematic, creating nonlinear
effects in the implementation of pump circuits, frequency
detectors, filters, and VCO circuits, and transmitting carrier
out-of-phase phase noise to the inbound. Therefore, it is
necessary that the quantization noise is white and
independent of the modulator input. A strong correlation
between the circuit input and quantization noise can cause
spurious tones in the output spectrum. To send their power
outside the signal band, the DDSM modulator shortens the
simulated digital signal's word length and modifies the
quantization noise that results. A short string quantization
error string will cause spurious high-power tones in the
modulator output range. This is a problem in applications,
such as DAC converters and PLL circuits. Definitive and
incidental techniques are used to investigate spurious tones in
digital modulators. Definitive techniques maximize the
length of the quantization error to minimize the power per
ton. These methods are used in MASH digital modulators, SQ
single-quantizer modulators, and EFM feedback error. Low-
bit dither is used in DDSM modulators to eliminate spurious
tones and uses two or more integrators in the quantizer lead
path. The suggested approach reduces both the power
consumption and hardware usage in terms of the quantity of
logic gates and transistors used.

Noise Cancellation Network

ylnl T T o
Tw [ \{mw i) uln !
—ey[n) —ean] e1-1[n]

EFM1 EFMI1 |

Fig. 3 Block diagram of first-order Sigma Delta MASH digital modulator
[11]

This paper presents a new structure for MASH and EFM
modulators, comprising different classes. Fig. 4 shows this
new structure. In this figure, M; is the class | quantifier

module.
)(, Xs X "
— Multi i
—_— I\IJ;?;SI:;| Ezd Modulus ?;g‘;[;::
N s o DDSM3 —
X, M A L \A — - -

M. v,
d(n)

Fig. 4. Proposed method to reduce hardware and power consumption in
DDSM modulators

In this structure, X; and Mz should always be pseudo-prime
numbers to try to maximize the output period of the
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modulator. In this method, the input number is divided into
several parts, and each part will be entered into a DDSM
modulator. Besides, a filtered dither signal can be used at the
circuit’s input to reduce circuit noise and eliminate spurious
tones. The first stage of this structure is a variable modulus
EFM. This modulator is made of two adders, a multiplexer,
and a NOT gate. The structure of this EFM modulator with a
variable module is shown in Fig. 5.

Quantizer | ; Py

! sign bit {>0 Y
Q : i
—{+ X i
LS SN i

5 | eln]

Fig. 5 Feedback error modulator structure with variable module

The second-order modulator is modified MASH 1-1, which
has a conventional modulo M,. A third-class multi-level
modulator with several modules makes up the third stage. The
signal amplitude to noise in this structure may be increased
by using the feedback in the HK-MASH approach. The value
of a, a tiny integer, is selected such that 2™ is smaller than
the value of M-a of the biggest prime number. With a second-
order dither signal, the fourth stage is a fourth-class
multistage modulator. A high-pass filter, the V(z) filter,
reduces the output spectrum's low-frequency region. This
filter's conversion function is as follows [11].

v(z) =(1—-z7")? (4)

The fourth-order DDSM modulator is compatible with this
filter. The fourth modulator in the hybrid proposed structure
is dithered MASH 1-1-1-1, which is a periodic LFSR dither
input with a period Nq added to the third and fourth stages of
MASH 1-1-1-1. This modulator has a high-pass filtered
shaped dither signal. Fig.6 presents an implementation of the

second-order dither hybrid modulator. To remove the
quantization error of the middle classes from the previous
part, the following step explains how to choose the right
values for Nigg, Nisg ,aand Nysi-

X Ky = Va1
EFML
EFM1

M Y G
X, VMERML

Y, an 21
qn NuCln L

;;Vn Y, 92 a,

31 a, Y,

! ulat
Nam arcaltion EFMIL Mk [
s

Yar

\E

EFIL

LES]

dinl
Fig.6: Implementation of the second-order dither hybrid DDSM 1-2-3-4
modulator.

The three-stage distinct line modulator's output may be
represented as nested 1-2-3 in the following way [12].

Yi25(2) = 22+ Ny(2) + Ny(2) + Na(2) ©)
Where
N, (2) = m(l z71).E;(2) (6)

M—(l — 272 Ey(2) 7

2NMSB (1=27")% Eqp3(2) )]

Ny(z) =
N3(z) =

In the first-order modulator, N; represents quantized noise;
in the second-order modulator, N, represents quantized noise;
and in the third-order modulator, N3 represents quantized
noise. It is expected that the collected white sources are used
to simulate all quantized sounds. As a result, N1, Np, and Ns's
power spectrum is (9) [17].

Si(flk]) = 25, (m) 11— 2742, e,
S (flkD) = 2] o o)1= 272 e,
S3(fIk]) = Hl(l o N ©)

Where Ly, L, and L3 are the periodicities of quantized noise
signals of DDSM modulators of order one to three, which are
2NisB gnd 2NLsB+Nisp PNisp+NisB+Nmss, respectively.

The error coverage approach is used in this structure,
meaning that in order to reduce the quantization noise of the
separate line modulator, the noise components N1, N2, and N3
are concealed underneath Ns. It is expected that the graphs S;
and S,, which should lie below the S; curve, are white
quantized noise from first- and second-order modulators.
There are separate curves here. In a digital Sigma delta

modulator with period Ls, the lowest frequency tone is at

Therefore, since the periodicity of N; and Ny is equal to ZNLSB
and 2NLse+NisB | respectively, so the lowest frequency tone in

the spectrum Ny, N7 is equal to szLSsB m Besides, at
the output of the modulator, separate nested three-story
nested lines 3-2-1, since S;, S, are formed first and second
order, and Ss is formed third order, if the lowest frequency
tones Si, S are below Ss, then all bodies Si, S, will be below

S3. Therefore, (10) can be expressed [17].

__f
$1<53,f =555
_ fs
S <s3,f = 2NLsB*Nisp (10)
Since
1)2 Scify nf nf
-7z~ = — f = [ —
[1—2z77 |1 e fs |25m(fs)| sm(fs)
— forf < fs (11)

Therefore, at low frequencies, Si;, S, and S; can be
approximated as follows [17].

1 1 nf
— 292 N2
S1= 12L (ZNISB+NMSB) 2 (fs)
294 (Y4
= (ZNMSB) ()
1 6 f 6
S =52 () (12)
So we have:
4'NLSB - NISB - NMSB —4< 6'6'2NLSB + 2IVI.S‘B - NMSB -
2<33 (13)
Assuming:
N = Nysp + Nisg + Nysp,L=Nysp,M = Nigg + Nysp
(14)
These equations are expressed as follows.
4N —5M — 4 < 6.6,2N —3L —2 < 3.3 (15)
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If the input word length is given, M and L can be calculated
with (16).

M = l4—N—510.6J L= lZN;SBJ

(16)

Therefore, the optimal values for N ¢ and Nysg, Nysg Will
be calculated with (17).

Nysg = L,N;gg =M — L,Nysgp =N —M (7)
Similar calculations to determine the appropriate word length
of the two-stage modulator, 1-3 separate lines are given in
Table 1. The following method is performed in order for the
three-stage modulator of separate N-bit nested lines to have a
1-2-3 structure, and the conventional N,-bit three-layer
modulator with the same frequency, and frequency range of
Ny, the following method is performed. 1- Select N = Ny+ 1
to make the output period of the digital Sigma Delta
modulator separate lines, similar to the conventional N,-bit
multistage modulator.

The optimal structure is selected, and the optimal word length
is obtained from Table I.

TABLE |
Optimal Word Length of Sigma Delta Digital Modulator
Third-Order Separate Lines
Optimal word length

Sigma
delta

modulator Nisp

separate

lines

1-2-3 L M-L | N-M
1-3 M N-M

A logic gate's hardware cost is half that of a typical CMOS
logic circuit, when it comes to transistor count. The hardware
expenses of a full adder and a flip-flop D in this architecture
are 14 and 4, respectively. Furthermore, the hardware of the
second and third DDSM modulators cost for the noise
cancellation network are 18 and 55, respectively. For the
purpose of implementing the DDSM modulator, the total
number of collectors (nFA) and the number of flip-flops D
(nFF) are determined as follows:

Npac123) = Nisg + 2Nisp + 4Nysp, Nppei23) = Nisg +
2IVISB + 3IVMSB (18)
The total hardware consumption of the nested module of
separate lines is 3-2-1 equal to (19).

HC123 = 14nFA_123 + 4nFF_123 + 55 + 18 = 18NLSB +

But, the number of all collectors and flip-flops required by
the conventional third-order N, bit modulator is equal to:
Nra(conv) = 3N0:nFF(conv) = 3N, (20)

Consequently, the normal third-order N,-bit modulator's
whole hardware configuration is as follows.

HCCO"U = 14nFA_Com, + 4‘nFF_Conv + 55 = 54‘N0 + 55
(21)

By substituting N = N, + 1 in the equations, the hardware ratio
of two conventional third-order multilayer modulators and

the separate nested lines is equal to (22).
HCq33 18N sp+36N;sp+68Npysp+73 53.4Np+32
RHC123 = = =

54No+55 ~ 54Ng+55
100% (22)
This value is reduced by 99% for large N,. Therefore, in
multi-layer nested structures 1-2-3 in large N,, hardware
consumption is reduced. The hardware-to-hardware ratio of
separate two-layer line modules is 1-3 as follows.

HCconv

HCy3 _ 18Ny sp+54Npysp+55 ~ 46.8Ng+25.5
HCconv 54No+55 54No+55

X 100%
(23)

RHC13 =

This value is 87% equal to the large N,s. Therefore, 13% of
hardware consumption is reduced. Next, a new structure for
the slot is proposed to improve the modulator performance.
Fig. 7 shows the proposed oscillator circuit designed using
the active inductor.

For increasing the operating frequency of the PFD, a pass
transistor logic is added to eliminate the rest path. The
proposed PFD has only 10 transistors, which reduces the
power consumption and area of the modulator. The proposed
structure is shown in Fig. 8.

Fig. 9 shows the noise spectra of the proposed structure and
is compared with a conventional one. One can see that the
noise is noticeably decreased. The technology used in this
paper is 0.18 um CMOQOS, and all the papers presented use this
technology.

VDD

w1 b
wr 3 M
=]

R2
8 :-" 2,63 k Ohm “I oF 2.§1|1F R

A | ! 2.63 k Ohm H:m

r -
o = =L 2 L Ellﬂ

M10 ql H:WB

Fig. 7 proposed LC VCO.

In this paper, discrete line technology is used. In this way, a
22-bit fourth-order modulator with 22-bit adder circuits and
flip-flops is decomposed and divided into four smaller
modulators with 4-4-4-10-bit bits. Therefore, the adder
circuits and their flip-flops are smaller, and therefore the
power consumption and the number of transistors required to
build the circuit are reduced. The proposed multi-stage
DDSM modulator circuit has 4-4-4-10 bits, whose power
consumption for different transistor models is presented in
Table 1. The clocked pulse signal frequency of 1 MHz is
selected, and the number of transistors in this circuit is 2530
complementary transistors. Table 111 compares the number of
transistors and power consumption of the 1-1-1-1 MASH
modulator presented in [11-15] with the proposed method.
Fig.10 shows the post-layout of the proposed digital sigma-
delta modulator.
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Fig.10: post layout of proposed digital sigma modulator

TABLE |1
Comparison of the Power Consumption of the Multi-Stage Modulator
Separate of the Proposed Design 4-4-4-10 bits, with the Model of Different
transistors N, P.

Power Consumption

Transistor Type

TT 14.06 nW
FF 75.36 nW
FS 71.09 nW
SF 16.75 nW

SS 110 nW

TABLE 11
Comparison of the Proposed Design with the Methods Presented in [11]-
[15]
Method .P(?wer.' Transistor
dissipation count
Proposed method 131.1619 pW 2530
Sigma Delt?lT]odulator in 1631720 uW 3420
Sigma Delt:[slll\zfl]odulator in 156.23 pW 2920
Digital Sigma Delta
Modulator in [13] 165.56 yw 3100
Digital Sigma Delta
Modulator in [14] 16125 yw 2950
DDSM in [15] 159.68 uW 3250

IV. CONCLUSIONS

This research proposes a unique frequency DDSM
modulator with fewer components and transistors. The
modulator's structure, the initial circumstances, the input, and
the quantizer's modulus all affect the quantization noise
period. This paper suggests a novel approach for DDSM
modulators to lengthen the desired output period while
decreasing the spurious tones. The proposed method uses
modulators with different word lengths. The input word is
divided into several parts, and each part is transferred to a
modulator with a shorter word length. Therefore, hardware
consumption is reduced, and the power consumption of
transistors is reduced. Moreover, in this structure, a dither
signal is used to change the alternating state of the output and
reduce the spurious tones. The proposed modulator reduces
the hardware consumption by 85% compared to the

conventional method. Therefore, 15% of hardware
consumption is reduced.
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Asymmetric Voltage Multiplied Non-Isolated
Bidirectional DC-DC Converter with Soft-
Switching and High Gain

Mahdi Madadi !, Mostafa Jazaeri®" and Hamed Molla-Ahmadian®

Abstract-This paper introduces a novel bidirectional DC-DC
converter (BDC) that has a high gain of voltage, soft switching
capability, and minimal ripple current on the low-voltage side
(LVS). The suggested converter consists of an improved two-
phase buck-boost converter, an Asymmetrical Voltage
Multiplier cell, and a coupled inductor to provide a high-voltage
gain converter. This paper offers a comprehensive theoretical
examination of the converter. The converter elements,
performance, and switching intervals provide suitable
conditions for conducting the switches with zero voltage
switching (ZVS) conditions. Due to the implementation of soft
switching, the efficiency is increased, and no voltage spikes occur
across the switches. The simulation was executed to design a
converter and analyze its performance using the PSIM. The
suggested converter offers an ultra-high voltage converting gain
in both boost and buck operation modes. A laboratory prototype
with a power of 300W is implemented to validate the
performance of the converter. The presented experimental
results outline a low-side voltage of 50V DC and a high-side
voltage of 300V DC during the step-up operation.

Index Terms- Asymmetrical Voltage Multiplier, DC-DC
Converter, High Gain, Soft Switching, Non-Isolated.

. INTRODUCTION

Nowadays, the increasing use of renewable energy in
existing power systems has greatly enhanced the
importance of power electronics converters. Bidirectional DC
choppers are useful in fields like renewable energy
technologies, microgrids and electric cars. Many studies have
been carried out on different topologies and techniques for
using DC choppers as part of energy storage systems.
Bidirectional DC choppers obtain significant voltage gain in

Received; 2025-09-06  Revised; 2025-09-26 Accepted; 2025-10-14

both buck and boost modes, facilitating effective power
conversion and transmission, rendering them appropriate for
renewable energy uses. They can convert a low voltage such
as 12, 24, or 48V to a high voltage to provide a DC link for
an inverter and also convert high voltage to low voltage due
to bidirectional capability. As a result, bidirectional
converters with high voltage step-down/step-up gain are
beneficial for use in renewable energy storage applications to
adjust the power and voltage values between the low voltage
level and the high voltage connections.[1]-[4]

Generally, bidirectional converters are categorized into two

groups: non-isolated and isolated converters. A solution to
obtain high voltage gain is to use an isolated transformer.
Electrical isolation is one of the most popular methods for
providing high voltage conversion by adding a degree of
freedom to the converter voltage gain equation. Thus, the
desired voltage gain is achieved by selecting the appropriate
coil turns ratio. These converters can be utilized for
applications that require a wide range of input source
variations and load regulation. These converters find use in
various applications. However, they frequently encounter
practical issues such as high weight, magnetic interference,
and the necessity of an active or passive clamp [5]. When the
voltages on either side of the dual-active-bridge BDC are not
matched, it can lead to problems such as high circulating
currents, elevated turn-off power losses, and the loss of soft-
switching capability. These challenges, in turn, can result in a
significant decrease in conversion efficiency [6]-[8].

A straightforward approach to achieving bidirectional
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power exchange is by using a boost converter, where the
diode is replaced with a switch, allowing for bidirectional
power flow. However, this approach isn't ideal for high step-
down/step-up applications due to several challenges. Firstly,
while high switching frequencies can enhance dynamic
response and power density while reducing passive element
size, they also increase switching losses and worsen diode
reverse recovery, leading to lower converter efficiency. Using
slow-power-switch diodes as rectifying elements exacerbates
the reverse recovery issue and results in high voltage and
current stresses in semiconductors. Additionally, high
switching  frequencies may cause electromagnetic
interference, negatively impacting other devices.

Second, most industrial applications require high voltage
conversion rates. Low-gain converters, such as conventional
buck-boost converters, must operate at duty cycles close to
zero/one to achieve high voltage step-down/step-up gains,
which increases current stress in switches and diodes and
raises conduction losses.

Third, to minimize conduction loss and semiconductor
costs, low switch voltage stress is crucial, and the voltage
level significantly influences the correct switch selection [9]—
[11]. In[12]-[14], several high-gain converters are introduced
that employ multilevel converters.

This method provides high gain and decreases the
switches’ voltage stress however the quantity of switches has
increased. This results in increase in the cost and complexity
of the control method, complicating the topology and control
circuit.

In addition, switched capacitor (SC) circuits are used to
increase the voltage rating [15]-[17]. The voltage gain is
increased by this method but some converters based on SCs
suffer from the high current transient issues. This problem has
a negative effect on power density and decreases the
efficiency [10], [18].

In [19], the voltage gain is achieved using a converter
consisting of two boost converters. To increase the efficiency
of traditional buck-boost converters, a circuit composed of a
cascaded step-up-step-down converter along with an extra
capacitor is suggested [20]. A bidirectional two-phase
topology with high voltage gain is presented in [21]. In [22],
a DC chopper with bidirectional functionality and soft
switching capability is suggested. The voltage gain rises but
is contingent on the switching frequency.

The paired inductors are employed to achieve a notably high
step-down gain in [8], [10], [22]-[26]. This method has
several benefits. The high step-down of step-up gain can be
achieved by using a turn ratio. Furthermore, they can be
controlled by conventional PWM control. In [10] high
voltage gain is provided by employing a voltage doubler cell
connected the buck-boost BDC. The coupled inductor is used
to increase voltage gain based on the turn ratio. A high
voltage gain BDC with a coupled inductor is proposed in [22],
but the voltage gain is limited compared to the others. The
bidirectional interleaved buck-boost linked to a dual active
half-bridge provides significant voltage gain by utilizing a
coupled inductor as shown in [23]. In [24], a method of
combining voltage amplification modules and coupled
inductors is used to achieve a high step-up/down voltage
conversion. In [25], a proposal includes a two-phase
converter on the low voltage side alongside a parallel high
voltage series converter that features coupled inductors to
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Fig. 1. The schematic of proposed converter.

obtain significant voltage amplification. The topology
proposed by [26] provides high voltage gain by employing
two coupled inductors. In [27], a proposal featuresa
bidirectional design with high gain for a BDC converter,
integrating a dual active half-bridge (DAHB) with a high-
gain interleaved DC-DC converter through the use of a
coupled inductor.

The design provides multiple important benefits, such as
high voltage amplification, two-way power flow, and soft
switching to minimize energy losses. Ref. [28] employs two
coupled inductors to achieve a high voltage gain. Although
this results in a higher voltage gain, it also increases the
overall volume of the passive components.

This paper proposes a non-isolated bidirectional DC-DC
converter that has soft switching capability for the keys and
offers higher voltage gain than competitors by using an
asymmetric voltage multiplier cell.

Il. PROPOSED CONVERTER

This converter, obtained from the acknowledged
converters in [11] and [24], is illustrated in Fig. 1. The
suggested converter enhances the voltage gain in comparison
to [11] and [24]. The system includes of a two-phase step-up-
step-down converter composed of switches Si, Sy, Sz and Sy,
capacitors Ci1 and C, and inductor L; at the low-side input.
The converter consists of a voltage amplification cell
consisting of capacitors Cs and Cs, switches Ss and S and an
inductor Lp, forming an asymmetric voltage gain converter.
Additionally, the coupled inductor, L, is characterized by its
primary winding, np, a secondary winding, ns and a magnetic
inductance, Lm. The leakage inductance of the coupled
inductor is combined with an Lp inductance structure.

A. Operating Principle

Switches S; and S4 operate in reverse to switches S; and
Ss. The duty cycle for switches S; and Sy is identical to the
value of D. a is the amount of overlap for Sz and S;, which is
defined as a=D-0.5. Switches Sg and Ss operate in reverse of
each other with a duty cycle of 0.5. D¢ represents the phase
difference between switches Ss and Si, While the S; gate
pulse has a phase difference of & with the S, gate pulse (along
with Sz and Ss). This converter functions across twelve
intervals during one switching period. The various states
during a switching period for D¢ >a are detailed below.

For easier analysis of the steady state of the proposed
converter, the following assumptions are made:
e The ripple current of inductor L, is ignored because it is
sufficiently large
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e The voltage ripple of C; to C4, is ignored because they are
sufficiently large.

e It is assumed that the elements of converter are ideal,
considering only the drain-source capacitances of the
MOSFETs in the circuit.

¢ nis equal to the turn ratio of the coupled inductor, denoted
as n = ns/np, and the magnetic coupling K is assumed to be
one.

e The capacitors of MOSFETs, Cga to Cus, become
completely charged and discharged throughout the dead time.
e The diodes connected in parallel to the switches are rapid
recovery diodes.

Mode 1 (to<t<t1)

This interval starts when switch S, is switched off. Since
the sum of the initial current of the transformer primary
current and capacitor C; current is greater than the current i,
(current of input inductor, L) at time to, the capacitor at drain-

source of switch S; is initially discharged, after which the
body diode under ZVS conditions begins to conduct.

Mode 2 (ti1<t<ty)

When this interval begins, the S; switch starts functioning
with ZVS situations. As Se switch is currently on, the voltage
of Lo (Vwp) becomes negative, leading to a reduction in the
flow of current through it. The formulas for the circuit in
mode 2 can be expressed as (1):

{VLm =0,V =V, Vip =Vez — Ve
Iy = 0,1, = =y, Iz = —Iip,lca = —Iy + Ipp

(M

Where I denotes the current associated with the voltage of
high side (Vu) and Vi is the voltage of the inductor L.
Hence, Equation (2) shows the inductor current in state 2.

Im () = ipm(to)

) . Ves = Vea
ip = ipp(to) + 1 t
D

2

Mode 3 (t<t<t3)

When this period begins, switch Sz has been turned off, and
then the body diode of S4 starts conducting. Under this
condition, the voltage of the magnetic inductor Lm becomes
negative and not equal to zero. As a result, the Lm current is
decreased.

Mode 4 (t3<t<t4)

Under these situations, Switch S4 begins to function with
ZVS operation. In this period, the voltage of Lp is more
negative than in the previous two time frames and nears its
minimum value with a steeper slope. In mode 4 the equations
related to the circuit are as follows (3):

{VLm = —Ver, Vi = Vi, Vip = —nVey + Vez = Vi 3)

Ie; = ILp'ICZ =—Iyles = —Ip,lca = —Ig+1p

Thus, the equations iip and iLm for mode 4 can be
represented as (4):

V,
(11m(®) = tim(e2) = 7=
, , —nVe1 + Vs — Ve (

ipp = ip(t2) + I t
D
Mode 5 (ts<t<ts)
This interval starts when the switch Se is turned off. First,
capacitor Cgss is discharged by current iip and then the

capacitor Cgss Starts charging. which causes the diode of
switch Ss to conduct with ZVS situations.

Mode 6 (t5<t<t6)

Starting from this period, switch Ss operates with ZVS
situation. While the current i p remains constant, the voltage
across inductor Lp is almost zero. The voltage across inductor
Lm is likewise negative and, with a slope identical to the prior
segment, it attains its lowest value at the conclusion of this
segment. The circuit equations in mode 6 can be represented
as (5):

{VLm ==Ver,Via =V, Vip = =1V + Vs (5)
Ier = ILp'ICZ =—Iyles = —Iip,Ics = —Iy
So, it can be concluded (6),

nVey = Ves (6)

For mode 6, the currents iLm and i_p can be expressed by the
equations given as follows (7):

. . Vel
Im () = ipm(ts) — L_
m 7)
. . —nVe1 + Ves (
iip = ipp(ty) + - ¢
D

Mode 7 (te<t<ty)

Mode 7 begins when the Ss switch is turned off. The
current (lp), which the drain-source capacitor of switch Ss is
discharged by the current on the primary side of the

transformer. and then the body diode of the switch S3
conducts under ZVS situation.

Mode 8 (t7<t<ts)

During this time, switch S, starts operating with ZVS
situation. The voltage of Lp becomes positive when switch Ss
is activated, resulting in a rising current flowing through it.
The circuit's equations in mode 8 can be represented as (8):

{VLm =0,V =V, Vp=Ve

8
Iey =0, = =y, Iz = —Iip, Ica = =y ®)

Thus, the iLp and iLm equations for case 8 will be as follows
(9):
im(8) = ipm(te)

. , Ves 9
ip = ip(te) + T ©)
)

Mode 9 (t3<t<t9)
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During this time interval, switch S; is inactive and due to
the active rectification function of switch S, the diode on the
body of transistor S; starts to conduct. In this condition, the
voltage of the magnetic inductance L becomes positive.

Mode 10 (t9<t<t10)

At this stage, due to the ZVS condition for switch S, this
switch conducts. At this stage, the Lp voltage increases
positively and approaches its peak value with a sharper
incline. The circuit equations in mode 10 can be represented
as (10):
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Fig. 3. Theoretical waveforms throughout a switching interval of the
suggested converter in step-up operation mode
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Fig. 4. Theoretical waveforms throughout the switching interval of the
proposed converter in step-down operation mode

Vim = Ve = Ve, Via = Vi, = Vi + Vey,
Vip =nVey —nVeq + Vs (10)
Ier = -1 + [Lpl[CZ =—Iy+1I,—- ILp

Ies = —Iip,lca = —Iy

The current that flows through the primary winding of the
coupled inductor is defined as. Thus, the formulas for i_p and
iLm in mode 10 can be represented as (11):

. . Ver = Ver
le(t) = le(tS) + L
m
, , nVe, — Ve + Vs (1)
iLp = iyp(ts) + L
D

Mode 11 (tio<t<ti1)

This time state begins when the Ss switch is switched off.
At first, capacitor Cys is discharged by current ip, and
subsequently, the diode of Sg activates under ZVS situation.

Mode 12 (t11<t<t12)

In this mode, ZVS conditions are created for switch Sg so
it starts conducting. The Lp voltage is near zero while the iLp
current remains constant. The voltage of Ly, is above zero,
and its current attains its peak value at the conclusion of its
ramp, keeping the same slope as the previous mode. The
formulas for the circuit in interval 12 represented in this way
(12):

Vim = Ve = Ve, Via = Vi = Vi + Vey,
Vip =nVey =V + Vs — Ve
Iey =11 + ILp:ICZ =—Iy+I,—- ILpJ

les = —Iip,Ica = Ip — Iy

(12)

Therefore, the equations iLp and iLm for mode 13 can be
expressed as (13):

, , Ver = Ver
im(t) = ipm(ti0) + 1
i (13)
. . nVey —nVey + Vez — Vea
iLp = ip(tio) + L
D

Figs. 2(a-1) and 3 show the operating range and key
waveforms of this converter.

It is essential to note that the converter operates in two
modes: it functions in step-down mode when o>D¢ and in
step-up mode when a<De@, where a signifies the overlap of
switches Sz and Si, and D denotes the duty cycle of switches
Ss and S;. It has been mentioned previously that the duty
cycle have to be greater than 0.5 to ensure smooth switching
of the circuit switches, and D¢ indicates the time difference
between the activation signals for transistors Ss and Si. The
reference point for phase shift is the duration when S; and Ss
operate simultaneously (MPOA, Middle Point of
Overlapping Area).
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The functioning of a converter in the buck mode is
typically akin to the boost mode. To gain a clearer insight into
how a step-down mode functions, the theoretical key
waveforms associated with it are illustrated in Fig. 4.
Additionally, Table | displays the active switches for both
modes of step-down and step-up during each interval.

The functioning of a converter in the buck mode is
typically akin to the boost mode. To gain a clearer insight into
how a step-down mode functions, the theoretical key
waveforms associated with it are illustrated in Fig. 4.
Additionally, Table I displays the active switches for both
modes of step-down and step-up during each interval.

TABLE I
Active Switches During each Interval in Step-up and Step-Down Modes

Time interval step-up mode step-down mode
to-ta S1S5Ss S1S5S6
to-ts S1S4Ss S1S5Ss
tsts S1S4Ss S1S4Ss
te-tg S1S3Ss S153Ss
tg-tio S7S5Ss S1S5S6
tio-ta2 S,S3S6 S,S3S6

I1l. ANALYSIS AND DESIGN

A. Voltage Gain in Step-Up Modet

Equation (14) shows the voltage on the upper side of the
suggested converter. This equation is obtained using the K\VL
law for the high-side voltage of this converter.

Vg = Ve + Ve (14)

The voltage gain of the boost converter configuration is
obtained as (15) using the volt-second law on the inductors
Lm and L.

Ver

Ver ===

Cc1 2

Veo _ 2 (15)
Vv, 1-D

Equation (16) is obtained by assuming that in the stable
condition the voltage of the Lp is approximately zero.

N

ny

VC4 VC4
—= =n
VCZ ZVCl

(16)

Equation (17) shows the output voltage gain of the
suggested converter operating in boost mode, taking into
account equations (14) to (16).

Vi 2(n+1)

G, =
=y, 7 1-D

a7

B. Component Design

According to the various modes of the suggested converter,
for switches S; to Se, the maximum voltage stress is
determined as follows (18):

V. Vy
[Vmax,s1 = Vmax,s2 = Ymax,s3 = 1-D - 2(n+1)
2 Vi
Vmax,S4— — 1—_ D VL E ] (18)
2n Vi
Vmax,SS = Vmax,SG = 1— DVL = Tln +1

The existing stress on the switches can be articulated as (19):

Imax,Sl = Imax,SS =

Py; V.D V.D nv,

High L_ L C4 (ZD(I, _ (Z)

VL st1 2Lm(1 - D)fs 4LDfs
Imax,SZ = 1max,S4 =

nVC4_ a PHigh N VLD VLD (19)
4Lpfs Vi fLy o 25,1 = D)fs

nVe,

Imax,SS = Imax,56 = TD]‘;(ZD(P —-a)

where fs is the switching frequency.

Using the value of the inductor current ripple, the value of the
inductors can be determined as follows (20):

VD
{(ALM Lk V,D

o f) (20)
\dom =20 =D

The capacitor's voltage can be determined using equations
(6), (15), and (16). The potential of the capacitors can be
determined from the output voltage as (21).

vy = —
AT 2m+ 1)
Vi
Vea
J n+1
nVy 1)
S T2m+ 1)
nVy
V., =
“Tn+1

The capacitance of capacitors can be determined by their
voltage ripple as (22):

21,,(1-D
AV, = 11( )
f:C
1,D
AV, =
c2 fsCZ
v Iy (22)
c3 fsC3
0.51,
v, =—=2
c4 f;czl.

C. Power Transfer Analysis

According to the suggested converter, the conveyed power
can be expressed as (23):

Protar = (Vg2 + Vea)ly (23)
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To calculate the power component transmitted by the
voltage boost cell, middle of current value of switches Ss and
Se during one switching cycle should be multiplied by the
voltage factor of capacitor C, as described in (24):

Ts .
Peotar = Ve + 3Veafs *igsdt (24)

The equations of power for the two operating modes of the
suggested converter are obtained after calculating the middle
of current of switches Sg and Ss with the state equations.

a
For §<Dq,<a

Vi n

Peotal = 71—y (@D — 2Dy — & = 2DD,) (25)
and for D, > a
VZ n
Protar = T[)f:cn 1
(2D, — 2DD, + 4Dya — & + Da — 2a* — 2D?) (26)

Equations (23)-(26) show that the transmitted power is
affected by the phase shift angle Do and the duty cycle D. As
the duty cycle is defined by the output and input voltages, the
power transfer is regulated by the phase shift. As a result, the
converter is capable of functioning with various voltages and
power levels.

To ensure ZVS for 6 switches require the inductance Lm
must be designed considering the worst-case condition. The
condition for ZVS is provided in Equation (27).

Lp(1-D)
(A)-n2(2Dy—a)

27

Lm < (n+1)
"(1-D)

A= 2D, —2DD, + 4D, — a + Da — 2a*
—2D2

IV. COMPARISON

This part provides a comparison between the proposed
converter and the other BDC converters mentioned in the
introduction, as indicated in Table I1. In the literature, several
methods for DC-DC converters with high step-down/step-up
voltage gain are introduced which among them the converters
based on coupled inductors are one of the popular approaches
to provide high voltage gain. In fact, the topology design
approach for BDC converters aimed at achieving a high
voltage gain which can be one of the main objectives. Hence,
Fig.5 shows the voltage gain comparison of the suggested
structure with competing. In the figure, the variations of the
voltage amplification in boost configuration are illustrated
when the duty cycle and the turn ratio are changed in the
range of interest. These variations are plotted in MATLAB.
The voltage gain versus duty cycle for the same turn ratio is
shown in Fig. 5 (a) while the relationship between voltage
gains and turn ratio for a constant duty cycle is shown in Fig.
5 (b). It is evident that the suggested converter offers the ultra
gain of voltage when compared to the voltage gains presented
in references[8], [10], [22]-[24]. Additionally, it achieves the
same voltage level with fewer semiconductor components in
comparison to references [25] and [26]. Additionally, the
suggested converter offers a higher gain of voltage compared
to those in [10] and [21]. The voltage gain of [21] is solely
dependent on the duty cycle and the voltage gain of [10] is
like [8]. So, the suggested converter offers a significantly
higher voltage gain. The details of the specification of the
converters are presented in Table Il. Also, the suggested
converter offers the highest step-down voltage gain compared
to others. Furthermore, the suggested converter establishes
common ground between the output and input terminals and
also has current continuity on the side of low voltage. These
features improve converter performance compared to the
others. A high voltage gain BDC is suggested based on a
reversal coupled inductor in [23]. It is evident that the
equation for voltage gain in boost mode includes the turn ratio
as a fractional term in the voltage gain formula's denominator.
So, it may decrease voltage gain with a high turn ratio and
lead to instability with a low turn ratio. As it can be seen, the
number of elements of the proposed converter and [24] are
almost equal, but the suggested converter offers higher gain
of voltage compared to [24]. In [25] a high voltage gain BDC
based on coupled inductor and voltage is presented. Likewise
observed, the voltage gain is limited compared to the
suggested converter and also the input and output currents are
discontinuous. The converter proposed by [26] provides the
same voltage gain, but the number of semiconductors is
higher than the proposed here and the current of the low side
is not continuous. Moreover, there is no common ground at
input and output terminals in [25] . The proposed converter
presented by [26] offers the same voltage gain, but the
number of semiconductors is too high. Furthermore, it uses
two coupled inductors to provide high voltage gain.

The comparison table illustrates the total voltage stress on

semiconductor elements in the proposed converter compared
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to others. As can be seen, the proposed converter experiences
lower voltage stress than converters with the same voltage
gains, resulting in reduced costs and increased efficiency.
Moreover, the overall voltage stress on switches.

exhibits only a marginal difference compared to converters
with a minor voltage gain, while the gain of voltage is
significantly higher. In addition, the suggested converter
provides interleaved capabilities that can diminish enhance
power quality and the input current ripple.

V. EXPERIMENTAL RESULTS

In this section, the experimental results are presented.
Before conducting an experimental assessment of the
converter's performance, it was initially simulated using
PSIM software. Subsequently, a laboratory setup was
constructed and utilized to verify the operational and
analytical findings of the suggested converter. The conditions
and parameters of the converter for testing are provided in
Table Il1. The prototype for the BDC is depicted in Fig. 6.
The results of the experiment are presented for boost mode.
Thus, input voltages of 50 V DC and output voltage of 300 V
DC are considered, a value frequently utilized in industries
like single-phase inverters and electric vehicles. Notably,
different input and output voltages can be obtained by altering
the design through the use of equations (14)-(26).

The EEA42 ferrite core is encased by the coupled inductor,
whereas the Lp and input inductors are wrapped around
toroidal cores. (Due to its efficiency, accessibility, and
affordability) That features an air gap in its legs. A controller
board utilizing the STM32F303RBT microcontroller and
TLP350 gate drivers generates PWM signals in a loop control
system. (to evaluate the performance and operational modes

of the converter). Fig. 6(b) displays the control board. The
control board consists of three parts: the flyback power
supply, the microcontroller, and the gate drivers. For
generating gate signals, the microcontroller provides three
PWM channels. The circuits for the gate driver consist of six
TLP350.

Fig. 7 presents the experimental findings for the buck and
boost configurations. The stable waveforms of Fig. 7(a) show
the current and input/output voltages of the proposed
converter. The input voltage (Viow) is 50V DC in the step-up
mode, while the high-side voltage (Vwign) is maintained at
301.2V DC. The efficiency measured at the nominal output
power, is 96.23%. Fig. 7(b) show the voltage of capacitors Cy
to C4. The signals produced by gate drivers are illustrated in
Fig. 7(c). The gate signal of Sz (Vgs3) is 180 degrees behind
the gate signal of S; (Vgs1). The signal of gates for switches
S1, S3, and Ss are opposite to those of switches Sy, S4, and Se.
Fig. 7(d) show the voltage of the switches S; and Sz (Vbs1 and
Fig. 7 presents the experimental findings for the buck and
boost configurations. The stable waveforms of Fig. 7(a) show
the current and input/output voltages of the proposed
converter. The input voltage (Viow) is 50V DC in the step-up
mode, while the high-side voltage (Vwign) is maintained at
301.2V DC. The efficiency measured at the nominal output
power, is 96.23%. Fig. 7(b) show the voltage of capacitors Cy
to C4. The signals produced by gate drivers are illustrated in
Fig. 7(c). The gate signal of Sz (Vgs3) is 180 degrees behind
the gate signal of S; (Vgs1). The signal of gates for switches
S1, S, and Ss are opposite to those of switches Sy, S4, and Se.
Fig. 7(d) show the voltage of the switches S; and S, (Vbs1 and
Vbs2).

TABLE 1T
Comparison Among Various BDC
Proposed
Feature Converter [26] [25] [24] [23] [22] [10] [8]
No. of semiconductors 6 8 7 4 6 4 4 4
No. of inductors 2 2
No. of coupled inductor 1 2 2 1 1 1 1 1
No. of capacitors 4 4 3 2 3 2 2 3
2 2 1 2n-1 _
Voltage gain (boost mode) 2(n+1) 2(n+1) 2(n+1) n+ n+ 2+n-D n+1
1-D 1-D 1-D 1-D 1-D (-1@-D)| 1-D 1-D
. D' D’ D’ D’ D’ (n+1)D’ D’ D’
Voltage gain (buck mode
ge gain ( )| 2T D 2+ D) | 2(n+ 1) | ntz 2n+1 | 2n—1 | 1+n+D' | n+1
Total voltage stress across n+5 6n+5 6n+8 in+4 2n
: 2 2 2 2+
semiconductors/ Vi 2n+2 2n+2 2n+ 2 2n+1 1-D
Reported efficiency at
nominal power in boost 96.23 94.9 96.3 96 97 95.22 97 95.2
mode (%)
Continuous input current Yes Yes No No Yes No No No
at low voltage side
Common ground between
input/output Yes Yes No No Yes Yes Yes Yes
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Fig. 6. Experimental prototype, a power converter, b gate drivers and
microcontroller, ¢ experimental setup.

The voltage stress for these switches is identical to that
determined in equation (18). The waveforms corresponding
to the voltages of switches Ss, Sa, and Sg are shown in Fig.
7(e) displays the voltage waveforms for switches Ss, S4, and
Se.

Fig. 7 (f) show the waveforms of voltage and current for
both the primary and secondary of the coupled inductor. The
voltage waveforms for the primary and secondary are
represented as Vi, and Vs, respectively. The currents in the
primary and secondary windings of the coupled L., are
represented as I, and I, respectively. Different waveforms
of multiple components of the proposed converter are shown

to confirm the performance of the converter. To verify the
ZVS functioning of the converter, the enlarged view of the
waveforms is shown in Figs 7(g)-(i). The voltage, current,
and input gate for switches S; and Sz are illustrated in Fig. 7

(9) and (h).

TABLE 11l
Experimental Condition and Parameters

Parameters Value

P, ,Output power 350 W

Vhigh ,High voltage 300 Vi

Viow ,LOW voltage 50 Ve

fs ,Switching frequency 50 kHz

Lp and Li,,Inductors 47uH ,100pH
L ,Coupled Inductor, turn ratio 250uH, 0.37

Cy, Cy, C3 & Cy,capacitors 10uF, 12uF. 10pF, 12uF

S1, S, & Ss,Switches IRFP260NPBF
S,,Switch IPW60R060P7
Ss & Sg,Switches IRFP150NPB

Fig. 7(i) additionally presents findings for the input gate
and voltage of switch Ss. Additionally, the waveform of the
magnetizing current for the coupled inductor is displayed in
Fig. 7(i). It is evident that zero-voltage switching is available
for the switches. Thus, the power loss is reduced, and the
switch activates under soft switching conditions. Fig. 8 shows
the outcomes for buck mode functionality. Fig. 7(j) shows the
signal gates of switches S1, Ss, and Ss. The signal gates of
switches Sy, S4, and Sg are opposite to those of switches S,
Ss, and Ss. The input voltage for buck operation is 300V,
producing an output voltage of 49.87V. Fig. 7(k) illustrates
the voltage across the capacitors, whereas Fig. 7(I) represents
the voltage across switches Si, Ss, and Ss. The outcomes for
buck mode indicate that the converter delivers strong
performance across various components.

The distribution of power loss is determined using the
RMS current, current and voltage waveforms, peak voltage,
along with the switching frequency. Fig. 8 illustrates the
efficiency results for various load conditions. For load levels
between 80% and nominal power, the efficiency is greater
than 96%.

Consequently, the experimental results validate the
effective operation of the suggested converter, demonstrating
its appropriateness for multiple applications. The result of
experimental confirm the efficient operation of the suggested

converter, demonstrating its appropriateness for multiple
applications.
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Fig. 7. Experimental data includes (a) waveforms for input and output, (b) voltages of capacitors, and (c) input gate measurements for switches S1, S3, and
S5, (d) the voltage across S1 and S2, along with the voltage across the input inductor, () voltages of S3, S4, and S6, (f) voltage and current waveforms for
the coupled inductor, (g) a detailed view of the input gate, voltage, and current for switch S1, (h) a detailed view of the input gate, voltage, and current for
switch S3, and (i) a detailed view of the input gate, voltage for switch S5, and the magnetizing current for the coupled inductor. Additionally, (j) input gate
data for switches S1, S3, and S5, (k) voltages across capacitors, and (I) voltages of switches S1, S3, and S5
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Fig. 8. The efficiency curve as a function of nominal power.

VI. CONCLUSION

This paper presented an innovative power converter
featuring a high voltage gain BDC through the use of a
Asymetrical Voltage Multiplayer cell, a coupled inductor,
and two-phase boost converter. Various switching modes of
the converter are examined, and equations for each mode are
presented. Additionally, the design equations for various
elements are outlined. The suggested converter offers the
greatest voltage gain in comparison to many competitors and
contains fewer components than other converters with
equivalent voltage gain. Additionally, it provides a steady
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current on the low voltage side. ZVS switching is
implemented, enhancing the efficiency of the converter.
Using an asymmetrical design of the voltage multiplier cell
can reduce total losses due to the voltage distribution strategy
and reduced peak currents. The experimental findings
indicate that the converter's performance is satisfactory and
that it can deliver a high voltage from a low voltage according
to pre-defined specifications.
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A Novel Method for Inverter Fault Localization in
CSC-HVDC System Using DC Current Component
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Abstract -- Internal faults within the current source converter—
based high-voltage direct current (CSC-HVDC) systems pose
serious threats to system reliability and operational security.
While integrated protection and control schemes can effectively
clear most temporary faults, permanent faults or failures in the
control system require accurate localization to enable targeted
isolation procedures. Moreover, recurrent transient faults
demand timely diagnostic interventions to prevent equipment
degradation. This paper focuses on short circuit faults that
occur within the inverter stage of CSC-HVDC systems.
Considering the converter control dynamics, arm currents are
monitored under both forced-alpha operation and normal
operating conditions. A novel diagnostic approach is proposed,
in which the DC current component is exploited as a distinctive
signature to achieve precise arm-level fault localization. The
method is computationally simple, does not require high
sampling rates, and identifies the fault location within a
maximum of two cycles, allowing for isolation before forced-
alpha mode is activated. The proposed technique is validated
through detailed simulations of the Hydro-Quebec monopolar
CSC-HVDC test system in MATLAB/Simulink, demonstrating
its effectiveness and rapid response under various fault
scenarios.

Index Terms: Current Source Converter, High Voltage
Direct Current System, Inverter Fault, 12-pulses Converter.

I. INTRODUCTION

ODAY, high voltage direct current (HVDC) systems are
increasingly favored for power transmission, offering

three key advantages over high voltage alternating current
(HVAC) systems: (1) more economical long-distance power
transfer, (2) enhanced controllability and stability, and (3)
asynchronous network interconnection capability [1]. Due to
the massive amount of energy transmitted by the HVDC
system, the reliability and security of this system have a direct
impact on the security and stability of the entire system [2].
Consequently, HVDC protection systems have become a
critical area of research focus in power systems.

HVDC systems experience multiple fault types, including
alternating current (AC) system faults, converter internal
faults, and direct current (DC) system faults. The main reason
for these faults is insulation failure due to short circuit,
lightning, or switching [3]. Extensive research has been
conducted on internal faults in converters, with the most
prevalent protection schemes being differential protection,
overcurrent protection, and direct digital protection [4]-[6].
Due to the high cost and complexity of control associated
with direct digital protection, converter switch protection
primarily relies on differential and overcurrent relays [7].

A significant challenge during asymmetrical faults in
thyristor legs is the generation of inrush current in the
converter transformer. This phenomenon can lead to
maloperation or even system failure, as conventional
differential protection often responds too slowly. To mitigate
this risk, faster alternative protection methods must be
implemented [8]. The DC blocking method is a protection
scheme used to detect and isolate internal short circuit faults
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in converters, effectively containing fault propagation to
adjacent AC/DC subsystems while maintaining grid stability.
This approach provides faster fault clearance than
conventional differential protection, typically isolating the
affected converter within 2-5 ms to prevent cascade failures
in the interconnected power system [9]. Modern protection
schemes should implement a multi-level blocking strategy to
maintain system availability during fault isolation [10].

Another approach for fault location detection in
converters involves analyzing the circuit state characteristics
and measuring the time differences between signals at
different converter terminals. This method enables precise
determination of both the fault location and fault type [11].
This technique is commonly employed in modular multilevel
converter (MMC) systems, where it facilitates real-time
monitoring of individual submodule voltages to enable
precise fault detection and localization. Additionally, fault
zone identification can be achieved by monitoring transient
phenomena and analyzing voltage waveform characteristics
across predefined converter sections, enabling precise
localization of the faulted area [12], [13]. This method
requires a high sampling rate (>1000 kHz) and employs
wavelet transform techniques, making it effective in MMC-
based HVDC systems.

Given the advancements in signal processing techniques
in recent years, a method for detecting faults within the
converter can be proposed using either the wavelet transform
or the Stockwell transform [14], [15]. In the wavelet
transform method, selecting the appropriate mother wavelet
is crucial for both the accuracy and speed of fault detection.
Additionally, this method is susceptible to noise, and the
presence of electromagnetic interference in the current source
converter (CSC) can distort the wavelet coefficients. On the
other hand, the Stockwell transform method, which combines
wavelet and Fourier transforms for fault detection, comes
with a high computational cost. Moreover, interpreting its
results typically requires advanced classification algorithms.

Additionally, these two methods may fail to accurately
distinguish between internal converter faults and DC-side
faults, load variations, or AC grid disturbances.

Modern HVDC protection systems are increasingly
employing intelligent techniques such as artificial neural
networks (ANNSs) and support vector machines (SVMs) for
fault detection, thereby enhancing the reliability and
performance of conventional protection schemes. [16], [17].
Neural networks, being more straightforward to implement,
are primarily employed for preliminary detection of basic
faults and demonstrate moderate accuracy in complex fault
scenarios. The SVM approach shows strong performance
with limited datasets but faces challenges when handling
large-scale data, and is predominantly utilized for fault
classification. A key limitation of these intelligent methods is
their substantial requirement for training data. This poses
practical challenges for HVDC systems, as acquiring real-
world internal converter fault data is both technically difficult
and economically costly.

The unique configuration of controlled thyristor arms in
CSCs and the specific control characteristics of CSC-HVDC
systems enable partial implementation of both DC protection
and inverter protection during commutation faults. Numerous
studies have demonstrated that these protection systems can

achieve satisfactory performance when coordinated
adequately with the converter's control strategy. In the event
of a permanent fault or failure of the control system, we
require an effective protection structure to identify the most
detailed part of the fault as possible and to minimize stress on
the equipment and system through appropriate protective
operations, such as repair or replacement of the faulty part.

In this paper, the effect of control parameters in various
fault conditions within the inverter is investigated, and a
protection structure is presented that can determine the fault
arm in the event of control system failure or the presence of a
permanent fault. This method utilizes a comparison of DC
versus arm current to detect the faulty arm prior to forced
alpha function activation, enabling preemptive isolation of
the faulted section and maintaining uninterrupted system
operation. The main contributions of this paper are
summarized as follows:

e A novel DC-current-signature-based algorithm for arm-
level fault localization in CSC inverters.

e Demonstration of fault identification within two cycles
using low-rate sampling and a simple decision rule.

e Validation on the Hydro-Quebec monopolar CSC-HVDC
test system simulated in MATLAB/Simulink across a
range of permanent and transient fault scenarios, including
cases with control-system failures and commutation
disturbances.

The different sections of the article are as follows:

In Section 2, the structure of the system under study is
examined. In Section 3, the control characteristic diagram and
the control modes of the system are described. In Section 4,
various permanent and transient faults on the thyristor arms
of the inverter are simulated, and the performance of the
control system for fault suppression is examined. In Section
5, a protection method is presented that can detect the location
of the fault inside the converter, based on the presence of the
DC component in the thyristor arms.

Il. THE STUDIED NETWORK

The system analyzed in this paper is derived from Hydro-
Quebec monopolar HVDC link. It transmits 1000 MW at
+500 kV DC and 2 kA via a 300 km DC line, interconnecting
a 5000 MW, 500 kV, 60 Hz AC grid (rectifier) with a 10,000
MW, 345 kV, 50 Hz AC grid (inverter). Both rectifier and
inverter utilize twelve-pulse thyristor-based CSCs, which
significantly reduce harmonic distortion in both DC voltage
and current, as well as in AC waveforms, compared to six-
pulse converters. According to Fig. 1, the converters are
connected to the AC system through a three-winding Y/Y/A
transformer and to the DC system through a 0.5 H smoothing
inductor. The AC filters installed on the AC side of both
converters prevent the odd harmonics of the current from
entering the AC system and act as a large capacitor at the
fundamental frequency, compensating for the reactive power
consumed by the rectifier due to the firing angle a. The DC
filters also prevent the voltage harmonics from entering the
DC system.
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Fig. 1. Monopolar HVDC network with CSC.

Fig. 2 illustrates the internal structure of a twelve-pulse
CSC. Each twelve-pulse converter comprises two six-pulse
converters supplied via a three-winding transformer with star
and delta connections. The converter connected to the star
connection of the transformer is referred to as a star converter.
In contrast, the converter connected to the delta connection of
the transformer is referred to as a delta converter.

According to Fig. 2, each converter contains two upper and
lower legs, with each leg comprising three arms. Within every
arm, thousands of thyristors are connected in series. This
article aims to investigate and precisely locate faults
occurring within individual arms of this configuration.

Throughout this article, the following nomenclature
applies with reference to Fig. 2: S denotes the star converter,
D denotes the delta converter, U and L represent the upper
and lower legs, respectively, and numerals 1 through 3
identify the arm positions. For example, SU1 indicates the
first arm at the upper leg of the star converter. Since the
current source is supplied from the DC line side, current
measurements are positioned at the upper terminal of each
arm, denoted as 'M' in Fig. 2. In this article, we investigate
internal faults within the converter arms—exemplified by the
SU1 fault location marked 'F' in Fig. 2—and develop an
algorithm to identify such fault positions precisely.

2nd arm
3rd arm

Star Converter

converter
Fig. 2. Internal structure of the twelve-pulse converter.

In this study, the diagnostic algorithm uses the individual arm
currents measured at the upper terminals of the thyristor arms,
denoted by the “M” points in Fig. 2. These measurement
points are located on the DC-fed side of each arm, between
the smoothing reactor / DC bus and the corresponding
thyristor stack. Therefore, the currents are acquired directly
in the DC arm branches. In practice, non-intrusive Hall-effect
or optical current transducers can be installed on each

monitored arm. Because the proposed method relies on the
cycle-averaged (DC) component of these currents, a modest
sensor bandwidth of about 2-5 kHz is sufficient, and no high-
frequency transient information is required.

I11. THE CONTROL SYSTEM

Fig. 3 depicts the equivalent circuit of the studied HVDC
system, where the DC network is represented by a
fundamental inductance L and a series resistance R. The
values of L and R represent the inductance and resistance of
the smoothing inductor and DC line, respectively. The
voltages Vqr (rectifier voltage across the terminals) and Vi
(inverter voltage across the terminals) are defined according
to (1) and (2).

Rectifier ‘ ‘ Inverter

2§ Vi Vit ;?

Fig. 3. Equivalent circuit of HVDC system.

Vdr :Vdor COS[Z—RU'd @
Vi =V, C0sy—R, 1, 2

Where Vgor is the rectified voltage dependent on the AC
voltage of the rectifier side, and Vqi is the inverter voltage
dependent on the AC voltage of the inverter side. l4 is the DC
line current, and « is the firing angle. If W is the commutation
angle, the extinction angle is defined as y=r-a-u.

According to the equivalent circuit and considering (1) and
(2), the DC current can be written as (3) and (4).

Id :(Vdr _Vdi )/R ©)
Iy =V cOsa—V, cosy)/(R+R, —R) *

According to (3), the DC current magnitude is directly
proportional to the voltage differential measured between the
rectifier and inverter terminals. Furthermore, the control
factors lg include the firing angle a, the extinction angle y, and
the AC voltages of the rectifier and inverter sides.

In most HVDC systems operating optimally, the rectifier
controls DC current while the inverter regulates the DC
voltage. Fig. 4 illustrates the corresponding V-1 control
characteristic and identifies the system operating point (Q) in
this mode. According to (4), and considering that the firing
angle a is maintained in the range of 2 to 5 degrees to ensure
sufficient thyristor turn-on voltage. The constant alpha
characteristic is plotted in the diagram of Fig. 4.

The constant alpha characteristic (line AB in Fig. 4)
applies when the AC voltage on the rectifier side suddenly
decreases, and according to (1), the system compensates for
this by decreasing a. As a result, the system enters the
constant alpha state and maintains a constant value of a at 2
degrees. According to the diagram in Fig. 5-a, in this case, the
rectifier and inverter diagrams may not have an intersection
point. As a result, the inverter enters the constant current
state, and the operating point is located at (S). Since the value
of the inverter current is usually less than the rectifier current,
the marginal value of the current is considered to be 0.1, as
indicated by 4lq in Fig. 4.
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Fig. 5. Current-voltage characteristic of DC system during AC voltage
drop on the a) rectifier side, b) inverter side.

On the other hand, by reducing the AC voltage on the
inverter side, to prevent the occurrence of commutation
failure, the inverter enters the constant gamma mode (line EF
in Fig. 4). It keeps the value of y constant at its minimum
allowable value. The operating point of the system in this
mode is indicated by (T) in Fig. 5-b [18], [19].

To protect thyristors from overheating at high currents, the
maximum DC current (I4max) must be kept below 1.2 per unit.
Similarly, to maintain continuous current flow and prevent
dangerous chopping, the minimum current (Igmin) Must stay
above 0.2 per unit. These operating limits are shown in Fig.
4,

The voltage-dependent current order limiting (VDCOL)
characteristic, represented by line CD in Fig. 4,
proportionally reduces the reference current during DC
voltage depressions caused by DC faults or severe AC faults.
This reduction subsequently decreases AC system reactive
power consumption, facilitating faster grid recovery during
fault conditions.

In the inverter, the values of omin and amax are defined to
ensure that the inverter does not enter the rectifier mode and
to create the necessary margin for the minimum extinction
angle, respectively. Moreover, following DC faults, the
absence of current zero crossing prevents arc extinction.
Consequently, fault-induced arcs persist even after fault
clearance. To deal with this situation, after 0.07 seconds a
forced alpha mode is activated in which the rectifier enters
the forced alpha mode and its alpha value is kept constant at
166 degrees, as a result of which the rectifier operates in the
inverting mode and the system energy is discharged from the
two rectifier and inverter terminals and the electric arc caused
by the fault is extinguished [18].

IV. PROPOSED METHOD

Faults within the converter can be caused by factors such
as thyristor arm malfunction, failure of associated
components, inverter commutation failure, or an internal
converter short circuit. This paper aims to investigate the
short-circuit fault in thyristor arms within the inverter.

In reference [20], a short circuit fault in the thyristor arms of
the rectifier is investigated. Since this fault current contains a
DC component and exhibits no zero crossing, the resulting
electric arc persists after fault clearance. Due to the rectifier's
AC network supply, this internal converter fault effectively
manifests as a permanent short circuit fault on the AC
network side. Consequently, by measuring the transformers'
secondary current and detecting both the DC component
magnitude and direction, the fault location (specific arm or
phase) can be identified. This enables fault elimination
through selective single-phase switching on the transformer
primary winding. However, this mitigation strategy is
ineffective for inverter-side faults. Because the inverter is DC
fed, single-phase switching on the inverter side transformer is
operationally ineffective.

Although the forced alpha method can discharge system
energy and restore operation during transient faults, locating
the fault becomes critical for inspection and maintenance
when encountering permanent faults, repeated faults, or
control system malfunctions.

Since the fault is DC network fed, during a leg fault, the
current in the lower thyristor legs collapses to zero, and the
DC current component diverts exclusively through the upper
bus to the faulted leg. According to Fig. 2, an SL1 fault causes
current collapse in all delta-connected (D) arms while the DC
current component persists exclusively within the star-
converter legs. Furthermore, because the delta converter’s
lower phase leg is grounded, a short circuit fault here only
reduces current magnitude without typical short circuit
effects.

V. SIMULATION RESULTS

This paper proposes a fault detection method based on
measuring arm currents within the converters and analyzing
their DC components. The approach enables precise fault
location identification, allowing targeted inspection or
preventive measures to be implemented on the affected
converter arm.

The network analyzed in this study is derived from Hydro-
Quebec monopolar HVDC system. This system demonstrates
robust fault management capabilities, effectively detecting
both DC and AC faults while maintaining optimal control
during fault conditions. However, the system cannot detect
internal converter faults.

This section simulates multiple short-time faults (0.7-0.78
s) across different inverter arms and discusses the results.
First, system behavior is evaluated without forced alpha
operation.

Figs. 6 and 7 depict SU2 and SL2 currents on the inverter
side during a short circuit fault in SU2.
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Fig. 6. SU2 current during short circuit fault in SU2.
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Fig. 7. SL2 current during short circuit fault in SU2.
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Figs. 8 and 9 also depict the change in the converter
control mode and the inverter reference current when this
fault occurs. The control modes include 0 for block mode, 1
for constant current, 2 for constant voltage, 3 for minimum
alpha, 4 for maximum alpha, 5 for forced alpha, and 6 for
gamma control.

Since the fault is fed from the DC line side, when a short
circuit fault occurs in SU, the current in SL, DU, and DL
becomes zero. During DC faults, the control system reduces
the reference current according to the VDCOL characteristic
in response to a reduction in DC voltage. This action forces
the inverter into current control mode, thereby reducing the
magnitude of fault current. Due to the DC current component
and the absence of zero crossing, the fault-induced electric
arc persists. After fault clearance, this current continues to
circulate within the faulted section. As the inverter voltage
drops to zero, it loses control of the system voltage and
current, and the inverter enters the maximum alpha state.
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Fig. 8. Control modes changes in the inverter during a short-circuit fault in
su2.
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Fig. 9. Reference current changes in the inverter during a short-circuit fault
in SU2

Figs. 10 to 12 depict SU1, SL1, and DU1 currents on the
inverter side during an SL1 short circuit fault. Figs. 13 and 14
show the corresponding converter control mode variations
and inverter reference current dynamics under this fault
condition. As with prior fault, DC voltage reduction during
this fault activates the VDCOL function. The resultant
reference current decreases the DC current, causing the
inverter to enter current control mode.

However, in this scenario, the current reduction
extinguishes both the electric arc and the fault current.
Consequently, the inverter maintains current control mode,
restoring the network to its pre-fault state by ramping up the
reference current. As illustrated in Fig. 2, the fault current
path flows through SU. During such faults, SU manifests
overcurrent while DC current appears in both star converter

legs; meanwhile, delta-converter currents collapse
completely to zero.
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Fig. 10. SU1 current during short circuit fault in SL1.
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Fig. 11. SL1 current during short circuit fault in SL1.
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Fig. 14. Reference current changes in the inverter during a short-circuit
fault in SL1.

Figs. 15 to 17 depict SU1, SL1, and DU2 currents on the
inverter side during a DU2 short circuit fault. Figs. 18 and 19
show converter control mode variations and inverter
reference current dynamics under this condition. As fault
current rises and DC voltage drops—consistent with prior
cases—VDCOL reduces the reference current, triggering the
converter's transition to current control mode. Fig. 2 confirms
that at fault initiation, both star converter legs and the faulted
arm simultaneously manifest overcurrent accompanied by
DC component generation. However, similar to SL fault
cases, the star converter's fault current ceases completely,
allowing uninterrupted continuation of normal operation.
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Fig. 15. SUL1 current during short circuit fault in DU2.
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Fig. 16. SL1 current during short circuit fault in DU2
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Fig. 17. DU2 current during short circuit fault in DU2.
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Fig. 18. Control modes changes in the inverter during a short-circuit fault
in DU2.
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Fig. 19. Reference current changes in the inverter during a short-circuit
fault in DU2.

In fact, the inverter maintains current control mode,
increasing the reference current to 1.0 pu after the star
converter fault clearance. However, the electric arc persists in
the delta converter, sustaining localized current circulation at
the fault point. Consequently, the inverter's operation
resembles a 6-pulse converter. Due to the primary current
path configuration, current cannot reach the delta converter's
lower phase leg. Until fault extinction, this leg's current
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persists at zero, prompting the system to engage gamma

control mode to prevent commutation failure.

Since the delta converter's lower phase leg is grounded,
short-circuit  faults in this leg become electrically
insignificant and need not be investigated.

Simulations in this section omitted forced alpha mode
operation. Consequently, the presence of DC components in
arm currents and current collapse in non-faulted arms enables
unambiguous identification of the faulty leg and arm.

When forced alpha operation is active:

e For SU/DU faults: VDCOL reduces the reference current
to lower the fault current, triggering forced alpha
activation. Increasing a to 166° discharges system energy
bidirectionally, extinguishing the transient fault arc.

e For SL faults: The fault arc self-extinguishes without
requiring forced alpha intervention.

However, for permanent faults, recurring faults, or control
system failures, a fault location algorithm becomes essential.
This enables targeted inspection, repair, or preventive
measures.

Figs. 20 to 22 present simulation results for short circuit
faults across various converter legs under forced alpha
operation.
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Fig. 20. SU2 current during short circuit fault in SU2 with forced alpha
mode activated.
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Fig. 21. SL1 current during short circuit fault in SL1 with forced alpha
mode activated.
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Fig. 22. DU2 current during short circuit fault in DU2 with forced alpha
mode activated.

As demonstrated in the figures, forced alpha activation
extinguishes the fault. Crucially, identification of the faulty
arm must precede this activation. In all cases, one or two
upper leg arms exhibit DC component currents, with current
collapse occurring in the lower legs of the affected converter
section. Given that forced alpha mode activates 70 ms post-
fault inception, a dedicated algorithm must detect and locate
faults before forced alpha initiation.

V1. PROTECTION METHOD ALGORITHM

During normal operation, each converter arm conducts
current for 60 electrical degrees (one-third of a cycle) and
remains at zero current for 120 electrical degrees (two-thirds
of a cycle). However, during an arm short circuit fault, lower
leg arm currents collapse to zero while the faulted arm
conducts continuously for multiple cycles. This distinct
behavior forms the foundation of the fault detection
algorithm.

A fault in a given arm is confirmed if its current remains
non-zero for 40 ms (two cycles) while all lower leg arms
maintain zero current throughout this interval. Figs. 23 and
24 show the proposed algorithm. According to Figs. 23 and
24, Algorithm A initially executes across all four inverter-
side converter legs, numbered 1 to 4 sequentially from top to
bottom. In the Algorithm of Fig. 23, the arm current integral
(C;) and DC line current integral (d) are measured over one
cycle. If these two parameters are equal, the arm is short-
circuited to the DC line current. To ensure valid fault
determination, the Algorithm of Fig. 23 requires that the
value of |Cj-d| be less than a threshold value (Aw) for two
consecutive cycles.
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Since the fault feed path originates from the DC line, the
current in the upper legs that are short-circuited can also apply
to this condition. Therefore, the condition of zero current in

the lower legs must also be checked.

In Algorithm of Fig. 23, the sum of the integral currents of
all three arms in one leg (Si) is also calculated, and if this
value is zero during two cycles, it means that no current is
entered this leg, which could be due to a short circuit in the
upper legs. Finally, in the algorithm of Fig. 23:

e OQutput 1 activates if any arm current equals the DC line
current for 40 ms.

e OQutput 2 activates if the leg current sum Si=0 persists for
two consecutive cycles.

In the Fig. 24 algorithm, Outputs 1 and 2 from Fig. 23
serve as inputs. When active, they trigger validation of two
concurrent conditions:

e Arm current continuity (ICj—dI<Ath)
e Zero current in all lower arms

Both conditions must persist for 40 ms to confirm fault
localization. When an arm'’s current equals the DC line
current concurrent with zero current in all lower legs, this
confirms a short-circuit fault in that specific arm. The faulted
arm and its parent leg are thereby definitively localized.
Since the proposed method detects the fault through the
cycle-averaged (DC) component of the arm currents, it is
inherently less sensitive to sensor inaccuracies than high-
frequency or transient-based protection schemes. Sensor
offset has a negligible impact on the decision logic because
the fault indication is obtained by comparing the integral of
the arm current with the integral of the DC line current,
causing constant offsets to cancel each other out. Long-term
drift may shift the threshold Ath slightly, but the fault
signature (persistent arm current with simultaneous current
collapse in the lower legs) remains unaffected; drift can be
mitigated through periodic  calibration. Bandwidth
requirements are modest, as only the fundamental-frequency
waveform needs to be captured; a bandwidth of 2-5 kHz is
adequate. Sensor saturation is unlikely because the arm
currents remain within the continuous-measurement range of
standard Hall-effect or optical transducers commonly used in
HVDC converters.

For practical implementation, the algorithm requires only
cycle-averaged arm-current values. Therefore, a sampling
rate of 20-40 samples per electrical cycle is sufficient,
corresponding to approximately 1-2 kHz for 50/60 Hz power
systems. No high-frequency transient components are
needed, and the method remains fully effective at these
modest sampling rates.

The proposed algorithm has a very low computational
burden, as it requires only cycle-by-cycle integration of arm
currents and simple comparison operations. No frequency-
domain processing or high-rate sampling is needed.
Therefore, the method can be executed on typical DSP- or
FPGA-based HVDC control platforms with negligible CPU
load and memory usage (only two cycles of data are stored).
The latency of the implementation is well below the two-
cycle detection window, making the algorithm suitable for
real-time industrial deployment.

In practical HVDC installations, arm-current measurements
are affected by EMI and sensor noise. However, the proposed
algorithm relies on the cycle-averaged (DC) value of the arm
currents, which inherently suppresses high-frequency
disturbances and makes the method robust to typical
measurement noise. Only severe sensor drift or loss of
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measurement may affect detection, while moderate noise
does not alter the integral-based decision criteria. If required,
a simple moving-average or low-pass filter may be applied to
the measured currents; such filtering does not impact the
detection time because the algorithm already operates over a
20-40 ms evaluation window. From a computational
perspective, the algorithm consists mainly of three numerical
integrations and threshold comparisons, resulting in a
negligible computational burden. Consequently, it can be
executed on standard DSP-based HVDC controllers or small
FPGA devices with minimal latency and very low memory
usage (only one or two cycles of samples are needed). Thus,
the method is fully compatible with practical HVDC
protection hardware.

VII. LIMITATIONS AND DISCUSSION

The proposed detection mechanism is based solely on the
DC-fed nature of current-source converter arms and the
characteristic collapse of the lower-leg currents during
internal arm faults. Therefore, the same principle applies to
bipolar HVDC links, where the two poles can be evaluated
independently. In multi-terminal CSC-HVDC systems, the
arm-level detection principle remains valid; however,
coordination with station-level protection may be required
due to the more complex current-sharing behavior. The
method assumes a conventional thyristor-based CSC
structure, and substantially modified converter topologies
may require adjustments of the detection thresholds.

The applicability of the proposed method is governed by
the characteristic current signatures produced by internal arm
faults. Internal faults create a persistent DC component in the
faulted upper arm and cause all lower-leg currents in the same
converter section to collapse. In contrast, severe DC-line
faults depress all arm currents simultaneously without
generating a localized DC offset. This inherent difference
enables reliable discrimination between the two fault
categories. The algorithm is also capable of handling
evolving or sequential faults, as the decision logic is based on
the cycle-by-cycle evaluation of the arm-current integrals.
Simultaneous multi-arm faults can be detected, but may
require coordination with station-level protection if their
signatures become ambiguous. The method is most effective
for low- and medium-impedance internal faults; very high-
impedance faults may produce a weak DC component, in
which case auxiliary protection functions may be needed.

VIIl. CONCLUSION

This study presents a novel and efficient approach for
precise short-circuit fault localization in inverter arms of
CSC-HVDC systems. By relying solely on arm current
measurements, the proposed method eliminates the need for
voltage sensors while maintaining high diagnostic accuracy.
The algorithm, based on current integration, deterministically
identifies the faulty arm within two electrical cycles (about
40 ms) and operates effectively without high-rate sampling or
computationally intensive processing. The method was
rigorously validated through comprehensive simulations
under both forced-o operation and normal operating
conditions. Results demonstrate that it consistently achieves
fault localization within 40 ms—fast enough to enable
preventive isolation before significant energy discharge

occurs. For permanent faults, the capability to pinpoint the
exact faulty arm enables targeted maintenance, allowing for
the rapid isolation and replacement of damaged components
and thereby minimizing system downtime.

In the proposed method, the fault detection time is on the
order of two network cycles. Due to its reliance on the DC
component of the arm current, a high sampling rate is not
required; sampling rates of a few kilohertz are sufficient for
effective signal extraction. In contrast, wavelet-based
methods typically require much higher sampling rates (tens
to hundreds of kHz) and longer processing times due to the
multi-stage nature of wavelet analysis. Al-based approaches,
especially those using neural networks or deep learning
algorithms, have detection times dependent on the model size
and complexity, often resulting in higher computational
delays and the need for more powerful hardware.

Regarding computational load, the proposed method only
requires the calculation of the instantaneous current integral
and comparison of DC values. Therefore, it is significantly
lighter than wavelet methods, which involve multi-level
signal decomposition, and Al-based methods, which require
feature extraction, model training, or execution of complex
networks. This makes it feasible for implementation on
standard HVDC controllers with limited computational
resources.

In terms of accuracy, although wavelet and Al methods
may achieve high performance under laboratory conditions,
their strong dependence on signal quality, parameter tuning,
and high sampling rates can reduce their effectiveness in
noisy industrial HVDC environments. In contrast, the
proposed method, due to the DC nature of the detection index
and the high current levels in CSC-HVDC, is less sensitive to
noise and has demonstrated stable and fast detection of
internal arm faults under simulated conditions.

Therefore, based on this qualitative comparison, the main
advantages of the proposed method over wavelet- and Al-
based techniques are its simplicity, low sampling rate
requirement, minimal computational load, and short detection
time. However, precise numerical comparisons can be
addressed in future studies.
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Abstract- Bio-inspired plasmonic structures offer a powerful
route toward compact and high-performance photonic
components by ena-bling strong confinement of surface plasmon
polaritons (SPPs) at deeply subwavelength scales. In this
research, a tunable mul-tichannel bandpass filter using surface
plasmon polaritons (SPPs) is introduced and numerically
studied on a metal-insulator-metal (MIM) waveguide substrate.
Consisting of a central circular resonator, two larger main
waveguides, and six smaller sat-ellite resonators, the proposed
structure exploits a unique rose-like geometry. High Q-factor
(Q-factor) multiple resonance modes can be achieved due to this
blend. Nevertheless, time-consuming numerical methods such as
the Finite-Difference Time-Domain (FDTD) approach are
employed in the conventional design and optimization of such
intricate structures. Re-cently, a machine learning framework
was utilized to considerably accelerate the design procedure.
Through training on a vast dataset from FDTD runs, a Random
Forest surrogate model was developed and trained to predict the
filter spectral response from its geometrical parameters with
very high accuracy. FDTD simulation results reveal that the
proposed rose-like structure produces several sharp
transmission peaks of high Q-factor, up to 127.2. Moreover, the
machine learning system possesses a high coefficient of
determination (R2 up to 0.986) and excellent predictive ability
and can replicate the transmission spectrum within a fraction of
the time it takes for conventional runs. Through its powerful
volume-based optimization tool and inverse design tool, the
proposed mixed-method approach brings within grasp possible
future applications of photonic integrated circuits (PICs), high-
sensitivity biosensors, and wavelength-division multiplexing
(WDM) systems.

Index Terms: Plasmonic Filter, MIM Waveguide (Metal-
Insulator-Metal), Circular Resonator, Machine Learning,
Quality Fac-tor.Introduction

I. INTRODUCTION

he rapid growth of modern information technology [1]

has contributed to a considerable demand for increased
integration density of photonic devices over the past several
years. The use of surface plasmon polaritons (SPPs), which
are transverse electromagnetic waves propagating at the
interface of a metal and a dielectric, represents a promising
direction in developing ultra-high-density  photonic
integrated circuits (PICs) [2, 3]. Structures based on SPPs
allow for manipulating light at the sub-wavelength scale,
thereby overcoming the traditional diffraction limit of
dielectric waveguides [4-6]. Among numerous SPP platforms
for building highly integrated optical circuits, metal-
insulator-metal (MIM) waveguides are one of the most com-
mon. Such waveguides provide many advantages, including
strong subwavelength light confinement, decreased
propagation losses, and simple fabrication procedures [6, 7].
Various optical devices utilizing SPP structures have been
proposed by re-searchers, such as plasmonic filters,
demultiplexers, splitters, and sensors [8-28]. Plasmonic filters
play an essential role in frequency selection within systems
such as wavelength-division multiplexing (WDM) and
refractive index sensing [10]. The main targets for these
devices are to have a high-quality factor (Q-factor), high
transmission efficiency, and an optimal figure of merit
(FOM) for enabling their integration in photonics [11, 12]. In
recent years, bio-inspired structures that mimic those found
in nature, such as butterfly wings or diatom shells, have
emerged as novel approaches to create distinctive optical
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prop-erties as well as increase the interaction of light with
matter [13-15, 19, 20]. However, the analysis, along with
optimization of these nanophotonic structures, traditionally
makes use of electromagnetic simulation software based on
time-consuming methods, such as the Finite-Difference
Time-Domain (FDTD) technique [2]. The numerical
approach used requires exhaustive trial-and-error searches
over the geometric parameters of the device, an exercise that
is computationally intensive and ineffi-cient. In response to
such a design challenge, machine learning (ML) algorithms
have emerged as an effective solution for building surrogate
models capable of rapid and accurate prediction of the
spectral properties of a device [1, 16, 29-33]. This Al-assisted
approach provides an efficient and reliable means for the
inverse design and rapid optimization of complex nano-
photonic devices [17, 18]; an approach that has been explored
by researchers such as Khani et al for the analysis of
plasmonic sensors [1]. In this paper, we combine a novel and
high-performance design for a plasmonic filter with an
efficient machine learning framework. We propose a

Output

(@)

multichannel bandpass filter with a unique, rose-inspired
geometry on a MIM waveguide platform. First, the
performance of this structure is analyzed using the FDTD
method to determine its tunable and multichan-nel response.
Then, we demonstrate that a Random Forest Regressor,
trained on FDTD simulation data, can serve as a powerful
surrogate model for accurately predicting the filter’s spectral
characteristics.

Il. METHOD FOR DESIGNING AND SIMULATING
STRUCTURES

The proposed plasmonic filter, as shown in Fig. 1, is based on
a MIM structure in which air acts as the insulator. The device
is arranged on a plasma substrate, and air serves as the
dielectric around it. The structure has two main waveguides
and a com-plicated system of resonators. The resonator is
based on the shape of a rose. It has a central circular cavity
with a radius of 300 nm and six smaller satellite circular
cavities with a radius of 150 nm.
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Fig. 1. (a) Schematic of the proposed rose-inspired plasmonic filter, specifying the key geometric parameters: main resona-tor radius (R), small resonator
radius (r), waveguide width (w), and the gap between the central and satellite resonators (s). (b). Electric field distribution in the rose-inspired plasmonic
filter at one of the resonance modes. Warmer colors (red and orange) indicate higher field intensity, and cooler colors (blue) indicate lower field intensity.
This distribution indicates the effective coupling between the central and satellite resonators.

The main waveguides are also 50 nm wide.
Additionally, the electric field distribution in the proposed
structure is depicted in Fig. 1 (inset). This image clearly
illustrates the interaction and coupling of light within the
resonators and the waveguide.

g(w)=¢_oo-(0_p"2)/(0"2-i1yw) 1)

The frequency-dependent complex relative permittivity
of silver for all components, including the substrate, is
characterized by the Drude model:

The parameters for this model were obtained by fitting
the experimental data of Palik in the Lumerical software
environment, and the following values were used for all
simulations: ~ permittivity at  infinite  frequency
g 0=3.4611, bulk plasma frequency @ p=9.0264 eV, and
electron collision frequency y=0.051111 eV.

All numerical simulations were performed using the
commercial FDTD software package from Lumerical. To
reduce computational costs, a two-dimensional (2D-
FDTD) simulation model was used. The simulation
domain was set to 3 um x 3 um, and at all boundaries,
perfectly matched layer (PML) boundary conditions were
used to absorb outgoing waves. To ensure high accuracy,

a fine mesh grid with a uniform step of Ax=Ay=3 nm was
used. A Mode Source was used to excite the fundamental
TM plasmonic mode in the input waveguide, and a
frequency-domain field and power monitor was placed at
the output to calculate the transmission spectrum
(T=P_output’P_input ) in the wavelength range of 400 to
1800 nm.

I11. MACHINE LEARNING MODEL

To build an effective surrogate of time-costly FDTD
computations, a supervised machine learning approach
was used. Machine learning offers a quicker substitute to
explicit electromagnetic modeling by acquiring the
nonlinear transformation from geometrical parameters to
optical response non-iteratively, rather than solving
Maxwell's equations. A Random Forest Regressor was
chosen, as this ensemble learning technique has strong
resilience to overfitting and has robust performance even
with smaller training sets.

A narrow, high-performance range was systematically
swept on three important geometric parameters and used
to generate a concentrated dataset of 90 individual FDTD
runs. Although this dataset is short, it is carefully chosen
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to be optimally appropriate for our task: developing a
highly precise local surrogate model used for fine-tuning a
previously promising design, rather than laboriously
sampling the complete global parameter space. This
selective approach permits a powerful yet computationally
efficient optimization procedure. The main resonator
radius (R) was swept between 290 nm and 310 nm, the
satellite resonator radius (r) between 140 nm and 160 nm,
and the gap (s) was tuned within values between -10 nm
and +10 nm. For each simulation, the model’s inputs were
the three geometrical parameters [R, r, s], and the output
was the corresponding transmission spectrum at 1401
discrete points within a wavelength interval of 400-1800
nm. Only then was the dataset normalized, shuffled, and
divided into training and test sets in order to produce
unbiased performance measures. The learned model
sufficiently recreated FDTD-simulated spectra with a very
high coefficient of determination (R"2>0.95) significantly
lowered the design cycle and made real-time optimization
feasible.

Transmission

IV. RESULTS AND DISCUSSION
In this section, the step-by-step design and optimization
process of the proposed plasmonic filter, from a basic
structure to the final geometry, is presented and analyzed.

A. Initial Design and Bio-Inspiration

Our design process began with a basic and conventional
structure in plasmonic filters: namely, a single circular
resonator coupled to two MIM waveguides (Fig. 2a).
Although this simple structure is capable of generating
resonance modes, it usually has limitations in terms of the
number of channels and the quality factor (Q-factor). To
improve the performance and achieve a more complex and
efficient spectral response, we drew inspiration from
nature. Inspired by the symmetry and structure of a rose,
six smaller circular resonators (satellites) were added
around the central resonator (Fig. 2b). This hexagonal
symmetry, analogous to photonic crystal structures,
facilitates complex mode coupling between the resonators,
which is essential for enhancing the quality factor and
creating multiple channels.
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Fig. 2. (a) Schematic of the initial structure with a single circular resonator. (b) The final rose-inspired structure, with the addition of six satellite resonators.
(c) Comparison of the transmission spectra, showing that the final rose-inspired structure (Data from r=150) generates additional, sharper transmission peaks

compared to the initial structure.

The center-to-center distance between the main resonator
and each small resonator was determined by considering a
fixed gap of 20 nm. The objective of this design was to
create a more complex coupling between different modes,
thereby generating multiple resonance peaks with higher
quality. As shown in Fig. 2c and 2d, the addition of the

satellite resonators leads to a change in the field
distribution pattern and the formation of additional
transmission peaks, indicating an increase in the number
of resonance modes and an improvement in the filter's
spectral performance.
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Fig. 3. The proposed flowchart of filter design.

The complete flowchart of the proposed design
methodology is summarized in Fig. 3, which outlines the
step-by-step progression from the baseline MIM filter to
the bio-inspired rose geometry, the parametric sweep, and
the surrogate-assisted inverse design.

B. Dual-Mode Operation and Physical Analysis Origin of
the Performance

The observed dual-mode functionality of the rose-inspired
filter is governed by the Fano resonance phenomenon.
This effect arises from the interference between two
distinct electromagnetic states: a spectrally broad ‘bright
mode’ supported by the directly-coupled central resonator,
and spectrally narrow ‘dark modes’ supported by the
isolated satellite resonators [22, 26]. The bright mode
facilitates a high-throughput pathway for light,
corresponding to the high-transmission resonance. In

contrast, the dark modes act as high-Q energy reservoirs,
excited only indirectly via near-field coupling. The
interference between these two pathways carves a sharp,
asymmetric resonance out of the broad transmission
spectrum, creating the high-selectivity, high Q-factor peak.
This physical interpretation is definitely verified by our
modal field investigation. It is evident from the latter that
at the high-transmission resonance, energy is mainly
concentrated within the central resonator and hence
verifies its bright-mode nature. At the high-Q resonance,
the field is highly localized within the satellite resonators
and shows clear visual verification of the energy-storing
dark modes. This scenario verifies that the structural
geometry is absolutely designed such that it is capable of
accommodating the Fano interference essential for its
double-function functionality.
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Fig. 4. (a) Bright resonance at A ~ 774.2 nm, with the field being strongly coupled to the dominant waveguide and the central cavity. (b) Dark resonance at
A ~ 1145.5 nm, where the optical energy is mainly localized inside the satellite resonators with a sharp and high-Q resonance and small coupling to the
waveguides. Such mode profiles demonstrate the plasmonic processes and thus meet the reviewer's demand for the visualization of field distributions for all

resonance modes.
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C. Parametric Optimization of the Rose-Inspired
Structure

The rose-inspired geometry was defined, and then its
dimensions were optimized through a thorough parametric
analysis. Initially, the impact of the primary resonator
radius (R) was examined. While keeping the small
resonator radius constant at r = 140 nm, Fig. 5 contrasts
the outcomes for three values of R: 300 nm, 310 nm, and

315 nm. It is evident that the main modes' transmission
efficiency (T max) greatly increases as R rises. We
specifically achieved the best performance in the R = 315
nm case, with a quality factor (Q-factor) of up to 127.2 and
a transmission efficiency of up to 80% (see Table | for full
details). Consequently, this arrangement was chosen as the
main resonator's ideal radius.

Effect of Small Radius (r) Variation on Transmission Spectrum (for R=310 nm)
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Fig. 5. Comparison of transmission spectra for three different main resonator radii (R), while keeping the satellite resonator radius constant (r=140 nm): (a)

R =300 nm, (b) R =310 nm, and (¢) R =315 nm.
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In the next step, to evaluate the fabrication tolerance and
robustness of the optimized structure (R =315 nm, r = 140
nm), the effect of variations in the gap (s) between the
main waveguide and the resonator system was
investigated. Fig. 6 shows that minor variations in this gap
(from -10 to +10 nm) create predictable and gradual

changes in the transmission spectrum, without disrupting
the overall nature of the filter's performance. The plot
shows that minor variations in the gap create predictable
and gradual shifts in the resonance peaks, indicating the
design's robustness against small fabrication processes.

Effect of Parameter (s) Variation on Transmission Spectrum
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Fig. 6. Analysis of the effect of gap (s) variation on the transmission spectrum of the optimized structure (R =315 nm, r = 140 nm).

D. The Machine Learning Surrogate Model's
Performance

By contrasting the Random Forest model's predictions
with FDTD simulation data that was not utilized during
training, the model's accuracy was confirmed. As shown in
Fig. 7 for the optimal structure (R=315nm), the simulated
spectra (solid black line) and the Al-predicted spectra (red
dashed line) match very well, achieving an R? score of
0.978.

For a more quantitative and detailed assessment of the
model's performance, Fig. 8 presents a comparison of

across the parameter space. It is evident that the model
performs extremely well in the overwhelming majority of
parameter combinations, with a prediction error of less
than 5% and reaching a minimum error of just 0.3% (for
R=315 nm, =150 nm). Fig. 8(b) visualizes the model's R?
scores for the same parameter sweeps. These results
quantitatively confirm the high accuracy and robustness of
the model, with scores consistently above 0.93 and
reaching a peak value of 0.986. This thorough analysis not
only demonstrates the model's reliability for design and
optimization but also precisely identifies the regimes of its

heatmaps. Fig. 8(a) shows the percentage prediction error highest performance.
r=140 nm
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Fig. 7. Comparison of the FDTD-simulated (Actual) and the Al-predicted transmission spectra for the optimal filter configuration (R = 315 nm, r = 140 nm).

The high agreement between the two curves, confirmed by
an R2 score of 0.978, demonstrates the accuracy and
reliability of the surrogate mode. Fig. 8 shows the
percentage prediction error across the parameter space for
a more quantitative and detailed assessment of the model's

performance. The radius of the satellite resonator (r) is
swept along the vertical axis of each map; however, the
error heatmaps for three values of constant principal radii
(R =300, 310, and 315 nm) are compared here. Each cell
in these maps shows the relative percentage error between
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the FDTD-simulated spectrum and the Al-predicted
spectrum. With a prediction error of less than 5%, the
model performs extremely well in the overwhelming
majority of parameter combinations, as evident from both
the numerical values and the color scale (where lower error
is indicated by darker color). The high accuracy and
robustness of the model, as hinted earlier by the R2 score,
are quantitatively confirmed by these results. However,

Comparison of Prediction Error Across R-Groups
R =300 nm R =310nm R =315nm
r=140nm

r=145nm

=150 nm

small Radius (r)

r=155nm

r=160nm

(a)

this thorough study also makes it clear that the error rate
very slightly rises as the radius r becomes larger,
especially in the case of R = 315 nm. In addition to
demonstrating the reliability of the model for design and
optimization, this transparency about the model's
performance serves to precisely identify the regimes where
the model falters.

Comparison of Model R? Scores for Different Main Radii (R)
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Fig. 8: Heatmaps comparing the performance of the machine learning model across different geometries. (a) Prediction error percentage, where each column
represents a constant main radius (R) and the vertical axis shows the variation of the satellite radius (r). Darker colors indicate lower error and higher
agreement with FDTD simulations. (b) Model R2 Scores for the same parameter sweeps. Brighter/warmer colors indicate higher model accuracy (a score

closer to 1).

E. Performance Metrics and Comparison

To quantitatively evaluate the filter's performance, key
metrics including the quality factor (Q-factor) and
maximum transmission efficiency (T;,,4,) Were calculated.

Table | summarizes these metrics for a set of
configurations.

TABLE I

Calculated Performance Metrics for the Rose-Inspired Filter.

R r Mode Resonance A

(nm) (nm) (nm)
300 140 1 722.9

2 1152.1
310 140 1 760.1

2 1150.1
315 140 1 774.2

2 11455

Transmission FWHM
(%) (nm) Q-factor
44.1 14.1 51.3
16.1 9.4 122.6
62.4 14.9 51.0
38.6 9.2 125.0
80.0 16.5 46.9
60.1 9.0 127.2

The primary advantage of our design lies in its dual-mode
operation, wherein it fulfills two distinct functions within
the same structure: a high-selectivity mode for sensing and
a high-throughput mode for signal transmission. To
numerically assess this unique trade-off, we introduce a
Figure of Merit (FOM). The measure is designed to prefer
structures that offer both a sharp, high-Q resonance (Mode
2) and another efficient high-transmission passband
(Mode 1) simultaneously, encapsulating the practical
usefulness in multi-functional integrated circuits. The
FOM is expressed as:

_Q T
FOM = mode2 - { mode 1’
100

@)

where QMode?2 is the Fano sharp Mode 2 quality factor,
and TModel is the percentage peak transmission of the
broad bright-mode (Mode 1) resonance. Because of the
requirement that a truly useful dual-mode device must
excel in both areas, a multiplicative format was chosen.
This FOM prevents the overall score from being seriously
penalized if either the Q-factor or transmission is
diminished and hence serves as a proper gauge of the
device's real-world utility. In our thorough analysis, our
proposed filter is tested against several state-of-the-art
designs listed in Table Il For easier comparison with
single-mode filters, we have included the conventional Q
x T Product figure of merit.
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TABLE Il

Comparison of the Proposed Plasmonic Filter with Reported Designs in the Literature
Reference Resonator Resonance Q- Transmission Q=T FOM
(Year) Structure Wavelength () factor (1)
This work Rose-Inspired 774.2 nm 46.9 80.0% 3752 101.76
(Mode 1) Resonator
This work Rose-Inspired 1145.5 nm 127.2 60.1% 7645 101.76
(Mode 2) Resonator
Korani etal.  Ring with 1205.8 nm 207 93% 19251 N/A
(2024) [28] silver

nanorods
Wang et al. Double split 591 nm ~49 ~80% ~3920 N/A

(2022) [7] circular ring

Here is a comparison of our filter's performance metrics
against other relevant works. As shown in Table I, our
proposed filter exhibits competitive performance even in
conventional figures of merit such as the Q x T product,
especially in its high-Q mode. Although individual Q x T
values may exceed those of specific single-mode designs
or configurations, our structure is characterized by its
double functionality. This distinguished feature is
quantitatively reflected by our tailored FOM, which is
found at a high level of 10176. This quantitatively points
up our design's excellent multifunctional balance at the
cost of conventional single-purpose filters.

V.CONCLUSION
In this research, we proposed a new, bio-inspired
multichannel plasmonic filter based on a rose-shaped
nanostructure and numerically characterized it. Sharp and
controllable transmission peaks were attained, and the
potential application for use in sophisticated filtering
applications was demonstrated. To circumvent the
computational expense of typical FDTD calculations, a
tractable Random Forest-based surrogate model was
formulated and calibrated. It is utilized to estimate the
transmission spectra (R? > 0.95) very accurately, and the
application of this model permits rapid design
investigation and optimum design. The filter's proposed
performance was compared against a number of state-of-
the-art designs. Although other designs might provide
slightly better transmission or peak Q-factors within a
solitary mode, our design stands out due to its double-
mode capabilities. Such superiority was numerically
encapsulated in a specially-defined FOM, which provided
a high number of about 102. This finding verifies the
superior trade-off between two distinct operating regimes:
a high-Q mode (Q =~ 127.2) suited for high-resolution
sensing platforms and a high-transmission mode (T =
80.0%), suited for applications where stable signal
throughput is required. This tunability can be supported
further by its comparable performance, rendering the rose-
shaped filter a strong component for next-generation PICs,
such as WDM systems and on-chip biosensors.
Experimental confirmation of performance for the
optimized design and exploration in its application in high-
sensitivity sensing platforms will be addressed in later
work. The dominant resonances at A = 774.2 nm and A =

1145.5 nm lie within the technologically important NIR
region, making the filter highly suitable for compact
wavelength-division multiplexing (WDM) modules and
high-resolution refractive-index sensing applications. The
coexistence of these modes enables simultaneous signal
routing and sensing on the same photonic chip. Future
work will focus on experimental validation of the
proposed design and its integration into high-sensitivity
plasmonic sensing platforms.
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. INTRODUCTION

HE advent of autonomous systems, particularly in

vehicular navigation and advanced driver-assistance
systems, has rendered the accurate and reliable tracking of
dynamic objects a critical area of research. The ability to
precisely estimate the state, including position, velocity, and
orientation, of surrounding vehicles is fundamental for safe path
planning, collision avoidance, and overall situational
awareness. This concept of awareness is multifaceted,
extending beyond just the external environment to include the
internal state of the driver. For instance, recent research has
focused on developing comprehensive Fuzzy Driver
Monitoring Systems that integrate parameters such as vehicle
speed and driver drowsiness to automatically identify
dangerous behaviors [1]. A critical component of such systems
is the accurate interpretation of non-verbal cues, where deep
learning techniques such as Convolutional and Recurrent
Neural Networks are employed to classify facial expressions
and infer the driver's level of fatigue [2]. While these
technologies focus on the ego-vehicle's driver, the work
presented here addresses the complementary challenge of
perceiving the state of external maneuvering targets. A primary
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challenge in this domain is the ability to maintain tracking
precision when a target deviates from simple, predictable
motion—that is, when it executes a maneuver. The dynamic
nature of these targets, which can seamlessly transition between
straight-line motion, coordinated turns, and sharp accelerations,
poses a significant challenge to conventional estimation
algorithms. Single-model filters, which operate under a fixed
set of dynamic assumptions, often fail to adapt to these
behavioral shifts, leading to a degradation in accuracy or, in
worst-case scenarios, a complete loss of track.

To overcome these limitations, a substantial body of
research has been devoted to developing more sophisticated
state estimation techniques capable of handling target
maneuvers. Study [3] introduces a novel IMM-MCEKEF filter
for GPS navigation, which combines the IMM and the
maximum correntropy criterion. IMM is utilized to alter the
covariance parameters of measurement noises in parallel filters
to address measurement uncertainty. MCC replaces the
minimal mean-square-error optimization criterion in the EKF to
specifically enhance performance when dealing with non-
Gaussian noise and outlier-type multipath interference.
Gadsden et al. [4] introduced a novel SVSF-IMM method for
nonlinear target tracking, comparing it with the conventional
EKF-IMM approach in an Air Traffic Control scenario. The
SVSF-IMM method achieved a 30% improvement in position
accuracy and demonstrated robust, stable performance due to
the SVSF switching gain. Study [5] compares the EKF and the
IMM approach for nonlinear maneuvering target tracking. IMM
utilized linear constant velocity and CT models. The study
found that IMM is more robust and accurate for large ranges of
nonlinearity and high noise, provided the model count is
optimized. The IMMS5CKF algorithm is proposed [6] to
enhance the accuracy and quick response of maneuvering target
tracking. Integrating a five-degree Cubature Kalman Filter
(CKF) with the IMM framework, it simultaneously handles
models via a Markov Chain. Gao et al. [7] propose four
improved IMM-based algorithms for nonlinear maneuvering
target tracking. They achieve better accuracy and efficiency
than traditional methods, with Unscented Kalman Filter (UKF)-
MIMM offering the best accuracy and EKF-SIMM the fastest
performance.

Additionally, [8] proposes a mobile location estimation
algorithm for harsh wireless environments using an interacting
multiple model framework with a Markov chain to handle
NLOS transitions. The method fuses TOA and RSS data and
applies the CKF for nonlinear estimation, achieving accurate
tracking of maneuvering mobile stations. An IMM-CKF
algorithm is proposed [9] for tracking maneuvering targets
using angular measurements. By integrating the CKF into the
IMM framework, the method improves tracking accuracy and
reduces computation time compared to the IMM-UKF
approach. The Autoencoder IMM filter is proposed [10] for
maneuvering target tracking. This hybrid framework embeds an
IMM, which uses models like NCV and CT, within an
autoencoder to facilitate nonlinear transformations. The goal is
to help the IMM quickly identify mode changes, leading to
improved state estimation compared to classical methods.

Study [11] proposes a smart IMM filter using the EKF for
bearing-only 2D maneuvering target tracking. To improve state
estimation, the algorithm employs a second-order Markov
model instead of the first-order IMM, allowing for a more
accurate description of the target's maneuvering behavior.
Simulation results confirmed that the second-order model
provides more efficient tracking with reduced error. The IMM-
MOT framework [12] introduces an IMM filter for 3D Multi-
Object Tracking, overcoming the limitation of single motion
models in fitting complex, varying motion patterns. The tracker
dynamically combines models, including constant velocity,
constant acceleration, constant turn rate and velocity, and
CTRA, employing an EKF for nonlinear models. This approach
yields more accurate predictions, achieving high performance
on the NuScenes dataset.

The authors in [13] proposed a variational Bayesian adaptive
framework that enhances traditional IMM methods by enabling
faster model switching through real-time change-point updates.
Their approach jointly optimizes state and model posteriors,
achieving superior tracking performance, particularly in highly
maneuverable target scenarios. Study [14] presents an
intelligent tracking framework for highly maneuvering aerial
targets by integrating a TCN-LSTM neural prediction model
into a UKF. By leveraging recurrent architectures to
approximate complex target dynamics and embedding them
through the Unscented Transformation, the proposed TCN-
LSTM-UKF method mitigates model-construction challenges
and transition delays, achieving significantly improved tracking
performance under high-maneuver conditions. An adaptive
constant acceleration (ACA) model is integrated with a strong
tracking square-root CKF (ST-SCKF) to improve maneuvering
target tracking. By linking acceleration, velocity, and jerk
through Taylor expansion and adaptively adjusting process
noise, the ACA-ST-SCKF achieves higher accuracy, better
adaptability, and lower computational complexity compared
with traditional adaptive and IMM-based filters [15].
Leveraging variational inference, study [16] proposes an
adaptive interacting multiple model algorithm for tracking
multiple maneuvering extended targets. The method augments
the state to capture time-varying orientation and shape and
updates model probabilities in real-time, significantly
improving tracking accuracy and robustness over conventional
IMM approaches.

To address the limitations of single-model estimators in
highly dynamic environments [12], this paper presents a
comprehensive adaptive tracking framework based on the
IMM-EKF. The distinct contribution of this work lies in the
rigorous integration and statistical validation of a specialized
kinematic model bank— NCV, CT, and CTRA. By explicitly
incorporating the CTRA model, the framework accounts for
complex dynamics involving simultaneous linear acceleration
and variable turn rates, a capability often lacking in standard
implementations. Furthermore, unlike studies that rely on
position and velocity error metrics [4, 11], this research
provides a holistic assessment of tracker reliability through
extensive statistical consistency tests (NIS and NEES). This
approach ensures the filter remains robust and statistically
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sound across a challenging hybrid scenario encompassing both
smooth S-curves and sharp 90-degree maneuvers.

The remainder of this paper is organized as follows: Section
2 details the proposed methodology, including the formulation
of the motion models and the recursive steps of the IMM-EKF
algorithm. Section 3 describes the experimental setup, the
dataset generation, and the evaluation metrics. In Section 4, the
simulation results are presented and comprehensively analyzed.
Finally, Section 5 concludes the paper with a summary of the
findings and suggestions for future work.

Il. PROPOSED METHOD

To address the challenge of tracking maneuvering targets,
this paper proposes a hybrid estimation framework based on the
IMM architecture [17]. The core philosophy of this approach is
to not rely on a single, one-size-fits-all motion model, but to
employ instead a bank of specialized estimators that operate in
parallel.

The proposed methodology is structurally divided into two
key components. First, a set of diverse kinematic models is
established, where each model is optimized to describe a
specific dynamic behavior, from simple linear motion to
complex accelerating turns. Second, the IMM algorithm itself
serves as the high-level probabilistic engine. This engine's role
is to dynamically weigh the contribution of each specialized
model based on real-time measurement data and intelligently
fuse their estimates into a single, robust, and highly accurate
output.

A. Motion Models

Accurate tracking of a maneuvering target necessitates a
model that can adapt to its changing dynamics. A single motion
model is often insufficient, as it cannot adequately describe the
full spectrum of behaviors, ranging from straight-line
trajectories to sudden, aggressive turns. To address this
limitation, this research employs a bank of three distinct motion
models to cover a wide array of kinematic behaviors. This work
integrates the NCV, the CT, and the CTRA models. The
subsequent sections will provide a detailed formulation of each
of these models.

e Near Constant Velocity (NCV)

The NCV model is the simplest representation of target
dynamics, designed to describe motion along straight or near-
straight paths. It operates under the assumption that the target
maintains a constant velocity vector, making it highly effective
for non-maneuvering phases of a trajectory. The state of the
target is defined in a Cartesian coordinate system by the state
vector (1):

Xnev = [px' Dy, Ux» Vy]T €Y)
where (p,, p,) represents the target's position, and (v, vy)
are the corresponding velocity components along the x and y
axes.
The model's dynamics are governed by a linear state
transition equation, which projects the state from a previous

time step k — 1 to the current time step k (2):

X = FycyXg-1 + Wi—1 (2)
The state transition matrix (3), Fycy, is derived from basic

kinematic principles, updating the position based on the

velocity over the time interval At:
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The term wy_, represents the process noise, which is
modeled as a zero-mean white Gaussian noise with a covariance
matrix Qucy. This noise accounts for slight, unmodeled
accelerations or random deviations from a perfectly constant
velocity, thereby preventing the filter from becoming
overconfident. Despite its simplicity and efficiency, the primary
limitation of the NCV model is its inherent inability to
accurately track targets during turns or significant maneuvers,
resulting in a rapid increase in estimation error.

e Coordinated Turn (CT)

For tracking targets during periods of sustained turning, the
CT model is employed. This model is specifically designed to
describe motion along an arc with a constant turn rate and
speed. It provides a more accurate representation of
maneuvering behavior compared to the NCV model by
adopting a different kinematic state. The state vector for the CT
model is defined as (4):

xcr = [P vy v 9, 9] (4)

where (py,p,) are the Cartesian positions, v is the
magnitude of the velocity (speed), i is the yaw angle (heading),
and 1 (also denoted as w) is the turn rate.

It is important to note that the CT and CTRA models are
kinematic and operate under a zero sideslip assumption.
Therefore, the vehicle's body orientation, or Yaw (), is
assumed to be instantaneously aligned with the velocity vector,
or heading.

This zero-sideslip assumption is justified because the
proposed method employs kinematic models rather than
dynamic ones. In typical urban driving scenarios on paved roads
with high friction coefficients, the vehicle's velocity vector
aligns closely with its longitudinal axis, making this non-
holonomic constraint a valid and computationally efficient
approximation for trajectory estimation.

Unlike the NCV model, the state transition for the CT model
is non-linear due to the trigonometric relationships governing
circular motion. The predicted state is calculated based on the
previous state components (py, py, v, ¥, w). For a non-zero turn
rate (w # 0), the position is updated as in (5) and (6):

v
Pxk = Pxk-1 T » (Sin(l/) + wAt) — Sin(ll’))

Pyic = Py + = (—CoS( + 0AL) + cos()

)
(6)
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The yaw angle is updated linearly: y,, = y,_; + wAt. Tobe
used within the EKF framework, these non-linear equations
must be linearized at each time step, which is accomplished by
computing the state transition Jacobian matrix, Fer-.

The process noise for the CT model, with covariance Qcr,
accounts for deviations from the ideal coordinated turn
assumption. It models random fluctuations in the target's speed
and variations in its turn rate, which are driven by the standard
deviations ¢, and g, respectively. While the CT model
significantly  improves tracking performance during
coordinated turns, its primary limitation is the assumption of
constant speed and turn rate. This assumption is violated during
aggressive or non-coordinated maneuvers, when the target
simultaneously accelerates and changes its rate of turn.

e Coordinated Turn with Rate and Acceleration (CTRA)

The CTRA model is the most sophisticated of the three,
designed to handle complex scenarios where a target executes
aggressive maneuvers. It extends the CT model by
incorporating linear acceleration, thus allowing it to accurately
describe motions involving simultaneous changes in both speed
and turn rate. The state vector is augmented with an acceleration
term, a, and is defined as (7):

XcTRA = [Px' Py, U, Y, 1/}' a]T 7

The state transition equations for the CTRA model are
highly non-linear, as they account for the influence of both the
turn rate (o) and linear acceleration (a) on the target's position.
The velocity is predicted as v, = v,_; + adt, while the
position update incorporates the effects of this changing
velocity throughout the time interval At. For a non-zero turn
rate, this results in a complex update mechanism for the position
components. As with the CT model, these non-linear dynamics
are linearized at each step via a state transition Jacobian matrix,
Ferra, Tor use within the EKF algorithm.

The process noise in the CTRA model, defined by the
covariance matrix Qqrra4, is critical for its adaptability. It is
applied to the turn rate and acceleration states, modeling the rate
of change of the turn rate and the rate of change of acceleration
(jerk). These are driven by the standard deviations g, and g;,
respectively. By accounting for these higher-order dynamics,
the CTRA model overcomes the limitations of the NCV and CT
models, enabling the filter to maintain high tracking accuracy
even during the most challenging and dynamic phases of a
target's trajectory.

e Motion Model State Transformations

The NCV state vector is converted to the CTRA
representation to align with a different motion model that
allows for more flexible dynamics. This conversion is
performed using (8) for the CTRA state x.rz4 and (9) for the
Jacobian matrix Jorra, Which describes the linearized
relationship between the original NCV model and the new
CTRA model. This step ensures that the system's kinematic
properties are accurately represented in the CTRA model,
accounting for both position and velocity components.

Dx
Py
v= /v 24,2
XcTRA = x Y 8
atan2(vy, vy)
0
0
1 0 0 0
0 1 0 0
0 0 v/v v/v
] = 9
CTRA 0 0 _vy/vz vx/vz €)
0 0 0 0
0 0 0 0

The CT state vector is converted to the CTRA model by
augmenting the state with zero acceleration and velocity
components. As shown in (10) for xcrr4 and (11) for Jorga, this
transformation retains the position and velocity information
from the CT model while adding extra states for acceleration
(set to zero). This conversion provides a more flexible model
that can later represent dynamic changes in velocity or
acceleration, even though they are not explicitly present in the
original CT model.

X

XcTRA = [ (C)T] (10)
I

Jerra = Oslij (11)

The CTRA state vector is converted to the NCV
representation to project the system's state onto a simpler
motion model that describes linear motion with constant
velocity. This conversion is performed using (12) for the NCV
state xy ¢y and (13) for the Jacobian matrix /.y, which captures
the linearized relationship between the original CTRA model
and the NCV representation. Through this transformation, the
position and velocity components of the system are preserved,
while higher-order dynamics such as acceleration and turn rate
are omitted to align with the NCV model assumptions.

Px
by
Xnev = vcos('(l}) (12)
v sin(y)
1 0 0 0 0 0
01 0 0 0 0
Inev = 0 0 cos(®p) —wsin(®) 0 O (13)
0 0 sin(y) wcos(®@) 0 O

To represent the system using a CT model, the CTRA state
vector is projected onto a reduced state space that excludes
acceleration. Equation (14) defines the resulting CT state x.r
while (15) provides the Jacobian matrix J, which linearizes
the mapping from the original CTRA model to the CT
representation. This conversion preserves the system’s position,
velocity, heading, and turn rate, but deliberately omits the
acceleration component to comply with the assumptions of the
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CT model.
Xcr = Xcrra(1:5) (14)
Jor = lUsxs  0Osxi] (15)

B. IMM-EKF Algorithm

To effectively leverage the bank of motion models described
previously, the IMM framework is employed. The core
principle of the IMM is the parallel operation of multiple filters,
each corresponding to a specific motion model. The final state
estimate is then derived from a weighted fusion of the outputs
from each filter, where the weights dynamically reflect how
well each model describes the target's current behavior. Since
the CT and CTRA models are non-linear, the EKF is utilized
for their respective filtering steps, leading to the overall IMM-
EKF architecture. The algorithm operates as a recursive cycle,
executed at each time step, which consists of four fundamental
stages: 1) Interaction/Mixing, 2) Parallel Filtering, 3) Model
Probability Update, and 4) State Combination.

To facilitate a deeper understanding of the proposed method,
the complete architectural flowchart of the IMM-EKF is
depicted in Fig. 1. This diagram systematically visualizes the
signal flow through the algorithm’s four core modules within a
single processing cycle. It emphasizes the parallel structure of
the filtering bank, where the linear NCV model and the non-
linear EKF-based CT and CTRA models operate
simultaneously. Although presented as a linear flow, the
diagram encapsulates the algorithm's recursive logic; the final
posterior model states and probabilities (Xk, Pk, p) generated at
the output stage inherently serve as the requisite inputs (k—1)
for the interaction step of the subsequent iteration, thereby
preserving the diversity of motion modes required for robust
tracking.

Inputs at k-1

A N h
Previous Model States Model Probabilities Transition Probabilities
x_j, Pj u Matrix

Step 1: Interaction / Mixing

Compute mixed states x0_j

PO_j

Step 2: Model Filters
NCV Model CT Model CTRA Model
Filter EKF EKF

Step 3: Model Prob. Update

Step 4: State Combinatien

Weighted fusion of

state and covariance

A
Final IMM-EKF Estimate
x_k, Pk, u_k

Fig. 1. Architecture of the proposed multi-model IMM-EKF tracking
framework

e Step 1: Interaction / Mixing

The first stage in the IMM cycle is the interaction, or mixing,
of the state estimates from the previous time step. The purpose
of this step is to compute a mixed input for each filter based on
the outputs of all filters from the prior step. This process ensures
that each filter starts its prediction and update cycle with a more
informed initial condition. The mixing probability, p; -1, is
calculated as (16):

Hijje-1 = C%T[ij.ui,k—l (16)
where 7;; is the transition probability from model i to model
J, Ui x—1 18 the probability of model i at the previous step, and
¢; is a normalization factor.
Using these probabilities, the mixed initial state (17),
Xojk-1, and covariance (18), Pyjx—q, for each filter j, are
computed:

M
9?0j,k—1 = Z Hiljk-1 Rik-1 17)
i=1
M
Pojr—1= Z Hitje-1Pi-1 + Ky ge-1
i=1 .,
- fo;‘,k—1)(9?i,k—1 - fo;,k—1) ] (18)

Here, M is the total number of models. It is crucial to note
that before being mixed, the state vectors X;,_, and their
corresponding covariances P; ;_, must be transformed into the
state space of the target model j. This transformation involves
a change of basis and requires the calculation of a Jacobian
matrix to propagate the covariance correctly.

e  Step 2: Parallel Filtering

Following the interaction stage, each of the M filters is
executed independently. Each filter j takes the mixed initial
state, £y k-1, and covariance, Py x1, from the previous step as
its input. It then performs a standard one-step Kalman filter (for
the linear NCV model) or an EKF (for the non-linear CT and
CTRA models) cycle using the current measurement, z. This
cycle consists of a prediction step, where the state is propagated
forward in time according to its specific motion model, and an
update step, where this prediction is corrected based on the new
measurement. For the linear NCV model, a standard Kalman
Filter is used. For the non-linear CT and CTRA models, an EKF
is employed.

While more advanced nonlinear filters, such as the UKF and
CKF exist, which can offer superior accuracy in highly non-
linear scenarios by avoiding the calculation of Jacobians [18],
the EKF was deliberately chosen for this application. This
decision is based on the optimal trade-off between estimation
accuracy and computational efficiency.

The non-linearities present in the CT and CTRA motion
models are generally smooth and mathematically tractable.
Consequently, the first-order linearization used by the EKF
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provides a sufficiently accurate approximation [19, 20] while
maintaining a significantly lower computational footprint
compared to the sigma-point propagation required by UKF or
CKEF. This reduced complexity is not only vital for ensuring
real-time performance, but also translates directly to lower
energy consumption, a critical consideration for the power-
constrained embedded platforms found in autonomous vehicles
[20]. Given that the EKF represents a practical, well-established
benchmark with a clear algorithm structure, it was selected as
the most appropriate filter for this study.

1. Prediction Step

The prediction step, also known as the time update, projects
the state estimate and its uncertainty from the previous time step
to the current one, based on the dynamics of the motion model.
For each model j, the mixed state estimate X, ,_; is propagated
through the non-linear state transition function f; to compute

the a priori state estimate, 9?,?",){_1 (19):

fzgz)c-l = fi(Rojk-1)

(19)
To propagate the covariance, the EKF linearizes this non-
linear transformation wusing a first-order Taylor series
expansion, represented by the Jacobian matrix of the state
transition function, F; .. The a priori covariance (20), Pk(|]k)t—1’ is
then calculated as:
Piie—r = Foie Poji-1Ffie + @ (20)
where Q; is the process noise covariance for model j, which
accounts for the uncertainty inherent in the motion model itself.

2. Update Step

The update step, or measurement update, corrects the a priori
estimate using the information from the new measurement z.
The process begins by computing the measurement residual, or

innovation, y(j), which quantifies the discrepancy between the
actual measurement and the predicted measurement. The
predicted measurement is obtained by mapping the a priori state
into the measurement space via the non-linear measurement
function h; (21) :

W = 2= hE ) 1)

The Kalman Gain, K,E’), is then computed. This gain acts as
an optimal weighting factor that minimizes the a posteriori error
covariance, effectively balancing the confidence in the
predicted state against the confidence in the incoming
measurement. It is calculated using the innovation covariance

S,ED and the linearized measurement matrix (Jacobian) H; , in
(22) and (23):

SO = HPS)_ HT + Ry (22)

K = Biea ()™ 23)

where Ry, is the measurement noise covariance. Finally, the
a priori state (24) and covariance (25) are corrected using the
innovation and the Kalman Gain to yield the final a posteriori
estimates for model j:

PPN )] .,
Xk = Xpjpe—1 T K W

P = (- KD H )RS,

(24)
(25)

This updated state £; , and covariance P;  represent the final
output of the EKF for model j at time step k.

In addition to the updated state and covariance, this filtering
stage yields the likelihood of the measurement, 4; ;, a value
crucial for the model probability update that follows.

e  Step 3: Model Probability Update

After each filter has processed the latest measurement, the
probability of each motion model, u; x, is updated to reflect its
performance. This update is based on how well each model's
prediction matched the actual measurement, a quantity captured
by the model-specific likelihood (26), 4;,. The likelihood is
calculated using the multivariate Gaussian probability density
function of the measurement residual, y; , with respect to its
covariance, sj :

Ajj =Ny 0,5i%) (26)

A higher likelihood value indicates a better fit between the
model's prediction and the measurement.

The model probabilities are then updated using a Bayesian
framework. The posterior probability of each model j is
proportional to its prior probability (the predicted probability,
¢;, from the interaction step) multiplied by its calculated
likelihood. The final updated probability (27), ;. is found by
normalizing these values:

A kG

(27)

Hix =M 4 =
i=1 Aj i Ci

This mechanism ensures that models that more accurately
describe the target's current dynamics are assigned a higher
probability, thereby giving them more influence in the final
state estimation.

e Step 4: State Combination

The final stage of the IMM cycle is the combination, or
fusion, of the state estimates and covariances produced by the
individual filters. This step generates a single, comprehensive
state estimate that represents the overall output of the IMM
filter at the current time step. The combined state (28), X, is
computed as a weighted average of the posterior state estimates
from each filter, where the weights are the updated model
probabilities,
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M
B = xR (28)
=1

Similarly, the overall covariance (29), Py, is computed by
combining the covariances from each filter. This calculation not
only includes a weighted sum of the individual posterior
covariances but also incorporates a term that accounts for the
spread among the different state estimates, thereby providing a
more accurate representation of the total uncertainty:

M
Pe= ) ylPri + G = )@ = 207] 29)

j=1

Before this fusion, it is essential that all state estimates and
covariances, which may exist in different state spaces (e.g.,
NCV vs. CTRA), are transformed into a common reference
frame. The resulting combined state X, and covariance P, are
the final outputs for the time step k and serve as the inputs for
the interaction stage of the next cycle.

I1l. EXPERIMENTAL SETUP

To evaluate the proposed algorithm, a simulation was
conducted under conditions designed to emulate a real-world
application. It is critical to note that the filter was not provided
with the ground truth data directly. To simulate a realistic
sensor measurement process, the measurement vector z; at each
time step was generated by corrupting the true position and
velocity data with zero-mean Gaussian noise. The standard
deviations of this noise, g, and o, .45, are detailed in the Filter
Parameters section

A. Dataset

The dataset used for evaluating the filter performance was
synthetically generated using the Driving Scenario Designer
toolbox in MATLAB. This approach enabled the generation of
a precise ground truth trajectory, which was then exported as a
CSV file. The scenario was specifically designed to encompass
a diverse range of dynamic behaviors representative of real-
world driving conditions. The trajectory includes straight-line
segments, gentle S-curves, and sharp turns. In addition to the
primary state variables, the ground truth yaw angle (¥),
required for calculating the Yaw RMSE, was derived from the
true velocity components (v, vy) using the standard four-
guadrant arctangent function.

Furthermore, the ego vehicle’s speed profile is intentionally
dynamic and context-aware. It realistically simulates higher
speeds on straight sections, followed by the necessary
decelerations for navigating these turns. This combination of
linear and highly non-linear motion, coupled with variable
acceleration, provides a challenging and comprehensive test
case for validating the adaptive capabilities of the proposed
IMM-EKF.

B. Filter Parameters
The performance of the IMM-EKF tracker is critically

dependent on the careful selection of its core parameters. These
values define the filter's underlying assumptions about the
target's motion dynamics (process noise), the sensor's precision
(measurement noise), and the probability of transitioning
between different behaviors (Transition Probability Matrix).
The parameters used in this study were determined based on
domain knowledge of typical vehicle dynamics and refined
through empirical tuning to achieve optimal performance on the
test dataset. The key parameters are summarized in Table I.

TABLE |
Configuration Parameters for the Proposed IMM-EKF
Tracker
Category Parameter Symbol Value
Transition 0.90 0.05 0.05
Probability Matrix n 0.05 0.90 0.05
. IMM ) (TPM) 0.05 0.05 0.90
ramewor
Initial Model
Probabilities o | [090 008 002"
NCV Process Noise
Std. Dev. % 0.6 m/s*
CT Speed Noise
St%. Dev. Fv.et 24m/s*
Process Noise cT Tlé;r&.RSg\eLNmse Ot 0.6 rad/s®
CTRA Jerk Noise
Std. Dev. % 200 m/s®
CTRA Turn Rate
Noise Std. Dev. Tictra 3.0rad/s*
Position
Measurement Std. Op 0.5m
Measurement Dev.
Noise Velocity
Measurement Std. Oy meas 0.5m/s
Dev.

The TPM is chosen to be diagonally dominant, reflecting the
high likelihood that the target will remain in its current motion
state rather than abruptly switching at any given time step. The
off-diagonal transition probabilities are set uniformly to 0.05.
This uniformity reflects an uninformative prior assumption
regarding specific maneuver transitions, since—without map
information or knowledge of driver intent—there is no
statistical basis to assume that a transition from NCV to CT is
more or less likely than a transition to CTRA. Therefore, equal
off-diagonal probabilities ensure that the filter remains
unbiased and equally responsive to any potential change in
dynamics, while still maintaining sensitivity to possible
maneuvers.

Furthermore, the initial model probabilities are set with a
strong bias toward the NCV model, based on the logical
assumption that the vehicle begins its trajectory in a relatively
stable, non-maneuvering state. The process and measurement
noise parameters have been tuned to achieve a balance between
tracking accuracy and filter robustness, enabling the more
complex models to react effectively to maneuvers without
introducing excessive noise into the final state estimates.

For reproducibility, the filter initialization details are as
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follows: The state vectors are initialized using the first ground
truth data point to isolate the tracking performance from initial
transient errors. The initial error covariance matrices (P,) are
set diagonally. For the NCV  model,
diag(0.5,0.5,1.0,1.0). For the CT  model, Pycr =
diag(0.5,0.5,1.0,0.1,0.2). For the CTRA model, Pycrra =
diag(0.5,0.5,1.0,0.1,0.2,1.0). Furthermore, the process noise
covariance matrix Qncv is implemented using the discrete white
noise acceleration model, incorporating terms of At3/3 and
At? /2.

P o,NCV =

C. Evaluation Metrics

To rigorously assess the performance of the proposed IMM-
EKF tracker, a comprehensive set of evaluation metrics is
employed. These metrics are categorized into two groups:
accuracy metrics, which quantify the closeness of the estimated
trajectory to the ground truth, and consistency metrics, which
evaluate the statistical validity of the filter's own uncertainty
estimates.

e Root Mean Square Error (RMSE)

This is the primary metric for evaluating the overall tracking
error. It is calculated for position, velocity, and yaw. For a total
of N time steps, the position RMSE is defined as (30):

N

1
RMSEpos = NZ(px,k - ﬁx,k)2+(py,k - ﬁy,k)z

k=1

(30)

where (p,,p,) is the true position and (p,,p,) is the
estimated position.

e Mean Absolute Error (MAE)

This metric (31) measures the average magnitude of position
errors and is less sensitive to large, infrequent outliers compared
to RMSE.

N
1
MAEpos = Nz \/(px,k - p’\x,k)z'f'(py,k - ﬁy,k)2 (31)
k=1

e Final Displacement Error (FDE)

This metric measures the position error at the final time step
of the trajectory, providing insight into the long-term drift of
the tracker (32).

FDE = \/(px,N - ﬁx,N)2+(py,N - ﬁy,N)Z (32)

e Normalized Innovation Squared (NIS)

The NIS test evaluates whether the measurement residual
(innovation) is consistent with its theoretical covariance. For a
measurement of dimension m, the NIS value is calculated as
(33):

enisk = Vi Sic Vi (33)

where y, is the innovation and S, is its covariance. Under
the assumption of a correct model, the NIS values follow a Chi-
squared (x2) distribution with m degrees of freedom.

e Normalized Estimation Error Squared (NEES)

The NEES test assesses the consistency of the state estimate
itself by measuring the squared Mahalanobis distance between
the estimated and true states. For a state vector of dimension n,
the NEES is given by (34):
enepsk = (X — X)) P (0 — ) (34)

where (x;,, — ;) is the true state error and P, is the estimated
state covariance. Similar to NIS, the NEES values should
follow a y? distribution with n degrees of freedom for a
consistent filter.

IV. RESULTS AND ANALYSIS

This section presents a comprehensive evaluation of the
proposed IMM-EKF tracker by applying it to the synthetically
generated trajectory described in the experimental setup. The
analysis is structured to provide a multifaceted assessment of
the filter's performance. It begins with a qualitative comparison
of the estimated trajectory against the ground truth, followed by
an in-depth analysis of the IMM framework’s core adaptive
mechanism—the dynamic evolution of model probabilities in
response to target maneuvers. Subsequently, a detailed
quantitative analysis of tracking accuracy is conducted by
examining the position, velocity, and yaw errors over time.
Finally, the statistical consistency of the filter is rigorously
validated using the NIS and NEES tests to ensure the reliability
of the filter's uncertainty estimates. Collectively, these results
demonstrate the robustness and accuracy of the proposed multi-
model approach for tracking maneuvering targets.

Fig. 2 presents a visual comparison between the ground-truth
trajectory and the path estimated by the proposed IMM-EKF
tracker. The true path is depicted by a solid blue line, while the
filter's estimate is shown as a dashed red line. The scenario is
designed to be challenging, encompassing straight sections, a
gentle S-curve, and two sharp 90-degree turns.

A qualitative inspection of the results reveals an
exceptionally close correspondence between the estimated and
true paths throughout the entire trajectory. This visual evidence
is strongly supported by quantitative metrics, with the overall
Position RMSE calculated at only 0.3117 m. The tracker
demonstrates remarkable robustness, accurately following the
target through both the linear motion segments and the highly
dynamic maneuvering phases. The minimal deviation, even
during the sharp turns where motion models are most likely to
fail, highlights the effectiveness of the adaptive IMM
framework. In summary, Fig. 2 provides compelling evidence
for the high accuracy and stability of the proposed algorithm.



Journal of Modeling & Simulation in Electrical & Electronics Engineering (MSEEE)

61

m——True Path
20 - = = — Estimated Path | |
L / Start
W End

=20

Global Y Position (m)

—

100 £ | I ! | I I T

20 40 60 80 100 120 140 160
Global X Position (m)

Fig. 2. Comparison of the estimated trajectory (dashed red line) from the IMM-
EKF tracker against the ground truth path (solid blue line), demonstrating a high
degree of tracking accuracy.

The IMM framework’s dynamic adaptation is illustrated in
Fig. 3, plotting each model's posterior probability over time. A
model's probability increases when its predictions align with
sensor measurements, indicating that it best describes the
target's current behavior. Following an initial transient phase
where the models fluctuate, the NCV model (blue) dominates
during the stable straight segments.

Crucially, during complex maneuvers such as the S-curve
and the transitional phases entering or exiting turns, transient
spikes in the CTRA model's probability (red) demonstrate its
essential role in capturing the complex dynamics involving
simultaneous changes in speed and turn rate. Conversely, the
CT model (green) becomes dominant during periods of
sustained turning, such as the steady phases of 90-degree
corners. This logical transition of probabilities between models
is the fundamental mechanism enabling the IMM-EKF's
superior tracking accuracy across the challenging trajectory.

T T T
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Fig. 3. Time evolution of the model probabilities for the NCV, CT, and CTRA
models, illustrating the adaptive weighting mechanism of the IMM-EKF in
response to target maneuvers.

A quantitative analysis of the filter's accuracy is provided in
Fig. 4, which illustrates the magnitude of the position error over
the duration of the trajectory. The error remains well-bounded
throughout the entire run, with no evidence of divergence,
which confirms the stability of the filter. The peaks observed in
the error profile, such as the one around 22 seconds, are
associated with the most challenging maneuvers in the
trajectory (e.g., sharp turns). These temporary increases in error
are expected as the filter adapts its model probabilities in
response to abrupt changes in the target dynamics.

Despite these transient peaks, the tracker rapidly
reconverges, keeping the error at a consistently low level. The
visual data is supported by the overall performance metrics,
which show a Maximum Position Error of 0.6722 m—aligning
with the highest peak in the figure—and a Position RMSE of
only 0.3117 m. The consistently low error magnitude across a
trajectory with diverse dynamics underscores the tracker's high
precision and its effective use of the multi-model framework to
mitigate errors during maneuvers.
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Fig. 4. Position error magnitude of the IMM-EKF tracker over time,
demonstrating the filter's stability and high accuracy.

The analysis is extended to kinematic states beyond position
in Fig. 5, which compares the true target speed with the IMM-
EKF-estimated speed. The figure clearly shows that the
estimated speed (dashed red line) accurately tracks the true
speed profile (solid blue line) through all its dynamic variations.

The filter demonstrates a high degree of responsiveness,
successfully capturing the initial sharp deceleration, the
subsequent periods of acceleration and deceleration
corresponding to maneuvers, and the final acceleration at the
end of the trajectory. The minor oscillations observed in the
estimated speed are an inherent artifact of the filtering process,
resulting from the continual state update under measurement
noise. The excellent tracking performance is quantitatively
confirmed by a low Velocity RMSE of 0.5428 m/s. This result
validates the effectiveness of including the CTRA model, which
explicitly accounts for linear acceleration, enabling the filter to
accurately estimate the target's speed profile even during
aggressive maneuvers.
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Fig. 5. Comparison of the true and estimated target speed over time,

demonstrating the filter's ability to accurately track dynamic changes, including
accelerations and decelerations.

Fig. 6 evaluates the filter's performance in estimating the
target's orientation by comparing the true yaw (heading) angle
with the estimated value. The plot demonstrates very high
degree of accuracy, with the estimated heading (dashed red line)
closely overlaying the true heading (solid blue line) throughout
the entire scenario.

The filter successfully tracks both slow and rapid changes in
the target's orientation. Most notably, it accurately captures the
large, sweeping changes in yaw corresponding to the sharp 90-
degree turns, where the heading changes by approximately 90
degrees in a short time frame. Accurate heading estimation is
critical for maneuver recognition and short-term path
prediction. The filter's ability to perform well in this regard
highlights the effectiveness of the turn-based models (CT and
CTRA). This visual assessment is quantitatively substantiated
by a very low Yaw RMSE of 2.1614 degrees, confirming that
the IMM-EKEF provides a reliable and precise estimate of the
target's heading, even during aggressive maneuvering.
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Fig. 6. Comparison of the true and estimated target yaw (heading) over time,
highlighting the filter's high fidelity in tracking orientation during maneuvers.

To provide a more granular view of the tracking
performance, Fig. 7 decomposes the total position error into its
individual Cartesian components along the X and Y axes. Both

subplots show that the estimation errors are zero-mean,
indicating that the filter is unbiased and does not exhibit any
systematic drift in either direction.

The magnitude of the error in both the X and Y components
remains well-bounded within approximately +0.5 meters for
the entire duration. The fluctuations in the error signals are
directly correlated with the target's dynamics; larger oscillations
are observed during maneuvering periods, while the error tends
to be smaller and more stable during straight-line motion. This
detailed breakdown confirms that the low overall position error,
as previously reported by the RMSE, is not masking poor
performance in one dimension with a strong performance in
another. Instead, the IMM-EKF demonstrates consistent and
robust tracking accuracy in both axes independently, further
validating the stability and precision of the estimation process.
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Fig. 7. Position error components along the X-axis (top) and Y-axis (bottom)
over time, showing the unbiased and well-bounded nature of the state
estimation.

Beyond tracking accuracy, it is crucial to validate the
statistical consistency of the filter. Fig. 8 presents the results of
the NIS test, which assesses whether the filter's model for
measurement uncertainty is accurate. The plot displays the
calculated NIS values at each time step against the 95%
confidence bound (dashed red line). This bound is derived from
a Chi-squared (x?) distribution with 4 degrees of freedom,
corresponding to the four-dimensional measurement vector
(position and velocity).

For a well-tuned and statistically consistent filter,
approximately 95% of the NIS values are expected to fall below
this confidence threshold. The results show excellent adherence
to this condition, with the vast majority of points lying within
the valid region. This visual assessment is quantitatively
confirmed by the fact that 94.16% of the NIS values are within
the 95% confidence interval, a figure remarkably close to the
theoretical target. Furthermore, the average NIS value across
the trajectory is 4.3941, which is very close to the theoretical
mean of 4 for a y2 distribution with 4 degrees of freedom. These
results collectively confirm that the filter is not over- or
underconfident in its predictions and that its innovation
covariance is a statistically sound representation of the true
measurement uncertainty.



Journal of Modeling & Simulation in Electrical & Electronics Engineering (MSEEE) 63

T
© NS
95% Confidence Bound

20 -

w
C

NIS Value

o
T

15
Time (s)

Fig. 8. NIS consistency test results, with NIS values (blue circles) plotted

against the 95% confidence bound (dashed red line), confirming the statistical

consistency of the filter's measurement uncertainty model.

The final validation step involves the NEES test, which
directly assesses the consistency of the filter's state covariance
matrix, P,. Fig. 9 plots the NEES values for the four-
dimensional Cartesian state (position and velocity) against the
theoretical 95% confidence bound from a y?2 distribution with
4 degrees of freedom. This test is critical as it confirms whether
the filter's own uncertainty estimate is a reliable measure of the
true state error.

NEES
95% Confidence Bound

20

NEES Value
o

0 5 10 15 20
Time (s)

Fig. 9. NEES consistency test results for the 4-DOF Cartesian state. The NEES
values (orange circles) are shown against the 95% confidence bound, validating
the statistical consistency of the filter's state covariance matrix.

While the observed NEES consistency of 87.29% is below
the theoretical 95% confidence level, this deviation arises from
several intrinsic factors associated with the filtering process.
During aggressive maneuvers or sudden changes in target
dynamics, temporary mismatches between the assumed motion
models and the actual system behavior can produce transient
underestimation or overestimation of the state uncertainty. In
addition, NEES is highly sensitive to finite sample effects and
the stochastic properties of both process and measurement
noise; limited trajectory length, abrupt state transitions, and
random fluctuations in measurements naturally introduce
variability in NEES values. Model simplifications, such as
linearization approximations in the EKF and the finite set of
motion models in the IMM framework, can also contribute to

the underestimation of uncertainty during highly nonlinear or
rapidly changing scenarios. To reduce such deviations, careful
selection of model sets, inclusion of more representative motion
models, and increasing the effective sample size through longer
trajectories or repeated simulations can help stabilize NEES
consistency and better align the estimated uncertainty with
actual state errors. Despite the observed deviation, the average
NEES of 5.5006, reasonably close to the theoretical mean of 4,
along with consistent NIS results, confirms that the IMM-EKF
provides reliable covariance estimates and maintains a
statistically meaningful relationship between estimated
uncertainty and actual state error.

Collectively, the analysis presented in Figs 2 through 9
confirms that the proposed IMM-EKF tracker provides a highly
accurate, robust, and statistically consistent solution for
maneuvering target tracking. The results have demonstrated the
filter's capability to maintain low estimation errors while
correctly adapting its internal models to the target's dynamics.
To provide a concise, holistic view of the tracker's performance,
the key quantitative metrics are consolidated and presented in
Tables Il and I11. Table Il summarizes the positional estimation
accuracy metrics, including RMSE, MAE, and FDE.
Meanwhile, Table 111 covers the wider estimation performance
and consistency, detailing velocity error, yaw accuracy, and
statistical tests (NEES and NIS). These tables numerically
substantiate the qualitative findings from the graphical analysis.

TABLE II
Summary of Positional Estimation Accuracy Metrics
Pos. RMSE (m) Pos. MAE (m) Max Pos. Err (m) | FDE (m)
0.3117 0.2794 0.6722 0.2429
TABLE Il
Estimation Performance and Consistency
Vel. RMSE Yaw RMSE NEES. Cons NIS. Cons
(m/s) (deg) (%) (%)
0.5428 2.1614 87.29 94.16

V. CONCLUSION AND FUTURE WORK

This paper presented a robust and adaptive solution for
tracking maneuvering targets using an IMM-EKF. By
synergistically combining three distinct kinematic models —
NCV, CT, and CTRA — the proposed filter demonstrated a
remarkable ability to accurately estimate a target's trajectory
across a wide range of dynamic behaviors. The effectiveness of
the algorithm was rigorously validated on a challenging,
synthetically generated dataset that included straight-line
motion, sustained turns, and aggressive maneuvers.

The experimental results confirmed the high performance of
the tracker, achieving a very low Position RMSE of 0.3117 m
and Yaw RMSE of 2.1614 degrees. The analysis of the model
probabilities showcased the filter's core adaptive mechanism,
which correctly inferred the target's motion mode in real-time.
Furthermore, the filter's statistical consistency was successfully
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verified through NIS and NEES tests, with an NIS consistency
of 94.16%, confirming that the filter's uncertainty estimates are
both reliable and statistically sound. In summary, this work
validates the IMM-EKF as a highly effective and reliable
framework for high-precision trajectory estimation.

While the proposed method has shown excellent results,
several avenues for future investigation exist. The EKF can be
susceptible to errors from linearization, especially in highly
nonlinear systems. Future work could involve replacing the
EKF with more advanced non-linear filters, such as the UKF
[21] or a Particle Filter [22], which may offer improved
accuracy during very aggressive maneuvers. The process and
measurement noise covariances were hand-tuned. A significant
enhancement would be to implement an adaptive noise
estimation algorithm that can adjust these matrices online,
making the filter more robust to varying sensor conditions and
target behaviors. The current study was based on a synthetic
dataset. The next logical step is to validate the algorithm's
performance using real-world data collected from sensors such
as GPS, IMU, and LiDAR to assess its effectiveness in
practical, real-world scenarios.
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