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INTRODUCTION

1.1 Problem Statement

ABSTRACT

Interdigitated Back Contact (IBC) photovoltaic (PV) cells represent an advanced
architecture designed to improve conversion efficiency by relocating both the emitter and
the contact electrodes to the rear surface, thus minimizing optical losses and shading
effects. This study presents a comprehensive numerical modeling framework to simulate
the electrical and thermal behavior of IBC PV cells under varying operational conditions.
Performance enhancement strategies, including optimization of contact geometry,
passivation layers, and back-surface recombination control, are evaluated through
simulation. The model integrates hybrid control methodologies inspired by bio-inspired
algorithms and predictive control principles, allowing improved energy yield and stability
in partially shaded or non-uniform irradiance conditions. Results indicate a significant
increase in photocurrent density and open-circuit voltage while reducing recombination
losses, highlighting the potential of computationally driven design optimization for high-
efficiency PV devices. Implications for large-scale deployment, limitations of numerical
assumptions, and recommendations for future research are discusse

improving light capture (Jieming Ma et al., 2016).
However, optimizing IBC cell performance requires

Photovoltaic energy conversion continues to face jntricate modeling of electron-hole transport,
efficiency bottlenecks due to carrier recombination,  rgcombination dynamics, and thermal effects,

optical shading, and resistive losses (HI. Mickal, narticularly in heterogeneous irradiance conditions.

1983).  Conventional

front-contact  designs

exacerbate these losses, limiting practical efficiency 1.2 Research Relevance

under standard test conditions.

Interdigitated Back Contact (IBC) PV cells offer a 1BC _PV 0_9”5 are pivotal in pushing the_ efficie_ncy
pathway to higher efficiency by relocating all fro_nt_ler in s_lllcon-base_d phc_JtovoItalcs. High-
contacts to the rear, minimizing shading and efficiency designs are increasingly relevant for
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residential, commercial, and utility-scale
applications where land-use optimization and energy
yield are critical. Moreover, integrating advanced
control strategies for voltage regulation and hybrid
energy management can further enhance system-
level performance (Ahmed & Almoataz, 2014;
Banerjee et al., 2018).

1.3 Objectives
This research aims to:

1. Develop a numerical model capturing the
electrical, thermal, and optical behavior of IBC PV
cells.

2. Evaluate performance enhancement strategies
through  simulation, including  back-surface
passivation and contact optimization.

3. Integrate hybrid optimization and control methods
inspired by bio-inspired algorithms to stabilize
performance under variable conditions (S. Mishra,
2005).

4. Provide actionable insights for practical
deployment and further research in high-efficiency
PV systems.

1.4 Scope and Significance

The study is confined to single-junction silicon IBC
PV cells and does not extend to multi-junction or
concentrator systems. Emphasis is placed on
numerical  simulation and  algorithm-driven
optimization rather than experimental fabrication.
The significance lies in bridging the gap between
device-level modeling and control-oriented system
optimization, providing a framework that can be
adapted to real-world PV installations.

LITERATURE REVIEW
2.1 IBC Photovoltaic Architecture

IBC cells eliminate front-side metallization, which
reduces shading and enhances light absorption (HI.
Mickal, 1983; Jieming Ma et al., 2016). Kaldellis et

al. (2010) highlighted the importance of electrical
interconnect configuration for minimizing series
resistance and ensuring uniform current distribution.
Comparative studies demonstrate that back-contact
designs can achieve up to 30% higher short-circuit
current density relative to conventional cells under
identical irradiation.

2.2 Numerical Modeling Approaches

Finite-element and drift-diffusion models are
commonly employed for simulating carrier transport
in IBC cells. Liu et al. (2014) applied STATCOM-
based control to microgrids, demonstrating the utility
of advanced modeling frameworks in regulating
dynamic electrical systems. Such methods inform
PV modeling by enabling dynamic simulation of
voltage and current under transient irradiance or load
conditions. Mishra (2005) proposed a hybrid least-
square fuzzy bacterial foraging algorithm for
harmonic estimation, illustrating the potential of bio-
inspired optimization for complex nonlinear
systems. This approach is particularly relevant for
managing recombination and leakage currents in
IBC structures.

2.3 Control and Optimization Methods

Predictive and SVC-PID control techniques have
been employed in hybrid energy systems to maintain
voltage stability under fluctuating conditions
(Ahmed & Almoataz, 2014; Banerjee et al., 2018).
Similarly, bio-inspired algorithms such as bacterial
foraging and particle swarm optimization have been
utilized for parameter estimation and multi-objective
optimization in PV and hybrid systems (Chen et al.,
2017; Mohammadi et al., 2017). S. Mishra (2005)
demonstrated the effectiveness of hybrid least-
square fuzzy bacterial foraging in converging on
optimal parameter sets, which can be directly
adapted for optimizing IBC contact geometry,
passivation layers, and doping profiles.

2.4 Research Gaps

While prior studies extensively model hybrid energy
systems and IBC PV cell performance separately,
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there is limited literature integrating bio-inspired
optimization with numerical modeling of IBC cells
under  dynamic  environmental  conditions.
Additionally, few studies address system-level
voltage stability alongside cell-level efficiency,
highlighting the need for combined modeling and
control frameworks.

METHODOLOGY
3.1 Modeling Framework

The numerical model is constructed using a drift-
diffusion approach for electron-hole transport,
coupled with thermal and optical sub-models. The
governing equations include:

1. Poisson’s equation for electrostatic potential.
2. Continuity equations for electrons and holes.
3. Energy balance equation accounting for

resistive heating and recombination losses.

The model is discretized using finite-element
methods, with boundary conditions representing
interdigitated contacts and surface passivation
layers. Contact resistances and recombination
velocities are parameterized to allow optimization
through iterative algorithms.

3.2 Performance Enhancement Techniques
Key strategies explored include:

* Back-Surface Passivation: Reduces recombination
at the rear surface, improving open-circuit voltage.

* Interdigitated Contact Optimization: Adjusting
finger spacing and width to minimize series
resistance while maximizing active area.

* Doping Profiling: Tailoring emitter and base
doping for uniform carrier extraction.

3.3 Optimization Algorithm Integration

A hybrid optimization framework combining fuzzy
logic and bacterial foraging algorithms s

implemented for parameter tuning (S. Mishra, 2005).
This approach iteratively adjusts model parameters
to maximize output power while minimizing
recombination and resistive losses. Convergence
criteria are defined by the combined metric of short-
circuit current, open-circuit voltage, and fill factor.

3.4 Simulation Scenarios

Simulations are conducted under varying irradiance
(200-1000 W/m?2) and temperature (25-75°C) to
replicate realistic operating conditions. Partially
shaded conditions are modeled to evaluate
performance robustness. Control frameworks
derived from SVC-PID and predictive strategies are
applied to emulate grid-tied and hybrid PV system
interactions (Ahmed & Almoataz, 2014; Banerjee et
al., 2018).

RESULTS

The numerical simulations conducted for the
Interdigitated Back Contact (IBC) photovoltaic cells
reveal multiple dimensions of performance
improvement and operational behavior under various
scenarios. The findings are organized to provide both
a quantitative and qualitative understanding of
electrical, thermal, and system-level performance, as
well as the impact of hybrid optimization techniques.

6.1 Electrical Performance Analysis
6.1.1 Short-Circuit Current (I_SC) Enhancement

Simulation results indicate that optimizing the
interdigitated back contacts significantly increases
the short-circuit current density. Baseline 1BC
designs without optimization achieved |I_SC of 38.6
mA/cm?, whereas the optimized designs reached
43.7 mA/cm?, representing an approximate 13%
improvement. This enhancement is attributed
primarily to the reduced shading effect at the front
surface, as well as improved carrier collection
efficiency due to optimized finger width and
spacing.

The application of a hybrid least-square fuzzy
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bacterial foraging algorithm (S. Mishra, 2005)
enabled fine-tuning of the emitter and base
parameters simultaneously, resulting in more
uniform current distribution across the cell.
Comparative studies of different contact geometries
show that narrow, closely spaced fingers yield higher
I_SC due to reduced series resistance; however, an
overly narrow geometry introduces fabrication
constraints and marginally increases recombination
losses at the contact edges.

6.1.2 Open-Circuit
Improvement

Voltage (V_0C)

The numerical model demonstrates a significant
improvement in V_OC, with optimized cells
achieving 0.675 V compared to 0.607 V in baseline
cells—a 10% increase. The enhancement is closely
linked to reduced recombination at the back surface
through the use of optimized passivation layers.
Thermal simulations confirm that operating
temperatures remain within the design limits,
ensuring minimal voltage degradation due to
elevated carrier scattering.

The incorporation of hybrid optimization ensured
that the recombination velocity at the rear contact is
minimized, aligning with findings in bio-inspired
algorithm applications for nonlinear system tuning
(S. Mishra, 2005; Chen et al., 2017). Sensitivity
analysis shows that a *10% variation in
recombination velocity results in only a 2% change
in V_OC, indicating robustness of the optimized
design against minor material inconsistencies.

6.1.3 Fill Factor (FF) and Efficiency (n)

The fill factor increased from 0.78 in baseline 1BC
cells to 0.84 in optimized configurations.
Consequently, the overall cell efficiency improved
from 22.1% to 26.3%. The FF improvement is linked
to reduced series resistance and improved carrier
extraction efficiency. By simulating multiple
irradiance levels, it was observed that the hybrid
optimization consistently outperforms traditional
gradient-based optimization, yielding higher power
output even under non-uniform illumination

conditions.

The hybrid least-square fuzzy bacterial foraging
algorithm facilitated multi-objective optimization of
contact spacing, doping concentration, and
passivation layer thickness, ensuring simultaneous
enhancement of I_SC, V_OC, and FF. This multi-
parameter tuning capability demonstrates the
applicability of bio-inspired algorithms for complex
PV optimization problems, which often involve
nonlinear interactions between device parameters.

6.2 Thermal Performance and Hotspot Analysis

IBC cells exhibit more uniform thermal distribution
compared to conventional front-contact cells due to
the rear-side metallization. Simulations indicate
peak operating temperatures of 57-59°C at full
irradiance (1000 W/m2), which is approximately 4°C
lower than standard designs with front-side contacts.
Reduced thermal gradients minimize localized
resistive losses and potential degradation of
passivation layers.

Thermal optimization was also evaluated using
hybrid optimization techniques. By iteratively
adjusting contact width and back-metal thickness,
the model reduced thermal hotspots at finger
intersections, which is particularly important under
partial shading conditions where localized heating
can reduce efficiency and accelerate material fatigue.

6.3 Partial Shading and Irradiance Variability

IBC cells optimized with the proposed hybrid
algorithm maintain high performance under non-
uniform irradiance. When 30% of the cell surface is
shaded, the optimized design retained 90-92% of
peak output power, whereas the baseline cell
dropped to 78-80%. This robustness is largely due to
optimized interdigitated layouts that distribute
current more evenly and minimize bypass diode
dependency.

Simulation scenarios included linearly varying
irradiance (200-1000 W/m?) and stepwise shading to
emulate realistic environmental conditions. Analysis
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showed that cells optimized via bacterial foraging
approaches consistently exhibited superior recovery
of photocurrent after transient shading events,
demonstrating the algorithm’s effectiveness in
dynamically adjusting design parameters to mitigate
energy losses.

6.4 Algorithmic Optimization Performance

The hybrid least-square fuzzy bacterial foraging
algorithm was benchmarked against conventional
gradient-based optimization and particle swarm
optimization (PSO) for convergence speed, global
optimum  achievement, and  multi-objective
performance. Key observations include:

» Convergence Speed: The hybrid algorithm
converged to the global optimum in 25 iterations on
average, compared to 42 iterations for gradient
descent and 38 for PSO.

* Robustness: Parameter sensitivity analysis shows
+5% variation in doping or contact width results in
<2% change in total power output, indicating high
tolerance to manufacturing variations.

» Multi-objective Optimization: Unlike single-
objective  methods, the hybrid approach
simultaneously maximized |I_SC, V_OC, and FF,
demonstrating superior trade-off handling in the
multi-dimensional optimization landscape.

These results align with prior research demonstrating
the advantages of bio-inspired algorithms for
complex system optimization (S. Mishra, 2005; Om
Prakash Verma et al., 2016; Guang-Yu Zhu & Wei-
Bo Zhang, 2017), while extending their application
to high-efficiency PV device modeling.

6.5 Comparative Analysis of Optimization
Strategies

A detailed comparative analysis of optimization
strategies highlights the effectiveness of the hybrid
bacterial foraging approach:

Optimization Method Peak Efficiency
Iterations to Converge Robustness

(%)
under

Shading (%)

Gradient Descent 23.8 42 80

Particle Swarm Opt. 25.1 38 85

Hybrid LS-Fuzzy BFO 26.3 25 92

The results demonstrate that the hybrid algorithm not
only achieves higher peak efficiency but also
maintains  performance under environmental
variability, making it highly suitable for deployment
in real-world PV systems.

6.6 Implications for System-Level Integration

The findings have significant implications for
integrating IBC PV cells into hybrid microgrids and
autonomous energy systems. Improved efficiency
and voltage stability enhance compatibility with
inverters and power conditioning units. Simulation
of voltage fluctuations under variable irradiance
conditions indicates that hybrid-optimized IBC cells
reduce reactive power disturbances by 15-20%,
facilitating smoother integration with grid-tied and
off-grid systems (Ahmed & Almoataz, 2014;
Banerjee et al., 2018).

DISCUSSION
5.1 Theoretical Implications

The results validate that IBC PV performance is
strongly dependent on rear-side optimization,
aligning with prior findings on back-contact designs
(Jieming Ma et al., 2016). Integration of bio-inspired
algorithms introduces a systematic mechanism for
global parameter tuning, mitigating local minima
issues inherent in conventional optimization.

5.2 Practical Implications

The findings suggest that manufacturing processes
should emphasize precision in contact patterning and
passivation deposition. Hybrid algorithm-driven
optimization can guide pre-fabrication design
decisions, potentially reducing prototyping iterations
and material waste. Voltage stability improvements
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through predictive control frameworks also facilitate
integration with hybrid energy systems (Ahmed &
Almoataz, 2014).

5.3 Limitations and Trade-offs

The primary limitation is the assumption of idealized
material properties and uniform temperature
distribution. While partially shaded scenarios were
simulated, real-world factors such as microcracks,
dust accumulation, and non-uniform temperature
gradients were not included. Trade-offs exist
between minimizing series resistance and
maximizing active area, which require careful
engineering judgment.

5.4 Comparison with Literature

Our approach extends previous studies by
integrating bio-inspired optimization directly into
IBC numerical modeling. While Mishra (2005)
demonstrated algorithm efficacy in harmonic
estimation, this research validates its applicability to
PV parameter optimization, showing superior
convergence speed and system robustness compared
to traditional methods.

CONCLUSION

This study presents a comprehensive numerical
modeling framework for IBC PV cells, coupled with
hybrid bio-inspired optimization strategies for
performance enhancement. Key contributions
include:

1. Development of a drift-diffusion-based numerical
model integrating thermal, optical, and electrical
phenomena.

2. Implementation of a hybrid least-square fuzzy
bacterial foraging algorithm for global parameter
optimization, demonstrating enhanced efficiency
and stability (S. Mishra, 2005).

3. Validation of performance improvement strategies
including back-surface passivation, interdigitated
contact optimization, and doping profile tailoring.

4. Identification of limitations and trade-offs,
providing guidance for practical fabrication and
deployment.

Future work should focus on incorporating
environmental variability, material degradation
models, and multi-junction IBC architectures to
further bridge simulation and experimental
performance.
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