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Abstract: The effective teaching of power electronics is critical for developing engineers capable of ad-
dressing global energy challenges, yet a persistent gap exists between idealized theoretical models and the
non-ideal behavior of physical systems. This gap undermines both technical proficiency and conceptual
understanding in engineering education. To address this, our study implemented and evaluated an itera-
tive research and development methodology focused on a fundamental power conversion circuit: the con-
trolled half-wave rectifier. The primary objective was to quantify the simulation-reality discrepancy and to
assess whether a cyclical process of modeling, simulation, physical deployment, and data-driven refine-
ment could serve as an effective pedagogical framework. Our key findings reveal a quantifiable perfor-
mance gap, with a consistent 1.67V forward voltage drop in the silicon-controlled rectifier (SCR) leading to
output deviations of up to 38% from theoretical predictions at low firing angles, as rigorously analyzed
using Mean Absolute Percentage Error (MAPE) and Root Mean Square Error (RMSE). Crucially, this tech-
nical investigation was seamlessly integrated with experiential learning. The iterative methodology result-
ed in a measurable 40% average improvement in student troubleshooting skills and conceptual mastery,
while the entire prototype was realized for under USD 12, demonstrating a commitment to accessible and
sustainable design. The implications of this work are twofold: it provides educators with a validated, rep-
licable blueprint for a hands-on curriculum that bridges theoretical and practical knowledge, and it offers
engineers a model for cost-effective prototyping that acknowledges and integrates component non-
idealities from the outset. This research confirms that closing the simulation-reality gap is not merely a
technical necessity but a foundational element of responsible and effective engineering education.

Keywords: Controlled half-wave rectifier; SCR firing angle; Power electronics prototyping; MATLAB/
Proteus simulation; Thyristor control applications; Sustainable power conversion.
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1. Introduction

The global transition towards sustainable energy
systems is fundamentally dependent on advances in
power electronics, the technology that enables efficient
conversion, control, and conditioning of electrical power
[1]. Within this field, the controlled half-wave rectifier
represents a foundational circuit, demonstrating the core
principle of using thyristors to regulate AC-to-DC power
conversion by varying the phase angle of conduction [2].
Mastery of this circuit is essential for engineers designing
applications ranging from motor drives and industrial
heating to battery chargers and renewable energy inter-
faces. Consequently, effective education in this area is

critical for developing the technical workforce needed to
address contemporary energy challenges [3].

Despite its importance, a significant pedagogical di-
lemma persists. Engineering curricula often present an
idealized theoretical model of rectifier operation, exem-
plified by the standard equation V,;. = Z—’; (—cosm + cosa)

[4]. While mathematically sound, this model operates
under perfect-condition assumptions, neglecting the non-
ideal behaviors inherent in physical components, such as
semiconductor forward voltage drops, triggering dynam-
ics, and thermal effects. This creates a pronounced "simu-
lation-reality gap," where student learning is anchored in
abstract theory that poorly predicts the performance of
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actual hardware [5]. Students taught primarily through
this lens frequently struggle to diagnose real-world cir-
cuit behaviors, leaving them underprepared for profes-
sional practice where design is governed by practical
constraints and component imperfections [6].

This problem remains unresolved because tradition-
al educational approaches often treat simulation, theory,
and laboratory work as sequential, isolated modules [7].
The laboratory experiment frequently serves merely to
confirm the idealized theory under optimal conditions,
rather than as an investigative tool to explore, quantify,
and learn from the inevitable discrepancies [8]. The rich
learning opportunity embedded in these deviations the
very process that bridges abstract principle and practical
application is thus overlooked [9]. A methodology is
needed that does not treat non-idealities as nuisances but
integrates their analysis as a central objective of the learn-
ing process [10].

To address this gap, we propose and demonstrate an
integrated, iterative research and development method-
ology. Our solution is a cyclical process that binds en-
hanced theoretical modeling, multi-fidelity simulation,
cost-conscious hardware prototyping, and quantitative
error analysis into a closed-loop framework [11]. The core
idea is to actively use the deviation between simulated
and measured results as the primary driver for deeper
learning and model refinement [12]. The key contribu-
tions of this work are threefold: (1) the development and
validation of a functional, ultra-low-cost (<$12) prototype
that explicitly reveals component non-idealities; (2) the
application of statistical error metrics (MAPE, RMSE) to
rigorously quantify the simulation-reality gap, transform-
ing observations into analyzable data; and (3) the formal
integration of this technical process with experiential
learning pedagogy, demonstrating its efficacy in improv-
ing students' practical troubleshooting skills and systems
thinking [13].

The remainder of this paper is structured as follows.
Section 2 reviews relevant literature on thyristor opera-
tion, simulation in education, and experiential learning
frameworks. Section 3 details the iterative methodology,
including the enhanced modeling, dual simulation ap-
proach, hardware implementation, and analytical tech-
niques. Section 4 presents the results, comparing theoret-
ical, simulated, and practical outputs, and assesses peda-
gogical outcomes. Section 5 discusses the implications of
the findings, examines limitations, and explores the
broader significance for engineering education. Finally,
Section 6 concludes the paper and proposes directions for
future research.

2. Literature Review

The pursuit of mastering power electronics funda-
mentals, particularly thyristor-based power conversion,
sits at the intersection of theoretical electrical engineer-
ing, practical circuit design, and innovative pedagogical
methods. A robust understanding of this field requires a

synthesis of knowledge from these diverse yet intercon-
nected domains [1], [14]. This review contextualizes the
present study by examining the existing body of work on
thyristor operation, simulation-aided design, experiential
learning frameworks, and the growing imperative for
sustainability in electronics education [12].

2.1. Thyristor Fundamentals and Control Theory

The Silicon-Controlled Rectifier (SCR) has been a
cornerstone of power electronics since its inception,
prized for its robustness and ability to handle high power
levels. Seminal texts, such as those by Rashid (2018), have
thoroughly established the mathematical foundations of
SCR operation and phase-angle control, providing the
theoretical bedrock for understanding output voltage
modulation in rectifier circuits [4]. These works typically
derive the ideal relationship V;. = ‘2/_1; (1 + cosa), a formu-

la that remains a staple in textbooks [4]. However, as
Mohan et al. (2020) critically note, these models often op-
erate under idealized assumptions, largely neglecting
practical non-idealities such as forward voltage drops
(Vr), trigger current requirements, and the effects of tem-
perature variations on switching characteristics [14]. This
creates a significant pedagogical shortfall, as students
equipped only with this idealized knowledge encounter
unexpected results in the laboratory, highlighting a criti-
cal gap between theory and practice that this research
seeks to address [11], [15].

2.2. Simulation-Aided Design and Validation

The use of simulation tools has become ubiquitous
in modern engineering design, serving as a critical bridge
between theory and hardware implementation. The liter-
ature reveals a trend towards multi-fidelity simulation
approaches [16]. Studies have demonstrated the efficacy
of Proteus software for real-time component stress analy-
sis and fault tolerance testing, providing insights into the
practical limitations of components before physical as-
sembly [17]. Complementing this, studies such as those
validated in MATLAB/Simulink environments (2021)
have proven highly accurate in modeling the high-level
dynamics and control logic of thyristor firing, with re-
ported deviations of less than 5% from experimental re-
sults under ideal conditions [8]. However, these studies
often treat simulation as a final validation step rather
than an integral part of an iterative design loop [18]. Our
research builds upon this foundation by proposing a cy-
clical framework where data from physical testing is fed
back to refine simulation parameters, thereby creating a
more accurate and responsive design process that active-
ly accounts for non-ideal behaviors [7].

2.3. Educational Implementation and Experiential Learn-
ing Frameworks

Within engineering education, there is a well-docu-
mented advocacy for moving beyond traditional lecture-
based instruction. This aligns strongly with models like
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Figure 1. Workflow diagram.

[19], which posits that knowledge is most effectively con-
structed through a cycle of concrete experience, reflective
observation, abstract conceptualization, and active exper-
imentation. The work of studies provides empirical sup-
port for this, showing that hands-on, budget-constrained
projects significantly enhance student competencies in
troubleshooting and systems thinking compared to pure-
ly theoretical or simulation-based exercises [16]. Our
study operationalizes this theory by using the iterative
development of the thyristor rectifier as the "concrete ex-
perience," with the analysis of deviations between simu-
lation and hardware outputs serving as the catalyst for
"reflective observation" and "abstract conceptualization,"
thus closing Kolb’s learning cycle [2].

2.4. Sustainability and Emerging Applications
The relevance of power electronics extends into
global sustainability efforts. Contemporary research

highlights the role of controlled rectifiers in optimizing
efficiency in renewable energy systems, such as solar-
powered battery chargers, where precise voltage control
is paramount [20]. Conversely, Concurrently, a crucial
counter-perspective in the literature examines the envi-
ronmental lifecycle of electronic devices and emphasizing
the responsibility of engineers to design with repairabil-
ity, recyclability, and e-waste mitigation in mind. Fur-
thermore, the field is rapidly evolving with emerging
applications. Notable developments include the creation
of IoT-enabled thyristor controller for smart lighting,
demonstrating how foundational principles can be
adapted for energy-efficient modern applications [21],
[22]. Our research incorporates this dual perspective by
not only demonstrating a cost-effective and repairable
prototype but also by framing the project within these
broader ethical and application-oriented contexts [14],
[23].

2.5. Synthesis and Research Gap

In summary, while the existing literature provides
strong, isolated pillars of knowledge on thyristor theory,
simulation tools, and pedagogical methods, a significant
gap exists in the integration of these domains [16]. Few
studies have explicitly developed and tested an iterative
methodology that uses quantitative data from hardware
deviations to refine both simulation models and theoreti-
cal understanding. This project contributes to the field by
proposing and validating a holistic, iterative framework
that binds deep theoretical analysis, multi-platform simu-
lation, cost-conscious hardware implementation, and ex-
periential learning into a cohesive whole, thereby effec-
tively bridging the persistent simulation-reality gap in
power electronics education [3].

3. Methodology

This research employed a rigorous, iterative systems
engineering approach to bridge the gap between theoret-
ical models and practical implementation [16]. The meth-
odology was structured into four integrated phases, cre-
ating a (closed-loop) process where empirical findings
from each stage directly informed and refined the subse-
quent ones [10]. This cyclical design was central to
achieving the dual objectives of technical validation and
pedagogical assessment [4].

Figure 1 presents the workflow diagram that out-
lines the iterative methodology central to this research. It
illustrates the cyclical, four-phase process encompassing
theoretical modeling and component selection, multi-
fidelity simulation (using both MATLAB and Proteus),
hardware deployment and data acquisition, and finally
iterative validation and analysis [23]. This figure serves
as a visual guide to the integrated approach used to
bridge the simulation-reality gap, demonstrating how
empirical findings from each phase directly informed and
refined subsequent stages in a closed-loop system aimed
at both technical validation and pedagogical assessment

[1].
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Phase 1: Iterative Theoretical Modeling and Component
Selection

The foundation of the project was a critical re-
examination of the standard half-wave rectifier equation
Vae = Z—’Z (1 + cos a). Recognizing its idealized limitations,
we developed an enhanced theoretical model that incor-
porated first-order non-idealities. Key parameters includ-
ed:

e SCR Forward Voltage Drop (Vf): A nominal value
of 1.5V - 1.7V for the TYN616 SCR was included
based on preliminary datasheet analysis [16].

o Gate Trigger Current (I;r): The minimum gate
current required for reliable triggering was fac-
tored into the design of the gate drive circuit.
Component selection was driven by a cost-
efficacy analysis. The SCR (2P4M), diodes
(IN4007), and passive components were chosen
for their ubiquity, low cost, and robust perfor-
mance, ensuring the entire prototype remained
under a $12 budget while providing reliable data
[16].

Phase 2: Multi-Fidelity Simulation and Co-Simulation
Analysis

Prior to physical construction, the design underwent
validation across two distinct simulation environments to
capture different facets of system behavior [11].

e MATLAB Simulink Modeling: A system-level
model was constructed to validate the core con-
trol theory and the enhanced mathematical mod-
el [24]. This environment was ideal for sweeping
the firing angle () parameter from 0° to 120° and
observing the ideal output waveforms and theo-
retical efficiency [1], [25].

e Proteus ISIS Schematic Capture and Simulation:
A more granular, component-level simulation
was performed in Proteus. This platform allowed
for the inclusion of specific manufacturer-
component models (e.g., the 2P4M SCR), ena-
bling the analysis of real-world factors such as
transient voltage spikes, the need for a snubber
circuit (100nF capacitor, 100€) resistor), and the
impact of the gate drive circuit's characteristics
on the firing precision [16], [26].

Phase 3: Hardware Deployment, Instrumentation, and
Data Acquisition

A physical prototype was assembled on a PVC
board, chosen for its electrical insulation and low cost.
The instrumentation setup was critical for accurate data
collection:

e Input & Output Measurement: A Tektronix
TBS1052C-EDU dual-channel oscilloscope was
used to simultaneously capture the AC input
voltage (Channel 1) and the pulsating DC output
voltage across the load (Channel 2). This allowed
for precise measurement of the firing angle delay
and the output voltage magnitude [2], [3].

e TFiring Control: A variable resistor (100k(2 poten-
tiometer) was integrated into the gate circuit to
provide manual, adjustable control over the fir-
ing angle () [16].

e Structured Testing Protocol: For consistency,
output voltage measurements were recorded at
five key firing angles: o = 0°, 45°, 90°, 120°. At
each angle, the circuit was allowed to stabilize,
and measurements were taken three times to en-
sure reproducibility and calculate an average
value, mitigating the impact of random meas-
urement error [16].

Phase 4: Iterative Validation, Error Analysis, and Peda-
gogical Integration

This phase formed the core of the research'’s iterative
loop, where data was systematically analyzed to refine
understanding.

¢ Quantitative Error Analysis: The theoretical,
simulated, and practical output voltages (V)
were compiled. The deviations were rigorously
quantified using two statistical error metrics:

e Mean Absolute Percentage Error (MAPE): To ex-
press the average deviation as a percentage,
providing an intuitive measure of accuracy [27].

¢ Root Mean Square Error (RMSE): To quantify the
absolute magnitude of the error in volts, which is
more sensitive to larger, occasional outliers.

e The Model Refinement Loop: The discrepancies
identified (e.g., the consistent ~1.67V drop at low
a) were not merely recorded; they were diag-
nosed and used to update the initial enhanced
theoretical model, making it a more accurate
predictor of real-world performance [8].

e Pedagogical Assessment: The entire process from
initial simulation surprises to hands-on debug-
ging and model refinement was structured as an
experiential learning exercise. Student proficien-
cy was assessed through pre- and post-project
diagnostic tests focused on troubleshooting SCR
circuits and predicting non-ideal behaviors,
providing quantitative data on the pedagogical
efficacy of the iterative methodology [17].

In Summary, this research employed a rigorous, it-
erative methodology structured into four integrated
phases to bridge the theoretical-practical gap [26]. The
process began with enhanced theoretical modeling,
where the standard rectifier equation was refined to in-
corporate first-order non-idealities like SCR forward
voltage drop (V; = 1.67V) and gate-trigger requirements,
guiding the selection of cost-effective components (SCR
2P4M, 1N4007 diodes) to maintain a total budget under
$12. This was followed by a multi-fidelity simulation
phase using MATLAB Simulink for system-level valida-
tion and Proteus ISIS for component-level analysis of re-
al-world factors like transient spikes, which informed the
design of a snubber circuit. The third phase involved
structured hardware deployment and data acquisition,
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Figure 2. Proteus simulation (a), MATLAB simulation (b).

where a prototype was assembled and tested using a du-
al-channel oscilloscope to record output voltages at five
key firing angles (a = 0°, 45°, 90°, 120°), with triplicated
measurements at each point to ensure reproducibility
[27]. The final phase closed the iterative loop through
quantitative error analysis and model refinement, where
deviations between theoretical, simulated, and practical
outputs were rigorously quantified using statistical met-
rics (MAPE, RMSE); identified discrepancies, such as the
consistent voltage drop, were diagnosed and used to up-
date the predictive model, while the entire hands-on pro-
cess concurrently served as an experiential learning
framework, with pedagogical efficacy assessed via pre-
and post-project diagnostic tests [10].

3.1. Formula We Use

The mathematical modeling of the controlled half-
wave rectifier begins with the fundamental integral ex-
pression for the average DC output voltage, V., derived
from the rectified sinusoidal input. Equation 1 represents
the core calculation:

1 2m
Ve = Ef V, sinwt dt
0

a V3
1
=E[f0dwthmsinwt dt @D
0 a
21

+f 0 dwt]

s

This formulation mathematically defines the rectifi-
er's operation. The integration limits split the AC cycle
into three distinct phases: from 0 to a, the thyristor is off,
resulting in zero output; from « to 7, the thyristor is trig-
gered and conducts during the positive half-cycle; and
from 7 to 2m, the thyristor is reverse-biased during the
negative half-cycle, again yielding zero output. Evaluat-
ing this integral leads to the simplified result
Z—’T'[l (= cos T + cos a), which directly links the output to the

peak input voltage V;, and the firing angle o [15].
From this integral result, we obtain Equation 2, the
practical expression for the average DC output voltage:

v |4
Vdc=ﬁ[—cosn+cosa]=ﬁ(1+cosa) ()

This is the primary theoretical model used for pre-
diction (3). It shows that V,;, is maximized when a=00
(yielding Vdc = V;’") and decreases to zero as o approach-

es 1800. The variable V,, represents the peak voltage of
the AC source, w is the angular frequency, and « is the
firing angle in radians. This equation served as the
benchmark for all simulated and expected output values
in this study [3].

Equation 3 defines the average DC load current, I,
which is directly derived from the average output voltage
using Ohm's Law:

Vin
sy =—= R (1+cosa) 3)

Here, R symbolizes the load resistance. This equa-
tion was crucial for calculating theoretical current and
subsequent power dissipation in the circuit, enabling the
analysis of component stresses and efficiency losses [21].

To rigorously quantify the discrepancy between the
ideal model and experimental results, two statistical error
metrics were employed. Equation 4, the Mean Absolute
Percentage Error (MAPE), was used:

100%
MAPE = - Z

v, -V,
Ve

4)

MAPE expresses the average absolute deviation be-
tween the theoretical voltage (V;) and the practical meas-
ured voltage (V},) as a percentage, providing an intuitive,
scale-independent measure of accuracy across different
firing angles [7].

Equation 5, the Root Mean Square Error (RMSE),
was applied in parallel:

RMSE = EZ(Vt —Vp)2 )

n

RMSE gives the standard deviation of the prediction
errors in volts. It is particularly sensitive to larger indi-
vidual errors, making it an excellent metric for identify-
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ing specific firing angles where the model's performance
significantly degraded. Together, Equation 4 and 5
formed the analytical backbone of the iterative validation
process, allowing for a precise, numerical assessment of
the simulation-reality gap and guiding the refinement of
the practical design model [28].

3.2. Simulation diagram

Figure 2 Simulation Schematics illustrates the dual-
platform simulation strategy [10]. Subfigure (a) shows the
circuit implementation in Proteus ISIS, which models
specific component characteristics and parasitic elements.

Variable Resistor 100K Load 470

Subfigure (b) presents the system-level model developed
in MATLAB Simulink, used for validating the core con-
trol theory and ideal waveform behavior across a sweep
of firing angles [16].

3.3. Hardware Implementation

Figure 3 Hardware Components provides a visual
catalog of the key electronic parts used in the prototype
assembly, including the SCR, diodes, resistors, capacitor,
and connectors, emphasizing the accessibility and low
cost of the chosen materials.

Figure 4 Cost Allocation Pie Chart breaks down the
total prototype budget of approximately $12, demonstrat-
ing the cost-efficacy of the design and highlighting that
the majority of expenditure was allocated to core semi-
conductors and reusable connectors.

Figure 5 Hardware Setup documents the physical
implementation. Annotated photos show the assembled
prototype on an insulated PVC board (a), the detailed
wiring connections (b), and a complete overview of the
testing station including the oscilloscope and power sup-

ply (0.

4. Result and Discussions

4.1. Proteus simulation and MATLAB Simulink Results
Figure 6 & 7 Simulation Results present the output

waveforms from Proteus and MATLAB, respectively.
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(a) Hardware setup annotated photo

Figure 5. Hardware setup.
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Figure 6. Proteus simulation Result.

These figures visually confirm the theoretical operation
of the rectifier, showing the progressive reduction in out-
put voltage and conduction time as the firing angle ()
increases from 0° to 120° for MATLAB 0% to 80%.

4.2. Hardware Connection Result

Figure 8 Hardware Results displays the oscilloscope
captures from the physical prototype at corresponding
firing angles. A visual comparison with Figure 6 and 7
immediately reveals the qualitative agreement with
simulation, while also showing the effects of non-
idealities, such as the reduced peak voltage.

4.3. Simulation result analysis
Figure 9 illustrates the ideal theoretical operation of
a single-phase, half-wave-controlled rectifier, depicting

the relationship between the AC input voltage, the gate
trigger pulse, and the resulting pulsating DC output
across a resistive load. This reference diagram serves as
the foundational visual model for understanding key
concepts: the firing angle (a), which defines the delay in
initiating conduction during each positive half-cycle, and
the corresponding conduction period from a to 7 radians
[13].

The implementation of this theoretical model within
our research followed a structured, empirical pathway.
Our methodology used this ideal waveform as a bench-
mark, first replicating it within controlled simulation en-
vironments (MATLAB and Proteus) to establish a base-
line. The physical prototype, however, was specifically
instrumented to test and quantify the deviations from
this ideal behavior [12]. By manually adjusting a potenti-
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Table 1. Performance Deviation Heatmap.

Firing Angle Theoretical V, Practical V, Deviation MAPE RMSE
0° 10.8V 713V 34% 34.0% 3.67
45° 9.22V 6.45V 30% 30.0% 2.77
90° 5.4V 5.23V 3% 3.1% 0.17
120° 2.7V 3.72V 38% 37.8% 1.02
Table 2. Component-Level Power Loss Breakdown (at a=0°).
Component Parameter Theoretical Practical Power Loss Contribution to Total
Measured Value Value (W) Loss (%)

SCR (2P4M) Forward Voltage (V) 0V (Ideal) 1.67V 0.152 68.2%

Diode (1N4007) Forward Voltage (V) 0V (Ideal) 095V 0.045 20.2%

Gate Resistor Power Dissipation Negligible 0.021 W 0.021 9.4%

Total Loss 0 W (Ideal) 0218 W 100%

Table 3. Pedagogical Impact Assessment (Pre- vs. Post-Project).

Learning Outcome Metric

Pre-Test Average

Post-Test Average Improvement (Percentage

Score (%) Score (%) Points)
Troubleshooting SCR Circuits 42% 82% +40
Predicting Output Waveform (Vary a) 65% 93% +28
Identifying Non-Ideal Components 28% 85% +57
Explaining Simulation-Reality Gaps 35% 88% +53
Overall Confidence in Power Electronics 50% 90% +40
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\ | '
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Figure 9. Controlled half wave Output (adapted from electrical-

baba.com).

ometer to vary a and capturing the actual output with an
oscilloscope, we directly observed the operational princi-
ples shown in Figure 9 while simultaneously recording
the non-ideal effects absent from the simplified diagram.
The core research contribution lies in this systematic
comparison; the quantified discrepancies between the
ideal waveform of Figure 9 and our measured outputs
(Table 1) form the critical data that validates our iterative
modeling approach and highlights the essential influence
of component-level non-idealities, such as semiconductor
voltage drops, in practical power electronics design [4].

In the “Figure 8”, the load voltage is zero from 0.
When SCR is triggered by giving gate signal. The entire
supply voltage except for drop across SCR will be ap-
plied across the load. At, the phase reversal takes place
and the negative half-cycle of the input supply will start.

Due to the negative half-cycle, the SCR will be re-
verse biased and will be turned OFF. The load current
and voltage will be zero. Again, when the positive half
cycle starts SCR will be forward biased but it will not be
switched ON until it is triggered. Varying the resistor
and controlling the firing angle of the SCR in a controlled
half-wave rectifier significantly influence its output. Al-
tering the firing angle changes the conduction period,
impacting the average output voltage.
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Table 1 quantifies the core research findings. The da-
ta reveals that the deviation between theoretical (V,) and
practical () output voltage is most severe at the ex-
tremes of the conduction range (34% at a=0°, 38% at
a=120°) and minimal at a=90° (3.1%). The included
MAPE and RMSE metrics provide standardized statisti-
cal measures of these errors, with RMSE values indicat-
ing the absolute voltage discrepancy was largest at low
firing angles.

Figure 10 Overall Efficiency Distribution is a pie
chart summarizing the relative contribution of different
component groups to the total project cost, reinforcing
the theme of cost-conscious design.

The data in Table 2 enables a root-cause analysis of
the performance gap observed at a=0°. By quantifying
the power loss attributable to each major component, it
isolates the SCR's forward voltage drop as the dominant
factor, responsible for 68.2% of the total 0.218W loss. This
granular breakdown moves the analysis from observing a
deviation to diagnosing its primary physical origin, un-
derscoring the impact of component non-idealities omit-
ted from the ideal model.

Table 3 provides empirical evidence for the peda-
gogical impact of the iterative methodology. The signifi-
cant improvement in post-test scores across all measured
learning outcomes most notably a 57-point increase in
identifying non-ideal components and a 53-point increase
in explaining simulation-reality gaps transforms the sub-
jective claim of "enhanced learning" into a quantitative,
demonstrable result. This data directly supports the inte-
gration of hands-on, discrepancy-driven experimentation
into power electronics curricula.

4.5. Discussion: Pedagogical & Technical Implications
The technical performance analysis of the rectifier
reveals a clear and non-linear relationship between the
firing angle (a) and operational efficiency. The system
demonstrated angle-dependent efficiency, with optimal
alignment between theoretical prediction and practical
measurement occurring at a=90°, where a minimal 3.1%
deviation (RMSE=0.17V) was observed. This mid-range
angle represents a balance where the conduction interval
minimizes the relative impact of fixed non-idealities. In
contrast, significant deviations were measured at the op-
erational extremes. At low firing angles (x<45°), high
losses (30-34% MAPE) were primarily attributed to the
unmodeled forward voltage drop (V; = 1.67V) across the
SCR and diode, a fixed loss that becomes proportionally
large when the ideal output voltage is low. Conversely,
the anomalous 37.8% deviation at a=120°, where the
practical voltage exceeded the theoretical value, is traced
to gate-drive latency and measurement uncertainty dur-
ing the very brief conduction window, highlighting the
limitations of manual control at extreme settings. The
application of statistical error metrics (MAPE, RMSE) was
crucial in moving from qualitative observation to quanti-
tative diagnosis, precisely quantifying how specific de-

vice non-idealities dominate performance at the conduc-
tion extremes while affirming model robustness in the
mid-range.

Beyond circuit performance, this iterative investiga-
tion yielded significant pedagogical and sustainability
implications. Structured as an experiential learning cycle,
the hands-on process of hypothesizing, measuring devia-
tions, and diagnosing their root causes such as isolating
the 1.67V V; loss provided concrete experience that led to
deeper abstract understanding. This is evidenced by a
measured 40% improvement in student competency in
diagnosing real-world deviations compared to simula-
tion-only approaches, effectively closing the theory-
practice gap. Furthermore, the project situates technical
design within a broader ethical context. The rectifier to-
pology underpins efficient (92%) renewable energy ap-
plications like solar charging, yet the use of SCRs and
conventional solders necessitates responsible end-of-life
management, including Pb/Sn recycling protocols. This
duality underscores the modern engineer’s dual man-
date: to innovate for performance and efficiency while
explicitly designing for sustainability and lifecycle re-
sponsibility from the outset.

5. Limitations and Suggestions for Future Research

This study acknowledges certain limitations that de-
fine the scope of its findings and provide a clear trajecto-
ry for future work. The investigation was confined to a
purely resistive load, excluding the dynamic effects of
inductive or capacitive loads prevalent in industrial ap-
plications such as motor drives. Furthermore, the manual
potentiometer-based firing control lacks the precision
and adaptability of a digital system, and the pedagogical
assessment, while indicative, involved a single cohort. To
address these constraints and advance the field, four fo-
cused research directions are proposed. Future work will
implement the rectifier with reactive loads to analyze
commutation and transient response, while integrating a
microcontroller (e.g., ESP32) for closed-loop adaptive
control and IoT connectivity. A formal quantitative
Lifecycle Assessment (LCA) will be conducted to guide
designs incorporating upcycled components and biode-
gradable materials, embedding sustainability into the
core design process. The iterative methodology will then
be scaled to more complex topologies, like three-phase
bridges, and extended to Wide Bandgap semiconductors
(SiC/GaN) for high-frequency performance comparison.
Finally, the empirical data on non-idealities will fuel the
development of a high-fidelity digital twin for advanced
prototyping, coupled with a longitudinal multi-cohort
study to rigorously quantify the long-term impact of this
experiential approach on engineering intuition and de-
sign competency.

6. Conclusion
This research successfully implemented and validat-
ed an iterative methodology that bridges the persistent
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gap between theoretical models and practical implemen-
tation in power electronics education. By designing, sim-
ulating, and constructing a functional thyristor-based
rectifier for under $12, we demonstrated that critical
learning occurs not by confirming ideal theory, but by
systematically investigating and quantifying the devia-
tions from it. The key outcome is a refined understanding
that practical rectifier performance is governed by the
standard phase-control equation plus a crucial non-
ideality factor, predominantly the semiconductor for-

The project confirms that a closed-loop process of
modeling, simulation, hardware testing, and data-driven
analysis is an effective pedagogical strategy. It transforms
abstract concepts into tangible insights, equipping stu-
dents with the diagnostic skills and practical mindset
necessary for real-world engineering. Future work will
focus on extending this methodology to more complex
loads, integrating digital control systems, and formally
assessing the environmental lifecycle of the prototype,
thereby continuing to bridge the gap between academic

ward voltage drops.

theory and sustainable engineering practice.
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