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Abstract

Power electronics is a cornerstone of modern electrical engineering, underpinning technolo-
gies from renewable energy systems to electric vehicles. Traditional lecture-based methods
often emphasise rote learning and procedural skills but provide limited opportunities for
higher-order thinking or experiential practice. To meet the needs of Generation Z learn-
ers and align with industry expectations, new pedagogical frameworks are required that
combine cognitive rigour with authentic, technology-enhanced learning. This study intro-
duces a Higher-Order Thinking Skills with Real-Time Simulation pedagogical framework
to enhance learning outcomes in diploma-level power electronics. A quasi-experimental
mixed-methods design was applied with 40 students divided into control and experimental
groups. The control group received lectures, while the experimental group engaged with
the HOTS–RTS framework across four topics: rectifiers, converters, inverters, and appli-
cations. Pre- and post-tests, Likert-scale surveys, reflections, and instructor observations
provided data for both quantitative (t-tests, effect sizes) and qualitative thematic analysis.
The experimental group achieved higher post-test gains (20.1 vs 9.5 points), with a large
effect size (d = 1.9). Surveys revealed that 65 per cent of respondents rated RTS as highly
effective, and Likert scores improved by 1 or more points in HOTS-related skills. Reflec-
tions emphasised clarity, confidence, and collaboration. HOTS–RTS effectively integrates
cognitive rigour with real-time practice, aligning with STREAMS principles and equipping
learners with next-generation industry competencies.
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1. Introduction
Power electronics is a core discipline in modern electrical engineering, underpinning

applications such as renewable energy systems, motor drives, electric vehicles, and smart
grids [1–4]. Its importance is increasing as global decarbonisation and electrification drive
demand for engineers with strong theoretical and practical competence [5–7]. International
bodies, including the World Economic Forum, emphasise digital power conversion skills
as essential for the future workforce [8].

Despite its significance, power electronics education, particularly at the diploma level,
faces persistent challenges. Fundamental topics such as switching transients, harmonic
distortion, PWM, and converter efficiency are abstract and mathematically demanding [8,9].
Students often struggle to relate theory to real-world behaviour, resulting in weak concep-
tual understanding, low confidence, and limited industry readiness [10–13]. Traditional
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lecture-based approaches further exacerbate these issues by prioritising lower-order cogni-
tive skills over analysis, evaluation, and design.

Educational research increasingly advocates integrating Higher-Order Thinking Skills
(HOTSs), which promote deeper cognitive engagement and improved problem-solving in
engineering education [14–21]. Complementing this, Real-Time Simulation (RTS) enables
experiential learning through interaction with time-accurate models, allowing students
to visualise system behaviour, test control strategies, and explore dynamic operating con-
ditions [22–25]. While both HOTSs and RTS independently enhance learning outcomes,
their systematic integration in power electronics education remains limited, and existing
application-oriented laboratories are often time-intensive and instructor-dependent. In ad-
dition, Generation Z learners prefer interactive, visual, and applied learning environments,
reinforcing the need for structured, technology-enhanced pedagogical frameworks. To
address these gaps, this study introduces a novel HOTS–RTS framework, adapted from the
STREAMS paradigm, which integrates cognitive rigour with real-time experiential learning.
The framework is implemented across key power electronics topics, including rectifiers,
DC–DC converters, inverters, and renewable energy applications, guiding students through
analysis, evaluation, and design in realistic simulation-based laboratory environments.

This study addresses two research questions: How HOTSs and RTS can be effectively
integrated into power electronics education, and what impact this integration has on stu-
dent engagement and learning outcomes. Accordingly, the study contributes by proposing
a novel HOTS–RTS pedagogical model tailored to diploma-level power electronics edu-
cation and by providing empirical validation through a mixed-methods approach that
incorporates quantitative assessments, surveys, and qualitative reflections.

2. Proposed Framework
The proposed HOTS–RTS framework integrates higher-order thinking skills with

real-time simulation to enhance cognitive and practical learning outcomes in diploma-level
power electronics education.

2.1. Higher-Order Thinking Skills (HOTSs)

Based on Bloom’s taxonomy, the framework emphasises analysis, evaluation, and cre-
ation. Students analyse waveform distortions, evaluate efficiency under varying operating
conditions, and design alternative modulation or control strategies beyond the application
of basic formulas.

2.2. Real-Time Simulation (RTS)

RTS provides a dynamic learning environment where students simulate converters
and inverters under realistic conditions, such as variable loads and irradiance. It enables
real-time visualisation of harmonics, evaluation of performance trade-offs, and iterative
refinement of control strategies. The integration of HOTSs and RTS creates a system-
atic learning process in which students: (1) analyse waveform and system behaviours
through visualisation tools; (2) evaluate alternative solutions using quantitative metrics
such as efficiency and total harmonic distortion (THD); (3) create design strategies and
test them under realistic, real-time conditions. For all analyses, evaluations, and design
tasks, MATLAB/Simulink 2022b by MathWorks, Natick, MA, USA, was employed. As
shown in Figure 1, the framework combines cognitive rigour with experiential authenticity,
bridging the gap between theoretical understanding and industry-relevant practical skills.
This framework advances existing pedagogical models by embedding critical and creative
thinking within simulation-based laboratories, aligned with the STREAMS (Science, Tech-
nology, Representation, Engineering, Application, Mathematics, Simulation) paradigm.
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Its application in power electronics demonstrates adaptability across content areas while
addressing the learning preferences of Generation Z students.

 
Figure 1. HOTS–RTS proposed framework.

3. Methodology
This study used a quasi-experimental mixed-methods design to evaluate the HOTS–RTS

framework in a diploma-level Power Electronics module. Forty students were divided into a
control group receiving traditional instruction and an experimental group taught using the
HOTS–RTS approach.

3.1. Research Design

A quasi-experimental mixed-methods design was used, with intact classes assigned to
control and experimental groups. The experimental group received HOTS–RTS instruction
through real-time simulation labs, while the control group followed conventional lecture-
based and verification-oriented instruction. The design was mixed-methods, integrating:

• Quantitative measures (knowledge tests, surveys, statistical analysis) to establish
learning gains.

• Qualitative measures (reflections, observations) to capture student experiences
and perceptions.

3.2. Topics Covered

Integrating HOTSs into RTS labs, each topic combined cognitive rigour with expe-
riential learning, allowing students to move from analysis to design and evaluation in
practice-oriented settings. The HOTS–RTS framework was implemented across four topics
of the power electronics module, which is central to the diploma programme:

• Devices and Rectifiers—analysed waveform distortion, THD, and rectifier efficiency
using real-time simulations under varying loads.

• DC–DC Converters—designed PWM duty cycles for buck, boost, and buck–boost con-
verters and evaluated voltage regulation and efficiency through real-time simulation.

• Inverters—compared SPWM and SVPWM modulation strategies using FFT-based
THD analysis in real-time simulation.

• Applications—evaluated PV inverter performance and motor drive control under
variable irradiance and dynamic operating conditions using real-time simulation.
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3.3. Instruments

Learning outcomes were measured using quantitative and qualitative instruments.
Pre- and post-tests assessed gains in conceptual understanding and problem-solving across
all topics, while a five-point Likert-scale survey captured students’ perceptions of clarity,
confidence, engagement, and real-world relevance of the HOTS–RTS framework. Qualita-
tive data were collected through open-ended student reflections and structured instructor
observations focusing on participation, teamwork, and the application of higher-order
skills, providing contextual support for the quantitative results.

3.4. Data Analysis

Data analysis combined statistical testing with thematic interpretation.

3.4.1. Quantitative Analysis

Quantitative data were analysed using descriptive and inferential statistics. Descrip-
tive measures included the mean (M), standard deviation (SD), and mean squared error
(MSE). Group differences between the control and experimental groups were examined
using independent-samples t-tests. Effect sizes were calculated using Cohen’s d and
interpreted as small (0.2), medium (0.5), or large (≥0.8).

3.4.2. Qualitative Analysis

Student reflections were analysed through recurring thematic coding, producing
categories such as clarity, confidence, engagement, and real-world relevance. To improve
reliability, findings were triangulated with survey responses and instructor observations,
providing a comprehensive evaluation and cross-validation of the HOTS–RTS framework.

4. Results
The results are reported for diploma students (n = 40) in two categories: quantitative

outcomes, including pre–post knowledge gains and survey results; and qualitative out-
comes, including reflections and instructor observations. Evaluation metrics are integrated
to capture both cognitive and affective learning dimensions.

4.1. Quantitative Outcomes
4.1.1. Pre-Post Knowledge Gain

Pre- and post-test results indicated improvement in both groups, with significantly
greater gains in the HOTS–RTS group. As summarised in Table 1, independent-samples
t-tests confirm statistically significant differences across all topics, with large effect sizes.
Normalised learning gains further favoured the experimental group. For example, in the
DC–DC Converters topic, the HOTS–RTS group improved from 56.5% to 77.8%, compared
to 56.0% to 65.2% in the control group; this difference was highly significant (t = 7.48,
p < 0.001, d = 1.93). Figure 2 illustrates the steeper pre- to post-test learning gains achieved
by the HOTS–RTS group.

Table 1. Pre- and post-test results across topics.

Topics Control Pre (SD) Control Post (SD) Exp. Pre (SD) Exp. Post (SD) t-Test p-Value Cohen’s (d)

Devices and
Rectifiers 55.4 (6.8) 63.5 (7.9) 56.2 (6.7) 74.6 (6.8) 5.92 <0.001 1.52

DC–DC
Converters 56.0 (7.2) 65.2 (8.0) 56.5 (7.1) 77.8 (7.0) 7.48 <0.001 1.93

Inverters 55.8 (6.5) 66.1 (7.5) 56.7 (6.9) 78.5 (6.9) 6.85 <0.001 1.76
Applications
(Drives, PV) 55.1 (7.4) 64.7 (8.2) 56.3 (7.0) 76.9 (7.1) 6.42 <0.001 1.69
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Figure 2. Pre-post-test scores (Control vs HOTS-RTS).

4.1.2. Distribution and Variability

The distribution of post-test scores confirmed apparent differences between groups.
Figure 3 presents standard distribution curves for the DC–DC Converters module, showing
a distinct upward shift in the HOTS–RTS mean compared to the control.

 

Figure 3. Normal distribution of post-test scores for control and HOTS–RTS groups.

Figure 4 presents box plots across all topics, further indicating that the HOTS–RTS
group not only achieved higher medians but also demonstrated reduced variance, indicat-
ing more consistent performance.

 
Figure 4. Boxplot comparison of post-test scores between control and HOTS–RTS groups.
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4.1.3. Topic-Level Comparison

Figure 5 depicts a consolidated view of post-test mean scores across all four topics.
HOTS–RTS students consistently outperformed their control counterparts, with error bars
indicating standard deviations.

 

Figure 5. Comparison of post-test mean score across all topics.

4.1.4. Survey Outcomes

Survey results confirmed strong positive perceptions among HOTS–RTS students. As
shown in Table 2, over 80% rated clarity, confidence, engagement, and relevance as high
or very high, with engagement (M = 4.52) and relevance (M = 4.47) receiving the highest
mean scores.

Table 2. Mean rating.

Dimension Mean (1–5) % High/Very High

Clarity 4.32 83%
Confidence 4.25 81%

Engagement 4.52 89%
Relevance 4.47 87%

4.2. Qualitative Outcomes

Thematic analysis identified four recurring themes: clarity, confidence, engagement,
and relevance. Students reported that real-time simulation made abstract concepts more
tangible and supported independent learning. As shown in Figure 6, 65% of students rated
RTS as highly effective, 28% as moderately effective, and 7% as not effective. Likert-scale
results further indicated that the HOTS–RTS group scored at least one point higher across
all HOTS-related skills (Table 3), as illustrated in Figure 7.

Table 3. Survey results (n = 40).

Statement Control Experimental (HOTS–RTS)

I can analyse power system problems 3.0 4.2
I can evaluate alternative solutions 2.9 4.1
I feel confident in practical skills 3.1 4.3
The class kept me engaged 2.8 4.5
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Figure 6. RTS effectiveness survey (n = 40).

 
Figure 7. Likert scale comparison.

Representative comments included the following:

• “The simulations made waveforms easier to understand—I could finally see the theory
in action.”

• “I feel more confident in designing and testing circuits independently.”
• “The real-time feedback kept me engaged; it felt like real engineering practice.”

Instructor observations supported these themes, noting increased collaboration,
problem-solving, and active participation in the HOTS–RTS group compared to the control.

4.3. Evaluation Metrics

Table 4 presents the evaluation metrics framework applied to diploma students to
synthesise the findings. Results confirm significant cognitive gains, improved skills, higher
lab performance, stronger engagement, and enhanced perceptions of real-world readiness.
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Table 4. Evaluation metrics framework.

Dimension Metric Tool Control HOTS–RTS Outcome

Cognitive
Pre → Post Test Gain Knowledge tests +9.5 pts (58.0 → 67.5) +20.1 pts (59.2 → 79.3) HOTS–RTS doubled

the learning gain
Effect Size (Cohen’s d) Statistical analysis – d = 1.9 (large) Strong improvement

Skills Lab Performance
(rubric)

Rubric (analysis,
evaluation, design) Avg. 65% Avg. 82% Higher design and

problem-solving

Engagement
Likert Scores (1–5) Likert survey (1–5) 2.8–3.1 4.1–4.5 ≥+1 point across

HOTS areas
RTS Perceived
Effectiveness Direct survey (n = 40) – 65% Highly Eff. 2/3 strongly

endorsed RTS

Qualitative Student Reflections Open-ended
responses “Equations only” “Simulation made

faults visible”
Greater clarity
and confidence

Broader Impact Industry Readiness Self-report +
instructor notes Low confidence “Ready for

industry labs” Clear readiness boost

5. Discussion
This study demonstrates that integrating HOTSs with RTS provides substantial ped-

agogical benefits in diploma-level power electronics education. The experimental group
achieved more than double the learning gains of the control group (+20.1 vs. +9.5 points),
with a large effect size (d = 1.9), confirming the intervention’s substantial statistical im-
pact. Reduced performance variance further indicates that the HOTS–RTS approach not
only enhanced achievement but also promoted greater equity in learning outcomes. Sur-
vey results reinforced these findings, with 65% of students rating RTS as highly effective
and Likert-scale scores increasing by at least one point across analytical, evaluative, and
affective domains. These outcomes align with prior research on simulation-enhanced,
inquiry-driven instruction and reflect the learning preferences of Generation Z students,
who respond positively to interactive, visually oriented, and technology-mediated environ-
ments. Positive perceptions of clarity, confidence, engagement, and real-world relevance
also support findings in [10], which emphasise the importance of application-driven ex-
periences in contemporary power engineering education. Qualitative evidence further
substantiated the quantitative results. Student reflections highlighted the role of RTS in
visualising abstract concepts, strengthening confidence in applying theory to practice, and
enhancing collaborative learning. Instructor observations similarly noted increased partici-
pation, questioning, and initiative during design-focused tasks. Collectively, these findings
illustrate that the HOTS–RTS framework moves learners beyond rote computation toward
higher-order processes of analysis, evaluation, and creation, consistent with Bloom’s taxon-
omy. The results confirm that the HOTS–RTS framework advances multiple dimensions of
learning. Quantitatively, it improves achievement and consistency; effectively, it enhances
motivation and engagement; and qualitatively, it fosters clarity, confidence, and collabora-
tion. By bridging cognitive rigour with authentic practice and aligning with the STREAMS
paradigm, the framework demonstrates strong potential to prepare industry-ready power
electronics graduates.

6. Conclusions
This study demonstrates that an HOTS–RTS pedagogical framework significantly

enhances diploma-level learning in power electronics. Integrating higher-order thinking
with real-time simulation produced significant learning gains, improved consistency in
achievement, and strong, positive perceptions, particularly in engagement and real-world
relevance. Qualitative findings further indicated gains in clarity, confidence, and collabora-
tion. Overall, the framework effectively bridges theoretical rigour with practice-oriented
competencies, aligning with the learning preferences of Generation Z and industry expec-
tations. Future work should extend the framework to other power engineering domains,
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examine long-term learning retention, and assess scalability across larger and more diverse
student populations to strengthen its generalizability and sustainability.
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