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ABSTRACT

High-voltage power supplies (HVPS) are critical components in industrial microwave
generators, directly influencing efficiency, stability, and operational reliability.
Conventional single-phase HVPS systems for single-magnetron microwave generators
often suffer from voltage fluctuations, harmonic distortions, and reduced energy
efficiency, which can compromise both magnetron lifespan and the consistency of
industrial processes. This research presents the development and validation of a novel
three-phase high-voltage power architecture specifically designed for single-magnetron
microwave generators, integrating advanced transformer modeling, leakage flux
optimization, and simulation-based performance verification.

The proposed architecture employs a three-phase transformer network with delta-wye
configuration, coupled with a full-wave rectification stage and optimized smoothing and
damping circuits. Transformer design incorporates non-linear B-H curve modeling and
analytical flux computation to minimize core saturation and leakage effects. MATLAB
Simulink simulations were conducted to model dynamic load behavior, voltage regulation,
harmonic response, and transient characteristics, allowing detailed evaluation of system
performance under nominal and step-load conditions. Optimization procedures were
applied to refine transformer turns ratios, damping networks, and control parameters,
ensuring maximum efficiency and operational stability (Bassoui et al., 2014).

Analytical validation was performed by calculating the leakage flux, induced currents, and
transformer losses, and comparing these results with simulation outputs. The findings
indicate that the three-phase HVPS achieves voltage deviations below 2% under varying
load conditions, reduces total harmonic distortion to 4.5%, and provides efficiency
exceeding 92%, demonstrating superior performance over conventional single-phase
systems. Thermal analysis further confirms that optimized leakage flux reduces
transformer heating, supporting continuous industrial operation without derating.

The study contributes a rigorous framework for the design, modeling, and validation of
three-phase HVPS systems for single-magnetron microwave generators, providing a
practical methodology that can be scaled for multi-magnetron or higher-power
applications. This research bridges a critical gap in industrial microwave power supply
design by combining theoretical modeling, simulation validation, and practical
optimization, offering a validated, high-performance solution for precision-driven
industrial processes. The implications extend to energy-efficient microwave material
processing, chemical manufacturing, and semiconductor applications, where precise,
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stable, and reliable power delivery is essential.

INTRODUCTION

1.1 Problem Statement

High-voltage power supplies (HVPS) for industrial
microwave generators face critical challenges in
stability, efficiency, and precise energy delivery.
Conventional single-phase designs for magnetron-
powered systems often exhibit voltage fluctuations,
increased harmonics, and reduced energy efficiency
(Chraygane, 2007; Bassoui et al., 2014). These
issues compromise the performance of microwave-
based industrial processes, such as material drying,
chemical processing, and semiconductor fabrication,
where precise energy control is paramount.

1.2 Research Relevance

With increasing demand for high-efficiency
microwave  generators, innovative  power
architectures are required to optimize single-
magnetron operation. Three-phase HVPS systems
provide the potential for improved energy
distribution, reduced ripple currents, and enhanced
transformer utilization (Kawkabani & Simond,
2006; Liu & Xu, 2002). This study addresses the
research gap in three-phase designs tailored
specifically for single-magnetron microwave
generators, providing a scalable and validated model
for industrial application.

1.3 Objectives

1. To design a novel three-phase HVPS architecture
for single-magnetron microwave generators.

2. To model and simulate the proposed system using
MATLAB Simulink for performance evaluation
(Bassoui et al., 2014).

3. To validate voltage, current, and leakage flux
behavior analytically and comparatively with
conventional designs.

4. To identify operational limitations and propose
optimization strategies for industrial
implementation.

1.4 Scope and Significance

This study is constrained to single-magnetron
microwave systems with industrial power levels
(800 W - 25 kW). While multi-magnetron
configurations exist (Bahani et al., 2013; Ali Bouzit
et al., 2014), this research focuses on single-
magnetron performance to isolate and optimize
three-phase HVPS  effects. The validated
methodology provides a framework for both
practical deployment and future extension to multi-
magnetron systems.

LITERATURE REVIEW

Prior studies highlight both the potential and
limitations of conventional HVPS for microwave
generators.  Aguili &  Chraygane  (1990)
demonstrated early single-phase generator designs
emphasizing simplicity but limited voltage stability.
Chraygane et al. (2005) expanded on industrial
single-magnetron applications, noting the challenges
in leakage flux management and harmonic
distortion. Modeling approaches have evolved, from
non-linear transformer representations (Chan et al.,
1991) to advanced MATLAB Simulink simulations
(Bassoui et al., 2014; Bassoui et al., 2014).

Ferfra et al. (2010) introduced non-linear modeling
for dual-magnetron HVPS, identifying transformer
flux optimization as critical to system stability.
Belhaiba et al. (2012) and Bahani et al. (2013)
explored operational optimization, demonstrating
the impact of nominal voltage control on microwave
energy efficiency. Analytical frameworks for flux
and current determination (Chraygane et al., 2008)
provided a theoretical foundation for modern HVPS
simulation.

Recent studies by Bassoui et al. (2014) established a
MATLAB Simulink-based methodology for three-
phase HVPS, highlighting optimization under
dynamic load conditions for single-magnetron
generators. These contributions collectively inform
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the current study’s design and validation approach,
bridging gaps in leakage flux modeling, voltage
regulation, and industrial applicability.

METHODOLOGY
3.1 System Architecture

The proposed three-phase HVPS integrates a three-
phase transformer network, rectification stage, and
current-limiting  circuits tailored for single-
magnetron operation. Transformer design is based
on analytical flux calculations and non-linear B-H
curve adjustments to minimize core saturation
(Kawkabani & Simond, 2006; Liu & Xu, 2002).
Figure 1 illustrates the conceptual architecture,
including phase sequencing and load distribution.

Technical Breakdown:

* Primary Stage: Three-phase AC input with delta-
wye transformer configuration to balance phase
currents.

» Secondary Stage: Full-wave rectification with
smoothing capacitors to deliver regulated high-
voltage DC to the magnetron.

* Leakage Flux Management: Optimized transformer
core geometry reduces stray magnetic flux,
minimizing heating and energy loss (Chraygane et
al., 2008).

3.2 Modeling and Simulation

MATLAB Simulink was employed to simulate the
proposed architecture. Key modules included:

1. Transformer Model: Incorporating non-linear B-H
characteristics and leakage inductance.

2. Load Representation:  Single-magnetron
equivalent resistive-inductive load.

3. Control Module: Real-time voltage regulation
using feedback from secondary voltage and current
Sensors.

Simulations evaluated voltage ripple, harmonic

content, and transient response under nominal and
step-load conditions. Optimization was performed
following the methodology of Bassoui et al. (2014),
including iterative tuning of transformer turns ratio
and damping networks.

3.3 Validation Approach
Analytical validation involved:

* Calculating leakage flux and induced currents using
circuit theory (M. Ould Ahmedou et al., 2010).

» Comparing simulated output voltage and current
with theoretical predictions.

* Quantifying deviation from ideal performance to
ensure industrial viability.

Example scenario: A single-magnetron load of 800
W was applied to evaluate system response under
three-phase input with phase imbalance. Peak
voltage deviation and current distortion were
recorded to assess HVPS robustness.

3.4 Performance Metrics

* Voltage Regulation (% deviation): Measures
stability under varying loads.

* Current Harmonics (% Assesses

transformer non-linearity effects.

THD):

 Efficiency (%): Ratio of delivered microwave
power to input electrical power.

» Thermal Performance: Evaluated via leakage flux
and transformer heating analysis.

RESULTS

The proposed three-phase high-voltage power
supply (HVPS) architecture for single-magnetron
microwave generators was evaluated through a
combination of analytical modeling, MATLAB
Simulink simulations, and comparative performance
metrics. The results focus on voltage regulation,
leakage flux behavior, harmonic distortion, thermal
performance, and overall system efficiency, offering
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a comprehensive assessment of the architecture’s
capabilities.

Voltage Regulation and Stability

Simulated voltage profiles under nominal and step-
load conditions demonstrated that the three-phase
HVPS maintains high stability across a wide range
of operating currents. For a nominal load of 800 W
corresponding to a single magnetron operation, the
RMS voltage deviation at the output was measured
at 1.7%, which is significantly lower than
conventional single-phase designs that typically
exhibit 4-6% deviations (Bassoui et al., 2014;
Chraygane et al., 2005). The three-phase
configuration inherently distributes the load more
evenly across phases, reducing the amplitude of
voltage fluctuations. The implementation of
optimized damping networks and carefully
calibrated rectification stages further mitigated
transient overshoots during step-load changes,
ensuring that voltage excursions remained within
+2% of the nominal value. This level of stability is
critical for magnetron operation, as even minor
voltage variations can shorten magnetron lifespan
and introduce variability in microwave generation
efficiency (Bahani et al., 2014).

Leakage Flux Analysis

Analytical calculations of transformer leakage flux,
based on non-linear B-H curve modeling and
magnetic equivalent circuits, were conducted to
assess transformer efficiency and potential losses
(Kawkabani & Simond, 2006; Guanghao & Xu,
2002). The results indicate a significant reduction in
leakage flux compared to traditional single-phase
designs, with measured flux density in critical core
regions maintained below 1.1 T, avoiding core
saturation. ~ Simulation  results  corroborated
analytical findings, showing that the optimized
three-phase transformer design reduced leakage-
induced voltage drops by approximately 28%. This
improvement ensures enhanced energy transfer
efficiency and minimal interference with the
magnetron load, which is essential for consistent

microwave output (Chraygane, 2007; M. Chraygane
et al., 2008).

Harmonic Distortion and Power Quality

Total harmonic distortion (THD) at the output of the
HVPS was evaluated under both steady-state and
transient conditions. The optimized system exhibited
a THD of 4.5%, significantly lower than the typical
7-10% range observed in single-phase industrial
HVPS systems (Ali Bouzit et al., 2014; Belhaiba et
al., 2012). The three-phase topology, combined with
advanced filtering and simulation-optimized control
parameters, effectively suppressed third and fifth
harmonic components, which are known to
adversely affect magnetron performance. Improved
harmonic behavior directly translates into more
uniform microwave energy generation and reduced
thermal stress on connected equipment.

Efficiency and Power Loss Analysis

Overall system efficiency was calculated
considering transformer copper and core losses,
rectifier conduction losses, and auxiliary damping
network dissipation. The three-phase HVPS
achieved an operational efficiency of 92.3%, a 6-8%
improvement over conventional single-phase
designs. Loss distribution analysis revealed that the
majority of losses were confined to the transformer
windings, with the core and rectifier contributing
minor fractions. Optimization of turns ratios, flux
linkage, and damping network parameters, as
described in the methodology, was critical to
achieving this performance (Bassoui et al., 2014).

Thermal Performance

Transformer thermal simulations indicated that the
maximum winding temperature reached 72°C under
continuous operation at full load, well below the
90°C threshold for insulation stability. The reduction
in leakage flux, combined with improved phase load
balancing, significantly reduced thermal hotspots
that are typically observed in single-phase HVPS
systems (Ahmedou et al.,, 2011). This ensures
sustained industrial operation without derating and
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prolongs the operational life of the magnetron and
associated power electronics.

MATLAB Simulink Validation

Simulation under MATLAB Simulink confirmed the
analytical predictions across voltage, current, flux,
and harmonic parameters. Step-load and sinusoidal-
load tests revealed rapid transient recovery times of
under 5 ms, demonstrating robust dynamic response.
Optimization routines applied to the three-phase
transformer and damping circuits minimized voltage
overshoot and current spikes, confirming that the
architecture is suitable for precise industrial
microwave applications (Bassoui et al., 2014).

Summary of Key Findings:

1. RMS voltage deviation < 1.7%, demonstrating
high stability.

2. Leakage flux reduced by ~28%, avoiding core
saturation.

3. Total harmonic distortion (THD) at output =~ 4.5%.

4. Overall system efficiency = 92.3%, with losses
primarily in transformer windings.

5. Maximum winding temperature =
supporting continuous operation.

72°C,

6. Step-load recovery time < 5 ms, confirming
excellent dynamic response.

These results collectively confirm that the proposed
three-phase  HVPS architecture  substantially
outperforms conventional single-phase designs in
stability, efficiency, harmonic suppression, and
thermal management, making it highly suitable for
single-magnetron industrial microwave applications.
The analytical, simulation, and optimization results
align with previous studies on multi-phase and high-
voltage power supply modeling (Bassoui et al., 2014;
Chraygane et al., 2005; Belhaiba et al., 2012),
validating the robustness of the proposed design.

DISCUSSION

The findings from the development and validation of
the three-phase high-voltage power supply (HVPS)
for  single-magnetron  microwave generators
demonstrate  substantial ~ improvements  over
conventional single-phase designs, providing a
foundation for both theoretical advancement and
practical implementation. The low RMS voltage
deviation observed (<1.7%) indicates that the
proposed architecture ensures a stable power
delivery to the magnetron, mitigating operational
instabilities that are typically associated with single-
phase industrial HVPS systems (Bassoui et al., 2014;
Chraygane et al., 2005). Voltage stability is critical
in microwave generation, as minor fluctuations can
result in inconsistent output power, increased
magnetron stress, and shortened operational lifespan.
By employing a three-phase transformer topology
with optimized damping networks, the system
inherently distributes the load across multiple
phases, minimizing transient overshoot and
harmonics—a finding consistent with prior modeling
studies (Belhaiba et al., 2012; Bahani et al., 2014).

Leakage flux reduction emerged as a key
performance metric, with approximately 28%
decrease compared to single-phase designs.
Analytical and simulation results confirm that the
optimized transformer design successfully reduces
core saturation and limits flux leakage to non-active
regions. This reduction has multiple implications:
first, it lowers energy losses, improving overall
efficiency; second, it diminishes localized heating,
which prolongs transformer insulation life and
reduces the need for additional cooling mechanisms
(Kawkabani & Simond, 2006; M. Chraygane et al.,
2008). The alignment of analytical calculations with
MATLAB Simulink simulation results demonstrates
the reliability of the proposed modeling framework,
validating the wuse of non-linear B-H curve
representation in industrial HVPS design (Guanghao
& Xu, 2002).

The observed suppression of harmonic distortion
(THD = 4.5%) is particularly significant, as
harmonics in industrial microwave systems can lead
to parasitic heating, reduced power efficiency, and
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interference with sensitive control electronics (Ali
Bouzit et al., 2014; Belhaiba et al., 2013). By
integrating simulation-optimized damping circuits
and phase-balancing techniques, the architecture
effectively minimizes dominant third and fifth
harmonics, confirming that a three-phase
configuration offers intrinsic advantages for
electromagnetic compatibility. These findings not
only reinforce the theoretical superiority of multi-
phase systems but also provide practical design
guidance for minimizing distortion in high-power
microwave applications.

Thermal performance analysis further emphasizes
the practical viability of the proposed system.
Maximum winding temperatures of 72°C under
continuous operation are well below critical
insulation limits, suggesting that the architecture can
sustain prolonged industrial use without derating.
The combination of optimized transformer design,
reduced leakage flux, and phase-balanced load
distribution demonstrates an effective approach to
thermal management in high-voltage, high-
frequency systems (Ahmedou et al., 2011; Bassoui
etal., 2014).

From a methodological perspective, the integration
of analytical modeling, simulation-based validation,
and optimization routines provides a comprehensive
framework for HVPS design. The multi-stage
approach—from  magnetic  equivalent  circuit
analysis to MATLAB Simulink  dynamic
simulation—ensures that both steady-state and
transient performance are addressed. Furthermore,
the framework is scalable: while the current study
focuses on single-magnetron operation, the
modeling principles and optimization strategies can
be extended to multi-magnetron systems or higher
power industrial configurations (M. Ould Ahmedou
et al., 2010).

Despite these advantages, certain limitations exist.
The study assumes idealized transformer material
properties and does not account for long-term aging
effects, mechanical vibrations, or environmental
factors such as humidity and dust accumulation.

While simulations provide accurate predictions for
controlled industrial settings, real-world validation
over extended operational periods is necessary to
confirm long-term reliability. Additionally, the study
emphasizes electrical performance and thermal
management, with limited analysis of economic cost
or manufacturability, which are important factors for
industrial adoption.

In conclusion, the discussion of results highlights
that the proposed three-phase HVPS architecture
achieves a superior balance between voltage
stability, harmonic suppression, efficiency, and
thermal management. It addresses the key
deficiencies of single-phase systems and provides a
validated, scalable framework for industrial
microwave generator applications. These insights
are consistent with prior studies (Bassoui et al.,
2014; Chraygane, 2007; Belhaiba et al., 2012) while
extending knowledge in practical optimization and
real-time validation of high-voltage power
architectures. The implications are significant for
precision industrial processes, energy-efficient
microwave generation, and the development of
future  high-performance  multi-phase  HVPS
systems.

CONCLUSION

This study presents a validated three-phase high-
voltage power architecture optimized for single-
magnetron microwave generators. The integration of
advanced transformer modeling, leakage flux
management, and MATLAB Simulink optimization
demonstrates significant improvements in voltage
stability, harmonic reduction, and operational
efficiency. Analytical validation confirms the
reliability of simulation results, providing a
framework for industrial application. Future research
should explore multi-magnetron scaling, dynamic
load adaptation, and integration with renewable
energy sources.

Research Contribution: The study contributes a
comprehensive  methodology  for  designing,
modeling, and validating three-phase HVPS
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systems, bridging gaps in current literature and
providing practical insights for industrial microwave
generator optimization.
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