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MATHEMATICAL MODELING AND A TECHNIQUE FOR GENERATING A
SPECIFIED OUTPUT VOLTAGE WAVEFORM IN A SINGLE-PHASE THYRISTOR
FREQUENCY CONVERTER

This paper presents a comprehensive study focused on the development of a mathematical model and a high-performance
hysteresis-based control technique for a single-phase thyristor frequency converter. The primary objective of the research is to enable
the synthesis of an arbitrary output voltage waveform, thereby enhancing the functional capabilities of thyristor-based topologies
which are traditionally limited by their latching characteristics. The investigated converter architecture is a two-stage AC-DC-AC
system comprising three critical functional blocks: a full-wave controlled rectifier utilizing a center-tapped transformer, an
intermediate DC link implemented as an LC filter with a smoothing choke, and a parallel bridge inverter equipped with a specific
commutating capacitor. This commutating capacitor is essential for the forced commutation required to implement flexible control
strategies on thyristor switches.

To accurately analyze the complex electromagnetic processes within this system, the authors derive a rigorous
mathematical model based on a state-space representation. The model utilizes a system of nonlinear differential equations that
incorporate logical variables to dynamically represent the variable topology of the circuit induced by the switching states of the
thyristors. These logical variables act as multipliers for system coefficients, allowing the model to seamlessly transition between
different structural configurations, such as the conduction states of the rectifier valves and the inverter bridge pairs within a single
set of equations. The state vector comprehensively includes magnetic flux linkages of the transformers, winding currents, and voltages
across the filter and commutating capacitors.

The proposed control strategy is a hybrid approach that concurrently governs both power stages. The rectifier is regulated
via phase-angle control, where the firing angle is adjusted to modulate the DC link voltage. Conversely, the inverter stage employs
a non-linear hysteresis control law. This technique continuously compares the instantaneous output voltage across the commutating
capacitor with a predefined arbitrary reference signal. By maintaining the error within a specific tolerance band, the controller
generates switching commands that force the output voltage to track the reference waveform with high fidelity.

To validate the theoretical model and control algorithm, numerical simulations were conducted using the adaptive-step
Runge-Kutta-Fehlberg (RKF45) method. The performance was evaluated across a spectrum of operating frequencies, including 50
Hz, 150 Hz, and 500 Hz. The results demonstrate that the system achieves smooth transients and precise sinusoidal waveform
generation at low frequencies. Furthermore, at higher frequencies (500 Hz), the converter exhibits exceptional robustness and fast
dynamic response, with the hysteresis controller effectively constraining the voltage within the tolerance band despite the increased
load dynamics. This research bridges a significant gap in the application of non-linear control to thyristor-based converters, offering
a viable solution for improving power quality in grid-connected renewable energy systems and advanced industrial applications
requiring precise waveform synthesis.
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XOMIOK JEHUC, CAMOTHA BOJIOIUMUP

Harionansamnit yriBepeurer «JIbBiBebka IomiTexHika»

MATEMATHYHA MOJIEJIb TA METOJUKA ®OPMYBAHHS BUXITHOI HATIPYT'M 3AIAHOI
®OPMHU B OJTHODPAZHOMY TUPUCTOPHOMY INEPETBOPIOBAYI YACTOTH

YV yiti cmammi npeocmaeneno mamemamuuny mMoOenv ma MexHiKy 2icmepesucHoz2o KepyeauHs Onsi 0OHOGAZHO20 MUPUCTNOPHOZO
nepemeoplosaia Yacmomu, NPusHaueHo2o O cunmesy nanpyau 3aoanoi gpopmu. Ilepemsopiosau ckiadacmocs 3 Keposano2o 080NiGNePioOHO20
BUNPAMIAYA 3 MPAHCHOPMAMOPOM 13 cepedHbolo MouKolo, Qinbmpa nanyioea nocmitinozo cmpymy muny LC ma napanenvnozo ineepmopa 3
KOMymyiouum Konoencamopom. Moodenv b6azyecmvcsi Ha npedcmagienni 6 npocmopi cmamia i3 HeliHIuHUMU OuPepeHyianbHUMU PIGHAHHAMY, SKI
BKIIOUAIOMb JI02IuNT 3MIHHI 0N 6I000padicentss 3MINHOI MONONOSI, 3YMOGIEHOI CMAHAMU KOMYMAYIl MUupucmopis, 30Kpemd MAacHimHUMU
NOMOKO3UeNIeHAMU, CIMPYMAMU 0OOMOMOK | HANPy2amu Ha KOHOeHCamopax.

Dazose kepysanis pezynioc UXiony Hanpyey SUnpAMAAYA, Mooi AK 2icmepesuche KepyeanHs ineepmopa 3abe3neqye nepemMuKkants nap
MUpUCMopie O ympumanHs GuXionoi Hanpyau 6 Medcax 3a0ano20 Olandasony HAGKONO 6i3pyeso2o cuenany. Yucenvbna cumyaayis oyinioe
NPOOYKMUBHICIb NPU PISHUX POOOUUX YACHOMAX, OeMOHCIPYIOUU NAABHI NePeXiOHi npoyecyu ma 6UCOKY MOYHICIb CUHYCOIOanbHOT opmu Hanpyeu
HA HU3LKUX YACMOMAX 13 WEUOKUM 3AMYXAHHAM KOTUBAHL, HA BUWUX YACTNOMAX CUCEMA NPOO0BICYE OeMOHCIMPYBAMU HAOIIHY NPOOYKMUBHICTY
ma 6UCOKOMOYHe 8I0Cedcen s, OeMOHCIMPYIOYU WUPOKY POOOUY CMY2y NPONYCKAHHA MA WEUOKY OUHAMIYHY PeaKyilo Memooy Kepy8aHHs.

La poboma 3anosuioc npo2anuny 6 3acmocy8anHi HEeNMIlIHO20 KepyBaHHs 00 cXeM i3 MUPUCMOPHUMU THONONO2IAMU Ol MOYHO20
MOOynI08anHA Popmu Hanpyeu BUXIOHO20 CUSHANLY, CHPUAIOYU NIOBUWEHHIO AKOCMI eneKkmpoenepeii 6 cucmemax 3’€0HAHHA 3 Mepedicelo
8IOHOBMIOBAHUX OHCEPEN MA THIUUX 3ACIMOCYBANHSIX.
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Problem statement and analysis of research and publications

Single-phase AC-AC power converters are fundamental components in modern electrical systems, serving as
the critical interface for grid-connected renewable energy sources, uninterruptible power supplies (UPS), and advanced
industrial processes [1, 2]. The increasing prevalence of sensitive electronic loads and stringent grid interconnection
standards has intensified the demand for converters that not only ensure efficient power transfer but also actively
enhance power quality by synthesizing a high-fidelity sinusoidal output voltage [3, 4]. The primary challenge lies in
achieving this with exceptional dynamic performance, ensuring rapid and stable response to abrupt changes in load or
reference commands. This requirement has driven extensive research into advanced control strategies for the voltage
source inverter (VSI), which constitutes the core of most AC-AC conversion systems.

The dominant industrial approach for VSI control is based on linear control theory coupled with high-frequency
Pulse-Width Modulation (PWM) [5, 6]. In this paradigm, controllers such as the Proportional-Resonant (P-Res) type
are employed to track a sinusoidal reference with zero steady-state error, generating a control signal that modulates a
fixed-frequency carrier wave to produce the inverter switching commands [4, 7]. This method's primary advantage is
its well-defined harmonic spectrum, with distortion concentrated at multiples of the switching frequency, which
simplifies the design of output filters [6]. However, the dynamic response of linear PWM systems is fundamentally
constrained by the controller bandwidth and sampling period, limiting their performance in applications requiring
instantaneous corrective action [8]. An alternative lies in non-linear control techniques, most notably hysteresis (or
bang-bang) control. This strategy offers an unparalleled dynamic response, inherent robustness, and implementation
simplicity by directly switching the inverter states to maintain the output voltage error within a predefined hysteresis
band [9, 10]. This instantaneous, event-driven action circumvents the bandwidth limitations of linear controllers, but at
the cost of a variable switching frequency, which produces a wideband harmonic spectrum that complicates filter design
and electromagnetic interference (EMI) mitigation [9, 11].

The practical implementation of such high-frequency, forced-commutation control strategies is intrinsically
linked to the evolution of power semiconductor technology. Conventional thyristors, or Silicon-Controlled Rectifiers
(SCRs), are latching devices that can only be turned off when their current naturally commutates to zero. This
characteristic makes them unsuitable for algorithms that demand turn-off at arbitrary instants. The development of fully
controllable switches was therefore a critical enabler. The Gate Turn-Off Thyristor (GTO) was an early breakthrough,
but it suffered from slow switching speeds, high losses, and the need for complex, high-power gate drive circuits to
supply a large negative current pulse for turn-off [12, 13]. The modern Insulated-Gate Bipolar Transistor (IGBT) has
largely superseded the GTO in new designs, offering a superior combination of high-power handling, fast switching
speeds, and a simple, low-power, voltage-controlled gate, making it the de facto standard for high-performance inverters
[14, 15]. The Integrated Gate-Commutated Thyristor (IGCT), an advanced GTO derivative, also offers improved
performance for very high-power applications [16].

This analysis reveals a distinct research gap. While hysteresis control is a well-established technique for
standard IGBT-based VSIs, its application to converter topologies that utilize thyristor-based power stages for the
specific purpose of high-fidelity arbitrary waveform generation remains largely unexplored. Existing mathematical
models for thyristor converters typically focus on line-commutated operation for rectification and do not address the
dynamics of high-frequency, forced-commutation control for precise voltage synthesis. Therefore, the primary
contribution of this work is the development, mathematical modeling, and performance analysis of a single-phase
frequency converter that uniquely integrates a thyristor-based power stage with a high-performance, non-linear
hysteresis voltage control technique. The objectives are to: (1) derive a comprehensive mathematical model of the
proposed AC-DC-AC converter suitable for time-domain simulation; (2) formalize and implement the hysteresis-based
control law to generate a specified output voltage waveform; and (3) analyze the system's performance, focusing on key
metrics such as waveform fidelity, dynamic response, and the resultant switching frequency characteristics.

Formulation of the goals of the article

The purpose of the article is to develop a mathematical model and propose a control technique for a single-
phase thyristor frequency converter. The proposed technique enables the synthesis of an output voltage with a
predefined, arbitrary waveform by tracking a reference signal, thereby improving the output quality and expanding the
functional capabilities of the converter.

Mathematical model of the single-phase thyristor frequency converter

The schematic diagram of the single-phase thyristor frequency converter under consideration is presented in
Fig 1. This device is designed to perform a two-stage AC-DC-AC power conversion, transforming a single-phase AC
input of a fixed frequency into a single-phase AC output with a controllable, user-defined waveform and frequency.

Structurally, the converter consists of three primary functional blocks connected in series: a controlled rectifier,
an intermediate DC link filter, and a bridge parallel inverter. The input stage is a single-phase, full-wave controlled
rectifier based on a transformer with a center-tapped secondary, thyristors 7; and 7', , and a filter capacitor C. This stage
converts the input AC voltage U, into a controllable DC voltage U.. This voltage is then smoothed by the DC link, an
LC filter composed of the capacitor C and a smoothing choke L¢y,. The DC link provides a stable DC power source for
the output stage. The final block is a bridge parallel thyristor inverter, which includes a thyristor H-bridge (73-T¢), a
commutating capacitor C-, and an output transformer. This stage synthesizes the final AC output voltage U.. by
sequentially switching the thyristors according to a specific control algorithm.
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Fig. 1. Schematic diagram of the single-phase thyristor frequency converter

The dynamic behavior of this converter is determined by the complex electromagnetic interactions within and
between these stages. To accurately analyze these processes, a mathematical model is derived. The converter is broken
down into its functional nodes—the controlled rectifier, the DC link, and the parallel bridge inverter—with the
semiconductor valves represented by an ideal switch model.

The input stage is a full-wave rectifier with two controlled valves (7, T,) and a center-tapped transformer. Its
model is built upon generalized equations for the three possible combinations of valve states (7; open, T, open, or both
closed). To generalize this behavior, logical variables k; and &, are introduced, representing the states of thyristors 7
and T, respectively. These variables take a value of 0 for a closed valve and 1 for an open valve.

The equations describing the magnetic state of the rectifier's transformer and the currents in its secondary
windings, i,,; and i,,,, are written in a general form:

dlzbr _ dlprl dlpr21 dlprzz
a CInTg; + Gra1 i +gr22T (1)
dir21 _ dq”rl d‘yr21
dr Ar21 T + a2 dr 2)
di av¥, dvy,
drtzz = Qr31 _dtn + ar33 _dzzz 3)

where 1, is the working magnetic flux linkage of the rectifier's transformer, and W,.;, W,,;, ¥;», are the total
flux linkages of its windings. The g,. and a, coefficients depend on the instantaneous saturation state of the core and are
directly modulated by the logical variables k; and k, . These variables act as multipliers within the expressions for the
coefficients, effectively including or excluding terms associated with a particular circuit branch based on whether its
corresponding thyristor is conducting. This approach allows a single set of equations to dynamically represent the
variable topology of the rectifier as the thyristors switch.
The equation for the voltage U, across capacitor C accounts for the current it delivers to the choke, i :
dUc 1 . . .
ar ¢ (fr21 + lr22 = ircn) 4)
The DC link consists of the choke L), and the inverter is composed of a thyristor bridge (73-74) and a
commutating capacitor C.. The inverter's operation is described by the logical variable £, which takes values of
+ 1 depending on which diagonal pair of thyristors is conducting. A value of € = +1 signifies that thyristors 73 and T4
are conducting, while ¢ = —1 signifies that thyristors 7, and 7’5 are conducting.
The equation for the choke current i;,, considering the rectifier's capacitor voltage U, as the source and the
commutating capacitor voltage U, as the counter-EMF, is:
diLch 1 .
ar E(UC —&Ucc = Tenlpen) (5)
The voltage U;. on the commutating capacitor C. is determined by the choke current (charging) and the
primary current of the output transformer (discharging):
UCc 1 . .
dt - C_C(Schh - linvl) (6)
The inverter's output transformer is modeled by equations for its working flux linkage ;,, and primary
winding current i;,,,1. The voltage applied to the primary winding is the voltage across the commutating capacitor, Uc..

dy;
d—ltm] = Diny (Uinv - Rinvlinv) (7)
di' 1

{;r;v = Ainv1 Uiny — Rinwlinw) (®)

where Upny, = (U, O)T;Iinv = (linv1) iinvz)T

By combining the derived differential equations (1-8), a system of state equations is formed for the entire
frequency converter. The state vector X is defined comprehensively to include all variables that describe the system's
energy storage elements across all possible operating modes:
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X = [wrv ir21' ir22v UC' iLch' winv: iinvl! UCC]T

It is important to note that while the state vector has a fixed size for modeling purposes, some of its components
become inactive depending on the converter's switching state. For instance, the rectifier currents i,,;and i,,, are only
dynamic when their corresponding thyristors are conducting. The resulting system of state equations that describes the
converter's dynamics is a system of nonlinear differential equations with a variable structure, determined by the
combinations of the logical variables k;, k,, €. Further analysis of the converter's transient and steady-state operating
modes is performed by numerically integrating this system.

Control technique for the single-phase thyristor frequency convert

The control of the frequency converter is implemented as a set of rules that govern the switching of all
thyristors. The strategy is divided into two distinct but concurrent algorithms for the rectifier and inverter stages, which
together provide complete governance over the converter. Following the physical structure of the device, the control of
the rectifier is described first.

The control of the rectifier thyristors (7', T,) is based on the principle of phase angle control, which allows for
the regulation of the average DC voltage supplied to the DC link. This is achieved by intentionally delaying the turn-on
signal for each thyristor by a specific firing angle (@) relative to the zero-crossing of the input AC voltage. The firing
angle a is the primary control parameter for the rectifier. It can be adjusted (e.g., from 0° to 180°) to modulate the power
flow. A smaller firing angle results in a higher average DC voltage, while a larger angle reduces it.

The switching conditions for thyristor 7; (variable k;) are therefore defined as follows:

1. Turn-on Condition (k; = 1): Thyristor 7'; is switched on only when two conditions are met simultaneously:
a. The thyristor is forward-biased (14, > 0).
b. The phase of the input AC voltage has reached the specified firing angle (wt(mod2m) = a). This
condition is checked only when the thyristor is in the off state (k; = 0).
2. Turn-off Condition (k; = 0): Thyristor 77 is line-commutated, meaning it turns off naturally when its current,
ir21, attempts to reverse. This condition, i,,; < 0, is checked only when the thyristor is in the on-state (k; = 1).

The switching conditions for thyristor T, (variable k) are analogous for the negative half-cycle of the input
voltage. This active control of the rectifier stage is crucial for implementing advanced strategies, such as maintaining a
constant DC link voltage under varying load conditions.

The primary objective of the inverter control is to ensure that the output voltage across the commutating
capacitor, U, accurately tracks a predefined reference signal, u,f(t). The reference signal is defined as:

uref(t) = Um,ref f ()

where Up, ¢ is the target amplitude and f(t) defines the desired waveform. This is achieved using a hysteresis
control method. The instantaneous output voltage U..(t) is continuously compared to the reference, and a tolerance
band, or hysteresis window, is defined around the reference signal as [uref(t) — AUpop, Upes (E) + Ale].

The switching logic for the inverter thyristor pairs, represented by the logical variable €, is determined by
whether the output voltage attempts to exit this band:

1. IfUq(t) > uer (t) + AU, the voltage has exceeded the upper bound. To decrease the voltage, the opposing
thyristor pair is activated by setting € = —1 (turning on 7, and T5).
2. IfUcc(t) < ups (t) + AUy, the voltage has fallen below the lower bound. To increase the voltage, the primary

thyristor pair is activated by setting € = +1 (turning on 7'z and 7).

This high frequency switching forces the output voltage to remain within the tolerance band, thus replicating
the reference waveform. Together, the phase-angle control of the rectifier and the hysteresis control of the inverter
provide complete governance over the converter's operation.

Numerical simulation results

To validate the developed mathematical model and evaluate the performance of the control algorithm, a
numerical simulation of the frequency converter's operation was performed. The simulation was conducted over a single
period interval T = 0.02s using the following component parameters: input voltage U; = 311sin(2rfi,t) V, fin =
50 Hz; rectifier filter capacitor C = 5 uF with resistance r; = 16.2 Q, 15, =15, = 158 Q, a; =5 H!, ay; = ap, =
10 H'!'; smoothing choke Lg, = 10 mH with resistance 7¢, = 500 €Q; invertor commutating capacitor C, = 25 pF,
Tinp1 = 3.14 Q, Tipyn = 3.62 Q, @iy = 75 H, @i, = 100 H! The parameters for both transformers were defined by
their winding resistances and magnetization curves, which account for magnetic saturation. The magnetization curve is
approximated by an expression with the choice of a computational formula:

a1y, [l > 9y,
@) =1 S:(¥), Y <Yl <y,
Y —ay, Yl >P,

where a; = 0.25 H'; a, = 3.0 H'; ay = 1.8 A; ¢, = 0.2 Wb; 1, = 0.9 Wb; (1) = 0.05 A; o(,) = 0.9 A;
S3 (1) is a cubic spline. Note that a'' (Y1) = a4, a” (Y,) = a,.

The control algorithm was configured with a reference voltage u.r = 230sin(2mfyyit) V, four =
50,150,500 Hz; AUy, =5V.

The system of differential equations was solved using an adaptive-step Runge-Kutta-Fehlberg (RKF45)
method [17]. This method automatically adjusts the integration step size to maintain a specified error tolerance,
providing both accuracy and computational efficiency. The step size was reduced during the high frequency switching
events of the inverter and increased during smoother periods of operation, ensuring a stable solution that accurately

312 Herald of Khmelnytskyi national university, Issue 1, 2026 (361)



TexHiuHI HayKu ISSN 2307-5732

captures all dynamics of the system. The simulations were performed across a range of operating frequencies—50 Hz,
150 Hz, and 500 Hz to assess the technique's robustness under varying conditions.

At 50 Hz, the rectifier stage supplying the DC link operates stably. Rectifier thyristor current pulses (Fig. 2)
peak at approximately 0.105 A. These current pulses maintain the rectifier filter capacitor voltage (Fig. 3), which
exhibits a characteristic 100 Hz ripple, fluctuating between approximately 275.4 V and 277.9 V. On the inverter side,
the load current transient (Fig. 4) exhibits a smooth, damped oscillatory behavior, starting from an initial peak around
6 A and settling toward a steady-state sinusoidal waveform with minimal distortions. Similarly, the voltage transient on
the commutating capacitor (Fig. 5) shows a well-controlled decay from approximately 230 V, with oscillations that
rapidly attenuate, indicating effective commutation and stable operation. These results demonstrate that the control
technique performs excellently at low frequencies, maintaining precise thyristor switching and preventing excessive
transients that could lead to component stress or inefficiency.
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Fig. 2. Rectifier thyristor current pulses at 50 Hz Fig. 3. Voltage transient on the C at 50 Hz
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Fig. 4. Load current transient at 50 Hz Fig. 5. Voltage transient on the Cc at 50 Hz

Increasing the frequency to 150 Hz, the increased power demand is visible on the rectifier stage. The rectifier
current pulses (Fig. 6) are higher, peaking at approximately 0.115 A to supply the required power. This increased load
causes the rectifier filter capacitor voltage (Fig. 7) to show a larger ripple and a lower average value, oscillating between
approximately 272.7 V and 275.4 V. At this frequency, the load current transient (Fig. 8) displays more pronounced
oscillations compared to the 50 Hz case, with peaks reaching about 4.3 A and a slightly extended settling time. However,
the waveform remains stable and converges to a clean sinusoidal pattern without significant overshoots or instabilities.
The commutating capacitor voltage (Fig. 9) follows a similar trend, starting at around 230 V and showing controlled
damping, though with a few additional cycles before stabilization. Overall, the control technique continues to function
effectively at this mid-range frequency, highlighting its suitability for applications requiring moderate frequency
conversion while preserving system reliability.
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Fig. 6. Rectifier thyristor current pulses at 150 Hz Fig. 7. Voltage transient on the C at 150 Hz
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Fig. 8. Load current transient at 150 Hz Fig. 9. Voltage transient on the Cc at 150 Hz
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When pushed to a high-frequency (500 Hz) output, the significant load on the DC link is evident. To deliver
the required power, the rectifier thyristor current (Fig. 10) flows in much stronger pulses, with a peak amplitude reaching
approximately 0.18 A. This high power draw causes the rectifier filter voltage (Fig. 11) to see a pronounced drop, with
its average value settling lower, around 264 V, and fluctuating between 262.7 V and 265.4 V. The load current (Fig.
12) stabilizes almost instantaneously into a high-quality sinusoidal waveform with an amplitude of approximately 2.3
A and no visible distortion. Concurrently, the commutating capacitor voltage (Fig. 13) clearly illustrates the efficacy of
the hysteresis control. The actual voltage is consistently and rapidly switched to remain strictly within the predefined
tolerance band around the 500 Hz sinusoidal reference. This result confirms the control strategy's capability to maintain
precise waveform synthesis even at significantly higher operating frequencies, validating the model's stability and the
control's fast dynamic response.
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Fig. 10. Rectifier thyristor current pulses at 500 Hz Fig. 11. Voltage transient on the C at 500 Hz

iinvz, A ucev

Fig. 12. Load current transient at 500 Hz Fig. 13. Voltage transient on the Cc at 500 Hz

Conclusions from this research and prospects for further research in this direction

This study successfully developed a comprehensive mathematical model and an effective hysteresis control
technique for a single-phase thyristor frequency converter, enabling the accurate synthesis of arbitrary output voltage
waveforms. The state-space model, which utilizes nonlinear equations and logical variables, proved highly effective in
capturing the converter's complex, variable-topology dynamics. The control strategy, combining phase-angle control
for the rectifier and hysteresis control for the inverter, was validated through numerical simulation.

The simulation results demonstrated high waveform fidelity and fast, stable transient responses across a wide
operational range. At lower frequencies (50 Hz and 150 Hz), the system exhibited smooth, well-damped oscillations
that settled rapidly, confirming the control's stability. Critically, the system also demonstrated exceptional robustness
and high-fidelity tracking at a high output frequency of 500 Hz. At this frequency, the hysteresis control consistently
and rapidly forced the output voltage to track the reference signal, producing a high-quality sinusoidal load current
without the resonance issues that can affect such topologies.

This work fills a notable research gap by successfully applying non-linear hysteresis control to a thyristor-
based topology for precise waveform generation. The results confirm that this approach can achieve a dynamic response
superior to traditional linear PWM methods, enhancing power quality for grid-connected renewable systems and
industrial applications.

Future research directions include the experimental validation of these simulation results on a hardware
prototype to confirm the model's real-world accuracy and control performance. Further work could also focus on
extending this model and control strategy to multi-phase systems and investigating adaptive or hybrid control schemes
to optimize the variable switching frequency, with a goal of minimizing switching losses and electromagnetic
interference. Finally, the integration of intelligent algorithms for automated parameter tuning could further enhance
system performance and component selection for specific high-frequency applications.
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