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Abstract

Quasi-resonant (QR) DC-DC converters with PWM control achieve soft switching by
shaping the commutation transient through a local resonant process. This paper proposes
a symmetry-based unified perspective on classical QR converters by interpreting zero-
voltage switching (ZVS) and zero-current switching (ZCS) as dual commutation symme-
tries: ZVS restores voltage symmetry at turn-on, whereas ZCS restores current symmetry
at turn-off. Building on this viewpoint, we organize QR Buck, Boost, and Buck-Boost con-
verters through two complementary forms of symmetry: (i) commutation symmetry (ZVS
vs. ZCS) and (ii) topological duality (Buck <> Boost and the self-dual nature of Buck-
Boost). The framework is anchored in normalized parameter spaces commonly used in
QR analyses and is illustrated using representative ZVS and ZCS Buck cases, including
waveform-stage symmetry and loss/stress implications. Furthermore, we discuss the “cost
of symmetry” via stress and conduction-loss metrics, highlighting how soft-switching
conditions trade voltage and current stresses in dual fashions. The proposed organization
offers a compact conceptual map that links operating regimes, design degrees of freedom,
and expected stress/loss trends across the main classical QR-PWM converter families.

Keywords: DC-DC power conversion; duality; normalized variables; quasi-resonant
converters; QR-PWM; soft switching; stress trade-off; symmetry; ZCS; ZVS

1. Introduction

Quasi-resonant (QR) DC-DC converters represent a well-established route toward
higher efficiency and reduced electromagnetic stress by enabling soft switching in power
semiconductor devices. In classical PWM converters, switching transitions occur under
non-zero voltage and current conditions, which leads to significant dynamic losses and
increased device stress [1-4]. QR approaches modify this picture by introducing a con-
trolled resonant transient around the commutation instant, reshaping the local waveforms
so that the switch transitions can occur at either zero voltage (ZVS) or zero current (ZCS).
Beyond their practical advantages, QR converters also exhibit a deeper structural feature:
their operating regimes can be viewed as a systematic creation and restoration of sym-
metry in the switching waveforms over each period [5-7].

From this perspective, ZVS and ZCS are not merely two engineering “techniques”
but rather two dual manifestations of the same underlying principle. ZVS enforces a com-
mutation symmetry in which the switch voltage is driven to zero at turn-on, while ZCS
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enforces the dual symmetry in which the switch current naturally reaches zero at turn-off
[8,9]. These dual conditions are typically realized through complementary resonant place-
ments (capacitor-dominated versus inductor-dominated resonant cells), and they lead to
dual trade-offs in device stress and losses [10-12]. Importantly, this symmetry viewpoint
provides a compact language for organizing QR converters that complements conven-
tional topology-based classifications [13,14].

A second, equally important symmetry appears at the topological level. Among the
three classical PWM-derived DC-DC families—buck, boost, and buck-boost—the buck
and boost converters form a dual pair, whereas the buck-boost converter exhibits a self-
dual character. When QR commutation is introduced, this topological duality interacts
with commutation duality (ZVS < ZCS), creating a small set of archetypal QR-PWM con-
verter classes [15-17]. This observation motivates a unified treatment in which the main
converter families are arranged not as an expanding list of circuit variants, but as a sym-
metry map determined by (i) the commutation symmetry condition (ZVS or ZCS) and (ii)
topological duality (Buck < Boost and Buck-Boost as a self-dual bridge) [3,4,18,19].

This paper therefore proposes a symmetry- and duality-based organization of classi-
cal QR-PWM DC-DC converters, focusing on ZVS and ZCS implementations of Buck,
Boost, and Buck-Boost converters [20-22]. The analysis emphasizes regime structure,
waveform-stage symmetry over a switching period, and the associated stress/loss impli-
cations. The framework is anchored in normalized descriptions commonly used in QR
analysis and is illustrated with representative buck cases that capture the two dual com-
mutation symmetries: a ZVS Buck QR converter highlighting stage-based waveform sym-
metry and normalized operating factors, and a ZCS Buck QR converter emphasizing con-
duction-loss and RMS-based “cost of symmetry” metrics, including half-wave and full-
wave operating symmetry [23-25]. Rather than presenting a new circuit variant, the goal
is to provide a coherent conceptual map that links operating regimes, duality relations,
and expected stress/loss trends across the main classical QR-PWM converter families
[20,26,27].

To keep the discussion focused and structurally consistent, the scope is limited to
classical quasi-resonant converters that retain PWM control logic and use local resonant
transients primarily to achieve soft commutation [28-30]. Multi-resonant and frequency-
controlled structures (e.g., LLC-type converters) as well as resonant DC-AC inverter fam-
ilies introduce additional modal and frequency-domain symmetries at a different analysis
level. Accordingly, they are beyond the present scope [1,2,7,9,12].

Detailed circuit-level derivations, schematics, and time-domain switching wave-
forms for the considered classical QR-PWM converter families are available in standard
references; here, the emphasis is on a symmetry-based organization of operating princi-
ples and trade-offs rather than on re-deriving established QR equations [1,2].

Unlike prior studies that focus on specific topologies or operating modes, this work
introduces a unified symmetry-based framework that systematically organizes classical
QR-PWM DC-DC converters through commutation and topological duality [7,9,10,13-
29].

The remainder of the paper is organized as follows:

Section 2 reviews related work on QR DC-DC converters, covering the evolution of
resonant-switch and quasi-square-wave concepts, ZVS and ZCS operating principles, and
reported stress and loss trade-offs across Buck, Boost, and Buck-Boost families. Section 3
introduces the proposed symmetry framework and the corresponding normalized view-
point. Section 4 formulates commutation duality between ZVS and ZCS. Section 5 dis-
cusses topological duality among Buck, Boost, and Buck-Boost QR-PWM families. Section
6 links symmetry to practical “cost” metrics in terms of device stress and losses. Section 7
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summarizes design-level implications, and Section 8 concludes with a compact symmetry-
based classification and directions for future work.

2. Related Work

Research on QR DC-DC converters has evolved over several decades along two
closely related directions: (i) the development of resonant-switch and quasi-square-wave
(QSW) concepts as structured extensions of classical PWM converters, and (ii) the system-
atic refinement of soft-switching mechanisms—primarily ZVS and ZCS—together with
their associated stress and efficiency trade-offs. The present work builds on both direc-
tions but reorganizes the existing knowledge through the concepts of symmetry and du-

ality.

2.1. Foundations: Resonant Switching and Quasi-Resonant PWM Concepts

The theoretical foundations of resonant and quasi-resonant power conversion are
comprehensively established in the monographs by Kazimierczuk and Czarkowski [1]
and Kazimierczuk [2], which remain authoritative references for resonant tank modeling,
operating modes, and regime constraints. These works position QR converters as PWM-
derived structures in which resonant elements are locally introduced to shape switching
waveforms and reduce dynamic losses. Classical textbooks by Erickson and Maksimovi¢
[3] and Mohan et al. [4] further embed QR converters within the broader context of aver-
aged modeling, duty-cycle control, and power-stage synthesis, providing a consistent an-
alytical bridge between hard-switched PWM and resonant operation.

Early tutorial and seminar materials, such as the Texas Instruments design seminar
on ZVS resonant power conversion [5], complement these theoretical treatments with
practical design insights and highlight the motivation for QR techniques in high-fre-
quency applications. The QR and QSW framework is further formalized through switch-
cell interpretations and converter sections, as discussed in standard references and text-
book chapters [6,12], which emphasize periodic stage structure as a defining characteristic
of QR operation.

A seminal contribution is Leess overview of high-frequency quasi-resonant converter
technologies [7], which frames QR converters as a family of resonant-switch implementa-
tions capable of achieving reduced switching losses while preserving PWM-like regula-
tion behavior. Closely related, Vorperiane quasi-square-wave analysis [9] introduces a
canonical stage-based description of resonant switching that enables systematic compari-
son of converter families based on the placement and role of resonant elements. These
foundational works motivate the present papere focus on symmetry operations and stage
structure rather than on isolated circuit topologies.

2.2. ZVS as a Commutation Symmetry

The development of ZVS quasi-resonant converters was strongly driven by the recog-
nition that capacitive turn-on losses and dv/dt-related stresses dominate at high switching
frequencies. Liu and Lee introduced the zero-voltage switching technique for DC-DC con-
verters and demonstrated that enforcing near-zero device voltage at turn-on effectively
suppresses switching losses and electromagnetic interference [8]. Subsequent work
showed that ZVS can be interpreted as a voltage-symmetric boundary condition at the
commutation instant, typically realized through capacitor-dominated resonant exchange.

Design-oriented treatments of ZVS QR converters, including quasi-square-wave and
PWM-compatible variants, are presented in the literature as systematic extensions of the
resonant switch concept [10-12]. In this context, ZVS is not merely a device-level trick but
a regime property that emerges when the resonant transient restores voltage symmetry at
the switching boundary.
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2.3. ZCS as a Dual Commutation Symmetry

ZCS QR converters enforce the dual commutation condition, namely current sym-
metry at turn-off, and typically rely on inductor-dominated resonant exchange. An im-
portant structural feature of ZCS QR families is the distinction between half-wave and
full-wave operation, where the resonant current is restricted to one polarity or allowed to
reverse. This internal symmetry significantly influences regulation sensitivity and the fea-
sibility margin for achieving a natural current zero.

Representative ZCS Buck converter analyses, including design, simulation, and ex-
perimental validation, are provided by Yanik and Isen [21], who demonstrate how subin-
terval structure ensures ZCS and how performance compares with classical PWM buck
converters. More recent studies extend ZCS QR concepts to modern high-frequency ap-
plications. For example, full-wave ZCS synchronous buck converters implemented with
eGaN devices have been investigated for server and point-of-load applications, highlight-
ing mode structure and practical gate-drive considerations [22]. On the boost side, ad-
vanced ZCS QR structures employing tapped inductors and active edge-resonant cells
have been proposed to achieve high voltage gain and improved soft-switching behavior
[23].

Further examples of ZCS-based resonant conversion include single-switch ZCS res-
onant Boost converters [24], quasi-square-wave ZCS and clamped-current resonant con-
verters [25], and bidirectional ZCS quasi-resonant converters for battery equalization ap-
plications [26]. Hybrid soft-switching approaches that combine ZV turn-on with ZC turn-
off in Buck-Boost configurations have also been reported [27,28], illustrating the flexibility
of QR principles in mixed-regime designs.

2.4. Loss and Stress Trade-Offs: The Cost of Symmetry

A recurring theme across QR literature is that while soft switching significantly re-
duces dynamic switching losses, it may increase peak stresses and conduction-related
losses due to resonant energy circulation. As switching losses are suppressed, conduction
losses and resonant-tank dissipation often become dominant efficiency limiters. This
trade-off is explicitly addressed in loss-focused analyses that quantify RMS currents, con-
duction-loss ratios, and resonant-tank losses to assess the overall benefit of QR operation.

A recent comprehensive study of losses and efficiency in an L-type ZCS quasi-reso-
nant buck converter develops direct comparisons with classical PWM buck converters and
evaluates resonant-tank losses under different operating conditions [20]. These results re-
inforce the interpretation that enforcing commutation symmetry has an associated “sym-
metry budget”: the resonant energy required to restore symmetry at the switching bound-
ary redistributes losses from switching transitions to conduction paths and reactive ele-
ments.

2.5. Family Viewpoint: Buck, Boost, and Buck—Boost Converters

Although many QR studies focus on individual topologies, several works implicitly
exploit the family structure of Buck, Boost, and Buck-Boost converters. Design-oriented
studies of ZVS Buck [13,18,19], ZVS Boost [15-17], and ZVS Buck-Boost converters [14]
demonstrate that similar resonant-switch principles can be adapted across topologies with
appropriate normalization and regime selection. Correspondingly, ZCS implementations
span Buck [21,22], Boost [23-25], and Buck-Boost [27,28] families.

A particularly illustrative family-based contribution is the work on high-frequency
AC-LED drivers based on ZCS quasi-resonant converter cells, where buck, boost, and
buck-boost variants are derived systematically from a common commutation symmetry
principle [29]. This approach highlights that topological diversity often reflects structured
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transformations of a common resonant-switch mechanism rather than fundamentally dif-
ferent operating principles.

2.6. Positioning of the Present Work

In summary, existing literature provides: (i) foundational QR and QSW frameworks
with stage-based analysis and resonant-switch modeling [1-4,7,9,12], (ii) established ZVS
and ZCS commutation techniques and their regime constraints [8,10-12], (iii) extensive
families of ZVS and ZCS implementations across Buck, Boost, and Buck-Boost topologies
[13-28], and (iv) loss-oriented evaluations demonstrating that soft switching entails non-
trivial stress and efficiency trade-offs [20,29].

The present paper differentiates itself by reorganizing these established results into
a unified symmetry and duality framework for QR-PWM Buck, Boost, and Buck-Boost
converters. By explicitly identifying commutation duality (ZVS < ZCS) and topological
duality (Buck < Boost, with Buck-Boost as a symmetry bridge), the proposed perspective
enables systematic anticipation of stress and loss tendencies across classical quasi-reso-
nant converter families.

3. Symmetry Framework

QR DC-DC converters can be described not only as circuit topologies augmented by
resonant elements, but also as periodic symmetry-driven dynamical systems. Within each
switching period, a QR converter deliberately introduces a resonant transient whose role
is to reshape the local waveform around commutation so that a desired symmetry condi-
tion is satisfied at the switching instant. This section formalizes the symmetry viewpoint
used throughout the paper by distinguishing three complementary layers: commutation
symmetry, stage (temporal) symmetry, and topological symmetry. Together, they form a
compact framework for organizing classical QR-PWM Buck, Boost, and Buck-Boost con-
verters.

Remark on terminology: throughout the paper, the term “symmetry” is used as a
structured engineering organizing principle (symmetry as commutation boundary condi-
tions, stage regularities, and duality/topology transformations), rather than as a formal
group-theoretic derivation. Where helpful, the meaning is explicitly qualified as commu-
tation symmetry, stage (temporal) symmetry, or topological duality.

3.1. Commutation Symmetry: Symmetry as a Boundary Condition

In a PWM converter, commutation can be interpreted as an imposed boundary con-
dition on the switch waveforms. In hard switching, the switch typically transitions when
both voltage and current are non-zero, creating dynamic losses and high stress. In QR
operation, the resonant transient is introduced so that a specific waveform symmetry is
restored at the switching boundary:

e ZVS commutation symmetry: the switch voltage is driven to (or near) zero at the
turn-on instant, so that the voltage waveform becomes “symmetry-compatible” with
an abrupt change in switch state.

e  ZCS commutation symmetry: the switch current naturally reaches (or crosses) zero
at the turn-off instant, so that the current waveform becomes symmetry-compatible
with commutation.

From a symmetry standpoint, ZVS and ZCS are not independent design philoso-
phies; they are dual choices of which variable is symmetrized at commutation. This dual-
ity will be made explicit in Section 3, but the key point here is that soft switching is
achieved by enforcing a symmetry constraint at a boundary of the switching period rather
than by attempting to reduce losses post hoc.
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3.2. Stage (Temporal) Symmetry: Periodic Structure and Waveform Partitioning

A second symmetry layer emerges from the time structure of the QR operation. Even
when a converter is analyzed with idealized assumptions, its switching period is naturally
partitioned into a small number of stages with distinct circuit connectivity and energy
flow directions. These stages are not arbitrary; they form a repeatable pattern that carries
a temporal symmetry: the same sequence of energy-storage and energy-release processes
recurs each period, and the commutation condition acts as the “closing rule” that makes
the cycle self-consistent.

In a representative ZVS Buck QR operation, for instance, the period can be described
through a four-stage structure associated with (i) resonant inductor energy build-up, (ii)
a conduction interval, (iii) resonant capacitor charging, and (iv) a resonant recovery inter-
val that restores the commutation condition. The usefulness of such partitioning is not
limited to one topology —it highlights a universal mechanism: QR converters implement
soft switching by embedding resonant sub-dynamics into a periodic stage sequence.

In ZCS Buck QR operation, an analogous stage symmetry exists, often described
through subintervals associated with resonant inductor excitation, resonant exchange, ca-
pacitor discharge, and freewheeling. In addition, ZCS Buck QR converters exhibit a mean-
ingful internal symmetry between half-wave and full-wave regimes, where the resonant
current is either restricted to one polarity (half-wave) or allowed to reverse (full-wave).
This internal symmetry strongly affects waveform shape, regulation sensitivity, and loss
mechanisms, and it will be used later as a canonical example of “symmetry choice” within
a single commutation family.

3.3. Normalized Symmetry Coordinates: A Common Description Space

To compare QR converters across different power levels and component values, it is
helpful to express operating regimes in normalized coordinates. While specific definitions
vary across QR families, most analyses rely on a small set of dimensionless groups that
act as symmetry coordinates—they locate the operating point in a regime map inde-
pendently of absolute scaling.

A minimal set sufficient for the unified viewpoint in this paper is:

e  Frequency ratio: v = fs/fo, relating the switching frequency fs to the resonant frequency
fo.
This parameter controls the temporal symmetry between the imposed switching pe-
riod and the natural resonant time scale.

e  DC conversion ratio: M = Vo/Vin.
This parameter represents the steady-state energy transfer symmetry between input
and output.

¢  Normalized load parameter (e.g., R" or an equivalent normalized current/load meas-
ure).

This coordinate captures how strongly the load constrains the resonant transient and

therefore how easily symmetry restoration at commutation can be achieved.

In ZVS Buck QR analysis, a convenient additional coordinate is the normalized initial
resonant inductor current (often denoted by a parameter such as h), which quantifies the
deviation of the resonant state at turn-on from an “ideal symmetric” initial condition. The
special case h = 0 can be interpreted as an approximate symmetry fixed point of the peri-
odic orbit, as it minimizes discontinuities and tends to reduce stress in the switching tran-
sition. In ZCS Buck QR analysis, the corresponding role is often played by normalized
current/load constraints that determine whether the resonant current can reach zero
within the available switching interval and whether half-wave or full-wave symmetry is
realized.
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The purpose of these coordinates in the present paper is not to derive new closed-
form design equations, but to provide a shared language: operating regimes are compared
by their location in a normalized symmetry space, and soft-switching conditions appear
as geometric constraints in that space.

3.4. Topological Symmetry: A Symmetry Map Rather than a Topology List

The third layer is topological symmetry. Classical PWM-derived converters exhibit
well-known duality relations: buck and boost form a dual pair under interchange of volt-
age/current roles and corresponding network transformations, while Buck-Boost acts as
a bridge with a self-dual character under common duality operations. When QR commu-
tation cells are introduced, these relations remain meaningful, but they now combine with
commutation symmetry (ZVS vs. ZCS). This creates a small grid of archetypes—each de-
fined by a topology (Buck/Boost/Buck-Boost) and a commutation symmetry choice
(ZVS/ZCS).

This observation motivates the central organizational device of the paper: a sym-
metry map in which converter families are placed by two orthogonal symmetry axes:

1. Commutation symmetry axis: ZVS < ZCS
2. Topological duality axis: Buck <> Boost, with buck-boost as a symmetry bridge

Such a map allows one to reason about expected waveform features, stress trade-offs,
and sensitivity to load/frequency variation by symmetry arguments rather than by re-de-
riving each topology from scratch. The map will be introduced explicitly in Section 4 and
used in Section 6 to discuss the “cost of symmetry” in terms of stress and loss metrics.

3.5. Summary of the Framework

In summary, the proposed framework treats classical QR-PWM converters as sys-
tems where soft switching is achieved by enforcing commutation symmetry (ZVS or ZCS).
This symmetry is realized through a repeatable stage-symmetric periodic structure, and
the resulting converter classes are best organized through combined topological duality
and commutation duality.

With this foundation, the next section formalizes the dual relationship between ZVS
and ZCS and clarifies how each symmetry choice reshapes stresses and losses in dual
fashions.

4. Duality Between ZVS and ZCS

Duality is a central symmetry concept in power electronics: many converter behav-
iors can be interpreted as paired transformations where voltage-dominated and current-
dominated descriptions mirror each other. In QR PWM converters, this duality becomes
particularly transparent because the soft-switching mechanism itself can be formulated as
a choice between two dual commutation symmetries: ZVS and ZCS. This section clarifies
how ZVS and ZCS form a dual pair, what “dual” means in this context, and how the du-
ality manifests in waveform shaping, resonant-cell placement, and stress/loss trade-offs.

4.1. Dual Commutation Symmetries as Boundary Conditions

In the symmetry framework introduced in Section 2, soft switching is viewed as en-
forcing a boundary condition at commutation. ZVS and ZCS represent two dual boundary
constraints:

e ZVS condition: the commutating switch is turned on when the switch voltage is (ap-

proximately) zero, i.e., Usw(ton) = 0.

In a typical QR implementation, the resonant transient is arranged so that capacitor-

related energy exchange drives the voltage across the switch to zero before turn-on;
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e  ZCS condition: the commutating switch is turned off when the switch current is (ap-

proximately) zero, i.e., isw(tort) = 0.

In a typical QR implementation, the resonant transient is arranged so that inductor-

related energy exchange forces the resonant current to naturally reach zero, enabling

loss-reduced turn-off.

The two conditions are dual in the precise sense that they impose symmetry on com-
plementary variables: ZVS symmetrizes the voltage waveform at commutation, while
ZCS symmetrizes the current waveform. This is not merely a naming convention; it affects
which reactive element is dominant in the resonant cell and how energy is temporarily
stored and released around the switching instant.

4.2. Resonant-Cell Duality: Capacitor-Dominated vs. Inductor-Dominated Commutation
Shaping

A practical duality signature in QR converters is the placement and role of the reso-
nant elements:

¢ InZVSQR cells, the resonant capacitor plays the dominant role in shaping the switch
voltage trajectory. The resonant process is designed so that the switch node (or device
voltage) is discharged to zero, and the switch transitions occur when the voltage
waveform is at its symmetry point (near zero).

e InZCS QR cells, the resonant inductor plays the dominant role in shaping the switch
current trajectory. The resonant process is designed so that current in the switch path
reaches zero, and the switch transitions occur when the current waveform is at its
symmetry point (zero crossing).

This capacitor/inductor dominance is one of the most useful conceptual “rules of
thumb” in the present paper: the variable forced to be symmetric at commutation deter-
mines the dominant reactive mechanism. It also explains why many ZVS and ZCS con-
verter families appear as mirror images in terms of resonant placement, waveform evolu-
tion, and constraints for maintaining soft-switching under changing load or frequency
condjitions.

4.3. Waveform Duality and Stage Symmetry over a Switching Period

Beyond the boundary condition, duality can be seen in how the switching period is
partitioned into stages. In ZVS Buck QR operation, the stage sequence typically includes
a capacitor charging interval that prepares the voltage symmetry condition and a recovery
interval that restores periodic consistency, yielding a four-stage structure that is naturally
interpreted in normalized variables. In ZCS Buck QR operation, the stage sequence em-
phasizes current build-up, resonant exchange, and the return of current to zero, with a
clear distinction between half-wave and full-wave symmetry depending on whether the
resonant current is restricted to one polarity or allowed to reverse.

From a symmetry viewpoint, these differences are expected: the resonance is not in-
troduced “globally” but locally to enforce the commutation symmetry. Therefore, the in-
ternal stage symmetry of the period reorganizes itself around the variable being symme-
trized at commutation.

4.4. The “Cost of Symmetry”: Dual Stress and Loss Trade-Offs

Symmetry restoration at commutation is beneficial because it reduces dynamic
switching losses; however, it is not free. QR operation typically requires temporarily stor-
ing energy in reactive elements and exchanging it during the resonant transient. This leads
to a dual stress/loss trade-off:
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e ZVS QR converters tend to reduce voltage-dependent switching loss at turn-on, but
they may require higher resonant current amplitudes to rapidly discharge/charge
node capacitances and enforce usw — 0. As a result, current stress and conduction-
related losses may increase relative to a comparable hard-switched PWM converter,
especially at certain normalized operating points.

e ZCS QR converters tend to reduce current-dependent switching loss at turn-off, but
they may require higher resonant voltage amplitudes to sustain the resonant ex-
change that brings isw — 0. This can increase voltage stress on devices and reactive
components. Furthermore, because ZCS operation reshapes current waveforms away
from rectangular PWM profiles, conduction losses can be meaningfully assessed
through RMS-based metrics. In representative L-type ZCS Buck QR operation, RMS
current comparisons and loss ratios provide a quantitative way to interpret the “cost
of symmetry,” and these costs are also influenced by whether the converter operates
in half-wave or full-wave symmetry modes.

The key conceptual conclusion is that ZVS and ZCS are dual ways of paying for soft
switching: ZVS often “pays” in current stress and associated conduction loss, whereas
ZCS often “pays” in voltage stress and resonant energy circulation. This duality aligns
with the commutation symmetry choice itself —enforcing symmetry in one variable tends
to shift the burden to the dual variable.

4.5. Practical Duality Summary

For later use in classification and discussion, the duality between ZVS and ZCS can
be summarized as follows:

1. Symmetrized variable at commutation: ZVS — voltage; ZCS — current.

2. Dominant reactive mechanism: ZVS — capacitor-driven commutation shaping; ZCS
— inductor-driven commutation shaping.

3. Stage symmetry emphasis: ZVS highlights voltage-preparation intervals; ZCS high-
lights current-return-to-zero intervals.

4.  Cost-of-symmetry direction: ZVS tends toward increased current stress; ZCS tends
toward increased voltage stress.

5. Natural metrics: ZVS is often interpreted through voltage trajectories and commuta-
tion constraints; ZCS is naturally connected to RMS current and conduction-loss met-
rics.

These duality principles will be combined with topological duality (Buck < Boost
and Buck-Boost self-duality) in the next section to produce a compact symmetry-based
map of classical QR-PWM converter families.

To further clarify the dual relationship between ZVS and ZCS in QR PWM DC-DC
converters, Table 1 summarizes their key characteristics from a symmetry-oriented per-
spective. Rather than emphasizing specific circuit implementations, the comparison fo-
cuses on the symmetrized variable at commutation, the dominant resonant mechanism,
waveform implications, and the associated stress and loss trade-offs. This abstraction
highlights that ZVS and ZCS are not competing techniques but complementary realiza-
tions of commutation symmetry, each shifting the burden of soft switching to a dual set
of physical quantities.
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Table 1. Symmetry-based comparison between ZVS and ZCS QR PWM DC-DC converters.

Aspect ZVS Quasi-Resonant Converters ZCS Quasi-Resonant Converters
Symmetrized variable at oo . oo .
Y . Voltage across the switching device Current through the switching device
commutation
Commutation condition Usw(ton) = 0 isw(totf) = 0
Dominant resonant . . . . .
) Capacitor-dominated resonant transient Inductor-dominated resonant transient
mechanism
Typical resonant element ~ Resonant capacitor connected to shape the Resonant inductor connected to shape the switch
placement switch-node voltage current
Stage symmetry emphasis  Voltage-preparation and recovery intervals Current build-up and return-to-zero intervals
Primary benefit Reduced turn-on switching losses Reduced turn-off switching losses

Typical stress trade-off

Increased current stress during resonant . L
¢ iti Increased voltage stress durmg resonant transition
ransition

Natural loss metric

RMS current-based conduction losses and resonant

Current-dependent conduction losses . .
circulation losses

Sensitivity to load variation

Moderate to high, depending on voltage-  Strongly linked to the ability of the resonant current to
discharge dynamics reach zero

Internal mode symmetry

Typically single-polarity resonant current Half-wave or full-wave resonant current symmetry

Representative QR archetype

ZVS buck quasi-resonant converter ZCS buck quasi-resonant converter

Table 1 highlights that ZVS and ZCS represent dual symmetry choices that
redistribute stress and loss mechanisms in a predictable manner across QR-PWM
converter families.

5. Topological Duality in Quasi-Resonant Buck, Boost, and Buck-Boost
Converters

The symmetry viewpoint becomes particularly powerful when commutation duality
(ZVS < ZCS) is combined with topological duality among the three classical PWM-
derived converter families: Buck, Boost, and Buck-Boost. In conventional power-
electronics theory, buck and boost are widely treated as dual structures under voltage—
current interchange and corresponding network transformations, while Buck-Boost plays
a bridging role with a self-dual character under common duality operations. In the QR
PWM setting, these relations remain meaningful, but they now interact with the choice of
commutation symmetry. The result is a compact classification: instead of many circuit
variants, one obtains a small set of archetypes organized by two orthogonal symmetry
axes— (i) topology (Buck <> Boost; Buck-Boost as bridge) and (ii) commutation symmetry
(ZVS vs. ZCS).

5.1. Buck <> Boost as a Topological Dual Pair

At a conceptual level, buck and boost differ in where the energy buffer sits relative
to the source and load, and in whether regulation is more naturally expressed in voltage
or current terms. Under a duality transformation that exchanges voltage and current roles,
and correspondingly swaps series/parallel energy-flow interpretations, buck and boost
map into each other. This remains true when QR commutation is introduced: the resonant
cell is still “local” around the switching transition, and its function is still to enforce a
commutation symmetry boundary condition (ZVS or ZCS), as described in Sections 2 and
3.

In practice, the duality implies a useful expectation: if a buck QR converter uses a
particular commutation symmetry mechanism and stage structure to achieve soft
switching, then a corresponding boost QR converter can be constructed with a dual
resonant placement and an analogous stage logic—while the regulated quantity and stress
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emphasis interchange accordingly. This is why it is natural to present buck and boost QR
families as a paired set in a symmetry map, rather than as unrelated “separate chapters”.

5.2. Buck—Boost as a Symmetry Bridge and Self-Dual Archetype

The Buck-Boost family occupies a special position. It can realize step-down and step-
up behavior depending on the duty ratio, and it is commonly treated as a bridge between
the buck and boost families. In the symmetry-based organization proposed here, buck-
boost is the natural “central” archetype because it can be interpreted as self-dual in the
sense that the same structure can be viewed from either a voltage-oriented or current-
oriented perspective without losing its essential form (up to sign conventions and polarity
inversion). This makes Buck-Boost an ideal topology for illustrating how commutation
duality (ZVS < ZCS) can be embedded into a single converter family with minimal
conceptual friction.

From the present viewpoint, Buck-Boost is not introduced to expand the list of
circuits; it is introduced because it clarifies the logic of the symmetry map: it functions as
a structural hinge linking the buck and boost sides and helps demonstrate that QR
behavior is governed by symmetry constraints rather than by topology alone.

5.3. Interaction Between Commutation Duality and Topological Duality

Once topological duality (Buck <> Boost) is acknowledged, the core organizational
step is to combine it with commutation duality (ZVS < ZCS). This yields a two-
dimensional classification with a small number of canonical classes:

e  Buck-ZVS and Buck-ZCS as voltage-symmetrized vs. current-symmetrized buck
commutation.

e Boost-ZVS and Boost-ZCS are the corresponding dual boost realizations.

e Buck-Boost-ZVS and Buck-Boost-ZCS as the bridge-family realizations.

To demonstrate that the discussion is not restricted to the buck case, representative
analyses and implementations are explicitly available for ZVS Boost [15-17], ZVS Buck-
Boost [14], ZCS Boost [23-25], and ZCS (or mixed ZV/ZC) Buck-Boost realizations [27,28].
These works can be positioned directly on the proposed 2 x 3 symmetry map and provide
concrete topology-level examples beyond the buck anchor cases.

This two-axis structure motivates the central “symmetry map” shown in Figure 1: a
grid in which the horizontal direction represents topological duality (Buck <> Boost, with
Buck-Boost at the center), and the vertical direction represents commutation symmetry
(ZVS vs. ZCS). The map is not only a taxonomy. It is also predictive: it encodes how stress
and loss tendencies shift when moving along either axis. Moving vertically (ZVS < ZCS)
exchanges which variable is symmetrized at commutation and therefore exchanges the
dominant stress trade-off (current stress vs. voltage stress). Moving horizontally (Buck <
Boost) swaps the voltage/current-oriented nature of regulation and shifts which parts of
the converter naturally become stress bottlenecks under load variation.
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Figure 1. Symmetry map of classical QR PWM DC-DC converters.

The horizontal axis represents topological duality among Buck, Buck-Boost, and
Boost converters, while the vertical axis represents commutation symmetry (ZVS versus
ZCS). Each cell corresponds to a symmetry class defined by the combination of topology
and commutation condition; ZVS classes are typically associated with dominant current
stress, whereas ZCS classes are typically associated with dominant voltage stress.

5.4. Anchoring the Map with Representative Buck Cases

To keep the symmetry map grounded in established QR behavior, the paper uses
representative buck cases as anchors. A ZVS Buck QR converter illustrates stage-based
periodic structure and normalized regime descriptions that enforce voltage symmetry at
turn-on. A ZCS Buck QR converter illustrates the dual commutation condition (current
symmetry at turn-off), including the practical distinction between half-wave and full-
wave current symmetry and its implications for waveform shape and conduction-loss
metrics. These two anchors serve as reference points for extending the discussion to the
remaining topological classes through duality arguments, without requiring a full re-
derivation for every cell in the symmetry map.

Representative time-domain waveforms for the buck case, illustrating the ZVS-ZCS
commutation duality, are shown in Figure 2. Qualitative commutation waveforms around
the switching boundary; ZVS enforces usw = 0 at turn-on, while ZCS enforces isw = 0 at turn-
off.

Template waveforms are conceptual (not to scale) and highlight symmetry-restoring
boundary conditions and topology-dependent clamp levels.

To further emphasize topology-level symmetry across both commutation classes and
topologies, Figure 3 provides a compact 2 x 3 waveform-template map: rows correspond
to the ZVS and ZCS commutation classes, while columns follow the Buck < Buck-Boost
<> Boost duality chain. The templates intentionally abstract detailed circuit equations and
emphasize (i) the ZVS/ZCS boundary conditions and (ii) the topology-dependent
clamp/reference levels that shape device stress distribution.
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Figure 2. Time-domain visualization of the ZVS-ZCS duality in a quasi-resonant PWM Buck
converter. ZVS restores a voltage-symmetric boundary at turn-on (usw = 0), whereas ZCS restores a
current-symmetric boundary at turn-off (isw = 0).
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Figure 3. Combined 2 x 3 waveform-template map for classical quasi-resonant PWM DC-DC
converters: commutation symmetry (rows: ZVS vs. ZCS) and topology duality (columns: Buck,
Buck-Boost, and Boost).

The templates highlight the symmetry-restoring switching boundary (ZVS at turn-
on; ZCS at turn-off) and indicate how topology sets the effective clamp/reference levels
that govern stress redistribution.

5.5. Implication: A Compact Family Portrait of Classical QR-PWM Converters

The main implication of this section is that classical QR-PWM converters can be
treated as a small closed family generated by two symmetry operations:

e Commutation symmetry operation: choose whether to restore voltage symmetry
(ZVS) or current symmetry (ZCS) at commutation.
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e Topological duality operation: move between Buck and Boost as dual archetypes,
with Buck-Boost providing a self-dual bridge.

This family portrait sets the stage for the next section, which connects the symmetry
map to engineering consequences. In particular, Section 5 introduces “cost of symmetry”
considerations—stress amplification, RMS-related conduction losses, and resonant
circulation losses—and shows how these costs transform in a structured way across the
map.

6. The Cost of Symmetry: Stress and Loss Metrics Across the
Symmetry Map

The symmetry-based organization developed in Sections 2—4 emphasizes that quasi-
resonant PWM converters achieve soft switching by restoring a commutation symmetry —
either voltage symmetry (ZVS) or current symmetry (ZCS). While this symmetry
restoration reduces switching losses, it is not “free”: the resonant transient must
temporarily store and exchange energy, and this energy circulation reshapes waveforms
away from the rectangular profiles typical of hard-switched PWM converters. The result
is a set of systematic trade-offs—here referred to as the cost of symmetry —that appear as
increased stress in the dual variable (current stress for ZVS, voltage stress for ZCS) and as
additional conduction and resonant-tank losses.

This section introduces practical metrics that make the cost of symmetry explicit and
connects them to the symmetry map (commutation duality x topological duality). The
goal is not to produce a complete loss model for every topology, but rather to identify
symmetry-invariant trends that predict how losses and stresses transform when moving
across converter classes.

6.1. Stress Amplification as a Dual “Symmetry Payment”

A resonant transient is introduced precisely to drive one commutating variable to a
symmetric boundary point (near zero) at the switching instant. Achieving that boundary
condition typically requires amplitude growth in the conjugate variable during the
transient.

e In ZVS QR converters, the switch voltage is shaped to reach zero at turn-on. To
accomplish this, the resonant path must source/sink charge from parasitic and
resonant capacitances, which commonly requires elevated resonant current peaks. In
ZVS Buck QR operation, the stage sequence explicitly includes an interval in which
the resonant capacitor is charged/discharged and the switch-node voltage trajectory
is driven toward the ZVS boundary condition, illustrating how the resonant process
is “spent” to enforce voltage symmetry at commutation. The dual implication is that
current stress can exceed PWM levels, especially when operating points move away
from symmetry-favorable initial conditions.

e InZCS QR converters, the switch current is shaped to reach zero at turn-off. To force
a current zero crossing within a finite switching interval, the resonant exchange often
requires elevated resonant voltage excursions across the reactive elements and the
switch network. In L-type ZCS Buck QR operation, the resonant current waveform is
explicitly designed to naturally reach zero, but the analysis also reveals that the
resonant process can increase peak electrical quantities relative to classical PWM
operation, making stress a central design concern.

This dual behavior is a direct consequence of commutation duality: the symmetrized
variable is “protected” at commutation, while the dual variable tends to carry the transient
burden.
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6.2. RMS and Conduction Losses as Symmetry-Sensitive Metrics

A key practical question is how the resonant waveform reshaping translates into
losses. For QR-PWM families where switching losses are strongly mitigated, conduction
losses often become dominant. In that regime, RMS-based measures provide a natural
symmetry-sensitive metric: they capture how waveform reshaping increases (or
decreases) effective current stress compared to the rectangular PWM baseline.

In a representative ZCS Buck QR operation, conduction-loss comparisons between a
classical PWM buck converter and an L-type ZCS buck QR converter are constructed by
analyzing the transistor RMS current and related static-loss ratios under identical
input/output conditions. The main conceptual lesson is not limited to the buck topology:
once symmetry is enforced at commutation, RMS current becomes a quantitative proxy
for the “price” paid in conduction losses. The same philosophy can be mirrored on the
ZVS side by interpreting current escalation during capacitor-driven commutation shaping
as a conduction-loss penalty required to enforce usw(ton) = 0.

A symmetry-map interpretation follows directly:

e Moving vertically (ZVS < ZCS) changes which waveform component is reshaped
most strongly around commutation and therefore shifts the dominant conduction-
loss mechanism (e.g., elevated resonant currents in ZVS vs. reshaped current-return-
to-zero patterns in ZCS).

¢ Moving horizontally (Buck <> Boost) redistributes where conduction occurs in the
switch network (which device conducts for which fraction of the period) and
therefore changes how RMS penalties translate into total loss.

Thus, the cost of symmetry can be compared across classes without re-deriving every
loss expression: the symmetry map predicts how the RMS burden migrates across devices
and intervals when duality operations are applied.

6.3. Internal Mode Symmetry (Half-Wave vs. Full-Wave) and Its Loss Consequences

Beyond ZVS/ZCS duality, some QR families exhibit an additional internal symmetry
choice that changes energy recirculation and regulation sensitivity. In ZCS Buck QR
converters, for example, half-wave and full-wave modes represent two distinct symmetry
realizations for the resonant current: in half~-wave mode, the resonant current is restricted
to one polarity, while in full-wave mode, it is allowed to reverse, creating a more
symmetric oscillatory exchange over the resonant interval.

From the cost-of-symmetry viewpoint, this internal mode symmetry affects:

e RMS currents and conduction losses, since waveform polarity and duration shape
RMS differently.

e  Energy feedback to the source, since full-wave operation permits negative resonant
current intervals, changing how energy is redistributed between source, tank, and
load.

®  Regulation sensitivity, since the converteres effective transfer characteristic may
become more or less load-dependent depending on the mode.

These effects reinforce an important theme: symmetry is not a binary property (“soft”
vs “hard” switching) but a configurable design dimension. The designer may choose
between alternative symmetry realizations (e.g., half-wave vs full-wave) depending on
whether priority is placed on regulation robustness, loss minimization, or stress
constraints.

6.4. Resonant-Tank Losses and the Non-Ideal Symmetry Budget

In ideal analyses, the resonant transient is often treated as lossless, serving purely as
a waveform-shaping mechanism. In practical QR converters, however, the resonant tank
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has resistive and parasitic losses (inductor copper loss, capacitor ESR, and associated
damping), and these losses can become non-negligible at high frequency or light load. In
the ZCS Buck QR context, the efficiency impact of resonant-tank losses has been explicitly
studied by separating resistive loss contributions associated with the resonant inductance
and capacitor and by evaluating their influence on overall efficiency.

From a symmetry perspective, these tank losses represent a symmetry budget:
enforcing commutation symmetry requires circulating resonant energy, and any
dissipative element converts part of that circulating energy into heat. As a result, even if
switching losses are strongly reduced, total efficiency depends on whether the resonant
circulation required for symmetry restoration remains “cheap” compared to the dynamic
losses avoided in hard switching. This explains why QR design is inherently a balancing
act: the system must be tuned so that the energy spent to restore symmetry is smaller than
the energy saved by avoiding non-symmetric switching.

6.5. Symmetry-Guided Interpretation Across Buck, Boost, and Buck—Boost

The cost-of-symmetry metrics above can be transferred across the symmetry map
without exhaustive re-derivations:

1.  Across commutation duality (ZVS < ZCS):

The dominant stress and loss “payment” shifts between current and voltage, and
between conduction-RMS penalties associated with current shaping versus voltage-
discharge demands.

2. Across topological duality (Buck <> Boost):
The distribution of conduction intervals among devices shifts; therefore, the same
commutation symmetry may impose different loss bottlenecks, even if the resonant
transient plays an analogous symmetry-restoring role.

3. For Buck-Boost (self-dual bridge):

The Buck—Boost family provides a structural hinge where both voltage-oriented and
current-oriented interpretations coexist, making it a natural candidate for observing
how symmetry costs manifest under mixed step-up/step-down operation.

Taken together, these observations justify the main methodological claim of the
paper: the principal stress and loss tendencies of classical QR-PWM converters can be
predicted and organized by symmetry arguments. Detailed equations remain
indispensable for design verification, but the symmetry map clarifies which quantities
should be expected to grow, which loss terms become dominant, and how those trends
change under duality transformations.

6.6. Quantitative Symmetry Metrics and Compact Tabular Summaries

To support the predictive statements of the symmetry map with a compact
quantitative layer, we introduce dimensionless stress and conduction proxies that can be
evaluated from either analytical waveforms, simulation, or measured data. These metrics
are deliberately generic so that they can be applied consistently across the six topology x
commutation classes.

To make the symmetry-based stress and loss tendencies explicit and comparable
across converter classes, we introduce a set of normalized stress and conduction factors.
These factors are not intended as detailed loss models, but as compact, topology-agnostic
metrics that capture how enforcing commutation symmetry redistributes electrical stress
and conduction burden relative to a classical PWM baseline.

The peak-voltage stress factor is defined as:

kv = max(usw)/Vin,
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where max(usw) is the maximum instantaneous voltage across the switching device during
a switching period, and Vin is the input DC voltage. This factor quantifies voltage
overstress introduced by resonant commutation shaping and is particularly relevant for
ZCS-type operation, where enforcing a current-zero boundary condition often leads to
increased resonant voltage excursions.

The peak-current stress factor is defined as:

ki= maX(isw)/Io,

where max(isw) is the peak switch current, and L is the average output current. This factor
captures current overstress associated with resonant charge or energy transfer and is
naturally emphasized in ZVS-type operation, where additional resonant current is
required to discharge device and node capacitances before turn-on.

To connect waveform reshaping to conduction losses, we introduce the conduction
(RMS) factor

kRMS = Isw,rms/Io,

where Iswms is the RMS value of the switch current over one switching period. When
switching losses are strongly mitigated by soft switching, conduction losses typically
dominate and scale approximately with the square of the RMS current. For a fixed device
conduction model (e.g., constant Rosen) or an equivalent static conduction characteristic),
the relative conduction-loss penalty can therefore be expressed as

Peond o¢ krus? (for fixed Rosen) or equivalent conduction model).

Within the proposed symmetry framework, these normalized factors serve as
symmetry-sensitive indicators: enforcing voltage symmetry at commutation (ZVS) tends
to increase ki and krwvs, whereas enforcing current symmetry (ZCS) tends to increase kv.
The symmetry map thus predicts not exact numerical losses, but systematic trends in how
stress and conduction burden shift across commutation classes and topological duals.

In the symmetry-map interpretation, moving vertically (ZVS < ZCS) exchanges the
metric that tends to increase: ZVS operation tends to pay for ZVS by higher ki and krwms
(larger resonant current needed to drive usw—0 at turn-on), while ZCS operation tends to
pay for ZCS by higher kv (larger resonant voltage excursion needed to drive isw—0 at turn-
off). The horizontal duality (Buck < Boost) mainly redistributes which device and interval
carries the dominant RMS burden.

Illustrative numerical example (method demonstration).

Consider a commutation-stage waveform in which the switch current over the
dominant resonant interval can be approximated by a half-sinusoid,

i(t) = Imax - sin(wt), 0 L wt < 1.

The RMS value of this current over the resonant interval is Tmax/V2.
If the resonant process requires a peak current Imax = 2-Io (Where I denotes the average
output current), the corresponding RMS-based conduction factor becomes:

ks = (Imax N2)/Lo = 1.41,

implying an approximate doubling of conduction-related loss (krms? = 2) for a fixed on-
resistance or equivalent static conduction model.

This example is intentionally illustrative rather than a full-period loss calculation. Its
purpose is to demonstrate how waveform reshaping imposed by commutation symmetry
can inflate RMS current and therefore conduction loss, even when the average transferred
current remains unchanged. In this sense, the example provides a quantitative expression
of the “cost of symmetry”: ZVS classes typically pay through increased ki and krws,
whereas ZCS classes tend to pay through increased kv.
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A fully dual interpretation is obtained by considering the voltage-domain
counterpart corresponding to ZCS commutation symmetry.

Dual illustrative example (ZCS voltage symmetry).

As a dual to the current-based illustration, consider a ZCS-type commutation stage
in which the switch voltage over the dominant resonant interval can be approximated by
a half-sinusoid,

u(t) = Umax - sin(wt), 0 S wt < .

The RMS value of this voltage over the commutation interval is Unmax/N2.

If enforcing current symmetry at turn-off requires a peak switch voltage Umax = 2-Vin,
the corresponding normalized voltage stress factor becomes kv = Umax /Vin = 2, while the
RMS-based voltage factor evaluates to

kv,rms = (Umax/N2)/Vin = 1.41.

This dual example mirrors the current-based case and illustrates the complementary
nature of the cost of symmetry: ZCS operation shifts the commutation burden toward
increased voltage stress (kv), just as ZVS operation shifts it toward increased current and
RMS conduction burden (ki and krws).

Practical note: although the present article is primarily a unifying framework paper,
the predicted stress/loss redistribution trends can be cross-checked against published
experimental and efficiency-oriented studies on representative QR PWM converters—e.g.,
ZVS Buck implementations/measurements [13,18,19], ZCS Buck loss/efficiency studies
[20-22], and ZCS/ZVS Boost and Buck-Boost realizations [14-17,23-28]. Even when these
studies are not designed as a head-to-head comparison under identical specifications, the
reported waveforms and dominant-loss discussions align naturally with the proposed
“cost of symmetry” interpretation.

To condense the symmetry-map discussion into a compact form, Table 2 summarizes
the six classical QR-PWM converter classes obtained by combining commutation
symmetry (ZVS vs. ZCS) with topological duality (Buck, Boost, and Buck-Boost). For each
class, the table indicates the enforced commutation boundary condition, the dominant
“payment” associated with restoring symmetry at commutation, and the loss channel that
is typically most affected. The entries are intentionally qualitative and trend-oriented: they
do not replace detailed loss calculations, but rather reflect the systematic stress and loss
shifts predicted by the symmetry framework when moving across the symmetry map.

Table 2. Symmetry-map summary of the six classical QR PWM classes and the expected dominant

stress/loss tendency (qualitative).

Class Commutation Symmetry Typical Stress “Payment” Typical Dominant Loss Shift
itch/diod duction (RM: d tank
Buck-ZVS usw — 0 at turn-on 1 ki, 1 krvs (higher resonant current) Switch/diode c01.1 ue 1(?n (RMS) and tan
circulation
high 1 1 ;R hapi
Buck_7CS i o 0 at turn-off 1 kv (higher resc?nant voltage Voltage stress management; RMS reshaping
excursion) (half-/full-wave)
Boost-ZVS usw— 0 at turn-on 1 krin the commutation path Higher c1rculatm'g curre?nt; chode/MQSFET
RMS depending on implementation
Volt t d cl t; tank
Boost-ZCS isw — 0 at turn-off 1 kv in commutation cell/switch node oltage stress and ¢ a,m p management; tan
loss at light load
Buck—Boost_ZVS tow— 0 at turn-on 1 ki and circulation in bo.th step-up RMS increase .concentrated. in switch
and step-down regimes network during resonant intervals

Buck-Boost-ZCS

1 kv, polarity inversion often makes Voltage stress redistribution; RMS depends

isw— 0 at turn-off .. . .
clamp levels critical on operating regime

Note: 1 indicates a qualitative increase in the indicated stress or loss mechanism relative to the

corresponding hard-switched (non-soft-switched) reference case.
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While the symmetry map is not intended to replace established QR-converter
analysis methods, it occupies a complementary position among them. Table 3 situates the
proposed symmetry-based organization relative to commonly used approaches in the
literature, including topology-centered taxonomies, mode/state-plane QR analysis, and
loss-focused evaluations. The comparison highlights how the symmetry map adds an
orthogonal organizing axis—commutation duality —allowing stress and loss tendencies
to be anticipated at a family level before detailed circuit- or mode-specific analysis is
undertaken.

Table 3. Positioning of the proposed symmetry map relative to common QR-converter

analysis/classification approaches (qualitative).

How the Symmetry Map

Approach (Typical) Primary Organizing Axis Typical Output Complements It
Adds an orthogonal
Topology-centered taxonom L Families, duty-ratio relations, commutation-symmetry axis
e [34] ’ Circuit topology and control averagZd models (ZVS/ZCS) + pre(}ilicts stre}:ss/loss
direction
. . . Provides a compact “family
Mode/state-plane QR analysis Resonant stages and operating Exact waveforms, regime o e
[1,2,7,9] modes boundaries, normalized maps portrait” linking mode maps

across dual topologies

Loss-focused QR evaluation [20]

Explains trends via duality: why
loss burden migrates between
voltage vs current channels

Loss decomposition (switching Efficiency trends, RMS metrics,
vs conduction vs tank) loss allocation

Proposed symmetry map (this

paper)

Not a replacement—serves as a
high-level organizer that points
to which detailed analysis is

Predictive stress/loss tendencies;
design heuristics; pedagogical
classification

Commutation duality x
topological duality
needed

7. Design Implications: Using Symmetry to Select Regimes, Parameters,
and Trade-Offs

The symmetry map developed in the previous sections is not intended to replace
detailed circuit-level design procedures. Instead, it provides a compact decision
framework that helps designers (i) select an appropriate soft-switching class (ZVS vs.
Z(S), (ii) anticipate dominant stress and loss mechanisms, and (iii) interpret parameter
choices as controlled symmetry adjustments rather than as isolated tuning steps. This
section summarizes practical design implications in a symmetry-oriented form, focusing
on classical QR-PWM Buck, Boost, and Buck-Boost converters.

7.1. Selecting ZV'S vs. ZCS as a Symmetry Choice

A first design decision is whether commutation symmetry should be imposed on
voltage (ZVS) or on current (ZCS). In the proposed framework, this choice is guided by
which variable is more “expensive” to commute non-symmetrically in the given
application:

e  Prefer ZVS when turn-on switching loss is dominant or when device/output
capacitances and high dv/dt stresses are critical. The design goal becomes enforcing
a voltage boundary condition at turn-on, usw(ten) = 0, by shaping a capacitor-
dominated commutation transient. In the representative ZVS buck QR operation, the
stage structure and normalized regime conditions explicitly show how the resonant
transition is organized to achieve ZVS and close the periodic orbit.

. Prefer ZCS when turn-off switching loss is dominant or when di/dt-related stresses
and reverse-recovery issues motivate commutation at current zero. The design goal
becomes enforcing a current boundary condition at turn-off, isw(to) = 0, by shaping
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an inductor-dominated commutation transient. In representative L-type ZCS buck
QR operation, the ability of the resonant current to reach zero within the switching
interval becomes a central feasibility constraint and also sets the stage for RMS-based
loss assessment.

From a symmetry viewpoint, the decision can be framed as follows: choose the
commutation symmetry that minimizes the “cost of symmetry” in the dominant
loss/stress channel for the intended operating range.

7.2. Designing in Normalized Symmetry Coordinates: Keeping the Operating Point “Inside the

Symmetry Region”

Once a commutation symmetry is selected, the main design challenge is maintaining
that symmetry across expected variations in load and operating conditions. The
normalized coordinates introduced in Section 2 provide a systematic way to reason about
this:

e  The frequency ratio v = fs/fo controls how strongly the natural resonant transient fits
within the imposed switching period. In symmetry terms, v determines whether the
resonant trajectory can “complete” the symmetry restoration before the next
switching boundary.

e Anormalized load/current coordinate expresses how strongly the load constrains the
resonant exchange. In both ZVS and ZCS operation, soft switching exists only within
a feasible region of normalized load; outside that region, the trajectory cannot reach
the symmetry boundary condition (zero voltage or zero current) within the available
time.

e  The DC conversion ratio, MMM positions the operating point in terms of steady-state
energy transfer symmetry and therefore affects how much resonant excursion is
required to enforce the commutation condition.

In practical terms, the design implication is to avoid tuning the converter for a single
“nominal” point and instead select parameters so that the expected operating set remains
within a symmetry-feasible region where commutation constraints continue to be
satisfied.

7.3. Symmetry Fixed Points and Robust Operating Choices

A particularly useful symmetry concept for design is the notion of a symmetry fixed
point (or symmetry-centered operating condition) where waveform discontinuities and
stress are minimized, and the periodic trajectory closes naturally with minimal
“correction” energy.

In ZVS buck QR analysis, the special case of near-zero initial resonant inductor
current at turn-on (often treated as h = 0) can be interpreted as such a symmetry-centered
condition: the resonant stage sequence closes under favorable initial conditions, and the
resulting operation tends to be desirable from a stress standpoint. From a design
perspective, this suggests a robust strategy: parameterize the QR cell so that nominal
operation lies near a symmetry-centered initial condition, thereby increasing tolerance to
perturbations and reducing peak stresses.

In the ZCS buck QR operation, an analogous symmetry-centered design approach
appears through the feasibility constraint that the resonant current must naturally return
to zero within the switching interval. The implication is to choose resonant parameters
and operating ranges so that the current zero-crossing is achieved with a margin, rather
than as a fragile equality. This “margin to zero” interpretation is a symmetry robustness
principle and also underpins why internal mode choices (half-wave vs. full-wave) matter.
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7.4. Using RMS-Based Metrics to Tune the “Cost of Symmetry”

When switching losses are mitigated by soft switching, conduction losses and
resonant-tank losses often become the limiting factors. A symmetry-oriented design
implication is therefore to explicitly treat RMS-related measures as tuning targets.

In L-type ZCS buck QR analysis, RMS current ratios and static-loss comparison
coefficients provide direct metrics that quantify how much conduction-loss penalty is paid
to achieve ZCS, under otherwise identical converter conditions. Even if a designer does
not use the same exact coefficients for a different topology, the method suggests a general
practice:

e Use RMS current (and device conduction characteristics) as primary optimization
criteria once soft switching is secured.

e Interpret tuning of resonant parameters as a trade between (i) achieving the
commutation symmetry boundary condition and (ii) minimizing RMS inflation and
circulating resonant energy.

On the ZVS side, the same principle appears in dual form: ensuring ZVS may require
additional resonant current to discharge capacitances; therefore, RMS and conduction-
loss penalties become the natural “payment” variable to minimize once ZVS is achieved.

7.5. Mode Symmetry Choices: Half-Wave vs. Full-Wave as a Design Degree of Freedom

Some QR families admit multiple internal symmetry realizations. In ZCS converters,
half-wave and full-wave modes represent two different symmetry choices for resonant
current polarity and energy exchange. This choice affects:

¢ regulation sensitivity (load dependence);

e  energy feedback to the source;

° RMS currents and conduction losses;

¢ and feasibility margins for sustaining ZCS across operating conditions.

The design implication is that mode selection should be treated as an explicit
symmetry decision rather than as a secondary implementation detail. For a given
application, one mode may offer better robustness or lower effective “symmetry cost,”
even if both satisfy the basic ZCS condition.

7.6. Practical Workflow: Symmetry-First Design Logic

A symmetry-first design workflow consistent with this paperes framework can be
summarized as:

e  Choose topology by function (Buck, Boost, Buck-Boost).

e Choose commutation symmetry by dominant switching burden (ZVS vs. ZCS).

e  Select a resonant cell consistent with the symmetry choice (capacitor-dominated vs.
inductor-dominated shaping).

¢  Locate the operating range in normalized symmetry coordinates (v, normalized
load/current, M) and ensure it remains within the symmetry-feasible region.

e  Tune parameters toward a symmetry-centered operating point (e.g., symmetry-
friendly initial conditions or sufficient margin to reach the zero boundary condition).

¢  Optimize the cost of symmetry using RMS/stress and resonant-tank loss metrics, not
only the soft-switching constraint.

e  Validate under extremes (load variation, frequency variation, component tolerances),
because soft-switching feasibility is a symmetry constraint that can fail abruptly
outside its region.

7.7. Scope Boundary: Why LLC and Multi-Resonant Structures Are Excluded

https://doi.org/10.3390/en19040883



Energies 2026, 19, 883

22 of 24

Finally, it is important to restate the scope boundary from a symmetry viewpoint.
Classical QR PWM converters use local resonant transients to restore commutation
symmetry while retaining PWM control logic. Multi-resonant and frequency-controlled
converter families (such as LLC) and resonant DC-AC inverter structures introduce
additional modal and frequency-domain symmetries, including multiple resonant
frequencies, mode transitions, and operating-point selection by frequency modulation
[31,32]. These features alter the natural symmetry variables and classification axes.
Accordingly, such structures are intentionally not included in the present symmetry map.

8. Conclusions

This paper presented a symmetry- and duality-based perspective on classical QR
PWM DC-DC converters, with particular focus on ZVS and ZCS implementations of
Buck, Boost, and Buck-Boost families. Rather than extending the catalog of circuit
variants, the proposed viewpoint reframes QR operation as a controlled restoration of
symmetry at the commutation boundary, where soft switching is achieved by enforcing
either voltage symmetry (ZVS) or current symmetry (ZCS). This interpretation provides
a compact conceptual structure that complements conventional topology-centered
descriptions.

By explicitly separating commutation symmetry (ZVS < ZCS) from topological
duality (Buck < Boost, with Buck-Boost as a self-dual bridge), the paper organized
classical QR-PWM converters into a small set of archetypal classes. This organization
reveals that many seemingly different QR implementations are, in fact, dual realizations
of the same underlying symmetry principle. Representative buck cases were used as
anchors to illustrate these ideas: ZVS buck operation highlights stage-based temporal
symmetry and normalized regime structure, while ZCS buck operation exposes current-
based symmetry restoration, half-wave/full-wave internal symmetry, and RMS-driven
interpretations of losses.

A central outcome of the symmetry framework is the notion of the cost of symmetry.
While ZVS and ZCS both reduce switching losses by enforcing commutation boundary
conditions, they shift stress and loss burdens in dual ways. ZVS typically trades reduced
voltage-related switching losses for increased current stress and associated conduction
penalties, whereas ZCS trades reduced current-related switching losses for increased
voltage stress and resonant energy circulation. RMS-based conduction metrics, resonant-
tank losses, and internal mode choices (such as half-wave versus full-wave operation in
ZCS converters) emerge as natural quantitative expressions of this cost. These trends are
not topology-specific; they transform predictably across the symmetry map through
commutation and topological duality operations.

From a design standpoint, the symmetry-based organization supports a symmetry-
first workflow: selecting ZVS or ZCS as a deliberate commutation-symmetry choice,
positioning the operating range within normalized symmetry-feasible regions, tuning
parameters toward symmetry-centered operating points, and optimizing the cost of
symmetry using stress- and RMS-oriented metrics. In this sense, symmetry serves not only
as an abstract classification tool but also as a practical guide for anticipating trade-offs and
robustness limits before detailed circuit optimization.

The scope of the present study was intentionally limited to classical QR converters
that retain PWM control and use local resonant transients primarily to restore
commutation symmetry. Multi-resonant and frequency-controlled structures, such as
LLC converters, as well as resonant DC-AC inverter families, introduce additional modal
and frequency-domain symmetries that alter the relevant classification axes. Accordingly,
these structures are not considered here.
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In conclusion, classical ZVS and ZCS QR-PWM DC-DC converters can be
understood as members of a compact symmetry-governed family generated by two
operations: commutation duality and topological duality. This perspective clarifies
relationships among Buck, Boost, and Buck-Boost QR converters, provides predictive
insight into stress and loss trends, and offers a coherent conceptual foundation for both
analysis and design.
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