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Abstract

This paper presents a frequency domain harmonic and modal analysis of a four-bus Zeta
DC-DC converter, targeting the identification of resonance phenomena up to 200 MHz.
The method is based on nodal admittance modeling and eigenvalue decomposition of
the impedance matrix, enabling extraction of modal impedance and dominant resonance
modes. Participation factors and sequential current injection at each bus are employed to
evaluate spatial sensitivity and voltage amplification under different excitation scenarios.
A two-stage frequency sweep, combining a coarse global scan with fine local refinement
around detected peaks, ensures efficient and accurate resonance characterization. Simula-
tion results demonstrate strong dependence of resonance severity on the injection location
and highlight the dominant contribution of specific modes and reactive elements. The
proposed framework provides physical insight and supports resonance-aware design of
power electronic converters.

Keywords: Zeta DC-DC converter; harmonic analysis; modal impedance; resonance
analysis; participation factors; power electronics; frequency domain modeling

1. Introduction

DC-DC converters are a fundamental element in modern electronic power systems,
widely used in electric vehicles, renewable energy sources, industrial power supplies and
high-frequency power electronics [1,2]. Among them, the Zeta DC-DC converter stands out
for its ability to provide both step-up and step-down voltage conversion, with continuous
input current and good compatibility with input filters [3]. These characteristics make it
suitable for applications with high requirements for electromagnetic compatibility and
power supply stability.

With the increase in operating frequencies and the integration of low-value passive
elements, the dynamic behavior of DC-DC converters become increasingly sensitive to
parasitic parameters and high-frequency resonance phenomena [4,5]. Such resonances
can lead to significant amplification of voltages and currents in certain nodes, increased
electromagnetic emissions and potential degradation of system reliability [6-9]. Therefore,
identifying and understanding resonance mechanisms over a wide frequency range is a
key aspect of designing reliable power electronic converters [10-12].
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Classical approaches to the analysis of DC-DC converters are usually based on aver-
aged models or linear small-signal representations, which are effective in the low-frequency
range, but often do not adequately reflect the high-frequency behavior and modal structure
of the system. In this context, frequency domain and matrix model-based methods provide
a deeper physical insight into the interaction between individual elements and nodes in
the circuit.

This paper presents a systematic harmonic and modal analysis of a four-node Zeta
DC-DC converter from Texas Instruments, Dallas, USA, based on the nodal conductance
matrix and the eigenvalues of the impedance matrix. By extracting modal impedances,
dominant resonant modes and participation factors, the spatial sensitivity of the system
to harmonic excitations is estimated. Additionally, the use of sequential current injection
at each node allows a quantitative comparison of the resonant vulnerability of individual
nodes and excitation scenarios.

The main contributions of this work can be summarized as follows:

e  Development of a frequency-based modal model for the analysis of a Zeta DC-DC
converter up to 200 MHz;

e Introduction of a two-step frequency scanning procedure for efficient detection of
resonance peaks;

e  Estimation of the resonance sensitivity by combining contribution factors and multi-
injection analysis;

e Provision of a physical interpretation of the observed resonances relevant for the
design and optimization of power electronic systems.

2. Mathematical Models
2.1. Nodal Representation of the Zeta DC-DC Conuverter

For the purpose of harmonic and modal analysis, the Zeta DC-DC converter is repre-
sented by a linearized small-signal model in the frequency domain. The circuit is reduced to
an equivalent four-node passive network including active resistances, inductances, capaci-
tances and load, with the parasitic parameters of the key element and the diode explicitly
taken into account. Let the vector of node voltages be defined as:

VW) = [iw) Vaw) Va(w) Viw)] <1>

and the vector of the nodal currents as:

1) = [1(@) b@) h@) Lw)] @

In the frequency domain (w = 27tf) the dynamics of the system is described by the
classical nodal equation:
[(w) =Y(w) - V(w) 3)

where Y(w) is the complex nodal matrix of conductivities.

2.2. Construction of the Nodal Admittance Matrix

The matrix Y(w) is constructed directly from the frequency-dependent impedances
and conductivities of the elements in the circuit. The series branches (switch, inductances)
are modeled by:

Zr(w) = R+ jwL 4)
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and the parallel capacitive elements by:
Ye(w) = jwC ©)

According to the adopted nodal structure of the Zeta converter, the nodal matrix has
the form:
vyu  —vi2 0 0
Yo(w) = | V2 Y2 Ty 0 ©)
0 -y Yy —Yu
0 0 —Vaiz  Yu

where the diagonal elements represent the sum of all conductance’s connected to the
corresponding node, and the off-diagonal elements, the negative values of the intermediate
branch conductance’s. This form provides energy consistency and a correct description of
the interconnection between the nodes.

2.3. Impedance Matrix and Harmonic Response

By inverting the nodal matrix, the frequency-dependent impedance matrix is obtained:

Z(w) =Y Hw) @)

V(w) = Z(w) - I(w) (®)

This formulation allows for the analysis of the harmonic response of the system under
arbitrary nodal current excitation and serves as the basis for the multi-injection analysis
used in this study.

2.4. Modal Decomposition of the Impedance Matrix

The resonant properties of the system are investigated by eigen decomposition of the

impedance matrix:
Z(w) = T(w)D(w)L" (w) ©)

where D(w) is a diagonal matrix containing the modal impedances A;(w), T(w), and L(w)
are the right and left eigenvectors, respectively.

The modal impedances |A;(w)| provide direct information about the resonances of the
system, with the dominant mode at a given frequency defined as:

i*(w) = argmax|A;(w)| (10)

2.5. Participation Factors

To quantify the influence of each node on a given resonant mode, Participation Factors
(PF) are used. For the dominant mode i*, the participation factor of node k is defined as:

PF = |Ly+Tj

(11)

For the purposes of comparative analysis, the participation factors are normalized
such that:

N
Y PRO™ =1 (12)
k=1

This allows a clear interpretation of the spatial distribution of the resonant energy in
the circuit.
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2.6. Multi-Injection Harmonic Analysis

In contrast to the classical analysis with a single excitation, in the present work a
sequential current injection is used at each node. This is implemented by means of an
excitation matrix:

Linj = IIn (13)

where Ij is the amplitude of the injected current, and I is the identity matrix.
In this way, the full voltage response matrix is obtained:

V(w) = Z(w) Ly (14)

which allows comparison of the resonant sensitivity under different excitation scenarios,
identification of the most vulnerable nodes, assessment of the most critical “injection-
node” combinations.

2.7. Summary of the Modeling Framework

The presented mathematical model combines nodal analysis, impedance description,
and modal decomposition into a single frequency-based framework. This approach allows
for a systematic study of the resonance phenomena in the Zeta DC-DC converter over a
wide frequency range and serves as the basis for the numerical simulations and results
presented in the following sections.

3. Numerical Simulations and Results

This section presents the numerical simulation results obtained from the proposed
modal-based harmonic analysis of the four-bus Zeta DC-DC converter. The objective of the
simulations is to investigate the resonance behavior, voltage amplification, and harmonic
vulnerability of the system over a wide frequency range, extending up to 200 MHz.

Table 1 summarizes the electrical parameters of the four-bus Zeta DC-DC converter
used in the harmonic and modal analysis. The model includes parasitic resistances and
inductances of the switching device and inductive elements, as well as the coupling and
output capacitors, in order to accurately capture high-frequency dynamics. The inclusion
of the diode parasitic capacitance and load resistance allows the representation of realistic
operating conditions and resonance behavior beyond the low-frequency range. All parame-
ters correspond to typical values used in medium-power DC-DC converter applications
and are assumed to be constant over the analyzed frequency range.

Table 2 presents the main simulation settings and frequency sweep conditions adopted
in this study. A two-stage frequency domain analysis is employed, consisting of a coarse
sweep over a wide frequency range up to 200 MHz, followed by localized fine sweeps
around the detected resonance peaks. This approach significantly reduces computational
cost while preserving high resolution in the vicinity of critical resonances. Sequential
current injection at each bus is applied to evaluate spatial sensitivity and worst-case voltage
amplification. The dominant resonance modes, participation factors, and voltage responses
are extracted at each frequency point to enable comprehensive resonance characterization.

The analysis combines nodal impedance modeling, eigenvalue-based modal decom-
position, participation factor evaluation, and multi-point current injection. This integrated
approach enables a systematic comparison of resonance characteristics as a function of fre-
quency and injection location, providing both global and localized insight into the dynamic
behavior of the converter.

The results are illustrated through a set of complementary plots, including dominant
modal impedance trends, bus voltage responses, worst-case voltage envelopes, injection
severity maps, and Bode-like representations. Together, these figures reveal the relationship
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between modal dominance, spatial voltage distribution, and resonance sensitivity, forming
a comprehensive basis for discussion and design-oriented interpretation.

Table 1. Zeta DC-DC Converter Parameters.

Parameter Symbol Value Description
Switch resistance R, 55 mQ) On-state resistance of the switching device
Switch inductance L, 50 nH Parasitic inductance of the switch
Input capacitor Cin 24.7 uF Input filter capacitor
Inductor Lla resistance Rjqa 100 mQ) Series resistance of input inductor
Inductor Lla inductance L1, 17 uH Input-side inductor
Coupling capacitor Ce 4.7 uF Energy transfer capacitor
Diode parasitic capacitance Cy 1pF High-frequency parasitic capacitance
Inductor L1b resistance Ri1p 100 mQ) Series resistance of output inductor
Inductor L1b inductance Ly 17 uH Output-side inductor
Output capacitor Cout 24.7 uF Output filter capacitor
Load resistance Rioad 144 Resistive load

Table 2. Simulation and Frequency Sweep Conditions.

Parameter Symbol Value Description
Frequency range f 1 kHz-200 MHz Harmonic analysis bandwidth
Coarse frequency step A, 1Hz Initial resonance detection
Fine sweep bandwidth — +1MHz Local refinement around peaks
Fine frequency step Afy 1Hz High-resolution resonance analysis
Current injection . -
amplitude Linj 1A Small-signal excitation
Injection strategy — Sequential per bus Resonance sensitivity comparison
Dominant mode criterion — max(A) Selection of resonance mode
Peak detection threshold — 2% of max(A) Prominence-based peak detection

Figure 1 shows the dependence of the dominant modal impedance |A| on frequency
in the range up to 200 MHz. A monotonic increase of |A| with increasing frequency is
observed, which indicates that the equivalent impedance of the dominant mode becomes
larger in the high-frequency range (influence of reactive elements).

At the very beginning of the range, a strongly pronounced peak is visible at very
low frequencies, which is “compressed” towards zero due to the scale of the frequency
axis. This behavior is usually an indicator of quasi-resonance/near-singularity of Z(w)
in the low-frequency region (or a numerical singularity near DC), therefore, for a clearer
interpretation of low frequencies, a logarithmic (Bode-like) scale and a separate zoom in
the initial range are appropriate.

Figure 2 shows the modal impedances |Am| of the matrix Z(w) = Y(w) — 1 for the
four eigenmodes of the 4-node Zeta model. It is clearly seen that Mode 1 dominates the
entire frequency range considered, with its modal impedance increasing almost linearly
with frequency. This indicates that the dynamics of the system are mainly determined
by this mode and that the remaining modes have a significantly smaller contribution to
the total impedance. Modes 2—4 remain practically negligible compared to Mode 1 and
are visually “fused” to the axis, meaning that they do not significantly participate in the
resonant behavior in this frequency range. This strong separation of the modal impedances
confirms that the system can be effectively analyzed by a dominant modal approach, which
simplifies the interpretation of the resonances and the participation of individual nodes.
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Figure 1. Frequency response of the dominant modal impedance |Agom| of the 4-bus Zeta DC-
DC converter.
Modal impedance spectra of the four eigenmodes
300
—— Mode 1 (dominant)
—— Mode 2
250 —— Mode 3
—— Mode 4
S)
— 200
=
©
o
& 150
o
o}
Q
£
< 100
°
e}
=
50
0
25 50 75 100 125 150 175 200

Frequency [MHz]

Figure 2. Modal impedances |A,,| of the nodal impedance matrix Z(w) = Y(w)~! for the 4-bus
Zeta model.

Figure 3 illustrates the magnitude of the bus voltage responses |V| as a function of
frequency when a unit current is injected at Bus 2.

It can be observed that the voltage response remains negligible over most of the
frequency range, indicating a well-damped behavior at low and mid frequencies. However,
a pronounced high-frequency resonance emerges close to the upper end of the analyzed
spectrum (around the hundreds of MHz range), where significant voltage amplification
is observed.
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Figure 3. Bus voltage amplification and high-frequency resonance for injection at Bus 2.

The resonance is not uniformly distributed across all buses. Instead, Bus 3 and Bus 4
exhibit the highest voltage magnitudes, revealing a strong coupling between the injection
point (Bus 2) and the downstream nodes of the Zeta converter. This behavior highlights the
dominant role of the output-side reactive elements in shaping the high-frequency resonance
and identifies the most vulnerable buses under harmonic current excitation.

Figure 4 presents the worst-case voltage envelope, defined as the maximum voltage
magnitude observed across all buses and all injection locations as a function of frequency.

Worst-case voltage envelope
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Figure 4. Worst-case voltage envelope over all buses and injection locations.

It can be seen that the worst-case response increases almost monotonically with
frequency, indicating a progressive loss of harmonic robustness in the high-frequency range.
Similar to the behavior observed in the dominant modal impedance (Figure 1), a sharp
peak appears at very low frequencies, which is compressed near the origin due to the
linear frequency scale. Beyond this region, the envelope grows steadily, revealing that
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high-frequency excitation leads to increasingly severe voltage amplification regardless of
the injection location.

Importantly, this figure provides a conservative upper bound on the expected voltage
magnitudes in the system. It therefore serves as a practical indicator for identifying critical
frequency ranges where the Zeta converter is most vulnerable to harmonic disturbances.

Figure 5 illustrates the injection severity as a function of frequency, expressed as the
maximum voltage magnitude observed across all buses for a given injection location.

Injection severity vs frequency: max_bus |V|

Inj@Bus 4
n@Bus 140
120
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Inj@Bus 3
x 1]
8 g
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Figure 5. Injection severity versus frequency: maximum bus voltage response.

Each row corresponds to a different injection bus, while the color intensity represents
the worst-case voltage response in the network.

The results clearly indicate that the severity of harmonic excitation strongly depends
on the injection location. In particular, injections at Bus 3 and Bus 4 lead to significantly
higher voltage amplification in the low-frequency region, as evidenced by the dark regions
in the heatmap. This behavior suggests a strong coupling between these buses and the
dominant resonant modes of the system.

In contrast, injections at Bus 1 and Bus 2 exhibit considerably lower impact over
most of the frequency range, indicating a more benign interaction with the network dy-
namics. At higher frequencies, a gradual increase in severity is observed for all injection
locations, consistent with the trends identified in the dominant modal impedance and
worst-case envelope.

Overall, this figure highlights that both frequency and injection location are critical
factors in determining the harmonic vulnerability of the Zeta converter.

Figure 6 shows the index of the most affected bus as a function of frequency and
injection location, defined as the bus at which the maximum voltage magnitude occurs for
a given injection.

Each row corresponds to an injection bus, while the color encodes the index of the bus
experiencing the highest voltage response.

The figure reveals a clear frequency-dependent migration of the worst observed bus,
indicating that resonant energy is redistributed across the network depending on both
excitation frequency and injection location. In the low-frequency range, the worst response
is primarily localized near the injection point, whereas at higher frequencies the maximum
voltage shifts toward downstream buses, most notably Bus 4.

https://doi.org/10.3390/engproc2026150048
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Worst observed bus index: argmax_bus |V| (per injection)
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Figure 6. Worst observed bus index versus frequency and injection location.

This behavior highlights the presence of frequency-dependent mode shapes, where
different buses dominate the system response at different resonance bands. As a result,
the most vulnerable bus cannot be identified solely based on topology or proximity to the
excitation source, but must be determined through frequency domain analysis.

Overall, this figure complements the injection severity map (Figure 5) by indicating
where the most critical voltages appear in the system for each excitation scenario.

Figure 7 presents the normalized PF of the dominant mode as a function of frequency
for each bus.

Normalized PF of dominant mode vs frequency
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Bus 3
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Figure 7. Normalized participation factors of the dominant mode versus frequency.

The color intensity represents the relative contribution of each bus to the dominant
resonant mode, normalized such that the sum of PFs equals unity at each frequency.

The results reveal a clear frequency-dependent redistribution of modal participation
among the buses. In the low-frequency range, the dominant mode is primarily associated
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with Bus 3, indicating that this node plays a leading role in shaping the system’s resonant
behavior. Around the transition region near 100 MHz, a sharp change in participation is
observed, corresponding to a modal crossover.

At higher frequencies, the dominant participation gradually shifts toward Bus 4,
explaining the increased voltage amplification and vulnerability observed at this node in
Figures 5 and 6. This confirms that the spatial distribution of resonance effects is governed
by the underlying modal structure rather than by the injection location alone.

Overall, this figure provides the modal explanation for the injection severity and
worst-bus maps, demonstrating a strong correlation between dominant-mode participation
factors and observed voltage amplification patterns.

Figure 8 compares the resonance response for different injection locations, expressed as
the maximum voltage magnitude observed across all buses for each injection as a function
of frequency.

140 —— Current injection at Bus 1
—— Current injection at Bus 2
—— Current injection at Bus 3

120 —— Current injection at Bus 4

100

B [e2] ©
o o o

Maximum bus-voltage magnitude |V|,,, [V]
N
o

25 50 75 100 125 150 175 200
Frequency [MHz]

Figure 8. Resonance comparison per injection location: maximum bus voltage response.

Each curve corresponds to a single injection bus, allowing a direct comparison of how
strongly each excitation location couples to the resonant dynamics of the system.

The results demonstrate a pronounced disparity between injection locations. Injec-
tions at Bus 3 and Bus 4 produce significantly higher voltage amplification over a wide
frequency range, with the response increasing steadily toward higher frequencies. This
indicates strong coupling of these buses to the dominant resonant modes identified in
Figures 1 and 7.

In contrast, injections at Bus 1 and Bus 2 result in negligible voltage amplification
across most of the spectrum, suggesting a weak interaction with the system’s resonant
structure. The sharp low-frequency spike visible for some injections corresponds to the
low-frequency resonance compressed near the origin on the linear frequency scale.

Overall, this figure confirms that the resonance behavior of the Zeta converter is highly
injection-location-dependent, and that certain buses act as critical excitation points capable
of triggering severe system-wide voltage amplification.
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Figure 9 presents a Bode-like representation of the resonance behavior for different
injection locations, expressed as the maximum bus voltage magnitude in decibels as a
function of frequency.

Bode-like: resonance comparison per injection

— Inj@Bus 1
—— Inj@Bus 2
— Inj@Bus 3
—— Inj@Bus 4
10° 10’ 10° 10° 10" 10° 10° 10’ 10°
Frequency [HZ] (log)

Figure 9. Bode-like resonance comparison per injection location.

Each curve corresponds to a single injection bus, enabling a clear comparison of
resonance strength and bandwidth on a logarithmic frequency scale.

The logarithmic representation reveals several important features that are less evident
in linear plots. First, multiple resonance peaks become clearly distinguishable in the mid-
frequency range, particularly for injections at Bus 3 and Bus 4, confirming their strong
coupling to the dominant system modes. These peaks correspond to the modal transitions
and participation factor shifts identified in Figures 1 and 7.

Second, the magnitude and slope of the curves differ substantially between injection
locations. Injections at Bus 1 and Bus 2 remain well below 0 dB over most of the frequency
range, indicating limited voltage amplification. In contrast, injections at Bus 3 exhibit
pronounced resonant amplification, while Bus 4 shows broadband sensitivity, especially at
lower frequencies.

Finally, the Bode-like plot highlights the wide frequency span over which resonance
effects can be significant, emphasizing that harmonic vulnerability in the Zeta converter is
not confined to narrow frequency bands but can extend over several decades.

The peaks in Figure 9 are due to the dominant mode. They are strongest when
the current injection is applied to a bus with a high participation factor for that mode.
Therefore, Bus 3 and Bus 4 provide the strongest amplification, while Bus 1 and Bus 2 have
a weaker effect.

4. Discussion

The results clearly demonstrate that the harmonic behavior of the four-bus Zeta
converter is dominated by a single modal impedance over the majority of the investigated
frequency range. As shown in Figures 1 and 2, the dominant eigenvalue of the nodal
impedance matrix increases monotonically with frequency, while the remaining modes
remain comparatively suppressed. This indicates a strong modal decoupling, where one
mode governs the high-frequency response of the system.
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The absence of multiple competing dominant modes simplifies the resonance interpre-
tation but simultaneously highlights the risk of pronounced voltage amplification when
the dominant mode aligns with external excitation. In particular, the sharp increase in the
dominant modal impedance at very low frequencies and its steady growth toward the high-
frequency range suggest that both low-frequency dynamics and parasitic high-frequency
effects must be considered in the converter design.

The voltage heatmap in Figure 3 reveals a highly non-uniform spatial distribution
of voltage magnitudes under current injection at Bus 2. While lower frequencies exhibit
relatively low and evenly distributed voltage levels, a pronounced amplification emerges
close to the upper end of the frequency range. This behavior indicates that the resonance is
not only frequency-selective but also spatially localized.

Figure 4 further confirms this observation by presenting the worst-case voltage en-
velope across all buses and injection points. The envelope follows a similar trend to the
dominant modal impedance, reinforcing the strong correlation between modal dominance
and voltage amplification. This validates the use of modal impedance magnitude as a
reliable indicator for identifying critical resonance regions.

A key contribution of this work lies in the systematic comparison of resonance severity
under sequential current injection at each bus. Figure 5 demonstrates that the resonance
strength is strongly dependent on the injection location, with injections at Buses 3 and 4
producing significantly higher voltage amplification compared to Buses 1 and 2.

This observation is further clarified in Figure 6, which maps the worst observed bus
index for each injection and frequency. The results show that certain buses consistently act
as “victims” of resonance, regardless of where the disturbance is applied. Such behavior
reflects the intrinsic topology and energy storage distribution of the Zeta converter, rather
than a purely local effect.

The normalized PF map in Figure 7 provides crucial insight into the physical origin of
the observed resonances. Across wide frequency regions, a single bus exhibits dominant
participation in the governing mode, indicating that the resonance energy is primarily
associated with specific reactive elements connected to that node.

The abrupt changes in participation around certain frequencies coincide with transi-
tions in the dominant mode index and resonance peaks, confirming that modal interaction
plays a decisive role in shaping the system’s harmonic response. This behavior supports
the interpretation that high-frequency resonances are driven by parasitic capacitances
and inductive branches, while lower-frequency behavior is governed by bulk energy
storage elements.

Figures 8 and 9 summarize the resonance behavior from an injection-centric perspec-
tive. The linear-scale comparison (Figure 8) highlights the absolute severity differences
between injection points, whereas the Bode-like representation (Figure 9) emphasizes
relative amplification in decibel scale over several decades of frequency.

The Bode-like plots clearly show that different injection locations excite the dominant
mode with varying efficiency, leading to distinct resonance peaks and slopes. This result
underscores that resonance risk assessment based on a single excitation point may be
misleading, and that multi-injection analysis is essential for robust converter evaluation.

From a design perspective, the presented results indicate that resonance mitigation
strategies should prioritize buses with high modal participation and high vulnerability,
rather than focusing solely on the injection source. Damping networks, layout optimization,
or targeted component tuning at these critical nodes are expected to be more effective than
uniform mitigation approaches.
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Moreover, the proposed two-stage frequency sweep combined with modal metrics
provides an efficient and scalable framework for identifying critical resonance regions in
complex power electronic systems.

5. Conclusions

This paper presented a comprehensive modal-based harmonic analysis framework
for a four-bus Zeta DC-DC converter, combining nodal impedance modeling, eigenvalue
decomposition, participation factor evaluation, and multi-point current injection. The
proposed methodology enables systematic identification and interpretation of resonance
phenomena over a wide frequency range extending up to 200 MHz.

The numerical results demonstrated that the harmonic behavior of the Zeta converter is
predominantly governed by a single dominant mode across most of the analyzed spectrum.
This dominant modal impedance shows a strong correlation with voltage amplification
and worst-case envelope trends, confirming its suitability as a compact and physically
meaningful resonance indicator.

By introducing sequential current injection at each bus, the study revealed that res-
onance severity is highly dependent on the excitation location. In particular, injections
at intermediate and output-side buses were shown to induce significantly higher voltage
amplification compared to input-side excitations. This finding highlights the importance of
considering spatial excitation diversity when assessing harmonic vulnerability in multi-
node power electronic systems.

The participation factor analysis provided additional insight into the physical origin of
the resonances, linking dominant modes to specific nodes and associated reactive elements.
Abrupt changes in participation around resonance frequencies indicate modal transitions
and underline the role of parasitic components in shaping high-frequency behavior.

Furthermore, the two-stage frequency sweep strategy proved effective in efficiently
capturing both global resonance trends and localized high-Q peaks, while maintaining
computational tractability. The resulting Bode-like representations and heatmap visu-
alizations offer intuitive tools for resonance comparison, vulnerability assessment, and
design-oriented interpretation.

Overall, the proposed framework extends conventional impedance-based analysis by
incorporating modal dominance, spatial sensitivity, and multi-injection perspectives. The
approach is general and can be readily applied to other DC-DC converter topologies and
multi-node power electronic systems, supporting more robust resonance-aware design and
mitigation strategies.
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