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ABSTRACT This paper investigates beat frequency oscillations in dc microgrids, which occur due to
switching frequency mismatches between cascaded converters. These oscillations can be aggravated by
non-synchronized sampling in control systems, leading to stability and performance issues. The study
introduces a simplified transfer function model that relates beat frequency disturbances to output voltage
oscillations. Unlike previous methods, this approach allows for systematic analysis using Bode diagrams,
providing a clear understanding of the mechanisms behind these disturbances. The analysis evaluates three
configurations—ranging from a baseline setup to one including EMI filters and long cable feeders—using
a 4.75 kW experimental prototype. The proposed model demonstrates high accuracy, with a maximum
magnitude deviation of less than 2 dB up to 20 kHz. Furthermore, the model successfully predicts a
critical resonance at 19.4 kHz, which amplifies oscillations by 8 V peak-to-peak. The results confirm that
beat-frequency gain remains near 0 dB for frequencies below 1 kHz, while high-frequency attenuation
exceeds 40 dB. Ultimately, this work offers a computationally efficient tool for stability assessment and
effective filter parameter tuning in dc microgrids.

KEYWORDS beat frequency; dc microgrids; EMI filters; high-frequency model; long dc connections.
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The global transition toward low-carbon energy systems has H

accelerated the development of technologies to efficiently !@!
Solar

integrate renewable energy sources. In this context, hydro-
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gen produced from renewable electricity (green hydrogen) photovoltaic banks
has emerged as a key energy vector for large-scale decar-
bonization [1]], while modern infrastructure, such as data

centers, increasingly demands highly efficient and reliable Hydrogen
electrolyzer

power
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power distribution architectures [2], [3]]. DC microgrids have
gained significant attention as an enabling technology for
these applications, since they reduce conversion stages and
improve efficiency of integration of renewable generation,
energy storage systems, power electronic converters, and
emerging loads [4], [5].
In its basic configuration, a dc microgrid consists of
sources and loads connected to a common bus through dc-  FIGURE 1. Example of a basic islanded dc microgrid.
dc power electronic converters (PECs) [6]], [7], as shown in
Figure[I] These converters operate at high switching frequen-
cies (20 to 150 kHz) [8], introducing high-frequency (HF)
disturbances into the dc bus. Consequently, each converter However, the interconnection of multiple reactive elements
acts as a source of HF disturbances for the others [9]. of these input/output filters creates propagation paths for
To comply with EMI/EMC (Electromagnetic Compati- HF disturbances [11]]. Moreover, these paths may exhibit
bility) requirements, filter stages are typically implemented  resonances that can be excited, potentially leading to over-
at both the input and output of commercial PECs [10]. voltages and overcurrents [8], [12].
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Typically, the effects of these HF disturbances are not con-
sidered in controller design, as the control loop bandwidth
is usually limited to frequencies below half the switching
frequency. However, due to the nonlinear nature of PECs, the
frequency mismatch between disturbances and the switching
(or sampling) frequency generates aliased components at the
difference frequency, known as beat frequency [13]], [[14].

When the beat frequency falls within the controller band-
width, it can significantly degrade output voltage regulation.
This is particularly critical for grid-forming converters, as
it may compromise microgrid stability. Furthermore, the
propagation of HF voltage disturbances through the main
bus can interfere with secondary control systems, especially
those employing dc bus signaling techniques [[15]].

Previous studies have addressed this phenomenon by de-
veloping extended frequency-domain models for power con-
verters that incorporate beat frequency effects [[14], [[16], [[17]
and by adopting harmonic state-space models [18]]. However,
these approaches typically result in computationally intensive
models that may be impractical for system-level analysis.
This paper proposes a simplified analytical approach to
estimate the propagation of HF disturbances in dc micro-
grids. While recent studies, such as [[19], have explored HF
interactions using complex matrix models, which often re-
quire intensive computational effort and lack direct physical
insight, the approach presented here introduces a reduced-
order transfer function-based framework. This methodology
provides microgrid designers with a straightforward, system-
atic tool for predicting beat frequency oscillations without
the complexity of full-order state-space modeling.

In addition, this work clarifies the fundamental distinction
between beat frequency oscillations and conventional high-
frequency ripple. The experimental results show that beat
frequency oscillations originate from the interaction between
converters operating at slightly mismatched switching fre-
quencies, whereas high-frequency ripple is associated with
resonant phenomena involving passive elements, such as
the interaction between cable impedance and EMI filter
components.

The main contributions of this paper are summarized as
follows: (i) A simplified analytical framework that relates
beat frequency disturbances to voltage amplitude oscillations
in dc microgrids through a transfer-function-based represen-
tation. (ii) A systematic analysis of beat frequency prop-
agation considering practical dc microgrid configurations,
including EMI filters, low-pass filters, and cable interconnec-
tions. (iii) A comparative study of three operating scenarios,
highlighting how reactive elements and cable impedance
influence the amplification or attenuation of beat-frequency
oscillations. (iv) Experimental validation using a 4.75 kW dc
microgrid prototype, demonstrating the accuracy of the pro-
posed analytical model and clarifying the distinction between
beat-frequency oscillations and high-frequency resonance
phenomena.

This paper extends the work previously presented at
COBEP 2025 [20]. While the initial conference version
focused on the preliminary characterization of the beat
frequency phenomenon, the present manuscript provides
a comprehensive analytical and experimental expansion.
Specifically, this version includes: (i) an extensive sensitivity
analysis regarding the impact of cable impedance and EMI
filter parameters on system stability, which was not covered
in the conference paper; (ii) a detailed derivation of the
reduced-order transfer function model, now incorporating
the interaction between the control bandwidth and the beat
frequency components; and (iii) a scaled experimental val-
idation using a 4.75 kW prototype, whereas the conference
version was limited to theoretical analysis and lower-power
simulation benchmarks. Furthermore, this version provides
an explicit quantitative distinction between beat frequency
oscillations and HF resonant phenomena, supported by the
expanded experimental dataset. This paper is organized as
follows. Section II describes the dc microgrid topology,
Section III presents the proposed beat-frequency simplified
analysis, Section IV shows the simulation results, Section
V presents the experimental validation of the proposed
approach, and Section VI concludes the paper.

Il. DC MICROGRID TOPOLOGY

The test-case scenario involves a dc microgrid composed
of two cascade-connected buck converters. The first buck
converter acts as the dc grid-forming converter (GFC), while
the second operates as a load converter. Figure [2] illustrates
the dc microgrid, including a low-pass filter (LPF), an
EMI filter, and the cable feeder, with the corresponding
parameters detailed in Table [} The parameters listed in
Table 1 were selected based on standard design requirements
for dc microgrid applications, ensuring a balanced trade-off
between filter size, passive component ratings, and control
bandwidth stability.

Three distinct scenarios are explored: Ideal Case: Only
the two cascade-connected buck converters are considered,
with no filter or cabling effects. Filter-Included Case: The
system incorporates both the low-pass filter (LPF) and the
EMI filter. Full Model Case: The complete setup is analyzed,
including the two buck converters, the LPF, the EMI filter,
and the cable feeder. In this scenario, a resonance due
to the interaction between the cable feeder and the EMI
filter capacitors is explored; this resonance is tuned to
~ 19.6 kHz, as derived in [§]] and [21]. This approach
enables a comprehensive evaluation of the system’s behavior
under increasingly realistic conditions.

It is important to emphasize that the studied system serves
as a representative dc microgrid architecture. In this context,
the definition of a dc microgrid is supported by the physical
coupling between a dc grid-forming converter and a load
converter via a distributed cable feeder. This ’source-line-
load’ configuration is the fundamental unit for analyzing
high-frequency stability and resonant interactions, which are
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FIGURE 2. DC microgrid with two cascaded buck converters interconnected via a cable, an Electromagnetic Interference (EMI) filter, and a low-pass

filter (LPF)

TABLE 1. System parameters

Parameter Value
Source voltage Vin, =380V
Load converter input voltage Ving =190 V
GFC output voltage Vo, =190 V
Load converter output voltage Voo =95V
GFC output power Py, =2.25 kW
Load converter output power Py, = 2.25 kW
GFC inductance Loy =1mH
Load converter inductance Loy =1 mH
GFC capacitance Coy =22 pF
Load converter capacitance Coy =100 pF
Load converter switching frequency 18 kHz < f,, < 22 kHz
GFC switching frequency fs1 =20 kHz
Load converter load resistance Ro, =4 Q
EMIF capacitor Ce = 220 nF
EMIF inductor L. =5 pH
LPF inductor Ly =900 uH
LPF capacitor Cin =22 uF
Cable feeder inductance L. =150 uH

critical issues in dc microgrid deployment. By focusing on
the dynamics of this interconnection, this work addresses
the inherent challenges of integrating power converters in
systems where the interaction between cable impedance
and switching frequencies can compromise bus stability,
regardless of the presence of more complex hierarchical
control layers [J8].

lll. BEAT FREQUENCY SIMPLIFIED ANALYSIS

The analysis considers a scenario in which the converters op-
erate at different switching frequencies. In this configuration,
the GFC switching frequency (fs,) establishes the system
reference frequency, while the load converter’s switching
frequency (fs,) is intentionally varied as an independent
perturbation parameter. The difference between their fre-
quencies must fall within the Nyquist frequency range, that
is, it should be less than half the switching frequency of the
GFC, as shown in (IJ.

Is:
|f827f81‘§7 (1)

It is important to clarify that the beat frequency phe-
nomenon is physically triggered by the interaction between
power converters operating with mismatched switching fre-
quencies. The resulting low-frequency oscillation is inherent
to the power stage interconnection. However, in digital
control systems, the sampling process plays a crucial role:
because the beat frequency component often falls below the
Nyquist frequency, it is aliased into the control bandwidth.
Thus, while the oscillation originates in the power stage, the
sampling process allows it to be processed, and potentially
amplified, by the digital controller, significantly impacting
system stability [14]], [22].

Figure [3| shows the analyzed small-signal beat-frequency
circuit model for the ideal scenario.

vapc(fs)

FIGURE 3. Small-signal beat-frequency model for the ideal scenario.

There is one beat frequency disturbance caused by the
switching behavior of the load converter. Although the load
converter is at f,,, during the sampling process, when v,
is sampled by the first converter at f,, the aliasing effect
introduces a new component: the beating frequency, defined
as:

fb:|f82_f81|' 2

The signal vapc(fp) is a sampled high-frequency com-
ponent that acts as the source of the beating perturbation, so
the transfer function that directly links the beat frequency
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disturbances, 04pc(fp), to the voltage amplitude oscilla-
tions, 9o, (f5), is given in (3). Here G,q4, represents the
duty-cycle-to-output-voltage transfer function of the GFC.
Its formulation differs from conventional approaches by
explicitly incorporating the influence of output-connected
components.

W)= el _Gu G )
vabc(fp) 1+ Gy, - Gugy

The transfer function G4, is derived through small-signal
analysis of the circuit shown in Figure 3] yielding to (@).
Where: Z;,,, is the closed-loop input impedance of the load
converter, whose formulation depends on the load converter
topology, filter stages, and controller. For the case of buck
converters, the corresponding formulation is (3).

vl (ZCO //Zin )
Gty = 220 =V, - iy @
vd1ideal dl 1 ZL01 + (ZCOI//Zing) ( )
Z. = ZLoy + Viny - ZCR, - Gv, + ZeR, 5
ina Dy - (Dy — Zcr, - Gu, * ILoy)
ZLOl =S Lol’ ©
ZcRy = Zcoy// Ros, @)
1
A 09 — ’ 8
Cog s - 002 ( )
ZL02 =8 L02' ©)

The term D5 represents the steady-state duty cycle of the
load converter, defined as the ratio of the switch-on time to
the total switching period.

The formulation of the transfer function G4, is modified
to reflect the specific configuration of each studied sce-
nario, incorporating the respective system dynamics. Figure
M] shows the analyzed small-signal beat-frequency circuit
model for the filter-included scenario.

FIGURE 4. Small-signal beat-frequency model for the filter-included
scenario.

For the filter-included scenario G,q, is given by (T0).

. Zco,//Zc.]] (Zre + Za)
Zro, +(Zco//Zc.]] (Zre + Za))
Za=(Ze. /| (Zry + (Zes] ) Ziny))) (10)

G = ‘/inl

vdi firter

Figure [5] shows the analyzed small-signal beat-frequency
circuit model for the full model scenario.

FIGURE 5. Small-signal beat-frequency model for the full model scenario.
And for the full model scenario Gq, is given by (TI).

Zco, /| (Zr, + Z)
Zroy + (Zco /| (Z1. + ZB))
Zp = (Zc,|]| (Zre + Za)) (1D

To analyze these transfer functions, i.e., eqs @), (I0)
and (TI), the Bode diagrams are plotted and systematically
compare beat frequency responses across the three scenarios.
Figure [6] shows the beat frequency response for the ideal
scenario (blue plot), the filter-included scenario (red plot),
and for the full model scenario (yellow plot).
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FIGURE 6. Beat frequency response for all scenarios.

This analysis underscores the model’s effectiveness in
characterizing high-frequency disturbance propagation, par-
ticularly in visualizing the resonant phenomenon near
20 kHz. Examination of the phase responses indicates that,
beyond f = 10 kHz, the phase no longer reflects the model
behavior, as the system response is dominated by the digital
controller.

The results highlight critical resonance frequencies and
attenuation trends, demonstrating the influence of filters
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and cabling on system dynamics. The attenuation effect
becomes evident around f = 300 Hz, where the filter
noticeably modifies the response. Apart from the resonance
near 20 kHz, attributed to the interaction between the cable
feeder and the EMI filter capacitors, the filter-included and
full-model cases exhibit nearly identical behavior

The analytical model is derived based on the
Nyquist-Shannon sampling theorem. While the model
is theoretically bounded by half the switching frequency
(fs/2), its accuracy tends to exhibit a progressive
degradation as frequencies approach this limit. Beyond this
threshold, the frequency response is significantly impacted
by aliasing and non-linear switching effects, which are
excluded from the scope of this small-signal analysis.

IV. SIMULATION RESULTS

Based on the high-frequency beating model presented in
[19], Figure [/| shows a comparative analysis between the
theoretical and simulated amplitude of the GFC output
voltage at the beat frequency v,, (f5) for the ideal scenario.

6.5 T T

Theoretical
O  Simulation

[vo, (Jwn)| (V)

3 I I I I I I I
1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 22

frequency f,, (Hz) x10*

FIGURE 7. Theoretical and simulated results for the HF ripple at output
voltage of the grid-forming converter v, (f3), for the ideal scenario.

The evaluation spans a frequency sweep of the load
converter’s switching frequency from f,, = 18 kHz to
fs;, = 22 kHz, while maintaining the GFC switching fre-
quency constant at f,, = 20 kHz. Figures |§| and |§| extend this
comparison to the filter-included scenario and full system
model, respectively, demonstrating the impact of additional
components on beat frequency behavior.

This comparative analysis reveals significant differences
in beat frequency behavior across the studied scenarios.
When comparing the ideal case with the filter-included
configuration, the implemented filters demonstrate excellent
mitigation performance, resulting in substantially reduced
voltage amplitude oscillations. However, the full model
scenario raises a critical concern: the resonant interaction
between the cable feeder and the load converter’s EMI filter
capacitors results in pronounced voltage amplification near

0.022
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O  Simulation
0.02 1
D
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FIGURE 8. Theoretical and simulated results for the HF ripple at output
voltage of the grid-forming converter v, (f3), for the filter-included
scenario.
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FIGURE 9. Theoretical and simulated results for the HF ripple at output
voltage of the grid-forming converter v,, (f3), for the full model scenario.

the resonance frequency. This phenomenon may potentially
compromise dc bus power quality and system stability.

V. EXPERIMENTAL RESULTS

To validate the high-frequency phenomena, a 4.75 kW ex-
perimental setup is implemented, as illustrated in Figure [I0}
The corresponding circuit diagram is presented in Figure 2]
and the system parameters are summarized in Table 2]

Out of the three scenarios considered, only the ideal con-
figuration and the full model were experimentally validated.
Figure [IT] presents the dc bus voltage ripple for the ideal
scenario, in which the load converter is not switching and,
therefore, no beat frequency is expected. In the oscilloscope
traces, the GFC output voltage ripple is displayed on channel
4 (purple, 500 mV/div, offset 190), with the time base set to
10 ms.

As observed in Fig. [TI] when the load converter is not
switching, no additional influence appears at the GFC output

Eletrénica de Poténcia, Rio de Janeiro, v. 31, 202625, 2026. 5
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Grid former control board

FIGURE 10. DC microgrid experimental setup.

TABLE 2. Experimental system parameters

Parameter Value
Source voltage Vin, =380V
Load converter input voltage Ving =190 V
GFC output voltage Vo, =190 V
Load converter output voltage Voo, =95V
GFC output power Py, =4.75 kW
Load converter output power Po, =950 W
GFC inductance Lo, = 1.875 mH
Load converter inductance Loy =2 mH
GFC capacitance Coy =47 pF
Load converter capacitance Co, =220 pF
Load converter switching frequency fso =19.9 kHz
GFC switching frequency fs1 =20 kHz
Load converter load resistance Ro, =141 Q
EMIF capacitor 1 Ce; =150 nF
EMIF capacitor 2 Ce, =047 pF
EMIF inductor Le =15 pH
LPF inductor Ly =2 mH
LPF capacitor Cin = 940 uF
Cable feeder inductance L.=108.4 uH

voltage. Consequently, the observed ripple is determined
solely by the intrinsic characteristics of the GFC compo-
nents.

Figure [T2] presents the dc bus voltage ripple for the ideal
scenario, where the load converter operates with a switching
frequency of fs, = 19.9 kHz, resulting in a beat frequency
of f, = 100 Hz. In the oscilloscope traces, the GFC output
voltage ripple is shown on channel 4 (purple, 500 mV/div,
offset of 190), the load converter input voltage ripple is
shown on channel 1 (yellow, 500 mV/div, offset of 190),
while the load converter output voltage ripple is shown on

Load converter

Electrical distance

Load converter control board

794K04; 104310 (01,600 2024
Auto 10ms/ Run

312 MSafs  474.006 1216 .. Sample

Mean: nfa

500mV/. 1

FIGURE 11. DC bus voltage ripple experimental result for the ideal
scenario and load converter off. CH4(purple): dc bus voltage ripple;
CH3(orange): load converter output voltage ripple.

channel 3 (orange, 500 mV/div, offset of 95). The time base
is set to 10 ms.

Figure [T2] shows the occurrence of a low-frequency
component in the GFC output voltage. This component
matches exactly the 100 Hz difference between the con-
verters’ switching frequencies. The observation aligns with
the predicted behavior of beat frequency phenomena in
power electronic systems, as discussed earlier, in which
minor discrepancies in switching frequencies can generate
noticeable low-frequency oscillations.

To mitigate the beating effect, filters are implemented.
Nonetheless, to investigate the high-frequency coupling be-
tween the cable feeder and EMI filter capacitors, the cable
inductance is deliberately set so that the resulting resonance
frequency aligns with the GFC switching frequency.
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FIGURE 12. DC bus voltage ripple experimental result for the ideal
scenario with f;, = 100 Hz. CH4(purple): dc bus voltage ripple;
CH3(orange): load converter output voltage ripple; CH1(yellow): load
converter input voltage ripple.

Figure [I3] presents the experimental waveforms of the
dc bus voltage ripple for the full model scenario and no
switching of the load converter. The ripple at the GFC output
voltage appears on channel 4 (purple, 2 V/div, offset of 185),
while the ripple at Pcc, is displayed on channel 3 (orange,
2 V/div, offset of 185). The inductor current is on channel
2 (green, b A/div), with the time base set to 50 ms.

94K04; 104310 (01.600 2020-03-20)

Auto 50ms/ Run

62.5 Wsafs 1.365499984s  Sample

1/8t:19.6078 Hz

[E 1:1.4665 5 2151755 at51ms

Mean: 190.21V
Vpp: 804V

FIGURE 13. DC microgrid voltage ripple experimental result for the full
model scenario and load converter off. CH4(purple): dc bus voltage
ripple; CH3(orange): Pcc., voltage ripple; CH2(green):inductor current

Figure [13] shows the dc bus voltage waveforms under the
influence of the HFR when the load converter is inactive. In
the absence of load converter switching, it is evident that
the observed resonance stems solely from the interaction
between the filter and the cable, rather than from any
switching behavior of the load. At PCC5, a noticeable
voltage oscillation appears, which results from the resonance
between the cable feeder and the EMI filter capacitors. The
cable feeder inductance was adjusted to L, = 108.4 pH, re-
sulting in a resonance frequency of approximately 19.4 kHz,

Eletrénica de Poténcia, Rio de Janeiro, v. 31, 6202625, 2026.

close to the GFC’s switching frequency. The peak-to-peak
voltage at PC'Cs reaches about 8 V.

Figure shows the experimental waveforms of the dc
bus voltage ripple for the full-model scenario with the load
converter operating. The ripple at the GFC output voltage is
observed on channel 4 (purple, 2 V/div, offset 185), while the
ripple at Pcc, is displayed on channel 3 (orange, 2 V/div,
offset 185). The inductor current is measured on channel 2
(green, 5 A/div). The time base is set to 50 us.

Auto
2.5 GSafs

50 s/
1.365 499 985

Complete

Sample

[E Mean:3.8587 A

Mean: 190.24V
Vpp:8.14V

[E 11: 1365601 5 2:1.3656525 A5 ps 1/8t:19.6078 kiHz

q

ey « T

FIGURE 14. DC microgrid voltage ripple experimental result for the full
model scenario and load converter on. CH4(purple): dc bus voltage ripple;
CH3(orange): Pcc., voltage ripple; CH2(green):inductor current

Figure[T4] presents the dc bus voltage waveforms under the
influence of the HFR when the load converter is operating.
Despite the load converter’s switching activity, the resonance
resulting from the interaction between the EMI filter and the
cable is still clearly observed. Although a resistive load is
expected to attenuate resonance, the phenomenon persists.
Even with a load of approximately ~ 360 W, the peak-to-
peak voltage measured at PC'C; remains around 8 V.

VI. CONCLUSION

This paper presented a simplified transfer-function-based
approach for analyzing beat frequency oscillations in dc
microgrids. The proposed model provides a direct relation-
ship between converter switching mismatches and dc bus
voltage oscillations, enabling systematic frequency-domain
stability assessment via Bode diagrams. The frequency re-
sponse obtained with the proposed simplified model closely
matched the full beat-frequency model, showing a maximum
magnitude deviation below 2 dB within the frequency range
of interest (up to 20 kHz). This high accuracy was verified by
the 4.75 kW experimental prototype, where the model suc-
cessfully predicted the dominant resonant peaks observed in
the time-domain voltage waveforms. Bode analysis revealed
that for frequencies below 1 kHz, the beat-frequency gain
remains near 0 dB, confirming that disturbances propagate
with minimal attenuation. Conversely, for higher frequencies,
the system provides progressive attenuation reaching over
40 dB near the switching frequency. Furthermore, the anal-
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ysis identified a critical resonant frequency at approximately
19.4 kHz, resulting from the interaction between the cable
inductance (L. = 108.4 pH) and the EMI filter capacitance,
which amplifies the beat frequency oscillations by approx-
imately 8 V peak-to-peak compared to the ideal case. The
comparison among the three analyzed scenarios quantified
the impact of passive elements on disturbance propagation.
While the filter-included configuration provides a substantial
reduction in low-frequency voltage ripple, the inherent cou-
pling between cable inductance and filter elements introduces
HF resonances that must be mitigated. Experimental results
clearly distinguished the physical origins of beat-frequency
oscillations from conventional resonance: the former origi-
nates from converter switching mismatches, whereas high-
frequency resonance is primarily driven by passive compo-
nent interactions. Overall, the proposed simplified approach
offers a practical tool for evaluating the propagation of
disturbances in dc microgrids, enabling designers to iden-
tify potential resonance conditions and to optimize filter
design, cable sizing, and switching frequency coordination.
This capability contributes to improving stability and power
quality in modern converter-dominated dc energy systems.
Finally, although this study focuses on primary converter-
level interactions, future work will extend this framework
to incorporate hierarchical control structures, such as droop
control, to investigate the coupling between primary con-
verter dynamics and secondary network-level control loops.
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