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Abstract—This paper investigates a cycle-skipping modulation
technique based on sigma-delta modulation to improve the
performance of series resonant converters, particularly those
operating as a dc transformer. Compared to burst mode control,
sigma-delta modulation provides a higher equivalent frequency at
the output, which significantly reduces output voltage and current
ripples. While dc transformer converters typically operate at a
constant power with limited power regulation capabilities, the
application of sigma-delta modulation enables effective power
regulation. The proposed approach is experimentally validated on
a 1 KW converter prototype operating at a switching frequency
of 100 kHz. A peak efficiency of 98.4% and maintaining above
96% efficiency under light-load conditions has been achieved,
with a 4-point average efficiency of 97.47 %, demonstrating its
practicality and effectiveness.

Index Terms—DC/DC converter, series resonant converter, dc
transformer, solid-state transformers, cycle-skipping modulation

I. INTRODUCTION

Solid-state transformers (SSTs) have gained significant at-
tention over the past few decades as a promising alternative
to conventional power electronics technologies for applications
such as distributed power systems, traction systems, electric
vehicle chargers, and renewable energy integration [1]-[4]. As
shown in Fig. 1, the core concept of SSTs revolves around
reducing size and weight by replacing traditional line-frequency
transformers with high-frequency isolated DC/DC converters [5].

In the dc stage of an SST, various isolated converter
topologies have been explored, including the single-active
bridge (SAB), dual-active bridge (DAB), resonant converters,
and asymmetrical bidirectional converters, as discussed in [6],
[7]. Among these, the series resonant converter (SRC) operating
as a DC transformer (DCX) has emerged as a particularly
promising candidate for SST applications. As highlighted in
[8], the SRC-DCX offers distinct advantages over conventional
DAB-based solutions, making it a more suitable choice for
high-efficiency and high-power-density SST designs.

The SRC-DCX is an inherently load-independent, uncon-
trolled power converter that operates with a fixed 50% duty cycle
to match input and output voltages while providing galvanic
isolation with high efficiency [9]. However, when output power
regulation is required, conventional control methods such as
frequency modulation or duty cycle/phase shift modulation may
not be feasible or may introduce load dependency. This can
result in unstable operation due to varying dc voltage gain under
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Fig. 1. Typical solid state transformer using DCX for isolation stage.

dynamic conditions and may compromise soft-switching and
transient operation stability, leading to efficiency degradation
[10]. Additional control techniques, such as conventional cycle-
skipping, can also be implemented. However, this approach often
results in increased current and voltage ripple at the input or
output, adversely affecting performance and efficiency [11].

To overcome these limitations, this paper introduces an
optimized cycle-skipping technique based on sigma-delta
(XA) modulation. XA modulation was originally developed
for telecommunications and digital signal processing [12].
However, recently it has demonstrated promising applications
in power electronics due to its advantageous spectral charac-
teristics [13], [14]. In prior research, ¥ A modulation has been
explored for natural power balancing in bipolar dc microgrids
[15]. In [16], authors implemented the XA technique to enable
the variable switching frequency, which helps to reduce the
switching losses in three-phase, four-wire active power filters.
In this work, it is utilized as a cycle-skipping mechanism, where
the average number of skipped cycles varies linearly with the
modulator’s input signal, generating an optimal cycle-skipping
pattern. Such patterns maximize the equivalent frequency of
pulses transferring energy to output. This approach not only
enhances efficiency but also enables effective power flow
control in DCX-based modular SST systems.

The manuscript is organized as follows: Section II describes
the implementation of sigma-delta modulation on a microcon-
troller, the hardware design of the SRC-DCX converter, and its
operating principle under this cycle-skipping method. Section
IIT presents the analytical formulation of power regulation for
the SRC-DCX based on the proposed sigma-delta modulation
technique. Section IV details the experimental validation using
a 1 kW prototype and confirms the accuracy of the theoretical
power regulation. Finally, Section V summarizes the key
findings and outlines potential directions for future work.



Fig. 2. Series resonant converter operating as a dc transformer.

TABLE I
EXPERIMENTAL SETUP PARAMETERS

Parameters Symbol Value Unit
Input voltage Vae 400 \
Output voltage Vo 400 \Y%
Switching frequency fow 100 kHz
Resonant frequency Ir 105 kHz
Leakage/Resonant inductor Ly 81.7 pH
Resonant capacitor Cr 28 nF
Rated power Py, 1 kW
DC link capacitor C1, Co 50 uF
DC blocking capacitor Cy 60 N3y
Quality factor Q 0.4 -

II. SIGMA-DELTA MODULATED SERIES RESONANT
CONVERTER

A. Implementation of Sigma-Delta Modulation

In a low-cost microcontroller equipped with high-resolution
timers, 2A modulation can be implemented using the burst
mode control. Unlike conventional burst mode control methods
that skip cycles in fixed ratios (e.g., skipping X out of Y
cycles), A modulation dynamically adjusts active and idle
periods to optimize the output. This is achieved by updating
corresponding burst mode registers, typically available in
commercial microcontrollers like STM32G4, at the end of
each burst period [17].

The XA modulation converts an analog signal D (ranging
from O to 1) into a sequence of digital pulses, creating a bitstream
with optimally distributed active and idle periods. To implement
this, D is discretized into an 8-bit integer control variable Dp,
providing 256 input data points. Each modulation sequence is
designed to contain no more than 128 burst intervals, which
is sufficient to accurately represent XA modulation sequence,
resulting in lookup tables with a size of 256x128 and a total
memory of 32,768 bytes. The microcontroller selects a row from
the tables based on the input D g and updates the idle and active
period registers accordingly. This approach generates a higher
equivalent frequency at the modulator’s output, reducing ripple
in the voltage and current while minimizing electromagnetic
interference. Detailed implementation of A modulation using
burst mode control in STM32G474RE can be found in [18].
Although D is converted to Dp for hardware simplicity, this
paper retains the analogy of D throughout its analysis.

TABLE II
MAIN HARDWARE COMPONENTS

Components Part number Count
SiC MOSFETs AIMBG75R090MIHXTMA1 4
SiC Diodes IDKO6GSCSXTMA2 4
Gate Drivers ACPLP345500E 4
Isolated DC supplies MGJ2D122005SC 4
Transformer core PQ50/50-3C95 2
Transformer coil B65982E0012D001 1
Resonant capacitors R413F133050D0K 9
DC link capacitors 890494429005CS 2
DC blocking capacitor B32778G8606K000 1

B. Hardware Design of a Series Resonant Converter

The SRC with an active bridge on the primary side and a
diode bridge on the secondary side, as illustrated in Fig. 2, has
been designed to maintain a constant conversion gain within
the operating region. This mode of operation, characterized by
a constant voltage gain, allows the SRC to function effectively
as a DCX [19]. During the design process, a resonant tank
with a quality factor ) should not exceed 0.85 at the rated
power P, offers a practical solution for minimizing component
count and leveraging the transformer leakage inductance Ly
as the resonant inductance L,, eliminating the need for an
additional external inductor. Unlike high-() designs (Q > 1),
which necessitate external inductors and risk saturation, a
lower @ enable using embedded inductor L, and avoids the
risk of saturation. Furthermore, the voltage gain of the SRC
remains unaffected by high or low () values when the switching
frequency fs,, is equal to or near the resonant frequency f,,
making a high-@Q design unjustified.

The lower @-factor results in a sinusoidal half-cycle discon-
tinuous current in the resonant tank. By setting the switching
frequency fs,, 5% lower than the resonant frequency f,., as
shown in Table I, the magnetizing current is given sufficient
time to charge and discharge the parasitic capacitances of the
MOSFETSs, ensuring a load-independent soft-switching of the
primary-side semiconductors [20]-[22].

The switching frequency f,, of the designed converter is
100 kHz, as specified in Table 1. This high switching frequency
allows for a smaller transformer design, specifically reducing
the required core area product. Consequently, a PQ 50/50 ferrite
core made of 3C95 material has been selected, along with a
matching PQ 50/50 bobbin.

The minimum number of primary winding turns can be
calculated using the following equation:
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where A, is the effective cross-sectional area of the core, and
By 1s the maximum magnetic flux density. Due to the high
switching frequency, B4, should be chosen well below the
saturation point to minimize core losses and prevent overheating.
In this design, a conservative value of 100 mT is selected for
Binaz. Based on the transformer core datasheet, the effective
area A, is 328 mm?Z. Using (1), the number of primary turns



is calculated to be 28. A similar approach is used to determine
the number of secondary turns.

For winding, a litz wire composed of 400 strands of 0.04 mm
diameter (400 x 0.04) is used. The winding is arranged in a
zigzag pattern across four layers to complete the required seven
turns per layer, effectively accommodating the calculated total
number of turns. As a result, a leakage inductance of 81.7 uH
has been achieved. Additionally, an air gap is introduced in
the transformer core to reduce the magnetizing inductance to
a level suitable for ensuring zero-voltage switching (ZVS) in
the SRC-DCX converter. The remaining hardware components
required for the converter design are listed in Table II.

To address the challenge of regulating constant power during
the converter’s normal operation, 3/ modulation is employed
to implement optimized cycle-skipping, and enables precise
power flow control without altering the fixed 50% duty cycle of
the switches. The power regulation can be achieved by varying
the analog signal D, applied to the input of the A modulator,
which generates optimized cycle-skipping.

C. Operating principle of a SRC-DCX converter

Cycle-skipping is one of the most effective strategies for
improving light-load efficiency. In this approach, the converter
operates normally for one switching period, followed by one or
more skipped periods where switching is halted. This technique
can be further optimized using XA modulation that minimizes
intervals between adjacent active pulses. As a result, the skipping
intervals are reduced, minimizing current and voltage ripple.

However, after every skipping period, the voltage in the
secondary winding does not drop because the magnetizing
inductance fully discharges through the MOSFETS’ parasitic
diodes. Consequently, by the end of the skipping period, no
energy remains in the resonant core. As a result, when normal
operation resumes, there is no available current to facilitate ZVS.

To address this issue, a zero state is introduced by turning
on the lower switches during the skipping period, as illustrated
in Fig. 3. This ensures that a magnetizing current continues
to flow with minimal conduction losses, preserving ZVS once
operation resumes.

III. POWER REGULATION OF AN SRC-DCX

The SRC can be effectively modeled using the First Har-
monic Approximation (FHA), as described in [23]. Since the
resonant inductor L;; has been obtained from the transformer
design, the quality factor (), and the resonant capacitor C,. can
be determined using the fundamental relationships:

_2nf Ly
Q= R 2)
1
Ir (3)

- 271/ Ly, C, '

With the help of FHA, the nonlinear component, which is
the secondary bridge, can be approximated by an equivalent
resistance R,.. The relationship between R,. and Ry, is given
by:
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Fig. 4. Experimental prototype, including: (1) DC link capacitor’s; (2)
Primary bridge; (3) DC blocking capacitor; (4) High frequency transformer;
(5) Resonant capacitor; (6) Secondary bridge

8
Rac = ERL’ (4)
where Ry, is defined as:
V2
R = P—O (®)]

By substituting the expression for R,., the maximum power
that is handled by SRC-DCX can be rewritten as:

8V
72 Roe
By varying the parameter D, power regulation of the SRC-

DCX can be achieved without altering the frequency, duty
cycle, or phase shift of the primary bridge. Based on (6), the

P = 6)



T

in(A)

T

o 20 40 60 80

()

100 120 140 20 40 60

L L L L
20 10 60 80 120 140

t(ps)

80
t(pus)

100 120 140 100

Fig. 5. Experimental waveforms of the proposed modulation technique with: (left) D = 1 no skipping, (middle) D = 0.55 skipping, and (right) D = 0.2 skipping.
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Fig. 6. Experimental and theoretical verification
characteristic.
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Fig. 7. Efficiency of the designed converter with and without auxiliary power
losses.

regulated power P;, is given relative to the maximum power
by:

P, = DP. (7

Equation (7) highlights the linear relationship between the
modulator input signal D and the converter’s rated power
P. However, it is important to note that in [18], a similar
analysis resulted in a nonlinear relationship between D and
P. This discrepancy arises because the converter in [18]
operates in boost mode, whereas the SRC-DCX considered
here maintains a one-to-one voltage conversion ratio. Further
investigation is needed for all DCX modes discussed in [20] to
gain a comprehensive understanding of the converter’s power
regulation across its operating range.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

An experimental prototype of the converter, shown in
Fig. 4, was developed based on the design methodology
described in Section II. The system parameters and key
hardware components are summarized in Table I and Table II,
respectively.

The experimental results are obtained in open-loop control,
and the corresponding waveforms, including the primary and
secondary transformer voltages (V; and V%), resonant capacitor
voltage (V,.), and resonant current (7;), are shown in Fig. 5.
It is observed that during skipping periods (e.g., for D = 0.55
and D = 0.2), the primary voltage V; drops to zero, whereas
on the secondary side, the diode bridge voltage V5 is clamped
to Vg,.. Since Vi, < V,, the diodes remain reverse-biased,
preventing conduction. Additionally, from Fig. 5 (middle), an
extra pulse is incorporated at D = 0.55, modifying the pattern
that otherwise skips every alternate pulse at D = 0.5.

Fig. 6 illustrates the converter’s power flow control capability,
where the input power P;, is varied from 100% to 10% of
the rated value as a function of the parameter D. The power
regulation characteristic exhibits a linear dependence on D,
consistent with the theoretical prediction given by (7). The
experimental results closely match the theoretical values, with
a root mean square error (RMSE) of 38 W, which is less than
4% of the rated power, thereby confirming the accuracy of the
theoretical model. Furthermore, the coefficient of determination
R? is calculated to be 0.98, indicating a strong agreement
between the experimental data and the theoretical prediction.

Fig. 7 shows the efficiency of the converter, both with and with-
out accounting for auxiliary losses, measured using the Yokogawa
WT1800 power analyzer. The auxiliary losses, comprising the
controller and gate driver consumption, were measured from the
auxiliary power supply, and the corresponding power losses are
approximated as 2.77 W. As observed from Fig. 7, the converter
achieves a peak efficiency of approximately 98.4% without
considering auxiliary losses, and a minimum efficiency of 97.44%
down to a 200 W load. When auxiliary losses are included, the
maximum and minimum efficiencies become 98.1% and 96.18%,
respectively. Considering both cases, the converter maintains an
efficiency well above 96% even under light load conditions.

Furthermore, to provide a standardized and application-relevant
benchmark, the converter’s efficiency was evaluated using the
4-point average method, which considers efficiency at 100%,
75%, 50%, and 25% of rated power. This metric is commonly
used in the industry to reflect the typical operating profile of
power converters across varying load conditions. Based on this
method, the converter achieves an average efficiency of 97.47%,
confirming its consistently high performance over a wide load
range.



V. CONCLUSION

This paper proposed a sigma-delta-based cycle-skipping
modulation technique to enable the power flow control in SRC-
DCX with minimized voltage and current ripples. A 1kW
experimental prototype validated the theoretical predictions,
demonstrating a linear power regulation characteristic with
RMSE below 4% and a high coefficient of determination
value of 0.98. The converter achieved a peak efficiency of
98.4% without auxiliary losses and 98.1% with auxiliary losses.
Overall, the converter maintained well above 96% efficiency
even at light-load conditions, with a 4-point average efficiency
of 97.47%, confirming the practicality and effectiveness of the
proposed strategy.

Future work will focus on validating the proposed modulation
technique across various dc transformer operating modes and
on achieving power balancing in input-parallel output-parallel
modular-based series resonant dc transformer converters.
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