- _ I Power Electronics Research and Applications Transactions
=ClI I Ig ht https://www.sciltp.com/journals/perat

M) Check for updates

Article

High-Conversion-Ratio Bidirectional DC-DC Converter
Derived from Gain Cells: Analysis and
Experimental Validation

Tiago P. Metzger “*7, Guilherme Bauer "', Bruno Benedetti ", Luis H. D. Sismeiro "',
Mateus N. Mezaroba ¥, Neilor C. Dal Pont ", Antonio L. S. Pacheco ',
Jéssika M. de Andrade > and Telles B. Lazzarin b7

! Department of Electrical Engineering, Federal University of Santa Catarina, Florianépolis 88040-900, Brazil
2 Department of Mobility Engineering, Federal University of Santa Catarina, Joinville 89219-600, Brazil

* Correspondence: tiago.peron.metzger @ gmail.com

T These authors contributed equally to this work.

How To Cite: Metzger, T.P.; Bauer, G.; Benedetti, B.; et al. High-Conversion-Ratio Bidirectional DC-DC Converter Derived from Gain Cells:
Analysis and Experimental Validation. Power Electronics Research and Applications Transactions 2026. https://doi.org/10.53941/perat.2026.100012

Received: 3 September 2026  Abstract: Emerging applications such as energy-storage systems, electric vehicles,

Revised: 23 September 2026 and data centers increasingly require bidirectional DC-DC converters capable of

Accepted: 28 September 2026 providing high conversion ratios between widely different voltage levels. Although

Published: 10 October 2026 switched-inductor and voltage-multiplier cells have been extensively employed in
unidirectional high-step-up converters, extending these cells to bidirectional operation is
not straightforward. This paper addresses these challenges and proposes a non-isolated
high-conversion-ratio bidirectional converter that combines an active switched-inductor
cell with an active switched-voltage-multiplier cell. Its operating states, static voltage
gains, component stresses, dynamic models, and closed-loop control are analyzed. A
300 W prototype operating between 380 V and 48 V is developed and evaluated under
open- and closed-loop conditions. The experimental results validate the theoretical
analysis and bidirectional operation, demonstrating peak efficiencies of 97.0% in buck
mode, from 380 V to 48 V, and 96.1% in boost mode, from 48 V to 380 V.
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1. Introduction

The growing demand for computational resources, driven by technological advances such as artificial
intelligence, 5G networks, energy storage systems, electric vehicles, and data centers, has considerably increased
the power requirements of modern computing infrastructure [ 1-5]. In 2024, data centers consumed approximately
415 TWh of electricity worldwide, corresponding to about 1.5% of global electricity consumption [6]. This trend
has intensified the need for efficient power-conversion architectures capable of reducing distribution losses and the
associated energy consumption.

These facilities adopt distribution systems with typical voltage levels ranging from 240 to 380 VDC in order
to minimize conduction losses, while the supplied equipment usually operates at very low-voltage levels, often
ranging from 12 V down to 1 V. To bridge this gap, a multi-stage power conversion architecture is commonly
employed, using a 48 V bus. Figure 1a shows a conventional low-voltage power distribution structure used in
telecommunications facilities and data centers [7]. Meanwhile, Figure 1b illustrates the 48 V rack architecture
adopted by Google, in which a bidirectional DC-DC converter interfaces the 380 V bus with a 48 V battery
system [8]. During normal operation, the converter charges the uninterruptible power supply batteries, whereas
during a grid outage it reverses the power flow to supply the DC bus [8]. In this architecture, galvanic isolation is
not inherently required in the 380 V/48 V conversion stage because the high-voltage DC bus and the battery system
are part of the same DC power distribution domain, and the converter is not intended to provide electrical separation
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between the source and the load. Consequently, a non-isolated high-conversion-ratio DC—DC converter can be
employed to accommodate the large voltage conversion ratio while avoiding the additional losses, volume, and
complexity associated with a high-frequency isolation transformer
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Figure 1. Data center power supply systems: (a) conventional LVDC architecture [7]; (b) Google 48 VDC architecture [8].

Achieving efficient conversion from 380 V down to 48 V remains challenging for conventional converter
topologies. Although the conventional bidirectional buck converter offers a simple structure, this step-down
operation requires a very low duty cycle, which can increase current stress and conduction losses [9, 10]. Another
very conventional option for conversion between these voltage levels in this type of application is the use of resonant
LLC converters [1 1-16]; however, for this type of topology it is necessary to employ a transformer, which is not
always desirable since this component increases the volume and weight of the converter [9]. Another desirable
characteristic in these applications is bidirectionality, in order to enable integration of the 48 V bus with a battery
bank [8,17]. Consequently, alternative topologies with high voltage conversion capability, non-isolated, bidirectional,
and with high efficiency have become an important focus of research.

One potential approach to achieving high conversion ratios in bidirectional DC-DC converters is the use of
voltage-gain cells, which are circuit building blocks incorporated into conventional converter topologies to extend
their static conversion ratios [18]. Switched-inductor and voltage-multiplier cells have been widely investigated in
unidirectional high-step-up converters [ 1 8—-23]. Nevertheless, extending these cells to bidirectional power conversion
is not necessarily straightforward. In addition to replacing their diodes with controllable switches, the reverse
power-flow path, switching states, voltage gain (as step-down and step-up), component stresses, and control behavior
must be established for both operating directions. Therefore, the derivation and validation of bidirectional converters
from gain cells originally conceived for unidirectional operation remain relevant topics of investigation [24,25].

Relevant developments in this field include the switched-capacitor and switched-inductor structures reported
by [26], which established building blocks for transformerless hybrid DC-DC conversion. Bidirectional hybrid
switched-capacitor architectures were subsequently investigated for dual-voltage automotive systems in [27],
while [28] explored a non-isolated three-level bidirectional converter combining interleaved conversion and a
switched-capacitor network. Further developments include the family of hybrid converters derived from an active
switched-capacitor commutation cell in [29] and the cascade/ladder switched-capacitor architecture combined
with an interleaved synchronous buck stage in [30]. Although not all these studies experimentally demonstrate
bidirectional operation, they provide relevant foundations for evaluating voltage-gain cells, semiconductor stresses,
and component requirements. Together, these contributions place the present work within the development of
non-isolated gain-cell-based converters, with emphasis on the bidirectional adaptation and validation of the selected
ASL-ASVMC combination. It is also important to note that extending a unidirectional converter to bidirectional
operation is not limited to replacing diodes with controllable switches. Such an adaptation introduces additional
design challenges, including the development of appropriate gate-drive and switching strategies, the definition of the
voltage-gain characteristics in both power-flow directions, the derivation of suitable models for each operating mode,
and the design and validation of control strategies capable of ensuring stable operation under bidirectional power
transfer. Despite the progress reported in the literature, the systematic migration of non-isolated gain-cell-based
converters from unidirectional to bidirectional operation remains comparatively underexplored. In this context,
the present work contributes to this development by investigating the bidirectional adaptation of the selected
ASL-ASVMC combination [24,25].

In this context, this paper investigates the bidirectional adaptation of unidirectional voltage gain cells and
demonstrates the resulting derivation process through a high-conversion-ratio DC-DC converter as a case study.
The main contributions include a comparative analysis of representative switched-inductor and voltage-multiplier
cells, followed by the derivation of a non-isolated bidirectional converter that combines an active switched-voltage-
multiplier cell with a switched-inductor cell. The static and dynamic models of the proposed converter are developed
for both power-flow directions. Experimental validation is performed using a 300 W prototype operating between
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380 V and 48 V, with open-loop and closed-loop operation as well as efficiency results presented. Finally, the
proposed converter is compared with other bidirectional high-conversion-ratio topologies reported in the literature.

2. From Unidirectional Gain Cells to Bidirectional DC-DC Converters

2.1. Voltage Gain Cells

In the study of dc—dc step-down converters, the buck topology stands out as one of the simplest, since it
employs only one switch, one diode, one inductor and one capacitor. The converter is illustrated in Figure 2a. In
addition, another dc—dc topology that stands out for its simplicity is the boost converter, which has the same number
of components as the buck converter; however, it is used to increase the input voltage. This converter is illustrated
in Figure 2b.

The buck converter topology can also be modified by replacing the diode with another switch and placing
another voltage source on the high-voltage side, thus obtaining a bidirectional topology capable of processing power
both with the current flowing from the high-voltage side to the low-voltage side and vice versa. The gating signal of
switch S5 is complementary to that of switch S;. It is also worth noting that, when analyzing the bidirectional buck
converter, the input seen from the load side exhibits boost behavior. Similarly, in the bidirectional version of the
boost converter, the input seen from the load side exhibits buck behavior. The topology of the bidirectional buck
converter is shown in Figure 2c.
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Figure 2. Basic converters: (a) buck converter; (b) boost converter; (¢) bidirectional buck converter.
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Despite the simplicity of the bidirectional buck converter, it exhibits the same drawbacks as the traditional buck
converter previously mentioned. An alternative of great interest for applications with high conversion ratios is the
use of gain cells, which are circuit blocks that can be inserted to increase the voltage gain of a given topology [18].
Figure 3a—c generically illustrate the insertion of switched-inductor gain cells (A-SL), voltage multiplier cells
(VMC), as well as their cascaded connection within a circuit.
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Figure 3. General voltage gain cells: (a) active switched-inductor cell (A-SL); (b) voltage multiplier cell (VMC); (c)
cascaded cells.

Both cells presented in Figure 3 operate in a very similar manner, in which one or more passive elements
(inductors in the case of the ASL cell and capacitors in the case of the VMC cell) store energy during one operating
stage and, subsequently, in the second stage, are connected in series with the circuit, thereby providing an increase
in the voltage levels. The switched-inductor cell is shown in Figure 4a, and the voltage multiplier cell is shown in
Figure 4b.
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Figure 4. Voltage gain cells: (a) active switched-inductor cell; (b) voltage multiplier cell.
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Notably several switched-inductor and voltage-multiplier cells have been reported in the literature [18] as
unidirectional cells. Representative structures are shown in Figure 5, and their main characteristics are summarized
in Table 1, including the ideal voltage gain and the required numbers of passive elements, switches, and diodes [18].

Table 1. Characteristics of different gain cells.

Topology Voltage Gain No. of Passive Elements No. of Switches No. of Diodes
1+D

Figure 4a 1-D i_ ) 2 inductors 2 0

. 3—-D . .

Figure 5a - D 2 inductors & 2 capacitors 2 2
1+3D

Figure 5b + 4 inductors 2 6
1-D
1+D

Figure 4b Y 2 capacitors 0 2
1-D
1+ D

Figure 5c¢ 1-D i_ ) 2 capacitors 0 2
1+ D

Figure 5d 14—7D 2 capacitors & 1 inductor 0 2

For the switched-inductor structures, the cells shown in Figure 5a,b provide higher voltage gains than the basic
ASL cell in Figure 4a, at the expense of additional components [19,20]. The voltage-multiplier cells shown in
Figure 4b and Figure 5c have the same ideal voltage gain but provide non-inverting and inverting output voltages,
respectively [21]. The cell shown in Figure 5d requires an additional inductor but can provide zero-current switching,
increased voltage gain, and reduced reverse-voltage stress across its diodes [22].
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Figure 5. Voltage gain cells: (a,b) active switched-inductor cells; (¢,d) voltage multiplier cells.

2.2. High-Conversion-Ratio Converters Derived from Gain Cells

Several topologies based on voltage-gain cells have been proposed in the literature to achieve high voltage
conversion ratios [19-22]. Among these solutions, the converter presented in [23] is particularly relevant to the
present study because it combines the basic ASL and VMC structures presented in Figure 3. Its topology, shown in
Figure 6 provides a suitable starting point for investigating how a high-step-up converter originally developed for
unidirectional operation can be extended to bidirectional power flow.

S1J: Ly

Figure 6. Converter presented in [23].
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2.3. Bidirectional Extension of Voltage Gain Cells

Extending a voltage gain cell to bidirectional operation requires establishing valid current paths and switching
states for both power-flow directions. For cells containing diodes, this process generally involves replacing the
unidirectional devices with controllable switches. However, this replacement alone is not sufficient to characterize
bidirectional operation. The switching functions, reverse power-flow paths, static voltage gains, voltage and current
stresses must also be determined for both operating directions. Consequently, the resulting bidirectional topology
cannot simply be treated as the original unidirectional converter operating in reverse. The step-up and step-down
voltage gains, component stresses, input and output characteristics must be reassessed, including the continuity of
the port currents and the required inductive or capacitive filtering. Moreover, reversing the power flow may result
in different dynamic models and control-to-output transfer functions, requiring the control system to be designed
according to the operating direction and the variable controlled at each port [24,25].

The bidirectional operation of all gain-cell structures presented in Table 1 is analyzed, and their ideal static
voltage gains in both boost (step-up) and buck (step-down) modes are summarized in Table 2, together with their
required numbers of passive elements and controllable switches. In this analysis, D denotes the duty cycle used in
boost mode, whereas D’ = 1 — D denotes the complementary duty cycle adopted in buck mode.

This comparison shows that extending gain cells to bidirectional operation may significantly increase the
required number of controllable switches, particularly for structures originally containing several diodes. Therefore,
voltage gain must be considered together with component count and implementation complexity when selecting
cells for a bidirectional converter. Based on this tradeoff, the basic ASL and VMC structures are selected and
combined in the following section to derive the proposed high-conversion-ratio bidirectional converter.

Table 2. Characteristics of different bidirectional gain cells.

Topology Boost Gain Buck Gain No. of Passive Elements  No. of Switches
Figure 2¢ 1 —1D’ D 2 inductors 2
Figure 4a % 2—L/D’ 1 inductor 2
Figure 5a % %ID/ 2 inductors & 2 capacitors 4
Figure 5b 11—&;35 4%3/17/ 4 inductors 8
Figure 4b % % 2 capacitors 2
Figure 5c % 2_LID/ 2 capacitors 2
Figure 5d % Q—L/D’ 2 capacitors & 1 inductor 2

3. 48 V to 380 V Bidirectional Converter Derived from Gain Cells

To demonstrate the derivation of a bidirectional DC-DC converter from unidirectional gain cells while meeting
the high conversion ratio required between the 48 V and 380 V buses, the high-step-up topology introduced in [23]
is selected as the starting point. As discussed in Section II, this converter is particularly suitable for this purpose
because it combines the basic switched-inductor and voltage-multiplier cells. Although its unidirectional operation
was analyzed in [23], a bidirectional converter derived from this particular combination of gain cells has not yet
been reported. Applying the bidirectional extension discussed in Section II-C results in the converter shown in
Figure 7, in which the constituent gain cells are highlighted.

The resulting topology combines an active switched-inductor (ASL) cell with an active switched-voltage-
multiplier cell (ASVMC). The switched-capacitor cell formed by Cy, Cs, S1, and .S is based on the structure
previously reported in [26]. The controllable switches of the ASVMC establish the current paths required for reverse
power flow while preserving the high conversion ratio provided by the original combination of gain cells. The
converter operates in buck mode when power flows from the high-voltage side V; to the low-voltage side V5, and in
boost mode when the power-flow direction is reversed. The following subsections present its operating states, static
voltage gain, component stresses, and dynamic model.
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Figure 7. Proposed converter.

The proposed converter does not share a common ground between its ports; therefore, their negative terminals
must not be directly connected. Practical integration requires a compatible grounding arrangement, such as a battery
power circuit floating relative to the high-voltage-bus return, with isolated sensing, gate-drive, and communication
interfaces where needed to prevent unintended ground connections. Switching-induced common-mode currents
through parasitic capacitances can be mitigated by minimizing high-dv/dt copper areas and coupling to chassis,
controlling switching slew rates, and implementing common-mode filtering suited to the installation. These measures
do not provide galvanic isolation between the power ports. Common-mode emissions and mitigation effectiveness
were not experimentally evaluated in this work.

3.1. Topological States

The proposed converter operates through two topological states during each switching period, as illustrated in
Figure 8a,b.

Sajg

Ly Iy C\

Vi

Q

(a) (b)

Figure 8. Topological states of the proposed converter: (a) first topological state; (b) second topological state.

. First topological stage: In this first stage, switches 57 and S5 are conducting, while switches S3 and S, are in
the blocking state, which causes capacitors C; and Cs to be charged being connected in series with inductor
L, and in parallel with each other. Inductors Lo and L3 are connected in series with the low side voltage,
supplying energy to the load; thus, the following equations are obtained:

Vo=V, — V¢ (D
Vo =V
—

. Second operating stage: In the second stage, switches 57 and S5 enter the blocking state and switches S5 and
S, enter conduction, which causes capacitors C; and Cy to be discharged while connected in series, charging
inductors Ly and L3 while also supplying energy to the load. Thus, the following equations can be derived:

Ve =Via = Vg = 2)

Viin=Vo+2Ve - V1 3)

Vi =Via = Vg = —Va. @

https://doi.org/10.53941/perat.2026.100012 6 of 20


https://doi.org/10.53941/perat.2026.100012

Metzger et al. Power Electron. Res. Appl. Trans. 2026

The preceding analysis assumes ideal switching transitions. In practice, a short dead time should be introduced
between the gating signals of the two complementary switch pairs to prevent switching overlap and the unintended
simultaneous conduction of all four switches.

3.2. Gain Analysis

For a converter operating in steady state, the average voltage across the inductors over one switching cycle
must be equal to zero:
Ts
| viai=o.
0

Therefore, this property can be used to analyze the voltage across the converter inductors. First, for the input inductor:

&)

(Vi = Ve)D + (Vo + 2V — Vi)(1 = D) = 0. ©6)
As for the inductors on the ASL cell:
Vo — Vs
<022)D—V2(1—D):0. (7
Solving (7) for the capacitor voltage Vc is:
2-D
Vo=Va—p—. (®)
By substituting into (6), the converter gain in step-down operation is obtained:
Va D
Gbuck - Vl - m (9)

To obtain the gain of the converter operating in boost mode, a similar analysis can be performed, leading to the
gain equation as a function of the complementary duty cycle:

Vi - 143D’
Vo 1-D

Figure 9a shows a comparison of the gain of the proposed converter operating in step-down mode with the
traditional buck converter, where it can be observed that, over the entire duty-cycle range, the proposed converter
exhibits agreater step-down capability. Similarly, Figure 9b presents a comparison of the proposed converter
operating in boost mode with the traditional boost converter.

Gboost = (10)

1 T T T T = 30 T T T T
- = = -Buck Converter e Proposed Converter
Proposed Converter e D -Boost Converter
0.8 F 4~ . “r
5 L7
~ .
“306F o
0.4t —2
=
0.2F -7
0Lz L L L s 0 L L L L L L L L
0 0.2 0.4 0.6 0.8 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Duty Cycle (D) Complementary Duty Cycle (D')
(@) (b)

Figure 9. Comparison of the proposed converter with classical topologies: (a) step-down comparison with the buck
converter; (b) step-up comparison with the boost converter.

3.3. Design Equations and Component Stresses

In order to obtain the voltage across the input inductor, Equation (8) can be substituted into (1), thus obtaining:

L1=V1(

2-2D
4-3D

)

b
AIlfs'

(1)
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The average input inductor current is the same as the average input current:

b,

In=1= v

(12)

For the output inductors Lo and Lg, a similar procedure is applied, in which the voltage across them is equal
to the output voltage, thus yielding the equation for sizing the inductance:

L, _¥0-D) _ VD 1-D -
' Alpasfs  4—3DAlasfs

The average current on the inductors Ly s:

I, = @. (14)

To perform the analysis of the voltage ripple on capacitors C; and C', it is observed that the current through
the capacitors is equal to the current in the inductor L; during the second operating stage; therefore:

P 0(1 - D )
VIAV f,
The voltage across the capacitors can be obtained from Equation (8).
A low-voltage-side capacitor C'3 used to attenuate the voltage ripple when the converter is operating in
step-down mode is sized considering that its voltage is equal to the low-voltage-side voltage V5, and that the current
through the component corresponds to the current ripple of inductors L, and Ls.

C=0C=0y= (15)

_ AiD
AVC3fs

. Ai2
ic3.RMS = \/ T; 17

As for the switches .S; and S5, the blocking voltage and RMS current are given by:

Cs (16)

2
= = pr— —_— 1
Vo1 =Vea =Vo +Voi0 V14 —3D (18)
I -y _ (19)
s1.-MS = Is2 rvs = ik

The voltage stresses across the switches S3 and S4 when they are on the blocking stage and their RMS current
are given by:

Va

Vss=Vsa=Vat Vo =7 (20)
2L1v/1—-D
Iss rus = Isa rms = 1T 2n

3.4. Dynamic Modeling

In order to implement closed-loop control of the converter, it is necessary to obtain the transfer functions that
relate the desired voltage or current to the duty cycle. The equations used to obtain the voltages and currents on
the high- and low-voltage sides as functions of the duty cycle are all fourth order. The equation relating the high-
voltage-side voltage (22) has a second-order numerator, whereas the high-side current Equation (23), the low-side
current Equation (25), and the low-voltage-side voltage Equation (24) all have third-order numerators [31,32].

b282 + b18 —+ bo

G, = 22
1a(5) ass* 4+ ags® + ax8% + a5+ ag (22)
d383 +d282 +dis+dy
G = . 23
14(5) ca48* + 383 + 282 + 15+ ¢ 23)
3 2
Graals) = f35° + fas* + fis + fo (24)

e45% + e383 + €952 + €15 + eg

https://doi.org/10.53941/perat.2026.100012 8 of 20


https://doi.org/10.53941/perat.2026.100012

Metzger et al. Power Electron. Res. Appl. Trans. 2026

h3s3 + has? 4+ his + h
Gia(s) = —p— 220 (25)
948* + g38° + g28“ + 915 + 9o

The coefficients a;, b;, ¢;, d;, €;, fi, g;, and h; are functions of the passive-component values of the converter
and its steady-state operating point, including the input voltage and duty cycle.

The coefficients in (22)—(25) depend on the converter component values and the steady-state operating point.
For the frequency responses presented in Figure 10, the parameters are L; = 7.7 mH, Ly = L3 = 691.23 pH,
C1 = Cy = 2.2 pF, and C3 = 100 pF. The operating point corresponds to a high-side voltage of V; = 380V, a
low-side voltage of Vo = 48 V, and a rated power of 300 W.

Both the analytical averaged model and the switched simulation model assume ideal components. Specifically,
switch on-state resistances, inductor winding resistances, and capacitor equivalent series resistances are neglected in
both models. Therefore, the comparison evaluates the agreement between the averaged and switched representations
under the same idealized conditions; it does not assess the influence of parasitic elements.

Figure 10a—d present the simulation results comparing the Bode plots of the transfer functions obtained from
(22)—(25) (orange curve) with the switched model of the converter (blue curve). The averaged and switched models
exhibit close agreement over the analyzed frequency range.

60 5 ‘
50 /\] |
40 45 |
30

35
20 Magnitude V2 switched (dB) Magnitude 12 switched (dB) ‘
10 25
180 0 i
80 -80 o
0 -180 \\
:

T80 et 380 | =— _ :

2280 | [Phase V2 switched (degree) 280 Phase 12 switched (degree)

-380 i

10 100 1k
10 50 100 500 1k Frequency (Hz) Frequency (Hz)
(a) (b)
75 60
70 50
65
60 40
55 30
50 - -
45 Magnitude V1 switched (dB) Tg Magnitude I1 switched (dB)
40
0 ‘ T ——
-80 -80

-180 1800

-280 -280

_ Phase I1 switched (degree)

380 Phase V1 switched (degree) -380
-480
50 100 500 1k
50 100 500 1k Frequency (Hz) Frequency (Hz)
(©) (d)

Figure 10. Small-signal frequency responses at the nominal operating point (Vi = 380 V, Vo = 48 V, and
P =300 W): (@) Gu,a; (b) Giyas (€) Goya; (d) Giya.

3.5. Voltage and Current PI Controller

Voltage and current regulation at either the high- or low-voltage port are common control objectives in
bidirectional dc—dc converters. Accordingly, PI controllers are designed to regulate each of these variables at its
corresponding reference value. Figure 11 shows a block diagram illustrating the converter control scheme, where the
block PI(s) represents the designed PI controller, G,,q/;4(s) denotes the voltage- or current-to-duty-cycle transfer
function, and H (s) represents the measurement gain of the quantities of interest. Equation (26) presents the transfer
function of a PI controller, which, aiming to be implemented in a microcontroller, assumes the discrete form shown
in Equation (27), where y(k) is the output duty cycle, y(k — 1) is the duty cycle at the previous time step, (k) and
x(k — 1) are the current and previous errors, and finally ¢y and ¢; are the controller coefficients.
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Viaref +7 PI(S)HGz'd/ d(S)}f—>V1’2

Figure 11. Controller Block Diagram.

k;
Cpr=ky,+ S (26)
y(k) =y(k — 1) 4+ c1x(k) + cox(k — 1). 27

The PI controllers were designed in the continuous-time domain based on the uncompensated open-loop
Bode plots of the corresponding plants. A crossover frequency of f. = 20 Hz was selected below the converter’s
characteristic resonances, prioritizing adequate stability margins and a damped response within the phase-shaping
limitations of PI controllers. This conservative choice involves a tradeoff between stability margins and transient
response speed. The switching frequency of 50 kHz and sampling frequency of 100 kHz govern switching operation
and digital implementation, respectively, but do not by themselves determine the control bandwidth, which also
depends on the plant dynamics and compensator characteristics. The controller parameters and phase margins are
summarized in Table 3.

Table 3. PI controller parameters.

Controller fe Hz) PM (°) co cy
Cot 20 120 —0.01776 0.01780
Co2 20 120 —0.01737 0.01941
il 20 90 —5.872 x 1074 5.905 x 104
Cio 20 120 —0.09396 0.09416

4. Experimental Results

Based on the aforementioned equations, a converter employing the proposed topology was designed to operate
with a high-side voltage of 380 V, a low-side voltage of 48 V at a rated power of 300 W. Tables 4 and 5 depict
the converter specifications and the selected components. Table 3 presents the parameters of the discrete voltage
and current PI controllers designed for both the low- and high-voltage sides of the converter. The controllers were
implemented using a sampling frequency of 100 kHz, with the selected crossover frequencies f. and phase margins
P M also provided in the table. Figure 12 shows the developed converter where a power density of 0.332 kW/L and
power-to-weight ratio of 483.87 W/kg were obtained.

Table 4. Defined parameters for the converter.

Parameter Defined Value

Low-side voltage 48V

High-side voltage 380V

Rated power 300 W

Switching frequency 50 kHz
High-side voltage current ripple 20%
Low-side voltage current ripple 25%

Voltage ripple across capacitors C; and Co 2%

Table 5. Converter components.

Abbreviation Selected Component
S1, 52, S3, and Sy C3M0065090D
C1 and Cs 2.2 uF—RIFA PHE 840 M
Lo and L3 691.23 uH—IP12R E42/20 44 turns
Cs 100 uF—EPCOS B43840-A5107-M
Ly 7.7 mH—IP12R E42/20 95 turns
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Figure 12. Developed converter.

4.0.1. Converter Waveforms

The experimental results were obtained using a MagnaPower SL 800 power supply and a Tektronix DPO
5034 oscilloscope. Figure 13 presents the measured waveforms of the converter operating in open-loop mode.
The low- and high-voltage-side voltages, V5 and V;, were measured as 49.6 V and 379 V, respectively, while the
corresponding currents, I and I, were 5.91 A and 810 mA, respectively. These results confirm the voltage gain of
the proposed converter given by (9).

Tek Prevu

V2 (100 V/div)

1> (2 A/div)

i _2V1(250 V/div)

|
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2 @ 250V @ 500mA O )
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D15 D0
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23:10:43
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Figure 13. Step-down experimental results: low-side voltage (V2), low-side current (I2), high-side voltage (V1), and

high-side current (/7).

Additionally Figure 14 corroborates the converter operating in open-loop boost mode, with the low-voltage-side
voltage V7 at 48.9 V and the high-voltage-side voltage at 376 V. In addition, the high-voltage-side current /5 is presented
with a value of 0.894 A, and the low-voltage-side current I; is shown with an average value of 7.13 A. Figure 15 shows
the voltages across the converter switches, in which a blocking voltage of approximately 260 V can be observed across
switches S and So, and 130 V across switches S3 and Sy, thus confirming Equations (18) and (20).

Tek stop I3

V2 (25 V/div)

T2 (5 Avdiv)

V1 (250 V/div)

— e —————— —————— ]
AL (A |
' A : + B }-
b I (10 ps/div)
I _
- 5.00 A 2 @ 1.0A0 @ 250V )[w.ous ] @ . 5204
@ vean 7.13
Slan i

Figure 14. Step-up operation experimental results: high-side voltage (V1), high-side current (/1 ), low-side voltage
(V%2), and low-side current (I2).
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Figure 15. Voltage across switches S1 (Vs1), S2 (Vs2), S3 (Vs3), and Sy (Vsa).
4.0.2. Efficiency

In addition, the experimental results were used to evaluate the converter efficiency at different load levels and
for two low-side voltage levels, 48 V and 98 V. The measurements were performed using a Yokogawa WT1800
Precision Power Analyzer, with a DC power accuracy of +0.05%, while the converter was subjected to load steps of
approximately 50 W. In step-down operation, a maximum efficiency of approximately 97% was achieved at a load
of 150 W for the 380 V to 48 V voltage conversion, as shown in Figure 16a. In step-up operation, a peak efficiency
of 96.08% was obtained at a load of 136.3 W for the same 48 V to 380 V voltage conversion, as shown in Figure 16b.
Furthermore, the converter efficiency at rated power for different voltage gains is presented in Figure 16¢,d for
step-down and step-up operation, respectively.

The theoretical losses associated with the different converter components were also evaluated through
simulation for the step-down and step-up modes at rated power, as shown in Figure 17a,b, respectively. The total
simulated losses were 12.80 W in the step-down mode and 17.67 W in the step-up mode. It should be noted that
most of the losses are concentrated in the switches, mainly due to the voltage overshoots and the current flowing
through the body diode of the switches during the dead-time period.

98.00% 98.00%,

97.50%| 97.50%
97.00%| 97.00%|
96.50% 96.50%
<96.00% <96.00%
= =
95.50%| 95.50%
95.00% 95.00%|
94.50% 94.50%|
-0-148V (%) -1 98V (%) -0-1 48V (%) -8=n 98V (%)
94.00% 94.00
50 100 150 200 250 300 50 100 150 200 250 300
Output Power (W) Output Power (W)
(a) (b)
98.00% 97.00%
97.75%
96.75%|
97.50%
0
97.25% 96.50%
<97.00% <96.25%
= =
96.75%
96.00%|
96.50%
95.75%|
96.25%
96.00% 95.50%
0.12 0.15 0.18 0.21 0.24 3.80 4.80 5.80 6.80 7.80
Static Gain Vo/380 Static Gain 380/Vin
(© (d)

Figure 16. Converter efficiency: (a) Step-down for different loads. blue curve from 380 to 48 V. red curve from 380
to 98 V; (b) Step-up for different loads. blue curve from 48 to 380 V. red curve from 98 to 380 V; (c¢) step-down
operation for different voltage gains at 300 W; (d) step-up operation for different voltage gains at 300 W.
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Figure 17. Loss distribution at rated power: (a) step-down operation; (b) step-up operation.

4.0.3. Controller Validation

To evaluate the proposed control strategy, experimental load-step tests were performed under low-voltage-side
voltage and current regulation. Figures 18 and 19 show the low-side voltage V> and current I for the respective
control modes.

Figure 18 presents the response of the voltage controller to a load increasing from 57 W to 267 W, with the
voltage reference maintained at V5 ;of = 48 V. Following the load reduction, the output voltage exhibits an overshoot
of approximately 8 V, corresponding to 16.7% of the reference value. The PI controller restores the output voltage
to its reference, with a settling time of approximately 60 ms.

Figure 19 presents the response of the current controller to two successive changes in load resistance, with the
current reference maintained at I5 of = 3.8 A. Initially, the converter supplies a 13 €2 resistive load at approximately
49 V and 3.8 A, corresponding to an output power of approximately 186 W. The load resistance is then reduced to
8.7 €2, causing the output current to rise momentarily to approximately 5.6 A. The controller restores the current to
3.8 A by reducing the output voltage to approximately 33 V, with a settling time of approximately 170 ms.

Subsequently, the load resistance is increased from 8.7 €2 to 13 €2, producing a transient current undershoot of
approximately 1.3 A relative to the reference. The controller restores the current to 3.8 A while the output voltage
returns to approximately 49 V, with a settling time of approximately 200 ms. The change in steady-state voltage is
expected because the controller regulates the output current while the load resistance changes.

These results demonstrate reference recovery following load disturbances for both control modes. Under
voltage regulation, the controller maintains V5 at its reference while the load current changes. Under current
regulation, the controller maintains 5 at its reference while the output voltage adjusts to the load resistance.

Tek Stop —

V2 (10 V/div)
——--r--n—'l e e e S|
A
1> (2 Aldiv) :
B (10 ms/div)
& _—
[gMZQ.:nO A Sf‘" v j 10.0ms :’?AODV\:I)IS:[SS o 5 1.88A

3 Jul 2024
13:46:55

Figure 18. Experimental load-step response under low-voltage-side voltage regulation: load increasing from 57 W
to 267 W with V2 ref = 48 V. Waveforms: low-side voltage V2 and low-side current I2.
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Figure 19. Experimental load-step response under low-voltage-side current regulation: load resistance changes from

13 Q2 to 8.7 2 and subsequently returns to 13 €2, with I2 ;ef = 3.8 A. Waveforms: low-side voltage V> and low-side
current Is.

Similarly, closed-loop tests were performed with the converter operating in step-up mode, considering voltage
and current regulation on the high-voltage side. Figures 20 and 21 show the high-side voltage V; and current I; for
the respective control modes.

Figure 20 presents the response of the voltage controller to a load increase, with the voltage reference
maintained at V7 ¢ = 380 V. The load is increased from approximately 150 W to 300 W, producing an instantaneous
voltage undershoot of approximately 80 V, corresponding to 21% of the reference value. The controller restores the
output voltage to its reference, with a settling time of approximately 45 ms.

Figure 21 presents the response of the current controller to two successive changes in load resistance, with
the current reference maintained at /1 ;. = 420 mA. Initially, the converter supplies a 667 {2 resistive load at
approximately 280 V and 420 mA. The load resistance is then reduced to 500 €2, corresponding to an increase in
the load from approximately 150 W to 300 W. This load increase causes the output current to rise momentarily
by approximately 160 mA. The controller restores the current to 420 mA by reducing the output voltage to
approximately 210 V, with a settling time of approximately 300 ms.

Subsequently, the load resistance is increased from 500 €2 back to 667 €2, producing a reduction in the output
current. The controller restores the current to 420 mA by increasing the output voltage to approximately 280 V,
with a settling time of approximately 300 ms. The change in steady-state voltage is expected because the controller
regulates the output current while the load resistance changes.

These results demonstrate reference recovery following load disturbances for both control modes. Under
voltage regulation, the controller maintains V) at its reference while the load current changes. Under current
regulation, the controller maintains /; at its reference while the output voltage adjusts to the load resistance.
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Figure 20. Experimental load-step response under high-voltage-side voltage regulation: load increasing from
approximately 150 W to 300 W with Vi ;¢ = 380 V. Waveforms: high-side voltage V; and high-side current I;.

https://doi.org/10.53941/perat.2026.100012 14 of 20


https://doi.org/10.53941/perat.2026.100012

Metzger et al. Power Electron. Res. Appl. Trans. 2026

Tek Prevu

__(Vl(zo Vidiv) | S

P—»Il(loo mA/div)

By
f : (200 ms/div)
P ———
:Mle::mA S— @ 500V j[zonms ]m[ D 47.ov]
@ Mean 424.2mA

Figure 21. Experimental load-step response under high-voltage-side current regulation: load resistance changing
from 667 €2 to 500 €2, with I1 ¢ = 420 mA. Waveforms: high-side voltage V; and high-side current /.

Buck and boost operation were experimentally validated separately. The small-signal models and load-step tests
characterize the converter around the respective operating points, but do not establish its dynamic performance during
power-flow reversal. The available laboratory setup lacked the controlled power-sourcing and power-absorption
capabilities required for a reversal test. Therefore, seamless power-flow reversal is not demonstrated in this work,
and dedicated dynamic analysis and experimental validation of this transition remain topics for future investigation.

5. Other Bidirectional Gain Cell Topologies and Comparison with the Developed Topology

The comparative analysis focuses on non-isolated DC-DC converters employing voltage-gain cells, particularly
switched-capacitor structures, which provide a direct basis for assessing the proposed conversion mechanism.
Although the DAB and its variants are established solutions for bidirectional power conversion, they provide
galvanic isolation and voltage matching through a transformer, resulting in different design tradeoffs. Accordingly,
this comparison evaluates the proposed topology within the non-isolated gain-cell-based category and does not
imply superiority over DAB converters.

Only a limited number of bidirectional converters within this category have been reported for voltage conversion
ratios comparable to that required between the 48 V and 380 V buses. Therefore, the analysis includes bidirectional
converters operating at different voltage and power levels, as well as selected unidirectional high-conversion-ratio
topologies whose circuit structures can potentially support bidirectional operation. The comparison considers static
voltage gain, maximum switch-voltage stress, rated power, switching frequency, efficiency, and the numbers of
passive components and semiconductor devices. Differences in operating conditions and implementation must be
considered when interpreting the reported performance.

For example, the converter presented in [30] employs switched-capacitor cells to achieve a conversion from
48 V to 1 V. Although its circuit structure can support bidirectional operation, the reported experimental results
refer to a 30-W unidirectional prototype employing 12 capacitors and 22 switches. In [27], a converter with a
smaller number of components and higher efficiency was developed, but with lower gain and higher switch stress
when compared to the proposed converter. Additionally, ref. [33] presents a converter with conversion from 48 V
to 8 V; however, it exhibits lower efficiency and a higher number of components. Ref. [29] presents a converter
with a rated power of 1 kW, 95% efficiency, and only one inductor in the topology; however, it presents a lower
voltage gain, ref. [34] presents a converter with 400 V to 40-56 V with 96.1% efficiency, but with more switches
and passive components and finally, ref. [28] also presents a converter with 400 V on the high side and 48 V on the
low side, but with 92.8% peak efficiency and lower voltage gain for the same duty cycle. Table 6 summarizes the
static voltage gains, maximum switch-voltage stresses expressed in terms of the high-side voltage V) or low-side
voltage V5, prototype voltage levels, rated powers, switching frequencies, reported efficiencies, and numbers of
capacitors, switches, diodes, and inductors. From this, it can be verified that the proposed converter is able to
maintain a good balance among gain, power, and maximum switch stress when compared to the other topologies,
as can be seen in Figure 22a,b, where the gains of these topologies are compared for a duty cycle of 0.5 and the
maximum semiconductor stress for a high side voltage of 100 V and low side voltage of 3 V. These operating
conditions were selected to provide a common basis for comparison, ensuring that the voltage stress experienced by
the semiconductor switches can be evaluated under equivalent conversion conditions across the different topologies.
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Figure 22. Comparison between the proposed topology and other bidirectional converters: (a) step-down voltage
gain for D = 0.5; (b) maximum switch voltage stress for V7, = 100V, and Vo = 3 V.
Table 6. Qualitative and quantitative comparison between the proposed topology and other bidirectional converters.
Tovol Step-Down Highest Switch Low-Side High-Side P Switching  Efficiency Number of Components
opology Voltage Gain Voltage Voltage  Voltage ower Frequency at Poominal C S D L
2
Proposed Converter 1 48V 380V 300W  50kHz 96.3% T 3 4 0 3
4—-3D 4—-3D
Classical Buck D 1% - - - - - 1 1 1 1
D i
[30] * % 1 1V 48V 30 W 80 kHz 90.39% 12 22 0 3
D \%
[27] 3 71 14V 42V 140 W 20-70 kHz 96.3% 3 4 0 1
Vi \%
[33]* ?1 ?1 8V 48V 20W  58KkHz 88% 5 5 5 2
D i+ Vs
[20] * D ! g 2 15V 600V 1kW  70kHz 95% 4 3 1 1
D i+ Vs
[34] Y ! Z 2 4056V 400V 2kW 60 kHz 96.1% 6 8 0 4
D \%
[28] - ?1 48V 400V 400W  25kHz 92.9% 2 5 0 3

* The results presented refer to the unidirectional version, although the topology can operate in a bidirectional manner. T The proposed converter
efficiency is reported for buck operation at the nominal output power of 300 W (380 V to 48 V). Peak efficiencies are 97.0% in buck mode and
96.1% in boost mode, obtained at approximately 150 W and 136.3 W, respectively.

6. Conclusions

This paper addressed the limited availability of non-isolated bidirectional DC—DC converters capable of
operating with the high conversion ratio required between 48 V and 380 V buses. A converter combining an active
switched-inductor cell with an active switched-voltage-multiplier cell was proposed to provide step-down operation
from 380 V to 48 V and step-up operation in the reverse power-flow direction.

The static voltage gains of the proposed converter were derived separately for buck and boost operation. This
distinction is particularly important in bidirectional converters because the voltage gain, duty-cycle definition,
component stresses, port characteristics, and dynamic behavior may differ according to the power-flow direction.
Representative switched-inductor and voltage-multiplier cells were therefore revisited under bidirectional operation,
and their corresponding boost and buck gains were established and compared together with their required numbers of
passive elements and controllable switches. This analysis provides a consistent basis for evaluating gain-cell-based
topologies in both power-flow directions.

A 300 W prototype operating between 380 V and 48 V validated the theoretical analysis, bidirectional power
flow, and voltage and current controllers under open- and closed-loop conditions. Peak efficiencies of 97.0% in
buck mode and 96.1% in boost mode were achieved. The literature review further highlighted the limited number
of directly comparable high-conversion-ratio bidirectional converters. Despite differences in voltage levels, rated
power, and operating direction among the available references, the comparative analysis showed that the proposed
converter provides a favorable balance among bidirectional voltage gain, semiconductor voltage stress, efficiency,
and component count. Future investigations may extend this analysis to isolated converters and gain cells based on
coupled inductors.
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By comparing the proposed converter with similar ones reported in the literature, a favorable tradeoff among
voltage gain, efficiency, semiconductor stresses, the number of switches, capacitors, and inductors, in addition to
having the capability of bidirectional operation is verified.
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