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A Capacitive Galvanically Isolated
Full-Bridge Converter

Pierpaolo Granello , Student Member, IEEE, Luigi Schirone , Member, IEEE,
and Pavol Bauer , Senior Member, IEEE

Abstract— This article proposes a transformerless, capacitively
isolated converter based on a full-bridge topology with phase
shift control. Compared to the existing capacitively isolated
converters, the proposed design offers the advantage of zero
mean voltage across the isolating capacitors, thereby reducing
voltage stress. A comprehensive analytical model is developed
to describe the converter’s operation in both continuous and
discontinuous conduction modes. The model is validated through
an experimental prototype tested at power levels up to 6 kW and
switching frequencies up to 500 kHz, achieving a peak conversion
efficiency exceeding 98%. The experimental results confirm the
accuracy of the theoretical model and waveforms.

Index Terms— Capacitive isolation, dc–dc power conversion,
full-bridge converter, isolated converter.

I. INTRODUCTION

THE number of electric vehicles (EVs) in the world is
rapidly increasing and arousing attractiveness for govern-

mental initiatives due to their environmental advantages [1].
Nevertheless, several challenges remain, including high costs,
limited driving range, long charging times, and limited urban
charging infrastructure, all of which contribute to driving range
anxiety [2], [3], [4]. The transition to electric mobility can thus
be facilitated by improving the EV charging infrastructure,
which is a more viable solution compared to increasing battery
capacity [5]. Hence, remarkable research effort has been spent
to enhance the efficiency, reduce the size, and lower the costs
of power conversion stages for battery chargers [6], [7].

Due to the vulnerability of both the vehicle and driver
during charging phases, especially as modern EVs operate
with several hundred volts for their batteries, it is essential
to galvanically isolate the battery from both ground and
other vehicles [8]. Magnetically coupled switching converters
are commonly used to achieve isolated voltage or current
conversion. However, transformer design involves the complex
optimization of parameters, such as winding and core losses,
which can represent a significant portion of overall converter
losses [9], [10]. As a result, there is growing interest in
exploring alternative approaches to implement galvanic iso-
lation [11], [12], [13], [14], [15].

The capacitively isolated power converters have been
proposed in literature as an effective and highly efficient
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alternative for achieving galvanic isolation in dc/dc conver-
sion [16]. These solutions have been shown to comply with
human safety standards for EV applications, such as IEC
60990 [17]. The concept of galvanic isolation using capacitors
was first patented in 1996 [18], where a transformerless line
isolation single ended primary iductor converter (SEPIC) con-
verter was obtained by adding a capacitor on the return line.
Its inverting variant, based on a Ćuk topology, was patented
in [19] and further detailed in [20]. However, these topologies
are constrained in power handling capability and operating
switching frequency due to the limited allowable capacitance,
as the isolation capacitors impose a load on the main switch
and contribute to current leakage from the grid [20]. A half-
bridge-based isolation stage in series was patented in [21],
with switching frequency variation control proposed in [22]
and [23]. Isolation is achieved through capacitors placed
on both the bridge output and return lines. Furthermore,
a ladder-type switched capacitor-based step-down converter
was proposed for LED applications in [24], where the isolation
barrier is interfaced to ac output terminals of the ladder
circuit. Despite their innovation, these topologies are typically
designed for low-power applications and are constrained by
output voltage (capped at half of the input) as well as the
presence of a dc voltage across the isolation capacitors. This
leads to variations in their effective capacitance and acceler-
ated aging [25], [26]. These limitations become particularly
significant in EV applications, where the isolated ground may
experience a voltage lift relative to the input-side ground.

The capacitive isolated power converter presented in this
work addresses these challenges by using symmetrical current
drive throughout the entire switching cycle, reducing the dc
offset across the isolation capacitors to a negligible level. This
minimizes the risk of human shock and enables compliance
with EV working voltages. The proposed power converter
provides highly efficient transformerless galvanic isolation for
voltage and power levels suitable for EV charging applica-
tions. It also enables 1:1 conversion while supporting the
possibility for step-down voltage conversion via phase shift
control. Furthermore, the integration of GaN FETs allows
for higher switching frequencies, enabling the use of ceramic
capacitors with low equivalent series resistance (ESR) and
equivalent series inductance (ESL), contributing to reducing
the conversion losses.

The remainder of this article is organized as follows:
Section II presents a detailed explanation of the converter’s
working principle through a comprehensive analytical model,
deriving the main equations for both continuous conduction
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Fig. 1. PSCIFB.

mode (CCM) and discontinuous conduction mode (DCM).
Section III validates the proposed analytical model and the
converter’s operation using the experimental setup, demon-
strating the negligible impact of the isolation capacitors on
the converter’s power losses.

II. CAPACITIVE ISOLATED FULL BRIDGE

The proposed phase-shifted capacitive-isolated full-bridge
(PSCIFB) topology is illustrated in Fig. 1. Configured as a
conventional full-bridge converter, it comprises four active
switches on the primary side (left) and four rectifying
diodes on the secondary side (right). Power flows direc-
tionally from the input source, denoted as Vi , toward the
output load, denoted as Vo. The interconnection between the
input and output is established through the use of isolating
capacitors Ca and Cb. As the current path between the
source and load closes through the capacitors Ca and Cb, a
1:1 ratio transformer-equivalent isolation between the source
and the load is typically achieved. Notably, the proposed
phase-shifting control imparts versatility to the converter,
enabling its operation in both step down and 1:1 conversion
modes. Specifically, switches S1 and S2 are driven with a 50%
duty cycle denoted as D and operate 180◦ out of phase with
each other. This same phasing arrangement applies to switches
S3 and S4, which are likewise offset in phase relative to those
in leg of S1–S2. The degree of this phase shift controls the
overlapping period (ϕ) between diagonal switches, thereby
determining the amount of energy transferred to the secondary
side. The input LC filter, comprising the inductor L i and
capacitor Ci , is designed to filter the current drawn from the
power supply Vi . Simultaneously, the output capacitor Co is
employed to filter out the alternating components from the
output current. However, it is important to acknowledge that
while the input LC filter plays a role in current filtering, it lacks
significance in the model analysis, and thus, it is omitted
from the modeling analysis. Once the switches and diodes
are closed, their parasitic capacitances are bypassed and do
not contribute to the series connection with capacitors Ca ,
Cb, and Co within the closed current path. These capacitors
collectively form an equivalent series capacitance Ceq, which
is in series with the output inductor Lo, resulting in a resonant
frequency fr ≈ (2π

√
LoCeq)

−1. To ensure that the resonant
circuit behaves as an inductive impedance and thus allowing
for the control of the inductor current amplitude through
modulation of the diagonal overlapping period ϕ [27], it is
crucial to drive the converter with a switching frequency

Fig. 2. Switching sequence in DCM (k vanishes in CCM).

that exceeds this resonance frequency. For the purpose of
simplifying the analysis, the load is represented as a current
source. Additionally, both isolating capacitors (Ca and Cb) are
assumed to have equal capacitances, and all devices are treated
as ideal in this model.

Fig. 2 illustrates the switching sequence and circuit wave-
forms based on the proposed control scheme during DCM
operation. In the scenario of CCM operation, the duration “k”
of the subintervals C and F diminishes, approaching zero, and
becomes negligible in the calculations.

A single switching cycle is divided into six subintervals,
as shown in Fig. 3, where subintervals C and F are grouped
together.

The states are briefly described as follows.
State A: During this subinterval [see Fig. 3(a)] of length

ϕ, switches S1 and S4 are driven ON and the current flowing
through the isolation capacitors Ca and Cb is rectified on the
secondary side by means of diodes D5 and D8. The current
flowing in the output inductor Lo during this subinterval
experiences a positive increment equal to

1A
iLo

=
(Vi − Vo − VCa + VCb)ϕTs

Lo
≈

(Vi − Vo)ϕTs

Lo
. (1)

The symmetry of the circuit drives the average capacitors’ volt-
ages, VCa and VCb, to be the same at steady state. Accordingly,
the contribution of their difference can be omitted in (1).

The voltage ripple on Ca and Cb can be assessed based on
the average current through them

1VCa,b = ±
ϕ · Ts

Ca+,b−

iAVG(Lo) (2)

where Ca+ represents the charging of capacitor Ca with a
positive voltage (Cb− with a negative voltage) according to the
polarities in Fig. 1. The values of Ca and Cb are chosen large
enough to make their voltage ripple negligible with respect to
the other voltages along the circuit.

Authorized licensed use limited to: TU Delft Library. Downloaded on October 17,2025 at 08:36:09 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 3. Current paths during the different subintervals. In yellow, the current
drawn from the power supply. (a) State A. (b) State B. (c) State C and F
DCM only. (d) State D. (e) State E.

State B: During this subinterval [see Fig. 3(b)] of length
D–ϕ–k, switch S1 is turned off, while S2 is driven ON.
A ground path for the capacitors Ca and Cb is thereby estab-
lished, resulting in a negative and positive voltage on the diode
bridge rectifier nodes (W and Z nodes as in Fig. 1) due to
their charge during the previous state (state A). Consequently,
diodes D6 and D7 become forward biased, and the output
inductor (Lo) undergoes discharge with a decrease in current
equal to

1B
iLo

≈
−Vo(D − ϕ − k)Ts

Lo
(3)

where the contributions of capacitors’ voltages, VCa and VCb,
were neglected for the same reasons as in (1). The isolation
capacitors are now discharging with a voltage ripple of

1VCa,b = ∓
(D − ϕ − k)Ts

Ca−,b+

iAVG(Lo). (4)

State D: During this subinterval [see Fig. 3(d)] of length
ϕ, the switch S4 is turned OFF, while S3 is driven ON.
With a positive voltage now applied to the node Z through

capacitor Cb, diodes D6 and D7 rectify the current flowing
through the output inductor Lo, resulting in a positive increase,
as described in (1). Additionally, the isolation capacitors Ca

and Cb are charging with an opposite current compared to that
in state A, as indicated in (4), but with a negative sign.

State E: During this subinterval [see Fig. 3(e)] of length
D–ϕ–k, the switch S2 is turned OFF, while S1 is driven ON.
Analogous to the description for state B, capacitors Ca and Cb

now, respectively, exhibit the positive and negative voltages on
the diode bridge rectifier nodes (nodes W and Z) due to their
charge during the previous state D. Consequently, diodes D5
and D8 become forward biased, and the output inductor Lo

undergoes discharge with a decrease in current, as described
in (3). Simultaneously, the isolation capacitors Ca and Cb are
discharging as in state B [see (4)], but with negative sign.

States C and F: These states exclusively occur in DCM
operation, where the output inductor Lo completely discharges
during states B or E, driving all the bridge diodes OFF.
Consequently, the output capacitor undergoes discharge, and
capacitors Ca and Cb have no flowing current, ideally main-
taining their charge state unchanged.

At steady state, where the average value of the output induc-
tor current ripple must be zero (

∑
1i

iLo
= 0), it is possible to

express the output voltage value as a function of the applied
diagonal overlap period ϕ and the resulting zero current period
k in the context of DCM operation

Vo = Vi
ϕ

D − k
. (5)

Hence, it is also possible to express the average output current
Io for DCM as the sum of the areas covered by the output
inductor current on a semi-period Ts , as delineated in the
following equation:

ILoDCM =
1

DT s

(
1
2 (Vi − Vo)ϕ

2T 2
s

Lo
+

1
2 Vo(D − ϕ − k)2T 2

s

Lo

)
.

(6)

Additionally, through the solution of (5) for the variable k

k =
DVo − ϕVi

Vo
(7)

and subsequent substitution in (6), the value of ϕ in DCM
operation can be determined as

ϕDCM =

√
2Io DLoVo

Ts(Vi − Vo)Vi
. (8)

Furthermore, the value of ϕ in CCM can be found by substi-
tuting (5) with k = 0 into (6), resulting in

ϕCCM =
2Io Lo

(Vi − Vo)Vi Ts
. (9)

Finally, the minimum output inductor current ILmin can be
evaluated, being zero in DCM and as given in the following
equation in CCM:

ILomin = Io −
1iLo

2
= Io −

(Vi − Vo)ϕTs

2Lo
. (10)
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Ultimately, the boundary conditions for ϕ can be expressed by
substituting (5) with k = 0 in (10) and solving it for ILmin = 0,
yielding to

ϕcrit1,2 =

D ±

√
D2 −

8Io Lo D
Vi Ts

2
. (11)

According to the analysis, the converter exhibits no critical
or optimal load, as the output voltage is determined by the
applied phase shift ϕ and the load current Io. The converter
dynamically operates in CCM or DCM based on the load
conditions, with the boundary conditions defined by the critical
phase shift ϕcrit1,2 as in (11).

Examining the plot in Fig. 2, the current drawn from the
converter’s input is exactly the current iS1,S3 passing through
switches S1 and S3 during states A and D, as highlighted in
yellow in Fig. 3(a) and (d). In state E, no current is drawn
from the input source as the inductor current iLo completes its
path through switches S1 and S3, as illustrated in Fig. 3(e).

Furthermore, the use of a full-bridge topology offers signifi-
cant advantages over other capacitively coupled configurations,
such as the half bridge, by effectively mitigating the accumula-
tion of forced dc voltage offset across the isolating capacitors
Ca and Cb. Indeed, in this topology, current flows alternately
through the capacitors for equal durations during an entire
switching cycle. This balanced current flow reduces the voltage
stress on these components and prevents voltage lift between
the isolated and input-side grounds. However, it is worth
noting that during subintervals, the isolating capacitors experi-
ence transient charging, resulting in temporary but zero-mean
voltage offsets between grounds. These offsets are equal to
the voltage reached in a single subinterval, as detailed by
(2) and (4).

III. EXPERIMENTAL RESULTS

The proposed analytical model was validated by a 6-kW
experimental prototype, featuring IGOT60R070D1 GaN FETs
from Infineon as power switches on the primary side (S1
through S4). The switches operated at a frequency in the
range of 100–500 kHz. To ensure a safe operating margin,
the device operated with a maximum input voltage of 500 V
and a maximum current of 12 A, aligning with the voltage
and current ratings of the selected switches. Notably, both the
selected FETs and diodes featured a thermal pad on the top
side of their case, offering a practical solution for thermal
dissipation.

Table I summarizes the main prototype parameters, and
Table II provides a list of the main components for the
prototype. For the isolation capacitors Ca and Cb, a parallel
configuration of ten ceramic capacitors was used, achieving a
total of 10 µF, with a 650-V rating. This capacitance value
was selected to ensure compliance with the current rating
of a single capacitor with a safe margin and to maintain
a capacitor voltage ripple below 4 V, as determined by (2)
and (4) under worst case conditions (i.e., 1:1 conversion mode,
fS of 150 kHz and 12-A load). Additionally, this value satisfies
the requirement for the equivalent series capacitance Ceq to
maintain fS ≫ fr = 40 kHz with the proposed switching
frequencies fS ranging from 150 to 500 kHz.

TABLE I
MAIN PROTOTYPE PARAMETERS

TABLE II
PROTOTYPE COMPONENTS LIST

Fig. 4. Prototype and experimental setup.

Fig. 4 shows the designed prototype with a size of the main
PCB of 10 × 7 cm. The circuit is driven open loop by a
C2000 board manufactured by Texas Instruments, capable of
generating pulse width modulation (PWM) signals at various
frequencies and with different phase shift values through an
easy programmable interface on Simulink.

Fig. 5 illustrates the test setup, featuring two bidirectional
power supplies (SM500-CP-90) generating the input voltage
and constant current load. The measurements of efficiency,
current, and voltage values were conducted using a Yokogawa
WT500 with a four-wire connection. The current through iso-
lating capacitors Ca and Cb was measured using a Rogowski
current probe, while the voltage across these capacitors was
measured with an isolated voltage probe.

Figs. 6 and 7 display the oscilloscope waveforms represen-
tative of DCM and CCM operations, respectively. The system
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Fig. 5. Protype test setup.

operates at a switching frequency of 100 kHz, with an input
voltage of 50 V, and a constant current load of 2 A. The
color scheme of the waveforms aligns with the probe colors
specified in Figs. 1 and 5. Notably, in CCM, the drain–source
voltages at nodes X , Y , W , and Z exhibit a 180◦ phase shift,
as they are operated with ϕ = 0%. Conversely, in DCM, they
exhibit a 30% overlap based on the applied driving phase
shift. The violet waveform represents the current through
isolating capacitors Ca and Cb, measured by a Rogowski
current probe. The behavior of the isolating capacitors current
aligns with the model described in Section II. Notably, there
is a discernible inversion of current direction marked by a
sudden jump from positive to negative or vice versa. This
phenomenon corresponds to the transitions between states A
and B and D and E, as illustrated in the theoretical waveforms
presented in Fig. 2. Accordingly, by confirming the isolating
capacitors’ current waveform, the compliance of the output
rectifying diodes’ current waveforms is also established in
the theoretical waveforms of Fig. 2. Indeed, the shape of the
isolating capacitors’ current determines their charge state and
consequently which diodes will be forward biased in the next
state. In Fig. 6, states C and F are additionally involved for
DCM operation, where no current flows through the isolating
capacitors, and only the output capacitor is discharging. The
red waveform represents the differential voltage measured
with the isolated voltage probe across the isolating capacitors.
Notably, the mean voltage across them is null, introducing no
dc offset on the isolating capacitors and consequently no dc
offset between the input and the output isolated ground.

As previously described in Section II, during specific subin-
tervals, the charging dynamics of the isolating capacitors
cause a transient voltage offset between the input and output
grounds, equal to the voltage reached in a single subinterval,
with a maximum peak of less than 4 V in the figure due to
the given operating conditions.

A. Model Validation

In accordance with (5), (8), and (9) from Section II, the
variable ϕ, normalized over the semi-period Ts /2, can be
plotted against the controlled output voltage, as shown in
Fig. 8. This plot is based on an input voltage of 50 V, different
current loads of 1, 3, and 5 A, and a switching frequency of

Fig. 6. Oscilloscope waveforms for DCM operation.

Fig. 7. Oscilloscope waveforms for CCM operation.

Fig. 8. Theoretical versus experimental ϕ at 500 kHz.

500 kHz. Fig. 8 illustrates the close alignment between the
theoretical curve and the experimental data points obtained
from on-prototype measurements.

B. Loss Analysis

The efficiency of the converter was measured across a wide
range of operating conditions, as detailed in Table I. Fig. 9
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Fig. 9. Converter efficiency in 1:1 isolation mode. (a) fs = 150 kHz.
(b) fs = 300 kHz. (c) fs = 500 kHz.

presents the results achieved in 1:1 isolation mode (ϕ = 0),
with input voltages ranging from 50 to 500 V, load current
between 6 and 12 A, and switching frequencies between
150 and 500 kHz. It can be observed that the conversion
efficiency is always higher than 94.8% for VIN > 150 V, with
values greater than 97.5% for fS = 150 kHz and VIN > 200 V.
The efficiency peaks at 98.2% at an input voltage of 350 V.

These high efficiency levels are attributed to the minimized
losses in the capacitors, which are estimated to be less than
a few hundred milliwatts when using multilayer ceramic
capacitors with X7R dielectric within the operated frequency
range [28].

The power dissipation in the rectifying diodes was also
experimentally derived by analyzing the voltage drop wave-
forms measured across D7 and D8 under varying load currents
and switching frequencies, as shown in Fig. 10. The curves

Fig. 10. Voltage drop across diodes D7 and D8. (a) fs = 150 kHz.
(b) fs = 500 kHz.

Fig. 11. Experimental power losses for fS = 150 kHz. Pmeas: converter
losses. Pd: diodes losses.

reveal a forward recovery duration of approximately 1 µs,
which minimally contributes to power losses at 150 kHz,
as shown in Fig. 10(a). However, at higher frequencies, this
forward recovery period becomes increasingly significant as
its duration approaches the entire conduction subinterval,
as shown in Fig. 10(b). It is important to highlight that power
losses in the rectifying diodes constitute a dominant portion
of the overall system losses, accounting for more than 75% of
total power dissipation at fS = 150 kHz, as shown in Fig. 11,
while power losses on isolating capacitors remain negligible.
As expected, at higher frequencies, switching-related losses
become more prominent, leading to the efficiency reduction
observed in Fig. 9(b) and (c). Thereby, the operating voltage
range was restricted to 300 V to maintain a safe operating area
and avoiding to exceed the power dissipation capability of the
heatsink and the thermal resistance requirement on the output
rectifying diodes.
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Fig. 12. Converter efficiency in the step-down mode (VIN = 200 V,
fS = 150 kHz, and VOUT varaible with ϕ).

It is worth to notice that, in transformer-based full-bridge
topologies, in similar load conditions, copper and core losses
can reach 10% of the output power [9], [10]. Moreover,
designing a transformer capable of handling 6 kW of power at
higher frequencies, such as 500 kHz, can be quite challenging.

C. Step-Down Operation

In Fig. 12, the converter was characterized in step-down
mode with a constant input voltage of 200 V and constant
current load conditions of 1 and 3 A.

As the phase shift (ϕ) increases, both the output voltage
and the duration of the conduction subinterval decrease, while
the current ripple in the circuit increases, as described by (1)
and (3). As the conduction subinterval shortens due to the
increasing value of φ, the rectifying diodes’ forward recovery
time contributes more significantly to power losses, as it
occupies a growing portion of the conduction subinterval.
Consequently, a decrease in efficiency is observed at lower
output voltages, making circuit measurements challenging due
to the increased power dissipation that must be managed on
the rectifying diodes, as shown in Fig. 11. Therefore, although
the step-down principle was demonstrated in Figs. 6 and 8 in
alignment with the analytical modeling, the use of a passive
rectifying diode bridge limits step-down operation to a narrow
voltage control range. As a result, measurements were carried
out only within a restricted voltage and power load range.
To extend the control voltage and power range in step-down
operation while maintaining high conversion efficiency, a full
active bridge should be implemented. This approach would
effectively minimize the otherwise significant impact of diode
forward recovery and enable a highly efficient, capacitive-
isolated bidirectional converter.

IV. CONCLUSION

This article introduced a capacitively isolated converter
based on a full-bridge topology. A key advantage of this
topology is the flexibility to achieve both 1:1 and step-down
conversion modes via phase shift control. The use of capacitors

for isolation allowed for reduced power losses and enabled
operation at higher switching frequencies. Additionally, this
topology eliminates any imposed dc offset across the isolating
capacitors, avoiding any imposed voltage lift between input
and output grounds while reducing voltage stress on the
isolating capacitors. A comprehensive analytical model was
developed to describe the converter’s operation in both CCM
and DCM. To validate the model, a prototype was built and
experimentally tested up to 6 kW. The experimental results
confirmed the accuracy of the analytical model and exhibited
a peak conversion efficiency exceeding 98%. The rectifying
diodes were identified as a major source of losses, while
the isolating capacitors exhibited negligible losses. This work
underscores the potential of capacitively isolated converters
as a viable and highly efficient solution for relatively higher
power applications. Future work may explore the use of
active rectification techniques to further enhance conversion
efficiency.
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