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Nonisolated Three-Switch DC-DC Converter
Suppressing Leakage Currents in
Low-Voltage DC Grid

Dongsu Lee ", Student Member, IEEE, Juwon Lee

Abstract—Dc grids are recognized as a promising solution for
next-generation power distribution systems due to their high effi-
ciency and reduced energy conversion stages. Since modern elec-
tronic sources and loads operate with dc power, dc—dc converters
serve as key components. In particular, nonisolated dc—dc convert-
ers are gaining attention due to their high efficiency and power
density. However, the removal of galvanic isolation significantly
lowers common-mode (CM) impedance, leading to increased leak-
age current and electric shock to users. To address these issues,
a nonisolated three-switch converter topology is employed, which
uses fewer switches while effectively suppressing CM currents. A
low-frequency (LF) leakage current controller with a feedforward
for enhanced transient response is developed, based on the CM
equivalent circuit analysis. The operable range of the converter is
analytically derived with consideration of the voltage fluctuations in
both bipolar and unipolar dc grids. In addition, a hybrid pulsewidth
modulation scheme is introduced to suppress high-frequency (HF)
CM currents, along with the dc CMV injection method to enhance
the suppression performance. Experimental results in the bipolar
and unipolar grids confirm that the proposed methods effectively
suppress both LF and HF CM currents, ensuring the user safety.
The 11 kW hardware prototype achieves a peak efficiency of
99.38% and reduces the rms leakage current by over 91.35%
compared to the conventional designs.

Index Terms—Common mode voltage (CMYV), dc—dc converter,
leakage current, pulsewidth modulation (PWM), three-switch
converter, transformerless converter.

NOMENCLATURE
Superscript  Low-frequency component of the variable
CM Common-mode.
CMV Common-mode voltage.
DM Differential-mode.
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Differential-mode voltage.

High-frequency.

Low-frequency.

Half-bridge.

Full-bridge.

Three-switch

Electromagnetic interference.

Protective earth conductor.

kth active space vector of three-switch converter;
ke{l,..., 8}

Modulation method with center pivot Uy; k €
{1, 2, 3}.

Time interval of Uy; k € {1, 2, 3}.
Switching period.

Switch module; = € {H, M, L} denotes high-,
mid-, and low-side.

Gating signal of switch; € {H, M, L} denotes
high-, mid-, and low-side.

Voltage at input positive terminal p.

Voltage at input negative terminal n.

Voltage at output positive terminal g.

Voltage at output negative terminal r.

Voltage between input terminals p and n.
Voltage between terminals g and n.

Voltage between terminals 7 and n.

Voltage between output terminals ¢ and r.
Voltage between terminals p and m.

Voltage between terminals n and m.

DM output voltage.

Converter-generated CMV.

Reference value of DMV of converter.
Reference value of CMV of converter.

Dc grid CMV.

Supplementary dc CMV injected by converter.
Nominal dc value of vy,,.

Nominal dc value of vy,

CM current.

CM duty ratio.

DM duty ratio.

Grounding resistance of utility grid.
Grounding resistance of local grid.

Human body impedance.

CM filter inductance.

DM filter inductance.
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Cem CM filter capacitance.
Cdm DM filter capacitance.
Cy Y-capacitance.

Cae Dc-link capacitance.

I. INTRODUCTION

C GRIDS are a developing trend in future power dis-
D tribution systems. They are compatible with renewable
energy sources and distributed grids, which are in growing
demand due to climate issues. In particular, low-voltage dc
distribution systems are designed to be easily integrated for
power supply in commercial or residential applications [1], [2],
[3]. Most modern electronic sources and loads utilize dc, such
as photovoltaic systems, power supplies in data centers, elec-
tric vehicle chargers, home appliances, lighting, and variable-
frequency drives [1], [4]. Dc grids are regarded as a promising
alternative to conventional ac systems due to their reduced power
conversion stages and the absence of reactive power, result-
ing in improved efficiency [1], [5]. Despite these advantages,
widespread adoption of the dc grid system has been inhibited
due to unresolved concerns regarding grounding schemes, pro-
tection mechanisms, and system safety [2], [4], [5], [6], [7].
In response, the International Electrotechnical Commission has
initiated standardization efforts for low-voltage dc systems [8],
[9], and extensive research has been conducted on grounding and
protection strategies in dc networks [4], [10], [11], [12], [13].
These grounding-related challenges are primarily associated
with CM components, which induce circulating currents through
unintended return paths.

Dc—dc converters play a key role as electrical interfaces be-
tween dc grids and dc loads. The electrical components involved
in dc—dc converters consist of DM and CM components. DM
components contribute to power transfer, while CM components
flow through the ground or chassis, causing circulating currents
that increase losses and raise concerns regarding both safety
and EMI. To ensure electrical safety and block CM currents,
conventional systems employ an isolated dc—dc converter with
a high-frequency (HF) transformer [14], [15], as illustrated in
Fig. 1(a). In Fig. 1(a), the current in line L is the DM component
that delivers power. In contrast, the current in the PE conductor
and the chassis is the CM component that does not contribute
to power transfer and may instead raise grid-compatibility con-
cerns. Because the transformer provides galvanic isolation, PE
current is ideally zero. However, the adoption of transformers
introduces additional energy conversion stages, which increase
system complexity, cost, volume, and losses. To overcome these
drawbacks, nonisolated converters, as shown in Fig. 1(b), have
been developed to reduce the number of power conversion stages
and lower losses [15], [16]. Despite their high efficiency, non-
isolated converters encounter serious issues due to the absence
of galvanic isolation, which creates a low-impedance CM path
through the chassis. As a result, leakage current flows through
the chassis as a CM path and returns either via the PE conductor
to the grid or through the human body. Such current degrades
grid compatibility when it flows through the PE conductor
and poses an electric shock hazard when it flows through the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

Galvanic
Isolation

Line Imp

DC | 4 ] EMI L e ” AC 41 pC
Grid|[ 7 C v Filter 'AC bC Load
PE L T T T
N A T T T T
« Chassis
(@)
Line Impedance
DC | 4 L EMI 4 bC 4 DC
5 7 « v i
Grid Filter DC Load Electric
L L L
PE Shock
()() A T

T T
Chassis

) )

Fig. 1. DC-DC power conversion system configurations. (a) Isolated system
employing a high-frequency transformer for galvanic isolation. (b) Nonisolated
system.

human body. To address this challenge and ensure resilient and
reliable power delivery in dc grid systems, especially when using
nonisolated converters, further investigation into user protection
and grid compatibility is essential.

To analyze the influence of CMV in this context, CMV
sources are classified into two categories: HF CMYV, produced
by converter switching, and LF CMYV, generated by the grid.
These sources generate HF and LF CM currents, respectively.
To mitigate HF CMYV, various modulation techniques and con-
verter topologies have been proposed. A bipolar modulation
technique, typically implemented with a FB converter, is applied
to reduce HF CM current by maintaining a constant CMV
during each switching cycle [17], [18], [19]. The HS, H6, and
HERIC topologies, as well as other ac—dc converter families,
are designed to reduce HF CMV by decoupling the circuit in
the zero DM voltage state [18], [19], [20], [21]. The same
principle of maintaining a constant CMV is also applied in dc—dc
converters, making these approaches effective in suppressing
HF CM current. Additionally, filter-based techniques have been
employed to mitigate HF CM current. Passive filters, such as
third-order LCL floating filters, achieve compactness by using
higher-order configurations to improve attenuation [22]. Active
CM filters [23], [24] and hybrid filters [25] have also been
proposed to enhance suppression performance further. However,
these active filter approaches require additional components and
power sources, such as magnetically coupled inductors operated
by switching devices, auxiliary power supplies, and amplifiers.
As another approach, common-ground converters are proposed,
where both the input and output terminals share a common
ground to achieve equipotential grounding and reduce CM cur-
rent [26], [27], [28], [29], [30]. However, when the CM and DM
conduction paths are shared within the converter, the magnitude
of cross-coupling components significantly increases, resulting
in elevated levels of CM noise. Although these strategies are
effective in suppressing HF CM current, they are not suitable
for suppressing LF CM currents induced by grid disturbances.

To effectively deal with LF CM currents, two types of
approaches have been considered: circuit topologies that in-
crease the LF CM impedance and control strategies that
counteract LF CMV. One such approach is a high-frequency
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capacitive-coupled converter, which inserts a low-capacitance
series capacitor into the resonant tank to raise a CM impedance
at low frequencies [31], [32], [33]. However, operating at such
high frequencies, often in the MHz range, degrades converter
efficiency and limits the selection of available components.
Therefore, a method of LF CM current mitigation via active
LF CMV injection using differentially configured HB circuits,
such as stacked HB or FB configurations, has been proposed.
In previous studies, the stacked HB circuit is used to control
CMYV for input voltage balancing actively, rather than for LF
CM current suppression [34], [35], [36]. In subsequent work, LF
CMV is reduced by employing a stacked HB converter combined
with a cascaded current source rectifier [37]. A related approach
uses a FB converter to control LF CMV by actively injecting
counteracting voltages to cancel grid-induced CMV [38], [39],
[40]. However, this method is inadequate for addressing unex-
pected CMV sources such as system asymmetry or grid voltage
fluctuations. To solve this problem, feedback-based approaches
have been introduced to suppress LF CM current [41], [42].
However, all of these methods rely on dual-HB structures,
inherently requiring at least four switches.

In this article, a nonisolated dc—dc converter topology with
fewer switches is employed, and control and modulation meth-
ods are proposed to suppress leakage current. The rest of this
article is organized as follows. Section II presents the CM
equivalent circuit of a nonisolated converter in both bipolar and
unipolar (monopolar) configurations and identifies the sources
of LF CMV induced by the grid. Based on this analysis, a
leakage current controller is implemented to reduce LF CM
currents. Section III introduces a TS converter topology and
evaluates its operating range that ensures effective mitigation
performance under grid voltage fluctuations. In Section IV, a
hybrid pulsewidth modulation (PWM) strategy is proposed to
reduce HF CM current, along with a dc CMV injection method
that enhances the HF CM current reduction. Section V validates
the proposed control and modulation methods through simu-
lation and experimental results based on a hardware prototype
under voltage fluctuations in both bipolar and unipolar grids that
simulate real grid situations. Finally, Section VI concludes this
article. Furthermore, user safety is assessed by measuring touch
currents in ground fault conditions.

II. COMMON-MODE ANALYSIS

This section describes grounding methods for low-voltage dc
systems with nonisolated dc—dc converter systems. Based on
the grounding method, the CM equivalent circuit of the entire
system is derived. The transfer function of the CM current is
analyzed in both low and high frequency ranges, emphasizing
the necessity of active CMV control. Following this analysis, a
leakage current controller is introduced, incorporating a feed-
forward CMV reference to improve transient response.

A. Configuration of System

The external conductor of the device, also known as the
chassis, is designed to be physically accessible to the user. It
is electrically connected to the ground of the grid through a PE
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Fig. 2. Examples of DC grid polarity and grounding schemes. (a) Bipolar DC

grid with TT grounding system. (b) Unipolar DC grid with TN-C-S grounding
system.

cable. This configuration is closely associated with two primary
concerns: 1) touch current and 2) leakage current. Touch current
is defined as the current flowing through a user when they come
into contact with the chassis. To ensure user safety, this current is
limited to 3.5 mA [43]. Meanwhile, leakage current, which flows
from the device to ground, has the potential to cause compati-
bility or power quality issues in the grid. To ensure the resilient
operation of the system, leakage current is limited to 30 mA
[9]. If this limit is exceeded, a residual current device (RCD),
also known as a ground fault circuit interrupter, will disconnect
the circuit from the system, leading to a power interruption.
Therefore, to ensure user safety and enhance grid resilience
by preventing nuisance tripping of the RCD, it is necessary
to reduce both touch and leakage currents in the presence of
unexpected CMV.

In an isolated converter, the CM current is effectively blocked
by the transformer, with a small portion flowing through the
parasitic capacitance of device components, such as the trans-
former and heat sinks. In the nonisolated converter discussed in
this study, the CM current is not blocked by the transformer. As
a result, a low-impedance CM path is formed, which includes
the filter, Y-capacitor, parasitic capacitances, and the enclosure
ground [13]. Therefore, a comprehensive analysis of the enclo-
sure grounding is essential to assess the leakage current flowing
in nonisolated converters under both TT and TN methods [8].
In the TN method, as shown in Fig. 2(a), the device’s chassis is
connected to the neutral line (N); in the TT method, as shown in
Fig. 2(b), the device’s chassis is connected to a local ground [16].
The TN method bypasses most of the leakage current through the
PE wire, due to its relatively low impedance compared to earth
resistance. As a result, the touch current flowing through the
human body is reduced, enhancing user safety. However, this
configuration results in a higher total CM current through the
converter. Moreover, if the PE line becomes disconnected, the
entire CM current flows through the human body, significantly
increasing the risk of electric shock. In this study, the TN
grounding is used to represent the worst-case leakage current
scenario, while grounding loss is considered to evaluate the
worst-case touch current scenario.

In addition to the grounding configuration, the polarity of the
dc grid also influences the CM current by altering the potential
difference between the chassis and the ground. A dc grid adopts
either a bipolar or unipolar structure. In a bipolar dc grid, positive
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Fig. 3. CM equivalent circuit of a nonisolated DC-DC converter. (a) With
floating filter. (b) Simplified representation in LF range. (¢) Human body
impedance model based on IEC 60990.

and negative dc voltages are supplied symmetrically with respect
to the neutral line, as shown in Fig. 2(a). In a unipolar dc
grid, only positive dc voltage is provided relative to the neutral
line, as shown in Fig. 2(b). This study proposes leakage current
reduction strategies that account for both grid configurations.

B. CM Equivalent Circuit Analysis

The converter is composed of three main components: 1) a
third-order LCL filter to suppress HF EMI, 2) switching devices,
and 3) Y-capacitors. HF CM EMI originates from the switching
of the converter. The Y-capacitor, which is designed to mitigate
sudden voltage spikes by bypassing HF CM current to ground,
functions as a critical safety component in power electronic
systems. It is positioned between the output terminal and the
chassis, terminated at the midpoint of the output ports. However,
while bypassing HF CM current, the Y-capacitance incidentally
provides a path for LF leakage current. The exact value of the
Y-capacitance is determined by the configuration and design of
the converter’s load side, which is often fixed by system-level
constraints and reaches up to several thousand nF [44].

To define the CM equivalent circuit, it is first necessary to
describe the CMV of both the converter and the grid. The
CM component is defined as the average (sum) component of
voltage or current. Consequently, the CM equivalent circuit is
constructed by calculating the source and impedance between
the virtual neutral points of the components [45], [46]. Let p and
n represent the positive and negative poles of the input port, and
let ¢ and r represent the positive and negative poles of the output
port, asillustrated in Fig. 3(a). Let m denote the virtual mid-point
of the input, which corresponds to the average potential of the
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input ports (p, n). Similarly, let s denote the virtual mid-point
of the output, which corresponds to the average potential of
the output ports (q,7). The CMV generated by the converter
(vem) 1s defined as the voltage difference between the average
potentials of output ports (¢, ) and the input ports (p, n), and is
expressed as

Vg +vr  Up+Un
Vem = —— 7 (D
The CMV generated by the grid (verm g) is defined as the
potential of m with respect to the ground. v¢y, 4 arises from
several contributing factors, such as impedance imbalance [47],
asymmetrical grid voltage [48], input and output voltage fluc-
tuations [41], voltage drop across neutral line [49], external
LF CMYV [37], and power grid faults [50]. In the event of a
grid line fault, the converter disconnects the circuit from the
grid. Therefore, the leakage current suppression method is not
applied in this scenario [51]. Under normal conditions, the CMV
component caused by impedance imbalance (AZ) is expressed
as

AZ

VUem,g = ﬁvdm (2)

where 27 is the sum of the impedances and vq,, is the DMV
at the converter’s output pole. The superscript bar (—) denotes
the LF magnitude of the variable, indicating the mean value
over one switching cycle. Fluctuations in input voltage result in
the generation of an LF CMV between the input ports and the
grid’s neutral point. The resulting LF CMV depends on the grid
polarity and is expressed as

Uem,g = Ypm T Unm —; Unim (bipolar)
Tom.g = Zon (unipolar) . 3)

The CM equivalent circuit is shown in Fig. 3(a). It includes
the EMI filter, the LF CMV source from the grid, and the CMV
source generated by the converter. In this circuit, all LF CMV
sources originating from the grid are modeled as vep 4. [ and
R represent the equivalent series grounding resistances of the
earth and utility grid, respectively. In TN grids, Ry is less than
tens of ohms, and R¢ is less than a few ohms [16]. Under a
loss of grounding situation, R is considered to be open. Zg
is the human body impedance as outlined by IEC regulations
for measuring the touch current, and the circuit in Fig. 3(c) is
used for this purpose [52]. Using this circuit, the transfer function
from the CMV source to the leakage current in the TN grounding
system is expressed as

iem 1 Zy
Gem (8) = — .
() = T Ht 2% 7+ 7
1 1 1
where Z; =

SQCdC * Sccrn * SQCdm,l
ZZ = SLcm,l + (SLdm,l/2)

ZS = SLcm,o + (SLdm,2/2) +

+ RG -+ SLcm,Q.
“)

SQCY
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Fig. 4. Bode plot of the transfer function from the CMV source to the leakage
current flowing through the PE conductor.

The Bode diagram of the transfer function, with and with-
out an EMI filter, is shown in Fig. 4. HF CMVs above the
switching frequency are mitigated by EMI filters, while slow
transient CM Vs below a few hertz are blocked by Y-capacitance.
However, as shown in Fig. 4, LF CMV components within
the frequency range above several tens of hertz and below
the switching frequency remain unattenuated by both the Y-
capacitor and EMI filter. To address this issue, active CMV
control, implemented by injecting LF CMV through the con-
verter, is employed to suppress leakage current in the LF range
effectively. When combined with an EMI filter, this approach
contributes to the overall reduction of leakage current across
both LF and HF ranges. To further simplify the CM equivalent
circuit for controller design, the frequency characteristics of the
passive elements are considered. In the frequency region below
the cutoff frequency of the LCL EMI filter, the series inductor ex-
hibits negligible impedance, while the parallel capacitor exhibits
very high impedance. Under these conditions, the original CM
equivalent circuit in Fig. 3(a) reduces to the simplified model in
Fig. 3(b). The LF CMV of the converter is represented between
the virtual neutral points m and s. This simplified circuit is used
to design the CM leakage current controller.

C. Controller Design

The block diagram of the leakage current controller, which
actively controls the LF CMV to suppress leakage current, is
illustrated in Fig. 5. The DM and CM currents are decoupled,
enabling independent control of power transfer and leakage cur-
rent. Using feedback from the current sensors, the DM and CM
currents are regulated by the PI and PII controllers, respectively.
The output of each controller serves as the reference for DMV
and CMYV, and the controller gain values are selected based on
[41]. The leakage current controller provides feedback control
for the CM current, thereby reducing the uncompensated CMV
induced by grid disturbances. To improve the transient response
of the leakage current controller, feedforward references are
proposed. The simplified equivalent circuit of Fig. 3(a) in the
LF range is shown in Fig. 3(b). To suppress LF CM current, the
converter is controlled to maintain a constant potential difference
across the Y-capacitors. Accordingly, the feedforward reference
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utilizes (3), which describes the LF CMV induced by grid
polarity. Consequently, the final feedforward references, which
compensate for grid voltage disturbances, are defined for both
bipolar and unipolar grids as follows:

Upm, + Unm

. ) (bipolar)

*
’Ucm,FF = chm,(] - (Ucm,g +

Ve, pF = Vem,0 — (Ucm,g + Upr) (unipolar). (5)

Vpn 1s defined as the nominal constant value of vp,. Vem,o
denotes the supplementary dc CMV injected by the converter,
whose characteristics are analyzed in detail in Sections III and
IV. Given the infinite CM impedance of the converter at 0 Hz due
to the Y-capacitor, the dc CMV does not affect the steady-state
leakage current. In designing the leakage current controller,
it should be noted that the cutoff frequency of the EMI filter
constrains the achievable bandwidth. As the controller gain
increases, the closed-loop bandwidth approaches this cutoff fre-
quency, where the simplified CM equivalent circuit is no longer
valid, leading to a tradeoff between controller performance and
modeling accuracy.

III. TS CONVERTER TOPOLOGY

In this section, a comparative analysis of conventional HB,
FB, stacked HB, and TS converters is performed. Furthermore,
the TS converter is employed as the optimal topology for leak-
age current suppression. The operating range analysis of the
converter is performed to ensure the performance of the leakage
current suppression controller under voltage fluctuations that
occur in real dc systems.
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A. Half-Bridge Based Nonisolated Converter Topology

Single-leg HB converters, as depicted in Fig. 6(a), and
their common grounded dc—dc converter families [26], [27],
[28], [29], [30] are effective solutions employed in nonisolated
dc—dc converters. They have the advantages of using fewer
switches and passive elements, relatively simple configuration,
and achieving high efficiency [26], [27], [29]. However, the
common-ground converter exhibits a limitation: the LF DMV
and CMYV are dependent on each other because the ground of
the input and output is connected, which fails to suppress LF CM
current under grid voltage fluctuations. To address this limita-
tion, configuring the output ports of two distinct HB converters
differentially is a viable solution, as illustrated in Fig. 6(b), (c),
and (d).

The FB converter topology, as shown in Fig. 6(b), configures
the output poles of two parallel-connected HBs differentially.
Research has been conducted to suppress leakage current by
generating LF CMV [38], [39], [40], [41]. However, the FB
converter has the limitation of using twice as many switches
and inductors as the conventional HB converter, which increases
cost and causes higher switch-related losses. The FB converter
uses a total of four switches. The average number of conducting
switches per switching cycle is two, and it requires at least
four switching events in each cycle to generate LF CMV. By
contrast, the HB converter requires only two switches, with one
conducting on average and two switching events per cycle.

The stacked HB converter topology, as illustrated in Fig. 6(c),
configures the output poles of two series-connected HBs dif-
ferentially. Research has been conducted to suppress leakage
current by generating LF CMV [37], [42]. Compared to the FB
converter, the stacked HB converter reduces the voltage stress
on each switch, enabling the use of lower-rated devices. The
stacked HB converter uses a total of four switches. The average
number of conducting switches per switching cycle is two, and
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COMPARISON OF CONVERTER TOPOLOGIES

TABLE I

LFCMV  Toars A% Avg. #
Control  Switches Cond‘uctmg switching
switches events
HB Conv. Unavail-
[30] able 2 1 2
FB Conv.
[38],[39], Available 4 2 4
[40], [41]
Stacked
HB Conv. Available 4 2 4
[37], [42]
[Tssz]c ‘E?;’] Available 3 1+D(< 2) 3or4

it requires at least four switching events per cycle to generate LF
CMV. However, it requires two input capacitors and a neutral
current in bipolar grids to balance input voltages during CMV
injection, which increases system complexity and grid losses
[5]. Moreover, when connected to a unipolar grid, simultaneous
CMYV control and input capacitor voltage balancing are incom-
patible, resulting in a voltage imbalance of the input capacitor.
In addition, the magnitude of the maximum injected CMV is
limited to approximately half of that achievable with the FB and
the TS converter [34], [35], [36].

The TS converter is derived by integrating two intermediate-
side switches in a stacked HB converter. This topology has been
previously adopted in multiport converters [53], [54], [55] and in
three-phase configurations for dual-motor drives [56], but these
implementations neither use a single-output configuration nor
address LF CMV mitigation. In this article, the TS converter
is implemented as a single-input—single-output structure for
generating CMV. By configuring the output poles differentially,
it enables active LF CMV control similar to the FB and stacked
HB converters. By reducing the number of switches to three,
the topology lowers both system cost and switch-related losses.
The number of switches conducting during a switching cycle is
either 1 or 2, with an average 1+D, where D is the DM duty
ratio ranging from O to 1. Therefore, the conduction loss of the
switch is reduced compared to the FB converter. The number
of switching events per switching cycle is typically three or
four, depending on the modulation schemes. The switching loss
analysis with respect to the number of switches is discussed
in detail in Section IV. Unlike stacked HB converters, the TS
converter does not require neutral current in the input capacitor
to control CMV. As a result, the TS converter enables precise
CMV control without relying on neutral current, even in unipolar
grid configurations. The characteristics of the converters are
summarized in Table L.

In summary, the TS converter exhibits the limitation of re-
quiring an additional switch and higher losses than the conven-
tional HB, which is unable to inject LF CMVs. However, in
comparison to FB, which can inject LF CMVs, this topology
has the advantage of requiring fewer switches and lower losses
while maintaining equivalent LF CMV injection performance.
Furthermore, in contrast to the stacked HB converter, this design
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Fig. 7. Power circuit diagram of the nonisolated TS DC-DC converter for

suppressing leakage current. A bipolar DC grid with a TN grounding system is
assumed (dashed lines are optional, depending on the configuration of the input
ports).

does not require a neutral point current and does not result
in input voltage unbalancing. A comparative analysis of CM
current suppression between topologies is presented through
simulation in Section V. The power circuit, EMI filter, and
Y-capacitor of the TS converter connected to a bipolar grid are
shown in Fig. 7.

B. Operating Range Analysis

The output voltages of the TS converters are inherently
bounded by the input voltage. As the LF CMV injection intro-
duces a uniform voltage bias to the output poles, its allowable
range is likewise influenced by both input and output voltages. In
this context, the allowable LF CMV range and the input—output
voltage ratio are mutually dependent. For example, under high
voltage-gain operation, such as when the input—output voltage
ratio dq,, of the converter is close to O or 1, the allowable CMV
range is strongly affected: when dg,, is close to 0, the reduced
DMV provides a larger margin for CMV injection, whereas
when dgy, is close to 1, the increased DMV narrows the available
CMYV range. Therefore, analyzing the valid operating region is
essential to ensure reliable suppression of LF CM current under
grid disturbances. The DM duty ratio, which is the normalized
DMV of the converter, is denoted by dgy,. The CM duty ratio,
which is the normalized CMYV of the converter, is d.,,. Both are
defined by

ddm = vzm/%7 dcm = U:m/%ﬁ' (6)

Given that the effect of the inductance is negligible in the LF
range, the potential at the output port and the potential at the
bridge pole are regarded as equal. Consequently, the range of
output voltages, denoted as Uy, and v, is limited by the input
voltage v,,,. Furthermore, due to the inherent characteristics
of the TS converter, Uy, is invariably greater than ,,,. This
relationship is expressed using the following equation:

OS”QTS”[)TL

0 <Trp <Tpn,

ddm + 2dcm S 1
—ddm + 2dem > —1 (7

Ugn 2 Urn dam > 0.
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range. (b) Operating range in a bipolar grid with £20% input/output voltage
fluctuation around a nominal voltage ratio of 0.5. (c) Same condition in a unipolar
grid.

The relationship expressed in (7) defines a triangular region
in the two-dimensional vector space formed by the duty ratios
dqm and dcp,, as shown in Fig. 8(a). The operating point P is
required to lie within this triangular region.

In a bipolar grid, the duty ratios to synthesize CMV and DMV
references are approximated as

Ugr

ddm ~

pn

Vem,0 — (UCT“, n @)
de ~ — ) (8)

Upn

Assuming ideal tracking of the DM and CM voltage refer-
ences by the converter, the operating point P traces a hexagonal
region in Fig. 8(b), ensuring effective suppression of LF CM cur-
rents under grid-induced disturbances. The additionally injected
dc CMV component Vi, ¢ shifts the hexagonal operating region
along the d..,, axis. To ensure proper LF CM current suppression,
the shifted hexagon remains within the outer triangular boundary
defined by (7). This shift does not affect the steady-state leakage
current, since dc CMV components do not generate leakage
current through the Y-capacitor. Accordingly, Ve, o serves as an
additional degree of freedom, whose allowable range is bounded
as follows:

1
max | Temg + 5Vgr + Unm < Vem,o

< min (va— ;vqr—l—vmn> . )

When V¢, o lies within the voltage range defined in (9), the
converter effectively mitigates LF CM current while maintaining
proper DMV control performance. For instance, with +10%
variation in both input and output voltages in a bipolar grid, the
lower and upper bounds of V., o as a function of voltage ratio are
shown in Fig. 9(a), based on the limits defined in (9). At a voltage
ratio of 0.7, the corresponding Ve, 0 is limited to the range
[—0.065 V,p, 0.065 V,,,]. The maximum achievable voltage
ratio is constrained to 0.818, corresponding to the intersection
point of the two boundaries illustrated in Fig. 9(a). When the
converter addresses not only input/output voltage fluctuations
but also grid CMYV, the allowable range for LF CM suppression
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Fig. 9. Range of additionally injectable DC CMV at a nominal voltage ratio
of 0.7, considering +10% variation in input/output voltages and +5% variation
in grid LF CMV with respect to the nominal input voltage. (a) Bipolar grid.
(b) Unipolar grid.

is further reduced. For instance, when the grid CMV is bounded
within £0.05 V},,,, the allowable range of V¢, o is reduced to
[-0.15V},,,0.15 V,,,,], and the maximum voltage ratio becomes
limited to 0.727.

In a unipolar grid, the duty ratios are approximated as

Ugr

ddm ~ —
’UPn

R Upn —V,
‘/vcm)o _ (’Ucm)g + ’Upnz Pn)

dcm ~ p—
Upn

(10)

Assuming the same consumption as that of the bipolar case,
the operating point P traces a trapezoidal region in Fig. 8(c),
ensuring effective suppression of LF CM currents under grid-
induced disturbances. V,,, ¢ also shifts the trapezoidal operating
region along the d..,,, axis, as long as it remains within the outer
triangular boundary defined by (7). The allowable range of Ve, o
is bounded as follows:

1 1
max ('Ucm,g + ivqr - 2‘/pn) S ‘/CIH,O
. 1 1
< min | Uem,g — ivqr — ivpn + Upn | - (11)

For instance, with +10% variation in both input and output
voltages in a unipolar grid, the lower and upper bounds of V¢;;, o
as a function of voltage ratio are shown in Fig. 9(b), based on
the limits defined in (11). At a voltage ratio of 0.7, the corre-
sponding V¢, o is limited to the range [—0.115 V},,, 0.015 V), ].
The maximum achievable voltage ratio is constrained to 0.818,
corresponding to the intersection point of the two boundaries
illustrated in Fig. 9(b). To cope with a grid CMV bounded
within £0.05 V), the allowable range of V. o is reduced
to [—0.065 V), 0.035 V,,,], and the maximum voltage ratio
becomes limited to 0.727.

IV. PROPOSED PWM

This section presents a carrier-based PWM for the TS con-
verter, which generates both DMV and CMYV references. The
effective active vector states are identified, and their correspond-
ing time intervals are derived. Based on these vectors, various
modulation schemes are proposed and analyzed with respect
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TABLE II
ACTIVE STATES OF THE TS CONVERTER

Fig. 10.  Equivalent circuit diagrams of the three basic active switching states.
(@ U1.(b)Usz.(c) Us.

TABLE III
DMV AND CMV VALUES OF THREE ACTIVE STATES

Uy U, Us
Vam 0 Vpn 0
Uem _vpn/2 0 17pn/2

to their impact on HF leakage current. A hybrid modulation
technique is introduced to suppress HF leakage current, and a dc
CMYV injection method is proposed to improve leakage current
reduction. In addition, the switching loss characteristics of the
proposed modulation method are analyzed.

A. PWM for TS Converter

The converter has eight possible switching states, denoted
from U; to Usg, as listed in Table II. The high-, mid-, and
low-side switches are denoted by Sy, Sys, and Sy, while their
corresponding gating signals are represented by gz, gas, and gz,
respectively. Among the switching states, U is excluded due to
the risk of a shoot-through fault that directly shorts the input
source. Uy, Ug, and Uy are also avoided because they enable
mid-side diode conduction during switching transitions, which
degrades efficiency and DMV regulation. U reduces switching
losses by decreasing the number of switching transitions, but
it results in both high- and low-side switches being in diode
conduction. As a result, the CMV becomes passively dependent
on the instantaneous direction of the CM current, which limits
the injection of LF CMV. One way to address this issue is to
employ bidirectional switches that block CM current. However,
such configurations are beyond the scope of this study. Based
on these considerations, Uy, Us, and Us are selected as the
active vector states. The circuit modes in each active vector are
illustrated in Fig. 10(a), (b), and (c), which correspond to U1,
U,, and Us, respectively. In each state, the instantaneous DMV
and CMYV applied by the converter are summarized in Table III.
The duration times 771, T2, and Tyr3 within a single switching
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TABLE IV
COMPARE VALUES AND SWITCHING EVENTS BY MODULATION STRATEGY

Switching event of

Switching event of Switching event of

D%g:ﬁltz:m?vt(ﬁ;e Ii;glﬁec?g;};;rj I\_:Zlvlvl :(()énn[/l);r)e Sy when down- Sy when down- S when down-
P H L carrier meets CMP carrier meets CMP carrier meets CMP
Reset at CMP,
M, (Uy) (Ty1 + Ty3)/Tsw Tys/Tsw Set at CMPHL Reset at CMPy Set at CMP;,
Reset at CMP,
M, (Uy) (Typ + Ty3)/Tsw Tys/Tew Reset at CMPy Sot at CMPHL Set at CMP,,
Reset at CMP,
M; (Us) (Ty1 + Tyz)/Tsw Ty1/Tsw Set at CMP,, Reset at CMPy Set at CMPHL
is implemented using a down-up carrier and two compare values,
[ &1 as shown in Fig. 11. The required compare values and the
T &u corresponding set/reset switching actions for each modulation
Su 81 sequence are summarized in Table IV. When the up-carrier
\Tl\SH 7o ”72””1 737 7371 7”27 — Us encounters the compare values, the set and reset signals for the
----- S X - Van— Vi switch are triggered in the opposite order.
S] TU3 _______ LT~ T =1 vL'Iﬂ
R Vem
Ts @) B. High-Frequency Common-Mode Current Suppression
T Depending on the modulation method described in Table IV,
v an the CMV waveform exhibits distinct waveforms, as illustrated
- ou by the purple waveform in Fig. 11. The rms leakage current for
T . each modulation method (M;—M3) is calculated by first deriving
2 . .
v 172733 2 1y the CMV harmonic components using
— — Vi Vam 2v 2sin (nmTys)
Tys —ri=———=s e v n) = 2% . 3 M
o Ve D Ve em () == {—sm (nm (T + Tus)) (34)
() 2v sin (n7T;
Ul
Vem (n) = —2- . ( ) (Ms)
an | +sin (n7Tys)
8H
2v sin (nw (Ty1 + Tus))
73 8gum v n) = 2% . M3 13
Sy, s = o em () ™ —2sin (nwTy1) (Mz) (A3)
N 2 13113 2 U . . .
Ty T X and then applying the system transfer function defined in (4).
S\t Tys  f— o= The rms value of the attenuated leakage current is calculated
8 Ty Vem Vem using the transfer function of the system, as outlined in (4).

©

Fig. 11.  Switching patterns using a symmetrical down-up carrier. (a) M 1 with
center pivot U 1. (b) M o with center pivot U 2. (¢c) M 3 with center pivot U 3.

cycle are expressed using the converter’s duty ratio dqm,, dem,
and the switching period T%,,, as shown in

1 —dam — 2dem
TUl = d ' Tsw
2
TU2 = ddm . Tsw
1-d m 2dcm
Tyy = — -t =t 7, (12)

In order to enhance the precision of current sensing and to
eliminate the subharmonic components of CMV, a symmetrical
carrier-based PWM is employed. Three modulation methods
are defined based on the selection of the center pivot vector.
Specifically, modulation sequences centered at Uy, Us, and Us
are referred to as M, Mo, and M3, respectively. The modulation

The resultant rms value is plotted over the duty ratio domain, as
illustrated in Fig. 12. The leakage current using M2 in Fig. 12(b)
exhibits the most significant leakage current. Meanwhile, M,
achieves the minimum leakage current when the CMV reference
is negative, whereas M3 shows the lowest leakage current when
the CMV reference is positive. Based on this observation, a
hybrid modulation strategy is proposed, in which M; and M3 are
selectively applied depending on the sign of the CMV reference
to reduce HF leakage current over the entire operation range, as
shown in Fig. 12(d).

The trajectory of the minimum leakage current, shown as a
red dashed line in Fig. 12(d), represents the condition where the
leakage current is minimized. The EMI filter plays a decisive
role in determining the HF CM current magnitude, particularly
in response to harmonic variations introduced by different mod-
ulation methods. Consequently, minimizing the fundamental
component of the CMV becomes the most effective strategy
for reducing HF leakage current. Accordingly, the minimum-
current trajectory approximately aligns with the condition where
the fundamental component of CMV becomes zero, expressed
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Fig. 12. Rms leakage current of the TS converter with different modulation

schemes. (a) M 1. (b) M 2. (c) M 3. (d) Hybrid modulation.

as

sin (7 (1 — dam)) = 2sin <7r1 — ddmz_ 2 |dcm|> . (14

An additional dc CMYV is injected into the converter to further
reduce the HF leakage current at the nominal operating point by
shifting the operating point as close as possible to the minimum-
current trajectory. The allowable range of Vi, ¢ is constrained
by (9) and (11) for bipolar and unipolar dc grids, respectively.
For example, when the converter operates at a voltage ratio of 0.5
under +10% variation in both input and output voltages Ve, o is
limited to the range [—0.175 V},,,, 0.175 V},,, ] in the bipolar grid
and [—0.225 V},,, 0.125 V},,,] in the unipolar grid. The value of
Vem,o that eliminates the fundamental component of CMYV, as
derived from (14),is £0.0833 V,,. Since this value lies within the
operable range in both bipolar and unipolar grid configurations,
dc CMV injection is feasible in both cases. The resulting shift
in the operable range along the d.,, axis due to the injected
Vem,o is illustrated in Fig. 13. The effect of dc CMV injection is
shown in Fig. 14(b), where the modified CMV waveform leads
to a noticeable reduction in leakage current. By eliminating the
fundamental component of CMYV, the rms leakage current is
significantly reduced.

C. Switching Loss Characteristics of TS Converter

In comparison to the conventional HB converter, the TS
converter using hybrid modulation does not exhibit a linear
increase in switching loss, despite the fact that the number of
switches is doubled. This phenomenon is explained through
a comparison of the switching transition events between the
two converters. To illustrate this point, consider the switching
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Fig. 14.  Simulated waveforms of CM components of the TS converter using
M 1 atavoltage ratio of 0.5. (a) Without DC CMV injection. (b) With DC CMV
injection ( Vem,0 = — 0.0833 Vpp,) for improved leakage current reduction.

process of M3 in Fig. 11(c). The TS converter undergoes four
switching transition sequences, specifically Us—Us—U,-Us—Us.
WhenS/, is shorted without switching, the converter effectively
reduces to a two-switch structure composed of Sy and Sy,
which is equivalent to the conventional HB converter. Thus,
the switching transition of the HB converter corresponds to the
same transition sequence Us—U3—Us in the TS converter. In this
case, the current flowing through the HB formed by Sy and
S equals the output current of the bridge, which corresponds
to the sum of DM and CM currents. Meanwhile, the additional
transitionU/; and Uz in the TS converter, inserted for LF CMV
control, switches Sy and S, while keeping S, shorted. Here,
the current flowing through the equivalent HB composed of
Sy and S}, corresponds to the CM current flowing through the
converter. Since the magnitude of the CM current, reduced by
the CM filter, is smaller than the DM current, the losses in the
switching transition between U; and Us are small compared
with those between Us and U,. A similar analogy applies to
the M; sequence in Fig. 11(a), but in reverse. Therefore, the
TS converter with hybrid modulation is an effective method
for reducing the LF and HF CM currents without significantly
increasing the switching losses compared with the conventional
HB converter.

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, a comparative analysis between the TS con-
verter and other HB-based converters is conducted through
simulation. Proposed leakage current suppression strategies of
the TS converter are then experiment-ally validated using a
hardware prototype, as shown in Fig. 15(a). System param-
eters are specified in Table V. The converter operates at a
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Fig. 15. Hardware prototypes. (a) 11 kW nonisolated TS converter. (b) Human
body impedance model used for touch current measurement.
TABLE V
HARDWARE SPECIFICATIONS
Symbol Value Symbol Value
Von 750 V Vor 525V
Fow 40 kHz Lama 220 pH
Lema 0.5 mH Lem 2 1.0 mH
Cye 110 uF Camn 25.6 uF
C, 470 nF Cema 1.36 uF

switching frequency of 40 kHz, with a rated power of 11 kW,
achieving a power density of 3.15 kW/dm? within a volume of
245 x 190 x 75 mm?. In the TN grounding system, the chassis is
connected to the grid neutral and is disconnected in the event of
a ground fault. For touch current measurements, a human body
impedance model is implemented using the equivalent circuit
shown in Fig. 15(b). The prototype utilizes 1200 V SiC MOSFETS
(Infineon IMZC120R012M2H).

Despite the extensive research conducted on LVdc grid volt-
age selection [1], [3], there still exists no precise regulatory
framework for LVdc voltage selection [57]. In this study, based
on 1500 V and 750 V utilized in traction systems, 750 V and
4375 V are employed, depending on the grid polarity [1], [58].
In addition, with regard to the voltage maintenance regulations of
the ac grid, the range of voltage fluctuations that can occur in the
grid under normal circumstances is assumed to be +10% [59].
The actual dc grid is simulated to reflect the voltage fluctuations
that may occur during normal operation. The specific experi-
mental conditions and the analysis of the results are described
in the following sections. The voltage fluctuation slope is set
to 30 V/ms, which is representative of typical grid-induced
disturbances [40], [41].

A. Simulation Results

A comparative analysis is conducted through simulations,
evaluating the performance of different HB-based nonisolated
dc—dc converter topologies in suppressing CM current. The con-
ventional HB, FB, stacked HB, and TS converter are employed.
System parameters are specified in Table V. The nominal voltage
of the bipolar grid is £375 V, and the output voltage is 525 V at
an output power of 11 kW. The TN grounding system is applied.
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Fig.16.  Simulated waveforms of the HB-based nonisolated DC-DC converter

topology. Leakage current and neutral line current for each topology in the
presence of a 10% variation of the negative pole in a bipolar grid with an input
nominal voltage of £375 V are shown.

Voltage fluctuations of the negative input voltage are introduced,
involving a 10% variation from its nominal value. The voltage
fluctuation slope is set to 30 V/ms. The leakage current and
the neutral line current of the converter topologies are shown in
Fig. 16.

Since the HB converter does not require neutral line cur-
rent from the input capacitor, the neutral line current is zero.
However, conventional HB converters are incapable of reducing
LF leakage current under voltage fluctuations of the grid. The
leakage current reaches up to 83.9 mA, with a rms of 32.5 mA.

In contrast, the FB converter is capable of injecting CMV to
suppress LF leakage current. As it does not require the neutral
line current of the input capacitor, the neutral line current is
zero. The CM current is suppressed by the leakage current
controller proposed in Section III and the modulation method
that suppresses the HF CM current [41]. The leakage current
reaches up to 17.3 mA, with a rms of 7.25 mA. The overshoot
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of the LF CM current during voltage fluctuations is 6.5 mA, and
the settling time is 0.46 ms.

The stacked HB converter is capable of injecting CMV as
well. However, the neutral line current is necessary to balance
the input capacitor voltage during CMV injection or voltage
fluctuation. The mean value of the neutral line current is 1.55 A,
with a maximum of 12.1 A during leakage current suppression.
This causes additional conduction losses through the neutral line
and increases grid system complexity [5]. The leakage current
reaches up to 45.0 mA, with a rms of 23.9 mA, when the CM
current controller proposed in Section III and the modulation
method in [35] and [36] are employed. The overshoot of the
LF CM current during voltage fluctuations is 6.8 mA, and the
settling time is 0.63 ms.

The TS converter does not require a neutral line current. The
leakage current reaches up to 14.3 mA, with a rms of 2.40 mA,
when the CM current controller proposed in Section III and
the hybrid modulation method proposed in Section IV are em-
ployed. In comparison to the conventional HB, FB, and stacked
HB converters, the proposed modulation method with the TS
converter exhibits a substantial reduction in HF leakage current
with LF CMV injection. The overshoot of the LF CM current
during voltage fluctuations is 6.3 mA, and the settling time is
0.44 ms. The FB, Stacked HB, and TS converter employ the same
LF CM modeling and utilize the same CM current controller.
Consequently, the transient response of their LF CM suppression
performance is similar. With CMV injection, the TS converter
achieves the smallest HF CM current.

The simulation results indicate that the TS converter exhibits
the same suppression performance for LF leakage current in a
bipolar grid as the FB and stacked HB converters. In addition,
the TS converter effectively suppresses HF leakage current by
employing the proposed hybrid modulation method. Moreover,
it requires fewer switches than the FB and stacked HB converter,
and unlike the stacked HB converter, it does not necessitate a
neutral point current for LF CMV injection. Consequently, it is
capable of mitigating LF leakage current when connected to a
unipolar grid. Based on these results, the experimental study fo-
cuses on comparing the leakage current mitigation performance
of the conventional HB and the TS converter.

B. Leakage Current Suppression

In a bipolar dc grid, the experimental waveform of the con-
ventional HB converter is shown in Fig. 17(a), while Fig. 17(b)
presents the waveform of the TS converter. The nominal input
voltage is £375 V, and the output voltage is 525 V. The output DM
current is controlled at 5 A. The TN grounding system is applied,
and PE is connected to the system neutral line. Fluctuations
in the negative input voltage are introduced, involving a 10%
variation from its nominal value. As shown in Fig. 17(a), the HB
converter successfully regulates the output DM current but fails
to suppress leakage current under input voltage disturbances.
The voltage fluctuation slope is set to 30 V/ms. The CM current
magnitude reaches a peak of 62 mA and a rms of 15.1 mA at the
nominal operating point. In contrast, as shown in Fig. 17(b), the
TS converter mitigates LF leakage current during the transient
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Fig. 17.  Experimental waveforms of nonisolated converters with TN ground-
ing under input voltage fluctuation. (a) HB in a bipolar grid. (b) TS in a unipolar
grid. (c) HB in a unipolar grid. (d) TS in a unipolar grid.

through the proposed leakage current controller. Furthermore,
the proposed hybrid modulation method effectively reduces the
HF CM current, achieving a peak CM current of 13.9 mA and a
rms of 1.16 mA at the nominal operation point.

In a unipolar dc grid, the experimental waveforms of the
conventional HB converter and the TS converter are shown in
Fig. 17(c) and (d), respectively. The nominal input and output
voltages are 750 V and 525 V, and the output current is controlled
at —5 A. The same TN grounding system is applied. During the
test, input voltage and grid CMV fluctuations of 10% and 5%
are introduced. As shown in Fig. 17(c), the HB converter fails to



LEE et al.: NONISOLATED THREE-SWITCH DC-DC CONVERTER SUPPRESSING LEAKAGE CURRENTS IN LOW-VOLTAGE DC GRID

suppress leakage current under grid disturbances, with the CM
current reaching a peak of 53 mA and a rms of 15.6 mA. In
contrast, the TS converter with the proposed hybrid modulation
method effectively mitigates both LF and HF CM currents,
achieving a peak value of 5.7 mA and a rms of 2.33 mA, as
shown in Fig. 17(d).

These experimental results confirm the effectiveness of the
proposed leakage current controller and modulation method in
suppressing CM currents in both bipolar and unipolar dc grid
conditions, while maintaining consistent DM current regulation.

C. Touch Current Suppression

When the grounding wire is disconnected, the CM current
no longer bypasses through the ground line; instead, it flows
through the human body, posing a serious safety concern. The
human body impedance model measures this current, as shown
in Fig. 15(b), according to IEC standards [52]. The experimental
waveforms of the conventional HB converter and TS converters
under grounding loss conditions in both bipolar and unipolar
dc grids are represented in Fig. 18. For both cases, the input
voltage fluctuation condition remains identical to that of the TN
grounding scenario.

In the bipolar configuration, the conventional HB converter,
as shown in Fig. 18(a), fails to suppress the touch current (i)
during input voltage transients, resulting in a peak value of
12.1 mA, which exceeds the safety regulation limit. In contrast,
the TS converter in Fig. 18(b) significantly reduces the transient
touch current through LF CM component sensing and control,
limiting the peak current to 1.4 mA and thereby satisfying the
safety requirement.

Similarly, in the unipolar configuration, the conventional HB
converter, as shown in Fig. 18(c), produces a peak touch current
of 10.5 mA, again exceeding the safety regulation limit. As
shown in Fig. 18(d), the TS converter effectively mitigates the
touch current, limiting the peak value to 0.34 mA.

These results confirm that the proposed leakage current con-
troller ensures user safety by reducing the touch current within
permissible limits, even in the absence of a grounding connec-
tion.

D. Modulation

The experimental waveforms of the TS converter with differ-
ent modulation methods are presented in Fig. 19. The input volt-
age is 750V, the output voltage is 525 V, and the DM duty ratio
is 0.7. The output current is controlled at 5 A. Fig. 19(a) shows
the CM voltage and current waveforms of the conventional HB
converter. In contrast, Fig. 19(b), (d), and (e) illustrates those
of the TS converter employing modulation M7, Ms, and M3,
respectively. Overall, the TS converter achieves significantly
lower HF CM current than the HB converter, particularly when
modulation M; or M3 is applied. Among the three modulation
methods of the TS converter, M5 generates the highest HF CM
current due to a significant fundamental component in the CM
voltage. In contrast, M; and M3 yield significantly lower HF
CM currents. In the proposed hybrid modulation scheme, M;
and M3 are alternately applied based on the sign of the CMV.
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Fig. 18.  Experimental waveforms of nonisolated converters under a loss of
grounding condition. (a) HB in a bipolar grid. (b) TS in a unipolar grid. (c) HB
in a unipolar grid. (d) TS in a unipolar grid.

To further suppress the HF CM current, an additional dc CMV
of —13.1 V is injected for M; and 13.1 V for M3, as shown in
Fig. 19(c) and (f). These values are derived from (14) to ensure
that the fundamental component of the CM voltage becomes
zero, thereby aligning the operating point P with the condition
for minimum HF CM current. Fig. 20 summarizes the rms values
of the HF CM current for each case. In the HB converter, the
rms value is 15.5 mA. For the TS converter, the values are
1.47 mA (My), 18.4 mA (M>), and 1.96 mA (Mjz). With dc
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Experimental results of high-frequency CMV and leakage current with different topologies and modulation methods in a TN grounding system.

(a) Half-bridge. (b) TS with M1 (no DC CMV injection). (¢) M1 (with DC CMYV injection). (d) M 2. (¢) M 3 (no DC CMV injection). (f) M 3 (with DC CMV
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Fig. 20. Measured touch current with various topologies and modulation
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CMYV injection, the current is further reduced to 1.40 mA for
M7 and 1.34 mA for Ms5.

These experimental results validate that the proposed modula-
tion method effectively reduces the HF CM current and that the
additional dc CMV injection further enhances the suppression
performance.

E. Efficiency

The efficiency of the converter, measured up to a rated power
of 11 kW, is illustrated in Fig. 21 for input—output voltage ratios
of 0.7 and 0.9. Measurements were obtained using a Voltech
PM6000 power meter. The conventional HB converter achieves a
maximum efficiency of 99.45% at a duty ratio of 0.9 and 98.87%
at a duty ratio of 0.7. The TS converter reaches 99.38% and
98.83% in the same respective conditions. The loss breakdown
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Fig. 21.  Measured efficiencies of the 11 kW hardware for the HB and TS
converters in varying DM duty ratios and power levels, with a fixed input voltage
of 750 V and an identical EMI filter.
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Fig. 22.  Loss breakdown of conventional half-bridge converter and TS con-
verter at a voltage ratio of 0.9 and output power 11 kW.

of the conventional HB converter and the TS converter at a
duty ratio of 0.9 and an output power of 11 kW is presented
for comparison, as illustrated in Fig. 22. In contrast to the
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conventional HB converter, the conduction and switching losses
of the TS converter increase. As described in Section IV, the
switching loss does not increase linearly despite the doubling
of the number of switching transitions in the TS converter,
resulting in slightly reduced efficiency compared to the con-
ventional HB converter. The core and winding losses are calcu-
lated based solely on DM components. Although CM-induced
losses contribute additional effects, their accurate quantification
requires detailed modeling of localized flux distributions and
choke-specific design data, which are beyond the scope of this
study. Accordingly, these effects are included in Py, and their
impact is expected to be minor compared to DM-dominated
losses. In this study, an identical EMI filter is applied to both
topologies for a valid comparison. In practical applications, how-
ever, the conventional HB converter typically requires a tighter
EMI filter to satisfy the same EMI standards, which reduces
efficiency and increases system volume. Most importantly, the
adoption of the TS topology is intended to suppress LF CM cur-
rent, thereby enhancing grid compatibility and ensuring human
safety.

VI. CONCLUSION

The elimination of galvanic isolation in nonisolated con-
verters presents significant challenges related to CM current
generation. To address these issues, this study proposes a com-
prehensive approach that employs the TS converter topology
along with an LF CM current controller, a PWM strategy, and
dc CMV injection to reduce HF CM currents.

The key contributions of this study are summarized as follows.

1) HB-based topologies capable of LF CMYV injection are
compared, and the switching transition characteristics of
the TS topology are analyzed.

2) LF CM equivalent circuits are derived based on the
dc grid grounding system and polarity configuration. A
feedforward-based active CMV control scheme is pro-
posed to suppress the LF CM current.

3) The operable range of the converter is analytically derived
to identify the conditions in which both DM current regu-
lation and LF CM current suppression are simultaneously
achieved under grid-induced CMV disturbances.

4) A carrier-based PWM method is proposed to reduce the
HF CM current. In addition, adc CMV injection technique
is introduced to enhance CM current suppression.

The effectiveness of the proposed methods is validated
through experiments using a hardware prototype. Both rms and
HF CM currents are significantly reduced, which demonstrates
the capability of the proposed approach to mitigate leakage
current. The measured touch current is suppressed below the
safety threshold, even in the event of a grounding disconnection,
ensuring user safety. The converter achieves a peak efficiency
of 99.38% at a rated power of 11 kW, highlighting the system’s
high performance.

In summary, the TS converter, combined with the proposed
CM current suppression strategies, offers a practical and reliable
solution for transformerless dc—dc power conversion in low-
voltage dc grid applications. These contributions ensure both
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safety and high efficiency, supporting the practical deployment
of high-performance nonisolated converters in future dc grid
infrastructures.
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