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Control and Modulation Methods of

Single-/Three-Phase PWM Converter
for Suppressing Leakage Current

Juwon Lee ™, Student Member, IEEE, Dongsu Lee

Abstract—Transformerless power converters are increasingly
getting attention in the ac—dc power conversion due to their advan-
tages in improving the efficiency and the power density. However,
the removal of the isolation barrier with high common-mode (CM)
impedance generates a leakage current issue due to the common-
mode voltage (CMV), posing a human safety risk. This article
comprehensively analyzes the influence of the CMYV sources on the
leakage currents, dividing into the low- and high-frequency (HF)
components. To this end, a CM equivalent circuit is developed,
considering the filter and grounding system. In order to mitigate
the low-frequency (LF) leakage currents, a CMV control method
is proposed, which generates the LF CMV through the pulsewidth
modulation (PWM) converters. The leakage current flowing into
the ground wire is directly measured and utilized as a feedback
for the controller. Subsequently, a high-dimensional space vector
PWM (HDSVPWM) is introduced to synthesize both differential
mode voltage and CMV references for the single-/three-phase
PWM converter. The proposed HDSVPWM minimizes the HF
CMYV ripple, reducing the HF leakage currents. The effectiveness
of the proposed control and modulation methods is verified with
an experimental setup of grid-connected transformerless PWM
converter, ensuring a compliance with the safety regulations.

Index Terms—AC-DC power conversion, common-mode
voltage (CMYV), leakage current, pulsewidth modulation (PWM),
transformerless converter.

1. INTRODUCTION

trum of applications, from low-power to high-power sys-
tems, including charging infrastructure [1], grid interface con-
verter [2], and renewable energy systems [3]. As electric ve-
hicles (EV) and microgrids have emerged as key technologies
in response to the global climate policies, the demand for the

&- C-DC power conversion is widely utilized across a spec-
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Fig. 1. System diagram of AC-DC power conversion system. (a) LF trans-
former. (b) HF transformer. (¢) Transformerless.

single-phase or three-phase grid-connected ac—dc converter has
been increasing significantly.

The ac—dc power converter is composed of differential-mode
(DM) and common-mode (CM) components. The DM compo-
nent is defined as a differential voltage and current at each port
of the converter, determining the power transfer of the system. In
contrast, the CM component is defined as a sum of the voltage
and current at each port, which does not contribute to power
transfer. The CM voltage (CMV) of the system induces a CM
circulating current, which flows into the ground and along the
surface of the device through parasitic components or radiates as
electromagnetic waves, forming a CM closed-loop circuit. Since
the CM component generates additional losses, it deteriorates
the system performance.

To mitigate the effect of CMV, a galvanic isolation is used
in the ac—dc power conversion system. The magnetic-based
isolation is typically achieved using a transformer, which has
a high CM impedance. Fig. 1(a) and (b) shows the isolated
ac—dc power conversion system featuring two-stage ac—dc power
conversion with a low-frequency (LF) or high-frequency (HF)
transformer. Significantly, the HF transformer-based system is
adopted in the EV charging application due to the power density.
Since the power consumption has increased in recent years, there
is a growing need for higher power density. Accordingly, the
transformerless ac—dc power conversion system is emerging as a
new paradigm in various applications, including the EV charging
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system [4], grid interface converter [5], and portable device
[6]. As illustrated in Fig. 1(c), the transformer is eliminated,
which accounts for most of the loss and volume. Instead, a
nonisolated dc—dc converter or only single-stage ac—dc power
conversion is utilized. However, without the isolation barrier, the
CMYV is no longer blocked, resulting in a CM current, which is
called as leakage current. The leakage current presents a critical
challenge in industrial applications. As the leakage current flows
into the ground loop, a touch current (TC) is generated, which
compromises the human safety [7], [8]. Moreover, the HF CM
components interfere with other circuits and devices through
the parasitic coupling or conduction, causing electromagnetic
interference (EMI) issues [9], [10].

To address the challenge of the transformerless converter,
the leakage current suppression methods have been studied in
recent years. The key objective is to mitigate the impact of the
CMYV, including both LF components generated by the ac grid,
and HF components generated by the switching of the power
converter. Research on suppressing the LF leakage currents has
been actively pursued in recent years [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21]. In these methods, the
LF CMV is injected using the power converter to compensate
for the CMV created by the ac grid. However, it is challenging
to identify an exact value of the grid frequency CMYV due to the
variations in grid types and grounding methods across different
systems. Therefore, the reference of the LF CMV is derived by
controlling other system elements. The first approach focuses on
controlling the LF CM components of the dc-link voltage to zero,
proposed for the single-phase [11] and three-phase converters
[12]. These methods involve measuring the voltage difference
between the dc-link port and ground port, and reducing the
ac component of the measured voltage to zero. The output of
the controller is a LF CMYV injected by the power converter,
suppressing the leakage currents. However, these methods re-
quire an exact voltage of the utility ground, which is usually
difficult to obtain in practical applications. In actual ac grid, the
ground impedance exists and is determined by the grounding
method, resulting in a voltage difference between the ground
port and the actual utility ground [4]. To resolve this issue,
an alternative method connects the ground port directly to the
neutral point of the dc-link and controls the neutral voltage to
a constant value, as presented for the single-phase [13] and
the three-phase ac—dc converters [14]. While effective under
the balanced ac grid conditions, these methods are less appli-
cable in practical systems where the grid voltage fluctuations
are common. The next approach involves reversely injecting the
grid frequency CMV through the feedforward compensation in
the single-phase [15], [16], and the three-phase ac—dc converters
[17], [18]. Despite their potential, these methods face challenges
in accurately identifying the grid frequency CMV. Moreover, the
feedforward methods only account for the CM effect from the
ac grid and ignore other components such as filter imbalance.
To overcome the limitations of voltage-based control methods,
a current-based approach is adopted, where the leakage current
is directly measured and utilized as a control parameter. Since
the leakage current flowing into the ground is directly linked
to safety concerns, suppressing it to zero is an effective way
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to ensure a compliance with safety standards. In addition, the
current-based control methods do not rely on the grid type or
grounding method information. Several studies have explored
the current-based control methods for various transformerless
converter, including three-phase back-to-back converter [19],
voltage source converter [20], and current source converter [21].
However, existing methods are only analyzed and designed for
three-phase grid-connected system. Moreover, these methods
are valid only for a balanced three-phase ac grid, neglecting
the effect of grid voltage fluctuation and filter imbalance. As
a result, proper modeling of the CM plant and precise design
of the current-based controller are essential to achieve an ef-
fective leakage current suppression in the tranformerless power
conversion system.

Meanwhile, the HF CMV is generated by the switching of the
pulsewidth modulation (PWM) converters, resulting in HF leak-
age currents. The mitigation methods of the HF leakage currents
have been studied using the passive or active circuit and modified
PWM of the power converters [22], [23], [24], [25], [26], [27],
[28], [29], [30], [31], [32], [33], [34]. For the grid-connected
converter, both DM and CM EMI filters are utilized using the
LCL structure. Using a CM transformer, a passive suppression
method for HF leakage currents is proposed [22]. However, the
passive circuit is bulky, deteriorating the power density of the
system. The reconfigurable EMI filter is introduced using the ac-
tive bi-directional power switches for the single-phase [23] and
three-phase ac—dc converters [24]. However, the EMI filter loss
is increased significantly as much as the loss generated by the
power circuit. An additional leg of the power converter is utilized
for the active filtering in the single-phase [25] and three-phase
PWM converters [26], remaining the challenges of additional
loss, volume, and cost. To overcome the issue of the passive
suppression methods, a modified PWM method is a favorable
solution, since an additional circuit is not required. For the
single-phase PWM converter, a bipolar PWM is commonly used
as it has zero instantaneous CMV, excluding the dead-time effect
[27]. However, bipolar PWM suffers from high current ripple
and losses, so it is often combined with unipolar PWM to reduce
leakage currents [28]. Moreover, the bipolar PWM is extended
in the two-phase conduction mode in the three-phase topology
for the CMV elimination [29]. In three-phase PWM converters
operating in three-phase conduction mode, the instantaneous
CMYV has anonzero value. Since a zero-state voltage vector con-
tains alarge CMV, the reduced-CMV PWM methods exclude the
zero vector during the voltage synthesis. For example, in active
zero-state PWM (AZSPWM), the zero-state vector is replaced
by two opposing active vectors with equal duration [30]. In
near-state PWM (NSPWM), only three active voltage vectors are
utilized in a switching period to attenuate the HF CMV [31]. The
reduced-CMV PWM is combined with the conventional PWM
method to reduce losses in two-level [32] and three-level PWM
converters [33]. In addition, the HF CMV can be eliminated by
using only a medium vector in the three-level PWM converter
[34]. However, the existing reduced-CMV PWM methods are
applicable only when the LF CMYV, or the average CMV remains
a degree of freedom. In the transformerless PWM converter, the
CMV reference of the power converter is utilized to suppress the
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Fig. 2. Transformerless single-stage or two-stage AC—DC power conversion
system with EMI filter.

LF leakage current. As a result, a new PWM method is required
to attenuate the HF CMV regardless of the average CMV.

This article proposes the control and modulation methods
for suppressing both low- and HF leakage currents in the
single-/three-phase transformerless ac—dc converter. Through a
comprehensive analysis of the CMV sources, a CM equivalent
circuit is developed, considering the filter structure and the
grounding system of the grid-connected converter. Based on the
derived circuit, a CMV controller is designed to reduce the LF
leakage currents, which generates the LF CMV of the PWM
converter as an output. The proposed controller utilizes direct
measurement of the leakage current as a feedback. Subsequently,
a voltage modulation method of the single-/three-phase PWM
converter is presented to mitigate the HF leakage currents. The
proposed PWM synthesizes the CMV reference of the PWM
converter with minimized HF CMV ripple. At last, the proposed
methods are verified by an experimental setup of grid-connected
trasnformerless PWM converter. The effectiveness of the leak-
age current suppression is confirmed through a TC evaluation in
compliance with the International Electrotechnical Commission
(IEC) standard.

II. CM ANALYSIS

To clarify the principle behind the generation of the leakage
currents, a comprehensive analysis of the CM component is
conducted. Considering the structure of the EMI filter and the
grounding system, a practical CM equivalent circuit is derived,
which is fundamental to the system plant for the CMV control.

A. Configuration of AC-DC Power Conversion System

Fig. 2 illustrates a transformerless ac—dc power conversion
system, featuring either a single or two-stage power converter
along with an EMI filter. For the ac—dc power conversion, a
single-phase or three-phase ac—dc converter such as a PWM
converter is employed. An optional nonisolated type dc—dc con-
verter is added to operate across a wide load range and to mitigate
power fluctuations. The connection between the ac grid and the
power conversion system, which is influenced by the wiring and
grounding system, is depicted in Fig. 3 [35]. In Fig. 3(a) and (b),
three-phase equipment is connected to the ac grid using TT and
TN-C grounding systems. The power wire of the equipment is
connected to L1, L2, L3 ports, while the neutral (N) and protec-
tive earth (PE) ports are selectively connected according to the
grounding system. In the TT grounding, the neutral of the ac grid
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Fig.3. Representative wiring and grounding system of grid-connected equip-
ment. (a) TT grounding with three-phase load. (b) TN-C grounding with three-
phase load. (c) TN-C-S grounding with single-phase load.
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Fig.4. Configuration of DM and CM EMl filter for grid-connected three-phase
PWM converter system.

is connected while the equipment is grounded locally, resulting
in significant ground impedance, Zg,q, due to the disparities
between the local ground and the utility ground. In the TN-C
grounding, the ground of the equipment is directly connected
to the PEN port, which serves as both the neutral and earth
of the ac grid simultaneously. Fig. 3(c) shows the single-phase
equipment connected to the ac grid with the TN-C-S grounding
method, where the power port is connected to L and N, and the
ground port is connected to PE, which is merged with N.

To ensure the electromagnetic compatibility of the grid-
connected converter, an EMI filter consisting of DM filter and
CM filter is designed. A simple third-order LCL-type filter is
applied for DM attenuation, as shown in Fig. 4. For the CM
filter, a CM choke is installed in front of the power converter,
and half of the DM inductance is also utilized. The neutral
point of the CM capacitor is linked to the neutral point of the
dc-link, establishing an internal CM path, which is optionally
connected to the N port. This configuration, referred to as a
floating EMI filter, effectively attenuates the HF CMV generated
by the PWM switching of power converter [4]. Furthermore,
a Y-capacitor, typically less than 500 nF including parasitic
components, is connected between the dc-link and the external
ground path linked to the PE port. In some previous studies,
the neutral point of the dc port is directly grounded with a low
resistance [13], [14], [19], [21]. While this approach simplifies
the plant analysis by neglecting the parasitic capacitance, it is
impractical in the actual system. In the grid-connected converter
system, the Y-capacitance is placed between the ground and
the load, and its value is determined by the system design and
cannot be easily adjusted [3], [4], [9]. As a result, a proper
modeling of the CM plant is essential to achieve effective leakage
current suppression in the transformerless power conversion
system.
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B. Source of CMV

The sources of the CMV in the ac—dc power conversion sys-
tem can be divided into LF and HF sources. The ac grid generates
CMYV with the grid fundamental and harmonic frequencies.
Depending on the grounding system, the PE wire is connected to
the utility ground (TN-S), the neutral point of the grid (TN-C),
or the local ground (TT). Accordingly, the grid frequency CMYV,
Ug,cm 18 generated depending on the system configuration, which
is expressed as

Upom = EELULE M)
Nph

where v, denotes the voltage at the power port referenced to the
ground and n,,, denotes the number of phases. In a three-phase
TT grounded system, the grid frequency CMV is ideally zero if
the grid voltage is balanced. However, the variations in the grid
voltage, such as harmonics, sags, and fluctuations, contribute to
CMV. In the single-phase TN-C-S grounded system, the grid
frequency CMV is approximately half of the grid voltage. In
addition, the imbalance in grid impedance and the EMI filter
can become another source of CMV during power delivery,
generating the LF leakage currents which flow into the outer
ground loop.

Meanwhile, the HF CMV is generated by the PWM switching
of the ac—dc and dc—dc power converter. In the PWM converter
illustrated in Fig. 4, the switching state of each phase determines
the switching frequency CMYV, vcony,cm», Which is derived as

Vao Vo (qj
. I (single phase)
COnv;Em Vao+VbotVeo

ZactbbeTlee (three phase)

2

where v,,0, Upo, Uco represent the instantaneous voltage of each
phase referenced to the neutral point of the dc-link. Since the
switching state determines the instantaneous CMYV, the pattern
of the HF CMV depends on the PWM method employed by the
PWM converter.

C. CM Equivalent Circuit

Using the CMV sources analyzed in the last section, the
CM equivalent circuit of ac—dc power conversion system is
developed. In Fig. 5(a), the equivalent circuit of a conventional
isolated topology is illustrated, featuring an isolation barrier that
blocks the CM path. The CM equivalent impedance is calculated
as

Ly Ly
/ _ m,c / _ m,g
Lcm,c - Lcm + TLph I cm,g nph
Cem = Mph Cem, Cge = 2G4, Cp = 20, 3)

with the ground impedance determined by the grounding system.
In contrast, the equivalent circuit for a nonisolated topology is
described in Fig. 5(b), where a closed-loop CM path is created.
The floating filter structure allows the HF leakage currents
generated by the power converter to flow into the inner loop
and be attenuated by the EMI filter. However, the LF leakage
currents, induced by the ac grid, flow directly into the external
ground loop without any attenuation.
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To evaluate the human safety of the system, the TC is mea-
sured. In scenarios where human contact occurs, the human
body is connected with the PE wire, as depicted in Fig. 5(b).
The human body impedance model (HBM) is utilized, which
follows the IEC 60990 standard, as illustrated in Fig. 6(a) [36].
Since the HBM circuit behaves as a 2000 € resistor within
the grid frequency band, as shown in Fig. 6(b), the voltage
of the PE node induces a TC, 4., which is derived by the
HBM. The PE node voltage is generated by the various CMV
sources. The transfer function between the CMV sources, V¢,
and PE node voltage, vpg, is expressed as

UPE Zand it
- 1 /
Vem 50 —+ SLém,g —+ Zgnd 'SLcm,c —+ Zﬁh

7
Y

1 1
where Zg= ( +sL.., g +Zgnd>
3 ,

) I (2
e sCL. sCy,
“)

with the corresponding bode diagram illustrated in Fig. 7. No-
tably, the parameters contain information about the number of
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phases nypand the Y-capacitance C'y. While the HF CMV gen-
erated by the switching of the converter is effectively attenuated
by the EMI filter, the impact of the LF CMV created by the ac
grid remains a concern. Due to the critical role of LF CMV in
generating leakage currents, it is essential to employ an active
control method to mitigate its effect.

III. PROPOSED CMV CONTROL

To suppress the LF leakage currents, this paper proposes a
control method of the CMV in the ac—dc converter, such as a
PWM converter. Since the CMV within the converter does not
participate in the power delivery, it is utilized to mitigate the
effect of grid frequency CMV. Utilizing the HF CMV generated
by the power converter, a LF CMV is injected into the system
through an averaging.

A. Controller Design

The LF leakage currents primarily flow into the PE wire, as
shown in Fig. 5(b). The magnitude of the leakage currents is
relatively small, on the order of mA, and is directly influenced
by the grid frequency CMV. Moreover, the leakage currents are
susceptible to the grid harmonics, since the higher harmonic
components are less attenuated, as described in Fig. 7. To ensure
the safety of the system, the LF leakage currents are suppressed
by the proposed CMV control method, regardless of the phase
and grounding system of the ac grid. The leakage current flowing
into the PE wire, ipg, is directly measured by a leakage current
sensor and employed for a feedback, as illustrated in Fig. 8. The
proposed controller is briefly introduced for the single-phase
ac—dc converter in the prepresented research [37]. In this article,
an improved design method of the controller is provided and
extended for both single-phase and three-phase applications.

The design of the proposed CMV controller begins with
deriving the plant model using the CM equivalent circuit. Using
the LF CM path shown in Fig. 5(b), a transfer function between
the LF leakage current flowing into the PE wire, ipg 1 F, and the
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LF CMV produced by the power converter, vem LF, is expressed
as

1PE,LF 1

G ) s) = = -
pir (3) VemLF  SLey + ﬁ + Zgid + Zgnd
Y

r_ T
where L, = L, .

+ L'Cm’g. 5)

Employing the derived plant model, the leakage current
feedback-based CMV controller is designed. The proposed con-
troller features a two-stage cascaded structure. The first stage
involves formulating a plant model compensator, Ce(s), as a
system with one pole and two zeros, represented by

1
GepLr (s)
where ky, k;, and kg are the gains of PID structured system. The

system gain is derived using the inverse of the LF plant model,
which is calculated as

ks
Ce (8) = =k, + . + skyq 6)

kp = Rgrid + Rgnd;
ki B C;,
kg = L/cm + Lgrid + Lgnd = Lém @)

Since the plant model compensator sets the open-loop transfer
function to unity, a function shaper, Fi.(s), is designed to shape
the closed-loop transfer function of the controller. Given that the
leakage currents exhibit a pure ac waveform with grid fundamen-
tal and harmonic frequency, the design method of the controller
considers two primary conditions: a negative infinite dc gain
and a near unity gain at the grid fundamental and harmonic
frequency. In order to satisfy these criteria, a parallel resonant
controller is utilized, which is expressed as

2n—1

Feo (s)= Y

k=1

2k, wye S
52 4 2wres + wi

®)

where wy represents the resonant frequency, which is set as the
fundamental and harmonic frequencies of the ac grid, wy. the
damping frequency, and &, the gain of the resonant controller.
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Asdescribed in Fig. 8, the overall CMV controller is constructed
from a product of the plant model compensator and the function
shaper. In addition, a voltage feedforward is optionally incorpo-
rated to enhance transient response. If the grounding system and
the precise value of the CMV generated by the ac grid are known,
the voltage feedforward is added as the CMV in (1). In contrast,
when the grid frequency CMV is unidentifiable in a practical
system, the voltage feedforward is applied to compensate for the
plant model at the frequency band lower than the grid frequency,
which is expressed as

_ 1
_sC?’J

vrr (8) IPE 9)

since the Y-capacitance is predominant at the LF. Consequently,
the proposed CMV control method attenuates the LF leakage
currents in both single-phase and three-phase ac grid-connected
power conversion systems.

B. Performance and Stability Analysis

To assess the performance of the proposed CMV controller,
the transfer function of the control loop is derived as

Gcc,ol (5) = Ccc (5) Fcc (5) GCP (5)

- Cee (5) Fec (5> G (5)
Gt () = T3 e () s (5) Gy ()

(10)

with the corresponding bode diagram illustrated in Fig. 9(a) and
(b). The diagram shows that the closed-loop gain of the controller
reaches unity gain with zero phase at the grid fundamental and
harmonic frequencies, demonstrating the effectiveness in miti-
gating the grid frequency CM V. The dc gain approaches negative
infinity, indicating strong robustness against the discretization
effects in digital control systems. Furthermore, the proposed
CMYV control method provides comparable closed-loop perfor-
mance in both single-phase and three-phase systems. When the
voltage feedforward is applied, it further improves the transient
response of the controller in the LF band, as described by the
orange line.

Since the proposed controller is designed to compensate for
the LF plant model, it is clear that the controller has an inherent
stability in the LF band under ideal conditions. However, it is
required to evaluate the stability in the HF band, and the practical
condition including the variations in parameters and the time
delay introduced by the digital control system. Accordingly, the
open-loop transfer function outlined in (10) is reconfigured as

Gcc,o] (5) = Ccc (5) Fee (5) GCP (5) Gd (5)

= cc,HF (5) GCp,HF (3) Gd (S)
2k 1 1
o L
S 82Lém0ém + S@ +1 Std +1

an

where ¢4 denotes the time delay of the digital control system. To
evaluate the stability of the system, the characteristic equation
of the controller is calculated as

F (S) =1+ Fcc,HF (S) ch,HF (S) Gy (8) . (12)
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Fig. 9. Bode diagram of closed-loop transfer function of the proposed

CMV controller based on leakage current feedback. (a) Single-phase topology.
(b) Three-phase topology.

Given that the parameters in (11) maintain positive values, the
condition for the control stability is derived as
L/
2k, wre <L’cmC’ém + tdcm> <1 (13)
Rgnd
using the Routh-Hurwitz stability criterion. The ratio of k,
and wy is adjusted to set the peak magnitude at the resonant
frequency. A high ratio of k, improves the performance and
transient response of the controller, while a high ratio of wy
improves the stability and the robustness against the parameter
variation of the plant. Taking these tradeoffs into account, the
ratio between the two variables is optimized through a tun-
ing process. The final designed parameters are summarized in
Table I. The gain margin at a phase of -180° becomes around
71 dB, verifying the stability of the proposed controller.

The PID gain settings for the plant model compensator
are specified in (7). However, the system parameters can
change based on the operating condition, particularly the ground
impedance and Y-capacitance, which are not easily adjustable.
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TABLE I
DESIGNED PARAMETERS OF CONTROLLER

Symbol Parameter Nominal Value
k, P Gain 100
k; I Gain 1x107°
kg D Gain 0.0012
Wy Resonant Frequency 2m X 60 rad
Wy Damping Frequency 2m x 0.1 rad
k., Resonant Gain 30
Root Locus K
end
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Fig. 10.  Rootlocus of closed-loop controller according to parameter variation.

(a) Ground impedance variation from 0.01 to 1000. (b) Y-capacitance variation
from 0.01 to 150.

Therefore, the robustness to parameter variation is analyzed
using the root locus of the controller, as described in Fig. 10.
The coefficient of the parameter variation is defined as

s G,

K = —_—
gnd ) Yy
Rgnd Cy

(14)

where the superscript A denotes an estimated value utilized for
the gain scheduling. As shown in Fig. 10(a), the system pole
remains in the left half-plane until when the ground impedance
variation reaches up to 1000 times its actual value. In addition,
the system maintains stability even when the Y-capacitance
increases up to 150 times its original value, as depicted in
Fig. 10(b). This analysis indicates that despite the susceptibility
of certain parameters to the fluctuations, the proposed CMV
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Fig. 11. Bode diagram of sensitivity function of proposed CMV controller.

controller achieves a significant robustness against the parameter
variations.

To evaluate the tracking performance under the parameter
variation, the sensitivity function S (s) of the closed-loop con-
troller is given by

aGCC,C] (5) /Gcc,cl (S)
ach (5) /ch (5)
1
1 + Cee (5) I (5) ch (5)

See (s) =

15)

which indicates the change in the transfer function in response to
changes in the plant parameters. For a sinusoidal reference or dis-
turbance, minimizing the magnitude of the sensitivity function
improves the tracking performance of the resonant controller
[38], [39]. The bode diagram in Fig. 11 shows the magnitude
of the sensitivity function, revealing a low value of around
—40 dB at the grid fundamental and harmonic frequencies. This
confirms the robustness of the proposed CMV control method,
particularly in rejecting disturbances at the target frequencies.

C. Implementation Issues

The proposed CMV controller employs direct measurement
of the leakage current, which is readily available in the practi-
cal grid-connected power conversion systems. In the industrial
applications, the CM leakage current is typically measured to
detect the ground faults and to trigger the ground fault circuit
interrupter [40], [41].

Recently, a leakage current sensor with analog feedback has
been developed for grid-connected equipment, offering high
bandwidth and resolution [41]. This leakage current sensor
serves both as a measurement tool for leakage current and as a
ground fault detection device. Consequently, the proposed CMV
control method incurs no additional cost beyond the existing
leakage current sensor, making it fully applicable to industrial
systems.
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(2)

Fig. 12.  Space vector diagram for three-phase PWM converter. (a) Conven-
tional PWM. (b) Proposed HDSVPWM.

TABLE I
VOLTAGE VECTORS OF THREE-PHASE PWM

Vector Switching State Common Mode Voltage
Vo (1,1, 1) Vge/2
Vi (1,-1,-1) “Vac/6
v, (1,1,-1) Vgc/6
Vs (-1, 1,-1) Vg /6
V, -1, 1, 1) Vgc/6
Vs (-1,-1, 1) Vgc:/6
Ve (1,-1, 1) Vgc/6
v, (-1,-1,-1) “Vge/2

IV. PROPOSED PWM

The output of the proposed CMV controller is the CMV
reference for the PWM converter. In the conventional ac—dc
power conversion system, the differential-mode voltage (DMV)
reference is related to the power delivery. In contrast, the average
CMYV, commonly referred to as a zero-sequence voltage, remains
adegree of freedom. For example, in the AZSPWM, the average
CMYV is determined by the duration of odd and even voltage vec-
tors, without additional adjustability. In the remote-state PWM
(RSPWM) for the three-phase PWM converter, the average
CMV is fixed at vg./6 or —vg./6 [30]. In the bipolar PWM
for the single-phase PWM converter, the instantaneous CMV is
always zero, naturally, the average CMV is also zero.

However, in the proposed transformerless PWM converter, the
CMYV reference is set to a specific value by the proposed CMV
controller. Given the previous reduced-CMV PWM methods are
only effective when the LF CMV is either zero or predefined by
PWM sequence, a new PWM method is necessary to synthesize
both the CMV and DMV references simultaneously. This article
introduces PWM methods for both three-phase and single-phase
applications based on a uniform principle.

A. Three-Phase PWM for Leakage Current Suppression

The voltage generated by the PWM converter is divided into
the DMV, vgm, for the power conversion and the CMV, v¢p,, for
the leakage current suppression. In the conventional space vector
PWM (SVPWM) of three-phase PWM converter, a space vector
diagram is employed to synthesize the voltage reference using
an abc axis representation, as depicted in Fig. 12(a) and [29].
The diagram features eight voltage vectors, Vj_7, indicated by
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Fig. 13.  Space vector region of proposed three-phase HDSVPWM. (a) High
CMV region. (b) Low CMYV region.

Fig. 14.  Switching state and instantaneous CMV of three-phase HDSVPWM.
(a) High CMV region. (b) Low CMV region.

dots, with the switching state of phase abc denoted as 1 for the
upper side and -1 for the lower side, as outlined in Table II.
In the conventional PWM, the abc axis visualizes the DMV of
each voltage vector. However, the CMV is not represented in
the space vector region, as it is independent of the DMV. To
address this limitation, a high-dimensional space vector PWM
(HDSVPWM) is proposed for the three-phase PWM converters.
The proposed PWM extends the conventional PWM by applying
the dg reference of the stationary reference frame along the
x-axis and y-axis, while the CMV reference is applied along
the z-axis of the spatial space vector diagram, as described in
Fig. 12(b). Therefore, the dimension of the space vector region
is increased to three. This approach allows the DMV and CMV
references to be simultaneously represented as a single vector,
expressed as

(16)

- ¥ e s *
Uconv = Udm,d 1 + Vdm,q J + Vem k

where the superscript * denotes a reference value, vgy,q and
Udm,q €ach denotes the dg reference of DMV at the stationary
reference frame. To synthesize the reference vector, the type
and duration of the voltage vectors are determined. Each voltage
vector has its unique value of the CMV and DMV, represented as
apointin the spatial coordinate system. Since the reference value
has three types of voltage in (16) and the sum of each voltage
vector’s duration equates to a switching period, at least four types
of voltage vectors are necessary to create the reference vector.
Furthermore, it is advantageous to utilize only minimum voltage
vectors to reduce the switching loss. As a result, the reference
voltage vector is synthesized using four adjacent voltage vectors,
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TABLE III
VOLTAGE VECTORS OF SINGLE PHASE PWM

Vector Switching State Common Mode Voltage
Vi (1,-1) 0
V2 1,1 Vgc/2
Vs -1, 1) 0
Va ¢L-D Vac/2
Vem
V3(-1,1) V2(1,1) Vi(1,-1)
V(1) Vam  V3(-1,1) Vi(]s'L)dm
Vi(-1,-1)
(2) (®)
Fig. 15.  Space vector diagram for single-phase PWM converter. (a) Conven-

tional PWM. (b) Proposed HDSVPWM.

represented as a tetrahedron in the spatial coordinate system. The
detailed derivation process is provided in the Appendix.

Various scenarios are considered for selecting four among
the eight available voltage vectors for synthesis. As shown
in Table II, the pattern of instantaneous CMV depends on
the selected voltage vectors, where vq. represents the dc-link
voltage. To mitigate the leakage currents, the voltage vectors
are selected to minimize the HF CMYV ripple. In the proposed
three-phase HDSVPWM, the magnitude of the CMV is ex-
pressed by the z-coordinate. Accordingly, the four vectors are
selected with the smallest difference in the z-coordinate, and the
space vector region is subdivided along the z-axis, as described
by the tetrahedron in Fig. 13. The space vector region s classified
into two types according to the magnitude of the CMV reference.
If the CMV reference is larger than vg. /6, the upper tetrahedron
is utilized, where the instantaneous CMV of the voltage vectors
is vq4c/2 and wvg. /6. For instance, in the case of the reference
vector shown in Fig. 13(a), the duration of each voltage vector
is derived as

—Vgc + 60

tyo = = tsw,
2'Udc
Vde + ’U:;m,d + \/gvélkm,q - QUZm
tya = 2 tSW7
dc
Vde — 2v(’§m7d — 200,
tyy = Lsw)
2Udc
Vde + Uﬁm,d - \/gvélkm,q - 2U:m
tVG - 2 tsw (17)
dc

where ¢y, denotes a duration of voltage vector and ¢, denotes a
switching period. Meanwhile, the middle tetrahedron is utilized
when the CMV reference is smaller than vq. /6 and larger than
—g./6. One of the six tetrahedrons is selected for voltage
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Fig. 16.  Switching state and instantaneous CMV of single-phase HDSVPWM.
(a) Positive CMV. (b) Negative CMV.

synthesis, where the instantaneous CMV of voltage vectors is
+v4c/6. In the case of the reference vector shown in Fig. 13(b),
the duration of each voltage vector is derived as

Vde + U:;m,d + \/gvgm,q - 2’U§m

tys = tsw tva
QUdC
=2V q + 4Vem
= ——F———twtvs
2'Udc
_ _/Uz](m,d - \/g’ugm,q - 4vém fot
2Udc sw V6

_ Vde + 2U§m,d + 2’U§m ‘ (18)
= SW+

2'Udc

The switching state and the instantaneous CMV of the pro-
posed three-phase HDSVPWM are illustrated in Fig. 14. At the
high CMV region in Fig. 14(a), only the voltage vector with a
positive CMV is utilized. In contrast, at the low CMV region in
Fig. 14(b), only the voltage vector with a lower magnitude of
CMV is utilized. Since the CMV level of each switching state is
limited to only two, the proposed PWM method minimizes the
HF CMV ripple, resulting in the suppression of the HF leakage
current.

B. Single-Phase PWM for Leakage Current Suppression

In the single-phase PWM converter, the voltage vector and
its switching state are defined in Table III. Due to the reduced
number of the voltage vectors, there are fewer variations of the
PWM methods. When the CMV reference is zero, the voltage
vector with zero instantaneous CMV is only utilized, which
corresponds to the conventional bipolar PWM. Therefore, the
conventional space vector diagram of the single-phase PWM
converter is simplified to a single line, as shown in Fig. 15(a).
However, when the proposed CMV control method is applied,
the CMV and DMV references are generated independently. To
address this issue, the single-phase HDSVPWM is proposed,
which extends the conventional PWM by applying the DMV
reference along the x-axis, while the CMV reference is applied
along the y-axis of the space vector diagram, as described in
Fig. 15(b). Therefore, the dimension of the space vector region
is increased to two. As described in Fig. 15(b), the voltage
reference is represented as a single vector in a two-dimensional
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(b)

Fig.17.  Experiment setup. (a) Single-phase and three-phase compatible PWM
converter. (b) Human body impedance model.

space vector diagram, expressed as

19)

— P * .
Veonv = Vg 1+ Vgl

where v}, denotes the DMV reference. Similar to the case of
three-phase PWM, the reference vector is synthesized using
three voltage vectors, creating a triangular space vector region.
The detailed derivation process is provided in the Appendix.
To minimize the HF CMYV ripple, the space vector region is
subdivided along the y-axis as much as possible. For example,
when the CMV reference is positive, the upper triangular region
is utilized for the voltage synthesis. In this region, the duration
of each voltage vector is calculated as

Ve T+ 205, — 205,
ty1 = tsw)
2Udc

20*
tys = — tsw;

Vdc

Vde — 205 — 20}
tyg = ————dm__Zem g (20)

2’Udc

In contrast, when the CMV reference is negative, the duration
of each voltage vector is calculated as

Vde + 203, + 205, ;

ty1 = W
Vi 2Udc SW
tys = Vde — 2U;m + 2’U:;m ¢
g SWs
2u¥
tyy = — —tgy. (21)
Ude

Fig. 16 illustrates the switching state and instantaneous CM'V
of the single-phase HDSVPWM for both positive and negative
CMV. As shown in the figure, the CMV level is restricted to
only two values, effectively minimizing the HF CMV ripple. As
aresult, the proposed single-phase and three-phase HDSVPWM
methods significantly reduce the HF CMYV ripple and leakage
currents in the transformerless PWM converters, regardless of
the CMV and DMV references. Furthermore, the principle of
the proposed PWM method can be extended to the multilevel
converters.

In the reduced-CMV PWM methods, the dead-time effect is
a critical issue, generating an unintended CMV spike [42]. The
CMYV spikes occur when the switching state changes, but the
instantaneous CMV remains constant. Specifically, this occurs
at the simultaneous switching of two different legs [43]. How-
ever, in the proposed single-phase and three-phase HDSVPWM
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Fig. 18.  Overall system diagram for proposed control and modulation methods
of single-/three-phase PWM converter.

methods illustrated in Figs. 14 and 16, there are no pulse pat-
terns where the switching instants of the two phases overlap.
Therefore, the proposed HDSVPWM naturally mitigates the
dead-time effect on the CMV spikes.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

To validate the effectiveness of the proposed control and
modulation methods, an experimental setup is developed using
a single-phase and three-phase compatible PWM converter
along with a human body impedance model, as illustrated in
Fig. 17. The power converter operates at a switching frequency
of 20 kHz, which significantly exceeds the grid frequency of
60 Hz. The EMI filter is configured as a third-order CM and
DM filter with a 500-nF Y-capacitor. The PE wire is connected
to the Y-capacitor, and the HBM hardware is set to simulate
the touching conditions. Fig. 18 presents the overall system
diagram for the proposed control and modulation methods. The
PE current is measured using a hall-type leakage current sensor
and is converted by the analog-to-digital converter (ADC)
module within a digital signal processor (DSP). Employing the
PE current as feedback, the proposed CMV controller is imple-
mented within the DSP. In addition, a DM current controller is
simultaneously operated to adjust the dc-link voltage and output
power [44]. To estimate the phase angle, a second-order general-
ized integrator quadrature signal generator based phase-locked
loop is employed. A synchronous reference frame current
controller is utilized for both single-phase and three-phase
PWM converters. Moreover, the resonant current controller
is integrated to ensure constant power transfer at grid voltage
fluctuation, such as voltage sag and harmonics. The output of the
CM and DM current controller is applied as the CMV and DMV
reference for the PWM converter. At last, the CMV and DMV
references are synthesized by the proposed HDSVPWM. For
the single-phase topology, the ¢ phase is neglected. In addition,
the TC 7. is measured using the HBM hardware and compared
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Simulated waveform of transformerless AC-DC converter operating at grid voltage variation. (a) CMV control and HDSVPWM for three-phase PWM

converter with grid voltage sag. (b) CMV control and HDSVPWM for single-phase PWM converter with grid voltage harmonics.

against the TC regulation defined by the IEC 61851-1 standard,
which is relevant for the EV charging applications [45].

A. Simulation Results

The proposed CMV controller and HDSVPWM are veri-
fied by the three-phase and single-phase transformerless ac—dc
power conversion systems. Fig. 19(a) illustrates the simulated
waveform of the three-phase PWM converter operating under
the three-phase wye grid with TT neutral grounding system,
where the ground impedance is high. Under the normal operating
conditions, the grid frequency CMV is nearly zero, leaving only
HF leakage currents. In contrast, when a 50% grid voltage sag
is presented at one phase, the grid frequency CMV of (1) is
produced. This generates the LF leakage currents, which flow
into the PE wire. However, with the application of the proposed
CMV controller, the PE current is directly measured, and the LF
CMYV is injected by the PWM converter. The CMV reference
closely resembles the grid voltage, resulting in a rapid reduction
of the LF leakage currents. Subsequently, the proposed three-
phase HDSVPWM is applied, utilizing the voltage vectors with
only two levels of the instantaneous CMV. As a result, both low-
and HF leakage currents are suppressed at the same time. When
the grid voltage sag ends and the normal operation resumes, the
CMYV reference rapidly decreases to zero.

In Fig. 19(b), the single-phase PWM converter is operated
under the single-phase grid with TT end-of-phase grounding
system, where the ground impedance is high. Unlike in the three-
phase system, a significant grid frequency CMV, as derived by
(1), is always present during normal operations. The magnitude
of the CMV is approximately a half of the grid voltage, resulting
in much higher leakage currents compared to the three-phase
case. However, upon applying the proposed CMV control, the
LF leakage currents are rapidly reduced within one cycle. Fur-
thermore, the HF leakage currents are suppressed immediately
upon activation of the proposed single-phase HDSVPWM. The
3rd, 5th, and 7th grid voltage harmonics, each with a magnitude
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Safety Regulation Limit

[20ms/div]

(a)
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v [200Vici) [ 1 e
il i S A I ......................
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mEeEa T T +t—T—T—
Safety Limit
[20ms/div]

(b)
Fig. 20. Experimental waveform of three-phase PWM converter with grid

voltage sag condition. (a) Without CMV control. (b) With proposed CMV control
and HDSVPWM.

of 10% of the fundamental, are applied using the grid simu-
lator. When grid voltage harmonics are present, CMV at the
corresponding harmonic frequencies is generated. Nevertheless,
the LF CMV reference is rapidly adjusted, and the leakage
currents are effectively attenuated, as the proposed CMV control
method is specifically designed to target the grid fundamental
and harmonic frequencies. As a result, both LF and HF leakage
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Fig. 21.  Experimental waveform of LF CMV injection in three-phase PWM
converter. (a) Conventional PWM. (b) Proposed HDSVPWM.

currents are mitigated at the single/three-phase PWM converters
by utilizing the proposed CMV control method and HDSVPWM
simultaneously.

B. Experimental Results

The proposed control and modulation methods are verified
by the experimental setup for the three-phase and single-phase
PWM converters. For the three-phase experiments, a three-phase
grid simulator is utilized to implement 220 VAC three-phase
grid. The PE wire is connected to the utility ground with the
ground impedance determined according to the specific ground-
ing method. The leakage current sensor is placed at the PE
wire to directly measure the leakage current. Fig. 20 shows
the experimental waveform of the three-phase PWM converter
under a 50% grid voltage sag condition. The grid voltage sag
generated a grid frequency CMV similar to the waveform de-
scribed in Fig. 19(a). Without the CMV control, the LF leakage
currents, proportional to the grid voltage variation, are generated
with a peak of 20 mA, as shown in Fig. 20(a). Therefore,
the human safety issue occurs, exceeding the regulation limit,
which is derived from a TC limit in the IEC 61851-1 standard.
However, after applying the proposed CMV controller, the LF
leakage currents are measured by the leakage current sensor
and employed as feedback. Then, the LF CMYV is injected
through the PWM converter, mitigating the LF leakage currents
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Fig. 22.  Experimental waveform of CMV control method for single-phase
PWM converter. (a) Normal operation. (b) Grid harmonics operation.

within one cycle, as depicted in Fig. 20(b). The waveform
of the phase current remains constant with the CMV control,
indicating that the CMV injection does not interfere with the
ac—dc power conversion. In Fig. 21, the conventional PWM and
the proposed three-phase HDSVPWM are compared during the
LF injection. While the amount of the LF CMYV is identical, the
proposed HDSVPWM exhibits a lower CMV ripple with only
two levels of the HF CMV. Notably, even with the application of
dead-time in the actual PWM converter, no CMV spike occurs,
and the instantaneous CMV is generated as desribed in Fig. 14.
Accordingly, the leakage currents are reduced with a peak of
4 mA when the HDSVPWM is applied. As a result, both LF
and HF leakage currents are attenuated by the proposed CMV
controller and HDSVPWM for the three-phase PWM converter.

In Fig. 22, the proposed control and modulation methods are
implemented in the single-phase ac—dc power conversion system
with a 220-VAC single-phase grid simulator. The magnitude of
grid frequency CMYV is higher than the three-phase topology,
resulting in substantial leakage currents with a peak of 70 mA,
as illustrated in Fig. 22(a). However, when the proposed CMV
control method is applied to the single-phase PWM converter,
the injection of the LF CMYV leads to a rapid attenuation of
the leakage currents to meet the regulation within one cycle.
Similar to the case of the three-phase application, the CMV
control is conducted independent of the ac—dc power conversion,
maintaining a uniform waveform of the phase current. The 3rd,



LEE et al.: CONTROL AND MODULATION METHODS OF SINGLE-/THREE-PHASE PWM CONVERTER FOR SUPPRESSING LEAKAGE CURRENT

"? TELEDYNE LECROY

whereyoulook™

/\

Vo [400V/div]

ipe [100mA/div]

//\
cef \

A\m'm,ﬂ
/< U/

\\/ \/ \\/
v, [400V/div]
[10ms/div]
(2)
/| TELEDYNE LECROY
Venrr [400V/div] ‘? verywhereyoulook
b ]
i
ipe [100mA/div] 1

2| 1 |

NSNS NANANANA

v, [400V/div]

[10ms/div]

(b)

Fig.23.  Experimental waveform of LF CMV injection in single-phase PWM
converter. (a) Conventional PWM. (b) Proposed HDSVPWM.

5th, and 7th grid voltage harmonics, each with a magnitude of
10% of the fundamental, are applied using the grid simulator,
as described in Fig. 22(b). As shown in Fig. 7, the impact of the
LF CMV increases exponentially with rising frequency, leading
to a substantial magnitude of the leakage currents. Furthermore,
unlike in the three-phase system, each grid harmonic voltage
generates significant LF CMV without any harmonic cancel-
lation. Nevertheless, the CMV reference is generated with the
grid harmonic frequency, which is closely similar to the grid
frequency CMV. Therefore, the LF leakage currents are miti-
gated under the CMV control, satisfying the safety regulation
limit. Fig. 23 illustrates the waveform of the conventional PWM
method and the proposed single-phase HDSVPWM during a
LF CMV injection. While the amount of LF CMV is identical,
the proposed HDSVPWM displays a lower CMV ripple. The
expanded waveform shows an injection of the negative CMV
using only two levels of instantaneous CMV with a voltage ripple
of 0.5v4. in the HDSVPWM. Notably, even with the application
of dead-time in the actual PWM converter, no CMV spike
occurs, and the instantaneous CMV is generated as described
in Fig. 16. The peak of the leakage currents is attenuated to
3 mA when the HDSVPWM is conducted. Consequently, both
LF and HF leakage currents are effectively suppressed by the
proposed CMV control and HDSVPWM for the single-phase
PWM converter.
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Fig. 24. Experiment results of TC measurement at three-phase and single-

phase topology with proposed HDSVPWM.

The TC is measured using the HBM hardware under various
operating conditions, as depicted in Fig. 24. According to the
IEC 61851-1 standard, the TC is required to be attenuated below
5 mA. With the conventional DM control for the PWM converter,
the TC exceeds the limit at both three-phase and single-phase
applications. However, when the proposed CMV controller is
conducted, the TC is effectively suppressed below the regulatory
threshold. In addition, the TC is further reduced when the pro-
posed HDSVPWM is applied. Since the HBM inherently func-
tions as a low-pass filter, the effect of the leakage current sup-
pression at the LF is greater. Consequently, the proposed CMV
control method and HDSVPWM effectively enhance the human
safety of the transformerless ac—dc power conversion system.

VI. CONCLUSION

The removal of isolation barrier in the transformerless system
presents a significant challenge regarding the leakage currents.
This article proposes the control and modulation methods of the
single-/three-phase PWM converter to suppress both LF and HF
leakage currents. The contributions are as follows.

1) The effect of the CMV sources on the leakage currents is
analyzed through the CM equivalent circuit, considering
the practical EMI filter and grounding system.

2) Based on the plant model, the CMV control method is in-
troduced to attenuate the LF leakage currents. Utilizing the
leakage current as feedback, the controller is designed to
generate a CMV reference. The performance and stability
of the controller are verified analytically.

3) The HDSVPWM is proposed to synthesize both CMV and
DMV references while minimizing HF CMV ripple. The
HF CMYV generated by the voltage vector is analyzed in
the single-/three-phase PWM converter, mitigating the HF
leakage currents.

The effectiveness of the proposed methods is demonstrated

by the experimental results, using the ac grid simulator and
the single-/three-phase PWM converter. Furthermore, the TC is
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evaluated by the HBM hardware, ensuring a compliance with the
safety regulation. Consequently, the proposed CMV controller
and HDSVPWM provide a practical solution for transformerless
ac—dc power conversion systems, offering a reliable approach for
the industrial applications such as EV chargers, microgrids, and
renewable energy systems.

APPENDIX

In the proposed single-phase HDSVPWM, the CMV and
DMV references are expressed as a single vector in (19). It
is important to note that the CMV and DMV references are
orthogonal in the space vector plane, as these voltages are
independent of each other. The DMV and CMV components
of each voltage vector are given by

SVk = (xay) k = 17 27 3a 47
r—Yy
Vdm = )
d 4 Vdc
vom = L e (A1)

and the corresponding switching states of each voltage vec-
tor Sy are listed in Table III. During one switching period,
multiple voltage vectors are utilized to synthesize the reference
voltage. Specifically, the duration of each voltage vector ¢y
is determined and the sum of the durations equals the switch-
ing period ty. Therefore, the relationship between the voltage
reference and the duration of each voltage vector is derived
as

o { vam 05 0 —05 0 iVl
M e =1 0 05 0 -05 t”
Vde \ ' pe 1 1 1 1 tVS
V4

(A2)

The rank of the transfer matrix Tgy4 is three, indicating
that its column space is not a full rank. In other words, only
three voltage vectors are required to synthesize the reference
voltage. As utilizing fewer voltage vectors reduces the number
of switching, the proposed single-phase HDSVPWM utilizes
only three out of four vectors. For instance, if the voltage vector
Vy is excluded, (A2) is modified as follows:

; Vdm 05 0 —05 tv1
A vem | = 0 05 0 tvo (A3)
Vde \ pye 11 1 tys

resulting in a square transfer matrix T3, 3 with full rank. Since
the transfer matrix is nonsingular, the duration of the voltage
vector is directly calculated using the inverse matrix of Tgy3.
Therefore, the reference vector is synthesized using three
voltage vectors, forming a triangular space vector region. The
method for selecting the appropriate triangular region is detailed
in the main text. Once the space vector region is determined,
the durations of the selected voltage vectors are calculated.
For instance, the durations of the voltage vectors in the upper
triangular region are derived by (A3), which results in (20).

In the proposed three-phase HDSVPWM, the CMV and DMV
references are expressed as a single vector in (16). Similar to the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

case of the single-phase PWM, the CMV and DMV references
are orthogonal in the space vector plane. The voltage vector
listed in Table IThas a corresponding value of dg DMV and CM V.
In addition, the duration of each voltage vector ¢y, is determined
and the sum of the durations equals the switching period tgy,.
Therefore, the relationship between the voltage reference and
the duration of each voltage vector is derived as

tvo

tva

Udm,d tya

t t

s | e |y V3l =Tas Ve (Ad)

Vde Vem tvy

Vdc tys

tve

tyr

where Vg, represents the matrix of voltage vector durations.
Following the same approach as the single-phase HDSVPWM,
four voltage vectors are utilized for the voltage synthesis, which
represents the minimum required number. Therefore, (A4) is
modified into

Vdm,d
Lsw Vdm
— 1| =Taxa Vaxa (AS)
Vde Uem
Vdc

where the transfer matrix Ty4.4 has full rank and is nonsin-
gular. Therefore, the duration of the voltage vector is directly
calculated using the inverse matrix of Ty4.4. Therefore, the
reference vector is synthesized using four voltage vectors, form-
ing a tetrahedron space vector region. The method for selecting
the appropriate tetrahedron region is detailed in the main text.
Once the space vector region is determined, the durations of the
selected voltage vectors are derived by (AS).
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