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A Novel Multi-Loop Base Carrier Mark PWM Strategy
for Leakage Current Reduction in Grid-Connected
Transformerless Inverters

Rajiya Begum Sayyad, Upendar Jalla

Summary — This paper presents a novel multi-loop Base Carrier
Mark (BCM) pulse-width modulation strategy to address leakage
current challenges in gridconnected transformerless photovoltaic
inverters. The proposed approach introduces a combination of sequ-
ential level shift, single-loop, two-loop, and three-loop carrier rotati-
on techniques in BCM generation, specifically designed to minimi-
ze common-mode voltage variations and suppress leakage current.
The method’s effectiveness was validated through comprehensive
simulation studies using Matlab/Simulink, evaluating eight distinct
BCM configurations. Results demonstrate that the proposed multi-
loop BCM strategy, particularly in STATE-V configuration, achieves
superior leakage current suppression while maintaining high system
performance. This configuration reduces leakage current to 2.021
mA, significantly below the VDE 0126-1-1 standard limit of 150 mA
(for 40ms fault discontinuity) and the conservative design threshold of
300 mA, without compromising other performance metrics. This con-
figuration reduces leakage current significantly below the standard
300mA limit without compromising other performance metrics. The
strategy also demonstrates favorable outcomes in Total Harmonic
Distortion (THD < 2% in STATE-II & IV), common mode voltage
stability (optimal in STATE-III), and system efficiency (peak perfor-
mance in STATE-IV). These findings present a significant advance-
ment in transformerless inverter technology, offering a practical so-
lution to the critical challenge of leakage current in grid-connected
PV systems. .

Keywords — Carrier-Based Pulse-width modulation, Transfor-
mer-less PV inverter, Total Harmonic

1. INTRODUCTION

he global energy landscape faces significant challenges
amid the ongoing pandemic and geopolitical tensions, yet

the renewable energy sector, particularly photovoltaics, con-
tinues to demonstrate remarkable resilience and growth [1]. This
expansion is particularly crucial as the sharp rise in energy prices
and geopolitical conflicts, such as the invasion of Ukraine by the
Russian Federation, raise serious concerns about energy poverty
affecting billions of people. In this context, renewable energy sour-

Corresponding author: Rajiya Begum Sayyad
Osmania University University College of Engineering, Osmania University
Rajiya Begum Sayyad and Upendar Jalla are with the Osmania University,
Hyderabad, India (emails: rajiya.sd9@gmail.com; jallupendar@gmail.com).

ces, especially photovoltaic and wind technology, must be prioriti-
zed to ensure energy security and continuity [2],[3].

Photovoltaic (PV) power systems have emerged as versatile so-
lutions, comprising PV modules and power electronics converters
as their fundamental components. These systems can operate in
both off-grid and gridconnected configurations, requiring inverters
to convert direct current (DC) to alternating current (AC) power
[4], [5]. The selection between transformer-based and transfor-
merless inverter topologies presents significant tradeoffs. While
transformer-based structures offer galvanic isolation that enhances
safety and reliability, they suffer from reduced efficiency and incre-
ased system volume, weight, and cost. Conversely, transformer-
less inverters, despite their advantages, face the critical challenge
of leakage current (i), which can compromise system safety and
reliability [6].

Leakage current poses several significant challenges in tran-
sformerless PV systems, including grid current disruption, electro-
magnetic interference, and corrosion effects on PV panels [7].
Recent research by Yikun Wang (2024) has introduced innovative
approaches for minimizing leakage current in three-phase transfor-
merless PV inverters, demonstrating the ongoing efforts to address
these challenges [8]. Additionally, studies have proposed advanced
suppression methods for single-phase photovoltaic inverters, con-
tributing to the growing body of solutions in this field [9].

In this study, we propose and evaluate multiple PWM tech-
niques based on modified base carrier signals (BCM) for applica-
tion in a grid-connected single-phase H6-IMPR type transformer-
less inverter [10]. Our investigation focuses on testing modified
sequential level shift, single, two, and three-loop carrier rotation,
carrier phase shift, and their derived PWM techniques. The propo-
sed approaches aim to optimize system performance while effecti-
vely managing leakage current issues.

The remainder of this paper is organized as follows: Section
2 presents Related Research and Current Developments, secti-
on 3 gives a detailed discussion of the HOIMPR transformerless
inverter’s operating principles, the proposed BCM-based modula-
tion techniques, system design considerations, and leakage current
analysis. Section 4 provides comprehensive simulation results
validating the effectiveness of the proposed modified BCM-based
PWM techniques. Finally, Section 5 concludes the paper with key
findings and recommendations for future research directions.
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II. RELATED RESEARCH AND CURRENT DEVELOPMENTS

A. TororoGicAL INNOVATIONS

Recent advances in inverter topology design have yielded si-
gnificant improvements in leakage current management. Tingrui
Mao et al. (2024) introduced a novel solution based on active zero-
sequence current injections for transformerless grid-connected PV
converters, demonstrating enhanced leakage current suppression
capabilities [11]. This work builds upon earlier research by Caique
et al. (2023), who proposed innovative level modulation switching
techniques for leakage current mitigation in transformerless grid-
connected PV inverters [3].

B. Moburation TECHNIQUES AND CONTROL
STRATEGIES

The evolution of pulse-width modulation (PWM) techniques
has significantly advanced transformerless inverter performance.
Christopher Rodriguez-Cortés et al. (2023) provided a comprehen-
sive overview of leakage current reduction methods in single-phase
grid-connected inverters, highlighting the importance of advanced
modulation strategies [12]. Geye Lu et al. (2023) further contri-
buted to this field by developing an improved leakage-current-ba-
sed online monitoring method, incorporating asymmetric voltage
injection at photovoltaic inverter switching frequencies [13].

Recent developments in PWM techniques have demonstra-
ted promising results in improving system performance. The
implementation of improved large midspace vector modulati-
on (ILMSVM) and commonmode subtraction space vector pul-
se-width modulation (CSSVPWM) has shown effectiveness in
suppressing leakage current while enhancing other performance
indicators such as total harmonic distortion [14]. Additionally, the
Large Small Pulse Width Modulation (LS-PWM) technique has
proven successful in reducing stress on both leakage current and
switching elements in grid-connected single-phase five-level in-
verters [15].

C. PERFORMANCE ENHANCEMENT STRATEGIES

Significant progress has been made in developing compre-
hensive approaches to system optimization. Xiaolong Xiao et al.
(2023) proposed innovative strategies for collecting and suppre-
ssing leakage current in non-isolated photovoltaic grid-connected
systems, demonstrating the potential for improved system relia-
bility [15]. Their work complements earlier research focusing on
the development of hybrid/modified modulation techniques which
have shown promising results in multilevel inverter applications

(3], [12].

The implementation of modified sequential level-shifting
PWM techniques in three-phase five-level inverters has demon-
strated reduced stress on submodule capacitors [16]. Furthermore,
alternative phase-countershifted PWM techniques applied to grid-
connected single-phase halfimpedance source-based cascade five-
level inverters have shown improved efficiency through various
carrier rotation structures [10].

III. METHODOLOGY

A. H6-IMPR INVERTER TOPOLOGY AND OPERATING
PRINCIPLES

The improved H6 (H6-IMPR) type transformerless inverter
topology forms the foundation of this study [19]. This topology
offers enhanced performance characteristics while maintaining
fundamental inverter functionality. Fig. 1 illustrates the four basic
operating states of the HOIMPR type inverter, showing the power
exchange states and zero voltage states in both positive and nega-
tive halfcycles.

The inverter’s operation can be categorized into four primary
modes, each characterized by specific switch states and voltage pa-
rameters, as summarized in Table I. During the positive half-cycle
(Mode 1), switches S1 and S4 conduct while S2, S3, S5, and S6
remain off, enabling power transfer from the photovoltaic (PV)
modules to the grid.

TaBLE |
H6-MPROVED TOPOLOGY SWITCH STATES S1 - S6.

S1 S22 S3 S4 85 S6 Uwn/V  Upn/V  Uen/V  Uswp/V
10 0 1 0 0 Uy 0 Up/2 Uy P
0 0 0 0 0 1 Ux/2 Up/2 Up/2 0
o 1 1 0 0 0 0 Upw  Up/2 —Up N
0 0 0 0 1 0 Up/2 Un/2 Un/2 0

In Mode 1, the voltage at point *a’ relative to neutral (U, ) equ-
als the PV voltage (U,,), while point ’b’ maintains zero potential
relative to neutral (U, ). This results in a differential voltage (U ,)

of U,,and a common-mode voltage (U_ ) of 0.5U,,.

B. ControL STRATEGY AND MODULATION TECHNIQUE

1) Overall Control Architecture: The proposed control stra-
tegy employs a cascaded control structure comprising inner current
control loops and an outer voltage regulation loop, as illustrated in
the enhanced block diagram of Fig. 4. This multi-loop architecture
ensures both accurate current injection to the grid and stable DC-
link voltage regulation under varying irradiance conditions.

The control system operates in the stationary a-f§ reference
frame to minimize computational complexity while maintaining
precise current tracking. A phase-locked loop (PLL) continuously
monitors the grid voltage to extract critical synchronization pa-
rameters: grid frequency (f ), angular frequency (oog 2nf ) and
phase angle (6). These parameters ensure that the injected current
maintains approprrate phase relationship with the grid voltage for
desired active and reactive power control.

2) Reference Current Generation: The reference current
(7* ) for the inner current control loop is synthesized through the
following process:

1) The outer voltage controller compares the measured DC-
link voltage (V) with its reference value (V J¥) and processes the
error through a PI controller:

Imag= Kp,v(va*— va)+ KIV_[ (va* - va)dt (1)

where K, =0 5 and K = 20 are the proportional and inte-
gral gains of the voltage controller tuned to achieve adequate
bandwidth (approximately 10 Hz) while maintaining system sta-
bility with sufficient phase margin (> 45°).

2) The reference current waveform is constructed by multi-
plying I with the normalized grid voltage template obtained
from the PLL:
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Fig. 1. Improved H6 type inverter operating cases.
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This approach ensures unity power factor operation (inphase
current injection) while the magnitude automatically adjusts to ba-
lance power flow and maintain DC-link voltage stability.

3) Inner Current Control Loop. The inner current control loop
regulates the actual grid current (ig) to track the reference current
(7* ) with high precision and fast dynamic response. A proportio-
naf-resonant (PR) controller is employed due to its superior capa-
bility in tracking sinusoidal references with zero steady-state error:

K.,s

GPR(S) = Kp + m 3)

where K =10 is the proportional gain, K = 1000 is the resonant
gain, and w,= 21ng = 314.16 rad/s is the resonant frequency tuned
to the grid frequency. The PR controller provides infinite gain at
the fundamental frequency (50 Hz), ensuring zero tracking error
for sinusoidal references while providing adequate attenuation of
harmonic disturbances. The current loop bandwidth is designed to
be approximately 1 kHz, providing fast dynamic response while
remaining well below the switching frequency to avoid interaction
with PWM harmonics.

The current error signal (e,= i*g - ig) is processed through the
PR controller to generate the modulation signal (m(t)), normalized
to the range [-1, 1], which is subsequently compared with the se-
lected BCM carrier waveform to produce switching signals for the
H6-IMPR inverter.

4) BCM Waveform Selection Criteria: The selection of the
eight base carrier mark (BCM) configurations investigated in this
study follows a systematic approach based on carrier frequency
multiplication, waveform geometry, and their expected impact on
common-mode voltage behavior. As illustrated in Fig. 3, the BCM
configurations span a wide design space to comprehensively eva-
luate the relationship between carrier structure and system perfor-
mance metrics, particularly leakage current suppression.

A

\J

S1. S4 1

S2. S3 rr

S5+ S6

Fig. 2. Basic PWM structure (switching signals)
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Fig. 3. Principal Base Carrier Mark (BCM) waveforms.

Rajiya Begum Sayyad, Upendar Jalla, A Novel Multi-Loop Base Carrier Mark PWM Strategy for Leakage Current Reduction in Grid-Connected Transformerless
Inverters, Journal of Energy, vol. 74 Number 3 (2025), 3—11

S https://doi.org/10.37798/2025743722

© 2025 Copyright for this paper by authors. Use permitted under Creative Commons Attribution-NonCommercial (CC BY-NC) 4.0 International License



a) Carrier Waveform Geometry:

The fundamental distinction among BCM configurations lies
in their geometric shape, which directly influences switching tran-
sition characteristics:

e Triangular carriers (BCM-1, BCM-6): Provide linear volt-
age transitions with constant dV /dt during rising and falling
edges. BCM-1 employs two largetriangular waves per fun-
damental period (2f, ), representing the conventional carrier
approach. BCM6 uses four medium-sized triangular waves
(4f, ), offering a balance between switching frequency and
harmonic distribution.

e Trapezoidal carriers (BCM-2, BCM-8): Incorporate flat-
top regions that create extended dwell times at peak carrier
values. These plateau regions maintain constant switching
states, potentially reducing the number of transitions and as-
sociated dV_ /dt spikes. BCM-2 combines trapezoidal and
triangular elements, while BCM-8 employs pure trapezoidal
waveforms.

*  Multi-triangular carriers (BCM-3, BCM-4, BCM-5,
BCM-7): Feature multiple high-frequency carrier cycles
per fundamental period (6-8f ), creating more frequent but
smaller-amplitude switching transitions. This category rep-
resents the core innovation of the proposed multi-loop ap-
proach, where increased carrier frequency enables finer con-
trol of common-mode voltage evolution.

b) Carrier Frequency Multiplication:

The effective switching frequency varies significantly across
BCM configurations, creating distinct harmonic signatures and
switching loss characteristics:

e Base frequency (2f, ): BCM-1, BCM-2, and BCMS8 oper-
ate at twice the fundamental switching frequency, providing
conventional PWM performance with minimal switching
losses but concentrated harmonic content around 2f, and its
multiples.

*  Medium frequency (4f,): BCM-6 doubles the carrier fre-
quency relative to base configurations, offering improved
harmonic spreading while maintaining moderate switching
losses.

* High frequency (6-8f ): BCM-3, BCM-4, BCMS5, and
BCM-7 employ significantly elevated carrier frequencies,
distributing harmonic energy across a broader spectrum. This
frequency multiplication enables more uniform common-
mode voltage transitions throughout the fundamental period.

¢) Loop Rotation Classification:

The multi-loop designation refers to the pattern complexity and
phase relationships embedded within carrier structures:

e Sequential (conventional): BCM-1, BCM-2, and BCM-§
follow traditional carrier patterns without complex phase
rotations.

*  Single-loop rotation: BCM-3 and BCM-4 implement con-
sistent high-frequency triangular patterns with uniform phase
relationships throughout the fundamental period. The small
variations between BCM3 and BCM-4 arise from subtle
phase adjustments intended to optimize switching instant
distribution.

*  Two-loop rotation: BCM-5 and BCM-6 introduce dual-pat-
tern sequences where carrier characteristics alternate or vary
systematically. BCM-5 exhibits non-uniform peak ampli-

tudes, creating asymmetric switching patterns, while BCM-6
maintains uniform amplitudes but at medium frequency.

e Three-loop rotation: BCM-7 implements the most complex
pattern with three distinct amplitude levels and phase relation-
ships, designed to achieve sophisticated harmonic distribution
and common-mode voltage shaping.

d) Common-Mode Voltage and Leakage Current
Relationship:

The critical motivation for exploring diverse BCM structures
stems from their direct impact on common-mode voltage (V) and
consequently leakage current. The instantaneous common-mode
voltage in the H6-IMPR topology is given by:

Van (1) + Von (1)

5 )

Vem(t) =

where V. and V, are the voltages at inverter output points ’a’

and ’b’ relative to the neutral point. Different BCM configurations

produce distinct switching state sequences, causing variations in

V_ (t) evolution. The leakage current through parasitic capacitan-
ces (va) between PV panels and ground is governed by:

dVem ()

Gem (t) = Cpy o

©)

Therefore, minimizing leakage current requires either: (a)
maintaining constant V_(ideal but often impractical), or (b) mi-
nimizing dV_ /dt by controlling switching transition rates and
distributions.

Trapezoidal carriers (BCM-2, BCM-8) address this through
extended dwell times with zero dV_/dt during plateau regions.
High-frequency multi-triangular carriers (BCM-3 through BCM-
7) take an alternative approach by distributing transitions more
uniformly in time, potentially reducing peak dV_ /dt values even
if the average transition rate increases. The two-loop BCM-5 confi-
guration combines both strategies with varied amplitude peaks and
increased frequency, which, as demonstrated in the results, achie-
ves superior leakage current suppression.

e) Design Space Exploration Strategy:

The systematic selection of these eight BCM configurations
enables comprehensive evaluation of the multidimensional trade-
offs inherent in carrier-based PWM design:

*  BCM-1 serves as the baseline conventional triangular carrier
reference

*  BCM-2 and BCM-8 evaluate the impact of trapezoidal
geometry

e BCM-3 and BCM-4 explore single-loop highfrequency
approaches

*  BCM-5 and BCM-6 investigate two-loop strategies with dif-
ferent frequency-amplitude combinations

*  BCM-7 examines the most complex three-loop pattern

This comprehensive exploration strategy ensures identifica-
tion of optimal configurations for specific performance priorities
(leakage current, THD, efficiency, or V_stability) while revealing
fundamental relationships between carrier structure and system
behavior. Table II summarizes the key characteristics and design
objectives of each BCM configuration.
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TasLE 11

CHARACTERISTICS AND DESIGN RATIONALE OF BCM CONFIGURATIONS.

BCM  Carrier Switching  Pattern Primary
Type Structure Frequency Description Design Objective
BCM-1  Triangular 2xfow Two symmetric Baseline conven-
wave triangular carriers  tional triangular
carrier PWM
BCM-2 Trapezoidal —~ 2<% Mixed trapezoidal  Reduced switching
-triangular and triangular stress with flat-top
regions
BCM-3  Multi-tri- Bxtow High-frequency Enhanced har-
angular small triangular monic spreading
(single-loop) waves (single-loop)
BCM-4  Multi-tri- Bxfow High-frequency Optimized single-
angular with phase loop with adjusted
(modified) variations peaks
BCM-5  Multi-tri- OBl Medium-frequ- Balanced V_
angular ency with varied control (two-loop
(two-loop) amplitudes rotation)
BCM-6  Triangular Axon Medium-frequ- Simplified two-
(two-loop) ency larger loop with lower
triangular waves ~ switching
BCM-7  Mixed 6-Bxfow Non-uniform am-  Complex harmonic
amplitude plitude triangular  distribution
(three-loop) pattern (three-loop)
BCM-8 Trapezoidal — 2<% Two symmetric Minimum
wave trapezoidal switching with
carriers extended dwell

time

5) PWM Signal Generation Process: The PWM generation

process integrates the modulation signal from the current controller
with the selected BCM carrier structure: 1) The modulation signal
m(t) from the PR controller serves as the reference signal, nor-
malized to the range [1, 1] and synchronized with the grid voltage

implements the specific geometric pattern and frequency multipli-
cation ratio.

3) Comparator logic generates the primary switching signals
by comparing the modulation signal against the BCM carrier. For
the H6-IMPR topology with six switches, the switching logic is
designed as:

1, if m(t) >0 and m(t) > BOM(t
55— 0] 0> BeM® o
0, otherwise
1, if m(¢ d t BCM(t
Sy 85— 1m().<0an |m(t)] > BCM(t) )
0, otherwise
Se=1,5,=0, m(t) >0,m(t) < BCM(t)
S5,56 = { S5 = 1,5 =0, m(t) <0, |m(t)| < BCM(t)
0, otherwise

(8)

(8) This switching logic ensures the proper operating mo-
des detailed in Table I, with switches S5 and S6 providing the
freewheeling paths during zero voltage states.

4) Dead-time compensation is implemented to prevent shoot-
through conditions during switching transitions. A fixed dead-time
of t, =2 psis applied between complementary switch pairs (S1-

S2 and S3-S4), with appropriate blanking logic to ensure that both
switches in a leg are never simultaneously on.

5) Gate drive signal conditioning includes appropriate voltage
levels (0-15V for the SiC MOSFETSs specified in Table IV) and
current drive capability to ensure fast switching transitions while
minimizing switching losses and electromagnetic interference.

6)  Active and Reactive Power Control: The active and reac-
tive power delivered to the grid can be expressed in the stationary
a-f reference frame as:

through the PLL. 1
e | P = 5 (Wgaiga + Vysiys) )
2) The selected BCM carrier waveform (BCM-1 through
BCM-8) is generated using a dedicated carrier synthesis block that 1 )
Q= i(vgﬂzya — VUgalgp) (10)
Uy l lin
dq
aB
. i id
tu \B J \—a> dgl—s
'3 L,
vy dq -aﬁ iq
TH
il
o () ()
ref ref
s s o
> ¢ =tan ' (vlef)

Fig. 4: Block diagram of control strategy for the PWM generation

Rajiya Begum Sayyad, Upendar Jalla, A Novel Multi-Loop Base Carrier Mark PWM Strategy for Leakage Current Reduction in Grid-Connected Transformerless

7 Inverters, Journal of Energy, vol. 74 Number 3 (2025), 3—11
https://doi.org/10.37798/2025743722

© 2025 Copyright for this paper by authors. Use permitted under Creative Commons Attribution-NonCommercial (CC BY-NC) 4.0 International License



For unity power factor operation, the current components in the
a-f3 frame are controlled as:

=1 cos(d) = I 11

i ;== sin(¢)=0 (12)

where ¢ = 0 represents the phase angle between voltage and
current. This control strategy ensures that all delivered power is
active power (P) with zero reactive power (Q = 0), maximizing
system efficiency and minimizing grid current magnitude for a gi-
ven power transfer. The unity power factor operation also ensures
compliance with grid codes and minimizes unnecessary reactive
current circulation that would increase losses in both the inverter
and grid-side components.

The grid-injected current and voltage waveforms can be expre-
ssed in time domain as:

vg(t) = I{qcos(wgt)
i (t) =1 cos(oo t-¢)=1I cos(w t)

(13)
(14)

where V =311.13 V is the peak grid voltage amplitude and w,
= an 314,16 rad/s is the angular frequency corresponding to the
50 Hz grid frequency.

The control block diagram shown in Fig. 4 illustrates the
comprehensive control strategy for PWM generation in the grid-
connected system.

C. LEAKAGE CURRENT MANAGEMENT

A critical consideration in transformerless inverter design is the
management of leakage current, which emerges due to the absence
of galvanic isolation between the PV panel and grid system. Fig.
5 illustrates the residual current flow in the PV inverter without
transformer.

The parasitic capacitances (C,,) between PV cells/panel and
ground lead to charge-discharge cycles with voltage fluctuations,
resulting in residual current (i, ) containing both low-frequency
and switching high-frequency components. To ensure safe and
efficient operation, the leakage current must adhere to standardized
limits as specified in Table III.

Fig. 5. Residual current flow in PV inverter without transformer.

TaBLE 1T
REsibuAL CURRENT LimiT VALUES (VDE 0126-1-1)

Fault Discontinuity Leakage Current
Time (ms) (mA)

300 30

150 60

40 150

These regulatory limits vary based on fault discontinuity time,
with maximum allowable currents ranging from 30 mA to 150 mA

depending on the duration of the fault condition. This regulatory
compliance is essential for maintaining system safety and electro-
magnetic compatibility while minimizing power losses.

IV. SMuLATION STUDY

The simulation study was implemented using Matlab/Simu-
link R2021b environment with a fixed-step solver and a time step
of 1x10-7seconds to ensure accurate representation of high-frequ-
ency switching dynamics. The control algorithms were implemen-
ted using standard Simulink blocks.

Fig. 6 presents the comprehensive block diagram of the simu-
lated system, illustrating the interconnection between the PV sour-
ce, H6-IMPR inverter topology, LCL filter network, grid connec-
tion, and control subsystems. The control structure encompasses
both inner current control loops and outer voltage regulation, with
the PLL providing grid synchronization. The BCM generator
block produces various carrier waveforms (BCM-1 through BCM-
8) which are compared with the sinusoidal reference to generate
appropriate gate signals for switches S1-S6.

The simulation investigation was conducted to evaluate the
performance characteristics of a grid-connected transformerle-
ss H6-IMPR inverter system. The fundamental configuration,
illustrated in Fig. 6, comprises an inverter coupled to the mains
through a filtering network. The key parameters monitored during
the simulation include the grid-injected current (I ), the post-filter
mains connection point voltage (V ), and the inverter input bus vol-
tage (V ). The system generates appropnate switching signals for
the inverter’s switches (8,-S,) based on various Base Carrier Mark
(BCM) configurations.

The simulation environment was implemented using Matlab/
Simulink, with the system parameters detailed in Table IV.

TABLE IV
SYSTEM SIMULATION PARAMETERS.

Parameter Value

DC bus voltage V, 400v

Output voltage Vg 311.13V

Grid frequency fg Nominal 50 Hz

Power 14kW
Switching Frequency f,, 10kHz

Filter Inductance (L,,.L,,) 6mH

Filter Capacitor C, 2.0nF

Parasitic Capacitor G, 18nF

Switches (SCT3080ALGC11) Vidss = 650V, Ras 00 = 80ME,Vsa = 3.2V
Diodes (APT15D60B) Vr=600V,Vr = 1.9V

To comprehensively evaluate the system’s performance, eight
distinct states were examined, each corresponding to a different
Base Carrier Mark configuration (BCM-1 through BCM-8), as
outlined in Table V.

TABLE V
STATES SIMULATION STUDY.

State Base Carrier Mark (BCM)
I BCM-1
[l BCM-2
I BCM-3
v BCM-4
Vv BCM-5
Vi BCM-6
Vil BCM-7
VIl BCM-8
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The analysis focused on several key performance metrics: in-
verter efficiency (1), Total Harmonic Distortion (THD) of the out-
put current, common mode voltage (V_ ), and leakage current (i ).

Filter I Inverter Filter 11 Grid
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(a) Basic Block diagram
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(b) MATLAB simulation block diagram

Fig. 6: Basic block diagram of the simulated system showing inverter
connection to grid through filter

A. TorarL HARMONIC DISTORTION ANALYSIS

The analysis of Total Harmonic Distortion (THD) in the grid-
injected current revealed significant variations across different
BCM configurations, as illustrated in Fig. 7. The measured THD
values ranged from 0.04% to 2.95%, demonstrating the substantial
impact of carrier structure selection on output current quality.

STATE-II and STATE-IV PWM control schemes demonstrated
the most favorable THD performance with exceptionally low va-
lues of 0.04%, representing nearideal sinusoidal current injection.
STATE-I (0.09%) and STATE-VI (0.11%) also exhibited excellent
performance. Conversely, STATE-V exhibited the highest THD at
2.95%, followed by STATE-VIII (2.07%) and STATEVII (2.02%)).
Despite these variations, all configurations remained well below
the IEEE 519-2014 standard limit of 5% THD, ensuring full com-
pliance with international power quality requirements.

An important observation is the inverse relationship between
leakage current suppression and THD performance. STATE-V,
which achieves the lowest leakage current (2.021 mA), exhibits
the highest THD (2.95%). This trade-off suggests that asymmetric
carrier patterns optimizing common-mode voltage behavior for le-
akage current reduction simultaneously introduce harmonic distor-

tion. Conversely, STATE-II and STATE-IV achieve optimal THD
but with moderate leakage current levels. The selection between
these configurations depends on application priorities: BCM-2 or
BCM-4 for maximum power quality, or BCM-5 for maximum lea-
kage current suppression while maintaining regulatory compliance.

THD (grid current)

THD (grid
Siate l:l.ll'l'E.'g[lt) 2UU:° .

I 0.09% VIL Yo0s, m

11 0.04%

11T 1.13%

TV 0.04% Vo jinl
v 2.95%

VI 0.11%

VII 2.02% VI v
VIII 2.07%

v
Fig. 7. THD grid current results for different type BCM

B. CommoN MoDE VOLTAGE ANALYSIS

The common mode voltage (V) analysis, presented in Fig.
8, revealed interesting patterns across different control configurati-
ons. Theoretically, the V, value should equate to V, /2. The expe-
rimental results demonstrated that STATE-II PWM control achie-
ved the closest approximation to this ideal value compared to other
configurations. This finding suggests that STATE-III PWM control
offers superior common mode voltage characteristics, potentially
contributing to enhanced system stability and reduced electroma-
gnetic interference.

V_CM (AVERAGE)

State o 1
(AVERAGE)

1 201.315 I

11 201.312

Juil 201.134

I\ 201.155 It

N 201.412

VI 201.221

VII 201.356 v
VIII 201.251

Fig. 8: Average common mode voltage V__results

C. LEAKAGE CURRENT ANALYSIS

The investigation of leakage current (I ), depicted in Fig. 9,
demonstrated that all PWM control configurations maintained le-
akage current levels below the standardspecified limit of 300mA.
STATE-V PWM control exhibited the most favorable performance
with the lowest leakage current values, while STATE-VIII PWM
control resulted in the highest leakage current measurements. This
variation in leakage current characteristics highlights the impor-
tance of control strategy selection in managing system safety and
compliance requirements.
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TaBLE VI
MEASURED PEAK LEAKAGE CURRENT VALUES FOR ALL BCM
CONFIGURATIONS.

efficiency levels. Conversely, STATE-IV PWM control, imple-
menting the BCM-IV waveform, achieved the highest efficiency
ratings. This significant variation in efficiency metrics emphasizes
the critical role of BCM waveform selection in optimizing system

State BCM Type Peak I (MA) Compliance Status performance.
| BCM-1 5.441 JPass i
I BCM-2 4.2641 JPass miENEencH
[ BOM-3 3.5451 JPass i 8
v BOM-4 3.3541 JPass 7 (efficiency)| Vi = m
v BCM-5 2.021 JPass (Best) I 08.103
Vi BCM-6 5.4491 JPass i 98.101
Vil BCM-7 4.5999 JJPass I 98.1 s o
VIl BCM-8 7.7551 JPass w 98.141
VDE 0126-1-1 Limit (40ms discontinuity) 150 mA v 98.079
Conservative Design Limit 300 mA VI 08.103

It should be noted that while Table IIT presents the regulat L] sies =

presents the regulatory

limits specified in VDE 0126-1-1 standard, industrial practice of- v L

ten adopts more conservative design thresholds. Throughout this
work, we reference a conservative design limit of 300 mA to ensu-
re robust safety margins across varying environmental and opera-
ting conditions, while maintaining compliance with the stricter 150
mA regulatory limit for 40ms fault discontinuity time.

The investigation of leakage current (I, ), depicted in Fig. 9
and quantified in Table VI, demonstrated that all PWM control
configurations maintained leakage current levels significantly be-
low both the VDE 0126-1-1 standard limit of 150 mA (for 40ms
fault discontinuity time) and the conservative design threshold of
300 mA. The measured peak leakage current values ranged from
2.021 mA (STATE-V) to 7.7551 mA (STATE-VIII), representing
merely 1.35% to 5.17% of the regulatory limit.

STATE-V PWM control exhibited the most favorable perfor-
mance with 2.021 mA, demonstrating a 73.9% reduction compared
to STATE-VIIIL. Other notable lowleakage configurations include
STATE-IV (3.3541 mA) and STATE-III (3.5451 mA). Even the
worst-performing configuration maintains leakage current at only
2.59% of the conservative design threshold, demonstrating the
effectiveness of all proposed multi-loop BCM strategies. The su-
perior performance of STATE-V is attributed to its two-loop carrier
rotation pattern, which effectively minimizes common-mode vol-
tage variations and reduces high-frequency components in the pa-
rasitic capacitance charging/discharging cycles.

D. EFFICIENCY ANALYSIS

The efficiency analysis, illustrated in Fig. 10, revealed a clear
correlation between BCM configuration and system performance.
Under the tested operating conditions, STATE-VIII PWM con-
trol, utilizing the BCM VIII waveform, demonstrated the lowest

I_CM (RMS)
State  |I_CM (RMS) I

I 5.441 VI 5 I

I 4.2641

111 3.5451

vV 33541 |vO m

v 2.021

VI 5.4491

VII 4.5999 VI Y
VIII 7.7551 as

Fig. 9 Leakage Current values for different type BCM control

v

Fig. 10. Efficiency values for different BCM control

The comprehensive analysis of these performance metrics
provides valuable insights into the optimization of grid-connec-
ted transformerless inverter systems. The results demonstrate that
different BCM configurations offer distinct advantages and trade-
offs across various performance parameters, necessitating careful
consideration in system design and implementation.

V. CONCLUSION

This research introduces and validates a novel multiloop
BCM-based PWM strategy for leakage current reduction in tran-
sformerless inverters. The comprehensive evaluation of eight dis-
tinct BCM configurations reveals the superior performance of the
proposed approach, particularly in addressing the critical challenge
of leakage current suppression. The STATE-V configuration of the
multi-loop BCM strategy demonstrates exceptional capability in
minimizing leakage current while maintaining compliance with
safety standards, representing a significant advancement in tran-
sformerless inverter technology. The study’s findings highlight the
effectiveness of combining different carrier rotation techniques
in BCM generation, resulting in optimized system performance
across multiple metrics. While STATE-V excels in leakage current
suppression, other configurations show strengths in specific areas:
STATEIl & IV achieves superior THD performance, STATEIII
optimizes common mode voltage characteristics, and STATE-IV
maximizes system efficiency. This comprehensive performance
evaluation provides valuable insights for system designers, ena-
bling informed decisions based on specific application require-
ments. The proposed multi-loop BCM strategy represents a practi-
cal and effective solution to one of the most significant challenges
in transformerless PV inverter design. Future research could focus
on developing adaptive switching strategies between different
BCM configurations based on real-time grid conditions and explo-
ring the integration of artificial intelligence techniques for optimal
BCM selection. These advancements would further enhance the
applicability of transformerless inverters in next-generation re-
newable energy systems.
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