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Direct Mitigation of Common Mode Current in
Transformerless Flexible Interconnection Devices
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Abstract—The use of flexible interconnection device (FID) in
low-voltage distribution networks results in significant common-
mode current (CMC). To overcome these drawbacks, a CMC di-
rect mitigation strategy based on specific average common mode
voltage space vector modulation (specific average-CMV SVM) for
low-voltage distribution networks in transformerless FID is pro-
posed. First, a common-mode equivalent circuit is established to
derive the relationship between the CMC and CMV. Second, a
closed-loop CMC mitigation method is proposed. Third, based
on the average-CMV during switching cycles, an improved SVM
strategy with direct regulation of the average-CMV is proposed by
adjusting the duration of zero vector. Furthermore, to overcome
the limitations of the average-CMV regulation capability of single
converter, a coordinated control method of the average-CMV for
both the rectifier and inverter is proposed, which expands the CMC
mitigation capability for the FID system. Finally, simulations and
experimental results demonstrate the effectiveness of the proposed
method.

Index Terms—Common mode current (CMC), space vector
modulation (SVM), transformerless flexible interconnection device
(FID).

I. INTRODUCTION

THE incorporation of flexible interconnection devices
(FIDs) into distribution networks presents an effective

technical approach for improving system reliability, scalability,
flexibility, and redundancy, while also facilitating renewable
energy integration and optimal utilization of distributed genera-
tion resources [1]. Transformerless FIDs, distinguished by their
compact dimensions and lightweight construction, offer a viable
solution for this application. Nevertheless, transformerless FIDs
encounter the challenge of common mode current (CMC), which
has the potential to induce significant common mode electro-
magnetic interference, thereby disrupting the proper functioning
of adjacent control systems and electronic equipment [2], [3].
Furthermore, excessive CMC amplitudes may trigger protective
circuit malfunctions, inadvertent relay trips, and system outages,
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thereby compromising the safety and operational reliability of
power distribution systems. The adverse effects of CMC have
prompted substantial research efforts across academia and in-
dustry to develop effective mitigation and elimination strategies.

Significant research efforts have been devoted to CMC mit-
igation in FID systems, primarily through two approaches:
hardware-based solutions [4] and improved software control
strategies [5].

Passive common-mode filters, utilizing components such as
common-mode chokes [6], [7], [8], [9] and LCR filter [10],
[11], [12], demonstrate effective CMC suppression across wide
frequency ranges. Alternative approaches integrating additional
hardware circuits with energy storage systems [13] have also
been explored, where the common mode voltage (CMV) is har-
nessed to charge the energy storage units. However, as a passive
mitigation method, conventional filter-based solutions exhibit
limited effectiveness. To address these constraints, active CMC
suppression strategies have been proposed, including active
CMV reduction filters [8], [14], [15] and fourth-leg compensa-
tion techniques [16], [17]. Active CMV reduction filters operate
by injecting phase-opposed CMVs to neutralize original CMVs,
thereby reducing CMC impacts. These active methods demon-
strate superior CMC mitigation capabilities compared to passive
approaches. The fourth-leg compensation method introduces an
additional bridge leg to conventional three-phase converters,
combined with a four-phase LC filter, enabling zero neutral-to-
ground voltage output and effectively eliminating inherent CMV
issues in traditional modulation schemes. Nevertheless, active
CMV suppression strategies generally require extra computa-
tional and control circuitry, which may compromise system effi-
ciency. In summary, hardware-based CMC mitigation strategies
inevitably demand supplementary circuits that increase system
complexity, physical dimensions, and implementation costs.

Unlike hardware-based solutions, the software-based CMC
mitigation strategy eliminates the requirement for auxiliary
circuits, offering superior cost-efficiency and adaptability. This
makes it a promising approach for reducing or eliminating CMV
to achieve effective CMC mitigation. Various CMV suppression
methods have been proposed, including RSPWM, AZSPWM1,
NSPWM, and AZSPWM3 [18], [19], [20], [21]. The underlying
principle involves replacing zero vectors with nonzero vectors,
as zero vectors are associated with higher CMV compared to
non-zero vectors. Consequently, this modulation technique can
effectively reduce the amplitude of the output CMV. Applying
this strategy to back-to-back converters can further mitigate the
impact of CMC [22]. However, for FID, the CMC is determined
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by the difference of the CMVs between the rectifier and in-
verter. The aforementioned CMV reduction methods primarily
focus on reducing CMV values in individual converters. As a
consequence, these approaches exhibit limited CMC mitigation
effectiveness. as fail to consider the CMV difference between
rectifier and inverter.

To overcome these limitations, research has been conducted
on CMV suppression in back-to-back “double bridge” or “rec-
tifier/inverter” circuits within motor drive systems. In [23], a
strategy is proposed to minimize CMV by coordinating the
vector switching sequences of the rectifier and inverter. In [24],
a method is introduced to reduce CMV and leakage current by
aligning the active voltage vectors of the inverter with those of
the rectifier. In [25], a technique is presented to lower CMV
by selecting different zero-space vectors based on the volt-
age difference between the dc-link midpoint and the ground.
Additionally, [26] proposes a space vector modulation (SVM)
strategy that synchronizes the odd/even vectors or zero vectors of
the rectifier and inverter to reduce system CMV. In [27], a method
that reduces the CMV of a rectifier/inverter system by mod-
ifying the distribution of the zero-voltage vector is proposed.
However, this method only reduces the peak value of the CMV
difference between the rectifier and inverter. In [28] and [29], an
edge-aligned modulation technique to suppress leakage current
in the back-to-back converter has been proposed. However, this
method can only achieve effective leakage current suppression
under certain constraint conditions and requires strict alignment
of the pulse signals within the switching period. Moreover,
the shifting of PWM pulses introduces asymmetry within each
carrier period, resulting in increased system harmonics and a
degradation of current quality.

Additionally, research has extended traditional SVM by in-
troducing a zero-sequence axis, forming a three-dimensional
SVM (3D-SVM), and applied it to CMC mitigation. In [29],
a 3D-SVM method was proposed for a three-wire four-phase
active power filter, addressing the limitation of traditional SVM
method in handling neutral line current (zero-sequence com-
ponent). In [30], a 3D-SVM technique was introduced, which
flexibly adjusts the zero-voltage vector duration based on the
active vector duration time, ensuring zero-sequence voltage bal-
ance over a switching cycle and thereby reducing CMV impact.
In [31], a zero-sequence current mitigation strategy was pro-
posed for an open-end winding permanent magnet synchronous
generator system. This strategy integrates 3D-SVM to mitigate
zero-sequence current issues caused by single dc bus supply.
However, 3D-SVM typically involves complex procedures such
as three-dimensional sector division, tetrahedron identification,
and synthesis vector selection, making its implementation more
intricate compared to traditional SVM modulation strategies.

Existing methods primarily passively mitigate the CMC by
reducing the CMV in rectifier/inverter system. To solve the
problem, this article proposed a novel closed-loop active method
for CMC mitigation. First, the common-mode equivalent current
is established, and based on the mechanism of CMC generation,
the relationship between the CMC and CMV is derived. Then,
a closed-loop CMC mitigation method based on average-CMV
direct regulation is proposed, which enables unified control and

modulation of differential mode and common mode signals.
In addition, considering the different voltages of the distribu-
tion networks, to overcome the limitations of single converter
control, a coordinated control method for the average-CMV of
both the rectifier and inverter is proposed, which expands the
regulation range of average-CMV for the FID system.

II. MECHANISM OF CMC GENERATION IN TRANSFORMERLESS

FID

Transformerless FID implementation in low-voltage distri-
bution networks has gained significant research interest. As
illustrated in Fig. 1, FIDs serve as critical interfaces between dis-
tribution networks with high renewable energy penetration and
concentrated intensive loads. The FID comprises a co-located
rectifier and inverter, with R denoting the equivalent impedance
between grounding points GND1 and GND2 [32]. The dc-link
is characterized by capacitance Cdc and Vdc, while C, L1, and
L2 represent the filter capacitance, converter-side inductance,
and grid-side inductance, respectively. The current references
in the dq rotating frame for the rectifier are denoted as iref

d and
iref
q . The rectifier and inverter output currents are expressed as

ir,abc and ii,abc, respectively, while vg1,abc and vg2,abc represent
the three-phase voltages of distribution networks 1 and 2, with
corresponding phase angles θ1 and θ2. The active and reactive
power references are designated as Pref and Qref. The switching
states of the six power devices in three-phases are represented
by Sx1, Sx3, and Sx5, where x indicates r (rectifier) or i (inverter).
The proposed control scheme includes the traditional differential
mode current controller for the rectifier and inverter [2], [33], as
well as direct mitigation control of CMC. Given the operational
symmetry between the rectifier and inverter in the back-to-back
FID configuration, this article primarily focuses on the rectifier
analysis, with the derived principles being equally applicable to
the inverter side, thereby establishing a comprehensive under-
standing of the FID system.

The three-phase output voltage of the rectifier can be ex-
pressed as ⎧⎨

⎩
vao = Sr1Vdc − 0.5Vdc

vbo = Sr3Vdc − 0.5Vdc

vco = Sr5Vdc − 0.5Vdc

(1)

where vao, vbo, and vco represent the three-phase output voltages
of the rectifier. The switching states Sr1, Sr3, and Sr5 determine
the conduction status of the power devices: when set to 1,
the corresponding upper switches are in the conducting state
while the lower switches remain OFF; conversely, when set to 0,
the upper switches are non-conducting and the lower switches
are activated.

The CMV of the FID is mathematically defined as the differ-
ence between the rectifier and inverter terminals

vcm = vcmr − vcmi

= (vao + vbo + vco − vuo − vvo − vwo) /3 (2)

where vuo, vvo, and vwo denote the three-phase output voltages
of the inverter, and vcm represents the CMV of the FID. The
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Fig. 1. Schematic of FID installation and operation in distribution networks.

Fig. 2. Structure and control block diagram of the proposed method for transformerless FID.

variables vcmr and vcmi represent the CMV of the rectifier and
inverter, respectively.

The CMV of the FID is primarily generated by the dis-
tinct switching patterns of the rectifier and inverter. Con-
sequently, the CMC is determined by the CMV excita-
tion characteristics and the impedance of the common-mode
loop.

The converters in the FID system are modeled as equivalent
pulse voltage sources, as illustrated in Fig. 3(a), where vr,abc
and vi,abc denote the three-phase output voltages of the rectifier
and inverter, respectively. To facilitate theoretical analysis, the

simplified circuit is subsequently transformed into differential-
mode (αβ-axis) and common-mode (γ-axis) equivalent circuits,
depicted in Fig. 3(b) and (c), respectively. The relationship
between CMC and CMV is passively determined by the circuit
characteristics, independent of control and modulation strate-
gies. The Bode plots of the common-mode loop impedance is
shown in Fig. 4. It can be observed that the system exhibits
high impedance characteristics in the high-frequency range and
low impedance in the low-frequency range. Therefore, particular
attention should be given to the low-frequency characteristics of
the CMV.
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Fig. 3. Equivalent circuit of the transformerless FID. (a) Equivalent circuit
under the abc axis. (b) equivalent circuit under the αβ-axis. (c) The Equivalent
circuit under the γ-axis.

Fig. 4. Bode plot of the common-mode loop impedance of the transformerless
FID.

III. PROPOSED DIRECT MITIGATION OF CMC IN

TRANSFORMERLESS FID

A. System Operation Controller

As shown in Fig. 2, the differential-mode circuit is analyzed
separately for both the rectifier and the inverter. For the rectifier,
the control architecture employs a dual-loop structure: an outer
dc voltage loop utilizing a proportional-integral controller, and
an inner current loop based on a proportional-resonant (PR)
controller. Similarly, the inverter controller features a reference
current generation module and a PR-based current control loop.

The direct CMC mitigation strategy comprises three key
components: closed-loop control of CMC for CMV reference
generation; the proposed Specific Average-CMV SVM tech-
nique; and coordinated average-CMV control of rectifier and
inverter. The proposed control and modulation strategy enables
unified control and modulation of both differential-mode and
common-mode components. The comprehensive implementa-
tion details of the system operation controller will be elaborated
in subsequent subsections.

B. Proposed Direct Mitigation of CMC Controller

Considering the superior dynamic response characteristics of
deadbeat control, this article implements a deadbeat controller

Fig. 5. Structure of synchronization implementation for two types of FID
controllers. (a) Structure with long AC feeders, (b) structure with long DC
feeders.

for CMV reference calculation within the closed-loop CMC
control scheme.

The common-mode equivalent circuit illustrated in Fig. 3(c)
can be mathematically modeled and theoretically analyzed
through {

icm = ir,a + ir,b + ir,c
vcmr − vcmi =

2(L1+L2)
3

dicm
dt + icmR

. (3)

Based on the first-order forward Euler discretization method,
the discrete-time representation of CMC in the FID system is
expressed as:

vcmr(k)− vcmi(k) =
2(L1 + L2)

3

icm(k + 1)− icm(k)

Ts

+ icm(k)R (4)

where Ts is the sampling period.
From (4), the method proposed in this article requires a

synchronized operation and a coordinated controller. In the
control system, the oscillator frequency of each controller de-
termines the timing sequence of individual converters. Given
the intrinsic limitations of oscillator accuracy, multicontroller
systems require synchronized operation and coordinated control
to achieve phase alignment of digital carrier signals. The FID
system accommodates two distinct interconnection schemes.
When the structure shown in Fig. 5(a) is used, the FID achieves
flexible interconnection between two distribution networks via
a long ac feeder. In this case, since the rectifier and inverter are
located close to each other, a single controller can be used to
manage control, facilitating synchronized operation and coor-
dinated control between the rectifier and inverter. On the other
hand, when the structure shown in Fig. 5(b) is employed, the FID
is interconnected through long dc feeders between the rectifier
and inverter. In this scenario, the rectifier and inverter are located
farther apart, and two controllers are typically used to separately
control the rectifier and inverter. In such cases, it is necessary for
the master controller to send synchronization signals to the slave
controller to achieve synchronized operation and coordinated
control of the rectifier and inverter.
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Fig. 6. Switching sequence pattern and corresponding CMV.

Fig. 7. Average-CMV under different zero vector distribution coefficients εr.
(a) ma = 0.7. (b) ma = 0.8. (c) ma = 0.9. (d) ma = 1.0.

Fig. 8. Modulation range of the average-CMV. (a) ma = 0.7. (b) ma = 0.8.
(c) ma = 0.9. (d) ma = 1.0.

The primary objective of CMC mitigation is to achieve zero
CMC at the (k+1)th sampling instant. The required CMV refer-
ence for the FID at the kth time step is given by

vref
cm(k) = vcmr(k)− vcmi(k)

=

(
R− 2(L1 + L2)

3Ts

)
icm(k). (5)

Fig. 9. Flowchart of coordinated control of average-CMV for FID both-side
converters.

C. Proposed Specific Average-CMV SVM

A novel specific average-CMV SVM is proposed that enables
direct regulation of the average-CMV. The improved seven-
segment SVM simultaneously satisfies the area balance principle
for both common-mode and differential-mode components.

The conventional seven-segment SVM technique synthesizes
the reference voltage vector through optimal combination of two
active vectors and two zero vectors. Considering the rectifier-
side reference voltage vector in sector I as a representative case,
the duration for each basic vector is given as⎧⎪⎪⎨

⎪⎪⎩
Tr4 =

√
3
(√

3vrα − vrβ
)
Ts/2/Vdc

Tr6 =
√
3vrβTs/2/Vdc

T0 = Ts − Tr4 − Tr6

Tr0 = Tr7 = 0.5T0

(6)

where Tr4, Tr6, Tr0, and Tr7 denote the durations of voltage
vectors Vr4, Vr6, Vr0, and Vr7, respectively. The T0 represents
the total duration of zero vectors within one switching period Ts.
The variables vrα and vrβ correspond to theαβ-axis components
of the rectifier output voltage vout

r,abc.
Table I summarizes the output voltage characteristics and

their corresponding α, β, and common mode components for
all eight switching states. Based on the equal area princi-
ple, the concept of average-CMV is introduced. The average-
CMV for one switching period Ts can be derived as shown
in

vcmr,av = Vdc ((Tr6 − Tr4) + 3 (Tr7 − Tr0)) /6/Ts. (7)

Zero voltage vectors Vr0 and Vr7 exhibit identical differential-
mode characteristics while demonstrating distinct common-
mode behaviors. As evidenced by (7), the utilization of redun-
dant zero vectors introduces an additional degree of freedom for
CMV control.
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Fig. 10. Root loci of the system when the physical inductances and resistance of the transformerless FID system change of the nominal value. (a) DMC loop based
on the PR controller when the physical inductances L1 and L2 change. (b) CMC loop based on the proposed deadbeat controller when the physical inductances L1

and L2 change. (c) CMC loop based on the proposed deadbeat controller when the physical resistance R changes.

TABLE I
VOLTAGE COMPONENTS FOR DIFFERENT SWITCHING STATES

The zero vector distribution coefficient, denoted as εr, is
defined as the ratio of the duration of zero vector Vr7 to the
total zero vector duration T0 within one switching period Ts

εr =
Tr7

T0
. (8)

Consequently, the relationship between the average-CMV and
εr can be established as

vcmr,av =

(
(2εr − 1)T0

2
+

Tr6 − Tr4

6

)
Vdc

Ts
. (9)

Based on (9), zero vector distribution coefficient, εr, is ex-
pressed as

εr =
1

T0

(
vcmr,avTs

Vdc
− Tr6 − Tr4

6

)
− 1

2
. (10)

The three-phase switching states and their corresponding
output CMV are shown in Fig. 6.

Similarly, zero vector distribution coefficient for the inverter,
εi, is defined by

εi =
1

T0

(
vcmi,avTs

vdc
− Ti6 − Ti4

6

)
− 1

2
. (11)

The relationship between the average-CMV vcmr,av and zero
vector distribution coefficient εr for modulation index ma of
0.7, 0.8, 0.9, and 1.0 is shown in Fig. 7. It can be clearly seen
that the average-CMV of the converter within a cycle under the
proposed specified average-CMV SVM modulation strategy can
be effectively adjusted by varying the zero vector distribution co-
efficients εr. For the same modulation index ma and fundamental
frequency phase angle θout

r,abc, the average CMV increases with
the increase of the zero vector distribution coefficients εr.

For εr = 0, the average-CMV vcmr,av attains the minimum
value vcmr,av,min, while for εr = 1, vcmr,av achieves the maxi-
mum value vcmr,av,max, as expressed in{

vcmr,av,min =
(
Tr6−Tr4

6 − T0

2

)
Vdc
Ts

vcmr,av,max =
(
Tr6−Tr4

6 + T0

2

)
Vdc
Ts

. (12)

Based on (12), The minimum and maximum average-CMV
for a modulation index ma = 0.7, 0.8, 0.9, and 1.0 at εr = 0 and
εr = 1 is shown in Fig. 8. The range between vcm,av,max and
vcm,av,min defines the adjustable regulation range of average-
CMV, indicating that the adjustable range of average-CMV
gradually decreases as the modulation index ma increases.

D. Coordinated Control of Average-CMV

Considering the regulation limit of the average-CMV for a
single converter, using only a single converter to support the
average-CMV reference of FID may cause the regulation to
enter an overmodulation region. To overcome these limitations,
a coordinated control method for the average-CMV of both the
rectifier and inverter is proposed, where the average-CMV of
both the rectifier and inverter are used together to fully utilize
the freedoms of the average-CMV regulation capability.

The proposed coordinated average-CMV controller priori-
tizes rectifier-side adjustment based on the relationship between
the average-CMV reference vref

cm and the rectifier average-CMV
boundaries (vcmr,av,min and vcmr,av,max), and is implemented
through two distinct operational cases, with the control flowchart
shown in Fig. 9.

1) Case 1. Single Converter Average-CMV Support Mode:
When the FID average-CMV reference vref

cm falls within the
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Fig. 11. Performance of the system using AZSPWM. (a) DC voltage. (b)
Grid-side current of the rectifier. (c) Grid-side current of the inverter. (d) CMC
of the FID. (e) CMV of the rectifier. (f) CMV of the inverter. (g) CMV difference
between rectifier and inverter. (h) average-CMV of the rectifier. (i) Average-
CMV of the inverter. (j) Average-CMV of the FID.

adjustable range of average-CMV for the rectifier, satisfying
vcmr,av,min ≤ vref

cm ≤ vcmr,av,max, the FID average-CMV is sup-
ported by the rectifier. In this case, the rectifier average-CMV
reference is set as vref

cm,r = vref
cm, while the inverter average-CMV

reference is maintained at vref
cm,i = 0. In this case, synchronized

operation between the rectifier and inverter is required, without
the need for coordinated control of the average-CMV reference.

2) Case 2. Coordinated Support of the Average-CMV
Mode: When the FID average-CMV reference vref

cm exceeds the
adjustable range of rectifier, requiring synchronized operation
and coordinated control between the rectifier and inverter, the
following control strategy is implemented as follows: for the

Fig. 12. Performance of the system using the method in [28] and [29]. (a) DC
voltage. (b) Grid-side current of the rectifier. (c) Grid-side current of the inverter.
(d) CMC of the FID. (e) CMV of the rectifier. (f) CMV of the inverter. (g) CMV
difference between rectifier and inverter. (h) Average-CMV of the rectifier. (i)
average-CMV of the inverter. (j) Average-CMV of the FID.

condition vref
cm> vcmr,av,max, the average-CMV reference for

rectifier is set to vref
cm,r = vcmr,av,max, with the CMV reference

for inverter calculated as vref
cm,i = vcmr,av,max −vref

cm; for the
case where vref

cm ≤ vcmr,av,min, the average-CMV reference for
rectifier is configured as vref

cm,r = vcmr,av,min while the average-
CMV reference for inverter is determined by vref

cm,i = vcmr,av,min

−vref
cm.

Then, the zero vector distribution coefficients εr and εi are
updated according to the CMV references of both rectifier and
inverter in the FID system. The proposed coordinated controller
extends the average-CMV regulation range.
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Fig. 13. Performance of the system using the proposed method. (a) DC voltage.
(b) Grid-side current of the rectifier. (c) Grid-side current of the inverter. (d)
CMC of the FID. (e) CMV of the rectifier. (f) CMV of the inverter. (g) CMV
difference between rectifier and inverter. (h) average-CMV of the rectifier. (i)
Average-CMV of the inverter. (j) Average-CMV of the FID. (k) Zero vector
distribution coefficient εr of the rectifier. (l) Zero vector distribution coefficient
εi of the inverter.

E. Stability Analysis of the Proposed Control Method

Considering the potential parameter mismatch in filter in-
ductances (L1 and L2) and equivalent resistance R, the stability
analysis of the proposed control method is investigated for both
differential-mode current (DMC) and CMC controllers. The
physical inductance and resistance are chosen to be the same
as these in the simulation and experiment, as given in Table II.

TABLE II
PARAMETERS OF THE SIMULATED AND EXPERIMENTAL SYSTEM

In this article, kL and kR are defined as the ratios of the
inductance and resistance to their actual values in the controller,
respectively. For the DMC control utilizing the PR controller,
Fig. 10(a) illustrates the zero-pole distribution of the DMC
control system under varying kL. The system maintains stability
within the range 0.5 < kL < 5, as evidenced by all poles
remaining inside the unit circle, demonstrating strong robust-
ness against parameter variations. Regarding the CMC control
employing the deadbeat controller, Fig. 10(b) and (c) illustrate
the zero-pole distributions under varying kL and kR, respectively.
The CMC control system exhibits stability within the ranges 0.5
< kL < 2 and 0.5 < kR < 1.8, with all poles located inside the
unit circle. However, the proposed deadbeat control-based CMC
mitigation method requires careful consideration to prevent
substantial reductions in inductance and resistance values.

IV. PERFORMANCE EVALUATION

To verify the effectiveness of the proposed direct mitigation
method of CMC in transformerless FID, simulated and experi-
mental results are obtained in this section.

A. Simulated Results

Simulations have been conducted in the MATLAB/Simulink
environment. The control architecture and circuitry parameters
can be found in Fig. 2 and Table II.

First, the reference current magnitude for the inverter in the
FID is set to 150 A. At 0.3 s, the dc voltage reference is ramped
down from 750 to 650 V. The system performance is evaluated
through three approaches: the AZSPWM method based on the
CMV peak value reduction method; the method by decreasing
the CMV difference between rectifier and inverter in [28], [29];
and the proposed direct CMC mitigation method, as illustrated
in Figs. 11, 12, and 13, respectively. It can be observed that
all control approaches ensure similar performance in terms of
the accuracy of DMC control in the FID system, as shown in
Fig. 11(a), (b), and (c), 12(a), (b), and (c), and 13(a), (b), and
(c). However, the CMC control characteristics are significantly
different.

When AZSPWM is used, the waveform is shown in Fig. 11.
The peak value of CMC is 22 A, as demonstrated in Fig. 11(d).
In detail, the peak value of CMV of the rectifier and inverter
is Vdc/6, as shown in Fig. 11(e) and (f), which is significantly
lower than Vdc/2. The peak value of CMV difference of rectifier
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Fig. 14. Harmonic spectrum of the rectifier under different methods. (a) AZSPWM method. (b) Method in [28], [29]. (c) Proposed method (From top to bottom:
A-phase voltage of the rectifier; A-phase grid current of the rectifier-side).

and inverter is Vdc/3, as shown in Fig. 11(g). Additionally, the
peak value of the average-CMV for the rectifier, inverter and FID
system is 95, 85, and 36 V, respectively, as shown in Fig. 11(h)
and (j).

When the method by decreasing the CMV difference between
the rectifier and inverter in [28] and [29] is used, the waveform
is shown in Fig. 12. The peak value of CMC is 20 A, as
demonstrated in Fig. 12(d). Specifically, the peak value of CMV
of the rectifier and inverter is Vdc/2, as shown in Fig. 12(e)
and (f), which is significantly higher than Vdc/6 when using the
AZSPWM method. The peak value of CMV difference of recti-
fier and inverter is Vdc/3, as shown in Fig. 12(g). Additionally,
the peak value of the average CMV for the rectifier, inverter
and FID system is 92, 87, and 35 V, respectively, as shown in
Fig. 12(h) and (j).

It can be observed that under the AZSPWM method and the
method in [28] and [29], the average-CMV remains relatively
high, resulting in a relatively high CMC.

The waveform obtained using the proposed CMC direct
mitigation method is illustrated in Fig. 13. As illustrated in
Fig. 13(d), the peak value of the CMC is 7 A. Additionally,
the peak value of CMV of the rectifier and inverter is Vdc/2,
as shown in Fig. 13(e) and (f), which is consistent with the
method in [28] and [29], but significantly higher than Vdc/6 when
using the AZSPWM method. The peak value of CMV difference
of rectifier and inverter is Vdc/3, as shown in Fig. 13(g). The
average-CMVs of the rectifier, average-CMV of the inverter,
average-CMV of the FID system, zero vector distribution coef-
ficient of the rectifier (εr), and zero vector distribution coefficient
of the inverter (εi) are presented in Fig. 13(h) and (l), respec-
tively. When the dc voltage reference is 750 V, the maximum
zero vector distribution coefficient εr is 0.9. At this point, the
average-CMV reference of the FID system is supported by
the rectifier, while the average-CMV of the inverter is zero,

corresponding to Case 1 in Section III-D. As the dc-bus voltage
gradually decreases to 650 V, the average-CMV adjustable range
of the rectifier decreases. The maximum zero vector duration
distribution coefficient of the rectifier, εr, gradually increases to
1, reaching the limit of the average-CMV adjustable range, as
shown in Fig. 13(k). At this point, the average-CMV reference of
the FID system is coordinated supported by both the rectifier and
inverter, corresponding to case 2 in Section III-D. Specifically,
the peak value of average-CMV for both the rectifier and the
inverter increases from 3 to 26 V, as shown in Fig. 13(h) and
(i). As a consequence, the peak value of average-CMV for FID
system maintains at 3, as shown in Fig. 13(j). Meanwhile, the
peak value of CMC remains at 7 A, as shown in Fig. 13(d).

To gain a better understanding of the harmonic characteristics
of the proposed approach, the harmonic spectra of the converter
output voltage and grid current are presented, as shown in
Fig. 14 (using the A-phase of the rectifier as an example when the
dc voltage is 750 V). By observing the output voltage spectrum,
the spectral distribution under the different schemes is gener-
ally consistent. However, the proposed method achieves lower
levels in the low-frequency bands, such as the third and ninth
harmonics. Similarly, by observing the grid current spectrum,
the spectral distribution is also consistent across the different
schemes, but the proposed method results in a lower THD. This
demonstrates that the proposed method performs similarly to the
other methods in terms of harmonics and does not negatively
affect harmonic levels. Furthermore, as shown in Fig. 14(c), the
supraharmonics of the converter output current are significantly
suppressed after being filtered by the LCL filter, with minimal
impact on grid stability and filter design.

Then, the performance of the proposed direct mitigation of
CMC is tested under step changes in current reference. As shown
in Fig. 15, the peak value of CMC remains at 7 A, even when
the magnitude of the current reference for the inverter in the
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Fig. 15. Performance of the transformerless FID system using the proposed
method when the current reference step change. (a) Grid-side current of the
rectifier. (b) Grid-side current of the inverter. (c) CMC of the FID. (d) Average-
CMV of the rectifier. (e) average-CMV of the inverter. (f) Average-CMV of the
FID system. (g) Zero vector distribution coefficient εr of the rectifier. (h) Zero
vector distribution coefficient εi of the inverter.

Fig. 16. Experimental platform of the transformerless FID prototype.

Fig. 17. Experimental waveforms of the system under AZSPWM method. (a)
Grid-side current of the rectifier. (b) Grid-side current of the inverter. (c) CMC
of the FID.

Fig. 18. Experimental waveforms of the system under the method in [28] and
[29]. (a) Grid-side current of the rectifier. (b) Grid-side current of the inverter.
(c) CMC of the FID.

FID has a step change from 50 to 150 A at 0.3 s. Meanwhile, the
grid-connected current control maintains excellent regulation
performance.

According to the previous analysis, the simulation results
demonstrate that the proposed direct mitigation of CMC is more
effective than that of reducing instantaneous CMV or the CMV
difference between rectifier and inverter.

B. Experimental Results

Experiments are also conducted on an experimental labora-
tory test-rig, as shown in Fig. 16. In this experimental system,
the detailed system parameters are listed in Table II.
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Fig. 19. Experimental waveforms of the system under the proposed method of
CMC. (a) Grid-side current of the rectifier. (b) Grid-side current of the inverter.
(c) CMC of the FID.

Fig. 20. Experimental waveforms of the system under the proposed method
during current reference sudden changes. (a) Grid-side current of the rectifier.
(b) Grid-side current of the inverter. (c) CMC of the FID.

First, the waveforms of using AZSPWM method, the method
by decreasing the CMV difference between rectifier and inverter
in [28], [29], and the proposed method to mitigate the CMC
in transformerless FID are shown in Figs. 17, 18, and 19,
respectively. In the experiment, the reference current amplitude
of the inverter in the FID is set to 35 A. As shown in Fig. 17(a)
and (b), Fig. 18(a) and (b), and Fig. 19(a) and (b), the three
different methods can achieve similar accurate control of the
DMC. However, the method by decreasing the CMV difference
between rectifier and inverter in [28] and [29] will lead to an
increase in the harmonic of the differential current. Additionally,
as illustrated in Figs. 17(c), 18(c), and 19(c), the peak values of
the CMC under the AZSPWM method, the method in [28] and
[29], and the proposed direct CMC mitigation method are 4, 3.8,
and 2 A, respectively. The experimental results demonstrate the

TABLE III
COMPARISON OF CMC MITIGATION METHODS

superior CMC mitigation performance of the proposed method
in this article.

Then, to verify the dynamic performance of the proposed
method, the magnitude of reference current for the FID inverter
is first set to 15 A and then stepped up to 35 A. As shown in
Fig. 20(c), the peak value of CMC maintains at 2 A even when
the current reference has a step change. It can be clearly observed
that the proposed method maintains effective mitigation of the
CMC even during sudden increases in the FID reference current,
while also maintaining precise control of the DMC, as shown in
Fig. 20(a) and (b).

V. CONCLUSION

This article proposes a direct CMC mitigation method based
on the direct regulate of average-CMV in CMC closed-loop
control for transformerless FID. First, the differential mode
and common mode equivalent circuits were derived, enabling
analysis of the relationship between CMC and CMV based on the
common mode equivalent circuit. Then, a closed-loop mitigation
of CMC is proposed. Furthermore, by adjusting the duration of
zero vector in the classic 7-segment SVM, an improved SVM
with average-CMV direct regulation is proposed, which allows
unified decoupled modulation of both DMV and CMV. As a
result, the CMC can be effectively mitigated while the DMC can
be accurately controlled by this method. In addition, considering
the limitations of the average-CMV regulation capability of a
single converter, using only a single side converter of the FID
to provide the average-CMV may lead the system runs into
an over modulation region. A coordinated controller for the
average-CMV of both the rectifier and inverter is proposed to
expand the average-CMV regulation range, thereby improving
CMC mitigation capability.

Finally, the performance and characterstics of a few typical
mitigation of CMC approaches are given in Table III. As indi-
cated, compared with other CMC mitigation strategies, the pro-
posed method achieves closed-loop active CMC mitigation and
provides a simplified computational solution with an extended
CMV regulation range.
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