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Abstract—Leakage current and electromagnetic interference
(EMI) are closely related to the common-mode (CM) circuit in
transformerless photovoltaic inverter systems. However, the cor-
relation between them is elusive, as they are always studied inde-
pendently because of the different frequency bands involved. This
article establishes the CM circuit models of the current-source
inverter, and the inherent relationship and the affecting factors
between leakage current and CM EMI are revealed. Based on
the established models, the leakage current and conducted EMI
are accurately predicted with a reduced computational burden. In
addition, some suppression measures for leakage current and CM
EMI are derived, including the effectiveness of connecting a neutral
wire. Finally, through simulations and experiments, the correctness
of the theoretical analysis is verified.

Index Terms—Current-source inverters (CSIs), electromagnetic
interference (EMI), leakage current, photovoltaic (PV) system.

I. INTRODUCTION

LTHOUGH residential photovoltaic (PV) power genera-
A tion systems have gained extensive development in the
past few years [1], there are still longstanding challenges with
PV inverters in terms of reliability, safety, and electromagnetic
compatibility (EMC) [2], [3]. PV inverters are mainly classified
into voltage-source inverters (VSIs) and current-source inverters
(CSIs) [4]. To date, VSIs are the most common interface between
PV panels and the grid, considering the economics [5]. However,
individual VSI is hard to cope with the household applications
powered by low-voltage PV panels, which requires an additional
boost converter to improve the adaptability of the inverter [6].
Alternatively, CSI can provide an interface to the residential grid
and low-voltage PV panels due to its inherent boost capability
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[7]. Therefore, CSIs have also received extensive attention in
recent years [8], [9].

Due to the high-frequency switching behavior, the common-
mode (CM) voltage of CSI is inevitably generated [10], [11].
The CM voltage propagates through the circuits and parasitic
components of the CSI system and causes CM currents. In
different frequency bands, the CM current presents diverse types
of hazards. At a lower frequency range, the CM current flows
through the parasitic capacitance of the PV panels to the ground,
which is called leakage current. Excessive leakage current can
lead to a potential personal safety hazard, so the leakage current
must be suppressed to a low level [12]. At higher frequencies,
the CM current flows through the power interface to the utility
grid and generates CM electromagnetic interference (EMI) [4].
And the EMI will interfere with other functioning equipment, so
the EMI should also be attenuated to comply with the standards
[13].

The solutions to the suppression of leakage current in CSI can
be classified into two categories: software and hardware meth-
ods. The software ones mainly refer to the methods of modifying
modulation strategies to suppress the leakage currents. A near
state modulation method is proposed to optimize the space vector
pulsewidth modulation strategy, which reduces the CM voltage
and leakage current to a certain extent by eliminating the zero
vectors [14]. In addition, a nearest three-state modulation of CSI
is proposed in [15], which reduces the peak value of the CM
voltage and the leakage current. However, the bipolar current
pulses degrade the quality of differential-mode (DM) current.
The hardware methods refer to the methods of modifying circuit
topologies to suppress the leakage currents. A modified topology
with two X2-type capacitors and a neutral wire is proposed to
reduce the CM voltages for PV CSI [16]. Similarly, a new three-
phase buck rectifier is presented to suppress the high-frequency
distortion of three input currents [17]. However, an obvious
low-frequency neutral wire current exists in the neutral wire of
the CSI, which may result in EMI issues for the converter’s gate
driver circuits and control signals [18]. Moreover, a four-leg
CSI and a current source H7 concept are proposed in [19]
and [20], respectively. Combining these two concepts, a CSI7
topology with an integrated CM return path is presented in [21]
to address the leakage current issue and reduce the neutral wire
current. In fact, the neutral wire circulating current problem in
the split-capacitor four-wire CSI can be addressed by designing
proper controllers and modulation schemes. In [22], a modula-
tion strategy with zero average CM voltage is proposed for the
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split-capacitor four-wire CSI, which ensures approximate zero
neutral wire current and reduces the leakage current obviously.
However, compared to the conventional CSI, the duty cycles in
the split-capacitor four-wire CSI are limited to no more than
two-thirds, which reduces the dc current utilization.

The research work on the EMI issue in CSI mainly covers CM
EMI analysis and EMI attenuation. The conducted EMI of CSIs
is evaluated in [23] using the equivalent circuits, and the transfer
function-based CM EMI analysis has been achieved. In addition,
the CM EMI generation mechanism of H7 CSI is also analyzed
in [24], and combined with the proposed modulation scheme,
the conducted CM EMI is reduced. However, the extra switch
means an increase in cost, which is not conducive to industrial
implementation. To suppress EMI, a common approach for the
already operating prototypes is to design EMI filters by first
measuring the original CM voltage source and then determining
the required insertion loss based on the standard limits that need
to be met [25], [26]. However, this approach is time-consuming.
To approach this dearth of efficiency, it is necessary to establish
a CM EMI equivalent circuit model to guarantee the EMI
prediction. A CM EMI equivalent circuit model is proposed
in [18] for a current-source converter system, which contains
a CSI. And a CM EMI filter design is conducted based on the
proposed equivalent circuit model, which suppresses the CM
EMI significantly. In addition, a new CM EMI equivalent circuit
for CSI is proposed in [27], which reduces the computation time
of CM EMI prediction.

Although both leakage current and CM-conducted EMI issues
are closely related to CM current, they have always been studied
independently in the past. To avoid attending to one thing and
losing another to address the leakage current and EMI issues,
in this article, the leakage current and CM-conducted EMI
of the split-capacitor four-wire CSI are studied at the same
time. The CM equivalent circuit models for leakage current
and CM-conducted EMI are developed. Based on those mod-
els, the leakage current and the CM-conducted EMI can be
predicted accurately with a reduced computational burden, and
the improvement solutions for reducing leakage current and
CM-conducted EMI are deduced.

The rest of this article is organized as follows. In Section II,
leakage current analysis for PV CSl s introduced. In Section III,
the CM EMI equivalent circuit model of PV CSI considering par-
asitic parameters is established, and the attenuation of CM EMI
is derived. In Section IV, the parasitic parameters of the critical
components in CSI are investigated. In Section V, simulations
and experiments are implemented to validate the proposed CM
EMI equivalent circuit models for leakage current and conducted
CM EML. Finally, Section VI concludes this article.

II. PV CSI WITH REDUCED LEAKAGE CURRENT
A. Topology of PV CSI With Reduced Leakage Current

The topology of the grid-tied split-capacitor four-wire CSI
investigated in this article is shown in Fig. 1. The CSI is imple-
mented using developed reverse-blocking insulated gate bipolar
transistors (RB-IGBTs). On the dc side, the PV panels fed a
stable current to the inverter through a dc filter composed of split
capacitors (Cyqc1 and Cqc2) and inductors (Lqc; and Lgcz). On
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Fig. 1. Topology of the grid-tied split-capacitor four-wire CSI.

the ac side, the inverter is connected to the grid through a filter
composed of ac capacitors (Cy) and inductors (Ly). Different
from the conventional CSI, a neutral wire is added to connect the
midpoint of the dc link (O’) and the neutral point of the ac filter
capacitors (0). Cpy1 and Cpyo represent the parasitic capacitors
between the PV panels and ground, which are 50-150 nF/kWp
for glass-faced modules and 1 pF/kWp for thin-film modules [3].

B. Equivalent Circuit Model for Leakage Current Analysis

The equivalent circuit of the PV CSI is shown in Fig. 2(a). Zy
represents the parasitic impendence of the added neutral wire
connecting the points O and O’. The voltages vpo and vy are
expressed as follows:

vpo = [S1 S3 S5 [ufa uge ufc]T (1

ono = [S2 Si S| [ufa ug Ufc]T- (2)

According to the requirements in IEC 60755 for the band-
width of B-type leakage current detectors for PV inverters [28],
the frequency concerned by leakage current analysis is less than
1 kHz [29]. Therefore, only the influence of Cpy; and Cpyv2 on
leakage current is taken into account, and the small parasitic
capacitances, such as the parasitic capacitance of cables and
device leads, are ignored.

As only the common equivalent circuit is concerned, the
equivalent circuit shown in Fig. 2(a) is reduced to that shown in
Fig. 2(b). Furthermore, since the impedance of bulk capacitors
(Cdc1, Caca, and Cy) decreases rapidly as the frequency increases
compared to Cpy1 and Cpy2, they are considered short-circuited
at frequencies above tens of hertz, as illustrated in Fig. 2(c).
According to Thevenin’s theorem, the circuit between nodes O
and O’ can be simplified to an equivalent voltage source veq
in series with equivalent internal impedance Z;, as shown in
Fig. 2(d). Based on the superposition theorem, the equivalent
voltage v, between nodes O and O’ can be derived as follows:

- Zn [Z (Lac2) vPo + Z (Lac1) vno] 3)

‘" Z(Laer) Z (Lac2) + ZN [Z (Laer) + Z (Lae2))]
and the impedance Zy = Z(Lqc1)//Z(Lac2)//Z n. Thus, the leakage
current fleakage Can be expressed as follows:

Veq
4
Z1+Z2+Z(va> ( )

Z‘leakage =
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(d

Fig. 2. CSI equivalent circuit model for leakage current analysis. (a) Equiv-
alent model. (b) Reduced CM equivalent circuit. (c) CM equivalent circuit at
high frequency. (d) Simplified CM equivalent circuit.

where Zo = Z(Lp)/3, and Z(Lqc1), Z(Lac2), Z(Ly), and Z(Cyy)
represent the impedances of Lyc1, Lac2, Lyand Cp,, respectively.
By rewriting (3), we have

_ ZNAZ (Lge1) +Z (Lac2)| vem+[Z (Lac2) = Z (Lac1)] Vam}

tea™ Z (Lac1) Z (Lae2) + ZN [Z (Lac1) +Z (Lge2))

where ven = (Vpo + vno)/2, which is often referred to as
CM voltage, and vq,, = (vpo — vno)/2, which is the DM
voltage. Combining (4) and (5), it can be deduced that besides
the CM voltage, the DM voltage also contributes to the leakage
current when Z(Lgc1) # Z(Lgc1). Therefore, in order to reduce
the leakage current, the circuit parameters in Fig. 2(c) should
be designed to be symmetrical, that is, Lyci = Lgc2. When
Z(Lac1) = Z(Lgc2) = Z(Lqc), (5) can be simplified to

ZN

Ueq = 7 (de)/Q T Zn Uem- ©6)

C. Comparison With the Conventional CSI

When Z — o0, it corresponds to the case of the conventional
CSI without the neutral wire. Thus, (6) can be simplified to

(N

Veq = Vem-
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Fig. 3. Topology of the grid-tied split-capacitor four-wire CSI considering
parasitic capacitors.

Clearly, the equivalent voltage v is larger than that in (6),
which means that the neutral wire is an effective solution to
suppress leakage current. In addition, (7) also reveals that the
leakage current in conventional CSI is significantly affected by
the switching frequency. In contrast, the equivalent voltage veq of
four-wire CSI is always small at different switching frequencies
due to the low neutral wire impedance. Thus, the leakage current
of the four-wire CSI is small at different switching frequencies.

According to (4)—(6), it can be known that the CM leakage
current can be reduced from the following two aspects.

1) To minimize leakage current, Z(Lq.) should be as large as
possible, and Z should be as small as possible. However,
increasing Z(Lq.) will increase cost and volume inevitably.
Thus, a cost-effective solution is to make the connection
between points O and O’ as short as possible during the
design to minimize Zy.

2) Besides, minimizing the high-frequency components of
Vem May be an effective solution to reduce leakage cur-
rent, which could be realized by designing modulation
schemes.

III. CM EQUIVALENT CIRCUIT MODEL FOR EMI OF PV CSI
A. PV CSI Considering Parasitic Capacitance

For EMI analysis, researchers are interested in a higher and
wider frequency range than that in leakage current analysis. For
example, the conducted disturbance frequency range specified
by the CISPR 11 standard is 150 kHz to 30 MHz (CISPR Band
B), while the leakage-current-related frequency range is below
1 kHz. Therefore, the role of parasitic capacitances in circuits
at such high frequencies cannot be ignored in CM EMI studies.
The parasitic capacitance of CSI with symmetrical parameters is
mainly derived from two sources: a component leads to ground
capacitance and a printed circuit board (PCB) traces to ground
capacitance, as demonstrated in Fig. 3. As shown in Fig. 3, C,
is the parasitic capacitance between the midpoint of the dc-link
and ground. Two Cps are the parasitic capacitances of the dc
inductors Lq.s. The parasitic capacitances of the phase-legs to
the ground are denoted as C41—C ¢, Whereas the parasitic capac-
itance of the bridge-leg midpoints to the ground is denoted as
Csa, Csp, and C,... Cy, denotes the parasitic capacitance between
the neutral point of the ac filter capacitor and the ground.

Furthermore, a line impedance stabilization network (LISN)
is introduced at the ac power port for the repeatability of the test,
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Fig. 4.  CM EMI equivalent circuit for the grid-tied split-capacitor four-wire
CSI. (a) Equivalent circuit with parasitic capacitors. (b) CM EMI circuit model.
(c) CM EMI circuit model with merged parasitic capacitors. (d) Simplified
equivalent circuit model for CM EMI.

which provides a precise impedance with high EMI isolation and
couples EMI noise to the LISN’s measurement port for the test.
However, the existing commercial LISN cannot separate the DM
and CM noise. To this end, a high-frequency current probe is
introduced in Fig. 3 to measure the CM current i..,,, flowing into
the LISN to reflect the CM disturbance emission level of PV
CSIL

B. Equivalent Circuit Model for CM EMI Analysis

When taking into account the effect of parasitic capacitance
within CISPR Band B, the equivalent CM circuit will be quite
different from the leakage current equivalent model shown in
Fig. 2. By replacing the switches in Fig. 3 with controlled
voltage sources and current sources, the equivalent circuit shown
in Fig. 4(a) is derived, where Cp;, = Cs1 + Cs3 + Cs5 and
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Cns = Cs2 + Cs4 + Cyp. Because of the high EMI isolation of
LISN, CM noise can be effectively blocked from propagating to
the grid. Thus, only the branches of 0.1 uF capacitor Cr gy and
50 € resistor Ry,;sn need to be considered.

Extracting the CM noise propagation path in Fig. 4(a), the CM
EMI circuit model shown in Fig. 4(b) is obtained. It should be
noted that the bulk capacitors (Cq. and Cy) are regarded as short
circuits at high frequency, as discussed in the previous section.
Thus, the parasitic capacitors Cpy1 and Cpy2 can be merged
into one capacitor Cp,, because of their parallel connections.
And the same can be done for Cys, as well as C,,, Cgp, and
Csc, 80 we have Cpy = Cpy1 + Cpy2, Cs = Cps + Cps, and
Cpn = Csq + Csp + Csc. On the dc side, the nodes P and N
are connected in parallel in the CM EMI model; assuming that
the circuit parameters are symmetrical, the CM impedance of
dc inductors is Z(Lqc)/2. Similarly, the CM impedance of ac
inductors is Z(Ly)/3. In addition, in order to suppress the leakage
current, according to the analysis presented in Section II, the
neutral wire is designed to be as short as possible, so that
the impedance of the neutral wire can be considered to be zero.

Further, by merging the parasitic capacitors in Fig. 4(b), the
CM EMI circuit can be simplified as shown in Fig. 4(c), where
Cp = Cpv + Ces + 2Crs + Cpp + Cys. By using the Thevenin
theorem, the CM EMI circuit can be equivalently reduced to the
circuit in Fig. 4(d), where

Cs
Veq = - Uem
C.1C,

Zeq =2 (Cs+Cp) + Z (Ly)/3+ Z (Crisn) )

®)

and the CM noise current is given as follows:

teq (10)

lem LISN = ——— -
Zeq + RLisn

The CM noise attenuation can be defined as a transfer function
from CM voltage to CM noise current, as identified in (11). A
similar definition has been documented previously for a VSI
presented in [30]

TF (Attcm) = Z.cmeISN/Ucm- (11)

To facilitate the calculation, the logarithm is taken for both
sides of (11). And substituting it into (8)—(10), the CM noise
attenuation of the PV CSI can be expressed as follows:

Attcm = Uem [dBMV} - icm_LISN [dBMA]

20 lg (Zeq —+ RLISN) — 20 lg <C‘—:C‘>
s p

_ Z(Cy)+
-0k {cgcp [Z(L¢)/3+ Z (Cusn) + RLISN]} '

12)

C. Comparison With the Conventional CSI

By letting the wire highlighted in red in Fig. 4(b) be open,
the CM equivalent circuit of the conventional CSI without the
neutral wire is obtained, as shown in Fig. 5(a), where C,(qc) =
Cpv + Ces +2Crs, and Cy(ac) = Cpp, + Cs. Further simplifying
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Fig.5. CM EMI equivalent circuit for the conventional CSI without the neutral
wire. (a) Equivalent circuit with parasitic capacitors. (b) Simplified equivalent
circuit model for CM EML.

the CM equivalent circuit yields a more compact equivalent
circuit, as shown in Fig. 5(b), where equivalent CM voltage and
equivalent CM impedance are expressed as follows:

V, = M'D
“a(w/o) ZO’ +Z (Cs(ac)) -
Zeqw/o) = 20 || Z (Csae)) + Z (Lg)/3+ Z (Cusn)  (14)

where Zy = [Z(Cs(ac)) + Z(Lao)12)IZ(Cy).
The CM noise attenuation for conventional CSI without the
neutral wire can be derived as follows:

13)

Attcm(w/o) = Uem [dB/LV] — fiem_LISN [dBﬂA}

Z (Csao))

= 2018 (zeatw/o) + Fuisn) = 200 | o200

Zort+

=20lg - [Z (Ly)/3+ Z (CLisn) + Rusn]

o 1
#(Cat))

s)

According to (12) and (15), the calculated CM noise attenua-
tion of the CSI with and without the neutral wire is illustrated in
Fig. 6(a). Subtracting (15) from (12), the CM EMI attenuation
of the neutral wire under the same system parameters is shown
in Fig. 6(b), which shows that the added neutral wire increases
about 19 dB CM attenuation within CISPR Band B.

In addition, it can be deduced that increasing the dc inductance
could slightly attenuate the CM EMI of the conventional CSI
from (13). In the split-capacitor four-wire CSI, however, the dc
inductance does not contribute to CM EMI attenuation due to
a shorted neutral wire. Furthermore, because C, and Cy, could
be intendedly changed, according to (12), increasing C.; and
Cys could reduce the CM EMI of the split-capacitor four-wire
CSI. On the other hand, in conventional CSI, increasing Ciq
could reduce CM EMI, but increasing C., will increase CM
EMI instead.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 6, JUNE 2023
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As demonstrated in (12) and (15), the following conclusions
can be drawn.

1) Increasing the dc inductance has no contribution to the
CM attenuation of the split-capacitor four-wire CSI and
only a limited contribution to CM attenuation for conven-
tional CSI, although it has an effect on leakage current
suppression as analyzed in Section II.

2) Connecting the neutral wire can effectively attenuate both
CM EMI and leakage current.

3) Adding capacitors between the dc capacitors’ middle point
and/or the ac capacitor neutral point and ground can in-
crease C, and Cys, respectively. Thus, the CM EMI of the
split-capacitor four-wire CSI can be attenuated. However,
in conventional CSI, only increasing Cy, has little effect
on the CM attenuation.

Although leakage current and CM EMI are all closely related
to the CM circuit of PV inverter systems, their equivalent circuits
are different. The main reason for this is that the concerned
frequency bands of the two issues are different. In different
frequency bands, the principal circuit components in a circuit
need to be considered are different. The reason for taking into
account the two issues at the same time is that such a way
could avoid attending to one thing and losing another. Moreover,
the statement “reducing leakage current is beneficial to EMI
attenuation” in the published literature can be verified.

IV. PARASITIC EXTRACTION OF CRITICAL COMPONENTS

A. Parasitic Parameters of Inductors

From Fig. 4(c), the CM impedance of the ac inductors Z(Ly)/3
has a significant effect on the attenuation of the CM EMI.
Because CM parasitics are critical to the CM impedance of
the ac inductors, the accurate CM impedances of inductors
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in this study are measured by a precision impedance analyzer
(Wayne Kerr 6500B) within CISPR Band B. And the parasitic
parameters of inductors are estimated by the fitting method [31],
[32] using the electrochemical impedance analysis tool EC-Lab
Zfit. Fig. 7(a) presents the measured and fitted CM impedances
of Lyin Fig. 4. Clearly, the fitting results are basically consistent
with the measured ones. The fitted CM equivalent circuit with
parameters of Z(Ly)/3 is shown in Fig. 7(b). The CM equivalent
circuit of Z(L4.)/2 can also be obtained by the same method,
which is not shown here due to limited space.

B. CM Parasitic Capacitance in the PV CSI

Accordingto (10), the parasitic capacitances have a significant
impact on the attenuation of CM EMI. There are two categories
of parasitic capacitance in Fig. 4(b): CM parasitic capacitance of
the power module (C; and C,y), and CM parasitic capacitance
of passive devices (C¢s, Crs, and Cry).

In this study, the CSI circuit is implemented by a Fuji
18MBI100W power module that integrates multiple RB-IGBTs.
Fig. 8(a) shows the internal layout of the power module package.
The CSI switches S1—Sg are implemented using a subset of the
devices in the power module, and each switch of the bridge arms
is realized by two RB-IGBT bare dies in parallel. The parasitic
capacitance Cp, equals the parasitic capacitance to ground from
the orange-shaded area in Fig. 8(b). Similarly, Cy; is indicated
by the blue-shaded area in Fig. 8(b). The power module was
mounted on the grounded heat sink, and the CM parasitic
capacitances are measured by 6500B. Due to the symmetry of
the circuit topology and layout, the CM parasitic capacitance
of the power module C; is measured to be 14.52 nF, and the
differences within CISPR Band B are less than 0.01 nF. In
addition, since the power module is installed on the PCB during
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(b)

Fig. 8.  Top view of an RB-IGBT power module. (a) Package internal layout.
(b) Parasitic capacitance distribution areas.

TABLE I
SYSTEM PARASITIC PARAMETERS FOR CSI

Symbol Descriptions Value
Cy Parasitic capacitance of the power module 14.52 nF
Ces Parasitic capacitance at the midpoint of Cy. 272 pF
Crs Parasitic capacitance of Ly, 273 pF

Gy +Cs Parasitic capacitance at the neutral point of 254.5 pF

Cr

parasitic capacitance measurement, the measured C,, includes
Cy, according to Fig. 4(b).

On the other hand, the CM parasitic capacitances of passive
devices are introduced by the distributed capacitance of the
device leads and PCB traces to the ground. These capacitances
can be measured directly. All the measured CM parasitic capac-
itances shown in Fig. 4(b) are listed in Table 1.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Prototype and Experiment Setup

A 500-W prototype of CSIis built in the EMC laboratory with
the parameters listed in Table II, which is shown in Fig. 9(a).
And the test setup is shown in Fig. 9(b). The PV simulator
(ITECH IT6018C) is adopted to provide dc power for the CSI,
the maximum power point (MPP) voltage is 100 V, and the MPP
current is 5 A.

For the purpose of the EMI test, a three-phase LISN
(SCHWARZBECK NNLK 8121) is adopted to stabilize the
line impedance of the ac power supply port. In addition, a
high-frequency current probe (R&S EZ-17) is used to measure
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TABLE II
SYSTEM PARAMETERS FOR CSI

Symbol Descriptions Value
Cye DC-link capacitance, Cy1=Cy2=Cic 160 uF
Ly DC inductance, Lyei=Laor=Lac 5 mH
Cy AC filter capacitance 20 uF
Cp PV panels parasitic capacitance, C,, = C,, + 44 nF

pv2
Ly AC filter inductance 3 mH
Ude PV panels MPP voltage, tg. =ttge1tac 100 V
Uy Gird voltage, RMS 380 V
] ili ) Reference
( L

Control & drive
board

ground plane

S =

Heatsink |~

L AN

PV N —
simulator

Fig. 9. Prototype and experiment setup photograph for three-phase PV CSIL.
(a) PV CSI prototype. (b) Test setup.

the CM current of the PV CSI, and an EMI test receiver (R&S
ESR7) with a 9-kHz resolution bandwidth and a peak detector
is used to obtain the EMI spectrum in the experiment.

The parasitic capacitance increases with the increase in the
PV panel area [33], [34]. Compared with the real PV systems,
the parasitic capacitance of the PV simulator is negligibly small.
Thus, to match reality, extra capacitors are connected between
the earth and the dc buses of CSI intentionally. In the following
setup, two 22-nF film capacitors are used.

B. Leakage Current Equivalent Model Validation

Fig. 10 shows the simulation and experimental results of the
leakage current. Fig. 10(a) shows the simulation result with
(w/) and without (w/0) the neutral wire, and Fig. 10(b) shows
the experimental ones. As seen, both the simulated and exper-
imental waveforms show that the neutral wire has a significant
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—— w/ neutral wire
........ —— w/o neutral wire

RMS: 12.139 mA

4 RMS: 1003 A

(az
! | — w/o neutral wire
— w/ neutral wire
A RMS :‘1.014A RMS : 13.495mA
Ileakage: 1 A/div | Time: 10ms/div
(b)

Fig. 10. Leakage current equivalent model validation. Leakage current
ileakage Obtained from (a) equivalent model and (b) experimental rig.

suppression effect on the leakage current, which demonstrates
the validity of the leakage current equivalent model. In addition,
Fig. 10 also compares the leakage currents with and without
the neutral wire (the CSI without the neutral wire means the
conventional CSI). It is clear that the neutral wire is effective in
suppressing the leakage current.

Fig. 11 shows the measured leakage currents at different
switching frequencies. As illustrated in Fig. 11(a)—(c), the RMS
values of the leakage current of the conventional CSI are 589.74,
671.75, and 786.15 mA when the switching frequencies are 10,
16, and 20 kHz, respectively. The results of the split-capacitor
four-wire CSI are illustrated in Fig. 11(d)—(f), and the RMS
values of the leakage current are 56.498,71.547, and 79.237 mA,
respectively, at corresponding switching frequencies. For clarity,
the experimental results are summarized in Fig. 12. It can be
found that the leakage current of the conventional CSI is signif-
icantly larger than that of the split-capacitor four-wire CSI. And
the leakage current of the conventional CSI varies considerably
with the switching frequency, whereas the leakage current of the
four-wire CSI is almost unchanged.

C. CM EMI Equivalent Model Validation

In order to validate the CM EMI equivalent model, simula-
tions and experiments have been conducted. First, a conventional
EMI full circuit simulation is performed in the ANSYS Twin
Builder environment, and the CM current spectrum at the grid
port is obtained. Second, the predicted spectrum of the CM
current is obtained by capturing the CM voltage source vep,
from the experimental rig with an oscilloscope and feeding it
into the equivalent circuit model shown in Fig. 4(d). Finally,
the spectrum of the CM current flowing through the LISN is
directly measured with a high-frequency current probe and an
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Fig. 11. Measured leakage currents at different switching frequencies. Conventional CSI at (a) 10, (b) 16, (c) 20 kHz. Split-capacitor four-wire CSI at (d) 10,

(e) 16, and (f) 20 kHz.
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Fig. 12.  RMS values of measured leakage currents at different switching
frequencies.
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Fig. 13.  CM EMI model validation. CM current spectra obtained from full
circuit simulation, proposed equivalent model, and experimental rig.

EMI test receiver. The spectra of the CM current through the
above-mentioned three methods are shown in Fig. 13. As can
be seen, the CM current spectrum of the equivalent model fits
well with those of the full circuit simulation and experimental
measurements. Because the v.,, captured by the oscilloscope
reflects the nonideal effects of the CSI, and the rise and fall times
of the switches are considered in the full circuit simulation, the
difference between the spectra of the three CM currents is small.
Especially, the difference between the simulated and measured

—— Wo neutral wire: Sim.
80 T — wio neutral wire: Exp.
I - W\ wi neutral wire: Sim.
Ty =y w/ neutral wire: Exp.
i =T .
60 1 ﬁ \ N
s [ iy
=
g
ER
h
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20 T
0 t t —t——+—+—+ + t +—t—+——+—+ t 1
150k 300 400 00 800 1M M 3M 4M M 6 8 1M 20M 3™

Frequency in Hz

Fig. 14.  CM EMI spectrum for conventional CSI and split-capacitor four-wire
CSI

spectrum is within 3.6 dB, which is within the uncertainty limits
specified in [35]. Thus, it is safe to say that the simulation results
are consistent with the experiments, and the differences can be
attributed to the measurement uncertainties.

Fig. 14 shows the simulated and measured CM EMI spectra
of the conventional CSI and the split-capacitor four-wire CSI.
It is clear that the neutral wire is effective to reduce CM EMI,
and about 20 dB attenuation over the frequency range (150 kHz,
25 MHz) is obtained.

Fig. 15 shows the measured CM EMI spectra before and
after increasing the 1-mH dc inductance. Fig. 15(a) shows the
results of the conventional CSI. As can be seen, increasing the
dc inductance can slightly attenuate CM EMI. Fig. 15(b) shows
the results of the split-capacitor four-wire CSI. It is found that
increasing dc inductance, in this case, has little contribution to
CM EMI attenuation. Clearly, the experimental results agree
well with the theoretical analysis.

Fig. 16 shows the CM EMI measurement results with and
without improvement approaches by changing parameters C
and Cy (in this study, a 68-nF capacitor is connected in parallel
with C, or Cy,). Fig. 16(a) illustrates the CM EMI measurement
results of the conventional CSI. As can be seen, increasing C
deteriorates the CM EMI spectrum of the conventional CSI, but
increasing Cy, is an effective way to reduce the level of CM
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Fig. 15.  CM EMI spectrum with increasing DC inductance. (a) Conventional

CSI. (b) Split-capacitor four-wire CSI.
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Fig. 16. CM EMI model validation with increasing parasitic capacitance (Cg

and Cys). (a) Conventional CSI. (b) Split-capacitor four-wire CSI.

EML. Fig. 16(b) illustrates the CM EMI measurement results of
the split-capacitor four-wire CSI. It is found that the CM EMI
could be attenuated by increasing Cy, or C,, in split-capacitor
four-wire CSI. Clearly, the experimental results in Fig. 16 are
also consistent with the analysis presented before.

VI. CONCLUSION

In this article, the CM equivalent models of the PV CSI with
or without neutral wire for analysis of the leakage current and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 6, JUNE 2023

conducted CM EMI are developed. It is verified that leakage
current and CM EMI are closely related to the CM circuit.
Due to the fact that the frequency bands involved are far apart,
the differences in the factors affecting them are also revealed.
Moreover, some suppression measures for leakage current and
CM EMI are derived spontaneously. Based on the established
models, the leakage current and CM EMI can be predicted with
satisfactory accuracy and less computational consumption. By
comparison, it is also verified that connecting a neutral wire is
effective to reduce both leakage current and CM EML.
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