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Abstract—In this paper, ground leakage current suppression in
a 60-kW 5-level T-type (5LT2) transformerless SiC photovoltaic
(PV) inverter has been presented. The common mode (CM) equiv-
alent circuit is analyzed based on a high frequency (HF) CM loop
and a low frequency (LF) CM loop, respectively. In the 5LT2 in-
verter, the derived HF CM voltage (CMV) is found to have 86%
reduction compared to that of a 3-level T-type (3LT2) inverter. The
simulation and experiment results are provided to demonstrate the
advantages of 5LT2 inverter on HF leakage current suppression.
In addition, LF CMV caused by neutral point (NP) voltage oscilla-
tion has been analyzed in this paper. It is shown that the LF CMV
is nearly proportional to the NP voltage oscillation. Furthermore,
an LF CMV compensation method is proposed to suppress the
LF CMV by 64%, which is verified by simulation and experiment
results. Finally, the leakage current shows 79% reduction in the
5LT2 inverter compared to the conventional 3LT2 inverter in the
experiment. A further 52% leakage current reduction is achieved
by the LF CMV compensation in the 5LT2 inverter.

Index Terms—5-level, leakage current, photovoltaic (PV), T-type
inverter.

NOMENCLATURE

3L 3-level.
3LT2 3-level T-type.
5L 5-level.
5LT2 5-level T-type.
CM Common mode.
CMV CM voltage.
HF High frequency.
ICT Intercell transformer.
LF Low frequency.
NP Neutral point.
PD Phase disposition.
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PF Power factor.
POD Phase opposition disposition.
PS Phase shift.
PWM Pulse width modulation.
RMS Root mean square.
SVM Space vector modulation.
THD Total harmonic distortion.
LCM CM inductance.
Lf Leakage inductance of ICT.
Lg Sum of line inductance and 480-V transformer

leakage inductance.
M Modulation index.
s Device switching function.
v0N Voltage between the NP and the negative line.
Vbus DC bus voltage.
vCM CM voltage.
vCM1 DC side CM voltage.
vCM2 AC side CM voltage.
vCM2 LF AC side LF CM voltage.
vCM COMP LF compensated CM voltage.
vCM HF HF CM voltage.
vCM HF 5L HF CM voltage with 5L modulation.
vCM HF PD HF CM voltage with PD modulation.
vCM HF POD HF CM voltage with POD modulation.
VCM HF ωc

Weighted voltage RMS over switching fre-
quency.

vCM LF LF CM voltage.
vP 0 Voltage between positive line and the NP.
vNP Voltage difference between vP 0 and vNP .
vx0 Three-phase voltage between output and the NP

(x ∈ {A,B,C}).
θ PF angle.
ω0 Fundamental angular frequency.
ωc Carrier angular frequency.

I. INTRODUCTION

THE three-phase T-type inverter is a well-accepted topology
for transformerless photovoltaic (PV) inverter application

in tens of kW range and above [1]–[4]. The T-type inverter
combines the advantages of 2-level inverters and 3-level in-
verters, such as low conduction losses, low switching losses,
and superior output voltage quality [1]–[5]. SiC device shows
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improvement of efficiency and power density in T-type PV in-
verters [3], [4], [6]. A CM leakage current flows through the
parasitic capacitor between the PV array and the ground, once
a variable CMV is generated in transformerless grid-connected
inverters [7]. This ground leakage current will lead to safety
issues, cause potential induced degradation to solar panels, in-
crease the system loss, and reduce the output current quality
[7]–[10].

In the three-phase T-type inverters, one conventional method
of leakage current suppression is to connect the NP of the ac
side capacitors to the NP of the dc bus split capacitors [11]–[13].
The main idea is to provide a low impedance bypass path for the
CM current, so that less CM current will pass through the panel
leakage capacitance [11]. This method is easy to implement but
only applicable to inverters with shunt capacitors in the output,
such as an LCL filter-based inverter. With the bypass path, the
voltage drop on the ac filter changes from half of the line voltage
to the phase voltage. There will be additional current ripple and
loss in the ac filter’s inductor, especially when the switching
frequency is high. Therefore, the design tradeoff is between the
capability of bypass leakage current and the additional loss in
the ac filter.

Another approach to suppress the leakage current is to reduce
the CMV by modulation [14]–[17]. In [14]–[16], modulation
strategies are proposed to reduce the variation of CMV by se-
lecting voltage vector combinations, while equivalent switching
frequency or output THD are increased. A modulation method
applying 120° PS between three-phase carriers is proposed in
[17]. This method is able to reduce the CMV by 50% compared
to the conventional PD PWM, but the THD of output line-to-
line voltage will be increased since the harmonic peak at the
switching frequency cannot be canceled like the conventional
PD PWM. Also this carrier PS method is not applicable to the
POD modulation. A dual-bridge inverter approach is presented
in [18] to eliminate the common-mode voltage and resulting
bearing and leakage currents for induction motor drive. How-
ever, if this approach is applied in grid-connected application, an
extra HF circulating current occurs between inverter modules,
which will cause extra power loss and possible stability issues
[19]. The interleaved inverter with coupled inductors or ICT on
the other hand has the advantages to suppress the HF circulat-
ing current without increasing the size of magnetic components
[20]–[22].

A recently emerged issue is that the LF ground leakage current
cannot be ignored when the power rating of transformerless PV
systems keep on increasing. In the U.S. 50–250-kW commer-
cial scale PV system, there is a trend to eliminate the isolation
transformers to further increase the efficiency and reduce the
size and weight [11]. As the parasitic capacitance of PV panel is
proportional to the power rating, these newly developed higher
power commercial PV systems have much smaller LF grounding
impedance. Therefore, the LF ground leakage current issue be-
comes more severe than that in conventional ones. For example,
in the 60-kW PV application, the LF leakage current generated
is 20% of the 300-mA RMS limitation from the standard [23].
HF ground leakage current does not change with the power rat-
ing, so the LF ground leakage current becomes a critical issue

Fig. 1. 5-level T-type transformerless PV inverter.

when the transformerless PV system power rating increases. In
this paper, the relationship between LF ground leakage current
and NP voltage oscillation has been analyzed and quantified for
three-phase T-type inverters. Two mechanisms to generate the
LF ground leakage current are identified. The first mechanism is
that the NP voltage oscillation will directly generate odd triple
harmonic CMV, which is referred as dc side LF CMV in this
paper. The second mechanism is that NP voltage oscillation will
be modulated by switching functions and will propagate to the
ac side with odd triple harmonic CMV, which is referred as ac
side LF CMV in this paper. As the LF ground leakage current
of T-type inverters is generated by these two mechanisms, the
previous approaches presented in the literature to suppress NP
oscillation [24]–[30] or reduce CMV [14]–[17] cannot be di-
rectly used for LF ground leakage current suppression since the
former methods will increase ac side LF CMV and the latter
ones assume there is no NP oscillations.

In this paper, the ground leakage current suppression of a 60-
kW transformerless SiC PV inverter based on a 5-level T-type
inverter, which consists of two 3LT2 inverters interleaved with
ICT, namely 5LT2 topology, has been presented. The advantages
of 5LT2 topology with ICT in terms of HF ground leakage
current suppression is quantified in a 60-kW PV application
with mathematical analysis and experiment demonstration. 86%
reduction of HF CMV is achieved in the 5LT2 inverter compared
to the 3LT2 inverter, which is a popular topology in commercial
transformerless PV string inverters. In addition, this paper has
provided a solution for the LF ground leakage suppression based
on the analysis of LF CMV generated by those two mechanisms.
The proposed technology has been verified in a 60-kW SiC
based 5LT2 PV inverter prototype.

II. 5LT2 INVERTER AND CM VOLTAGE ANALYSIS

A. System Description

The 5LT2 topology is shown in Fig. 1: T-type inverter 1 and
T-type inverter 2 are paralleled through ICT and then connected
to the 480 V three-phase three-line grid without any extra filters.
There are six SiC T-type modules operating at 50 kHz switching
frequency. ICT is able to reduce the current ripple in each com-
mutation cell of a parallel converter [21]. Compared to a 3-level
LCL transformerless PV inverter, 5LT2 topology has smaller
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TABLE I
SYSTEM PARAMETERS

Items Value Items Value

DC bus voltage Vb u s 800–1000 V Leakage inductance
of ICT Lf

11 μH

Output power Po 60 kW Line inductance +
leakage inductance
of the distributed
transformer Lg

∼100 μH

Carrier frequency fc 50 kHz PV parasitic
capacitance Cpv

10 μF

Distribution
transformer

480 V l-l, 60 Hz Half dc bus
capacitance C

1.2 mF

Fig. 2. CM equivalent circuit of 5LT2 inverter: (a) Overall CM equivalent
circuit; (b) HF CM equivalent circuit; and (c) LF CM equivalent circuit.

magnetic size, core loss, and CMV. Also there is no stability
issue brought by the LCL filter, so this topology is more suitable
for weak grid and multiconverter operation. The advantages and
the design application of this topology in SiC PV inverters have
been presented in [22]. This paper is focused on the ground
leakage current suppression analysis and solution.

System parameters of the 60-kW PV inverter in this paper are
listed in Table І. Cpv is the parasitic capacitance between the PV
array and the ground, which varies with the panel frame structure
and the weather condition. The capacitance is 60–110 nF/kW in
the standard PV modules and 100–160 nF/kW in the thin-film
PV modules [33]. The capacitance value Cpv used in this paper
is 10 μF for 60-kW power. Lf is the leakage inductance of the
ICT, Lg is the line inductance plus the leakage inductance of the
distributed transformer, both of them act as the ac filter. LCM is
the CM choke used to suppress the switching frequency ground
leakage current.

B. CM Equivalent Circuit

The overall leakage current loop of the 5LT2 topology is
shown in Fig. 2(a). The CMV consists of vCM1 and vCM2 ,
which is denoted in (1). vCM1 is the CMV between the PV
panel and the dc bus NP, which is defined in (2). vCM2 , denoted
in (3), is the CMV between the dc bus NP and the grid connec-
tion point. CMV can be analyzed in HF range and LF range,
respectively, since the HF CMV is related to the switching fre-
quency modulation method and the LF CMV is related to the

fundamental frequency power. Fig. 2(b) and (c) shows the HF
and LF equivalent circuit respectively. vCM1 only includes LF
oscillation because the HF oscillation in the NP is filtered by the
dc bus HF capacitors. In Fig. 2(b), the capacitor is considered
as short-circuit in the HF range. Also in Fig. 2(c), the inductor
is considered short-circuit in the LF range

vCM = vCM1 + vCM2 (1)

vCM1 (t) =
v0P (t) + v0N (t)

2
=

v0N (t) − vP 0 (t)
2

(2)

vCM2 (t) =
vA0 (t) + vB 0 (t) + vC 0 (t)

3
(3)

where vx0(x ∈ {A,B,C}) is the output phase voltage. The
phase voltage can be calculated by the PWM gain multiplying
the switching function [34], as shown in (4)

vx0 (t) = KPWM x (t) × Sx (t) , x ∈ {A,B,C} (4)

KPWM x (t) =
1
2
Vbus + KPWM LF x (t) (5)

Sx (t) = Sx LF (t) + Sx HF (t) (6)

where KPWM(t) is the magnitude gain of the inverter. With the
NP voltage oscillation, there is a LF PWM gain KPWM LF(t)
existing besides the constant half dc bus voltage, as shown in
(5). Sx(t) in (6) is the phase voltage’s switching function includ-
ing the fundamental sinusoidal part Sx LF(t) and the switching
harmonics part Sx HF(t).

Based on (4)–(6), the vCM2(t) can be derived in (7), which
consists of four parts: The first one is zero when the three-phase
current is symmetrically controlled without zero-sequence com-
ponent; the second one is the LF component; the third one is
the HF component; and the last one can be neglected in the HF
range because the LF PWM gain magnitude is much smaller
than the dc PWM gain

Combing (2) and (7), the HF CMV vCM HF(t) and LF CMV
vCM LF can be derived in (8) and (9), respectively

vCM HF (t) =
1
2
Vbus × 1

3

∑
Sx HF (t) (8)

vCM LF =
v0N (t) − vP 0 (t)

2

+
1
3

∑
KPWM LF x (t) × Sx LF (t) . (9)

From (8) and (9), it can be noticed that HF CMV is related
to the modulation method and LF CMV is related to the NP
voltage oscillation. In order to suppress the leakage current, both
the HF and LF CMV need to be investigated and suppressed.
Sections III and IV will analyze the HF CMV and LF CMV,
respectively.
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Fig. 3. Modulation methods for 3LT2 inverters: (a) One T-type phase leg; (b)
PD modulation; and (c) POD modulation.

III. HF CMV SUPPRESSION IN THE 5LT2 INVERTER

A. PS Modulation Method for the 5LT2 Inverter

There are two conventional CB PWM methods for 3LT2 in-
verters: PD and POD. Fig. 3(b) shows the basic principle of
the PD PWM scheme using double triangle carrier signals.
The upper carrier signal is used to generate the gate signals
for the switch T1 , T3 . The lower carrier signal is used to gen-
erate the gate signals for the switch T2 , T4 . For POD schemes
in Fig. 3(c), the upper carrier signal and the lower carrier signal
are in the opposite phase.

Fourier series of the 3-level output phase voltage was derived
in [34] and the phase A’s switching function is listed here in (10)
and (11). In PD modulation (10), there are odd central harmon-
ics, odd sidebands around the even carrier multiples, and even
sidebands around the odd carrier multiples. In POD modulation
(11), there are only sidebands without central harmonics. POD
has lower output phase voltage THD, and PD has lower output
line-to-line voltage THD

SA P D (t) = M sin (ω0t) +
8
π2

∞∑

m=1

1
2m − 1

×
∞∑

k=1

J2k−1 [(2m − 1) πM ]
2k − 1

· sin[(2m − 1) ωct] +
2
π

∞∑

m=1

1
2m

∞∑

n=−∞
J2n+1(2mπM)

· cos nπ · sin [2mωct + (2n + 1) ω0t]

+
8
π2

∞∑

m=1

1
2m − 1

∞∑

n = −∞
n �= 0

∞∑

k=1

× J2k−1 [(2m − 1) πM ] (2k − 1) cos nπ

(2k − 1 + 2n) · (2k − 1 − 2n)

· sin [(2m − 1) ωct + 2nω0t] (10)

SA POD (t) = M sin (ω0t) +
2
π

∞∑

m=1

1
m

∞∑

n=−∞
J2n+1 (mπM)

· cos nπ · sin [mωct + (2n + 1) ω0t] (11)

Fig. 4. Modulation methods for the 5LT2 inverter: (a) Two T-type phase legs;
(b) interleaved modulation based on PD; and (c) interleaved modulation based
on POD.

where M is the modulation index, ω0 is the fundamental
angular frequency, and ωc is the carrier angular frequency.
J2n+1(mπM) is the Bessel function, which is used to repre-
sent the coefficient after double Fourier integral analysis of the
PWM waveform, as shown in [34].

In the 5LT2 inverter, carriers can be interleaved between two
inverters in both PD and POD, as shown in Fig. 4. The Fourier
series of the interleaved phase voltage’s switching function is
derived in (12). Interleaved PD and interleaved POD are found to
have the same phase voltage spectrum, and the voltage spectrum
is the same as 5L APOD modulation’s [34]. After interleaved
modulation, the 5LT2 inverter achieves 5-level output phase
voltage. The output voltage harmonics begin at the twice of
switching frequency, which makes filterless possible in this grid-
tie PV inverter

SA 5L (t) = M sin (ω0t) +
2
π

∞∑

m=1

1
2m

∞∑

n=−∞
J2n+1(2mπM)

· cos (nπ) · sin [2mωct + (2n + 1) ω0t] (12)

B. HF CMV Spectrum Analysis for the 5LT2 Inverter

In a symmetrical three-phase system, generalized Fourier se-
ries of HF CMV is derived in (13) based on (8). There are
only carrier harmonics and its triple-fundamental sideband in
the CMV spectrum. Cmn is the magnitude at the nth fundamen-
tal sideband around the mth carrier frequency in the switching
function’s spectrum

vCM HF (t) =
1
3

(vA0 (t) + vB 0 (t) + vC 0 (t))

=
Vbus

2

∞∑

m=1

∞∑

n=−∞
Cmn · cos [mωct + 3nω0t] .

(13)

In the conventional 3LT2 PV inverters, the Fourier series of
HF CMV based on PD and POD can be derived from (10),
(11), and (8). HF CMV harmonics in PD (14) is concentrated
at carrier frequency with large magnitude. HF CMV harmonics
in POD (15) is distributed at the triple sideband of the carrier



WANG et al.: GROUND LEAKAGE CURRENT ANALYSIS AND SUPPRESSION IN A 60-KW 5-LEVEL T-TYPE TRANSFORMERLESS SIC PV
INVERTER

1275

Fig. 5. Calculated HF CMV harmonics distribution with three modulation
methods at Vbus= 1000 V.

frequency, and the magnitude peak is less than half of PD’s

vCM HF PD (t) =
4Vbus

π2

∞∑

m=1

1
2m − 1

∞∑

k=1

× J2k−1 [(2m − 1) πM ]
(2k − 1)

· sin [(2m − 1)ωct] +
Vbus

π

∞∑

m=1

1
2m

∞∑

n=−∞
J3·(2n+1) (2mπM)

· cos (3n + 1) π · sin [2mωct + 3 · (2n + 1) ω0t] (14)

vCM HF POD (t) =
Vbus

π

∞∑

m=1

1
m

∞∑

n=−∞
J3·(2n+1) (mπM)

· cos (3n + 1) π · sin [mωct + 3 · (2n + 1) ω0t] . (15)

Combining (8) and (12), the HF CMV in a 5LT2 inverter is
derived in (16), harmonics are distributed at the triple sideband
of even carrier harmonics that follows the general HF CMV
spectrum in (13)

vCM HF 5L (t) =
Vbus

π

∞∑

m=1

1
2m

∞∑

n=−∞
J3·(2n+1) (2mπM)

· cos (3n + 1) π · sin [2mωct + 3 · (2n + 1) ω0t] . (16)

With derived HF CMV in three modulation methods (14)–
(16), the FFT results of HF CMV (Vbus= 1000 V) is calcu-
lated and shown in Fig. 5. Among them 3-level PD modulation
generates the maximum HF CMV. Three modulation methods
generate the same HF CMV at even carrier frequency, which is
the only spectrum existed in 5-level modulation.

In the simulation, three modulation methods are applied in
the 5LT2 inverter. The vCM HF waveforms and FFT results are
shown in Fig. 6 and they are consistent with the calculation in
Fig. 5. 5-level modulation has reduced the HF CMV and pushed
it to higher frequency domain, which brings the advantage for
HF leakage current suppression.

Fig. 6. Simulation of HF CMV waveforms and harmonics distribution at
Vbus= 1000 V in the T-type inverter: (a) 3-level PD modulation; (b) 3-level
POD modulation; and (c) 5-level modulation.

C. CM Choke Inductance Comparison Between Different
Modulations

The HF leakage current is related to the CMV spectrum volt-
age at all the switching frequency harmonics. In order to quantify
the required CM choke inductance, the HF CMV from (13) is
weighted over the switching frequency, as shown in (17). With
fixed switching frequency, the HF leakage current RMS value
is decided by the weighted HF CMV RMS value and the induc-
tance in the CM loop, as shown in (18). So the required CM
choke inductance LCM is decided by the harmonics’ magnitude
and the corresponding frequency in CMV. The weighted HF
CMV RMS value (17) is used in this paper to compare the CM
choke value between three different modulations

VCM HF ωc
=

1√
2
·
√√√√

∞∑

m=1

(
maxn∈(−∞,∞) Cmn

m

)2

(17)

Ilk HF RMS =
VCM HF ωc

ωc ·
(
LCM + Lf +Lg

3

) . (18)

In the HF CMV spectrums, the voltage magnitude decreases
rapidly with the frequency. So only fc ∼ 6fc voltage spec-
trum is considered in the weighted HF CMV calculation, the
higher frequency component is neglected. Based on (14)–(17),
the weighted HF CMV in different modulations is calculated
and compared in Fig. 7. 5-level modulation has much lower
weighted HF CMV than the conventional 3-level modulations.
HF CMV magnitude increases obviously when the dc bus volt-
age increases in both 3-level PD and 5-level modulation. In
3-level POD, the weighted HF CMV RMS value is nearly con-
stant with the bus voltage varying.

For the 60-kW PV inverter presented in this paper, the nomi-
nal dc bus voltage is selected as 825 V. At 825 V, the weighted
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Fig. 7. Calculated 50 kHz weighted HF CMV RMS value under different dc
bus voltages.

Fig. 8. Required CM choke value in different modulation methods with dif-
ferent leakage current requirements at Vbus= 825 V.

HF CMV RMS at switching frequency is 107.5, 57.6, and 8.0 V
with 3-level PD, 3-level POD, and 5-Level modulation, respec-
tively. Therefore, with the same leakage current requirement,
the required CM choke inductance in the 5LT2 inverter can be
reduced by 86% compared with the conventional 3LT2 inverters.
With different leakage current requirements, the required CM
choke inductance in different modulation methods is drawn in
Fig. 8. Higher switching frequency and larger CM choke helps
suppressing the leakage current. The German national standard
DINV V DEV 0126-1-1 [23] limits the leakage current below
300-mA RMS. For the 300 mA requirement, the CM choke
required for 3-level PD, 3-level POD, 5-level modulation is
1.1 mH, 611.1 μH, and 84.9 μH, respectively.

IV. LF CMV ANALYSIS AND COMPENSATION IN THE 5LT2

INVERTER

As shown in Fig. 9, three phases are absorbing and injecting
energy to the NP simultaneously in the 5LT2 inverter. The NP
voltage oscillation is caused by the NP current (i0) variation.
Generally, the NP voltage oscillation only includes LF part and
the switching frequency part is filtered by the HF dc bus capaci-
tors. As shown in Fig. 9, the dc side LF CMV vCM1(t) is directly
generated by the NP voltage oscillation. The ac side LF CMV
vCM2 LF(t) is caused by LF PWM gain which is also related to
the NP voltage oscillation. In order to find out the equation for
the LF CMV, NP voltage oscillation needs to be analyzed first.

Fig. 9. Three-phase 5LT2 inverter circuit diagram.

A. DC Side LF CMV Analysis in the 5LT2 Inverter

The NP voltage vNP is defined in (19) as the difference be-
tween two half voltages in the dc bus

vNP = vP 0 − v0N =
1
C

∫ t

0
(iC 1 − iC 2) dt =

1
C

∫ t

0
i0dt.

(19)
When the dc bus is balanced and the three-phase current is

symmetrical without zero sequence component, the three-phase
current is shown in (20) and LF phase voltage switching function
from (6) is listed in (21)

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

iA = Ig · sin (ω0t + θ)

iB = Ig · sin
(

ω0t − 2
3
π + θ

)

iC = Ig · sin
(

ω0t +
2
3
π + θ

)
(20)

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

SA LF (t) = M · sin (ω0t)

SB LF (t) = M · sin
(

ω0t − 2
3
π

)

SC LF (t) = M · sin
(

ω0t +
2
3
π

)
(21)

where Ig is the magnitude of the grid-tie inverter’s output cur-
rent, cos θ is the PF of the inverter. Because there is no external
filter in this PV system, fundamental voltage switching function
Sx LF(t) is in the same phase as the grid voltage.

The device switching function s(t) = {1, 0} is defined in [35]
to calculate the NP current. Equation (22) shows that the phase
voltage switching function Sx(t) is the difference of T1 and T4’s
device switching function, where sx1(t) generates the positive
half-period voltage and sx4(t) generates the negative half period
voltage. The NP phase current i0x(t) can also be calculated by
devices’ switching function, as shown in (23), where ix(t) is the
phase current defined in (20), x ∈ {A,B,C}

Sx (t) = sx1 (t) − sx4 (t) (22)

i0x (t) = ix (t) − ix (t) × [sx1 (t) + sx4 (t)] . (23)

Only LF component is considered in the NP current, so Sx(t)
is represented by Sx LF(t) for NP current calculation. The NP
phase current can be derived from (22) and (23), as shown in
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(24). Whereby, the sign function of three-phase LF phase voltage
switching function is listed in (25)

i0x (t) = ix (t) − ix (t) × Sx LF (t) × sgn (Sx LF (t)) (24)
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

sgn (SA LF (t)) = 4
π

∞∑

k=1

sin [(2k − 1) · ω0t]
2k − 1

sgn (SB LF (t)) =
4
π

∞∑

k=1

sin
[
(2k − 1) · ω0t − 2

3
π

]

2k − 1

sgn (SC LF (t)) =
4
π

∞∑

k=1

sin
[
(2k − 1) · ω0t +

2
3
π

]

2k − 1

.

(25)

Therefore, NP current is derived in (26). It is shown that NP
current is composed by odd triple harmonics

i0 (t) = i0A (t) + i0B (t) + i0C (t)

=
3Ig · M

π

∞∑

k = 1
k i s o d d

[(
1

3k − 2
− 1

3k

)
· sin (3kω0t + θ)

+
(

1
3k + 2

− 1
3k

)
· sin (3kω0t − θ)

]
(26)

Substitute (26) into (19), NP voltage can be derived in

vNP =
3Ig · M
π · C

∞∑

k = 1
k i s o d d

[
2

9k2 · (3k + 2)
· cos (3kω0t − θ)

− 2
9k2 · (3k − 2)

· cos (3kω0t + θ)
]

≈ 2Ig · M
15π · C · ω0

[cos (3ω0t − θ) − 5 cos (3ω0t + θ)] .

(27)

Only third harmonics is considered in the NP voltage since the
higher harmonics’ magnitude is small enough to be neglected.
In the 5LT2 inverter’s design, NP voltage oscillation is limited
by the device’s voltage rating and decided by the dc capacitance,
grid current, modulation index, and PF. In this paper, dc capac-
itance C is selected as 1.2 mF for the 1200-V voltage rating
devices.

Based on (2), (19), and (27) the dc side LF CMV is propor-
tional to the NP voltage and shown in

vCM1 = − 1
2
vNP =

Ig · M
15π · C · ω0

[5 cos (3ω0t + θ)

− cos (3ω0t − θ)] . (28)

B. AC Side LF CMV Analysis in the 5LT2 Inverter

NP voltage oscillation is propagated to the ac side through the
oscillation in the PWM gain. Fig. 10(a) shows the NP voltage
third oscillation pattern when PF = 1. Accordingly, the PWM
gain for three-phase is shown in Fig. 10(b)–(d). The PWM gains
are in the same pattern and have 2π/3 phase difference within
three-phase, which is the same as their phase voltage.

Fig. 10. Oscillation pattern when PF = 1: (a) NP voltage oscillation; (b) PWM
gain variation in phase A; (c) PWM gain variation in phase B; and (d) PWM
gain variation in phase C.

The LF PWM gain of phase A is derived in (29) based on
(27) and (25), and there are only even harmonics observed in
the PWM gain

KPWM LF A (t) =
2Ig · M

15π2 · C · ω0

∞∑

k=1

[(
1

2k + 3
− 5

2k − 3

)

· sin (2kω0t + θ) +
(

1
2k − 3

− 5
2k + 3

)

· sin (2kω0t − θ)
]

. (29)

With LF PWM gains and phase voltage switching functions,
the ac side LF CMV can be derived from (9), (21), and (29).
Similar to the dc side LF CMV, the ac side LF CMV includes
only odd triple harmonics and the harmonics above third is small
enough to be neglected, as shown in

vCM2 LF =
Ig · M 2

15π2 · C · ω0

∞∑

k = 1
k i s o d d

[
8 (3k + 1) (3k + 8)

(9k2 − 16) (9k2 − 4)

· cos (3kω0t + θ) +
8 (3k − 1) (3k − 8)

(9k2 − 16) (9k2 − 4)

· cos (3kω0t − θ)] ≈ Ig · M 2

15π2 · C · ω0
· 16

7

·
[
cos (3ω0t − θ) − 22

5
· cos (3ω0t + θ)

]
. (30)

C. LF CMV Analysis and Simulation

In order to combine the dc side LF CMV and the ac side
CMV, phase angles α1 and α2 are defined as the leading angle
of the dc side LF CMV and the ac side LF CMV from the phase
A voltage. Based on (28) and (30), the relationship between α1 ,
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Fig. 11. Voltage vectors of LF CMVs.

Fig. 12. Calculated LF CMV RMS and LF leakage current RMS: (a) Po =
60 kW, LF CMV RMS value with different bus voltage; and (b) Vbus= 825 V,
LF leakage current RMS with different Po .

α2 and the PF angle θ can be derived in

tan α1 =
3
2
· tan θ, tan α2 = −27

17
· tan θ. (31)

The LF CMV vectors are drawn in Fig. 11, where phase angle
α is the total LF CMV’s leading angle from the phase A voltage.
Both vCM1 and vCM2 LF are composed of two vectors, each of
them are in the opposite direction between these two LF CMVs.
The magnitude of vCM1 is larger than vCM2 . The absolute value
of tan α2 is larger than tan α1 , so α is smaller than α1 . The
total LF CMV is derived in (32) with only third harmonics

vCML F =

Ig · M
15π · C · ω0

√
(A − B)2 + 4AB · (sin 2θ)2 · cos (3ω0t + α)

(32)

where A = 5 − 16·22M
35π , B = 1 − 16M

7π , tan α = A+B
A−B · tan θ.

Based on LF CM equivalent circuit in Fig. 2(c), the LF leakage
current is shown in

ilk LF = 3ω0 · Cpv · vCM LF . (33)

Fig. 12 shows the calculated RMS value of the LF CMV and
the LF leakage current at Vbus= 825 V. In Fig. 12(a), although
the NP voltage oscillation decreases with the increased dc bus
voltage at 60 kW, the LF CMV value does not change much. In
Fig. 12(b), the LF CMV and the LF leakage current increases

Fig. 13. Circuit simulation LF CMV and leakage current at Vbus= 825 V,
C = 1.2 mH, Po = 60 kW: (a) PF = 1; and (b) PF = 0.

Fig. 14. LF CM equivalent circuit with CMV compensation.

with the quadratic dependence of power rating since the PV
capacitance is also proportional to the power. When PF = 1,
the NP oscillation causes 5.3-V RMS LF CMV and 59.8-mA
leakage current. When PF = 0, the NP oscillation causes 7.9-V
RMS LF CMV and 89.1-mA leakage current. The LF CMV
magnitude increases with the PF decreasing. When PF is 0,
vCM LF and ilk LF is 1.5 times of the value in unit PF.

In order to verify the calculation, Fig. 13 shows the simulation
LF CMV and LF leakage current results of the 60-kW 5LT2 PV
inverter. The RMS value of the NP oscillation, LF CMV, LF
leakage current, and the PF impact are all consistent with the
calculation in Fig. 12.

D. LF CMV Compensation

When the dc bus capacitance reduces or the inverter’s power
rating increases, LF leakage current will increase with the LF
CMV. Also, suppressing the LF leakage current is able to reduce
the CM choke size for the HF leakage current suppression.
However, it is hard to increase the LF impedance in the CM
loop through passive components. CM choke has little effect
on the LF impedance and reducing the PV capacitance Cpv is
not practical. An LF CMV compensation method is proposed in
this paper, as shown in Fig. 14. With the compensated LF CMV
(vCM COMP ) added to the three-phase modulation voltage, the
total LF CMV is able to be suppressed so as the LF leakage
current.

One way to generate vCM COMP is to add an LF leakage cur-
rent control loop. Theoretically this method is able to control the
LF leakage current to zero. But it needs extra grounding leakage
current sensor and digital PR controller, which requires more
hardware components and brings more computation burden to
the intensive interruption time in the DSP.

Observed from the LF CMV in (32), the coefficient (A +
B)/(A – B) between tan α and tan θ is between 1.36 and 1.42
when the modulation index varies with 800–1000 Vdc. Since
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Fig. 15. LF CMV compensation coefficient Kc with different PF angles.

Fig. 16. LF CMV with compensation: (a) Voltage vectors; and (b) control
diagram.

the coefficient is close to 1.5 (tan α1/ tan θ), the total CMV can
be estimated to be in the same direction as the dc side LF CMV.
Therefore, dc side and ac side LF CMV can be considered in
the opposite direction. Therefore, another approach for the LF
CMV compensation is the dc side CMV feedforward control.
The compensation voltage vCM COMP is proportional to vCM1 ,
as shown in

vCM COMP = Kc · vCM1 (34)

where the compensation coefficient Kc = |vC M 2 L F |
|vC M 1 | − 1 =

16M
35π ·

√
22 − 63

16+20 sin θ2 − 1, derived from (28) and (30).

Fig. 15 presents variations of Kc with PF angle θ. It can be
observed that Kc is not sensitive to θ. Therefore, a constant Kc

of –0.41 is used for compensation in this paper.
Fig. 16 shows the compensation voltage vector and the control

diagram for LF CMV compensation. After compensation, there
will be a small amount of residual LF CMV, which is shown in
(35) and Fig. 16(a). After compensation, the residual LF CMV’s

Fig. 17. Simulation of LF leakage current suppression at Vbus= 825 V,
Po = 60 kW: (a) PF = 1; and (b) PF = 0. (c) PF = −0.8; and
(d) PF = 0.8.

magnitude is small

vCM LF Residue =
Ig · M

15π · C · ω0
[0.09 · cos (3ω0t − θ)

− 0.10 · cos (3ω0t + θ)] . (35)

As shown in the simulation results of Fig. 17, LF leakage
current ilk LF is able to be suppressed by 62% with the LF
CMV compensation. Since a constant coefficient Kc is used for
LF CMV compensation, there exists a small residual LF CMV
after compensation. The PF = 0 case in Fig. 17(b) is selected as
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Fig. 18. 60 kW 5LT2 transformerless SiC PV inverter prototype.

an extreme case to demonstrate that the LF CMV compensation
is not sensitive to PF. In field application, a commercial scale PV
inverter is working between +/–0.8 PF [36]. Between +/–0.8,
the influence of PF on LF CMV is small, as shown in Fig. 17(c)
and (d).

V. EXPERIMENTAL RESULTS

A 60-kW 5LT2 transformerless SiC PV inverter prototype has
been built in the lab, as shown in Fig. 18. There are two stages
in this PV inverter. The first stage is a four-channel interleaved
boost converter using two SiC boost modules. The second is the
inverter stage using six SiC T-type modules, two of each are
parallel coupled through an ICT. The boost stage is controlled
by analog circuit. The inverter stage is controlled by DSP and
FPGA, where DSP is the main controller and the FPGA is used
to generate 12 channels’ gate drive signals. If the traditional
3-level PD and POD modulation method are implemented, the
output phase-to-neutral output voltage will be 3-level. When
the PS modulation method is implemented, the output phase-
to-neutral output voltage will be 5-level. In the test, a 1000-V
150-A dc power supply is used to emulate the PV panels input.
The three-phase output is connected to the grid through a 480-V
three-phase 1.5-MW transformer.

A. CMV Comparison Between 3L PD and 5L Modulation

As mentioned in Section III, PD modulation has lower out-
put line-to-line voltage THD compared to POD modulation in
3LT2 inverters. Since the 60-kW inverter prototype is connected
to a three-phase three-wire grid, 3-level PD modulation is im-
plemented in the experiment for comparison. The Yokogawa
oscilloscope DL9710L 5GS/s 1GHz is used to measure the
waveforms and the voltage probe is PBDH0150 1400-V peak
150-MHz bandwidth. vCM1 is measured by v0N − 0.5vdc , and
vCM2 is measured by (vA0 + vB 0 + vC 0)/3. The CMV com-
parison between 3-level PD and 5-level modulation is shown
in Figs. 19 and 20, where the switching frequencies are both
50 kHz.

In the HF range, the CMV experiment waveform with PD
modulation in Fig. 19 is consistent with the simulation results
in Fig. 6(a). The CMV peak is happened at 50 kHz. The HF
weighted CMV magnitude is 109.1 V, which is consistent with
the calculated value in Fig. 7. In Fig. 20, the 5-level CMV
waveform is consistent with the simulation results in Fig. 6(c),
and the harmonics start at twice the switching frequency due

Fig. 19. Experimental CMV waveforms with 3-level PD modulation at Vbus=
825 V: (a) CMV waveforms; and (b) CMV FFT results.

Fig. 20. Experimental CMV waveforms with 5-level modulation at Vbus=
825 V, Po = 60 kW: (a) CMV waveforms; and (b) CMV FFT results.

to the interleaved carries. The HF weighted CMV magnitude
is 9.0 V, which is also consistent with the calculated result
in Fig. 7. In 3-level PD, the weighted CMV RMS is more
than ten times of the 5-level’s. The experiment demonstrates
that the HF CMV is greatly reduced in the 5-level modula-
tion so the ground leakage current can be suppressed from the
source.

In the LF range, 3-level PD and 5-level modulation generate
a similar third harmonic magnitude in the CMV FFT, as shown
in Figs. 19(b) and 20(b). In order to clearly show the third
harmonics in the CMV, the voltage probes are set as 8-kHz
bandwidth to remove the HF impact. As shown in Fig. 21, 3-
level PD and 5-level modulation have the same LF CMVs, which
demonstrate that the LF CMV is not related to the switching
frequency modulation. The dc side and ac side LF CMV are in
the opposite direction. All the RMS values are consistent with
the calculation in Fig. 12 and the simulation in Fig. 13.

B. Leakage Current Comparison Between 3L PD and 5L
Modulation

A commercial CM choke is used to suppress the HF leakage
current, which is TPC-222U-B65A with nanocrystalline core,
shown in Fig. 22(a). The measured CM choke’s inductance is
832 μH at 100 kHz. Three-phase current is measured by 150-A
10-MHz Yokogawa current probe. The ground leakage current
is measured by current sense transformer (CT) CT07-1000 with
0.1% 1-kΩ output resistor, as shown in Fig. 22(b). The current
transformer shows up to 300-kHz bandwidth (–3dB) capability,
which covers all the main harmonics in the ground leakage
current in this prototype.

Both 3-level PD and 5-level modulation are implemented
in the 60-kW grid-tie experiment, and the test result is shown
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Fig. 21. Experimental waveforms of LF CMV at Vbus= 825 V, Po =
60 kW, PF = 1: (a) 3-level PD modulation; (b) 5-level modulation; and (c)
phasor diagram.

Fig. 22. Photo of CM chock and CT: (a) CM choke; and (b) CT for leakage
current measurement.

in Fig. 23. 3-level modulation shows more HF harmonics than
5-level modulation in the phase current, which is consistent with
theoretical analysis. The measured leakage current is 826-mA
RMS in 3-level PD modulation and 172-mA RMS in the 5-level
modulation. With the same CM choke and hardware configu-
ration, 5-level modulation reduces the leakage current by 79%.
The reduction percentage is less than the HF CMV’s because
of two reasons: The CM choke inductance decreases with the
increased frequency, and the total leakage current also includes
the LF component, which is the same in different modulations.

C. LF Leakage Current Suppression in the 5LT2 Inverter

The LF CMV compensation method presented in Fig. 16
is implemented in the 60-kW test. As shown in Fig. 24, this
method can reduce the LF CMV by 64% and further reduce the
total leakage current by 52%. The injected third CMV is 3.7 V,
which only reduces the modulation index by 1%. This LF CMV
compensation method only requires several sum operators in
the software without any extra hardware. Although this method
cannot fully remove the LF CMV, the total leakage current has
obvious improvement with little cost.

Fig. 23. Experimental waveforms of ground leakage current at Vbus= 825 V,
Po = 60 kW: (a) 3-level PD modulation; and (b) 5-level modulation.

Fig. 24. Leakage current reduction with LF CMV compensation at Vbus=
825 V, Po = 60 kW.

VI. CONCLUSION

This paper has demonstrated that 5LT2 topology has the ad-
vantages to suppress the ground leakage current for PV inverter
applications. HF CMV spectrum of this topology is derived and
compared with that of traditional commercial 3LT2 PV invert-
ers. The CM choke inductance comparison based on weighted
HF CMV is presented. The leakage current is reduced by 79%
of the value in conventional 3-level T-type PV inverters using
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PD modulation. LF CMV caused by NP voltage oscillation has
been analyzed and found to be independent from the modu-
lation methods. LF CMV compensation method based on NP
voltage is proposed and shows 52% further reduction in the leak-
age current. This LF CMV compensation method can be used
for all neutral-point-clamped topologies for the leakage current
suppression. The experimental results of a 60-kW prototype
show that the CMV consistent with the analysis and simula-
tion results, and ground leakage current is well suppressed with
5-level modulation and LF CMV compensation method.
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