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ARTICLE INFO ABSTRACT

The integration of solar photovoltaic systems into the grid presents itself with several novel 
issues that need to be solved before successful integration can be achieved. The problem of 
common-mode current, also known as leakage current, is one such concern when a trans-
formerless system is preferred due to the benefits it offers. The issue of leakage current has 
been addressed in the past, but little to no effort has been made towards analyzing the effect 
of the non-linear behavior of the semiconductor switches used in power converter circuits. 
This introduces a gap between theoretical and practical results across all past studies. This 
paper proposes a mathematical analysis of the various non-linearities present in a transis-
tor switch, which is a novel aspect of transformerless inverter circuit analysis and practical 
feasibility. The mathematical results define the effect of each non-linearity on the harmonic 
content and, hence, on the leakage current. A simulation-based study was also conducted, 
comparing the performance of the practical switch and the ideal switch based on common 
mode current magnitude and other parameters, including total harmonic distortion, rip-
ple content, and root mean square values of the input and output currents and voltages. It 
was concluded based on simulation results that the leakage current in the presence of such 
non-linearities is 10 times higher and total harmonic distortion is 3 times higher than that 
in their absence for a 1kW system, and the rms values of the output voltage and current 
are also reduced. The findings suggest that the topologies developed for the mitigation of 
common mode currents must take into account the effect of non-linearities to be feasible 
for practical deployment.
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INTRODUCTION 

The incorporation of renewable energy resources into 
the grid has gained significant interest in recent times. The 
solar photovoltaic (SPV) source has promising potential to 
meet the growing energy demands. However, the integra-
tion of SPV source involves several intricacies. The integra-
tion issues must be addressed so that the share of renewable 
energy grows without impediments.

The SPV source is a DC current source that is coupled 
to the AC load and the grid through an inverter. Naturally, 
there should be a galvanic isolation between the inverter 
and the grid. But the transformer installed for this pur-
pose increases losses, volume, and cost, and its elimination 
results in a system that is more efficient, compact, and eco-
nomical [1].

The SPV source has parasitic capacitance to ground, 
which induces common-mode current (CMC). It is nec-
essarily a high-frequency current emanating from the PV 
source and travelling through the ground back into the sys-
tem. It poses safety hazards as protective devices based on 
CMC become futile. Moreover, they introduce harmonics 
into the grid, and also, the slow deterioration of PV panels 
has been reported [2,3]. The IEC 62109-2 and VDE-00126 
require the CMC to be restricted below 300mA [4,5].

The studies undertaken in this area have sought to 
explain the factors affecting the CMC phenomenon in 
grid-connected PV systems and to work out its mathemat-
ical formulation. Additionally, this has led to the develop-
ment of several inverter topologies to mitigate this issue 
[6,7]. Gubia et al. proposed a model for analyzing the com-
mon-mode behavior of a full-bridge inverter circuit pow-
ered by a PV source. The model is simplified and 

accounts for various conditions of the filter inductor to 
derive expressions for the CMC and other parameters. It 
also considers the voltage levels during multiple modes of 

the output voltage cycle and their effects. While the work 
claims applicability to various topologies, the generalized 
procedure has not been proposed [8]. 

Kerekes et al. analyzed the effects of supply imbalance 
and neutral conductor on leakage current in prevalent 
inverter topologies for grid-connected PV systems. The 
model incorporates various stray and parasitic capacitances 
and inductances that affect common-mode current flow. 
It concludes that the neutral line inductance has a consid-
erable effect. The generalized approach is well stated for 
analysis, but the same has not been employed to derive 
mathematical expressions for each topology [9]. 

Chen et al. proposed a pi-circuit model for leakage 
current based on their method for calculating parasitic 
capacitance. This model allows consideration of the para-
sitic components of each PV panel individually, leading to 
a more realistic analysis than the single-capacitor model. 
However, the calculation of current based on equivalent 
resistance lacks a mathematical basis in this study, and ver-
ification is based solely on simulation and hardware results 
[10].

Xiao et al. developed a common-mode analytical model 
that accounts for all sources of CMC by considering all pos-
sible points of parasitic capacitance. The CMV has been 
related to the equivalent impedance obtained from the 
developed model. The study, however, lacks consideration 
of other allied parameters, such as THD and efficiency [11].

Vazquez et al. performed a CMV study for H5, HERIC, 
and NPC topologies. The focus of the study is switching 
and conduction losses in the semiconductor switches. The 
well-known equations have been used for calculation, and 
the results have been verified through PSIM simulation. 
The study does not involve an analysis of the eventual effect 
on the CMC [12].

Figure 1. Origin of CMC.
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Apart from the mentioned gaps in the study, a prior 
study on the effect of the non-linearities inherent in 
semiconductor switches used in power converter circuits 
has not been reported to the best of the authors’ knowl-
edge. The absence of such a study hinders the analysis of 
the developed inverter topologies in practical scenarios. 
Furthermore, understanding the effects of non-linearities 
would motivate the design of novel topologies that are more 
effective in non-ideal conditions.

This work aims to identify the various types of nonlin-
earity present in semiconductor switches and to elucidate 
their effects on the common-mode voltage (CMV) and 
CMC. Currently, an H-bridge inverter circuit with bipolar 
modulation is under consideration for analysis. The method 
can be applied to both unipolar and hybrid modulation. 
The analytical foundation is first laid for each non-linearity 
type, which is later validated through simulation.

The rest of the paper is organized as follows. The sub-
sequent section presents the system configuration and its 
operating principles. Next, the non-linearities and their 
respective effects have been detailed through analytical 
treatment. Then, the mathematical results have been val-
idated through simulation. Lastly, the conclusions of the 
study and the future trends have been stated.

SYSTEM CONFIGURATION & OPERATING 
PRINCIPLES

The system considered for the study is shown in Figure 
1 and 2. It consists of an SPV source coupled to the grid 
through an inverter. The SPV source has parasitic capaci-
tance to ground, which can be associated with both positive 
and negative terminals separately, denoted by CP1 and CP2, 
respectively. As the voltage of the positive and the negative 
terminals jumps with respect to the ground, a current leaks 
through these capacitances into the ground, which con-
stitutes CMC [13,14]. A large capacitor CPV is installed to 
reduce the ripples in the input current. The DC output of 
the PV source is converted to AC of appropriate magnitude 
and frequency through the inverter for proper coupling 
with the grid [15].

The inverter circuit is a conventional H-bridge inverter 
consisting of four bidirectional semiconductor switches. 
They are switched according to the bipolar modulation 
technique with a modulation index equal to 1, resulting in 
two modes of operation. In mode 1, switches S1 and S2 are 
ON, generating the positive voltage level, whereas in mode 
2, switches S3 and S4 are ON, generating the negative volt-
age level. Therefore, the inverter output would be a two-
level output, i.e. +VDC and -VDC, which is filtered through 
an LC low pass filter to obtain the sinusoidal waveform 
[16,17].

Since the objective of the study is to analyze the effect of 
the switch’s non-linear behavior, several other factors have 
been assumed constant or ideal. A single-phase system has 
been used to elucidate the concept, which can, however, 

be extended to a three-phase system. The solar insolation 
and the panel temperature are constant [18]. The semicon-
ductor switches are similar in characteristics. The bipolar 
modulation with a modulation index equal to 1 has been 
employed, though in practice, unipolar or hybrid modula-
tion with a varying modulation index may be used, requir-
ing extended analysis along the same lines as in this paper. 
The grid voltage and frequency have been assumed to be 
constant, which is not the case due to varying loads [19]. 
The filter is also assumed to be ideal. 

For mathematical formulation, let us define the follow-
ing parameters:

Input Voltage: VDC, Input Current: IDC, Current through 
a switch: ISW, Gating Voltage: VG, On-state voltage drop in 
a semiconductor switch: VCES, Off-state residual current 
through a semiconductor switch: ICES, Inverter Output 
Voltage: Vo, Load Voltage: VL, Load Current: IL, Load: ZL, 
Output Power: PL, Power Loss: Ploss, Modulating signal fre-
quency: ω, Filter Cutoff frequency: ωf.

The DC voltage level available at the load end is the 
DC-link voltage minus two times the on-state voltage 
drops [20]. The expression for the inverter output voltage 
can be simplified if the input voltage is set to that value. 
Accordingly, under the ideal and linear case, the inverter 
output voltage is given as [21]:

	 	
(1)

It would result in a square wave given by [22]:

	 	
(2)

If the cut-off frequency is set as: ωf = 5ω, the load volt-
age is given as [23]:

	 	
(3)

Thus, it contains the 3rd and the 5th harmonics with 
decreasing magnitude. The power loss due to filtered fre-
quency components is given as [24]:

	 	
(4)

The sum converges to 0.083, and the ratio of power loss 
to useful power is 0.082/1.15 = 0.072 or 7.2 %.

The instantaneous current through a switch can simi-
larly be defined as a piecewise function as follows [21].

	 	
(5)

The Fourier representation for the ideal and non-linear 
case is [22]:
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(6)

Since the common mode current or leakage current is 
capacitive in nature, its value is given by the equation: 

	 	
(7)

where ICM is the leakage current, CP= CP1 + CP2 is the 
total parasitic capacitance, and VCM is the common mode 
voltage given by [25]:

	 	
(8)

where VAN & VBN are the voltages of leg A and B of the 
H-bridge with respect to point N, and Lf1 & Lf2 are the filter 
inductances in the two AC terminals. If they are equal, the 
equation reduces to [26]: 

 	 	 (9)

ANALYTICAL TREATMENT OF THE EFFECTS OF 
NON-LINEARITIES 

The equations 1-4 above pertain to the linear switch-
ing behavior. In this section, we present the identified 
non-linearities and their effect on the output. Let us con-
sider a voltage-switched semiconductor device. The current 
through the switch is a non-linear function of gate voltage. 
Hence, the voltage waveform that appears at the inverter 
terminals as the inverter output Vo, since it depends on 

switching behavior, will have the reflection of the switching 
non-linearities [27,28]. Since switching behavior comprises 
a combination of various non-linearities, we evaluate their 
effects individually. The typical plots for all the non-linear-
ities are shown in Figure 3(a)-3(d). 

Dead Zone
The flow of current is delayed until the gate voltage 

reaches a threshold value. The dead zone is taken into 
account by translating into an angle α on the ωt plot hav-
ing a small value [29]. The dead zone causes departure 
from the ideal square wave, thus requiring the equations 
to be reworked. As stated earlier, bipolar modulation has 
been employed, resulting in two voltage levels. The cur-
rent through the switch, in contrast with equation 5, is now 
given as:

	 	

(10)

The Fourier series for the above waveform is given by 
[20]:

	 	
(11)

where , thus the magnitudes of succes-
sive components evaluate to:

Figure 2. H-bridge inverter.
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The comparison with respective components in equa-
tion 3 yields that the magnitude of the fundamental com-
ponent, as well as the harmonics, is somewhat smaller when 
the dead zone is introduced. The dead zone non-linearity 
does not affect the variation of CMV, and hence CMC 
remains unaffected as well.

Gate Resistance
Ideally, the switch current should be independent of the 

gate voltage above the latter’s threshold value. In a practical 
switch, there exists a relationship between the two, the ratio 
of which can be termed gate conductance [30]. To analyze 
the effect of gate resistance, a linear relationship is assumed 
from the zero point, i.e., the dead-time non-linearity is 

ignored. But the gate voltage rises to its final value with a 
slope (say) M up to (say) β degrees on the ωt plot. The cur-
rent through the switch, if the gate voltage goes on to rise 
above the threshold value, is given as:

	 	

(12)

	
(a)	  (b)

	
(c)	 (d)

Figure 3. Transfer characteristics of semiconductor switch with: (a) Gate resistance, (b) Gate resistance and saturation, (c) 
Dead zone and gate resistance, (d) All non-linearities.
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The Fourier series coefficients will show a reduction in 
the magnitudes of all frequency components. Moreover, 
the piecewise function isw is indicative of several jumps in 
voltage of the inverter output terminals A and B. The four 
discontinuities in each cycle, along with continuous varia-
tion in three of the five periods, cause CMV to vary much 
more severely. 

Saturation
If the gate voltage is increased beyond a particular 

value but within the breakdown point, the switch current 
becomes constant (=Ith) and independent of it. This phe-
nomenon can be termed saturation [31]. In such a case, the 
current through the switch, while gate resistance is taken 
into account, is given as:

	 	

(13)

The effect is similar to that in the case of gate resistance, 
except that the jump is now more severe. This causes still 
more variation in CMV.

RESULTS AND DISCUSSION 

Suspended For a comparison of the common mode 
behavior under an ideal scenario and a practical scenario 
where non-linearities are present, a simulation of a PV 
source H-bridge inverter with bipolar modulation has been 
performed. The platform for simulation is MATLAB 2024a, 
but the modelling of the practical switch is done in con-
junction with LTSPICE as follows:

(i)	 Obtain a netlist of the required power electronic device 
that models the practical switch behavior as per isw = 
f(vG, vC).

(ii)	 Interface MATLAB with the LTSpice and sweep 
through the variables vG and vC to generate a 3-dimen-
sional lookup table relating the switch current to the 
two variables.

Table 1. Semiconductor switch specification

Parameter Symbol Specification
Continuous Drain Current ID 20A @ VGS = 10V, Tc = 25°C
Power Dissipation PD 150 W @ Tc = 25°C
Gate to Source Voltage VGS ±20V
Operating and Storage Temperature T -50 to +150°C
Drain to Source Breakdown Voltage VBR(DSS) 200V @ VGS = 0V, ID = 250μA
Drain to Source On-Resistance RDS(ON) 0.18Ω
Gate Threshold Voltage VGS(th) 2-4V @ VDS = VGS, ID = 250μA
Drain to Source Leakage Current IDSS 25 -250 µA @ VDS = 200 - 160, VGS = 0V
Gate to Source Leakage Current IGSS -100 to +100 nA @VGS = 20V
Turn-on Time tON 65 ns @VDD = 100V, ID = 18A, RG = 9.1Ω, RD = 5.4Ω
Turn-off Time tOFF 81 ns @ VDD = 100V, ID = 18A, RG = 9.1Ω, RD = 5.4Ω

Figure 4. LTSpice and MATLAB interfacing for realizing 
practical semiconductor switches.
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(iii)	 Use the lookup table to generate a base workspace vari-
able in MATLAB to be used in the simulation model to 
mimic switch behavior.

The workflow has been demonstrated in Figure 4. The 
suitable environment for simulating the inverter circuit 
with the practical switch is Simscape, available within the 
MATLAB platform. It allows the modelling of semiconduc-
tor switches through a user-provided lookup table. 

The simulation is run for three cycles of grid voltage, i.e., 
0.06s for a 50Hz system. The switching behavior is mod-
elled as explained above. The practical switch used in the 

study is International Rectifier make IRFP240, which is a 
power MOSFET. The essential switch parameters are listed 
in Table 1. The following are the simulation parameters: 

PV Source: TataPowerSolar: TP330, Solar Insolation 
= 1000W/m2, CPV = 2200μF, Practical Switch: Make-
International Rectifier, IRFP240 HEXFET Power MOSFET, 
VDSS = 200V, RDS(on) = 0.18Ω, ID = 20A, Filter: Lf1 = Lf2 
= 30mH, Cf = 0.1μF, Load = 1kW, CP = 2μF, Ground 
Resistance = 10Ω.

All the performance parameters are listed in Table 2. 
The transfer and the input-output characteristics are shown 

Figure 5. Transfer characteristics of semiconductor switch.

Figure 6. Input characteristics of semiconductor switch.
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in Figure 5, 6. All sorts of non-linearities discussed above, 
viz. Dead Zone, Gate Resistance, and Saturation can be 
observed in the plot. The switch current equals the leakage 
current below the gate-to-source voltage threshold. 

The input voltage waveform is shown in Figure 7. It is 
the voltage across the DC link capacitor. Even with a heavy 
DC link capacitor, it still contains ripples that affect the 

CMV and cause CMCs. The ripple content in the practical 
case is twice that in the ideal case. 

The output voltage and current of the system in both 
the ideal and practical cases are shown in Figure 8 and 9, 
respectively. The measurements are taken when no grid is 
connected to ascertain the output, when the grid does not 
flatten it.

Figure 7. Input DC voltage.

Figure 8. Output AC voltage.
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A current sensor takes the CMC measurement as it 
passes through the ground path. In the ideal case, the 
CMC was observed to be 4.2 mA, compared to 47.6 mA 
in the practical case for the 1 kW system. On the small 
scale, an increment of about 10 times was observed. For 
a larger-scale on-grid PV system, the leakage current will 
increase proportionally to the scaling and exceed the per-
missible limit of 300 mA for a 7 kW practical system, as 
opposed to 70 kW for an ideal switch without targeted mit-
igation. The waveforms in both cases are shown in Figure 
10, 11. Very high-frequency oscillations of large magnitude 
are observed in the practical case.

The higher CMC will result in the malfunctioning of 
protective devices. Thus, the safety of life in the vicinity of 
the system is compromised. Also, the rate of slow deteri-
oration of the PV panel will increase manifold, leading to 
a decrease in its life. The power loss remains insignificant 

due to the small magnitude of the CMC, i.e., in the order of 
milliamperes.

In the ideal case, total harmonic distortion is due to the 
cut-off frequency being set to 13 times the fundamental fre-
quency. The THD with the practical switch is significantly 
high, i.e., 8.23%, which can be attributed to non-linear 
switching behavior. The IEEE 519-2014 standard specifies 
the THD limit as 8% for bus voltage less than 1 kV [32]. The 
limit is violated in the practical system, contrary to what 
is suggested by the simulation results of the ideal system. 
The higher THD indicates the presence of higher harmon-
ics, causing the CMV to jump even more, and the CMC 
will be higher. Also, the higher harmonics injected into the 
grid cause well-known issues, such as crawling in induction 
motors, inefficient appliance operation, flickering lights, 
and device overheating.

Figure 9. Output AC Current.

Table 2. Comparison between ideal and practical switch-based inverter

Parameter Ideal switch Practical switch
Input Voltage (V) 371.42 358.79
Ripple Factor (%) 4.04 11.92
RMS Output Voltage (V)  226.8 202.8
RMS Output Current (A) 4.29 3.93
THD (%) 2.83 8.23
RMS value of CMV (V) 268.32 361.29
RMS value of CMC (mA) 4.2 47.6
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Owing to the above-discussed issues induced by the 
non-linear behavior of semiconductor switches, the analy-
sis of transformerless inverters for PV systems should take 
them into account, and new designs should address the 
issues they cause.

CONCLUSION 

In this study, the non-linearity aspect of the semicon-
ductor switch behavior was considered, and the effect of 

non-linearities on the common mode current was estab-
lished both theoretically and practically through sim-
ulation. It was concluded that the common mode effect 
differs significantly in a practical scenario from that pre-
dicted by the model simulated with ideal switches. The 
magnitude of the common mode current was measured 
at 47.6 mA for practical switches, compared with 4.2 mA 
for ideal switches, in a 1 kW single-phase application. 
This multiplies by the size of the system. This framework 
should help analyze inverter topologies that have been 

Figure 11. Common mode current.

Figure 10. Common mode voltage.
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developed or will be developed in the practical scenario. 
Also, the total harmonic distortion was found to be 8.23%, 
compared with 2.83%. This guides the selection of filter 
parameters in a practical scenario. The fundamental out-
put voltage is also attenuated due to voltage drop and har-
monics, implying that more photovoltaic sources in series 
are required, or a DC-DC converter with higher boosting 
capability is needed.

This study, as a starting point, was based on bipolar 
modulation, whereas most, if not all, inverters use unipolar 
or hybrid modulation. Moreover, the single-phase system 
was studied. Therefore, future work may focus on establish-
ing the effects of non-linearity in such practical variants of 
the studied system. 

NOMENCLATURE 

CP1	 Parasitic capacitance of positive PV terminal, F
CP2	 Parasitic capacitance of negative PV terminal, F
CP	 Total parasitic capacitance of PV panel, F
CPV	 DC link capacitance, F
VDC	 Input (DC link) voltage, V
IDC	 Input current, A
Isw	 Current through switch, A
VG	 Gating Voltage, V
VCES	 On-state voltage drop in a switch, V
ICES	 Residual current through switch, A
Vo	 Inverter output voltage, V
VL	 Load voltage, V
IL	 Load current, A
ZL	 Load impedance, ohm
PL	 Output power, W
Ploss	 Power loss, W
n	 Harmonic
ICM	 Common mode current, A
VCM	 Common mode voltage, V
VAN	 Leg A voltage, V
VBN	 Leg B voltage, V
Lf	 Filter inductor, H
Bn	 Fourier coefficient
M	 Slope of gate voltage rise
Ith	 Switch threshold current, A
vC	 Collector voltage, V
Cf	 Filter capacitor, F

Greek symbols
α	 Delay angle due to dead zone, °
β 	 Angle corresponding to the threshold gate voltage, °
ω	 Angular frequency, rad/sec

Subscripts 
f 	 Refers to filter
L	 Refers to load 
P 	 Refers to parasitic

REFERENCES

	 [1]	 Gunsal I, Stone DA, Foster MP. Suppressing leakage 
current for cascaded H-bridge inverters in renew-
able energy and storage systems. IEEE Trans Ind 
Electron 2021;68:11035–11043. [CrossRef] 

	 [2]	 Srinivas VL, Singh B, Mishra S. Enhanced power 
quality PV inverter with leakage current suppres-
sion for three-phase SECS. IEEE Trans Ind Electron 
2022;69:5756–5767. [CrossRef] 

	 [3]	 Qiu J, He Y, Lei C, Jiao Q, Liu J. An improved 
LMSVM method for leakage current suppression 
and neutral-point voltage control in transformer-
less NPC three-level inverters. IEEE J Emerg Sel Top 
Power Electron 2022;10:3100–3113. [CrossRef] 

	 [4]	 International Electrotechnical Commission. Safety 
of power converters for use in photovoltaic power 
systems: Particular requirements for inverters. 
Geneva: IEC; 2011.

	 [5]	 Deutsches Institut für Normung (DIN), Verband 
der Elektrotechnik Elektronik Informationstechnik 
(VDE) eV. Automatic disconnection device between 
a generator and the public low voltage grid. Berlin: 
DIN; 2006. 

	 [6]	 Mondal S, Biswas SP, Islam MR, Shah R, Muttaqi KM. 
A compact generalized switched-capacitor MLI with 
a modified single-carrier PWM scheme for transfor-
merless PV interfacing. IEEE Trans Ind Appl 2025. 
[CrossRef] 

	 [7]	 Gopinath NP, Azhagumurugan R, Sathik MJ, et al. 
Low cost and compact six switch seven level grid tied 
transformerless PV inverter. Sci Rep 2025;15:8841. 
[CrossRef] 

	 [8]	 Gubía E, Sanchis P, Ursúa A, López J, Marroyo L. 
Ground currents in single-phase transformerless 
photovoltaic systems. Prog Photovolt Res Appl 
2007;15:629–650. [CrossRef] 

	 [9]	 Kerekes T, Teodorescu R, Liserre M, Klumpner C, 
Sumner M. Evaluation of three-phase transformer-
less photovoltaic inverter topologies. IEEE Trans 
Power Electron 2009;24:2202–2211. [CrossRef]

[10]	 Chen W, Yang X, Zhang W, Song X. Leakage current 
calculation for PV inverter system based on a par-
asitic capacitor model. IEEE Trans Power Electron 
2016;31:8205–8217. [CrossRef] 

[11]	 Xiao H, Xie S. Leakage current analytical model 
and application in single-phase transformerless 
photovoltaic grid-connected inverter. IEEE Trans 
Electromagn Compat 2010;52:902–913. [CrossRef] 

[12]	 Vazquez G, Kerekes T, Rolan A, Aguilar D, Luna 
Á, Azevedo G. Losses and CMV evaluation in 
transformerless grid-connected PV topologies. 
In: Proceedings of the 2009 IEEE International 
Symposium on Industrial Electronics. IEEE; 2009. 
p. 544–548. [CrossRef] 

https://doi.org/10.1109/TIE.2020.3031524
https://doi.org/10.1109/TIE.2021.3090698
https://doi.org/10.1109/JESTPE.2021.3106339
https://doi.org/10.1109/KPEC61529.2024.10676271
https://doi.org/10.1038/s41598-025-89848-7
https://doi.org/10.1002/pip.761
https://doi.org/10.1109/TPEL.2009.2020800
https://doi.org/10.1109/TPEL.2016.2517740
https://doi.org/10.1109/TEMC.2010.2064169
https://doi.org/10.1109/ISIE.2009.5213296


Sigma J Eng Nat Sci, Vol. 44, No. 3, pp. 1714−1725, June, 2026 1725

[13]	 Chen W, Yang X, Zhang W, Song X. Leakage current 
calculation for PV inverter system based on a par-
asitic capacitor model. IEEE Trans Power Electron 
2016;31:8205–8217. [CrossRef] 

[14]	 Raji AK, Kahn MT. Investigation of common-mode 
voltage and ground leakage current of grid-con-
nected transformerless PV inverter topology. J 
Energy South Afr 2015;26:20–24. [CrossRef] 

[15]	 Soth P, Noun S, Tang H, Or C, Srang S, Danayiyen Y, 
et al. Robust power stabilizing control of a grid-con-
nected inverter using linear matrix inequality. Sigma 
J Eng Nat Sci 2024;42:1367–1377. [CrossRef] 

[16]	 Khan MNH, Forouzesh M, Siwakoti YP, Li L, 
Kerekes T, Blaabjerg F. Transformerless inverter 
topologies for single-phase photovoltaic systems: 
A comparative review. IEEE J Emerg Sel Top Power 
Electron 2020;8:805–835. [CrossRef] 

[17]	 Xiao H. Overview of transformerless photovol-
taic grid-connected inverters. IEEE Trans Power 
Electron 2021;36:533–548. [CrossRef] 

[18]	 Endiz MS, Akkayam R. Design and analysis of an 
improved single-phase QUASI-Z-source inverter. 
Sigma J Eng Nat Sci 2023;41:614–624. [CrossRef] 

[19]	 Dhundhara S, Sharma M, Guéniat F, Arya Y. 
Overview of the renewable-dominated power sys-
tems and their frequency regulation issues. Adv Freq 
Regul Strateg Renewable–Dominated Power Syst 
2023;2023:1-19. [CrossRef] 

[20]	 Qian C, Wang Z, Xin G, Shi X. Datasheet driven 
switching loss, turn-on/off overvoltage, di/dt, and 
dv/dt prediction method for SiC MOSFET. IEEE 
Trans Power Electron 2022;37:9551–9570. [CrossRef] 

[21]	 Pal S, Gopakumar K, Loganathan U, Abu-Rub H, 
Zielinski D. A hybrid seven-level dual-inverter 
scheme with reduced switch count and increased 
linear modulation range. IEEE Trans Power Electron 
2023;38:2013–2021. [CrossRef] 

[22]	 Suryavalli U, Deshmukh VV, Hari VSSPVM. 
Analytical closed-form expressions for magnitudes 
of voltage harmonics in a two-level voltage source 
inverter. In: 2022 IEEE International Conference 
on Power Electronics, Drives and Energy Systems 
(PEDES). IEEE; 2022. p. 1–6. [CrossRef] 

[23]	 Kalkal P, Teja AVR. A novel graphical technique for 
multiple harmonic mitigation in a two-level inverter 
with only two switching angles. IEEE J Emerg Sel 
Top Power Electron 2024;12:3052-3062. [CrossRef] 

[24]	 Xia Y, Roy J, Ayyanar R. Optimal variable switch-
ing frequency scheme to reduce loss of single-phase 
grid-connected inverter with unipolar and bipo-
lar PWM. IEEE J Emerg Sel Top Power Electron 
2021;9:1013–1026. [CrossRef] 

[25]	 Li X, Sun Y, Jiang L, Wang H, Liu Y, Su M. Common-
mode circuit analysis of current-source photovoltaic 
inverter for leakage current and EMI. IEEE Trans 
Power Electron 2023;38:7156–7165. [CrossRef] 

[26]	 Rosas-Caro JC, Escobar G, Martinez-Rodriguez PR, 
Iturriaga-Medina S, Mayo-Maldonado JC, Valdez-
Resendiz JE. Differential and common-mode 
model-based controller for the double-dual buck 
transformerless inverter. Int J Electr Power Energy 
Syst 2021;131:107065. [CrossRef] 

[27]	 Kim HS, Kwon YC, Chee SJ, Sul SK. Analysis, and 
compensation of inverter nonlinearity for three-
level T-type inverters. IEEE Trans Power Electron 
2016;32:4970–4980. [CrossRef] 

[28]	 Wiedemann S, Hackl CM. Simultaneous iden-
tification of inverter and machine nonlin-
earities for self-commissioning of electrical 
synchronous machine drives. IEEE Trans Energy 
Convers 2023;38:1767–1780. [CrossRef] 

[29]	 Lee JH, Sul SK. Inverter nonlinearity compensation 
through deadtime effect estimation. IEEE Trans 
Power Electron 2021;36:10684–10694. [CrossRef] 

[30]	 Rizzo SA, Salerno N. Actual reasons involving turn-
off losses improvement with increasing load and 
gate resistance in MOSFETs enhanced with Kelvin 
source. IEEE Trans Ind Electron 2024;71:369–379. 
[CrossRef] 

[31]	 Muzaffarovna JG. Investigation of a common emit-
ter amplifier made in a bipolar transistor. Berlin 
Stud Transnatl J Sci Humanit 2022;2:1–12. 

[32]	 IEEE. IEEE recommended practice and require-
ments for harmonic control in electric power sys-
tems. New York: IEEE; 2014. Report No.: IEEE Std 
519-2014.

https://doi.org/10.1109/TPEL.2016.2517740
https://doi.org/10.17159/2413-3051/2015/v26i1a2217
https://doi.org/10.14744/sigma.2024.00106
https://doi.org/10.1109/JESTPE.2019.2908672
https://doi.org/10.1109/TPEL.2020.3003721
https://doi.org/10.14744/sigma.2021.00045
https://doi.org/10.1016/B978-0-323-95054-1.00015-9
https://doi.org/10.1109/TPEL.2022.3152529
https://doi.org/10.1109/TPEL.2022.3217439
https://doi.org/10.1109/PEDES56012.2022.10080447
https://doi.org/10.1109/JESTPE.2024.3380576
https://doi.org/10.1109/JESTPE.2019.2956034
https://doi.org/10.1109/TPEL.2023.3241205
https://doi.org/10.1016/j.ijepes.2021.107065
https://doi.org/10.1109/TPEL.2016.2607226
https://doi.org/10.1109/TEC.2023.3263353
https://doi.org/10.1109/TPEL.2021.3061285
https://doi.org/10.1109/TIE.2023.3243272

