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Abstract - The transformerless photovoltaic inverter system will 

lead to a large leakage current between the photovoltaic inverter 

system and the ground, and the current reduction is mainly based 

on the optimization of circuit topology and control mode. This 

paper first analyzes the causes of ground leakage current, as well 

as several strategies and mechanisms to control the ground leakage 

current. On this basis, a novel integrated common-mode and 

differential mode filter circuit is proposed to reduce the leakage 

current of transformerless photovoltaic inverter system. Through 

theoretical analysis and circuit simulation, it is proved that the 

suppression technology can effectively reduce the leakage current 

of transformerless photovoltaic inverters. 

 

Index Terms - Common mode, Differential mode, filter, ground 

leakage current, photovoltaic inverter 

Ⅰ. INTRODUCTION 

With the continuous progress of new energy power 

generation technology, photovoltaic power generation has been 

widely promoted and applied in many countries around the 

world. According to the data of China Photovoltaic Industry 

Association, the global photovoltaic newly installed capacity in 

2022 will reach 230GW, an increase of 35.3% over 2021, and 

the newly installed capacity will hit a new record high [1]. 

Photovoltaic power generation has become one of the fastest 

growing new energy power generation methods in the world. 

The current photovoltaic inverter grid-connected system is 

mainly divided into isolated type and transformerless type, 

because the transformerless photovoltaic inverter grid-

connected system saves the power frequency isolation 

transformer, so it has higher system conversion efficiency and 

lower cost, and has been widely used in small and medium 

power and string photovoltaic inverter system. However, in a 

photovoltaic system without transformer isolation, because the 

negative electrode of the photovoltaic panel cannot be directly 

grounded, and there is a certain parasitic capacitance between 

the positive and negative electrodes of the photovoltaic panel to 

the outside, it will lead to a loop between the photovoltaic panel 

and the ground and cause a certain leakage current, which will 

bring safety risks to the operator, and also cause harmonic 

hazards in the power grid.  

At the same time, it is also the main source of 

Electromagnetic Interference (EMI) common mode noise [2], 

so the photovoltaic inverter grid-connected must meet the 

corresponding leakage current and safety standards such as DIN 

VDE 0126-1-1[3] and IEC 60755:2017[4], and the Chinese 

national standard GB/T30427-2013[5]. 

Aiming at the problem of common mode leakage current of 

transformerless photovoltaic inverter system, literature [6-9] 

proposed many leakages current reduction measures based on 

circuit topology and control mode, which have also been widely 

used in the industry. However, the basic idea of these 

improvement countermeasures based on circuit topology is to 

cut off the panel and the high-frequency AC side during the 

continuous flow or construct a new continuous flow loop, 

which requires increasing the number of semiconductors.  

For the change of the control mode, it is necessary to make 

all the switching tubes work at high frequency, which will lead 

to a large increase in the loss of the switching tubes and 

magnetic devices and reduce the efficiency of the system. Based 

on the mechanism of inverter leakage current generation, an 

integrated differential mode and common mode filter circuit is 

proposed in this paper, which can effectively inhibit the 

generation and transmission of leakage current without adding 

additional power devices or changing unipolar control 

algorithm. Through theoretical analysis and circuit simulation, 

the feasibility of the principle and technology application is 

confirmed. 

Ⅱ. MECHANISM OF FORMATION OF GROUND LEAKAGE 

CURRENT BY PHOTOVOLTAIC INVERTERS 

As depicted in (1), the leakage current in transformerless 

photovoltaic inverter systems is influenced by the distribution 

of capacitors within the photovoltaic panels. Literatures [10-11] 

have analyzed and introduced the concept of capacitor 

distribution in photovoltaic panels. This distribution depends on 

factors like the panel's encapsulation structure, the dielectric 

constant of its packaging material, material thickness, and 

various weather conditions such as temperature and humidity. 

Based on practical engineering experience, it has been 

observed that the distribution of capacitors in photovoltaic 

panels typically falls within the range of about 50 to 150 

nF/KW . It's important to note that these distributed 

capacitances are connected in parallel. Consequently, in larger 

photovoltaic systems, the equivalent distributed capacitance 
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becomes greater, leading to an increase in common mode 

leakage current to the ground. 

 

                iCM = CPV(dVCM)/(dt)          （1） 
 

It can also be seen from (1) that in addition to the distributed 

capacitance of photovoltaic panels, another main factor 

affecting the common mode leakage current is the high-

frequency common mode voltage VCM. Fig.1 is a typical circuit 

model of a single-phase H4 bridge photovoltaic inverter grid-

connected system. To improve the conversion efficiency, the 

unipolar SPWM control mode is generally adopted. The 

generation mechanism of leakage current is simply analyzed 

based on this circuit [12]. 
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 Fig .1. Leakage current model for PV system 
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(a) Driver signal for S1, S4 

 

   
(b) Amplified driver signal for S1, S4 
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(c) Driver signal for S2, S3 

 

   
(d) Amplified driver signal for S2, S3 

 

Fig. 2. Driver signal for H4 Bridge 
 

In the unipolar H4 bridge control mode, two high frequency 

tubes and two low frequency tubes (power frequency) are 

generally combined. The specific switch timing is shown in 

Fig.2. In positive half wave, S1 and S 4 are a group, S1 is high 

frequency switch, S4 is on, S2 is high frequency switch, S3 is 

off; in negative half wave, S2 and S3 are off, S2 is high 

frequency switch, S3 is on, S1 is high frequency switch, and S4 

is off. Since the control signals of S1 and S2 are complementary 

high frequency pulse modulated by unipolar, and the control 

signals of S3 and S4 are complementary pulses of power 

frequency, therefore, the two bridge arms S1 and S2, S3 and S4 

will not be directly connected.    
Due to the alternating switch of the switch tube, a high-

frequency alternating voltage Ua0  is formed between the o-

point of the A-point to the DC bus, as shown in Fig.3. 
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Fig. 3. Ua0 voltage wave 
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Due to the existence of alternating voltages Va0 and Vbo, a 

circuit is formed through filtering inductors L1 , L2 , EMC 

filters, power grids Vg , and photovoltaic panel to ground 

capacitor CPV. The current flowing CPV through current ICM 

is the ground leakage current, also known as the ground 

common mode current. The Va0 and Vbo appear alternately in 

unipolarity control, so from the perspective of the time domain 

model, it can be analyzed in Fig. 4 and Fig. 5. In order to 

facilitate the analysis, it can be simplified to the model of Fig. 

6, and the high frequency voltage source is reflected 

simultaneously [13]. 

 

vg

a

b

Cpv O

ia

ib

icm1

Va0

L1

L2

 
Fig. 4. Equivalent circuit model 1 
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Fig.5. Equivalent circuit model 2 
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Fig. 6. Equivalent circuit model 3 

 

According to Kirchhoff's voltage law, (2) and (3) are derived: 

 

Vao = VL1
+ Vg + VCM                  (2) 

Vbo = −VL2
+ VCM                    (3) 

 

It can be derived from (2) and (3): 

 

VCM = Vao−VL1
− Vg                    (4) 

VCM = Vbo+VL2
                      (5) 

 

 

 

According to the law of electromagnetic induction, the 

inductance voltage drop can be derived as follows. Since the 

two inductances have the same amount and current, it can be 

considered that the absolute values of the inductance voltage 

drop are the same and the direction is opposite: 

 

          VL = L(di)/(dt)                        (6) 

 

As can be known from the SPWM modulation mode that the 

high-frequency ripple is the largest at 45° and 135°, and the 

high-frequency ripple is the smallest at 0° and 90°, so the entire 

common-mode voltage presents a spindle type during the 

operation of Vbo , and there will be an offset due to the 

superposition of grid voltage during the operation of Va0 . 

Because it is a low-frequency power grid voltage Vg , the 

leakage current caused by the ground capacitance is very small 

and can be approximately ignored, so the influence of the power 

grid voltage Vg is basically not reflected on the common-mode 

current ICM. The specific simulation waveform of the common-

mode voltage VCM and ICM is shown in Fig.7. 

 The simulation tool adopts MATLAB 2022a, circuit 

simulation parameters are as follows: bus voltage 400V, 

L1=L2=1mH, unipolar control, switching frequency 20KHz, 

ground capacitance 300nF, load 20Ω, the effective value of 

output AC voltage is about 220V. 
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Fig. 7. Simulation wave for CM voltage and CM current 

 

It can be derived from (4) and (5): 

 

 VCM = (Vao + Vbo − Vg)/2                  (7) 

 

Due to the low-frequency power grid voltage Vg, the leakage 

current caused by the ground capacitor is very small and can be 

approximately ignored, so it can be approximately equal to: 

          

               𝑉𝐶𝑀 ≈ (𝑉𝑎𝑜 + 𝑉𝑏𝑜)/2                       (8) 

 

The FFT transformation of the common mode voltage and the 

common mode current respectively shows the frequency and 

amplitude distributions of the main harmonic components. 

Specifically, are shown in Fig. 8 and Fig. 9. 
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Fig. 8. FFT for CM voltage 

 

 
Fig. 9. FFT for CM current 

 

According to the FFT transformation results, the main 

harmonic component frequency of the common mode voltage 

and the current on the unipolar H4 topological to-ground 

capacitor CPV , is the switching frequency of 20 kHz and its 

doubling frequency, and the harmonic voltage and current 

amplitude at 20 kHz reach 80 V and 6 A, respectively. 

Ⅲ. INTRODUCTION OF THE EXISTING LEAKAGE CURRENT 

SUPPRESSION TECHNOLOGY 

Since the inverter must meet the corresponding EMI and 

harmonic requirements when connected to the grid, the leakage 

current of the traditional unipolar control H4 bridge must be 

suppressed accordingly. For the formation mechanism of the 

leakage current, some countermeasures are adopted to reduce 

the leakage current mainly from the following perspectives. 

 
A. Leakage Current Suppression Technology Based On The 

Control Mode 

From (8), if VCM can be controlled as a constant value, no 

common-mode voltage will occur, and naturally there will be 

no leakage current. In the case that the simulation parameters 

are the same, only the control mode will be changed from 

unipolar control to bipolar control, because under the bipolar 

SPWM control mode, the four switching tubes are in a high 

frequency switching state. In addition, the two bridge arms are 

sympotically switched on alternately, so that the sum of Va0 

and Vbo is a constant bus voltage value.  

Theoretical analysis and experiments show that the 

common mode voltage and common mode current are much 

smaller than unipolar SPWM control. However, because the 

bipolar control mode requires four switching tubes to work at 

high frequency, the loss of switching tubes will increase greatly. 

At the same time, the voltage difference of each switching cycle 

on the inductor will also increase, which will lead to the 

increase of the magnetic flux change value ΔB of the inductor. 

According to the Steinmetz equation, the loss of the inductor 

core will also increase significantly. Therefore, from the 

perspective of system loss, the bipolar control mode will 

increase the loss of the inverter switching tube and inductor, 

which is not conducive to improving the system efficiency, so 

not much is actually used [14]. 

 
B. Leakage Current Suppression Technology Based on Circuit 

Topology 

In addressing leakage current concerns from a circuit 

topology perspective, two main approaches have emerged. The 

first approach involves the separation of the AC side and the 

DC side to ensure continuous flow, primarily achieved by 

emphasizing continuous flow on the AC side. A notable 

example of this approach is the H5 topology by Germany's 

SMA and the H6 (Heric) topology by Sunways. 

The second approach focuses on establishing a relatively 

static point directly or indirectly linked to the negative or 

positive terminal of the photovoltaic panel through a series of 

capacitors. This configuration creates a fixed voltage value 

between the panel and the grid, effectively reducing the 

common-mode voltage between the panel and the ground. 

Topologies following this approach include the midpoint clamp 

topology, three-level topology, half-bridge topology, among 

others [15]. 

The H5 topology is to add a switching tube based on the H4 

topology, which is opened during the main current conduction 

and closed during the continuous flow, so that the AC side and 

the DC side are separated. By closing the 𝑆5, and the AC side 

is controlled by the switching tube to form a continuous flow 

loop, which is equivalent to short circuit point a and point b. 

Thus, there is basically no leakage current flowing through the 

𝐶𝑃𝑉  during the continuous flow, but the disadvantage of this 

topology is due to the addition of a high frequency switch pipe, 

which leads to the total switch pipe loss and the cost increase 

[16]. The H5 circuit is shown in Fig. 10. 
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 Fig. 10. H5 topology 

 

The H6 topology is based on the H4 topology by adding two 

switching tubes 𝑆5 and  𝑆6 between point a and point b. And 

through the reverse series constitute a function of bidirectional 

switch, during the main current turn-on,  𝑆5 and 𝑆6 off, in the 

continuous flow,  𝑆5  and  𝑆6  open, so that during the 

continuous flow is equivalent to a short circuit between point a 

and point b, forming a circuit that only continues on the AC side, 
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thus it can also be realized during the continuous flow basically 

does not produce leakage current flowing through 𝐶𝑃𝑉 . 

However, the disadvantages of this topology are similar to those 

of H5 in that the total switching tube loss increases significantly 

due to the addition of two high frequency switching tubes [17]. 

The H6 circuit is shown in Fig. 11. 
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 Fig. 11. H 6 topology 

 

The midpoint clamping topology is to use two small 

capacitors on the network side to form a relative midpoint and 

connect it to the negative or positive electrode of the 

photovoltaic panel. Because the grid voltage is the low 

frequency voltage can be seen as a static point, which is 

equivalent to connecting the negative electrode (or positive 

electrode) of the photovoltaic panel to a static point. As shown 

in Fig. 12 specifically, the ground common mode voltage VCM 

is basically equal to VCm2 . Since the voltage fluctuation on 

Ccm2 is relatively small, the common mode current ICM will 

correspondingly decrease a lot. However, because Ccm1  and 

Ccm2 are connected behind the filter, they cannot be too large, 

otherwise they will affect the filtering effect of the inverter [18]. 

The midpoint clamp is shown in Fig.12. 
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Fig. 12. Neutral point clamp topology 

 

In addition, the topology structure that can suppress leakage 

current also has the form of three-level topology, half-bridge 

topology and so on. The three-level topology is mainly to 

achieve soft switching technology through complex control 

methods to improve the conversion efficiency of the system, 

and its disadvantage is that it needs to increase the additional 

large partial voltage bus capacitance, which has a certain impact 

on the cost and life (electrolytic capacitance will gradually 

weaken, and the higher the temperature, the faster the 

weaken).The half-bridge topology is essentially Buck inverter, 

due to the capacitive voltage division, resulting in the actual 

working voltage is only 0.5VPV, low voltage utilization, so it is 

not suitable for high-power occasions. 

Ⅳ. LEAKAGE CURRENT SUPPRESSION TECHNOLOGY OF 

PHOTOVOLTAIC INVERTER INTEGRATING COMMON MODE AND 

DIFFERENCE MODE FILTER CIRCUIT 

Considering the limitations observed in existing leakage 

current suppression technologies discussed earlier, this paper 

introduces an innovative solution that combines both common-

mode and differential-mode filter circuits. This circuit 

effectively mitigates both common-mode and differential-mode 

signals, offering comprehensive suppression as depicted in Fig. 

13. 
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Fig. 13. Circuit topology based on integrated CM and DM 

 

This circuit, Lcm is a common mode choke, also known as a 

common mode inductor,  Ccm1 and Ccm2 are common mode 

capacitors, whose role is to filter out the common mode noise 

interference in the power line. When there is a current through 

the common mode inductor Lcm , because the magnetic flux 

direction generated by each group of coils is the same, the 

magnetic induction of the two groups of coils will strengthen 

each other, and the total amount of inductance will increase 

sharply.  

According to the high-frequency characteristics of the 

inductor, the high-frequency harmonics in the current will be 

difficult to flow, playing the role of filtering out high-frequency 

harmonics. Ccm1 and Ccm2 can be connected to the output end, 

can also be connected to the input end, where the point is 

connected to the ground, can play a role in suppressing common 

mode noise interference.  Cdm1 and Cdm2  as a differential 

mode filter capacitor straddled between two power lines, the 

differential mode inductor Ldm , the role of the differential 

mode capacitor and inductor is to filter out the differential mode 

noise interference in the line [19]. 

 

Cpv

icm

Ldm

Vcm

2Ccm

Lcm1 2

1 2+

L L

L L
2 1

2 1

( )

2( )

dmV L L

L L

−

+

i

 
 Fig. 14. Equivalent circuit 

 

In addition, because the power grid voltage is low frequency 

signal basically does not constitute high frequency leakage 

current, so the Vg  can also be ignored, the model is further 

simplified to the model without model of Vg . The equivalent 

circuit is shown in Fig.14. 

The simulation tool adopts MATLAB 2022a, the circuit 

simulation parameters are as follows: bus voltage 400 V,L1 =
L2 = 1mH, Ccm1 = Ccm2 = 4700pF, Cdm1 = Cdm2 =
0.02uF, Ldm = 3.3mH , the common mode inductor Lcm  in 

each group of coil is 10mH , unipolar control, switching 

frequency 20 kHz, ground capacitor 300nF, load 20Ω, and the 

effective value of output AC voltage is about 220 V. The 

simulation results are shown in Figs. 15 - 17. 

 



JOURNAL OF ELECTRICAL AND ELECTRONIC SYSTEMS RESEARCH, VOL.25 OCT 2024 
 

79 

 

 
Fig. 15. Simulation wave for CM voltage and CM current 

 

 
Fig.16. FFT for CM voltage 

 

 
 Fig. 17. FFT for CM current 

 

According to the FFT transformation results, the main 

harmonic component frequency of the common mode voltage 

and current on the circuit topological ground capacitor CPV , 

and the harmonic voltage and current amplitude at 20 kHz are 

20 V and 0.9 A respectively. From the above results, it is easy 

to see that the leakage current of the circuit has significantly 

decreased, therefore, this suppression strategy is feasible. 

Ⅴ. CONCLUSION 

This paper has introduced a robust solution for the 

suppression of leakage currents in photovoltaic systems, 

employing an integrated common-mode and differential mode 

filter circuit. Through rigorous theoretical analysis, model 

development, and circuit simulations, the practical feasibility 

and effectiveness of this approach have been demonstrated. The 

proposed technique not only addresses the pressing issues of 

ground leakage current and EMI noise in transformerless 

photovoltaic inverter systems but also presents a cost-efficient 

alternative by reducing the overall EMI filtering expenditure. 

Moreover, its user-friendly implementation process makes it an 

attractive choice for practical application. In summary, this 

technology offers significant advantages, particularly for 

single-phase unipolar control of transformerless bridge 

photovoltaic inverters. It contributes to the reduction of ground 

leakage current, enhancement of EMI characteristics, and 

substantial cost savings in EMI filter implementation, marking 

a substantial step forward in the field of photovoltaic systems. 

 

REFERENCES 

[1] China Photovoltaic Industry Annual Report 2022-2023. China Photovoltaic 
Industry Association (CPIA), Beijing. Aug. 16, 2023. 

[2] A. K. Raji and M.D.T. E Kahn, “Investigation of common-mode voltage and 

ground leakage current of grid-connected transformerless PV inverter topology,” 

Journal of Energy in Southern Africa，vol. 26, no. 1, pp. 20–26, May. 2015. 

[3] Electrical Engineering and Electronic Information Technology Association 
Standards, DIN VDE 0126-1-1, German Standard, Aug, 2013. 

[4] General safety requirements for residual current operated protective devices, 

IEC 60755: 2017, IEC Standard, Oct, 2017. 
[5] Technical requirements and test methods for grid-connected PV inverters, 

GB/T 30427－2013, China Standard, Dec, 2013. 

[6] Y. P. Siwakoti and F. Blaabjerg, “Common-ground-type transformerless 

inverters for single-phase solar photovoltaic systems,” IEEE Transactions on 

Industrial Electronics，vol. 65, no. 3, pp. 2100–2111, Mar. 2018. 

[7] H. Xiao, L. Zhang and Y. Li, “A zero-voltage-transition HERIC-type 

transformerless photovoltaic grid-connected inverter,” IEEE Transactions on 

Industrial Electronics, vol. 64, no. 2, pp. 1222–1232, Feb. 2017． 

[8] C. Wei and Z. Yao, “A Leakage Current-Free Photovoltaic Inverter and Its 

Control Method,” 2022 Power Systems and Green Energy Conference, 
Shanghai, China, pp. 1133-1137, Sep. 2022. 

[9] M.F. Kibria, S. Jahan, S.P. Biswas and M.R. Islam, “H9 and H10 

Transformer-less Solar Photovoltaic Inverters for Leakage Current Suppression 
and Harmonic Current Reduction,” IEEE Transactions on Industry 

Applications, vol. 59, no. 2, pp. 2446–2457, Apr. 2023． 

[10] X. Li, Y. Sun, L. Jiang, H. Wang and Y. Liu, “Common-Mode Circuit 

Analysis of Current-Source Photovoltaic Inverter for Leakage Current and 

EMI,” IEEE Transactions on Power Electronics, vol. 38, no. 6, pp. 7156–7165, 
Jan. 2023. 

[11] G. Liu，J. Su and H. Wang, “Research on common-mode current reduction 

of single-phase three-level PV inverter,” Electrotechnical Application, vol. 32, 
no. 19, pp. 40–45, Jul. 2018. 

[12] G. Chen, Y. Zhong and F. Jie, “Research on common mode current 

suppression of transformerless inverter in non-isolated photovoltaic grid 

system,” Journal of Zhejiang University of Technology，vol. 43, no. 6, pp. 655–

660, Jun. 2015. 
[13] L. Ma, “Research on topologies and control strategies of transformerless 

grid-connected photovoltaic inverters,” Ph.D. dissertation, School of Electrical 

Engineering, Beijing Jiaotong University, Beijing, 2021. 
[14] Q. Zheng and W. Chen, “Study on PV inverter ground leakage current 

reduction technology based on the coupling inductor,” Electric Machines and 

Control, vol. 24, no. 6, pp. 43–54, Jun. 2020. 

[15] H. Xiao, “Overview of Transformerless Photovoltaic Grid-Connected 

Inverters,” IEEE Transactions on Power Electronics, vol. 36, no. 1, pp. 533–

548, Jan 2021.  
[16] X. Guo and X. Jia, “Analysis of common mode leakage current for 

transformerless cascaded H5 PV inverter,” Transactions of China 

Electrotechnical Society，vol. 33, no. 2, pp. 361–365, Feb 2018. 

[17] Y. Yuan and H. Ma, “A new HERIC PV inverter for restraining the leakage 

current,” Microcomputer & Its Applications，vol. 36, no. 1, pp. 35–39, Jan 2017. 

[18] J. Huang, “Research on three-level active midpoint clamp converter 

containing SiC MOSFET,” M.S. thesis, School of Electric Power Engineering, 
Kunming University of Science and Technology, Kunming, China, 2023. 

[19] G. Ding, C. Wang, H. Shao and F. Zhang,”Design and Prformance 

Simulation of Switching Power Filter,” Electric Engineering, vol. 56, no. 8, pp. 
124–126, Aug 2023. 

 

 


