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Abstract: Leakage current is a critical issue that affects non-isolated photovoltaic grid-

connected inverter systems. The development and deployment of non-isolated PV inverters 

are severely hampered by leakage current, which can also raise system losses, compromise 

safety, impair the quality of the power grid, and generate electromagnetic compatibility 

problems. A three-phase non-isolated photovoltaic inverter is the focus of this paper's 

investigation, and the basic leakage current model is first built. Subsequently, the paper 

analyzes two of the latest leakage current suppression technologies from the perspective of 

circuit structure, comparing their advantages, disadvantages, and application scopes. Finally, 

the paper explores the future development directions and challenges of leakage current 

suppression technologies, providing valuable reference points for optimizing leakage current 

suppression in the future. 
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1. Introduction 

Since the signing of the Paris Agreement in 2016, increasing the share of clean energy in power 

generation has become a major global development trend in power systems. Numerous nations have 

shown interest in photovoltaic (PV) grid-connected power generating technology since solar energy 

is one of the most dependable renewable energy sources and has substantial expansion potential. 

When solar panels are exposed to sunlight, the DC they produce cannot be directly linked to the AC 

transmission system; instead, an inverter is required to convert the DC to AC. Based on their 

topologies, PV grid-connected inverters can be categorized as isolated and non-isolated categories. 

Compared to isolated inverters, non-isolated inverters are smaller in size, lower in cost, and have a 

simpler structure. One of their most notable advantages is the ability to enhance system efficiency, 

making them particularly attractive for PV power generation systems, which often face high 

generation costs [1]-[4]. Therefore, studying and optimizing non-isolated inverters is of great 

practical importance in reducing power generation costs and improving energy utilization. 

However, due to the absence of isolation in non-isolated inverters, various filter inductors and 

capacitors on the DC side, along with parasitic capacitances and the AC grid-connected inverter 

circuit, are interconnected. These parts work together to create a resonant network that eventually 

causes a sizable leakage current that reaches ground via the grounding loop. [5]. Leakage current can 
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severely impact the power generation system by increasing harmonic current, degrading power grid 

quality, increasing system losses, and creating safety and electromagnetic compatibility issues [6]. 

To gain widespread development and application in power production systems, non-isolated PV 

inverters must overcome the crucial technological issue of suppressing or avoiding leakage current. 

Currently, many domestic and international experts and researchers have proposed solutions to 

suppress or eliminate leakage current. In general, these solutions fall into one of two primary 

categories: modifying the circuit structure and innovating the modulation strategy [7]. This paper 

focuses exclusively on methods related to modifying the circuit structure, and the reasons for this will 

be discussed in the main text. Compared to single-phase inverters, three-phase inverters significantly 

improve reliability and extend service life, making them widely used in PV power generation systems. 

Existing solutions are divided into two main approaches: implanted capacitors and modified 

topologies. This paper compares the advantages and application scopes of these methods. Finally, 

future development directions and challenges for leakage current suppression technology are 

discussed, providing valuable reference points for further optimization of leakage current suppression 

techniques. 

2. Principle model of leakage current in photovoltaic inverter 

Before studying leakage current suppression technologies, it is crucial to first understand the principle 

of leakage current generation and identify its root causes to develop effective solutions. Figure 1 

presents a schematic circuit diagram of a traditional three-phase non-isolated photovoltaic inverter. 

In the diagram, La, Lb, and Lc are the inductors at the grid connection points, and C represents the 

parasitic capacitance between the output of the three-phase bridge inverter circuit and the ground. 

The parasitic capacitance between the solar panel and the ground is denoted by Cpy, whereas the 

ground inductance between the inverter and the grid is represented by Lg. Based on figure 1, the 

equivalent common-mode voltage model of the system is established in figure 2, where Ua, Ub, and 

Uc represent the branch voltages of the three phases. From this model, the common-mode voltage 

and differential-mode voltage between any two phases can be derived: 

𝑈𝑐𝑚𝑖𝑗 −
𝑈𝑖𝑛 + 𝑈𝑗𝑛

2
(1) 

𝑈𝑑𝑚𝑖𝑗 −
(𝑈𝑖𝑛 − 𝑈𝑗𝑛)(𝐿𝑖 − 𝐿𝑗)

2(𝐿𝑖 + 𝐿𝑗)
(2) 

By using the formula above, one may get the system's total mode voltage: 

𝑈𝑡𝑐𝑚 −
𝑈𝑐𝑚𝐴𝐵 +𝑈𝑐𝑚𝐵𝐶 +𝑈𝑐𝑚𝐶𝐴

3
+
𝑈𝑑𝑚𝐴𝐵 + 𝑈𝑑𝑚𝐵𝐶 + 𝑈𝑑𝑚𝐶𝐴

3
(3) 

If the inductors La､Lb and Lc at the grid-connected place can be set to be equal respectively, the 

simplified total mode voltage can be obtained [8]: 

𝑈tcm −
𝑈𝐴𝑛 + 𝑈𝐵𝑛 + 𝑈𝐶𝑛

3
(4) 

Furthermore, the common-mode voltage Ucm and the voltage Uon at each tip of the parasitic 

capacitor have the following transfer functions: 

𝑈𝑜𝑛(𝑠) = 𝐺(𝑆)𝑈𝑐𝑚(𝑠) (5) 
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Figure 1: Three-phase non-isolated PV inverter. 
 

Figure 2: System common-mode voltage 

equivalence model. 

The relationship between the common mode leakage current ileakage and the voltage Uon at both 

ends of the parasitic capacitor is as follows: 

𝑖leakage = 𝐶
𝑑𝑈on
𝑑𝑡

(7) 

The common-mode voltage, differential-mode voltage, parasitic capacitance to ground, and circuit 

parasitic characteristics are among the components that ultimately affect the leakage current. 

Therefore, the effective control and optimization of these circuit parameters are crucial to the success 

of leakage current suppression technologies. 

3. Leakage current suppression technology by modifying circuit structure 

According to the analysis of leakage current generation above, the inverter circuit is common-mode 

loop impedance, parasitic capacitance to ground, and common-mode voltage all affect leakage current 

generation. Therefore, after reviewing relevant literature, several effective solutions have been 

identified. Among these, two mainstream approaches stand out: 

Modifying the circuit structure: This includes altering the positions of components within the 

circuit or adding/removing components as necessary. 

Proposing or improving modulation strategies: Modulation strategies refer to control methods 

that manage the operation of all switches in the circuit according to a specific logical sequence. 

However, new control strategies are generally introduced to complement new circuit topologies. 

Since new modulation strategies are often designed for specific new topologies, this paper focuses 

on the more fundamental approach of modifying the circuit structure. In the following sections, the 

author categorizes these methods into two primary technical research directions: implanting 

appropriate capacitors and modifying the circuit topology. 

3.1. Implanting appropriate capacitors  

3.1.1. Adding Bypass Capacitors on the DC Side 

It was suggested to use a new grid-connected solar inverter based on the DC [9] bypass topology. It 

is well known that the common-mode loop impedance and the common-mode voltage are correlated 
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with the common-mode leakage current in a system. Therefore, methods for reducing leakage current 

can be considered from two perspectives: (1) limiting the variation range of the common-mode 

voltage and (2) increasing the impedance of the common-mode loop. 
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Figure 3: New H7 DC bypass topology.  
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Figure 5: Three-phase three-level inverter with 

neutral point capacitor.  
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Figure 4: A combined inverter with flying 

capacitors.  

 

To further reduce the common-mode leakage current in the H7 DC bypass topology, this method 

increases the impedance of the common-mode loop. To achieve this, a bypass capacitor Cx is added 

after the three-phase filter inductor, with the common terminal of Cx connected to the negative 

terminal of the DC side, as shown in figure 3. Under this structure, the formula for the leakage current 

is: 

𝑖𝑙𝑒𝑎𝑘𝑎𝑔𝑒(𝑠) = 𝐺𝑐2(𝑠)𝑈𝑐𝑚(𝑠) (8) 

Gc2(s) becomes smaller under this topology, resulting in smaller leakage currents. Therefore, the 

improved topology has a better effect on the suppression of leakage current, and the larger the bypass 

capacitance, the better the effect. 

3.1.2. Adding Flying Capacitors  

A combined inverter with flying capacitors [10] was proposed. The circuit design of a combined 

three-phase PV inverter with flying capacitors is shown in figure 4. In this design, CFC1, CFC2 and 

CFC3 are flying capacitors, and the topology divides the system into three independently decoupled 

single-phase circuits, with each phase operating independently of the others. 

For a combined three-phase inverter, the total leakage current is the sum of the leakage currents of 

each phase. To achieve zero total leakage current, the overall common-mode voltage must remain 

constant. The flying capacitors are charged by the photovoltaic cells during the positive half-cycle 

and discharge during the negative half-cycle, maintaining the common-mode voltage of each phase. 

This ensures that the total common-mode voltage of the system remains constant, effectively 

eliminating the leakage current. However, this circuit is more complex than traditional three-phase 

circuits. It requires additional switches, resulting in higher costs and increased total switching losses. 
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3.1.3. Adding Neutral Point Capacitors 
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Figure 6: Forward and reverse clamp H10 three-phase inverter topology.  

A three-phase inverter with a neutral point capacitor [11] is proposed. The grid-connected structure 

of the improved non-isolated three-phase, three-level inverter is shown in figure 5. In this design, the 

neutral point on the AC side and the neutral point on the DC side are connected by a capacitor Cf, 

forming a common-mode LC filter circuit for leakage current suppression. This filter circuit 

effectively filters out the high-frequency components of the common-mode voltage without affecting 

the differential-mode loop. This circuit topology has a significant effect on suppressing leakage 

current and has minimal impact on the differential-mode grid-connected current. Moreover, it does 

not require changes to the modulation strategy or control method of the grid-connected system, 

making the principle straightforward and easy to implement, with substantial engineering application 

potential. However, the numerical settings of the filter parameters depend on the specific parameters 

and structure of the circuit to which the method is applied. This means that when applied to different 

inverter circuits, a series of experiments must be conducted to determine the optimal values for C f 

and Rd. This requirement poses challenges for the widespread application of this method. 

There are other similar methods that involve adding appropriate capacitors to the inverter circuit, 

including the method described in this paper. These approaches are generally simple to implement 

and do not significantly alter the circuit structure. Furthermore, they typically do not introduce a large 

number of additional electronic components, thus not significantly increasing the overall cost. 

However, the lifespan of the capacitors can affect their performance and, in turn, impact the stability 

and service life of the entire inverter circuit. 

3.2. Changing the circuit topology  

3.2.1. Adding clamping circuitry  

Ref. [12] proposes a 10-switch three-phase inverter topology (H10 topology) with two different 

clamping modes: forward and reverse. The forward clamped H10 three-phase inverter topologies and 

their corresponding schematic designs are displayed in figures 6(a) and 6(b), respectively. 

In this design, two DC bus disconnectors and a clamping circuit are added to the traditional three-

phase inverter topology. The location of the clamping switches within the clamping circuit is the 

primary distinction between the two topologies. Inverter system common-mode performance is 

enhanced by both topologies, which also lessen the common-mode voltage's variable range and 

successfully address the issue of system leakage current. When compared to forward topology, the 

reverse topology exhibits a higher common-mode voltage frequency, larger common-mode loop 
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impedance, and stronger leakage current suppression, making it more advantageous for engineering 

applications. 

However, regardless of the type of clamping circuit used, both structures are relatively complex. 

Four additional switch devices are introduced on top of the original three-phase bridge, which 

significantly increases both the cost and the overall switching losses of the circuit. 

3.2.2. Replacing the boost converter with a buck-boost converter and connecting it to a three-

phase bridge arm 

The methods introduced above focus primarily on modifications of voltage-source inverters (VSIs). 

In this section, we will introduce a more specialized type of current-source inverter (CSI). A current-

source inverter is distinguished by the fact that the DC side functions as a current source, with the 

DC power supply being roughly represented as a continuous current source thanks to the use of 

massive inductors for filtering. 

In the conventional three-phase current-source inverter (CSI), a boost converter is multiplexed 

with the three-phase bridge arm, giving the CSI a boost characteristic. Theoretically, based on this 

design approach, an inverter with buck-boost capability can be realized by connecting a buck-boost 

converter to the three-phase bridge arm. The structure proposed in Ref. [13] is shown in figure 7. 

Compared to the traditional CSI, this design connects two energy storage inductors in series on the 

DC side and adds three more switching transistors S7~ S9, as well as two diodes D8 and D9, on the 

DC side. The midpoint of the DC side is directly connected to the filter capacitor center of the AC 

side. This design provides a broad range of application situations and enables both step-up and step-

down voltage conversion of the input voltage, satisfying the needs of various voltage levels. 

Furthermore, this circuit design stabilizes the common-mode voltage under sinusoidal pulse width 

modulation (SPWM), and the modulation technique is straightforward and simple to use. The leakage 

current generated by this topology also meets the VDE0126-1-1 standard under grid-connected 

conditions. 

However, compared to traditional three-phase voltage-source inverters, this design requires eight 

additional diodes, three switching transistors, and two inductors, significantly increasing the circuit's 

cost, especially due to the large inductors used for current stabilization. Additionally, the output 

voltage of this method varies with the load, making it less stable than that of a voltage-source inverter 

circuit. 

Both of the methods described above, which involve changes to the circuit topology, introduce 

varying degrees of complexity to the circuit structure. This complexity is also present in multi-level 

inverters, where more levels mean more switches, resulting in higher costs, larger volumes, more 

complex circuitry, and more intricate modulation strategies. Although these designs provide better 
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Figure 7: New Buck-Boost inverter topology.  

 

Proceedings of  the 5th International  Conference on Materials  Chemistry and Environmental  Engineering 
DOI:  10.54254/2755-2721/127/2025.20256 

95 



 

 

leakage current suppression and special features, they also come with higher costs and increased 

switching losses. 

4. Discussion 

The above leakage current suppression schemes are summarized and compared based on their 

characteristics, shortcomings, leakage current suppression capabilities, and application range, as 

shown in table 1. 

If we focus solely on leakage current suppression, the method of using flying capacitors achieves 

the best results. It completely eliminates leakage current under symmetrical loads and almost fully 

suppresses it under asymmetrical loads [10], while other methods show relatively lower effectiveness. 

Table 1: Comparison of leakage current suppression methods 

Method 
category 

Leakage current 
suppression method 

peculiarity 

Leakage current 
suppression 
capability 

shortcoming Scope of application 

Implant the 
appropriate 
capacitors 

Access bypass 
capacitors on the 

DC side 

Increase the 
common-mode 

impedance of the 
common-mode loop 

Good 

The stability of 
the system is 

affected by the 

lifetime of the 
implanted 
capacitor 

The larger the bypass 
capacitance, the 

better; At present, it 
has been verified in 
low-power scenarios 

Access fly-across 
capacitors 

The flying capacitor 
is charged in the 

positive half cycle 
and discharged in 
the negative half 

cycle of operation 

Great (almost 
completely 
suppressed) 

The circuit is 
more complex, 
and the cost is 

higher than that of 
traditional three-

phase circuits 

It is easy to realize 
three-phase 

decoupling control, 
and has strong 

asymmetric load 
capacity 

Access to neutral 
point capacitors 

The neutral point on 
the AC side and the 
neutral point on the 

DC side are 
connected by 

capacitors 

Good 

Filter parameters 
need to be 

redesigned for 
different 

topologies 

The high-frequency 
component of the 
common-mode 

voltage is effectively 
filtered out, and has 

little influence on the 
differential mode 
grid-connected 

current. It is easy to 
implement and has a 

wide range of 
applicability 

Change the 
circuit 

topology 

Clamping circuitry 
is added 

Add two DC bus 
disconnectors and a 

clamping circuit 

Good 

The structure 
becomes more 

complex, 

increasing the 
cost and total loss 

It can improve the 
common-mode 

characteristics and 
effectively suppress 

the leakage current; 
Meets VDE0126-1-1 

standard 

Use the Buck-Boost 

structure 

A buck-boost 
converter is used in 

combination with 
an inverter circuit 

Good 

The structure 
becomes more 

complex, 
increasing the 

cost and total loss 

The modulation is 
simple and can realize 
the function of buck-
boosting pressure; It 

can meet the 

requirements of 
different voltage 

levels and meet the 
VDE0126-1-1 

standard 
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The methods described in this paper represent several different approaches to leakage current 

suppression. The method of adding a bypass capacitor on the DC side increases the common-mode 

impedance of the loop through the capacitor. The idea behind using flying capacitors is to incorporate 

them into the control process, allowing them to charge during the positive half-cycle and discharge 

during the negative half-cycle of operation. The method of adding a neutral point capacitor filters out 

the high-frequency components of the common-mode voltage by connecting the neutral points on the 

AC and DC sides with a capacitor and resistor to create a filter circuit. The clamping circuit approach 

uses a clamping circuit to reduce the common-mode voltage's fluctuation range. Lastly, the current-

source inverter method differs from previous voltage-source inverter circuits and provides an 

alternative approach. 

As summarized in table 1, each method has its own advantages, disadvantages, and optimal 

application scenarios. First, several methods involving implanted capacitors are analyzed. In the 

method of increasing the common-mode impedance of the common-mode loop, the larger the key 

capacitor used, the better the suppression effect. While using flying capacitors increases circuit 

complexity, it enables easier three-phase decoupling control and provides strong support for 

asymmetric loads. Although multiple experiments are required to determine the optimal filtering 

parameters for different inverter circuits, this approach effectively filters leakage current with 

minimal impact on differential-mode voltage. Overall, most capacitor implantation methods require 

only minor modifications to the original inverter circuit, making them relatively simple to implement. 

They involve a few additional electronic components, resulting in minimal cost increases. However, 

capacitor lifespan is a key consideration, as their performance degrades over time, potentially 

affecting the overall functionality and stability of the circuit. 

Next, the methods involving changes to the circuit topology are analyzed. The addition of a 

clamping circuit improves the common-mode characteristics, effectively suppressing leakage current. 

Meanwhile, the current-source inverter with a buck-boost structure provides voltage step-up and step-

down functions to meet different voltage level requirements, but the output voltage of current-source 

inverters tends to be unstable and varies with load, which is a significant drawback. In general, 

changing the circuit topology results in good leakage current suppression, and some methods may 

offer additional practical functionalities. However, most of these methods introduce more electronic 

components, such as switches, which can significantly increase both the cost and the overall 

electronic losses. 

5. Conclusion 

This research examines two methods for decreasing leakage current by changing the circuit structure, 

as well as the principle model of leakage current generation. The respective advantages, 

disadvantages, and scopes of application are analyzed, leading to the following conclusions: 

1. The method of suppressing leakage current by implanting appropriate capacitors in the inverter 

circuit is generally simple and easy to implement. However, the impact of capacitor lifespan on 

system stability cannot be ignored. 

2. Strategies that drastically change the circuit topology typically introduce more electrical 

components, which increases both the cost and power loss of the inverter. Nonetheless, these 

approaches offer better leakage current suppression and may provide additional advantages and 

functionalities, making them feasible for practical applications. 

Based on these findings, the author also has some thoughts regarding future research directions for 

leakage current suppression technology: 
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1. In the research field focused on implanting capacitors to achieve leakage current suppression, 

optimizing the function and lifespan of the target capacitors could be considered. This would 

reduce system maintenance costs, extend service life, and improve system stability. 

2. New modulation strategies could be developed for novel inverter circuit topologies. By reducing 

the number of switches without compromising leakage current suppression, circuit losses could be 

minimized. The optimal modulation strategy should be selected based on different application 

environments to balance performance and efficiency. 
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