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In large PV plants, a large number of PV inverters are linked together at grid-side to generate more power. However, as the number of PV inverter modules increases, the ground current problem worsens. This can result in a ground current fault, and cause the inverter failed and disconnected from the grid. In this paper, the solutions, including hardware and software, are proposed to suppress the ground current. The hardware solution is to connect filter capacitors back to the DC-bus, directing more ground current to the inverter rather than the grid to reduce the ground current. Additionally, the software solutions, including carrier phase shifting and carrier frequency shifting, are proposed. In the software solutions, the ground current for PV inverters can be cancelled each other, which can alleviate the ground current problem. In the paper, the system architecture is presented first. The concept of connecting the neutral point of the filter capacitors to the DC-bus midpoint is explained. The zero-sequence mathematical model is then built. Moreover, the effect of the zero-sequence voltages of the DC/AC converter and the grid on the zero-sequence current is investigated. Then, the hardware solution is explained. The control architecture is presented, followed by an explanation of how to obtain the three-phase output voltage and zero-sequence components for PV inverters. Two software solutions, including carrier phase shifting and carrier frequency shifting, are detailed. Finally, the experiment is conducted to verify the theory.
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1 INTRODUCTION
With the increasing severity of environmental pollution and energy crisis, developing and utilizing renewable energy has become a top priority (Zhang et al., 2023a). As a result, photovoltaic generation has received a lot of attention in recent years, and grid-connected inverters are widely used for energy conversion (Xu et al., 2023). To maximize power generation efficiency in PV systems, MPPT technology is widely used to track maximum power point of PV strings (Ranjan Satpathy et al., 2024a)- (Ranjan Satpathy et al., 2024b). However, when PV modules are blocked to varying degrees, the power curve will have multiple peaks; thus, numerous improved MPPT algorithms are proposed to improve system power tracking efficiency. At the same time, the topology of grid-connected inverters has direct impact on energy conversion efficiency. Different topology structures are proposed to improve switching losses, EMI suppression, common mode voltage, and so on (Azizi et al., 2025). Grid-connected inverters can be divided into two types based on their topology: isolated and non-isolated. Transformerless non-isolated grid-connected inverters are ideal for photovoltaic grid-connected systems due to their small size, low costs, and simple structure, as well as their high efficiency (Azizi et al., 2025)- (Sharma et al., 2023). As a result, an increasing number of PV grid-connected inverters are adopting non-isolated topologies. However, in the absence of the electrical isolation function, the system can generate a large ground current due to inverter and PV parasitic capacitors connected to the ground. Ground current can increase system losses while also posing safety and electromagnetic compatibility concerns. In recent years, academics have conducted extensive research on ground current suppression technology (Anand et al., 2023)- (Gyawali et al., 2024). The main idea is to create a new freewheeling path between the photovoltaic and AC grid sides. As a result, the common-mode voltage is held constant. The ground current can be reduced when the common-mode voltage remains constant. The following are some examples of typical topology modifications based on this concept.
For single-phase full-bridge topology, there are numerous modifications. H5 topology is one of them (Xiao et al., 2011). The H5 topology, as shown in Figure 1a, adds an additional switch SDC in series at the DC input. The additional switch allows for the decoupling of the AC and DC sides, which suppresses ground current. However, because SDC is always operated at high frequencies, it withstands high switching losses. There is another H5 variant (Tofigh Azary et al., 2018), which is shown in Figure 1b. In comparison to H5 topology, the switch SDC is divided into two (SDC1 and SDC2). As a result, the original SDC loss can be shared by SDC1 and SDC2. This can make heat dissipation design less difficult. Another typical topology modification is Highly Efficient Reliable Inverter Concept (HERIC) (Gonzalez et al., 2007)- (Xiao et al., 2014). On the AC side, the HERIC topology adds a freewheeling circuit consisting of two switches (Sac1, Sac2), as shown in Figure 1c. In comparison to H5, the number of conducting devices is always two, resulting in a lower conduction loss. As a result, the device loss distribution is more balanced, potentially extending the device lifetime. The main disadvantage is that the costs are relatively high. Figure 1d depicts the topology of H6 (Ji et al., 2013)- (Liu et al., 2017). Based on the traditional full-bridge topology, this topology adds switches S5 and S6 as well as diodes D1 and D2. These additional switches provide a freewheeling path. Then, the DC side can be disconnected from the grid to suppress common-mode voltage. The benefit of this topology is that the voltage stress of the devices is reduced to 1/2 of the DC-bus voltage, effectively reducing switching loss. The main disadvantage remains the additional costs.
[image: Figure 1]FIGURE 1 | Full-bridge topology modifications, (a) H5 topology; (b) H5 variant; (c) HERIC topology; (d) H6 topology.
For the modulation, unipolar, bipolar, and frequency doubling unipolar are typically used in single-phase full-bridge topology (Mohon et al., 1995)- (Holmes and Lipo, 2003). The common-mode voltage for unipolar and frequency doubling unipolar modulations varies between 0 and Vdc. Contrarily, with bipolar modulation, the common-mode voltage is a constant of Vdc/2 and the ground current is 0. Therefore, the bipolar modulation is frequently employed in single-phase full-bridge topology in order to suppress ground current.
For half-bridge topologies or three phase topologies with three half-bridges, a common method to suppress ground current is to connect the grid to the DC-bus’s midpoint. Because the DC-bus capacitors are relatively large, they can provide a low impedance path for the ground current. This allows the majority of the ground current to flow into the DC-bus. As a result, the ground current flowing into the earth can be greatly reduced. In high-power applications, multi-level inverters are frequently used to improve output waveform quality, reduce switching stress, and lower electromagnetic interference levels (Azizi et al., 2025). For typical 1500V PV systems, 3-level topologies are widely adopted. The three-level inverters differ from traditional two-level inverters in that it has an additional intermediate voltage level known as zero level. Figure 2a presents the neutral-point clamped (NPC) topology. The zero level is connected to the midpoint of the DC bus via a diode, improving output voltage control and system power quality (Nabae et al., 1981)- (Barzegarkhoo et al., 2023). It is known that the outer switches (S1 and S4) operate at a high frequency, resulting in high switching losses. In contrast, the inner switches (S2 and S3) operate at a low switching frequency, with low switching losses. As a result, in long-term operation, the loss distribution is uneven, which affects device reliability. In order to solve the problem of uneven distribution of device losses, Active NPC (ANPC) topology is proposed, as shown in Figure 2b (Barzegarkhoo et al., 2023). Furthermore, T-type 3-level are also widely adopted as shown in Figure 2c. This topology features higher efficiency in medium switching frequency (Zhang et al., 2023c)- (Zhang et al., 2024). Although 3-level topologies described above are widely used in PV systems, they have limitations in terms of ground current suppression (Barzegarkhoo et al., 2023). It is worth noting that this ground current suppression method requires grid neutral-point accessibility. A novel 3-phase H8 architecture is proposed by adding two additional switches in the DC path that allow decoupling the AC side from the DC side during freewheeling phases (Noroozi et al., 2017)- (Concari et al., 2017). Furthermore, optimized modulation strategies are explained.
[image: Figure 2]FIGURE 2 | Half-bridge topology, (a) NPC topology; (b) ANPC topology; (c) T-type.
In practice, 3-wire systems are widely used for 3-phase PV systems. This means that the grid neutral-point cannot be accessed and thus cannot be connected to the dc-bus. In this case, it is common ground current suppression practice to increase the inverter’s capacitors to ground. However, this comes at a higher cost, and the suppression effect is not perfect. Furthermore, in large PV plants, a large number of PV inverters are linked together at the grid-side to generate more power. As the number of PV inverter modules increases, the ground current problem worsens. This can easily result in a ground current fault, and cause the inverter system failed and disconnected from the grid. Therefore, this paper will propose solutions for reducing ground current in 3-phase systems with a large number of PV inverter modules. The hardware solution is to connect filter capacitors back to the DC-bus, directing more ground current to the inverter rather than the grid to reduce the ground current. The software solutions include carrier phase shifting and carrier frequency shifting. The ground current for the PV inverter modules can be cancelled each other in software solutions, which can alleviate the ground current problem.
The following are the main contributions of this paper.
1) The concept of connecting neutral point of filter capacitors to DC-bus midpoint to suppress ground current is introduced. The effects of the DC/AC converter’s zero-sequence voltage and the grid’s zero-sequence voltage on zero-sequence current are investigated.
2) A hardware solution is proposed to suppress ground current. When the zero-sequence current is primarily caused by the DC/AC converter’s zero-sequence voltage, increasing the value of capacitors connected to DC-bus can reduce ground current. When the zero-sequence voltage is primarily from the grid side, increasing the value of capacitors connected to the grid neutral point can reduce ground current.
3) Two software solutions, carrier phase shifting and carrier frequency shifting, are proposed to suppress ground current, particularly in systems with a large number of PV inverter modules. The concept and implementation for two proposed software solutions are detailed.
It is worth mentioning that the proposed hardware solution simply connects filter capacitors to the dc-bus or the grid neutral point to suppress ground current, which is significantly less expensive than adding additional switching devices. Furthermore, the software solution, which is intended for multi-inverter parallel scenarios, uses phase shifting and frequency staggering of the carrier to effectively suppress ground currents without incurring additional hardware costs.
2 SYSTEM ARCHITECTURE AND ZERO-SEQUENCE MODEL
The system architecture is presented in Figure 3. PV feeds the grid via DC/AC converters. The DC/AC converter uses 3-level NPC topology, but not limited to it. In Figure 3, there are three ground capacitors. CPV+ and CPV- represent the capacitors of the PV to the ground; Cdc+ and Cdc- represent the capacitors of the DC-bus to the ground; and Cac represents the capacitor of the output filter to the ground. The output zero-sequence current i0 is measured, which represents the system’s ground current.
[image: Figure 3]FIGURE 3 | System architecture.
In the architecture, the output filter capacitors are divided into two groups. Ca1, Cb1 and Cc1 are in one group, while Ca2, Cb2 and Cc2 are in the other group. The distinction is whether the neutral point of the filter capacitors is connected to the DC-bus midpoint. By connecting the filter capacitors (Ca1, Cb1 and Cc1) to the DC-bus, a portion of the zero-sequence current from the inverter-side can flow into the DC-bus, which can reduce the ground current flowing into the grid-side.
Assume that the DC/AC converter’s output voltages with respect to the DC-bus neutral point O are voa, vob, and voc. Furthermore, the PV positive and negative with respect to the DC-bus neutral point O are VPV+ and VPV-, respectively. The equivalent mathematical model is obtained and illustrated in Figure 4a.
[image: Figure 4]FIGURE 4 | Zero-sequence model, (a) equivalent model; (b) simplified model; (c) further simplified model; (d) impedance model.
Because ground current is proportional to zero-sequence voltage, the zero-sequence equivalent circuit is investigated. Assume the DC/AC converter’s output zero-sequence voltage is vI0 and the grid’s zero-sequence voltage is vg0. Furthermore, assuming that Vdc+ = Vdc- = Vdc/2, VPV+ = –VPV-, CPV+ = CPV- = CPV/2, and Cdc+ = Cdc- = Cdc/2, Figure 4a can be simplified to Figure 4b.
Due to the symmetry of the parameters La1 = Lb1 = Lc1 = L1, La2 = Lb2 = Lc2 = L2 and Ca1 = Cb1 = Cc1 = C, Figure 4b can be simplified to Figure 4c.
The circuit can be further simplified from Figure 4c, and the corresponding impedance model can be obtained, which is shown in Figure 4d.
3 ZERO-SEQUENCE CURRENT ANALYSIS
Based on Figure 4, the following will investigate the effect of the DC/AC converter’s zero-sequence voltage vI0 and the grid’s zero-sequence voltage vg0 on zero-sequence current i0.
3.1 Effect of DC/AC converter’s zero-sequence voltage on zero-sequence current
First, by setting the grid zero-sequence voltage vg0 to zero, examine the effect of the DC/AC converter’s zero-sequence voltage vI0 on the zero-sequence current i0. From Figure 4d, the expressions for [image: image], Z1, Z2 and Z3 are as follows shown in Equations 1–4.
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From Figure 4d, the zero-sequence current i0 can be obtained as well. Table 1 shows the system parameters. With the parameters and Table 1, the zero-sequence current i0 can be calculated.
TABLE 1 | System parameters.
[image: Table 1]Figure 5 shows bode diagram for the zero-sequence current i0 when only vI0 exists and vg0 = 0. From Figure 5, there are two resonant frequencies. One is the resonance of L1 and C with a resonant frequency of around 5 kHz. The second is the resonance of L2 and CPV, Cdc and Cac, with a resonant frequency of around 120 kHz.
[image: Figure 5]FIGURE 5 | Bode diagram for the zero-sequence current i0 when only vI0 exists.
Figure 6 presents bode diagram for the zero-sequence current i0 in case of different filter capacitors C. From it, it can be seen that the resonant frequency shifts to the left as the value of the capacitor connected to the DC-bus increases. As a result, the zero-sequence current suppression in the high frequency band is improved. Specifically, when the capacitor connected to the DC-bus is doubled, the zero-sequence current suppression in the range of 10 kHz–100 kHz is increased by approximately 7 dB. Furthermore, taking 10 kHz as an example, when C is 1.1μF, the magnitude of i0 is −45 dB. When C is 2.2μF, the magnitude of i0 is −53dB, and when C is 4.4μF, the magnitude of i0 is further suppressed to −60 dB.
[image: Figure 6]FIGURE 6 | Bode diagram for the zero-sequence current i0 in case of different filter capacitor C when only vI0 exists.
3.2 Effect of the grid’s zero-sequence voltage on zero-sequence current
Similarly, by setting the DC/AC converter’s zero-sequence voltage vI0 to zero, examine the effect of the zero-sequence grid voltage vg0 on the zero-sequence current i0. From Figure 4c, the zero-sequence current i0 can be obtained as well.
[image: image]
With the parameters in Table 1 and Equation 5, the zero-sequence current i0 can be calculated. Figure 7 shows bode diagram for the zero-sequence current i0 when only vg0 exists and vI0 = 0. From Figure 7, there are two resonant frequencies. The first one is the resonance of L1 and C with a resonant frequency of around 5 kHz. The second one is the resonance of L2 and CPV, Cdc and Cac, with a resonant frequency of around 120 kHz. Furthermore, compared with the result in Figure 5, of these two resonators, the second resonator (∼120K) predominates in this case.
[image: Figure 7]FIGURE 7 | Bode diagram for the zero-sequence current i0 when only vg0 exists.
Figure 8 presents bode diagram for the zero-sequence current i0 in case of different filter capacitors C. From it, the first resonant frequency shifts to the left as the capacitor connected to the DC-bus C increases. Generally, there are no changes on the effect of zero-sequence current suppression. This is because, the zero-sequence current is determined by the loop impedance, and the impedance of the loop is determined primarily by the capacitors of CPV, Cdc and Cac, rather than the capacitor connected to DC-bus C.
[image: Figure 8]FIGURE 8 | Bode diagram for the zero-sequence current i0 in case of different filter capacitor C when only vg0 exists.
4 HARDWARE SOLUTION FOR GROUND CURRENT SUPPRESSION
According to the above analysis, when the zero-sequence current is caused by the DC/AC converter’s zero-sequence voltage, increasing capacitance connected to the DC-bus can greatly improve zero-sequence current suppression. When the zero-sequence current is caused by the zero-sequence grid voltage, increasing capacitance connected to DC-bus C has no effect on the zero-sequence current suppression. Therefore, when the zero-sequence voltage comes primarily from the converter side rather than the grid side, one simple way to reduce ground current is to increase the capacitance of filter capacitors connected to the DC-bus.
When the zero-sequence voltage is primarily from the grid side rather than the inverter side, installing capacitors connected to the grid neutral point is a simple way to reduce ground current. Figure 9 depicts an alternative system architecture in which the capacitors Cga1∼Cgc1 are added and connected to the grid neutral point. The capacitors Cga1∼Cgc1 can suppress the ground current caused by grid-side zero-sequence components.
[image: Figure 9]FIGURE 9 | Hardware solution: system architecture variant I.
It is worth noting that as the capacitance of Ca1 ∼ Cc1 increases, so does the current flowing into the DC-bus, resulting in greater DC-bus fluctuation. As a result, we need make a compromise in selecting the capacitance connected to the DC-bus in order to achieve a balance between the DC-bus fluctuation and ground current. Figure 10 depicts another alternative system architecture. All filter capacitors are connected to the DC-bus midpoint or the grid neutral via a triode for alternating current (TRIAC). As shown in Figure 10, the filter capacitors (Ca1, Cb1, Cc1) are connected to the DC-bus midpoint via T1, and the filter capacitors (Cga1, Cgb1, Cgc1) are connected to the grid neutral-point via Tg1. As a result, the system has more degrees of freedom and can freely select which group of the capacitors to connect back to the midpoint of the DC-bus based on the value of the system ground current. On one hand, the ground current can be suppressed in this manner to meet the requirement; on the other hand, the impact on the DC-bus is minimal.
[image: Figure 10]FIGURE 10 | Hardware solution: system architecture variant II.
From the above analysis, the proposed methods for suppressing ground current are highly scalable. This approach is not limited by the inverter’s power level or the number of parallel inverters, making it particularly useful for high-power applications. The most difficult challenge is dealing with various scenarios in which ground current is caused by either the inverter or the grid. As a result, modified solutions are also proposed in the paper.
5 SOFTWARE SOLUTION FOR GROUND CURRENT SUPPRESSION
5.1 Control architecture
Figure 11 depicts the control architecture for the DC/AC converter in PV string systems. The outer loop is a DC-bus voltage loop, while the inner loop is a current loop. The three phases are transformed into d-q frame, and the control method is the same as the conventional one. Then, the three-phase references generated are fed into the modulation unit and cross-intercepted with the triangular wave carrier to form three-phase switching signals.
[image: Figure 11]FIGURE 11 | Control architecture.
The concept of the modulation unit is presented in Figure 12. The three-phase reference signals and triangle wave carrier are cross-sectioned, and then three-phase switching signals are obtained. As a result, three-phase output voltages (va, vb and vc) are generated, and the zero-sequence component of three-phase output voltages vcom can be calculated using (6). The three-phase output voltages and the corresponding zero-sequence component are shown in Figure 12 as well.
[image: image]
[image: Figure 12]FIGURE 12 | 3-phase references are cross-intercepted with the triangular wave carrier to form a three-phase switching signals.
The three-phase output voltage and zero-sequence components for any PV inverters can be obtained using the same method. In a large PV plant, many PV inverters are linked together at the grid-side to generate more power. Taking three PV inverter modules as an example, assuming that the voltage reference of each module is the same, the three-phase output voltages and the corresponding zero-sequence voltage components are shown in Figure 13. Using Equation 7, the sum of zero-sequence voltages for three PV inverter modules vcom_sum can be obtained, which is shown in Figure 13 as well. From Figure 13, for three PV inverter system, the maximum step of the zero-sequence voltage is Vdc/2 and the range of the change is–Vdc to Vdc/2. Also, it can be seen that as the size of the PV inverter modules increases, so do the sum of the corresponding zero-sequence voltages and the corresponding ground current. Therefore, as the number of PV inverter modules increases, the ground current may exceed the standard. This can result in a ground current fault, which can cause the inverter system failed and disconnected from the grid.
[image: image]
[image: Figure 13]FIGURE 13 | Zero-sequence component for three PV inverter modules.
From the above analysis, it is necessary to suppress ground current, especially for the system with high number of PV inverter modules. The following are two software solutions proposed.
5.2 Software solution I: carrier phase shifting
To suppress ground current, a triangulation wave carrier phase shifting method is proposed in this section. As shown in Figure 14, the triangle wave carrier for different inverter modules is shifted by a degree of Ø. Taking three of inverter modules as an example, when compared to module #1, the triangle wave carrier for module #2 lags by Ø, while the triangle wave carrier for module #3 is ahead by Ø.
[image: Figure 14]FIGURE 14 | Carrier phase shifting method.
Figure 15 depicts the intersection of the reference signals and the phase-shifted triangle wave carriers for three inverter modules, which can result in three-phase switching signals and three-phase output voltages (va, vb, vc). Due to the fact that the triangular wave carriers for three inverter modules are phase shifted by a degree of Ø. As a result, the output voltages of three inverter modules are phase shifted by the degree of Ø, which is shown in Figure 15.
[image: Figure 15]FIGURE 15 | The intersection of the reference signals and the phase-shifted triangle wave carriers for three inverter modules.
The corresponding zero-sequence voltage component is obtained from the three-phase output voltages. Figure 16 depicts the proposed method’s zero-sequence voltage component. It can be seen that the three modules’ zero-sequence voltage has a phase shift of Ø as well. As illustrated in Figure 16, the total zero-sequence voltage of the three modules vcom_sum is with a maximum step of Vdc/3 and a variation range of–Vdc/3 to Vdc/6. For the conventional method, the maximum step is Vdc/2 and the range of change is–Vdc to Vdc/2. Therefore, compared to the traditional method, the maximum step and variation range of the zero-sequence voltage are greatly improved by the proposed triangular wave phase shifting. As a result, the proposed method can effectively improve the problem of ground current as the number of PV inverter modules increases. Therefore, the proposed method can effectively suppress the ground current to avoid exceeding the limit.
[image: Figure 16]FIGURE 16 | The zero-sequence voltage component for the carrier phase shifting method.
5.3 Software solution II: carrier frequency shifting
In this section, another method with triangulation wave carrier frequency shifting is proposed to suppress ground current. As shown in Figure 17, the triangle wave carrier frequencies for different inverter modules are shifted by Δf. Taking three of inverter modules as an example, the triangle wave carrier frequency for module #1 is f1. When compared to module #1, the triangle wave carrier frequency for module #2 is reduced by Δf, while the triangle wave carrier for module #3 is increased by Δf.
[image: Figure 17]FIGURE 17 | Carrier frequency shifting method.
Following the same method above, the reference signals and the triangle wave carriers are intersected for three inverter modules. Then, three-phase switching signals and three-phase output voltages (va, vb, vc) are obtained. With the three-phase output voltage, the corresponding zero-sequence voltage component is obtained, which is shown in Figure 18. As illustrated in Figure 18, for the zero-sequence voltage sum vcom_sum, the step is roughly Vdc/6 and the range is roughly between–Vdc/3 to Vdc/6. Therefore, compared to the traditional method, the maximum step and variation range of the zero-sequence voltage are improved with the proposed triangular wave frequency shifting. As a result, the proposed method can effectively suppress ground current as the number of PV inverter modules increases.
[image: Figure 18]FIGURE 18 | The zero-sequence voltage component for the carrier phase shifting method.
Figure 19 depicts an implementation method, which includes the addition of a carrier synchronization cable and a communication cable such as CAN. All PV inverter modules can realize triangulation wave carrier synchronization via the carrier synchronization cable. The carrier phase shift angles or frequencies can be transmitted via the communication cable. Normally, there is one inverter module called the master unit, which can calculate all phases or frequencies for all the inverter modules. The rest of the inverter modules are referred to slave units and they receive the phase or frequency information transmitted by the communication cable. Module #2, for example, receives the phase shift angle ΔØ2 transmitted through the communication cable and then implements carrier phase shifting.
[image: Figure 19]FIGURE 19 | Carrier synchronization cable and communication cable for implementation.
From above, only the communication process for the master inverter to send phase shift angles to the slave inverters is included. This process can be completed before the inverter is started, and there are almost no additional requirements for the controller’s processing capability, making it extremely simple to deploy.
The software solution specifically proposes a method for carrier frequency shifting and phase shifting for multi-inverter systems that has shown excellent performance in inverter parallel operation and is thus appropriate for high-power applications. The greatest challenge is achieving phase angle synchronization. Nonetheless, relevant papers in detail will be published in the future.
Using TI’s TMS320F28374S as the main control chip, the phase-shifting and frequency-shifting ground current suppression method described in this paper is integrated into the existing control algorithm. TMS320F28374S’s main frequency is 200MHz, and its Read-Only Memory (ROM) resources are allocated as detailed below. The TMS320F28374S DSP chip has 64 KB flash, 1 KB One Time Programmable (OTP) ROM, and 4 KB Boot ROM. The address for Flash ranges from 0x3E8000 to 0 × 3F8000. The original code only takes about 32 KB. Because the proposed method involves phase or frequency shifting for the carriers, the extra flash space increases by only a few bytes. As a result, there is no risk of using up too much code space.
The system’s operating process is described below. There is no operating system, and a single interrupt is used. As shown in Figure 20, the entire process consists of three parts: initialization, the main loop, and the interrupt service routine (ISR). In the Initialization section, RAM is initialized using assembly with CodeStartBranch.asm. In addition, the chip peripherals, interrupts, and global variables are initialized. The main loop section implements communication with the ARM, sub-DSP, and host computer. Other tasks include digital IO processing, start-stop-restart logic, fault handling, and operating mode switching. In the ISR part, DMA triggers AD sampling at a sampling frequency of 160 kHz. The DMA interrupt is triggered every eight samples, giving the interrupt frequency of 20 kHz. The ISR performs sampling conversion and filtering, loop control, phase locking, logic processing, and a small amount of communication handling.
[image: Figure 20]FIGURE 20 | Software process.
In the implementation of the proposed method, only the communication process for the master inverter to send phase shift angles to the slave inverters is included. This process can be completed before the inverter is started, there will be no impact on the ISR part and the code can be implemented in the main loop. Therefore, there are almost no additional requirements for the controller’s processing capability, making it extremely simple to deploy.
6 EXPERIMENTAL VERIFICATIONS
The experiment is carried out in a PV plant with 20 inverter modules, each of which has a rated power of 25 kW. In addition, the system parameters are presented above in Table 2.
TABLE 2 | System Parameters for the experimental setup.
[image: Table 2]Figure 21 shows the zero-sequence current i0, inductor current ia, zero-sequence current after removing high-frequency component and PV negative to ground voltage VPV_G. Although the grid current ia is of good quality, the zero-sequence current i0 contains a large number of high-frequency components and the peak-to-peak value is around 10A. Because the ground current has high-frequency components, the voltage to the ground also has high-frequency components. In Figure 21, the PV to ground voltage VPV_G has a significant high-frequency component which is around 100V, as labeled in pink color. After the high-frequency components are removed, the low-frequency variation of the zero-sequence current is large as shown by the green line. The ground-current fault is frequently triggered in this case, resulting in the system being disconnected from the grid. Therefore, as the number of PV inverter modules increases, the ground current problem worsens.
[image: Figure 21]FIGURE 21 | Zero-sequence current i0, inductor current ia, zero-sequence current after removing high-frequency component and PV negative to ground voltage.
Figure 22 depicts the zero-sequence current i0, inductor current ia, zero-sequence current after removing high-frequency component and PV negative to ground voltage VPV_G after increasing the filter capacitor C from 2.2μF to 4.4 μF. Because the high-frequency components are reduced, the quality of the grid current ia improves. Furthermore, the high-frequency components of the zero-sequence current i0 are greatly reduced and the peak-to-peak value is around 0.5A. Because the high-frequency components of the ground current are reduced, the high-frequency components of the ground voltage are suppressed as well. The high-frequency components of PV to ground voltage VPV_G, for example, are significantly reduced which is around 10V. The low-frequency variation of the zero-sequence current is reduced as well, as shown by the green line. Therefore, the method of increasing the capacitance of filter capacitors connected to the DC-bus is effective. The ground-current fault can be avoided, and the ground current problem can be solved.
[image: Figure 22]FIGURE 22 | After increasing the filter capacitor from 2.2 μF to 4.4μF, zero-sequence current i0, inductor current ia, zero-sequence current after removing high-frequency component and PV negative to ground voltage with hardware solution.
Figure 23 shows the zero-sequence current i0, inductor current ia, zero-sequence current after removing high-frequency component and PV negative to ground voltage VPV_G when the carrier frequency shifting software solution is applied. The carrier frequencies are shifted by 1 kHz with respect to each other for every four inverter modules, making them 16 kHz, 17 kHz, 18 kHz, and 19 kHz, respectively. When compared to the original method in Figure 21, the quality of the grid current ia improves and the high-frequency components are reduced. The high-frequency components of the zero-sequence current i0 are also reduced and the peak-to-peak value is around 7A. The high-frequency components of the ground voltage are also suppressed. In Figure 23, the high-frequency components of PV to ground voltage VPV_G are reduced which is around 60V. As shown by the green line, the low-frequency variation of the zero-sequence current is also reduced. Therefore, the carrier frequency shifting method is effective to some extent. The ground-current faults can be reduced, and the ground current problem can be alleviated.
[image: Figure 23]FIGURE 23 | Zero-sequence current i0, inductor current ia, zero-sequence current after removing high-frequency component and PV negative to ground voltage when the software solution of carrier frequency shifting is applied.
In response to grid voltage fluctuations, the inverter uses dynamic reactive power regulation technology to quickly and precisely control reactive power. By adjusting the inductive or capacitive reactive power output, it actively supports or mitigates grid voltage fluctuations.
As shown in Figure 24a, when the grid is normal, the Root Mean Square (RMS) value of the grid voltage is 230V. At t1, the grid voltage is increased to 260V, and the inverter implements high-voltage ride through and outputs reactive power. At t2, the grid voltage returns to normal, and the inverter’s high voltage ride through is completed. As shown in Figure 24b, at t1, the grid voltage is decreased to 191V, and the inverter implements low-voltage ride through and outputs reactive power. At t2, the grid voltage returns to normal, and the inverter’s low voltage ride through is completed.In the event of a voltage imbalance, the positive and negative sequence separation method is used to divide the three-phase unbalanced voltage into positive and negative sequence voltages. By suppressing the negative sequence voltage, normal output is achieved. As shown in Figure 25b, the grid voltage is unbalanced, where the grid voltages of three phases are 279.3V, 230V and 179.5V. With the positive and negative sequence separation method applied, the output power can be maintained as steady.
[image: Figure 24]FIGURE 24 | Grid voltage high voltage or low voltage ride through, (a) high voltage ride through, (b) low voltage ride through Regarding grid frequency fluctuations, the inverter employs rapid frequency support technology to quickly adjust active power, thereby suppressing frequency fluctuations and maintaining grid frequency stability. As illustrated in Figure 25a, when the grid frequency is higher than normal, the inverter limits the output power and reduces the active power injected into the grid. Similarly, when the grid frequency is lower than normal, the inverter increases the output power, which supports the grid by injecting additional active power.
[image: Figure 25]FIGURE 25 | Grid frequency fluctuation and voltage imbalance, (a) grid frequency fluctuations, (b) grid voltage imbalance.
Therefore, the ground current suppression method described in this paper is unaffected by grid fluctuations or unbalanced loads. Furthermore, it does not worsen grid fluctuations or inverter output imbalances. As a result, this aspect of knowledge is not discussed further in this paper.
7 COST ASSESSMENT
The ground current suppression scheme discussed in this article has nothing to do with PV modules, so there is no need for them to be replaced and, as a result, the associated costs are avoided.
The phase-shifting and frequency-shifting methods described in this paper have minimal impact on the main controller’s storage space and processing time. Therefore, there is no need to upgrade the main control chip or add an external memory chip. It is only necessary to upgrade the code to effectively suppress the problem of excessive ground current. As a result, the controllers will not incur any additional costs.
For multi-inverter communication, it can be accomplished using previously established communication lines, such as 485 communication lines, eliminating the need for additional costs.
The hardware solution’s main cost is for additional filter capacitors. However, it is significantly less expensive than adding switch transistors in other alternatives. This paper’s proposal to add capacitors between the inverter output neutral point and the dc-bus midpoint will result in a slight cost increase. A filter capacitor (2.2 μF/450V) costs about ¥0.2. Adding six filter capacitors to a 350 kW PV inverter costs only ¥1.2. Compared to the total cost of ¥30,000, the additional costs are minimal. Traditional methods of adding switching devices and diodes to a dc/ac circuit typically cost more than ¥60. As a result, the economics of the proposed scheme are favorable.
8 CONCLUSION
In large PV plants, a large number of PV inverters are linked together at the grid-side to generate more power. However, this worsens the ground current problem, which can result in a ground current fault, and cause the inverter system failed and disconnected from the grid. In this paper, the solutions, including hardware and software, are proposed to suppress the ground current. The hardware solution is to increase the capacitance of filter capacitors connected to the DC-bus, directing more ground current to the inverter rather than the grid to reduce the ground current. Additionally, the software solutions, including carrier phase shifting and carrier frequency shifting, are proposed to suppress ground current. In the software solutions, the ground current for the PV inverters can be cancelled each other, which can alleviate the ground current problem.
First, the system architecture is presented. The concept of connecting the neutral point of the filter capacitors to the DC-bus midpoint is explained. The zero-sequence mathematical model is then built.
The effect of the zero-sequence voltages of the DC/AC converter and the grid on the zero-sequence current is investigated. According to the analysis, when the zero-sequence current is primarily caused by the zero-sequence voltage of the DC/AC converter, increasing the value of the capacitors connected to the DC-bus can greatly improve the effect of the zero-sequence current suppression.
The control architecture is presented. The method to obtain the three-phase output voltage and zero-sequence components for PV inverters is explained. From the analysis, as the number of PV inverter modules increases, the ground current worsens.
Two software solutions, carrier phase shifting and carrier frequency shifting, are proposed to suppress ground current, particularly in systems with a large number of PV inverter modules. The concept and implementation for two proposed software solutions are detailed. From the analysis, the proposed two methods improve the maximum step and variation range of the zero-sequence voltage over the traditional method.
Finally, the experiment is conducted in a PV plant equipped with 20 inverter modules. According to the results of the experiments, the hardware and software methods are both effective. The ground-current fault and the ground current problem can both be avoided with the proposed method.
In the future, as renewable energy becomes more popular, more and more grid-connected inverters will be applied. This proposed method can fundamentally solve the ground current problem, especially in large PV plants equipped a large number of PV inverter modules. The most difficult aspect of the hardware solution is dealing with various scenarios in which leakage current is caused by either the inverter or the grid. As a result, the additional filter capacitors could be installed on either the inverter or grid side. Future work will focus on more practical aspects of this issue. The software solution proposes a method for carrier phase shifting in a multi-inverter system. The most difficult challenge is achieving phase angle synchronization. We did not go into great detail about this topic because of the limited space in this article. Nonetheless, relevant papers will appear in the future.
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