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Grid-tied inverter is the prominent component of the three-phase dual-stage photovoltaic (PV) grid-tied power generation system. However, the disturbances caused by dead time effect will pose the reduction of grid-tied current quality and even cause the imbalance of inverter itself or other circuit devices. In this paper, a current control strategy is proposed to damp dead time effect for the three-phase dual-stage PV grid-tied inverter system, and its design, stability analysis, and implementation are carried out. First, the inverter model is modified by regarding the dq reference frame coupling terms, uncertainties, and external and internal disturbances as an unknown lumped disturbance. Then, a current control scheme based on compensation of equivalent input disturbance is introduced, and it estimates and compensates the unknown lumped disturbance, which effectively realizes the inverter model decoupling and comprehensive disturbance rejection. Last, simulation results demonstrate the effectiveness and superiority of the proposed current controller.
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1 INTRODUCTION
As one of the most promising new energy power generation technologies, photovoltaic (PV) power generation has attracted worldwide attention, and it is worth mentioning that China has the highest installed capacity of PV power generation in the world since 2015 (Xiao, 2021). The grid-tied inverter is the key to the energy exchange process between PV power generation and the grid (Zammit et al., 2021). Actually, to prevent the inverter from short circuit phenomenon caused by the switches on the same phase leg at the same time, it is inevitable to add some dead time to the on/off moments of drive signal. However, the dead time effect will lead to harmonics in the output voltage of the inverter, especially at low order of fundamental frequency (Chen et al., 2018), and then, it brings the serious distortion into the output grid-tied current. The ac multi-frequency periodic disturbances caused by dead time effect pose the reduction of inverter output quality (Lai et al., 2021) and even cause the imbalance of inverter itself or other circuit devices. In addition, the inherent nonlinearity and grid voltage distortion of grid-tied inverter also reduce the grid-tied current quality.
To minimize the total harmonic distortion (THD) level, many current controllers are employed to enhance superior grid-tied current quality, such as proportional multi-resonant controller (Bag et al., 2018; Liu et al., 2013), repetitive controller (RC) (Yang et al., 2016; Li et al., 2020; Xie et al., 2021), and model predictive controller (Hu et al., 2015; Sebaaly et al., 2018). However, among them, the trade-offs between tracking and uncertain disturbance suppression need to be made, due to the single degree of freedom structures. In the recent years, some disturbance and uncertainty estimation and attenuation control methods with two degrees of freedom are proposed to balance the two conflicting requirements between tracking and suppressing uncertain disturbances simultaneously, such as the active disturbance rejection control (ADRC) method (Yu and Hu, 2019; Cao et al., 2020), the disturbance observer-based control (DOBC) method (Errouissi and Al-Durra, 2019, 2018; Errouissi et al., 2021), and the uncertainty and disturbance estimator-based control method (Wang et al., 2016; Ye and Xiong, 2018; Wu et al., 2020). The ADRC method is a powerful technology by regarding the model as a cascade-integral model with a lumped disturbance. It does not rely on precise system models but enlarge the lumped disturbance, so the output characteristics may deviate from the ideal form. In the work of Errouissi and Al-Durra (2018), feedback linearization control combined with DOBC is used to estimate and compensate the disturbance for grid-tied inverter, but the low-pass filter order is usually higher than the plant.
Because the control input is used to improve disturbance suppression ability in control system, obviously, it is more reasonable to suppress the influence of disturbances and uncertainties on the control input channel than themselves. The equivalent input disturbance (EID) control method focuses on the characteristic of control system, that is, only the control input can be used to suppress disturbance, and the EID method directly produces a control signal on the control input channel to compensate the equivalent influence of disturbance (Miyamoto et al., 2016; Du et al., 2021). Motivated by it, this paper proposes a new current controller based on compensation of EID for the three-phase dual-stage PV grid-tied inverter system with considering dead time effect. The controller can effectively realize model decoupling and comprehensive disturbance rejection without requiring prior information. This paper is organized as follows: Section 2 introduces the three-phase dual-stage PV grid-tied inverter system and builds system model. Section 3 modifies the system model and designs the EID-based current controller, consisting of gain module, internal model, state feedback controller, state observer, and EID estimator. In addition, the stability criterion is given based on small gain theory. Section 4 presents the simulation setup and results. Last, some conclusions are derived in Section 5.
2 PLANT MODELING
The typical topology of the three-phase dual-stage PV grid-tied inverter system is shown in Figure 1, consisting of the PV power generation system, input side converter, grid side converter, output filter, transformer, and grid. In an input converter based on the maximum power point (MPP) tracking algorithm and boost circuit, the output voltage of the PV system is modulated to an appropriate value as the input of the inverter and then connected to the power grid after filtering circuit and transformer.
[image: Figure 1]FIGURE 1 | Topology of the PV grid-tied inverter system.
The circuit diagram of the later-stage grid-tied system is shown in Figure 2. The voltage-type three-phase full-bridge inverter composed of six IGBT modules. The output-side is connected with the filtering circuit and the grid.
[image: Figure 2]FIGURE 2 | Three-phase grid-tied inverter.
The expression of grid voltage can be obtained as follows:
[image: image]
where L is the filtering inductance of ac-side; ia, ib, and ic are grid-tied currents; ua, ub, and uc are inverter terminal voltages; R is the equivalent series resistance of the filtering inductance; and ea, eb, and ec are grid voltages.
For the three-phase symmetric system, there are
[image: image]
The expression of the DC side node current is described as follows:
[image: image]
where Cdc represents the dc side capacitance, udc represents the DC side voltage, and idc represents the output current of the former Boost transform circuit.
The grid-tied inverter model in Eqs. 1–3 can be rewritten as follows:
[image: image]
where iD represents the DC side current, and Sa, Sb, and Sc represent the on-off coefficients of the switch tube. Because each mathematical quantity is a transient three-phase AC variable, the space vector transformation is used to transform the inverter model to the dq reference frame, as follows:
[image: image]
where ud, uq and id, iq represent the component of grid voltage and grid-tied current on the d- and q axes. ω is the rotation angular frequency. Obviously, the existence of ωLid and ωLiq causes id and iq to be cross-coupled to each other.
3 DESIGN OF EID-BASED CURRENT CONTROLLER
The overall control block diagram of EID-based current control system for three-phase dual-stage PV grid-tied inverter is shown in Figure 3. The front stage adopts MPPT + BOOST circuit. The later-stage grid-tied inverter adopts the voltage and current double closed-loop vector control strategy in the dq reference frame, where the PI controller is used for the outer voltage loop and the EID-based controller is used for the inner current loop.
[image: Figure 3]FIGURE 3 | Overall control block diagram of the EID-based current control system.
3.1 Modified Model
The basic idea behind EID can be illustrated by a conceptual diagram as Figure 4. If for all t ≥ 0, the output of Figure 4A,B is the same that always stands up, then the disturbance de(t) is called EID of d(t); as shown in Figure 4C, the disturbance can be obtained by EID estimator and then inverse feedback it to input channel to eliminate the influence of de(t) on the output y(t). Generally, the grid voltage feedforward method is used to decouple in the dq reference (Eq. 5). However, its decoupling performance may be reduced because of the communication time delay from grid voltage sensor to controller. In this paper, the model is modified by regarding the coupling terms and grid voltage disturbances as system disturbances together. Transform Eq. 5 into Eq. 6 that
[image: image]
considering the existence of disturbance signals in the disturbance input channel, then state space (Eq. 7) is obtained
[image: image]
where dcp(t) is the disturbance caused by the coupling terms, d1(t) is the disturbance caused by the fluctuation of the grid and the dead time effect, and d2(t) is the disturbance caused by the uncertainties of internal parameters.
[image: Figure 4]FIGURE 4 | Conceptual diagram of EID: (A) plant with disturbance, (B) plant with EID, and (C) plant with EID compensation.
All the disturbances in Eq. 7are lumped, and the modified model Eq. 8 is obtained:
[image: image]
where [image: image] is the state variable, [image: image] is the control signal, [image: image] is the output signal, [image: image] is the crosscoupling terms, and de(t) = dcp(t) + B−1Bd1d1(t) + B−1Bd2d2(t) is the equivalent lumped disturbances, where [image: image], [image: image], [image: image], and D = 0, respectively.
Obviously, de(t) is composed of coupling terms and comprehensive disturbances. The purpose of model decoupling and comprehensive disturbance suppression can be achieved by eliminating de(t). Figure 5 shows the configuration of the EID-based d-axis current control system for system Eq. 8. It is composed of five parts: gain module, internal model, state feedback controller, state observer, and EID estimator. The separation theory (Anderson and Moore, 2007) holds for the system, so each part can be designed separately. The proposed EID-based controller directly estimates the lumped disturbance de(t) and adds it to the control signal [image: image], without considering the prior information of the disturbances.
[image: Figure 5]FIGURE 5 | Block diagram of the d-axis current control system based on EID.
3.2 Internal Model and Gain Module
The internal model is used to accurately track the reference input; its form is shown in Eq. 9:
[image: image]
However, the inertial link and integral action will lead to response delay. To improve the dynamic performance of the internal model, a gain module Ks is proposed to parallel connect with the internal model in this paper. The state equation obtained by parallel connection gain Ks with the internal model is shown in Eq. 10:
[image: image]
3.3 State-Feedback Controller
Assuming there is no disturbance, the augmented state system is as follows, which consists of the internal model and the plant:
[image: image]
where gain K = [α,β]⊤, [image: image], [image: image], [image: image], [image: image], and [image: image], respectively.
To design the state-feedback gain, we build the quadratic performance index (Eq. 12), which is relative to the state and control:
[image: image]
Select an appropriate diagonal matrix QK > 0 and a real scalar RK > 0 to minimize Eq. 12, and then, [image: image], where P is the solution of [image: image].
3.4 EID Estimator
The state observer of EID controller is constructed as follows:
[image: image]
Defining [image: image] and substituting it into Eq. 8, we obtain Eq. 14:
[image: image]
If there exists a control signal Δd(t), which satisfies Eq. 15:
[image: image]
define [image: image], and then, Eqs. 14 and 15 give Eq. 16:
[image: image]
From Eqs. 8, 13, and 16, the estimated value [image: image] of EID can be solved:
[image: image]
where [image: image].
To ensure the causality of the system and suppress the high-frequency measurement noise, [image: image] is obtained by [image: image] through a low-pass filter F(s):
[image: image]
and the filter satisfies the following:
[image: image]
where ωr is the highest angular frequency estimated by the selected disturbance; usually, the cutoff frequency of the filter is 5 ∼ 10ωr. The first-order filter [image: image] can be satisfied well. The control law of EID controller is as follows:
[image: image]
3.5 State Observer
The constructed state observer is Eq. 13 without the need of inverter dynamic of the plant. Consider that the system in Eq. 10 has no disturbance, let the reference input and disturbance be zero, and then, the transfer function from [image: image] to [image: image] is Eq. 21:
[image: image]
Theorem I: The control row in Eq. 21 guarantees the stability of the system in Eq. 5 if the following conditions hold:
1) A − ΓC is Hurwitz;
2) ‖GF‖∞ < 1, where ‖GF‖∞: = sup0≤∞σmax[G(jω)F(jω)], and [image: image] means the maximum singular value of Gd(jω). The dual model of plant is as follows:
[image: image]
and construct a state feedback controller as follows:
[image: image]
Minimize Eq. 24 by selecting the appropriate diagonal matrix Qo > 0, the real scalar Ro > 0 and ρ > 0:
[image: image]
meanwhile, ensuring Eq. 25:
[image: image]
then the observer gain Γ can be solved, and Theorem I is guaranteed.
4 SIMULATION VERIFICATION
In this section, simulations have been carried out by using MATLAB/SIMULNK software. The experimental system is a three-phase dual-stage PV grid-tied inverter system, the maximum output power is 5.623 kW. The intensity of solar PV is 1,000 W/m2, the temperature is 25°C, both the BOOST circuit and the inverter use IGBT, and the modulation ratio is 0.95. Other system parameters are listed in Table 1.
TABLE 1 | System parameters.
[image: Table 1]Substitute the above parameters and take the internal model and proportional coefficient as follows:
[image: image]
Select Qk = diag(10 105) and Rk = 20 and then solve the optimal solution of Eq. 19, we get the following:
[image: image]
Select the low-pass filter:
[image: image]
Select Qo = 0.01, Ro = 1, ρ = 1012:
[image: image]
The system satisfies stability condition Theorem I; hence, the system is stable.
4.1 Normal Condition With Different Dead Time
By employing EID-based control, Figure 6 shows that the system stabilizes quickly in normal condition, and the PV output power, output, and modulated dc voltage of the BOOST circuit basically stay the same, respectively. Figure 7 shows the active power and reactive power of grid-tied inverter output; the power factor in steady state is 1. Figure 8 presents the d- and q-axis disturbances estimation. It can be seen from Figure 6 that the PV output power is stable at about 0.8 s; so before 0.8 s, the disturbance caused by the voltage fluctuation of the dc side of the inverter is also estimated by EID, as shown in Figure 8. After 0.8 s, the dc side voltage is stable, and there is no other external disturbance. At this time, the EID estimation in Figure 8 is mainly caused by the non-linear switch, unmodeled dynamic, coupling terms, and so on. Figure 9 shows the high sinusoidal degree grid-tied current waveform, whose THD value is only 0.31%, and its harmonic spectrum is shown in Figure 10.
[image: Figure 6]FIGURE 6 | Output power and voltage of PV.
[image: Figure 7]FIGURE 7 | Output power of inverter.
[image: Figure 8]FIGURE 8 | Estimation of equivalent input disturbance.
[image: Figure 9]FIGURE 9 | Harmonic spectrum of grid-tied current.
[image: Figure 10]FIGURE 10 | Three phase grid-tied current.
Figure 11 summarizes the THD values of the grid-tied current under the different dead time, which compares with the grid voltage feedforward PI controller (Zammit et al., 2021) and the PI-RC controller (Li et al., 2020). The dead time of SPWM signal is set from 2 to 6 µs. In real situations, the dead time of SPWM signal is usually 20%∼50% of the switching cycle (Lai et al., 2021); so in this paper, the dead time of SPWM signal is set from 2 to 6 µs. As the dead time increases, the THD value greatly increases using the PI control and increases slightly using the PI-RC. However, by the proposed EID-based controller, the THD value is still less than 2% and tends to be flat. Clearly, the EID-based controller is much better to inhibit the dead time effect.
[image: Figure 11]FIGURE 11 | Comparative simulation results of THDs of the grid-tied current with different control methods under the different dead time.
4.2 Grid Voltage Distortion With Dead Time Effect
In addition, the inverter system under the different control strategies is tested when the grid voltage distortion is occurred at 0.8 s. The grid voltage contains 0.05 pu 3rd and 0.03 pu 5th harmonics (Lai et al., 2021), and the dead time is set as 5 µs.
Figure 12A shows the compressive grid-tied current harmonic spectrum among the PI, PI-RC, and proposed EID-based controllers, and Figure 12B shows the disturbance estimation of the proposed controller. The detailed data of Figure 12A are listed in Table 2. Figure 13 shows the three-phase grid-tied current waveforms by the different controller, respectively.
[image: Figure 12]FIGURE 12 | The experimental results with grid voltage distortion: (A) Harmonic spectrum comparison of current under the different methods; (B) Disturbance estimation of the EID method.
TABLE 2 | Comparison of harmonic results.
[image: Table 2][image: Figure 13]FIGURE 13 | Comparative experimental results with different control methods of inverter under 5th and 7th harmonics of grid voltage: (A) PI method, (B) PI-RC method, and (C) EID method.
When non-ideal grid voltage and dead time effect occur simultaneously in system, the current distorts seriously by PI controller, and the THD value reaches 6.25%. It mainly contains low-order harmonics as shown in Table 2. Clearly, the steady-state performance is much better by PI-RC controller, its THD value is 4.5%. Figure 12B shows that the periodic disturbance is estimated quickly by proposed controller, all order current harmonics almost have been reduced as shown in Figure 12A, and the THD value is only 1.4%. Moreover, compared with the results in Figure 13A and Figure 13B, the three phases have the same amplitude in Figure 13C. Obviously, because the coupling term of the model will lead to cross coupling of dq axis current, the three-phase current under PI and PI-RC controller is unbalanced, but the three-phase current amplitude of the controller proposed in this paper is still the same, which implies that the proposed controller has an excellent model decouple capability.
Overall, the inverter system with the EID-based controller suppresses both dead time effect and grid voltage distortion satisfactorily. It is clear that the proposed current controller is better than others.
5 CONCLUSION
In this paper, an EID-based current control strategy is proposed to damp dead time effect for the three-phase dual-stage PV grid-tied inverter system, and its design and implementation are carried out. The proposed current controller is composed of five parts: gain module, internal model, state feedback controller, state observer, and EID estimator. In addition, its stability has been proved. First of all, the inverter model is modified by regarding the grid-tied inverter model coupling terms, uncertainties, unknown disturbances caused by dead time effect, and other uncertain disturbances as an unknown lumped disturbance. Next, the influence of the unknown lumped disturbance on the input channel without requiring prior information of above disturbances is estimated. Last, an equivalent control signal on the input channel to compensate the influence of the unknown lumped disturbance is produced. Compared with the grid voltage feedforward PI and PI-RC controllers, the results demonstrate that the proposed current controller could provide a better model decouple capability and more satisfactory grid-tied current quality, even under different dead time and grid voltage distortion.
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