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Abstract. With the increasing penetration of distributed photovoltaic (PV) 

systems, grid-connected PV inverters must achieve rapid, accurate, and low-

harmonic power injection across a wide operating range. Conventional control 

methods in the abc stationary reference frame exhibit significant steady-state 

errors and severe AC coupling effects, failing to meet high power quality 

requirements. To address the power tracking accuracy and dynamic response 

challenges in three-phase PV inverters, this paper proposes a dual-loop control 

strategy implemented in the dq rotating reference frame, consisting of an outer 

power loop and an inner current loop. By converting AC quantities into DC 

components through dq transformation, and incorporating grid voltage feed-

forward and feed-forward decoupling compensation, independent active/reactive 

power control is achieved. Simulation results demonstrate rapid power response 

without steady-state error during dynamic processes—where active power (P) 

increases from 2.5 kW to 5 kW at 0.1 s and reactive power (Q) rises from 0 kVA 

to 3 kVA at 0.2 s, verifying the effectiveness and stability of the proposed control 

strategy. 

Keywords: Grid-Connected Photovoltaic Inverter, Dual-Loop Control, Voltage 

Feed-forward, Feed-forward Decoupling, Power Control. 

1 Introduction 

With the accelerated implementation of China's Dual Carbon Initiative, grid penetration 

of photovoltaic systems and other renewable energy sources has witnessed sustained 

growth. Under these circumstances, three-phase grid-connected PV inverters - serving 

as critical power conversion interfaces - play a decisive role in maintaining grid power 

quality and operational stability. Nevertheless, conventional control strategies 

demonstrate fundamental limitations in achieving precise d-q current tracking in three-

phase inverters, consequently leading to elevated grid harmonics, compromised 

dynamic performance, and potential system instability. 

To address issues such as reduced stability margin and deteriorated dynamic 

performance caused by power coupling, Li et al. proposed a universal analytical model 
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evaluating power coupling characteristics across different grid-forming control 

strategies [1].Zhao et al. suggests that the virtual inductor (VI) technique can be 

applied to increase the coupling impedance between the converter and the grid, 

thereby enhancing the stability margin [2].However, an excessively large virtual 

inductor may lead to an increase in the power angle and potentially cause loss of 

synchronization [3]. Moreover, proceeding from this basis, Wen et al. introduced a 

strategy employing virtual inductance exclusively in the q-axis, aiming to achieve 

improved steady-state decoupling [4].Considering the impact of line impedance 

variations on the performance of decoupling controllers, Dong et al. proposed a 

decoupling method based on an extended state observer (ESO), which enhances the 

robustness of the decoupling control system [5].The existing approaches, while 

making significant theoretical contributions, still face substantial implementation 

barriers in real-world V2G applications, particularly in addressing dynamic power 

interactions and maintaining system stability under rapid power flow reversals [6]. 

Building upon the aforementioned research, this paper first analyzes the coupling 

characteristics of d-axis and q-axis currents based on the mathematical model of a 

three-phase full-bridge inverter in the dq rotating reference frame, elucidating the 

necessity of decoupling control. On the foundation of traditional PI control, the 

proposed method incorporates grid voltage feed-forward and cross-decoupling 

compensation to counteract coupling components, thereby achieving independent 

current control dynamically. The simulation analysis verified the superior 

performance of the proposed control strategy. Bode diagram analysis shows that the 

compensated current loop and voltage loop ensure the stability of the system. The 

active power waveform indicates that there is no oscillation in the dynamic process. 

The reactive power waveform verified the effectiveness of the feed-forward feedback 

hybrid decoupling strategy. 

2 Mathematical Modeling of Three-phase Full-bridge Inverter 

The core of electric vehicle (EV) charging/discharging systems based on V2G 

technology lies in the design of bidirectional AC-DC converters [7]. The report adopts 

a typical three-phase full-bridge inverter topology [8]. 

First, the mathematical model of the micro-grid energy storage inverter is 

established for the grid-connected scenario [9]. Selecting the filter inductor current as 

the state variable, the governing equations are derived as shown in Equation (1): 

 

  (1) 

Where represents the filter inductance; represents the parasitic resistance of the 

filter inductor. All three-phase filter inductors share identical parameters.  

In the abc stationary frame, only two of the three phase variables are independent 

due to the zero-sequence constraint, requiring control of these sinusoidal AC 
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quantities, which complicates implementation. For balanced three-phase three-wire 

systems, the Clarke transformation simplifies analysis by converting the variables into 

two-phase stationary coordinates. The mathematical model of the micro-grid energy 

storage inverter in the reference frame can be derived as Equation (2):        

 (2) 

Where is the filter inductance; and  are the output current components in the 

two-phase coordinate system; and are the time derivatives of the 

current components, representing the current change rate; and  are the output 

voltage components of the inverter in the coordinate system; and are the 

voltage components on the load side; is the equivalent resistance. 

To achieve zero error, the proposed method uses Clark and Park transformations to 

convert the system into a synchronous rotating dq frame. This frame rotates 

counterclockwise at angular velocity . 

The Park transformation matrix equation is: 

 (3) 

By combining Equation (2) and Equation (3), the expression of the microgrid 

energy storage inverter in the dq coordinate system can be obtained, as shown in 

Equation (4). 

 (4) 

3 Virtual Decoupling Control Strategy 

From Equation (4), it can be observed that there is a coupling relationship between the 

d-axis and q-axis. Therefore, a decoupling control strategy needs to be introduced. 

The components of the inverter voltage control vector in the d-axis and q-axis 

directions are expressed as:                            

 (5) 

and are the outputs of the d-axis and q-axis current loops respectively. Where 

When a PI regulator is employed in the current loop, they satisfy: 

 (6) 
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Where and are the proportional and integral coefficients of the current PI 

regulator, respectively; and are the reference currents of the d-axis and q-axis, 

respectively; and and are the sampled actual currents of the d-axis and q-axis, 

respectively. 

Substituting Equation (6) into Equation (5) yields Equation (7): 

 (7) 

Equation (7) proves that current feedback terms eliminate coupled current 

components, enabling independent d/q-axis current control. Grid voltage feed-forward 

terms are added to improve dynamic response [10]. As shown in Fig. 1, each PI 

controller's output includes a decoupling component that counteracts the actual 

coupling effect with equal magnitude but opposite phase, ensuring effective 

decoupling. 

 

Fig. 1. Current decoupling control diagram.  (Picture credit: Original) 

The d-axis current and q-axis current are controlled separately, with the control 

scheme illustrated in Fig. 2. In Fig.2,  represents the sampling period of the 

inductor current. and are the PI parameters of the respective current loops.

represents the inertial delay introduced by PWM control.

represents the delay in current sampling. is the modulation index. Given the 

switching frequency and device parameters as: , 

, , . 
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Fig. 2. Simplified structure block diagram of the D-axis current loop. (Picture credit: Original) 

4 Simulation Analysis 

 
(a)                                                                               (b) 

Fig. 3. Bode plots before and after current loop compensation, (a)Amplitude-frequency 

characteristic diagram; (b)Phase-frequency characteristic diagram.  (Picture credit: Original) 

(a)                                                                              (b) 

To validate the correctness and effectiveness of the proposed topology and its control 

strategy, a simulation model was implemented in Simulink based on the 

aforementioned modelling and control parameter design methodology. 

Fig. 4. Bode plots before and after voltage loop compensation, (a) Amplitude-frequency 

characteristic diagram; (b) Phase-frequency characteristic diagram.  (Picture credit: Original) 

Fig. 3 and Fig. 4 are the Bode plots before and after current and voltage loop 

compensation. Table 1 and Table 2 yield the summarized results presented in Fig. 3 

and Fig. 4.  

Table 1 demonstrates that the uncompensated current loop's open-loop transfer 

function Gc0(s) exhibits a low-frequency gain of 20dB, crosses the 0dB line at 100Hz 

with a phase margin of 75°. After compensation implementation, the closed-loop 

transfer function Gil(s) of the current loop shows its magnitude-frequency 

characteristic curve crossing the 0dB line at 1000Hz with a -20dB/decade slope, while 

maintaining a phase margin of 60°. 
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Table 1. Data before and after current loop compensation. 

(Data from: this study) 

Index 
Before compensation (open-

loop transfer function Gc0(s)) 

After compensation (closed-

loop transfer function Gil(s))

Low-frequency band gain 20 dB / 

Crossing frequency 

 (0dB point) 
100 Hz 1000 Hz 

Phase margin 75° 60° 

Slope of amplitude-

frequency characteristic 
/ -20 dB/dec 

As evidenced in Table 2, the uncompensated voltage loop's original gain function 

Gv0(s) crosses the 0dB line at 2kHz. Following the implementation of the 

compensation network, the magnitude-frequency characteristic crosses the 0dB line at 

150Hz with a -20dB/decade slope while maintaining a 55° phase margin. 

Table 2. Data before and after voltage loop compensation. 

(Data from: this study) 

Index 
Before compensation (open-

loop transfer function Gc0(s)) 

After compensation (closed-

loop transfer function Gil(s))

Crossing frequency 

 (0dB point) 
2 kHz 150 Hz 

Slope of amplitude-

frequency characteristic 
/ -20 dB/dec 

Phase margin / 55° 

This analysis demonstrates that in the current loop design, the incorporation of grid 

voltage feed-forward components significantly enhances the system's dynamic 

response capability to grid voltage fluctuations. Meanwhile, the voltage outer-loop 

design ensures steady-state output voltage accuracy. Although exhibiting relatively 

slower initial dynamic response, the optimized PI parameters achieve overall system 

performance optimization. 

 

Fig. 5.  Active power waveform. (Picture credit: Original) 
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Fig. 5 verifies that the proposed dq-decoupled current loop can eliminate cross-

coupling terms in real time, with no power curve oscillations or secondary regulation 

phenomena observed during dynamic processes. The adaptive PI parameters maintain 

constant phase margin across wide power ranges, ensuring the active power channel 

achieves rapid static-error-free tracking during disturbances. This solution provides 

reliable power control support for high-penetration renewable energy grid integration.  

 

Fig. 6. Reactive power waveform. (Picture credit: Original) 

Fig. 6 validates the effectiveness of the proposed dq-axis feed-forward-feedback 

hybrid decoupling strategy. By implementing real-time feed-forward compensation of 

cross-coupling terms to the q-axis voltage reference, combined with adaptive PI 

parameter tuning, the reactive power channel maintains independent and non-static-

error regulation capability even under grid voltage fluctuations or V2G bidirectional 

power scenarios. This approach provides a low-complexity, high-robustness technical 

solution for the coordinated grid integration of high-penetration renewable energy and 

electric vehicles. 

5 Conclusion 

This paper addresses the critical challenges of large steady-state errors, sluggish 

dynamic response, and power coupling in three-phase grid-connected photovoltaic 

(PV) inverters under conventional control strategies. A novel dual-loop decoupling 

control strategy incorporating voltage feed-forward compensation and current 

dynamic decoupling is proposed, enabling high-precision and fast-response power 

regulation. 

Theoretical analysis and simulation results demonstrate that the method effectively 

eliminates dq-axis current coupling, delivers rapid dynamic response without 

overshoot or oscillation, and reduces steady-state error to near zero. Bode plot 

analysis reveals significant performance improvements: the compensated current 

loop's crossover frequency increases from 100 Hz to 1000 Hz while maintaining a 60° 

phase margin, and the voltage loop's crossover frequency is optimized to 150 Hz, 

substantially enhancing system stability. 

Furthermore, this strategy reduces control complexity while maintaining superior 

dynamic performance, providing a reliable solution for high-penetration renewable 

energy integration. Future research will focus on optimizing parameter self-adaptation 

algorithms to enhance robustness under complex grid conditions. 
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