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Abstract. With the continuous expansion of global energy demand and increas-
ing integration of renewable energy into power grids, maintaining grid stability
has become significantly more challenging. As the essential interface connecting
renewable energy sources to the grid, grid-connected inverters critically depend
on advanced power decoupling technology to effectively mitigate intermittent
power fluctuations inherent in renewable generation and ensure reliable system
operation. This paper conducts a systematic investigation into recent progress in
power decoupling control methodologies for grid-connected inverters. The study
classifies existing decoupling approaches according to their underlying control
architectures, followed by a rigorous comparative evaluation of their respective
advantages and technical limitations. Through this analytical process, several
critical shortcomings in contemporary power decoupling solutions are identified.
In response to these limitations, the research proposes a series of targeted tech-
nical enhancements and innovative improvement strategies. The study estab-
lishes theoretical foundations while providing actionable technological refer-
ences for future developments in decoupling technology. By resolving existing
limitations in stability, efficiency, and implementation complexity, this work
contributes substantively to next-generation grid-interactive power conversion
systems.

Keywords: Renewable Energy, Power Grids, Grid-Connected Inverter, Power
Decoupling.

1 Introduction

Rapid economic growth has intensified the conflict between rising energy demand and
the limitations of traditional fossil fuels, including supply shortages and environmental
pollution. This situation makes the transition to clean, low-carbon energy development
an imperative. Within this energy transition, electricity plays a dominant role in the
energy system. Therefore, building new power systems with renewable energy as the
mainstay is essential. This shift is both a necessary requirement for the transformation
of the energy and power sectors and a critical pathway to achieving China's dual carbon
goals.
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Grid-connected inverters, serving as the critical interface between renewable energy
generation and AC power grids, are the core equipment of modern power systems.
Their reliability is vital to grid stability, while their topologies and control schemes
directly determine power quality and transmission efficiency in grid-connected sys-
tems. In conventional single-phase grid-connected inverters, the instantaneous power
imbalance between the DC input side and AC output side generates double-line-fre-
quency (2m) ripple power, which induces second-order harmonic voltage/current on the
DC bus. This ripple adversely affects system reliability and stability. Taking photovol-
taic (PV) systems as an example, the 2o ripple causes the PV panel's operating point to
deviate from the maximum power point (MPP), reducing power generation efficiency.
For three-phase grid-connected inverters, the 120° phase difference between phases
theoretically ensures balanced instantaneous power under ideal symmetric conditions,
eliminating power ripple. However, in practical applications, nonlinear loads, grid volt-
age sags, and harmonic disturbances can still introduce low-frequency ripple compo-
nents. To address these ripple issues, power decoupling techniques have been devel-
oped [1-3].

Power decoupling, as a control strategy enabling independent regulation of active
and reactive power, has become a standard feature in modern grid-connected inverters
and is critical for grid stability under high-penetration renewable integration. In mi-
crogrids, it allows distributed generation inverters to dynamically allocate power based
on real-time demand, enhancing system stability and disturbance resistance. During is-
landing operations, it maintains frequency/voltage stability to ensure a reliable power
supply for critical loads. Within distributed generation systems, this technology im-
proves renewable energy utilization by facilitating maximum power point tracking
(MPPT) through active power control, while reducing losses via flexible reactive power
management, thereby boosting overall system efficiency [4].

This research focuses on power decoupling technologies in grid-connected inverters.
Firstly, it systematically reviews recent advancements in the field, categorizing existing
decoupling techniques into two primary development paths: topology optimization and
control strategy improvements. Subsequently, the fundamental principles, advantages,
and limitations of each decoupling approach are thoroughly analyzed. Finally, targeted
enhancement strategies are proposed to address current performance and adaptability
limitations, providing valuable insights for future optimized inverter design and control
methodologies.

2 Principles of Power Decoupling

Current power decoupling technologies primarily fall into two categories: passive
power decoupling and active power decoupling. Passive power decoupling operates
without additional power switching components by utilizing energy storage elements
to absorb pulsating power. In practical applications, this is typically achieved through
either the parallel connection of large electrolytic capacitors on the inverter’s DC bus
or the implementation of LC resonant circuits, both of which absorb ripple power to
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achieve instantaneous power balance between the AC output and DC input sides of the
inverter.

Active power decoupling utilizes additional power switching components to dynam-
ically regulate energy storage elements. Through dedicated decoupling control strate-
gies, it actively absorbs and releases pulsating power. This method relies on both de-
coupling circuits and control algorithms to manage energy exchange in decoupling ca-
pacitors. Maintaining dynamic balance during power fluctuations significantly en-
hances decoupling accuracy and system stability.

3 Classification of Power Decoupling Techniques

3.1 Passive Power Decoupling

Passive power decoupling is a simple and commonly used decoupling technique that
typically does not require any control strategies. It usually involves adding large capac-
itors on the DC-link to absorb the pulsating power. Alternatively, an LC resonant circuit
can be added, where the circuit parameters are designed to effectively suppress the rip-
ple on the DC-link. This approach also helps reduce the value of the electrolytic capac-
itor on the DC-link.

3.2  Active Power Decoupling

Virtual Impedance Decoupling. The core concept of virtual impedance decoupling is
impedance reconstruction. It injects virtual impedance into the control loop, causing
the inverter output to exhibit a high reactance ratio, simulating the reactive-dominant
characteristics of a high-voltage power grid. In the dq coordinate system, the inductive
impedance results in the active power being primarily controlled by the g-axis current,
while the reactive power is controlled by the d-axis current, achieving P-Q decoupling.
Virtual impedance decoupling is a commonly used power decoupling method in grid-
connected inverters, especially in applications based on virtual synchronous generators
(VSG) [5]. After introducing virtual impedance, the simplified equivalent circuit of a
grid-connected VSG is shown in Fig. 1. Based on this equivalent circuit, a power ex-
pression is established, linearized to obtain a small-signal model, from which the de-
coupling condition (i.e., power coupling term coefficient equals zero) can be derived.
Subsequently, a negative feedback mechanism is introduced, and a PI controller is used
to dynamically adjust the virtual resistance based on the output voltage deviation to
achieve power decoupling.
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Fig. 1. Simplified equivalent circuit of a grid-connected virtual synchronous generator based on
virtual impedance [5].
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Model Predictive Control (MPC). Model Predictive Control (MPC) is an advanced
control strategy that relies on mathematical models. It uses historical data and the cur-
rent system state to predict future behavior, optimizing control decisions in real-time to
achieve the best performance. MPC can be categorized into two types: Continuous Con-
trol Set MPC (CCS-MPC) and Finite Control Set MPC (FCS-MPC). In CCS-MPC, the
controller output is continuous, such as drive voltage or duty cycle. In contrast, FCS-
MPC focuses on the finite switching states of power devices. It predicts the system
response for each state and calculates performance indices to select the optimal switch-
ing state. The core elements of MPC include predictive modeling, rolling optimization,
and feedback correction.

MPC predicts the future state of the system based on the system model and generates
optimal control strategies through optimization algorithms, enabling precise and inde-
pendent control of active and reactive power. In contrast, traditional APD control uses
a PI+PR structure, where the parameters are interdependent and difficult to coordinate.
This leads to inaccuracies in capacitor voltage, affecting ripple suppression. To address
this issue, some researchers have proposed a power decoupling control strategy based
on predicting the input current of the APD circuit. By replacing traditional PI and PR
controllers with Model Predictive Control (MPC), the method simplifies the parameter
design and tuning process while improving current tracking and ripple suppression per-
formance. This approach constructs a predictive model for the input current iq of the
APD circuit to enable real-time control of i4. It can be embedded into grid-connected
control systems to replace the current inner loop in the traditional double-loop structure,
thereby enhancing the overall system control performance [6] [7].

Fig. 2 depicts a cascaded topology integrating a front-stage Buck-Boost DC/DC con-
verter and a rear-stage full-bridge DC/AC inverter. Powered by photovoltaic (PV) out-
put, the front-stage Buck-Boost circuit comprises a decoupling capacitor Cq, an energy
storage inductor L4, and switches Si/S,. The intermediate DC bus utilizes filter capaci-
tor Gy to suppress high-frequency switching ripples, while the rear-stage full-bridge
inverter (S3-Se) with output filter inductor L¢ delivers AC power. Employing Integrated
Current-Constrained Cycle-by-Cycle Model Predictive Control (IC-CCS-MPC), this
system maintains constant input current i;,, ensures average input power P, matches
DC bus average power, and enables collaborative low-frequency ripple buffering via
passive components: Cq (voltage buffering) and Lq (current energy storage).

Fig. 2. Model Predictive Control topology [7].
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Adaptive Power Decoupling. Adaptive power decoupling technology dynamically ad-
justs control parameters based on system operating conditions and environmental
changes, enabling higher efficiency and stability. Its core mechanism utilizes real-time
feedback and algorithmic optimization to autonomously adapt to system parameter var-
iations, eliminating dependency on fixed parameter tuning.

Under unbalanced load conditions, grid-connected inverter power decoupling con-
trol faces limitations in managing grid voltage fluctuations, where suboptimal selection
of proportional coefficients (K,)—whether excessively large or small—degrades con-
trol precision. To overcome this, a genetic algorithm (GA) optimizes K, within the
power decoupling framework through the following procedure: after initializing GA
parameters (population size and maximum generations), encoding K, values to generate
an initial population of proportional coefficients, and evaluating fitness scores for each
K, set, evolutionary operations—including parent selection based on fitness, crossover,
and mutation—produce new populations. This cycle repeats until reaching the maxi-
mum generations, terminating with the output of optimal K. This GA-optimized de-
coupling control significantly enhances dynamic response speed and steady-state accu-
racy under unbalanced loads [8].

The implementation employs a dual-loop power controller with proportional coeffi-
cients to achieve power decoupling control in grid-connected inverters, while a genetic
algorithm (GA) optimization is utilized to enhance the decoupling performance.

Feedforward Power Compensation. Model Predictive Direct Power Control
(MPDPC) utilizes a single objective function to regulate both active and reactive power.
When abrupt changes occur in one power component (e.g., active power step change),
it dominates the objective function, causing degraded dynamic performance in the other
component (e.g., reactive power). This transient power coupling during power step
changes compromises inverter transient stability. To address this, feedforward power
compensation acts as a reference regulator that injects a compensatory signal into the
reactive power reference channel during active-power-induced coupling events,
thereby achieving effective decoupling [9] [10].

4 Technology Comparison

4.1 Comparison of Advantages and Disadvantages

Passive power decoupling utilizing parallel-connected large electrolytic capacitors of-
fers straightforward implementation and high reliability, but suffers from excessive ca-
pacitor volume and lifetime mismatch with PV systems. Although LC resonant circuits
provide superior performance compared to standalone capacitors, they introduce sig-
nificant physical size constraints and remain vulnerable to parameter drift induced by
temperature variations and component aging.

Active power decoupling technologies are categorized into four primary approaches:
virtual impedance decoupling, model predictive control, adaptive power decoupling,
and feedforward power compensation.
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Virtual Impedance Decoupling. Adaptive power decoupling offers strong self-tuning
capabilities, dynamically optimizing control parameters (e.g., proportional coefficients)
to accommodate system parameter variations. However, its reliance on intelligent opti-
mization methods like genetic algorithms for parameter tuning involves substantial it-
erative computations. This results in higher computational complexity, particularly in
large search spaces where slowed convergence may compromise real-time control per-
formance.

Model Predictive Control. MPC enables multi-variable co-optimization with rapid
dynamic response capabilities, making it suitable for nonlinear systems. Its primary
limitation lies in strong model dependency—control performance degrades signifi-
cantly under model mismatch conditions. Additionally, MPC requires online optimiza-
tion calculations within each control cycle. When handling long prediction horizons or
complex system models, substantial computational loads arise, increasing hardware re-
quirements and implementation costs.

Adaptive Power Decoupling. Virtual impedance decoupling simplifies system archi-
tecture and reduces costs by introducing virtual inductive/resistive components within
control algorithms, eliminating additional hardware. However, the inductive virtual im-
pedance exhibits high impedance to high-frequency harmonics. Under conditions of
significant harmonic distortion at the load side, this may exacerbate output voltage dis-
tortion, thereby amplifying system harmonic issues.

Feedforward Power Compensation. Feedforward power compensation achieves
rapid response through disturbance prediction, enabling proactive compensation that
enhances system dynamic performance. However, its applicability is limited to meas-
urable disturbances detectable in real-time. For undetectable disturbances, it proves in-
effective and typically requires integration with complementary control strategies for
performance improvement. Furthermore, control accuracy remains highly dependent
on system model precision.
The above content can be summarized as shown in Table 1.

Table 1. Comparative Analysis of Active Decoupling Techniques.

Technique Advantages Disadvantages

. Hardware-free implementation
Virtual Impedance P

. Flexible system characteristic Harmonic amplification
Decoupling .
adjustment
. Achieves high-efficiency dy- Performance is model-dependent
Model Predictive namic res oise via rollii f)/ ti and requires high recisi(r))n model
Control (MPC) .. P gop . q EP
mization ing
. . . Substantial computational burden
Adaptive Power Automatically adjusts parame- . p .
. . due to extensive iterative calcula-
Decoupling ters based on system variations

tions in GA optimization
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Feedforward L .
Preemptive disturbance com- Undetectable disturbance vulnera-

Power Compensa- . .
pensation bility

tion

4.2  Active Power Decoupling: Performance Dimensions and Technical
Improvements

Furthermore, this paper compares active decoupling technologies across four perfor-
mance dimensions: complexity, reliability, response speed, and harmonic suppression.
Results are summarized in Table 2. Both MPC and adaptive power decoupling exhibit
significantly higher complexity and moderate reliability due to computationally inten-
sive implementations. However, like feedforward compensation, they achieve rapid re-
sponse speeds through real-time parameter adjustment. Regarding harmonic suppres-
sion, virtual impedance decoupling—essentially an impedance emulation technique—
may amplify harmonics due to sensitivity to control accuracy, system interactions, and
parameter design. The other three techniques demonstrate superior harmonic suppres-
sion capabilities.

Table 2. Performance Comparison of Active Decoupling Techniques

. . L R H ic Sup-
Technique Complexity Reliability S;zzgnse pri::i(())rrlllc up
irtual T -
Virtua mpeq Low High Medium Moderate
ance Decoupling
Model Predictive
High Moderat Fast Excellent
Control (MPC) ig oderate as xcellen
Adaptive P
ap IV? ower Low High Fast Excellent
Decoupling
Feedforward
Power Compensa- High Moderate Fast Excellent
tion

In summary, adaptive decoupling and MPC exhibit high computational complexity
yet hold significant improvement potential through machine learning and model sim-
plification. Virtual impedance and feedforward compensation offer simpler implemen-
tation but require solutions for harmonic amplification and sensing accuracy limita-
tions. To address these constraints, three enhancement strategies are proposed.

Hybrid Strategy Exploration. Virtual impedance decoupling faces limitations in har-
monic amplification. To address this, a hybrid control strategy (virtual impedance +
MPC) is proposed. MPC predicts future system states and suppresses harmonic cur-
rents/voltages via rolling optimization, counteracting harmonics potentially amplified
by virtual impedance. Simultaneously, while virtual impedance typically relies on
fixed-parameter implementations, integrating MPC’s real-time responsiveness en-
hances system robustness under dynamic operating conditions.
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Al Algorithm Integration. Both adaptive decoupling and MPC incur substantial com-
putational burdens for real-time control, with MPC particularly vulnerable to model
inaccuracies. To overcome these limitations, reinforcement learning (RL) leverages
policy networks to directly learn decoupling rules, thereby eliminating iterative param-
eter tuning and reducing computational overhead. Meanwhile, neural networks build
data-driven models from system input—output data, effectively capturing intrinsic dy-
namics. Such models can autonomously adapt to system uncertainties and variations,
reducing reliance on precise mathematical formulations while enhancing control accu-
racy [11].

Hardware Innovation. Feedforward compensation provides preemptive disturbance
correction but faces limitations in undetectable disturbance zones and model-dependent
accuracy. To overcome these constraints, next-generation sensors can be developed to
enhance disturbance detection capabilities and sensing precision, ultimately improving
compensation accuracy.

5 Conclusion

As the critical interface between renewable energy systems and the grid, grid-connected
inverters significantly impact grid stability. However, inherent structural characteristics
and unbalanced operating conditions—such as asymmetrical loads or grid voltage im-
balances—generate power ripples that threaten grid stability. This necessitates power
decoupling technologies to achieve independent control of active and reactive power.

This paper reviews current power decoupling technologies for grid-connected in-
verters, presenting application cases for each method alongside comparative analysis.
In practical implementation, all decoupling techniques exhibit distinct trade-offs requir-
ing careful selection based on specific operational scenarios. Nevertheless, existing ap-
proaches still face significant limitations. To address these challenges, we propose three
improvement pathways to guide future research and optimization of power decoupling
in grid-connected inverters.
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