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Abstract: Grid-connected inverter (GCI) plays a crucial role on facilitating a stable and efficient power 
delivery, especially under severe and complex grid conditions. Harmonic distortions and imbalance 
of the grid voltages may degrade the grid-injected current quality. Moreover, inductive-capacitance 
(LC) grid impedance and the grid frequency fluctuation also degrade the current control performance 
or stability. In order to overcome such an issue, this study presents a frequency-adaptive current 
control strategy of a GCI based on incomplete state observation under severe grid condition. When 
LC grid impedance exists, it introduces additional states in a GCI system model. However, since the 
state for the grid inductance current is unmeasurable, it yields a limitation in state feedback control 
design. To overcome such a limitation, this study adopts a state feedback control approach based on 
incomplete state observation by designing the controller only with the available states. The proposed 
control strategy incorporates feedback controllers with ten states, an integral controller, and resonant 
controllers for robustness of inverter operation. To reduce the reliance on additional sensing devices, 
a discrete-time full-state current observer is utilized. Particularly, with the aim of avoiding the grid 
frequency dependency of system model as well as complex online discretization process, observer 
design is developed in the stationary reference frame. Additionally, a moving average filter (MAF) 
based phase-locked loop (PLL) is incorporated for accurate frequency detection against distortions of 
grid voltages. For evaluating the performance of the designed control strategy, simulation and 
experiment are executed with severe grid conditions including the grid frequency changes, 
unbalanced grid voltage, harmonic distortion, and LC grid impedance. 

Keywords: frequency-adaptive current control; grid-connected inverter; harmonic distortion; 
incomplete observation; LC grid impedance; severe grid condition 
 

1. Introduction 

In the past few years, renewable energy sources (RESs) and distributed generations (DGs) are 
gaining significant attention as an effective solution to fulfill the expanding energy demands while 
alleviating environmental impacts [1]. The increasing adoption of renewable energy technologies has 
amplified the importance of grid-connected voltage source inverters (VSIs) in energy conversion 
systems. These inverters significantly contribute to facilitating the seamless integration of RESs into 
the utility grid while maintaining stable and reliable power delivery. A key challenge in grid-
connected inverters (GCIs) is to maintain a robust control performance against adverse grid 
conditions such as harmonic distortions and frequency deviations. Effective control strategies are 
essential to ensure that active power from distributed generation systems is injected into the grid 
with minimal distortion, meeting stringent power quality standards. Particularly, RESs are deployed 
as a main DG, and serve as a fundamental component for modern energy networks [2]. As a result, 
DG systems based on RESs must comply with rigorous power quality standards, for instance, the 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 March 2025 doi:10.20944/preprints202502.2280.v1

©  2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202502.2280.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 30 

 

IEEE standard 1547 [3] to ensure that the injected current meets grid code requirements and maintains 
the stability of overall power system [4]. 

Typically, harmonic distortion which degrades the current quality, commonly occurs in a pulse 
width modulation (PWM) switching control of GCIs. To address this issue, inductive (L) filters or 
inductive-capacitive-inductive (LCL) filters are used. Compared to L filters, LCL filters are more 
popular to connect the GCI into the utility grid because of their superior ability to suppress the 
current harmonics [5]. The proportional-integra1 (PI) controller is often employed for controlling a 
GCI due to its simplicity of implementation. However, this control cannot guarantee stability in 
inverters equipped with LCL filters due to the LCL filter resonance peak. Several research in [6–8] 
propose a state-space control method, offering an efficient, uncomplicated, and straightforward 
approach for mitigating the resonance effect. Another approach introduced in [9] utilizes the optimal 
control by applying a linear quadratic regulator (LQR) method. This method determines the system 
optimal gains in state-space by minimizing a defined cost function for the purpose of avoiding the 
degradation of control performance caused by various distortion conditions. 

Furthermore, grid voltage distortion can occur due to various external factors such as nonlinear 
loads and the LC impedance characteristics of the power network. The LC impedance, in particular, 
may amplify harmonic distortions at specific resonant frequencies. Grid impedance arises primarily 
from the physical characteristics of the transmission system, including the inductive properties of 
long-distance power lines and the capacitive effects introduced by power factor correction devices 
[10]. These components are combined to form a complex impedance network that influences the 
system stability along with dynamics for the GCI system. Variations in this impedance, often due to 
load changes or transmission line conditions, can exacerbate harmonic distortion and resonance, 
further complicating control system design. Such grid impedance and distorted grid voltages can 
negatively impact the current injected by the inverter, often resulting in increased levels of distortion 
in the injected current [4,11,12]. Therefore, the current control design must guarantee the grid-injected 
currents with good quality and maintain the system stability against the resonance phenomenon and 
grid distortion. 

Besides the distortion resulting from the grid impedance, the grid frequency variation can also 
result in a significant degradation of control performance. Grid frequency variation is often caused 
by an imbalance between power generation and load demand, as sudden changes in either can 
disrupt the frequency stability [13]. Such frequency variation impacts quality of the current delivered 
to the grid as well as the operational stability of the system. Therefore, adopting a systematic 
approach to frequency-adaptive control is essential to guarantee high-quality grid-injected currents 
and keep the system stability in the face of unexpected situations [14,15]. As introduced by the study 
[16], an enhanced repetitive control (RC) strategy utilizing a finite impulse response (FIR) filter is able 
to dynamically adapt the frequencies of resonant controllers to align the resonant controller 
frequency with the grid fundamental and harmonic components, ensuring better performance under 
varying grid frequencies. A selective harmonic control (SHC) method is proposed in the study [17] 
to deal with the harmonics induced by the grid distortion. Despite the advancements in frequency-
adaptive control techniques and harmonic distortion mitigation methods, the existing approaches 
face limitations such as slower dynamic response, higher computational complexity, or the need for 
high switching frequencies, limiting their practical applicability in real-time grid-connected systems. 

Exact detection of the frequency and phase angle of grid voltage is a key element in designing a 
current controller of GCI systems. A synchronous reference frame (SRF) phase-locked loop (PLL) is 
commonly used with the grid voltage measurement for this purpose. However, it encounters 
difficulties in determining the grid frequency and phase angle correctly under distorted or 
unbalanced grid voltages [18]. One way for enhancing the robustness of the SRF-PLL under severely 
distorted grid conditions is to incorporate a moving average filter (MAF) into the system [18–20]. The 
standard MAF-PLL technique presented in [21] is utilized to estimate the grid frequency with 
robustness under circumstance of harmonic distortions and noise. Under severe grid conditions, this 
method significantly improves not only the overall system performance but also the phase angle and 
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frequency detection accuracy by mitigating the effects of grid harmonic distortion and noise. 
Moreover, the MAF characteristic to effectively filter out high-frequency noise enhances both the 
stability and reliability of the PLL scheme during operation. A precise frequency and phase angle 
detection conducted by the MAF-PLL technique enables harmonic compensation in resonant 
controllers, thereby improving the power quality in DG systems. To enable more precise control of 
the system, a full-state current observer is implemented in this study, enhancing state estimation 
accuracy. 

When designing a GCI system, observers are employed to reduce the reliance on multiple 
sensors while providing the availability of system state variables required for the implementation of 
advanced control strategies. Observers can effectively estimate the internal state variables, 
simplifying the hardware design and lowering implementation costs. Several research, such as 
[7,8,22,23], have presented full-state prediction observers for state estimation in a GCI system, 
whereas the research in [24] has proposed a reduced-order observer approach to further simplify the 
system. Besides, the current observer which estimates the system states based on the current 
estimation error provides precise state estimation and reduces the influence of noise from system 
output signals. 

When LC grid impedance exists caused by the complex grid, it introduces additional state 
variables. Even with LC grid impedance, state variables caused by the LCL filter are effectively 
estimated by designing a state observer. In this case, the point of common coupling (PCC) voltages 
act as additional state variables. Meanwhile, the currents flowing into the grid inductance are not 
measurable or cannot be estimated. Consequently, due to the unavailability of state for grid 
inductance current, a full-state feedback for current control design is not feasible. In such a case, a 
state feedback current control needs to be designed with incomplete state observation. 

In this paper, to ensure superior current control performance under severe grid conditions, a 
frequency-adaptive current control of a GCI based on incomplete state observation is presented. The 
main contributions of this research are presented as below: 

(i) A frequency-adaptive current control strategy is developed under the existence of LC grid 
impedance to enhance the stability and quality of current injected into grid under varying grid 
frequency conditions. By integrating the MAF-PLL, the proposed control strategy enhances the 
accuracy of frequency detection and alleviates the negative impact of frequency fluctuations on 
the control performance. 

(ii) When LC grid impedance exists, it introduces additional states in a GCI system model. However, 
since the state for the grid inductance current is unmeasurable, it yields a limitation in state 
feedback control design. To address this issue, this study adopts a state feedback control 
approach based on an incomplete state observation, which designs a controller using only the 
available states. This approach simplifies the control design and implementation, while ensuring 
a robust performance under uncertain grid conditions. 

(iii) With severe grid conditions, the performance of the designed system is assessed to confirm its 
robustness and effectiveness. Severe grid conditions in this study include unbalanced grid 
voltages, harmonic distortion of grid voltages, uncertainty caused by LC grid impedance, and 
grid frequency variation, which are common in practical power systems. Unbalance and 
harmonic distortion of grid voltages are compensated using resonant controllers. Grid 
impedance and frequency variation are handled by a frequency-adaptive current control 
strategy with incomplete observation to enhance the system stability and robustness under 
varying grid conditions. 
To reduce steady-state errors in grid-injected currents, the integral controller is also incorporated 

into the state feedback controller. In particular, with the purpose of suppressing the influence 
induced by the unbalanced grid voltages and low-order grid harmonic distortions, the resonant 
controllers are deployed at the harmonic orders of second, sixth, and twelfth. A full-state current 
observer is introduced for accurate state estimation while minimizing the reliance on additional 
sensors. To ensure that the estimated states are unaffected by the grid frequency changes, the 
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observer design is accomplished in the stationary reference frame. In addition, an LQR optimization 
technique is applied to determine the optimal gains for the state feedback controller and full-state 
observer. The usefulness and robustness of the designed current controller is verified through the 
simulation using Powersim (PSIM) software (9.1, Powersim, Rockville, MD, USA). Furthermore, its 
effectiveness is verified through laboratory experiments utilizing a three-phase 2kVA prototype GCI 
under severe grid conditions. 

2. System Representation of GCI with LCL Filter Under LC Grid Impedance 

2.1. Description of State-Space Model 

Figure 1 presents the depiction of a three-phase LCL-filtered GCI incorporating LC grid 
impedance. Severe grid conditions such as the grid frequency variation, the unbalanced and distorted 
grid voltages are considered. A full-state current observer for estimating six states of the GCI is 
adopted. The GCI system utilizes an LCL filter to connect the utility grid which has the components 
of the grid inductance and capacitance. The inverter-side current and grid-side current are 
represented as 𝑖ଵand 𝑖ଶ, respectively. The capacitor voltage is represented as 𝑣௖. The PCC voltage, 
which is the connection point linking the grid inductance with LCL filter, is defined as 𝑣௣௖௖. The grid 
inductance current is represented as 𝑖௭, the grid voltage as 𝑒௚, the inverter output voltage as 𝑣௜, and 
the DC-link voltage as VDC, respectively. The LC grid impedance parameters are represented as 𝐿௚ 
and 𝐶௚ . The LCL filter parameters are denoted as 𝐿ଵ , 𝐿ଶ , and 𝐶௠ . The symbol “^” refers to an 
estimated value, and “*” indicates a reference value. The phase angle 𝜃෨ is determined by MAF-PLL, 
which enhances the precision of frequency and phase detection under distorted grid environments. 
The reference voltages obtained with the proposed control strategy are deployed by the space vector 
PWM with 𝜃෨. 

 

Figure 1. Frequency-adaptive current control scheme with grid impedance and unbalanced/distorted grid 
conditions. 

The state equations describing the GCI with LC grid impedance are formulated in the SRF as 
below:   𝑑𝑑𝑡 𝑖ଶ௤(𝑡) = −𝜔𝑖ଶௗ(𝑡) + 1𝐿ଶ 𝑣௖௤(𝑡) − 1𝐿ଶ 𝑣௣௖௖௤ (𝑡) (1)
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𝑑𝑑𝑡 𝑖ଶௗ(𝑡) = 𝜔𝑖ଶ௤(𝑡) + 1𝐿ଶ 𝑣௖ௗ(𝑡) − 1𝐿ଶ 𝑣௣௖௖ௗ (𝑡) (2)

𝑑𝑑𝑡 𝑖ଵ௤(𝑡) = −𝜔𝑖ଵௗ(𝑡) − 1𝐿ଵ 𝑣௖௤(𝑡) + 1𝐿ଵ 𝑣௜௤(𝑡) (3)

𝑑𝑑𝑡 𝑖ଵௗ(𝑡) = 𝜔𝑖ଵ௤(𝑡) − 1𝐿ଵ 𝑣௖ௗ(𝑡) + 1𝐿ଵ 𝑣௜ௗ(𝑡) (4)

𝑑𝑑𝑡 𝑣௖௤(𝑡) = − 1𝐶௠ 𝑖ଶ௤(𝑡) + 1𝐶௠ 𝑖ଵ௤(𝑡) − 𝜔𝑣௖ௗ(𝑡) (5)

𝑑𝑑𝑡 𝑣௖ௗ(𝑡) = − 1𝐶௠ 𝑖ଶௗ(𝑡) + 1𝐶௠ 𝑖ଵௗ(𝑡) + 𝜔𝑣௖௤(𝑡) (6)

𝑑𝑑𝑡 𝑣௣௖௖௤ (𝑡) = 1𝐶௚ 𝑖ଶ௤(𝑡) − 𝜔𝑣௣௖௖ௗ (𝑡) − 1𝐶௚ 𝑖௚௤(𝑡) (7)

𝑑𝑑𝑡 𝑣௣௖௖ௗ (𝑡) = 1𝐶௚ 𝑖ଶௗ(𝑡) + 𝜔𝑣௣௖௖௤ (𝑡) − 1𝐶௚ 𝑖௚ௗ(𝑡) (8)

𝑑𝑑𝑡 𝑖௭௤(𝑡) = 1𝐿௚ 𝑣௣௖௖௤ (𝑡) − 𝜔𝑖௭ௗ(𝑡) − 1𝐿௚ 𝑒௚௤(𝑡) (9)

𝑑𝑑𝑡 𝑖௭ௗ(𝑡) = 1𝐿௚ 𝑣௣௖௖ௗ (𝑡) + 𝜔𝑖௭௤(𝑡) − 1𝐿௚ 𝑒௚ௗ(𝑡). (10)

The superscript “q” and “d” indicate the values in the SRF. Moreover, 𝜔 represents the grid 
angular frequency. The system model described by equations (1) through (10) can be represented as 
state-space model in the continuous-time as below: 𝐱ሶ (𝑡) = 𝐀𝐱(𝑡) + 𝐁𝐮(𝑡) + 𝐄𝐞(𝑡) (11)𝐲(𝑡) = 𝐂𝐱(𝑡) (12)

where 𝐱 = ൣ𝑖ଶ௤, 𝑖ଶௗ, 𝑖ଵ௤, 𝑖ଵௗ, 𝑣௖௤, 𝑣௖ௗ, 𝑣௣௖௖௤ , 𝑣௣௖௖ௗ , 𝑖௭௤, 𝑖௭ௗ൧் is the system state, 𝐮 = ൣ𝑣௜௤, 𝑣௜ௗ൧் is the system input, 𝐞 = ൣ𝑒௚௤, 𝑒௚ௗ൧் is the grid voltage, and 𝐲 = ൣ𝑖ଶ௤, 𝑖ଶௗ൧்is system output. The state-space matrices A, B, C, 
and E are represented below: 𝐀

=
⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡ 0 −𝜔 0 0 1/𝐿ଶ 0 −1/𝐿ଶ 0 0 0𝜔 0 0 0 0 1/𝐿ଶ 0 −1/𝐿ଶ 0 00 0 0 −𝜔 −1/𝐿ଵ 0 0 0 0 00 0 𝜔 0 0 −1/𝐿ଵ 0 0 0 0−1/𝐶௠ 0 1/𝐶௠ 0 0 −𝜔 0 0 0 00 −1/𝐶௠ 0 1/𝐶௠ 𝜔 0 0 0 0 01/𝐶௚ 0 0 0 0 0 0 −𝜔 −1/𝐶௚ 00 1/𝐶௚ 0 0 0 0 𝜔 0 0 −1/𝐶௚0 0 0 0 0 0 1/𝐿௚ 0 0 −𝜔0 0 0 0 0 0 0 1/𝐿௚ 𝜔 0 ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎤
 (13)
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𝐁 =
⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎡ 0 00 01/𝐿ଵ 00 1/𝐿ଵ0 00 00 00 00 00 0 ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎤

,   𝐄 =
⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡ 0 00 00 00 00 00 00 00 0−1/𝐿௚ 00 −1/𝐿௚⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎤

, 𝐂 = ቂ1 0 0 0 0 0 0 0 0 00 1 0 0 0 0 0 0 0 0ቃ . (14)

2.2. Discretization of GCI System 

For the execution of the proposed control scheme in digital systems, the continuous-time system 
in (11)-(12) is discretized with the zero-order hold (ZOH) as below: 𝐱(𝑘 + 1) = 𝐀𝐤𝐱(𝑘) + 𝐁𝐤𝐮(𝑘) + 𝐄𝐤𝐞(𝑘) (15)𝐲(𝑘) = 𝐂𝐤𝐱(𝑘). (16)

The discrete-time form of the matrices 𝐀𝐤, 𝐁𝐤, 𝐂𝐤, and 𝐄𝐤 is expressed as  𝐀𝐤 = e𝐀ு (17)

𝐁𝐤 = ቆන e𝐀ுு
଴ 𝑑𝑡ቇ 𝐁 (18)

𝐂𝐤 = 𝐂 (19)𝐄𝐤 = ቀ׬ e𝐀ுு଴ 𝑑𝑡ቁ 𝐄  (20)

where H is the sampling time. Due to the digital implementation, the control signal 𝐮(𝑘) which is 
computed at the current time step cannot be directly applied to the system. Instead, it is processed 
through the space vector PWM in the subsequent time step to generate reference voltages. 
Consequently, the control input 𝐮(𝑘 − 1) which is calculated in the prior time step is applied to the 
system at time step 𝑘. This introduces a one-step time delay in the system dynamics, which can be 
effectively incorporated into the system model by 𝐮(𝑘 − 1)  as a time-delayed input [25]. 
Considering the time delay effect, the system model is expressed as below [26,27]: 𝐱(𝑘 + 1) = 𝐀𝐤𝐱(𝑘) + 𝐁𝐤𝐮𝐝(𝑘) + 𝑬𝐤𝐞(𝑘) (21)𝐮𝐝(𝑘 + 1) = 𝐮(𝑘) (22)𝐲(𝑘) = 𝐂𝐤𝐱(𝑘). (23)

Equations (21) and (22) are integrated in the matrix form to describe the complete system model 
as ൤ 𝐱(𝑘 + 1)𝐮𝐝(𝑘 + 1)൨ = ቂ𝐀𝐤 𝐁𝐤𝟎 𝟎 ቃ ൤ 𝐱(𝑘)𝐮𝐝(𝑘)൨ + ቂ𝟎𝐈 ቃ 𝐮(𝑘) + ቂ𝐄𝐤𝟎 ቃ 𝐞(𝑘). (24)

3. Proposed Frequency-Adaptive Control with Incomplete State Observation 

This section presents a state feedback current control design utilizing incomplete state 
observation to stabilize an GCI operating in the presence of LC grid impedance conditions. The 
designed controller is constructed with the aim of meeting key goals such as accurate reference 
tracking and effective compensation of harmonic disturbance, along with ensuring the robustness 
against grid frequency fluctuations. To mitigate the influence of grid angular frequency variations, 
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the current observer is constructed at the stationary frame in which the system is not dependent on 
grid angular frequency. Furthermore, by applying MAF-PLL, the proposed control strategy 
maintains superior performance despite the grid frequency fluctuations caused by the harmonic 
distortion of grid voltages. 

3.1. Frequency Detection in the Existence of Distorted and Unbalanced Grid Voltages 

Figure 2 illustrates the method to extract the frequency and phase angle of grid voltages utilizing 
the MAF-PLL. The mathematical representation of the MAF used for detecting the frequency is given 
as 

𝜔෥(𝑘) = 1𝑁 ෍ 𝜔ഥ (𝑘 − 𝑖)ேିଵ
௜ୀ଴  (25)

where 𝑁 represents the window size which determines the number of samples for averaging and 𝑘 
denotes the current discrete-time step. The conventional PLL generates the signal 𝜔ഥ  which is 
processed by the MAF to obtain 𝜔෥ . The MAF-PLL output 𝜔෥  represents the fundamental grid 
frequency with reduced oscillations and fluctuations. Frequency deviations in grid voltage 
significantly affect the control performance of GCIs and severely degrade the power quality of DG 
systems, especially those employing resonant control for harmonic compensation. To resolve this 
problem, this study introduces a frequency-adaptive current control strategy based on MAF-PLL. 
The PLL extracts the frequency information from the distorted grid voltage, while the MAF 
additionally removes the fluctuations caused by harmonic distortions [15,22]. 

 

Figure 2. Schematic of frequency detection based on the MAF-PLL. 

3.2. Current Control for GCI in Existence of LC Impedance and Distorted Grid 

To reduce the steady-state error and attenuate harmonic components of the 6th and 12th orders, 
the integral-resonant state feedback controller is developed by incorporating integral and resonant 
components into system model. In addition, the mitigation of the 2nd harmonic components is also 
considered to compensate the impact of unbalanced grid voltages. Integral control which eliminates 
the reference tracking error in the steady-state is represented in the discrete domain as [28] ቈ𝑥௜௤(𝑘 + 1)𝑥௜ௗ(𝑘 + 1)቉ = 𝐈 ቈ𝑥௜௤(𝑘)𝑥௜ௗ(𝑘)቉ + 𝐻𝐈 ൤ε௤(𝑘)εௗ(𝑘)൨ (26)

where 𝛆 = ሾ ε௤  εௗሿ் = 𝐈𝟐∗ − 𝐂𝐝𝐱 is the current error, 𝐈𝟐∗ = ሾ𝑖ଶ௤∗ 𝑖ଶௗ∗ሿ் is the reference current, and 𝐈 = ቂ1 00 1ቃ is identity matrix. 

Resonant control is designed in discrete domain [28]. The transfer function of the resonant 
controller is represented as below: 𝑅௡(𝑡) = cos(𝜔௡𝑡) (27)

𝑅௡(𝑧) = 𝑧ଶ − cos(𝜔௡𝐻)𝑧ଶ − 2 cos(𝜔௡𝐻)𝑧 + 1 (28)

where 𝜔௡ represents the resonant angular frequency. By applying the cascade canonical form to (28), 
a discrete-time state-space representation is given as [30] 

PI
Controller MAF Integrator

PLL
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⎣⎢⎢
⎢⎡𝑥௥ଵ௝௤ (𝑘 + 1)𝑥௥ଶ௝௤ (𝑘 + 1)𝑥௥ଵ௝ௗ (𝑘 + 1)𝑥௥ଶ௝ௗ (𝑘 + 1)⎦⎥⎥

⎥⎤ = 𝐀𝐫𝐞௝ ⎣⎢⎢
⎢⎡𝑥௥ଵ௝௤ (𝑘)𝑥௥ଶ௝௤ (𝑘)𝑥௥ଵ௝ௗ (𝑘)𝑥௥ଶ௝ௗ (𝑘)⎦⎥⎥

⎥⎤ + 𝐁𝐫𝐞௝ ൤ε௤(𝑘)εௗ(𝑘)൨  for 𝑗 = 2, 6, 12 (29)

where 

𝐀𝐫𝐞௝ = ൦2 cos(𝑗𝜔௡𝐻) 1−1 0 2 cos(𝑗𝜔௡𝐻) 1−1 0൪, 
𝐁𝐫𝐞௝ = ൦cos(𝑗𝜔௡𝐻)−1 cos(𝑗𝜔௡𝐻)−1 ൪. 

The 6th and 12th order resonant controllers are specifically designed to reduce the effects of 
harmonic components in distorted grid voltages while the 2nd order resonant controller is designed 
to attenuate the harmonic components that arise due to unbalanced grid voltages. The integral term 
(26) and resonant term (29) are reformulated as 𝐱𝐈𝐑(k + 1) = 𝚽𝐱𝐈𝐑(k) + 𝚿𝛆(k). (30)

where 𝐱𝐈𝐑 = ሾ𝐱୍் 𝐱୰ଶ் 𝐱୰଺் 𝐱୰ଵଶ்  ሿ் represents the state variables for integral and resonant terms. 
The internal state 𝐱୍ = ൣ𝑥௜௤ 𝑥௜ௗ൧்  is integral state variables. The other states 𝐱୰ଶ =ሾ𝑥௥ଵଶ௤ 𝑥௥ଶଶ௤ 𝑥௥ଵଶௗ 𝑥௥ଶଶௗ ሿ் ,  𝐱୰଺ = ൣ𝑥௥ଵ଺௤ 𝑥௥ଶ଺௤ 𝑥௥ଵ଺ௗ 𝑥௥ଶ଺ௗ ൧் , and 𝐱୰ଵଶ =ሾ𝑥௥ଵଵଶ௤ 𝑥௥ଶଵଶ௤ 𝑥௥ଵଵଶௗ 𝑥௥ଶଵଶௗ ሿ் are resonant state variables 

𝚽 = ⎣⎢⎢
⎡ 𝐈 𝐀୰ୣଶ 𝐀୰ୣ଺ 𝐀୰ୣଵଶ⎦⎥⎥

⎤   and  𝚿 = ൦ 𝐻𝐈𝐁୰ୣଶ𝐁୰ୣ଺𝐁୰ୣଵଶ൪ . 
By augmenting (30) into (24), the overall system model for a GCI control is expressed as below: 

቎ 𝐱(𝑘 + 1)ଵ଴×ଵ𝐮𝐝(𝑘 + 1)ଶ×ଵ𝐱𝐈𝐑(𝑘 + 1)ଵସ×ଵ቏ = ቎ 𝐀୩ଵ଴×ଵ଴  𝐁𝐤ଵ଴×ଶ 𝟎ଵ଴×ଵସ𝟎ଶ×ଵ଴ 𝟎ଶ×ଶ 𝟎ଶ×ଵସ− (𝚿𝐂𝐤)ଵସ×ଵ଴   𝟎ଵସ×ଶ 𝚽ଵସ×ଵସ቏ ቎ 𝐱(𝑘)𝐮𝐝(𝑘)𝐱𝐈𝐑(𝑘)቏ + ൥𝟎𝐈𝟎൩ 𝐮(𝑘) + ൥𝐄𝐤𝟎𝟎 ൩ 𝐞(𝑘)
+ ൥ 𝟎𝟎𝚿൩ 𝐈𝟐∗(𝑘) (31)

or, in a simplified manner  𝐱𝐟(𝑘 + 1) = 𝐀𝐟𝐱𝐟(𝑘) + 𝐁𝐟𝐮(𝑘) + 𝐄𝐟𝐞(𝑘) + 𝚿𝐟𝐈𝟐∗(𝑘). (32)

In (32), the entire system consists of 26 states which include 10 system states (6 states for LCL 
filter and 4 states for LC impedance), 2 states for time delay, 2 states for integral control, and 12 states 
for resonant controls at the 2nd, 6th, and 12th orders. The feedback control is obtained as below: 

𝐮(𝑘) = −𝐊𝐱𝐟(𝑘) = −ሾ𝐊𝐱 𝐊𝐮 𝐊𝐈𝐑ሿ ቎ 𝐱(k)𝐮𝐝(k)𝐱𝐈𝐑(k)቏ = 𝐮𝐱(𝑘) + 𝐮𝐮(𝑘) + 𝐮𝐈𝐑(𝑘)  (33)

where 𝐮𝐱(𝑘) = −𝐊𝐱𝐱(𝑘), 𝐮𝐮(𝑘) = − 𝐊𝐮𝐮𝐝(𝑘), 𝐮𝐈𝐑(𝑘) = −𝐊𝐈𝐑𝐱𝐈𝐑(𝑘) , and 𝐊 = ሾ𝐊୶  𝐊୳ 𝐊୍ୖሿ. In 
these matrices, 𝐊𝐱 is the gain associated with state feedback control, 𝐊𝐮 is the gain associated with 
feedback control for time delay component, and 𝐊𝐈𝐑 is the gain for the integral-resonant control 
terms. 

The control gain matrix 𝐊 in (33) is determined with the LQR method by minimizing a specified 
cost function defined as follows [31]: 
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𝐉 = 12 ෍ 𝐱୤்(𝑘)𝐐ஶ
௞ୀ଴ 𝐱୤(𝑘) + 𝐮்(𝑘)𝐑𝐮(𝑘) (34)

where 𝐐 is a positive semi-definite matrix and 𝐑 is positive definite matrix. The matrices 𝐐 and 𝐑 
are determined in accordance with the relative importance of performance measures. To determine 
an optimal feedback gain matrix 𝐊 systematically, the discrete Algebraic Riccati Equation (ARE) is 
solved. The  matrices 𝐐 and 𝐑 are chosen as below: 

𝐐 = ൦        𝐈ଵ଴×ଵ଴ 𝟎ଶ×ଵ଴ 𝟎ଶ×ଵ଴   𝟎ଵଶ×ଵ଴           𝟎ଵ଴×ଶ𝐈ଶ×ଶ𝟎ଶ×ଶ  𝟎ଵଶ×ଶ           𝟎ଵ଴×ଶ𝟎ଶ×ଶ6.3 ∙ 10଼ ∙ 𝐈ଶ×ଶ𝟎ଵଶ×ଶ
           𝟎ଵ଴×ଵଶ𝟎ଶ×ଵଶ𝟎ଶ×ଵଶ0.03 ∙ 𝐈ଵଶ×ଵଶ      ൪

ଶ଺×ଶ଺  
, 𝐑 = ቂ1 00 1ቃ (35)

where 𝟎 represents the zero matrix with suitable dimension. In (35), the weighting for the integral 
control term is chosen at a high value to ensure accurate reference tracking. Meanwhile, the weighting 
for the resonant control terms is chosen at a lower value for effective harmonic suppression without 
excessive sensitivity to grid distortions. The MATLAB function “dlqr” is utilized to calculate the 
optimal feedback gains systematically with 𝐐 and 𝐑. Substituting (33) into (32) reformulates the 
system expression as   𝐱𝐟(𝑘 + 1) = (𝐀𝐟 − 𝐁𝐟𝐊)𝐱𝐟(𝑘) + 𝐄𝐟𝐞(𝒌) + 𝚿𝐟𝐈ଶ∗(𝑘). (36)

As mentioned earlier, the state equations for the GCI are expressed as (1)-(10) when LC grid 
impedance exists caused by the complex grid. A full state feedback control is not available because it 
is not possible to measure or estimate the grid inductance current 𝑖௭ . Instead, the state feedback 
control except the states 𝑖௭  should be used. For this purpose, the state vector without the grid 
inductance current 𝑖௭ is defined as 𝐱𝐞𝐱𝐜= ൣ𝑖ଶ௤, 𝑖ଶௗ, 𝑖ଵ௤, 𝑖ଵௗ, 𝑣௖௤, 𝑣௖ௗ, 𝑣௣௖௖௤ , 𝑣௣௖௖ௗ , 𝑢ௗ௤, 𝑢ௗௗ, 𝑥௜௤, 𝑥௜ௗ, 𝑥௥ଵ଺௤ , 𝑥௥ଶ଺௤ , 𝑥௥ଵ଺ௗ , 𝑥௥ଶ଺ௗ , 𝑥௥ଵଵଶ௤ , 𝑥௥ଶଵଶ௤ , 𝑥௥ଵଵଶௗ , 𝑥௥ଶଵଶௗ  ൧்= 𝐂𝐟𝐱𝐟(𝑘) (37)

where 𝐂𝐟 = ൤ 𝐈଼×଼ 𝟎଼×ଶ 𝟎଼×ଵ଺𝟎ଵ଺×଼ 𝟎ଵ଺×ଶ 𝐈ଵ଺×ଵ଺൨ଶସ×ଶ଺  . 
With (37), the incomplete state feedback control input can be expressed as 𝐮𝐞𝐱𝐜(𝑘) = −𝐊𝐂𝐟 𝐱𝐞𝐱𝐜(𝑘) = −𝐊𝐂𝐟 𝐂𝐟𝐱𝐟(𝑘). (38)

By substituting (38) into the entire system dynamic model (32), the closed-loop system is 
reformulated as follows: 𝐱୤(𝑘 + 1) = (𝐀୤ − 𝐁୤𝐊𝐂୤் 𝐂୤)𝐱୤(𝑘) + 𝐄୤𝐞(𝑘) + 𝚿୤𝐈𝟐∗(𝑘). (39)

By excluding the state for the grid inductance current due to the uncertainty caused by grid 
impedance, (33) is rewritten in detail as 

𝐮(𝑘) = −𝐊ୣ୶ୡ𝐱୤(𝑘) = −ሾ𝐊୶ୣ୶ୡ 𝐊୳ 𝐊୍ୖሿ ቎ 𝐱(𝑘)𝐮ୢ(𝑘)𝐱୍ୖ(𝑘)቏ = 𝐮୶ୣ୶ୡ(𝑘) + 𝐮୳(𝑘) + 𝐮୍ୖ(𝑘) (40)

where 𝐊ୣ୶ୡ = 𝐊𝐂𝐟 𝐂𝐟 = ሾ𝐊୶ 𝐊୳ 𝐊୍ோሿ𝐂୤் 𝐂୤ = ሾ𝐊୶ୣ୶ୡ 𝐊୳ 𝐊୍ୖሿ  is the gain matrix designed to 
generate the control input utilizing the measurable and estimated states. This modification solves the 
limitation of unavailable grid inductance current state. The control input  𝐮୶ୣ୶ୡ(𝑘) = −𝐊୶ୣ୶ୡ𝐱(𝑘) 
represents the term derived from the modified state feedback gain 𝐊୶ୣ୶ୡ. 

3.3. Observer Implementation in Stationary Reference Frame 

A full-state current observer which estimates the states of LCL-filtered GCI system is designed 
to minimize the dependency on extra sensing devices. The observer is developed at the stationary 
reference frame to avoid the need for varying frequency information. By implementing the observer 
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in the stationary reference frame, the system model is unaffected by the grid frequency information. 
As a result, complex online discretization process can be avoided. Otherwise, if the SRF is applied for 
observer design, online discretization is unavoidable because the system model includes the varying 
parameter of the grid frequency information. The continuous-time LCL-filtered GCI system model is 
given at the stationary reference frame as below:  𝑑𝑑𝑡 𝑖ଶఈ(𝑡) = 1𝐿ଶ 𝑣௖ఈ(𝑡) − 1𝐿ଶ 𝑣௣௖௖ఈ (𝑡) (41)

𝑑𝑑𝑡 𝑖ଶఉ(𝑡) = 1𝐿ଶ 𝑣௖ఉ(𝑡) − 1𝐿ଶ 𝑣௣௖௖ఉ (𝑡) (42)

𝑑𝑑𝑡 𝑖ଵఈ(𝑡) = − 1𝐿ଵ 𝑣௖ఈ(𝑡) + 1𝐿ଵ 𝑣௜ఈ(𝑡) (43)

𝑑𝑑𝑡 𝑖ଵఉ(𝑡) = − 1𝐿ଵ 𝑣௖ఉ(𝑡) + 1𝐿ଵ 𝑣௜ఉ(𝑡) (44)

𝑑𝑑𝑡 𝑣௖ఈ(𝑡) = − 1𝐶௠ 𝑖ଶఈ(𝑡) + 1𝐶௠ 𝑖ଵఈ(𝑡) (45)

𝑑𝑑𝑡 𝑣௖ఉ(𝑡) = − 1𝐶௠ 𝑖ଶఉ(𝑡) + 1𝐶௠ 𝑖ଵఉ(𝑡) (46)

where the superscripts "𝛼” and “𝛽" represent the stationary reference frame. The above equations 
are formulated in state-space model as  𝐱ሶ ୣ(𝑡) = 𝐀ୣ𝐱ୣ(𝑡) + 𝐁ୣ𝐮ୣ(𝑡) + 𝐄ୣ𝐯ୣ(𝑡) (47)𝐲ୣ(𝑡) = 𝐂ୣ𝐱ୣ(𝑡) (48)

where 𝐱ୣ = ൣ𝑖ଶఈ, 𝑖ଶఉ, 𝑖ଵఈ, 𝑖ଵఉ, 𝑣௖ఈ, 𝑣௖ఉ൧்
 is the system state vector, 𝐯ୣ = ൣ𝑣௣௖௖ఈ , 𝑣௣௖௖ఉ ൧்

 is the PCC voltage 

vector, and 𝐲𝐞 = ൣ𝑖ଶఈ, 𝑖ଶఉ൧்
is system output. The matrices 𝐀ୣ, 𝐁ୣ, 𝐂ୣ, and 𝐄ୣ are given as: 

𝐀ୣ =
⎣⎢⎢
⎢⎢⎡

0 0 0 0 1/𝐿ଶ 00 0 0 0 0 1/𝐿ଶ0 0 0 0 −1/𝐿ଵ 00 0 0 0 0 −1/𝐿ଵ−1/𝐶௠ 0 1/𝐶௠ 0 0 00 −1/𝐶௠ 0 1/𝐶௠ 0 0 ⎦⎥⎥
⎥⎥⎤ (49)

𝐁ୣ =
⎣⎢⎢
⎢⎢⎡ 0 00 01/𝐿ଵ 00 1/𝐿ଵ0 00 0 ⎦⎥⎥

⎥⎥⎤,   𝐄ୣ =
⎣⎢⎢
⎢⎢⎡−1/𝐿ଶ 00 −1/𝐿ଶ0 00 00 00 0 ⎦⎥⎥

⎥⎥⎤ , and  𝐂ୣ = ቂ1 0 0 0 0 00 1 0 0 0 0ቃ . (50)

Equations (47)-(48) are discretized using the ZOH method as 𝐱ୣ(𝑘 + 1) = 𝐀ୣ୩𝐱ୣ(𝑘) + 𝐁ୣ୩𝐮ୣ(𝑘) + 𝐄ୣ୩𝐯ୣ(𝑘) (51)𝐲ୣ(𝑘) = 𝐂ୣ୩𝐱ୣ(𝑘). (52)

The matrices 𝐀ୣ୩, 𝐁ୣ୩, 𝐄ୣ୩ and 𝐂ୣ୩ are the discretized form for (49)-(50). Because the system of 
(51) and (52) is observable, the full-state can be estimated by observer [27]. In this study, the state 
variables of the above model are estimated by utilizing a current observer which utilizes measurable 
current states for state estimation. In contrast to the prediction observer which estimates the system 
states based on the measurement at time (𝑘 − 1)𝐻, the current observer estimates the states by using 
the measurement at time 𝑘𝐻 . By employing a current observer, it is possible to implement the 
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feedback current control with accurate state variables. The discrete-time current observer is 
constructed as 𝐱തୣ(𝑘 + 1) = 𝐀ୣ୩𝐱ොୣ(𝑘) + 𝐁ୣ୩𝐮(𝑘) + 𝐄ୣ୩𝐯ୣ(𝑘) (53)𝐱ොୣ(𝑘 + 1) = 𝐱തୣ(𝑘 + 1) + 𝐊ୣ൫𝐲ୣ(𝑘 + 1) − 𝐂ୣ୩𝐱തୣ(𝑘 + 1)൯ (54)

where 𝐊ୣ represents the observer gain matrix obtained by the “dlqr” function in MATLAB. The 
variable 𝐱തୣ(𝑘 + 1) denotes the predicted state vector based on the system dynamics and input signal 
at the given sampling step 𝑘𝐻, while the symbol “^” indicates the estimated value obtained from the 
predicted state. From (51), (52), and (54), the estimation error 𝛆௘(𝑘) = 𝐱ୣ(𝑘) − 𝐱ොୣ(𝑘) is obtained as 
follows: 𝛆௘(𝑘 + 1) = (𝐀ୣ୩ − 𝐊ୣ𝐂ୣ୩𝐀ୣ୩)𝛆௘(𝑘). (55)

The observer gain 𝐊ୣ is determined to ensure that all eigenvalues of (𝐀ୣ୩ − 𝐊ୣ𝐂ୣ୩𝐀ୣ୩) lie in 
the stable region. 

3.4. Stability Analysis 

This section provides a stability analysis for the proposed control scheme and full-state current 
observer for the GCI system when LC grid impedance exists. To guarantee robustness and stability, 
all eigenvalues of the matrix (𝐀୤ − 𝐁୤𝐊𝐂୤் 𝐂୤)  in (41) must lie within the unit circle. Also, all 
eigenvalues of (𝐀ୣ୩ − 𝐊ୣ𝐂ୣ୩𝐀ୣ୩)  in (55) must exist within the unit circle to ensure stability of 
designed full-state current observer. Figure 3a,b depict the eigenvalues of the matrices (𝐀୤ − 𝐁୤𝐊𝐂୤் 𝐂୤) and (𝐀ୣ୩ − 𝐊ୣ𝐂ୣ୩𝐀ୣ୩), respectively, under LC grid impedance with 𝐿௚ of 3mH and 𝐶௚ of 6µF. As shown in these figures, all the eigenvalues lie within the unit circle. These analyses 
substantiate the stability of both the proposed control approach for the LCL-filtered GCI and full-
state current observer. 

 

(a) 
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(b) 

Figure 3. Eigenvalues of the proposed control scheme. (a) Eigenvalues of ൫𝐀୤ − 𝐁୤𝐊𝐂୤் 𝐂୤൯; (b) Eigenvalues of (𝐀ୣ୩ − 𝐊ୣ𝐂ୣ୩𝐀ୣ୩). 

4. Simulation Results 

The performance of the designed current control strategy is assessed by conducting simulations 
for an LCL-filtered GCI with the PSIM software. The control performance is evaluated under severe 
grid conditions, including the distorted grid voltages with unbalance at a-phase, grid frequency 
variations, and existence of LC grid impedance. Detailed system parameters for the GCI are 
represented in Table 1. 

Table 1. Parameters of a GCI system. 

Parameters Value Units 
DC-link voltage 420 V 

Grid voltage (line-to-neutral) 180 V 
Grid frequency 60 / 50 / 55 Hz 

Grid capacitance  6 µF 
Grid inductance 3 mH 

Grid-side filter inductance 0.9 mH 
Inverter-side filter inductance 1.7 mH 

Filter capacitance 4.5 µF 

Figure 4a shows the grid voltages with harmonic distortion and imbalance, and Figure 4b 
presents the fast Fourier transform (FFT) result obtained from a-phase grid voltage. These figures 
indicate a seriously distorted grid condition applied to the simulation. The magnitude of a-phase grid 
voltage is 10% lower than those of the other phase voltages. The grid voltages possess harmonic 
distortions of the 5th, 7th, 11th, and 13th orders. The FFT result demonstrates significant harmonic 
components, resulting in the total harmonic distortion (THD) of 9.97%. 
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(a) 

 
(b) 

Figure 4. Distorted and unbalanced grid voltages. (a) Voltage waveform; (b) FFT result of a-phase grid voltage. 

Figure 5a depicts the corresponding PCC voltages between the LC grid impedance and LCL 
filter. The PCC voltages are also contaminated with harmonic distortion like grid voltages. However, 
because of LC impedance, harmonic characteristics of the PCC voltages deteriorated more from those 
of the grid voltages, exhibiting more distortion. Figure 5b represents the FFT result of a-phase PCC 
voltage in which the THD is increased to 10.32%. Such a severe distortion significantly influences the 
frequency detection accuracy and grid-injected current quality.  

 

(a) 
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(b) 

Figure 5. Distorted and unbalanced PCC voltages. (a) Voltage waveform; (b) FFT result of a-phase PCC 
voltage. 

With the given grid conditions in Figures 4 and 5, the robustness of the designed control strategy 
is evaluated. Figure 6a depicts the grid-side currents at steady-state along with the q-axis current. 
Phase currents maintain quite sinusoidal without the influence of harmonic distortion and imbalance 
of grid voltages. Figure 6b depicts the FFT result of a-phase grid-side current. All harmonic 
components are suppressed well with the THD of 1.24%, which indicates an effective harmonic 
suppression and stable operation of the proposed control strategy. Moreover, the grid-injected 
currents controlled by designed control strategy satisfy the harmonic limits and power quality 
requirements specified in the IEEE Standard 1547. 

 

(a) 

 
(b) 
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Figure 6. Simulation results for the proposed control strategy at steady-state in the existence of unbalanced and 
distorted grid condition. (a) Grid-side current responses; (b) FFT result of a-phase current. 

The simulation tests for the grid-side currents, inverter-side currents, and capacitor voltages are 
illustrated in Figure 7 with the step change in the q-axis current reference. Even during the step 
change moment, distortion remains minimal, which demonstrates superior transient response of the 
proposed control strategy. The grid-side current accurately tracks the reference under step change 
condition without a significant overshoot or oscillation. 

 
(a) 

 
(b) 

 

(c) 

Figure 7. Simulation results of transient responses for the proposed control strategy under unbalanced and 
distorted grid condition when the q-axis current reference has a step change at 0.25 s. (a) Grid-side currents; (b) 
Inverter-side currents; (c) Capacitor voltages. 

The simulation results of full-state current observer designed at stationary frame are depicted in 
Figure 8. Figure 8a-c represents the waveforms of the grid-side currents, inverter-side currents, and 
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capacitor voltages for sensed and estimated values. It demonstrates that the states obtained by the 
observer accurately track the actual states even during transient conditions.  

 
(a) 

 
(b) 

 
(c) 

Figure 8. Simulation results for the discrete-time current observer under the step change in q-axis current 
reference at 0.25 s. Sensed and estimated waveforms in the stationary reference frame. (a) Grid-side currents; (b) 
Inverter-side currents; (c) Capacitor voltages. 

In addition to the validation of current control performance under severe grid conditions, the 
efficiency of designed frequency-adaptive current control strategy is also evaluated with varying grid 
frequency conditions. Figure 9a,b show the grid voltages and PCC voltages with the grid frequency 
variation from 60 Hz to 50 Hz at 0.3 s and variation from 50 Hz to 55 Hz at 0.4 s. The grid voltages 
have the same distorted and imbalance as shown in Figures 4 and 5. Even though such large 
frequency variation is not common in actual power grids, it is applied to assess the performance of 
the control strategy rigorously with severe grid conditions in simulation. 
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(a) 

 

(b) 

Figure 9. Three-phase unbalanced and distorted grid voltages with frequency changes at 0.3 s and 0.4 s. (a) Grid 
voltages; (b) PCC voltages. 

The simulation tests in Figure 10 represent the capability of the proposed control strategy to 
maintain stability by adapting effectively under dynamic grid frequency changes. Figure 10a shows 
the enhanced frequency detection performance achieved by the MAF-PLL. Compared with the 
conventional PLL, the MAF-PLL exhibits superior accuracy in detecting the grid frequency without 
severe fluctuation caused by the grid voltage distortion, which facilitates an effective current control 
even under grid frequency variation conditions. Figure 10b–d illustrate the responses for the grid-
side currents, inverter-side currents, and capacitor voltages under grid frequency changes. Figure 
10e,f show the enlarged waveforms for the grid-side currents captured at the moments of frequency 
variation. Current waveforms are distorted at the grid frequency change instant. However, the 
current distortion and oscillation are rapidly recovered to sinusoidal waveform even under grid 
frequency variations, which confirms the stability and resilience of the designed frequency-adaptive 
current control. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 March 2025 doi:10.20944/preprints202502.2280.v1

https://doi.org/10.20944/preprints202502.2280.v1


 18 of 30 

 

 
(a) 

 
(b) 

 

(c) 

 
(d) 
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(e) 

 
(f) 

Figure 10. Simulation results of the proposed control strategy under grid frequency changes at 0.3 s and 0.4 s. 
(a) Performance of frequency detection based on MAF-PLL; (b) Grid-side currents; (c) Inverter-side currents; (d) 
Capacitor voltages; (e) Enlarged waveform of grid-side currents at the instant of frequency change from 60 Hz 
to 50 Hz at 0.3 s; (f) Enlarged waveform of grid-side currents at the instant of frequency change from 50 Hz to 
55 Hz at 0.4 s. 

Additionally, the estimation accuracy of the current observer is assessed under the grid 
frequency variations. Figure 11 depicts the simulation tests of discrete-time current observer with the 
identical grid frequency changes as in Figure 9. Figure 11a-c represents the sensed and estimated 
grid-side currents, inverter-side currents, and capacitor voltages, respectively. Even under grid 
frequency variations, the full-state current observer effectively estimates the state variables. 

The comprehensive simulation results from Figure 4 to Figure 11 confirm stable performance of 
the designed frequency-adaptive current control strategy and observer under very severe grid 
conditions. In the next section, the experimental tests are demonstrated to further confirm the 
proposed control strategy. 

 
(a) 
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(b) 

 
(c) 

Figure 11. Simulation results of the discrete-time current observer under grid frequency changes at 0.3 s and 0.4 
s. Sensed and estimated waveforms in the stationary reference frame. (a) Grid-side currents; (b) Inverter-side 
currents; (c) Capacitor voltages. 

5. Experimental Results 

Figure 12a depicts the experimental setup utilized to substantiate the effectiveness of the 
designed current control strategy. The entire control algorithm for the GCI system is executed on 32-
bit floating-point digital signal processor (DSP) TMS320F28335. The single-phase AC source is 
rectified to produce a DC source voltage for the GCI system. Through the LCL filter and magnetic 
contactor The GCI system is linked to three-phase programmable AC source which is employed to 
generate several grid conditions including the frequency variation, harmonic distortion, and 
imbalance of the grid voltages. In the experimental setup, several sensors are employed to measure 
the DC-link voltage, PCC voltages, and grid-side currents, which provide feedback signals to the 
controller. The measurement signals by sensors are sent to the DSP board utilizing an analog-to-
digital (A/D) converter. The computed references in the DSP are used to generate the PWM signals 
through the space vector PWM method. Figure 12b represents the photograph of the experimental 
system. 
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(a) 

 
(b) 

Figure 12. Configuration of experimental system. (a) System configuration; (b) Photograph of experimental 
system. 

Figure 13a illustrates the grid voltages with harmonic distortion and imbalance which is used in 
the experiment. Figure 13b depicts the PCC voltages measured between the LCL filter and LC grid 
impedance, and Figure 13c displays the FFT result of a-phase PCC voltage. The grid voltages and 
PCC voltages have the harmonic components of 5th, 7th, 11th, and 13th orders. By the detrimental 
effect of LC impedance, the PCC voltages are more distorted compared to the grid voltages. Moreover, 
Figure 13c demonstrates that high-order harmonic components are more affected by the grid 
impedance compared to lower-order harmonics. In addition to harmonic distortions, grid voltages 
also have imbalance such that the magnitude of a-phase grid voltage is 90% of the other phase 
voltages. 
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(b) 

 

(c) 

Figure 13. Three-phase voltages for experiments. (a) Unbalanced and distorted grid voltages; (b) Unbalanced 
and distorted PCC; (c) FFT result of a-phase PCC voltage. 

To validate the steady-state behavior of the proposed control strategy, Figure 14a depicts the 
grid-side phase currents and q-axis current waveforms, and Figure 14b depicts the FFT result of a-
phase current. Despite severe grid conditions, the phase currents maintain sinusoidal waveform 
without significant harmonic distortion similar to the simulation results. Also, the proposed strategy 
successfully reduces the harmonic distortions in the grid voltage and produces only minor harmonic 
components, as illustrated in FFT of a-phase current. 

 
(a) 
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(b) 

Figure 14. Experimental results of the proposed control scheme at steady-state. (a) Grid-side current responses; 
(b) FFT result of a-phase current. 

To evaluate the transient response, Figure 15 depicts the experimental tests for the grid-side 
currents when a step change occurs in the q-axis current reference from 2 A to 4 A. The grid-side 
currents respond to updated current reference expeditiously, achieving a reasonable settling time only 
with a slight overshoot. Thus, the control strategy maintains the robust stability during transients, 
ensuring the reliable performance under dynamic conditions. 

 

Figure 15. Experimental results for transient responses of grid-side current with the step change of the q-axis 
current reference. 

Furthermore, Figure 16 represents the experimental tests of the proposed observer performance 
with the step change of current reference. Figure 16a-c present the sensed and estimated values of the 
grid-side currents, inverter-side currents, and capacitor voltages for a-phase and b-phase, respectively. 
All figures distinctly indicate a precise tracking capability of the proposed current observer under 
step change of current reference. 
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(a) 

 
(b) 

 
(c) 

Figure 16. Experimental results of discrete-time current observer with the step change in q-axis current reference. 
Sensed and estimated waveforms. (a) Grid-side currents; (b) Inverter-side currents; (c) Capacitor voltages. 

Figure 17a,b depict the grid and PCC voltages in the presence of the grid frequency change from 
60 Hz to 50 Hz under the same harmonic distortion and imbalance as shown in Figures 13. Both the 
grid and PCC voltages exhibit quite severe distortion such as the harmonic distortion, unbalanced a-
phase voltage, grid frequency changes, and LC grid impedance. As in the previous case, the PCC 
voltages show more distortion compared to the grid voltages. 
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(a) 

 
(b) 

Figure 17. Experimental three-phase unbalanced and distorted voltages during frequency change. (a) Grid 
voltages with frequency change from 60 Hz to 50 Hz; (b) PCC voltages with frequency change from 60 Hz to 50 
Hz. 

To assess the performance of the proposed control strategy with the grid frequency fluctuation, 
Figure 18 illustrates the transient behaviors of MAF-PLL-based frequency detection and grid-side 
currents during frequency changes. Figure 18a presents the responses for a frequency decrease from 
60 Hz to 50 Hz, while Figure 18b presents the responses for a frequency increase from 50 Hz to 55 Hz. 
In both cases, although some oscillations occur at the moments of frequency change, the system 
quickly regains control stability and sinusoidal waveform in 3 to 4 fundamental cycles. The test 
results clearly confirm that the frequency-adaptive performance of the current control scheme is still 
maintained even with severe harmonic distortion and imbalance as well as LC grid impedance. 
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(a) 

 
(b) 

Figure 18. Experimental results for transient response of grid-side current under frequency variation. (a) 
Transient responses of grid-side currents with frequency change from 60 Hz to 50 Hz; (b) Transient responses 
of grid-side currents with frequency change from 50 Hz to 55 Hz. 

The frequency-adaptive capability and the robustness of the proposed current control scheme 
highly rely on the observer estimation capability. Figure 19 demonstrates the performance of the 
current observer introduced in Section 3.3 during the grid frequency transition from 60 Hz to 50 Hz. 
Figure 19a-c show the sensed and estimated values for a-phases and b-phase of the grid-side currents, 
inverter-side currents, and capacitor voltages, respectively. Despite oscillations in currents and 
voltages, the observer precisely tracks system states under frequency variations. 

 
(a) 
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(b) 

 
(c) 

Figure 19. Experimental results of discrete-time current observer with grid frequency change from 60 Hz to 50 
Hz. Sensed and estimated waveforms. (a) Grid-side currents; (b) Inverter-side currents; (c) Capacitor voltages. 

Figure 20 depicts the experimental results for current observer under the grid frequency 
variation from 50 Hz to 55 Hz. Similar to Figure 19, the estimated values closely match with the 
sensed values, which confirms the usefulness of the designed current observer with grid frequency 
changes. Despite the design in the stationary frame, the observer demonstrates a robust estimation 
capability. 

 
(a) 
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(b) 

 
(c) 

Figure 20. Experimental results for discrete-time current observer under grid frequency change from 50 Hz to 
55 Hz. Sensed and estimated waveforms. (a) Grid-side currents; (b) Inverter-side currents; (c) Capacitor voltages. 

6. Conclusions 

In this study, a frequency-adaptive current control of a GCI based on incomplete state 
observation is proposed under severe grid condition. A control strategy for the GCI equipped with 
LCL-filter is specifically designed to handle severe grid conditions characterized by the grid 
frequency variation, harmonic distortion and imbalance of the grid voltages, and the presence of LC 
grid impedance. When LC grid impedance exists, it introduces additional states in a GCI system 
model. However, since the state for the grid inductance current is unmeasurable, it yields a limitation 
in state feedback control design. To overcome such a limitation, this study adopts a state feedback 
control approach based on incomplete state observation by designing the controller only with the 
available states. This approach simplifies the control design and implementation, while ensuring a 
robust performance under uncertain grid conditions. In addition, to ensure a stable and high-quality 
current injection into the grid with varying grid frequency conditions, the MAF-PLL is incorporated 
into the proposed control scheme. For the purpose of tracking the reference currents precisely and 
mitigating the harmonic disturbances effectively, the proposed method also integrates the integral 
state feedback and resonant control schemes. In order to reduce the reliance on additional sensing 
devices, a discrete-time full-state current observer is utilized. In particular, to avoid the grid 
frequency dependency of system model as well as complex online discretization process, the 
stationary reference frame observer design is developed in this study. The overall control algorithm 
is executed on 32-bit floating-point DSP TMS320F28335 and tested with three-phase prototype GCI 
system under severe grid conditions. Simulation and experimental results confirm the robustness 
and effectiveness of the proposed control scheme in delivering stable and high-quality currents into 
the grid even in the presence of severe grid conditions such as the harmonic distortion, unbalanced 
grid voltage, grid frequency changes, and LC grid impedance. 
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