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1. INTRODUCTION

The commercialization of grid-connected photovoltaic (PV) inverter systems has significantly
accelerated the growth of solar power generation. This expansion, coupled with the global adoption of
renewable energy sources like wind and fuel cells, underscores the importance of developing compact,
energy-efficient inverters, particularly for residential grid-connected systems with power capacities ranging
from 2 to 10 kW [1]. Among various designs, central-type inverters have emerged as a cost-effective solution
for medium to high-power grid-integrated solar installations. They offer superior maximum power point
tracking (MPPT) efficiency, and their mass production drives down costs per kilowatt, making them an
attractive option for advancing residential solar power systems [2]-[4]

The boost inverter, a traditional voltage source topology, is widely used in commercial and industrial
applications, including PV-integrated systems for backup power and alternating current (AC) motor drives. It
consistently delivers an output voltage higher than the direct current (DC) input, typically requiring a boost
converter between the source and inverter. However, this setup can compromise size, weight, cost, and
efficiency depending on power and voltage levels. The well-established voltage source configuration and its
application in boost inverters, which can produce an AC voltage higher or lower than the DC input, depending
on the duty cycle [5]-[7]. The integration of PV systems with the AC grid is crucial for maximizing energy
utilization and advancing renewable energy technologies. However, modern inverters often face challenges
related to inefficiency, poor power quality, and compatibility with gallium nitride (GaN) based devices [8].
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This research aims to develop a GaN-based boost inverter that effectively integrates photovoltaic
energy with the AC grid, ensuring high efficiency, improved power quality, and reliable performance. The
proposed inverter addresses common grid integration challenges and is designed for cost-effectiveness,
reliability, and flexibility, making it suitable for widespread deployment in residential and commercial
settings across various solar systems and grid configurations. A significant advancement in the design and
implementation of GaN-based inverters specifically tailored for PV systems integrated with AC grids. The
study addresses the critical problem of inefficiency, poor power quality, and grid synchronization challenges
that plague conventional inverters. By introducing a hybrid phase-locked loop (PLL) controller enhanced
with sliding mode control (SMC), the proposed inverter achieves superior performance in MPPT efficiency
and reduces total harmonic distortion (THD). The paper accurate examines the performance of the inverter
across various scenarios, including standalone operation without grid connection, grid disconnection and
reconnection, frequency disturbances, and amplitude changes in grid supply. These cases highlight the
robustness and resilience of the proposed inverter design under real-world conditions. The research sets a
new benchmark for PV system integration, contributing to the broader adoption of renewable energy
technologies and supporting the sustainable development of energy systems globally.

2. METHOD

The boost converter is a DC-DC converter utilized in PV systems to elevate the voltage of the DC
power generated by the PV panels to levels compatible with the grid or other loads. The duty cycle of the
boost converter is adjustable to provide control, and it may incorporate protective features to prevent system
damage [2]. The efficiency of the boost converter is a critical factor in PV system design, used in conjunction
with an MPPT controller to optimize the energy output from the PV panels. Power inverters, which convert
DC into AC, play an essential role in PV systems by transforming the DC power from PV panels into AC
power necessary for grid connection or powering AC loads. Various control schemes optimize these
inverters' performance and efficiency [3]. GaN transistors are preferred in power converters for renewable
energy systems because of their superior efficiency, power density, switching speed, thermal performance,
and potential cost-effectiveness [4].

This study incorporates a Cuk switching mode power supply (SMPS) and a sliding mode control
scheme in the photovoltaic inverter design to achieve reliable closed-loop performance. This methodology
enables the use of smaller, more reliable non-electrolytic capacitors. A prototype inverter was developed
to test the design [5]. The research discusses an MPPT method based on adaptive sliding mode control.
The proposed technique uses an adaptive sliding mode controller (ASMC) to drive a boost converter that
connects the PV generator to the load. The efficiency of this technique is validated by simulation results
using real data in MATLAB/Simulink, and the ASMC controller's durability and stability are tested under
variable weather conditions [6]. Liu et al. [7] propose a two-mode control strategy for bidirectional power
converters in AC/DC hybrid microgrids operating under weak grid conditions. They achieve stability by
managing the short-circuit ratio, controlling voltage and current sources, and mitigating system inertia.
Simulation results demonstrate this strategy's effectiveness. A robust non-linear controller for voltage source
converters (VSCs) connected to unreliable AC networks. This controller, designed using feedback
linearization technique, manages the active power and output voltage of grid-connected converters. It is
capable of handling faults and sustaining performance under unexpected active power demands in highly
unstable AC grid conditions. The controller's robustness is evaluated through time-domain simulations and
eigenvalue analysis [9].

Microgrids are considered fundamental components of a smart grid, involving procedures and
controls such as load sharing, fault isolation, and voltage matching. The paper reviews the four primary
control strategies employed in microgrids and the challenges encountered during operation in both grid-
connected and standalone modes. It also explores alternative strategies for microgrid integration and future
research directions [10]. A boost converter links the PV panels to the load, and an inverter equipped with a
proportional-integral (PI) controller converts the voltage from DC to AC. MATLAB/Simulink simulation
results affirm the effectiveness of the suggested control [11], [12]. Photovoltaic systems operate based on the
photovoltaic effect, where electron-hole pairs are generated in semiconductor materials upon photon
absorption from sunlight. The separation of electrons and holes by an electric field within a solar cell
produces voltage and electric current, transforming solar energy into electrical energy. PV systems use this
mechanism to directly convert sunlight into power, employing semiconductor materials like silicon in solar
panels to harness electrical energy from solar radiation. Due to technological advancements and reduced
costs, photovoltaic systems have become more accessible and cost-effective, playing a crucial role in the
global transition to renewable energy sources [13]-[15].
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2.1. Principle operation

The photovoltaic effect in semiconductor materials leads to the creation of electron-hole pairs upon
the absorption of sunlight, a key process for converting solar energy into electricity. Within a solar cell, an
electric field separates these electrons and holes, generating voltage and current. PV systems capitalize on
this phenomenon to produce electricity directly from sunlight, using silicon solar panels to convert solar
radiation into electrical energy. Due to technological advancements and decreasing costs, PV systems have
grown in popularity and affordability, making them a cornerstone in the shift toward renewable energy. They
find widespread use in residential, commercial, and utility-scale applications. Essential components of a
photovoltaic system include solar panels, inverters, charge controllers such as MPPT, batteries for backup
power storage, and mounting structures. Solar panels function by absorbing sunlight and producing DC
electricity. Inverters are critical as they convert this DC electricity into AC, which is suitable for use in
homes and businesses. Charge controllers effectively regulate the voltage and current coming from the solar
panels to safely charge batteries, preventing overcharging and extending battery life. Batteries store surplus
electricity generated during peak sunlight hours for use at other times, enhancing the system's efficiency and
reliability. Finally, mounting structures provide the necessary support and stability, allowing the solar panels
to be installed securely and positioned optimally for maximum sunlight exposure.

2.2. Design of inverter

The initial stage of the converter presented in Figure 1 centers around the DC boost, utilizing a
traditional boost converter setup. The boosted DC output is subsequently connected to a high electron
mobility transistor (HEMT) based on GaN, which is regulated by a PLL. The PLL's primary function is to
synchronize the inverter with the grid's AC voltage. The output from the PLL is then directed to the control
block, where SMC is applied for Integration of energy produced from solar power can lead to disastrous
distortion in voltage and current profile of the AC grid also it may lead to degrading the efficiency of the
system [16]. This control strategy is responsible for managing the power delivery to all five switches in both
the DC boost converter and the inverter section. Following the control phase, the output from the inverter
passes through an LCL filter configuration, comprising an inductor-capacitor-inductor arrangement. The
necessitates the deployment of LCL filters as a strategic approach to limit current harmonics effectively [17].
This setup is widely used in grid-connected inverters due to its effectiveness in minimizing grid interference
and smoothing the output signal.
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Figure 1. Schematic view of the GaN based inverter

The innovative aspect of the proposed boost inverter lies in its differential connection across the
switches of the DC-AC converter to facilitate the DC to AC conversion. The output voltages from the DC-
AC converter are sinusoidally modulated, as detailed in Figure 1. This modulation approach has been
previously explored within the context of boost converters. The converters generate a unipolar voltage
output, driven by the sinusoidal modulation, with each converter’s modulation phase shifted by 180 degrees
relative to the other. This phase shift maximizes the voltage excursion across the load. A differential
connection across the converters is established, and by employing the averaging concept, the voltage
relationship in continuous conduction mode is defined. Despite the presence of an AC sine wave at each end
of the load, the differential DC voltage across the connection remains zero. The output voltage is determined
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through a specific formula, and the voltage gain for the boost inverter is inferred from the duty cycle when
the converters are phased 180 degrees apart, as stipulated in (1). One intriguing characteristic to achieve is a
zero-output voltage, with variations in the duty cycle around this point resulting in the generation of an AC
voltage at the output terminal.

Vi _ 1
Vin  1-D @)

2.3. Development of a robust model of the inverter

The inverter's control scheme and schematic are illustrated in Figure 1, which also represents the
switch feedback control implemented via PLLs. These PLLs, crucial for ensuring synchronization with the
grid's frequency and phase, the model of the boost inverter has been configured in MATLAB/Simulink,
showing the inverter connected to a load and the grid, controlled by a sliding mode controller. This schematic
includes comprehensive components along with measurement and control units, which are essential for
monitoring and managing the operation of this GaN-based inverter model.

The specific parameters of the designed converter are detailed in Table 1. These parameters play a
critical role in the functionality and efficiency of the inverter, providing insights into its performance under
various operational conditions. String configuration two parallel and six series.

Table 1. Parameter of the inverter design and components of the simulation

Parameters Values
Solar panel power rating (Jinko Solar Co.)
Maximum power of panel (W) 250.1
Open circuit voltage (Voc) 37.7
Short circuit current (lsc) 8.85
Maximum voltage (Vmp) 30.5
Panel current (Imp) 8.2
Irradiance (W/m?) 1000
Temperature (0C) 25
Maximum power of solar 3,001.2
Maximum current 16.4
Maximum voltage 183
Boost converter
Boost inductor 450 puH
DC-link capacitor 15.625 pF
Boost switching frequency 100 kHz
Feedback controller parameter
Proportional gain (Kp1) 2.03
Proportional gain (Kd) 0.0002
Proportional gain (Kp2) 1
Integral gain (9Ki) 3,142
LCL filter
Linveter 0.9 mH
Lgrid 0.89 mH
Filter capacitor 400 uF
Average output voltage 400 V
Vin 350
Delta | (Ripple current of inductor) 0.2%
Delta V (Ripple current of capacitor) 0.06%
Output current (lout) 75
Output voltage (Vout) 400 V
Grid voltage (RMS) 220V
Output power (W) 2,999

2.4. Design of LCL filter

A dual-loop control structure for single-phase shunt active power filters (SAPF) that incorporates
feedforward control to mitigate grid voltage disturbances, complemented by a plug-in repetitive controller as
the outer loop controller. The inner loop utilizes a P1 controller to adjust the frequency response of the LCL
filter, facilitating a quicker transient response and simplifying the design of the outer loop controller. The
paper conducts a comprehensive analysis of the feedforward control's performance, assessing the stability
and robustness of the dual-loop control system. Experimental results demonstrate the system’s effective
steady-state performance, rapid transient response, efficient grid voltage attenuation, and resilience to
variations in LCL filter parameters [15], [18].
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The output of the inverter is characterized by its non-sinusoidal nature, containing additional
harmonics that need filtering to eliminate spikes or other unwanted signals. For this purpose, the well-known
LCL filter is employed, as illustrated in Figures 2(a) and 2(b) of the schematic diagrams. The LCL filter is
commonly utilized for building and connecting inverters to the AC grid, favored for its ability to effectively
suppress higher-order harmonics once the filter bandwidth and other parameters are properly configured
[19]-[21].
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Figure 2. Schematic representation of a single-phase inverter with LCL filter (a) detailed circuit of a grid-
connected single-phase inverter with LCL filter, and (b) block diagram representation of the LCL filter model

Here is a convenient formula for calculating the LCL filter capacitance (2) to (8) [22], [23]:

1 _ ASgria (2)

Cr QoUkax

where, 0, = 27nf, is the frequency of the Grid, Sg,;q is the power absorbed by the inverter under rated
circumstances, Unmax is the grid voltage magnitude (peak value), and A is the intended proportion of the LCL
filter capacitance's absorption of inverter power. Here is the calculation for the input and output inductances
of the LCL filter:

Udc
Lijf=—"7"— 3
i 6fSWAIf,max ( )

where U, is the DC link voltage value, f;,, is the inverter pulse width modulation switching frequency,
Alf may. Is the greatest amount of filter current fluctuation caused by switching action, and r is the filter
input/output inductance ratio, typically between 1/4 and 1/6.

sz = rsz (4)

The above LCL filter is characterized by its resonance frequency.

_ _ L1f+L2f
QTeS - Znﬂes - LlfLZfo (5)

whereas following inequality condition must also be satisfied by the filter parameters
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10f0 < fres < fsw/2 (6)

In order to minimize the main voltage/current harmonic at the frequency while also favorably attenuating the
pulse width modulation (PWM) switching action. In order to minimize the main voltage/current harmonic at
the frequency while also favorably attenuating the PWM switching action. Q, = 2xf,. Finally, the series of
resistance R, of the parallel capacitance branch is computed using the subsequent formula:

U]

wherein L, is the LCL filter damping at resonance frequency Q... By choosing Q,.. > 0.5, By making
sure the LCL filter is dampened favorably at the resonance frequency, low-ripple LCL filter operation is
determined. If the capacitive impedance is present at the principal harmonic frequency1/(Q,Cs) takes on
relatively large values (parameter 1 << 1 in (2)), the capacitance current ir = ij —i; may be neglected
concerning filter output current iy, and the following form can be used to simplify the LCL filter transfer
function model: Auxiliary Pl controller for DC current suppression in single phase AC inverter current PR
control.

i 1 K
Gpoe —2— = = ®)
U, ()=Uy(s) LfS+Rf TfS+1

where Ry = Rys+ Ry and Le = Lip + Ly¢ are the equivalent for filters and the constant for gain is
K¢ = 1/R¢and the time constant is Ty = E. Respectively. The design of the LCL filters calculated with the
f

mathematical derivation is shown in the equation.

2.5. Phase-locked loop integration

A PLL-based control method was proposed to integrate a grid-connected solar PV system more
effectively, offering swifter grid integration and optimal system synchronization. Researchers developed a
hybrid control mechanism that combines Pl and phase-shift control to ensure the power quality of the grid. In
this setup, the PLL plays a crucial role by controlling and synchronizing the inverter’s firing angle. It
provides control inputs to the sliding mode controller, which in turn manages the firing angles of the inverter
and boost switches, as well as the regulation of both reactive and active power from the grid [24].

For single-phase systems, obtaining accurate grid voltage information is crucial. Traditional zero-
crossing detection methods, although commonly used for this purpose, are impractical due to their sensitivity to
noise. Consequently, an enhanced approach involving the use of two virtual PLL phases is required. Reference
frame theory is applied here, positing that the single-phase voltage should be treated as a virtual two-phase
voltage, with a 90-degree out-of-phase component to facilitate simpler control mechanisms. Based on this
theory, a single-phase PLL system is structured in two stages: a two-phase generator and a phase controller, as
depicted in Figure 3. This approach addresses the inherent limitations of single-phase systems and provides a
robust framework for maintaining synchronization and stability in grid-connected solar PV systems.

— Two-phase generator: This block takes the utility voltage V. It produces two signals: one that passes
through an all-pass filter, yielding Vg, and another that is used directly, Vg. The all-pass filter likely
ensures that Vs are orthogonal to Vs.

— Reverse Park transformation: This operation typically takes the orthogonal components Vg and Vgs and
transforms them into a rotating reference frame (d-q frame), resulting in a direct-axis voltage, Ve

— Phase controller: The core of the PLL is where Vg, is fed into a proportional-integral (PI) controller. The
PI controller aims to reduce the error between Vg and a reference value (which appears to be zero in this
case). The output of the PI controller is an angular frequency deviation Aw.

— Integrator: The integration of the frequency deviation over time to estimate the phase angle 8, then fed
back to the phase detector. In terms of transfer functions, the all-pass filter will have a transfer function
Hap(S), where () is the complex frequency variable. The PI controller is expressed as (9) [25]:

Kj
Hs) =Ky + . 9)

where the proportional gain is K, and integral gain is K;. The transfer function would typically represent the
integrator —, assuming it integrates concerning time. Figure 4 shows the complete phase-locked loop
configuration.
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Figure 4. Phase lock loop control blocks in the MATLAB

2.6. Design of feedback control

As depicted in Figure 5, the inverter’s control architecture integrates a Feedback Controller
connected to the input of the PLL control system. This PLL is crucial for controlling and synchronizing the
inverter's firing angle by providing control input from the grid. The controller used is a sliding mode
controller, a non-linear control method designed to influence the dynamics of a non-linear system through
discontinuous control actions. The output from the sliding mode controller is directed to both the inverter and
the boost inverter switch, transforming the inverter into a feedback-controlled system that is synchronized
with the grid voltage. The parameters set for this system in Figure 5 are specified as follows: the proportional
gain K, is set at 2.03, the derivative gain Kq at 0.0002, the second proportional gain K, at 1, and the
integral gain K; at 3,142. These settings are calibrated to optimize the system's response and efficiency,
ensuring robust control and stable synchronization with the grid's fluctuating dynamics. This configuration
underlines the complexity and precision required in designing control systems for modern inverters, aiming
for maximum efficiency and reliability in grid-connected applications.

Feedback Control for Inverter

Figure 5. Sliding mode controller for feedback control loop for inverter
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3. RESULTS AND DISCUSSION

In the context of the parameters discussed earlier, the design of the inverter was meticulously
prepared using MATLAB, as illustrated in Figure 6. To ensure the accuracy and functionality of the inverter,
it was evaluated under five distinct scenarios, each aimed at testing specific performance aspects. These
scenarios were designed to examine the response of the inverter to grid fluctuations, efficiency in power
conversion, and stability under dynamic loads, ensuring a comprehensive assessment of its capabilities.

The first case focused on analyzing the standalone system performance without PLL and grid
connection. In the second case, the transient response of the PLL under optimal grid supply conditions was
examined to assess its synchronization accuracy. The third case involved evaluating the behavior of the
inverter in the event of a grid supply loss, which is crucial for determining its resilience and ability to handle
unexpected disconnections. The fourth case studied the inverter’s response to frequency disturbances in the
grid supply, ensuring that the system remains stable under fluctuating conditions. Finally, the fifth case
investigated the impact of amplitude variations in the grid supply, testing the inverter’s ability to regulate
voltage effectively.

Each of these cases presented unique challenges that the inverter needed to handle, verifying its
robustness and adaptability in real-world applications. The results obtained from these tests provided critical
insights into the inverter overall reliability and efficiency. By analyzing its performance across different
operating conditions, necessary optimizations and refinements could be made to enhance its stability and
effectiveness. This rigorous evaluation methodology ensures that the inverter is well-suited for seamless
integration with solar PV systems, offering a dependable and efficient solution for grid-connected renewable
energy applications.
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Figure 6. Detailed MATLAB/Simulink model of a grid-connected PV inverter with control mechanisms

3.1. Case 1: analyzing standalone system performance without PLL and grid connection

The analyses were initially conducted without a grid connection and without linking the PLL to the
inverter. As observed in Figures 7(a) and 7(b), the output waveform without PLL control exhibits significant
distortion and a high level of transients. This distortion is further evidenced by the harmonic content, which
reaches up to 22.2% as depicted in Figure 7(b).

To address these issues and improve the quality of the output waveform, the PLL control was
integrated into the system. The inclusion of PLL control aims to synchronize the inverter's output with the
grid's frequency and phase, thereby significantly reducing harmonic distortion and transients. This
adjustment allows the system to meet the standards for allowable harmonics, which are essential for grid
compliance and efficient operation. These improvements and their effects are elaborated in the various cases
discussed throughout the paper. By incorporating PLL control, the inverter's performance aligns with
regulatory standards and contributes to a more stable and reliable grid-connected solar PV system. This
demonstrates the critical role of PLL in enhancing inverter functionality and ensuring compatibility with the
grid infrastructure.
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Figure 7. Voltage output and transient response of the standalone inverter without PLL (a) voltage output and
transient response of the standalone inverter without PLL, and (b) transient waveform analysis

3.2. Case 2: transient response of phase-locked loops in optimum grid supply

During regular operation of the grid at optimal conditions as shown in Figure 8, where Figure 8(a)
shows current and voltage output of the inverter with PLL. The frequency is stabilized at 50 Hz, the inverter
performs effectively, demonstrating the effectiveness of its design. The THD is maintained at 5% at Nyquist
frequency at the maximum frequency, as illustrated in Figure 8(b), these levels are compliant with the
standards set by IEEE 519, which governs harmonic control in electrical power systems.

The Nyquist frequency, defined as half the sample rate of the system, represents the highest
frequency that the equipment can accurately measure. The adherence to these THD values not only reflects
the inverter's capability to operate efficiently under standard grid conditions but also underscores the
precision of the inverter design. The integration of the PLL and feedback control plays a crucial role in this
performance, ensuring that the inverter's output harmonics are well within acceptable limits. Additionally, the
MPPT system maximizes power extraction from the solar panels, optimizing the overall energy production of
the system. This operational efficiency confirms the correctness of the inverter's design, highlighting its
capability to perform reliably and effectively in grid-connected scenarios while adhering to industry
standards for power quality.
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Figure 8. Transient response of phase-locked loop in optimum grid supply (a) current and voltage output of
the inverter with PLL and (b) voltage transient response of the inverter in optimum grid supply

3.3. Case 3: loss of grid supply

In case 3 of the scenarios evaluated, a specific fault condition was simulated where there is a
temporary interruption in the grid supply for a duration of 0.3 seconds. The grid frequency remains constant
at 50 Hz throughout the test, and the grid disconnects and subsequently reconnects after 0.3 seconds. This
transient event and its impact on the inverter's performance are illustrated in Figure 9.

The depiction in Figure 9(a) shows two key waveforms: the red graph represents the grid supply,
and the blue waveform shows the voltage output from the inverter. This blue waveform is crucial as it
demonstrates the response of the inverter, controlled by the PLL and feedback mechanisms, during and after
the grid fault. The blue waveform behavior during the fault indicates how effectively the PLL and feedback
control manage the inverter's operation amidst grid inconsistencies. The PLL role is to ensure the inverter
output remains synchronized with the grid frequency even when the grid supply is unstable or momentarily
unavailable. This is critical for maintaining the stability of the entire system and minimizing the impact of
disturbances on connected loads. The ability of the inverter to continue operating effectively during this fault,
as evidenced by the controlled and stable output voltage, is a testament to the robustness of the inverter’s
design and control schemes. Figure 9(b) shows the power delivery to the load and the grid where it highlights
the system capability to handle grid disturbances while maintaining operational continuity, ensuring that
power delivery is sustained even under challenging conditions. This resilience is essential for systems that
must operate reliably in environments where grid stability cannot always be guaranteed.
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Figure 9. Inverter response to grid interruption (a) current and voltage output of the inverter during grid
interruption and (b) output and input power of the inverter

3.4. Case 4: frequency disturbance in the grid supply

In this scenario the grid experiences a sequence of disturbances that are meticulously simulated to
assess the inverter's robustness and its control systems under varying conditions. Initially, there is a grid
disturbance lasting 0.3 seconds with the grid frequency dipping slightly to 49.5 Hz. This is followed by a
brief period where the frequency stabilizes back to the standard 50 Hz for 0.34 seconds. Subsequently,
another disruption occurs from 0.38 seconds, during which the grid frequency escalates to 50.5 Hz as shown
in Figure 10.

Figure 10(a) captures these fluctuations, with the red graph illustrating the grid supply voltage and
the blue waveforms indicating the inverter’s response. This visual representation allows for a clear
observation of how the inverter, guided by the PLL and its feedback mechanisms, reacts to the varying grid
conditions. The inverter response, as shown by the blue waveforms, is critical as it demonstrates the
effectiveness of the PLL in managing the output frequency and voltage despite external faults from the grid
side. The ability of PLL to swiftly adjust to these changes is crucial for maintaining power quality as shown
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in Figure 10(b) and system stability. The scenario tests the limits of the inverter’s control system to ensure
that, even in the face of rapid and significant frequency variations, the system can continue to operate
effectively, minimizing any potential disruptions to connected loads. This case serves as a perfect
examination of how well the inverter and its PLL can handle real-world grid disturbances, ensuring that the
output remains stable and within acceptable limits despite external challenges. This capability is essential for
maintaining reliable operation in environments with frequent grid fluctuations
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Figure 10. Inverter response to frequency disturbance in grid supply (a) current and voltage output of the
inverter under variable grid frequency and (b) output and input power of the inverter

3.5. Case 5: amplitude change in the grid supply

The grid undergoes a sequence of voltage disturbances specifically designed to test the inverter's
response and resilience under non-ideal conditions. Initially, for the first 0.3 seconds, the grid operates at a
peak voltage of 311 V, which is considered normal. Subsequently, from 0.3 seconds to 0.6 seconds, there is a
disturbance where the grid peak voltage increases by 10%. After 0.6 seconds, the voltage then decreases by
10% as shown in Figure 11(a).
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Figure 11(a) visually captures these fluctuations with the red graph representing the grid supply
voltage and the blue waveforms depicting the inverter's response. This response is crucial as it illustrates how
the PLL manages the output frequency and voltage of the inverter in reaction to these external voltage
disturbances from the grid. The PLL role here is vital; it must adjust the inverter’s settings in real-time to
cope with the increased and decreased voltages to maintain stability and continuity of power. This includes
managing the inverter’s output to ensure it does not reflect the grid’s volatility but instead maintains a steady
and reliable output. The ability of PLL to adapt quickly to such changes is essential for protecting the system
and connected loads from potential harm caused by fluctuating voltages. The case demonstrates the
effectiveness of the PLL and the overall inverter design in handling significant and rapid changes in grid
voltage, showcasing the system capability to sustain operational integrity and performance even under
challenging grid conditions. This ensures that the inverter can reliably support grid stability and provide a
consistent power supply as shown in Figure 11(b), which is critical for both residential and commercial
applications that depend on stable and reliable energy delivery.
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Figure 11. Inverter response to amplitude change in grid supply (a) current and voltage output of the inverter
under variable amplitude in grid voltage and (b) output and input power of the inverter
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4. CONCLUSION

This paper has introduced a high-frequency GaN-based inverter designed for seamless integration
with AC grids. It features an innovative phase-locked loop controller utilizing sliding mode control,
enhancing the smooth injection of power from photovoltaic sources into the grid. The integration of
sliding mode control with phase-locked loop addresses common irregularities effectively, offering a robust
solution against grid disturbances such as supply amplitude fluctuations, disconnections, and frequency
variations.

The inverter has been rigorously tested under various challenging scenarios documented in
literature, demonstrating its resilience and superior performance. Compared to traditional inverter designs
that lack advanced control mechanisms or rely solely on proportional integral control, this GaN-based
inverter significantly reduces total harmonic distortion, enhancing power quality and grid compatibility. The
successful integration of PV systems with AC grids is crucial for maximizing solar energy utilization and
promoting the sustainable development of renewable energy technologies. By overcoming significant
challenges such as inefficiencies, poor power quality, and compatibility issues commonly associated with
GaN devices, the proposed inverter not only contributes to enhancing the efficiency and reliability of
renewable energy systems but also supports the broader adoption and sustainability of solar energy solutions.
This advancement underscores the critical role of innovative inverter technologies in the evolution of energy
systems towards greater reliance on renewable sources.
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