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Abstract: This paper presents a fuzzy logic-based Maximum Power Point Tracking (MPPT) controller for a single-stage
solar PV grid-integrated system. The proposed scheme integrates MPPT, grid synchronization, voltage and current
regulation, and ripple mitigation to enhance inverter performance. A Fuzzy Logic Controller (FLC) optimizes MPPT for
efficient power extraction, while an H-bridge inverter with dual-loop control ensures DC-link voltage stability and unity
power factor operation. Simulation results confirm that the inverter output current meets IEEE 519 and IEC 61727 THD
standards.
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1. INTRODUCTION

traditional energy resources like fossil fuels have led to the increasing adoption of renewable energy sources [1-10].
Among various renewable energy sources, solar power gained more popularity due to its pollution-free nature, absence
of mechanical moving parts, long lifespan, and silent operation [1, 10-11].

The solar-PV generates DC Power and to integrate this DC power with an AC utility grid, an inverter is needed to
transform DC power to AC. Additionally, the non-linear nature of Solar-PV requires a maximum power point tracking
(MPPT) device to operate PV at Maximum Power Point (MPP) [12]. The grid-tied PV systems are either a single-stage
or two-stage conversion configuration. The two-stage approach involves two distinct conversion steps: (1) a DC-DC
converter that manages voltage regulation and MPPT, and (2) an inverter that delivers a sinusoidal current to the grid.
While, the single-stage approach integrates both MPPT and grid synchronization within a single DC-AC inverter, leading
to a more efficient system design [13].

The dual-stage conversion approach has certain limitations, including higher costs, lower efficiency, and a larger system.
To overcome these drawbacks, researchers propose single-stage grid-connected system: A. Alenezi and H. A. Hussain
[14] proposed an inverter topology with MPPT, enhancing PV array voltage and converting DC power into AC for grid
integration, reducing conversion losses and improving performance. F. E. Aamri et al. [15] introduced a transformerless
single-stage PV system, eliminating the transformer to cut costs, weight, and complexity while efficiently interfacing
with the grid and minimizing power losses. K. Alluhaybi et al. [16] surveyed single-phase grid-connected inverters for
PV systems, evaluating various topologies based on lifetime, efficiency, and cost, aiding optimal selection. S. K.
Kuncham et al. [17] compared power losses in single and two-stage PV arrays, demonstrating that single-stage systems
reduce costs and losses despite two-stage systems’ control flexibility. Dasgupta et al. [18] proposed a series-connected
inverter for microgrids to mitigate voltage issues and enhance power quality. Pardhi et al. [19] developed a high-gain
boost converter (HGBC) topologies to enhance power extraction and efficiency in grid-integrated PV systems. To operate
PV at MPPT sliding mode control (SMC) is used. Additionally, Fifth-Order Generalized Integrator (FiOGI) grid
synchronization techniques are used to improve power quality under grid disturbances.

In the view of above literature survey, this paper explores a single-stage grid-interfaced PV power generation system.
This method offers several advantages, such as reduced cost, enhanced simplicity, a more compact design, and improved
efficiency. Additionally, the proposed system operated PV at its MPP regardless of variation in solar irradiance during
injection of current to the utility grid. Furthermore, the system operates at unity power factor. The fuzzy logic controller
(FLC)-based MPPT algorithm [20-22]. The proposed algorithm is fast and tracks MPP precisely, even in dynamically
changing atmospheric conditions. To ensure stability and compliance with IEEE 519 standards, the PV inverter is
designed to achieve a fast dynamic response and high-power quality. IEEE standards specify that the Total Harmonic
Distortion (THD) in grid injected current should not exceed 5% [12-26].
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2. METHODOLOGY
Fig. 1 presents a generalized scheme of a grid-connected single-stage PV system. The scheme comprises a PV array, an

H-bridge VSI, and a DC link buffer at the input side for voltage regulation (Cqc). Additionally, an LCL filter is before the
grid connection to attenuate harmonics.
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Fig. 1. Grid-interfaced single-stage PV system.
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3. CONTROL SCHEME

In the control strategy, an FLC-MPPT controller, a grid synchronization algorithm, a DC link voltage controller, and a
current-controlled VSI are used. VSI control scheme ensures that the grid current accurately follows the sinusoidal
reference, achieving a quick dynamic response with good power factor, and acceptable THD. The integration of the FLC-
based MPPT algorithm enhances the control scheme by automatically regulating the DC link voltage reference and grid
power injection. The overall control framework is illustrated in Fig. 2.
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Fig. 2. Control scheme representation
3.1. FLC MPPT ALGORITHM

The PV system exhibits nonlinear voltage-current (I-V) characteristics that vary with atmospheric conditions such as
irradiance and temperature. Therefore, an MPPT controller is crucial to operate PV at MPP. Various MPPT techniques
have been explored and developed to optimize PV system performance [1, 10-11].

In this paper, an FLC-based MPPT algorithm is employed due to its fast response, ability to control imprecise systems,
robustness, and the elimination of the need for an exact mathematical model [21,22]. Moreover, it effectively tracks the
MPP with minimal oscillations, even under rapidly changing weather conditions.

Fig. 3 illustrates the schematic diagram of the FLC-based MPPT system. During the fuzzification stage, numerical input
and output values are converted into a fuzzy domain with five fuzzy subsets, as shown in Fig. 4. At MPP, the change in
input power (AP(X)) is zero. Figure 4(b) depicts the variation in PV array current (AI(X)), while Fig. 4(c) shows the
corresponding change in DC voltage reference (AV_dc-ref). The inputs of FLC controller are the change in PV power
(AP) and the change in PV current (Al) at a given sample time (X).

AP(X) =P (X)—~P(X~1) 1)

TABLE | FUZZY RULE BASE
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AP
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Fig. 4. Membership function of (a) AP (b) Al (c) AV gc-rer.
AI(X) = 1(X)—1(X~-1) )
and fuzzy logic controller output is the DC reference voltage
AV, et = Vi et X) = Vs (X=1) 3)

By utilizing these membership functions and dividing the fuzzy subsets appropriately, the computational effort required
to determine the control output is significantly reduced, while maintaining minimal steady-state oscillations. Once the
input variables, AP(X) and AI(X), are converted into linguistic variables, the corresponding fuzzy logic output, AD, can
be obtained from the rule base Table-I.

The rule base is constructed using a fuzzy inference system (FIS), as outlined in Table I. Mamdani’s method is applied
for fuzzy rule evaluation, employing the Max-Min approach for rule combination. For instance, if AP(X) is classified as
Positive Big (PB) and AI(X) as Negative Big (NB), then the output AD(X) is also Positive Big (PB). This implies that
when the operating point is far from the MPP, the DC reference voltage (V_dc-ref) should be significantly increased to
move the system toward optimal power extraction.
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Fig. 5. Schematic representation

Defuzzification is the final stage of FLC, where linguistic variables are converted back into numerical values. In this
process, the center of the area (COA) method is employed to translate the fuzzy subset memberships—representing
variations in the DC voltage reference—into precise numerical values for implementation.
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3.2. CURRENT CONTROL SCHEME
Typically, the current controller's dynamic response is faster than the voltage controller. Therefore, the controller design
primarily considers time delays and dynamic performance. Fig. 5(a) presents the schematic diagram of an internal-loop
current controller, where the current reference signal g rer and actual grid current lgare compared to generate the error
signal. The error signal is processed through a proportional-resonant (PR) controller to minimize deviations.

The PR controller offers several advantages, including fast dynamic response, low THD, maintaining sinusoidal grid
current, effective disturbance rejection, and unity power factor operation. According to IEEE 929 standards, the current
THD of the grid-tie inverter must not exceed 5%, while the individual limits for each odd harmonic (3™ to 9™) should
remain below 4% [27-28]. Achieving these standards requires a well-designed current controller.

The PR controller transfer function used in the internal loop can be expressed as:

sk;
Ger(8) =k, + o )

Where ki and K, represent the resonant and proportional gains, respectively, while, o denotes the resonant frequency. To
mitigate stability issues associated with an ideal PR controller, which exhibits infinite gain, Eq. (5) can be reformulated
as:

2wW,s

Gr(5)= k, + k ———
PR() P ISZ+2WCS+VVS

(6)
Where @ is the bandwidth around grid frequency.
The transfer function of current controller expressed as:

Gp(s)_ —IQ(S) = !

B Vinv (S) R + LS (7)

Bode Diagram of PR inner current controller
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Fig. 6. PR controller Bode plot.

The gains of the PR controller are designed at bandwidth o of 0.5rad/sec and resonant frequency (wo) of 314.15rad/s,
obtaining a Kp = 2.55 and K; = 1036.575. The Fig.6. shows the PR controller Bode plot Fig. 6.

3.3. Voltage Control Scheme
The DC link voltage is regulated by the voltage controller (VC). the reference signal Vqc rer generated by the MPPT
algorithm [29]. Fig. 5(b) illustrates the schematic diagram of the voltage controller. An error signal is generated by
comparing actual DC voltage (Vqc ) with reference ( Vac_rer), and a PI controller is used to minimize steady-state error.
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The output of VC is the amplitude of current reference, and multiplied it by the sinusoidal unit derived from PLL to
generate the actual grid reference current Iy rf [30].

The external loop PI controller is designed with a low crossover frequency (typically between 5-20 Hz) to effectively
attenuate the 100 Hz feedback from the DC link. The transfer function of voltage controller is:
k

= kp+_i (7)
S

G

PI

Where Kp and K; are current gains. The gains values are K, = 0.01, K, = 0.5, at 20 Hz crossover frequency. The transfer
function in [31] is used here for completeness.

Vi (S) _ o1
I,(s) 2sC,,

G,(5) = (8)

The voltage controller is designed to attain a slower settling time, while the current controller could have a fast dynamic
response meanwhile its main aims are stability and ideal regulation. Hence, the current controller must be decoupled and
maintain the measured grid current could be considered equal to its grid current reference once design the voltage
controller.

3.4. Douple Line Frequency (100Hz) Mitigation
When the utility grid's demand exceeds PV generation, the DC link capacitor discharges; when demand is lower, it
charges. This causes a 100 Hz ripple, which requires proper capacitor design for effective filtering [30]. The DC link
capacitor Cqc is calculated as:

dal 0
ake Ve Pt ©
1 T/8
Ecdc (Vdimax _Vdimin ) = J' (PPV - P)dt (10)
-T/8

From eq (10), the value of Cqc required to limit the ripple voltage is given in eq (11).

Pov

=—0 (11)
20V, AV,

de

Where’ Vdc = (decmax+vd2cmin )/ 2 and AVdc = (decmax _decmin)
atV,, =400V , and desired voltage ripple AV,_ is 5%, then the calculated value of C, is equal to 540uF .

4. SINGLE-PHASE GRID SYNCHRONIZATION ALGORITHM

The grid synchronization algorithm is vital for controlling single-phase PV inverters and determining grid voltage
parameters (frequency, phase, amplitude) to detect deviations. Various algorithms have been studied and developed [32-
33]. These methods can be classified as: 1) based on Fourier analysis, and 2) based on PLL technique [33].

Recently, PLL-based synchronization algorithms have garnered more attention due to their effectiveness. A transport-
delay-based PLL offers a simple approach for implementing an orthogonal signal generator (OSG). Various techniques
have been employed to generate the orthogonal signal, including PLL based on inverse Park transformation and Hilbert
transformation. However, all of these PLL methods share certain characteristics and limitations, which are important to
consider for optimal grid synchronization.

0 error VLF
_{ Pi(s) H LF{ H VCog) )__.

Fig. 7. Basic scheme of the PLL.
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Fig. 8. PLL based on SOGI Schematic.

These techniques have certain drawbacks, such as nonlinearity, frequency dependence, and complexity, as outlined in
[13]. To overcome these limitations, this article proposes a second-order generalized integrator (SOGI)-based PLL for
orthogonal signal generation, providing an alternative to conventional PLL methods [31-33].
The basic PLL structure with SOGI is illustrated in Fig. 7 [27]. It consists of a loop filter (LF), a phase detector (PD),
and a voltage-controlled oscillator (VCQO). The small signal model for this PLL configuration is detailed in [31].

O(s) __kystk (12)

O(s) s*+k,s+k

Where ©(s), and ©(s) are respectively input and output phase angle, ke and K; are gains of the PLL.
A schematic of the PLL based SOGI is shown in Fig. 8. This PLL transfer functions expressed as:

'S
GSOGI (S) = Sz +CO,2 (13)
V, (s) ko's
G (S)=-2 = 14
«®) V,(s) s*+ko” +o” (14)
V(s !

VA R
It is evident from eq (14) and (15), that the SOGI bandwidth depends on the gain k, and is independent of the center
frequency o, this characteristic makes the SOGI-based PLL technique suitable. The closed-loop gain is taken to 0.7.

5. DESIGN OF ALCL FILTER

The filter is required to mitigate the of PV inverter harmonics before injecting power into the grid [34-35] shown in Fig.
1. The configuration consists of inverter-side inductor ( Lf). Lgand Cs are the grid-side connected inductor, and filter
capacitor respectively. The current harmonic attenuation can be analyzed by considering inverter modeling as a harmonic
generator and the grid is taken as a short circuit. LCL filter design considers inverter power, line frequency, and switching
frequency, with values expressed as percentages of base values [35].

The calculation of base capacitor and impedance are as follows:

_ V7 _
Zb = /1Cb _%)g be (16)

Where P, is rated power (W), V. is rated voltage (RMS), and wyq is grid frequency.
For unipolar SPWM, the inverter-side inductor value is calculated by:
Vdc

8x Al X T, 7

Where Ai is the current ripple, fs is the switching frequency. The accepted current ripple is calculated as:

P2

Al o = ripples% x ——
Vi (18)
The filter capacitor is calculated by (19)
C; =xC, (19)
Where x is requirement of reactive power in percentage (X is taken 5%).
The Ly is calculated by [28].

f—5>f >f—s

2 "4 (20)
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Lf _ Lfc

’ _((D?XLchCf)_l (21)

The aforementioned design procedure of LCL filter has been applied at rated power P, = 2.7 kw, rated voltage V, = 230V
(RMS), switching frequency fs = 10 kHz, and dc-link voltage V4. = 400V the filter component values are calculated and
given in Table II.

6. SIMULATION RESULTS AND DISCUSSIONS
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Fig. 9. Simulation results
TABLE Il SIMULATION PARAMETERS
DC-link voltage Vi =400 V
Dc-link capacitor Cqc = 540 pF
PV rated power 3.2kw
Inverter switching frequency fs = 10 KHz
LCL filter L+ =4.2mH,Cs=3pF,L¢
Grid nominal frequency =2mH
Grid nominal vitage (RMS) fy =60 Hz
V=230V

Fig. 9 presents the proposed system simulation results at 1000 W/mz, 25°C. The voltage of DC link is regulated effectively
by the voltage controller within a short period (t = 0.1 sec) with minimal oscillations, (ref. Fig. 9(a)). The maximum
power extraction by FLC-MPPT controller is shown in Fig. 10(b). Fig 9(c) and 9(d) display the waveform of the grid
current and voltage, and they are in phase. hence, the reactive power shown in Fig.9(b) is zero. The comparison of actual
and reference grid current generated by voltage controller output is shown in Fig. 9(e).

The FFT plot in Fig. 10 shows low grid current harmonics, meeting IEEE standards. Hence, the proposed methodology
effectively maintains unity power factor during injection of maximum solar-PV power to the grid. Simulations were
conducted under varying atmospheric conditions to verify the system's performance further. Initially, the surface
temperature was maintained at 25°C while solar irradiance was varied from 1000 W/m? to 500 W/m?2, as depicted in Fig.
11(a). The Fig. 11(b) shows that the MPPT and DC link voltage controller respond promptly to the step change in solar
irradiance, with minimal steady-state oscillation.

Fig. 11(c) shows that the DC link voltage controller regulates the grid current reference, which follows the actual grid
current after a transient. A step change in solar irradiance at 0.6 sec reduces active power from 3.2 kW to 1.6 kW, while
reactive power remains near zero. Fig. 11(d). Fig. 11(e) and 11(f) show the voltage and injected current into the grid. The
grid current stays in phase with the voltage, maintaining THD below 5%, meeting IEEE 519 standards.
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Fig. 10. THD of grid current.
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Fig. 11. System responses at variations of solar irradiance level

7. CONCLUSION

This paper presents a grid-connected, single-phase, single-stage PV power system with an efficient control approach for
enhanced performance and grid compliance. The system integrates a fuzzy logic-based MPPT algorithm to maximize
power extraction, a DC-link voltage regulator for stability, and a current controller to ensure high-quality power injection.
The MPPT controller effectively adjusts to varying atmospheric conditions, while the desired DC-level is achieved by
the voltage controller. Simulation results exhibited the proposed control strategy is perform effectively, by injecting low
THD (1.99%) sinusoidal current into the grid, meeting IEEE 519 standards. Additionally, the system operates with a
near-unity power factor, ensuring efficient energy transfer.
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