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Abstract: This research shows a novel shunt active power filter (SAPF) paired with an advanced pulse width modulation
(PWM) controller designed to reduce source current distortion and enhance power quality. The PWM controller effectively
cancels distortions and stabilizes output voltage by filtering notches at output, including and excluding LCL filter
compensation. Simulations using Power Simulator (P-Sim) demonstrate that the SAPF combined with an LCL filter reduces total
harmonic distortion (THD) in source current to about 2.71 percent, significantly lower than the THD in load currents. The
LCL filter smooths and isolates high-frequency harmonics, though its size must balance harmonic reduction and transient
protection. The control method ensures that supply currents are sinusoidal, balanced, and maintain a unity power factor,
compensating for unbalanced nonlinear loads and reactive power. The current controller responds quickly without causing
transients, keeping the supply current below the load current, and efficiently lowering the THD. Additionally, the system
integrates an optimum power point (MPPT) controller tracking based on the perturbation and observation (P&O0) technique for
grid-connected inverters, improving the grid-renewable energy interfacing. In general, the combination of innovative SAPF, PWM
control, LCL filtering, and notch filter compensation provides an effective harmonic mitigation strategy and consequently a more
optimized and reliable solar photovoltaic system with enhanced power quality.

Keywords: Pulse Width Modulator (PWM), Maximum Power Point Tracking (MPPT), Active Power Filter (APF),
Voltage Source Inverter(s) (VSI), Photo voltaic (PV) generation

1. INTRODUCTION

This research focuses on novelty in improving power quality in solar photovoltaic systems by developing a novel shunt active]
filter (SAPF) and an advanced pulse width modulation (PWM) controller. The system uses a bridge source DC to AC converter
with insulated gate bipolar transistors (IGBTs) to change DC into high-frequency AC, simulating the sinusoidal voltage of the
utility grid. The prime challenge pois to eliminate source current distortions and regulate output voltage. Performance is
evaluated by analyzing source, filter, and load currents using the new PWM controller, both with and without LCL filter
compensation. The LCL filter helps in filtering notches at the load terminals, enhancing overall system stability and power
quality. Therefore, a significant rejection in the source current distortion which proves the highly efficient designed novel
PWM. The novel PWM controller for novel shunt active power filter nullify source current distortion. The innovative
PWM controller for the new shunt active power filter (SAPF) effectively eliminates source current distortion. This SAPF
and PWM controller work together to interface the grid with a solar photovoltaic (PV) array. A solar PV module converts
sunlight into electrical energy through photovoltaic cells, providing clean and renewable power. The SAPF serves as a
power conditioning device designed to enhance electrical power quality and system efficiency. It addresses common
power quality challenges such as harmonic distortion, reactive power issues, and load imbalances, ensuring smoother and
more reliable power delivery. Therefore, modulated signals are feeding in terms of voltage magnitude bringing via voltage
sensors to Perturbed and Observed Algorithm. Since the algorithm acknowledges the novel pulse width modulated (PWM)
controller, resultantly little change in the magnitude of voltage and current alters the magnitude of power. So, the
comparative value of change in power switching over to optimize the value of power depending upon the magnitude of the
change in the intensity of solar radiation and load variation. In a study from 2022 to 2024, a solar photo voltaic generation
system utilizes a voltage source inverter and power electronic devices like insulated gate bipolar transistors (IGBTSs) are used to
convert direct current (DC) input into a high-frequency AC output, mimicking utility-supplied sinusoidal voltage [1-6]. A pulse
width modulated controller, typically involving a microcontroller, regulates the on or off phases of the square wave signals for
motor speed control. Active power filters enhance the power quality by reducing harmonics, and enhancing the power factor
through compensatory currents, often by using PWM techniques [7-11]. Coupling inductors, which consist of coiled wires
around
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PWM techniques coupling inductors safeguard sensitive equipment from hazards, such as ground faults [17-18].
They regulate voltage fluctuations, reduce common-mode noise, and enhance safety [19]. Additionally, LCL
compensation with Voltage Source Inverters improves the performance by addressing harmonic distortion and
voltage stress in electrical systems [20]. The LCL filter network, comprising two inductors and a capacitor,
mitigates harmonic distortion, improves the power factor [21-22].

2. Method
Case 1.
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Fig. 1 Schematic of three phase supply with linear and non-linear load

As shown in Fig.1 above the schematic of three phase source with linear and non-linear load across its terminals
with AC supply with a resistance and inductance in series. Since the specification of the system as shown in Table 1.
Let us consider in case 1, the connection of non-linear load and linear load in parallel. As across the load terminals
have capacitance. Furthermore, the characteristics of source and load current and its distortion including
comparative characteristics of linear and non-linear load have obtained.

Table 1. Specification of the system

S.no. Particulars Quantity Rating

Source and Load Components

L. Source Voltage 3 230 volts, 50 Hz.
2. Source inductances 1 Li=4 mH
Non-linear load 1 Lyni=5 mH, Cnp =490 pF,
RNL= 12 ohms
4. Linear Load 1 Ri= 12 ohms

Case 2: Let us consider case 2 and 3, as shown in Fig. 2, 3 and 4 common connection point (PCC) represents the
point of supply required to synchronize the system. the value of the power, the multiplier feeds signal to the limiter. The
limiter output obtains two comparative values of power decides the values of voltage either 0.5 volts or 0.6 volts
depending upon the PV solar and AC grid interface using the novel PWM enhances the power quality as shown in
Fig.5. This equation accounts for the photocurrent generated from sunlight and the effects of the diode characteristics
and shunt resistance's effect on the output current; the output power (Pou) of the solar PV system is determined
using equation (1):
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Po= Vout X Loyt @

Therefore, the array obtains power Pary= 200 kW is the product of modules connected in series with parallel
modules using the following equation (2):

Parray=Ns * Np ‘P (2)
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Fig. 2 Schematic of Solar PV Pulse Width Controlled Shunt Active Power Filter Using Perturbed and Observed MPPT Algorithm
without LCL Compensation

Parray=10-66-300 W=199800 W around 200 kW, where: N = 10, is the series modules, N, = 66, is the number of
parallel modules, Py, is the power of each module (300 W) as shown in Table 2. Therefore, the IGBTs connected
voltage and current sensors at the point of common coupling (PCC) via coupling inductor and isolation
transformer, terminals, multiplies summation of dq parameters and pass-through low-pass filter featuring a gain
value of 1 and a cut off frequency of 40 Hz. including damping ratio of 0.7. The Proportional Integral (PI) controller
receives the signal and passes it with a gain of 0.2 along with a time constant of 0.00250. The output of the
summation of the two signals from the PI controller fed a triangular wave with a peak-to-peak value of 360 volts
and a frequency of 5 Hz. Therefore, the sine and cosine components give rise to the phase angle and frequency,
respectively. Therefore, case 2 suggests an alternative measure to mitigate harmonics without compensation in the
filter and source side by extracting output power and array power connects with the DC-AC converter. Since the
isolation in the case 1 without filter and passive compensation at the load side. Therefore, the isolation transformer
contributes a pivotal role. As the three-phase supply is connected with the Solar PV array interfacing with the
supply grid makes a hybrid shunt active power filter with novel pulse width modulator. In addition to, the
provision of LCL and notch filter compensation opens the way for mitigation of harmonics at the source and load
side. Since the primary goal of this work is to reduce disturbances on both source and load sides. Therefore, the
passive filter with notch filter further mitigates the supply harmonics.

Case 3: Consequently, power quality is enhanced of the hybrid system of Solar-grid integration. The main advantage
of this schematic as shown in Fig. 3, is to simulate the perturbed and observed algorithm (PO). The algorithm step
by step trace the peak power point and observe the next optimum point of maximum power to extract maximum
power from the controller. The novel pulse width controller able to obtain proper duty cycle by triggering at the
DC-AC converter as voltage source inverter (VSI) to trigger the signal on each and every gate of the grid. To align the
phases of source current source resistances and inductance contributes a pivotal role, is further helpful in voltage,
phase angle and phase sequence and enable phase Locked loop (PLL). Since phase-locked circuits are control to
synchronize the phase of a signal with a reference signal, therefore with grid-connected inverters, the primary
goal of this work is to reduce disturbances on both source and load sides. The use of PLLs in three-phase grid-
connected inverters, including basic PLL operations, use of fault control, optimization of PLL parameters,
impedance analysis, and development of new control strategies. Since Solar PV generation with SAPF is coupled
to a triangular carrier in a phase-locked (PLL) context using pulse-width modulation (PWM) technology used to
control the output voltage of the inverter. In a photovoltaic system, the inverter transforms the direct current
from solar panels into alternating current suitable for grid connection. Pulse Width Modulation (PWM) is a
method used to regulate the inverter’s output voltage by comparing a high-frequency triangular carrier signal
with a sinusoidal reference waveform, as illustrated in Fig. 6.
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Fig.3 Schematic of Solar PV Novel Pulse Width Controlled Shunt Active Power Filter with MPPT Algorithm
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As illustrated in Fig.5, the transfer function with continuous-time for an integrator is given by as Equations (3) to

)

1(s)=§

y[n]=y[n-1]+T.e[n]

3)
(4)

where y[n] denotes the output of the integrator in the n-th sample. The continuous-time PI controller can be expressed in

the Laplace domain as per equation (5):

= Ki
C(s)=K, + -
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Table 2. Specification of the System

S.no. Particulars Quantity Rating
Solar Module
| PV solar Array 300 Watts/module x 666 Vi =132 volts, I= 37 Amp. Piy=200
modules kW
Capacitor across Solar _
2 Module 1 Ci= 680 uF

Voltage Source Inverter
Va=0.6 volts, Rrns= 0.028 volts,

3 IGBT 6 Vioge= 4 volts, Raioge=0.014 ohms
4 DC link capacitor 2 Ciinki= Ciinko= 680 pF
5 DC link Inductance 1 Liink=7 mH
Auxiliary Components
6 1 LL1=7 mH, L’le 5 mH, L2= 7 mH
Inductor
7 Neutral Earthing Resistor 3 Rxi=Rn2=Rn3=12 ohms
8 Neutral Earthing Capacitor 3 Cn1=Cx2=Cx3=800 uF
9 Isolation Transformer 1 Ni=N,=1
Pulse Width Modulator
Viet=Vcin-Vacou=17.3 volts
R= 40 ohms, fiumy= 1 kHz,
. Veetr= 0.5 volts, Cpa= 450 UF,
10 Pulse width modulator 1 SR flip flop, Frequency= 50 kiz,
Duty Cycle 50% %,
Rsmitl: 4 Q, Rsmit2: 3 Q
11 Source impedance 1 0.5Q
12 Load Capacitance 1 680 uF
13 Phase locked loop 2

Triangular signal, V,,=360 volts, =5 Hz.,
Duty Cycle= 12" Order Low pass filter,
Gain=1, feuor= 40 Hz., Damping ratio =0.7
PI Controller, Gain=0.02, Time constant =
0.00250, Phase Delay = 120 °

Nomenclature: V= DC output voltage, I:= short circuit current in amperes, P;,= Input Power in kW, V= Saturated voltage, Ry.,= Transfer Resistance of IGBT,
Viiose= diode like voltage drop, Raioe= diode like resistance, Cjixi=Cino= DC link capacitor, Lyy= DC link inductance, Ry;=Rx,=Rx3= Neutral earthing resistors,
Cnxi=Cxo=Cx3= Neutral earthing capacitors, V.= Reference voltage in volts, Vi,= DC input voltage in volts, fimpe= Sampling frequency in kHz, V .q= Reference
voltage in volts, C,,~ Parasitic Capacitance in pF, Vp= Threshold voltage in volts, Rp= Dynamic resistance in ohms, Rmii=Rsmio= Smitt Triggering resistance in
ohms, V,,= peak to peak voltage in volts, and foyr= cut off frequency in Hz

—
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Fig. 5 Schematic of Novel Pulse Width Modulator

Since the control strategy in a solar PV-grid-tied system that use a low-pass filter to refine the signals. This approach helps
maintain  stability and optimize system operation in response to varying conditions. The control
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Fig. 6 Schematic of Phase Locked Loop

Ppy[n]= Vpu[n]Tp[n] (6)

equations are given by as shown in Fig.7 and (6)-(9). where Pp,[n] is the PV output power at the nth sample, V[n]
is the PV voltage at the nth sample, I;y[n] is the PV current at the nth sample.
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Fig. 7 Perturbed and Observed Control Algorithm for PWM based SAPF
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Since, Total harmonic distortion (THD) measures the level of distortion in a signal, especially in electrical and audio
systems. The relation current THD is:
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3. RESULTS AND DISCUSSION

As per case 1 for no filter compensation subject to source and load current side exists, the supply magnitude of
three phase voltages is 230 volts. At this voltage, the three phase average source side current is 20 to 40 amperes as
shown in Fig.8,9.

time (sec.)

- Phase-= Phase-=

Phase—1

Fig.8 Supply three phase voltage

Source current (ampere)

time (sec.)

Phase-1 Phase-= Phase-3

Fig.9 Source Side Current (ampere)

As harmonics maintain stable operation under varying load conditions as shown in Fig.10. The magnitude of linear
and non-linear load currents shows average value around 20 amperes and 30 amperes respectively. Resultantly,
filtration of output requires compensation devices to enhance the power quality. Also, the distortion in magnitude of
source and load side current with frequency as shown in Fig.11. The source side and load side current distortion lie
between around 23 % to 36 %. Therefore, it is obligatory to suppress the excessive loading and magnitude of load side
current including mitigating the total harmonic distortion of source side current. As a result, the proposed further case
studies discuss and make possible the mitigation of harmonics and suppression of excessive loading. The magnitude
of source and load side response of % THD as shown in Table 3.

As illustrated in Fig. 12, the three-phase input voltage and current are 230 V AC. Also, source current is 18
amperes after tuning the parameters of the PWM controller as shown in Fig. 13. The PWM signals at the gate
terminals of the IGBTSs are valid with and without compensation, as shown in Fig. 14 (a), (b), and (c) for three
phases L1, L2 and L3. Since the gate triggering is responsible forming current at the source, filter and load side as
shown in Fig. 15. As a result, the total harmonic distortion of source and load current without LCL compensation
as shown in Fig. 16 and 19. The value of source and load current in magnitude is about 15 ampere and the value of
filter current in an average less than 5 ampere in magnitude. Since the load are of both types i.e. linear and non-
linear. Resultantly, notches are obvious at the load side current. To nullify the notches LCL and notch filter are
provided in another case study to reject load side disturbance. Therefore, comparative analysis of source, filter and
load current without LCL compensation with THD of current as shown in Fig.15 and 16 respectively. Similarly
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Fig.11 % THD of source current with linear and non-liner load for three phase AC supply with loads connected across its terminals

Table 3. Case 1: Comparison of % THD current of source and load with three phase AC supply and load

Source side Current (%) Load Side Current (%)
S.no. Electrical Quantity Percentage (%) Percentage (%)
I. % THD of IL1 23.65 23.65
2. % THD of Iz 36.45 36.45
3. % THD of I3 39.42 39.42

, Fig. 20 presents a comparative analysis of linear and nonlinear load currents. These load currents synchronize with
the grid through the use of a phase-locked loop (PLL). The PLL ensures synchronization and balance by locking the
three-phase grid voltages to the solar PV generation system, as depicted in Fig. 21 After obtaining the filter current, it
is natural to obtain the filter and load voltages with THD of load current as shown in Fig. 17,18 and 19 respectively.
Jla]similar manner, the comparative analysis of linear and non-linear load current as shown in Fig.20. The resultant
linear and non-linear load currents synchronize with the grid by enabling the phase locked loop (PLL). The phase
locked loop (PLL) locks and balances by synchronizing three phase grid voltages to the solar PV generation system as
shown in fig.21. Since the output source, filter and load current with Figure 22 illustrates the LCL and notch filter
compensation. Filter and load currents remain below 5 amperes, while the source current is approximately 20
amperes. Additionally, the source current magnitude is nearly negligible in percentage terms, as shown in Figure 23.
The filter and load voltages for all three phases are around 6 amperes, depicted in Figures 2, 24, and 25. Figure 26
presents the load current magnitude in percentage terms. The linear and non-linear load current with LCL
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Fig. 12 Supply three phase voltage

Fig. 13 Source Side Current (ampere)

Dnaty Cyero i [GET mate for Line-)

Fig.14 (a) Duty cycle at gate terminal for Phase L;

[hafy Ly

Fig.14 (b) Duty cycle at gate terminal for Phase L,

compensation as shown in Fig. 27. The average value of both the current is 0.4 ampere. Since % THD comparison
of source side and load side current without LCL compensation as shown in Table 4. The source side disturbance
eliminates from 0.295 % but the load side current in percentage in terms of percentage is around 34 %. In a similar
manner, the specification of LCL compensation with notch filter as shown in Table 5. Table 6 displays the
percentage of total harmonic distortion (THD) for source and load currents with LCL compensation. The source
current’s % THD is nearly zero. and the load side is around 25 %. Resultantly, the PWM modulator without LCL
compensation and with LCL compensation as shown in Table 7.
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As shown in Table 7, substantial reduction in the source side and load side current distortion PWM controller with
LCL compensation as compared to without LCL compensation. Resultantly, the overall compensation requires
simply source, filter and load side compensation. Therefore, the %THD comparison for without filter and LCL
compensation. Secondly, as the term relates to %THD comparison of source, filter and load side current.
Therefore, the power quality improves in case study 3 as compared to case 1 and 2.

Table 4. % THD Comparison of current of source and load without LCL compensation

Source side Current (%) Load Side Current (%)

S.no. Electrical Quantity Percentage (%) Percentage (%)
1. % THD of I 0.601 20.35
2. % THD of I, 0.451 30.65
3. % THD of I3 0.295 33.96
Table 5. LCL and Notch Filter
S.no PARTICULARS QUANTITY RATING
Lci= Le2=0.7 mH,
1. LCL Filter 1 Cc:1=680 pF Rni=Rn2=12(),
RN3= 6 Q,
2. Notch Filter 1 Cni=Cn2=340 UF, Cn3= 680 UF

Magnitudeof Load Curvent (%)
0

50 100 150 200 =250 300
Freqguency (Hz.)

mI.ine-1 (26) ILine-= (286) mIl.ine-3 (256)
Fig. 26 Magnitude of load current (%) versus frequency
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Table 6. Comparison of % THD of source and load current with LCL compensation

Source current (%) Load current (%)
S.no. Electrical Quantity Percentage (%) Percentage (%)
1. % THD of Ir1 0.085 23.89
2. % THD of Iz 0.099 25.61
3. % THD of I3 0.103 2549
4.CONCLUSION

Firstly, shunt APFs without LCL filters rely on simpler L-type output filters, which are less effective at
suppressing high-frequency switching harmonics. This increases total harmonic distortion (THD) in grid currents.
Secondly, L-series filters require larger inductors to achieve comparable attenuation, leading to heavier, costlier
designs with practical sizing challenges. Thirdly, capacitive loads amplify harmonic currents due to their frequency-
dependent impedance, destabilizing the system. Conventional models often fail to account for this, risking instability.

Table 7. % THD comparison of source, filter and load side current

>

Case. Method Term Yols With solar %I
%THD Line-1 23.65 23.65
1 Without Filter and LCL %THD Line-2 36.45 3635
compensation
%THD Line-3 39.42 39.42
2 PWM without LCL Compensation ~ %THD Line-1 0.601 20.36
%THD Line-2 0.451 30.65
%THD Line-3 0.296 33.96
3 PWM with LCL Compensation %THD Line-1 0.085 23.89
%THD Line-2 0.099 25.61
%THD Line-3 0.103 25.49

LCL filters add capacitors and inductors, raising costs and design complexity. Hence, passive damping resistors also
increase power losses. Overall LCL compensation enhances harmonic filtering but demands sophisticated control and
careful damping design. Since systems without LCL filters face inherent limitations in attenuation and load
adaptability, often necessitating larger components. AC while eliminating source-side current distortions. The novel
PWM validated through comparative analysis of source and load currents under varying compensation configurations.
The key innovations include the LCL compensation network by slightly increasing source resistance at the grid side
by filtering high-frequency switching notches. The SAPF’s synchronization with grid voltage via advanced phase-
locked loops (PLLs) enhances harmonic detection accuracy, enabling real-time adaptation to grid disturbances. The
system integrates a Perturbed and Observed (P&O) algorithm to optimize power extraction from the solar PV array.
By correlating voltage sensor data with PWM switching signals, the controller dynamically adjusts power flow to
mitigate voltage fluctuations caused by load shifts or solar variability. This work bridges critical gaps in renewable
energy integration, offering a scalable solution for harmonizing solar generation with grid stability.
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