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Abstract — The integration of photovoltaic (PV) systems into the grid, combined with nonlinear loads and bidirectional
power flows, significantly impacts grid voltage stability and total harmonic distortion (THD) in low-voltage distribution
systems. This study proposes the application of an Active Power Filter (APF) to improve power quality (PQ) and mitigate
harmonic distortion caused by nonlinear loads. Harmonic distortion from nonlinear loads poses a substantial risk of
damaging electronic equipment and degrading overall power quality. The proposed APF utilizes a Fractional Order
Proportional-Integral (FOPI) controller implemented through a Voltage Source Inverter (VSI). The effectiveness of the FOPI
controller was evaluated through simulation and compared to a conventional PI controller. The results demonstrate that the
FOPI-controlled system successfully reduces current THD to meet IEEE 519 standards (; 5%), highlighting the superior
performance and robustness of the FOPI controller compared to traditional approaches.

Keywords — Non-linear Loads; Total Harmonic Distortion (THD); Shunt Active Power Filters (SAPFs); Fractional-order

PI (FOPI) Controllers; Voltage Source Inverter (VSI).

I. INTRODUCTION

APID advances in electrical equipment technol-

ogy, especially in the field of power electronics,
have brought significant benefits in energy conserva-
tion, such as in the application of fluorescent lamps
(CFLs), LED lamps, and others. However, power
electronics-based devices produce non-sinusoidal input
currents containing harmonics, known as non-linear
loads, which are measured through Total Harmonic
Distortion (THD). THD, expressed as a percentage,
indicates the ratio between the total harmonic compo-
nents and the fundamental [1]. High THD can be harm-
ful to electrical equipment, causing damage, reduced
efficiency, and shortened device life.

Power quality issues are further exacerbated by
high harmonic emissions from PV inverters and non-
linear loads on the low-voltage (LV) distribution net-
work, which impact system stability and performance
[2]. The reliability of solar PV (PV) generation de-
pends on accurate system design and control to ensure
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a pure sinusoidal current waveform at the inverter out-
put. The reliability of solar PV generation depends on
accurate system design and control to ensure a pure
sinusoidal current waveform at the inverter output. Var-
ious inverter topologies, modulation techniques, and
control strategies have been developed to achieve this
goal [3,4]. Sinusoidal pulse width modulation (SPWM)
and closed-loop control schemes are commonly used to
minimize output distortion and reduce total harmonic
distortion (THD) [5, 6]. Microcontrollers are often em-
ployed to generate PWM pulses and implement control
algorithms [7]. Reliability analysis of PV systems con-
siders factors such as component failure rates, environ-
mental conditions, and maintenance strategies [8]. Sim-
ulation tools like MATLAB/Simulink are used to model
and analyze PV systems before implementation [9].
Advanced control techniques, such as hysteresis cur-
rent control, have shown promise in improving power
quality and reducing harmonics in grid-connected PV
systems [10]. However, dynamic non-linear loads can
introduce harmonic distortion that propagates through
the distribution system impedance and distorts the util-
ity grid current waveform.

To overcome this problem, this study proposes
the implementation of an Active Power Filter (APF)
controlled by a Fractional Order PI (FOPI) controller.
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An APF is a type of filter that can be used to reduce
power quality problems [11]. The APF, connected in
parallel with the load, uses a power electronic converter
to inject a compensation current that cancels the load
harmonics [12]. Traditionally, APFs have been con-
trolled using PI controllers [13]. The basic components
of an APF in this case include a Voltage Source Inverter
(VSI), a DC source, and a control system [14]. Com-
pared to conventional PI controllers, FOPI controllers
offer advantages such as increased robustness to pa-
rameter variations, faster response, and better reference
signal tracking capability. The use of FOPI controllers
in VSI-based APFs shows significant potential to im-
prove power quality in power systems, following IEEE
519 standards.

II. RESEARCH METHODS

i. Non-linear Load

Non-linear loads are a type of electrical load that causes
current to be disproportionate to voltage, resulting in
harmonic distortion in the distribution system. Exam-
ples include welding machines, furnaces, variable fre-
quency drives (VEDs), rectifiers, lighting ballasts, and
modern electronic devices, which typically use semi-
conductor components such as diodes, thyristors, or
transistors.

ii. Harmonic Distortion

Harmonic distortion is a power quality problem en-
countered in industrial and commercial power systems.
Harmonics are elements of an electrical signal with an
integer multiple of its fundamental frequency. When
the system is operating, it manifests as a sinusoidal
voltage or current with some frequency. Non-linear
elements in the system can produce a grid voltage with
a frequency different from the grid frequency or ab-
sorb current with a non-sinusoidal waveform [15]. The
impact caused by harmonic distortion on the power
system can affect system losses, system operation, and
system performance. If harmonics are not controlled
to acceptable limits, electrical or electronic equipment
can be damaged, causing expensive system outages.
The power quality of the system can be reduced due to
voltages and currents containing harmonic components.

iii. Harmonic Standard

IEEE 519 defines the power quality standards that must
be met at the PCC, which represents the link between
the utility and the customer [16]. This standard aims to
regulate harmonic generation and provide recommen-
dations for mitigation [17], as seen in Table 1 below.
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Table 1: Current Distortion Limits for General Distribution

Systems
Isc/IL 3<h<l1l 11<h<17 17<h<23 23<h<35 35<h<50 THD (%)
<20 4.0 2.0 1.5 0.6 0.3 5.0
20-50 7.0 35 2.5 1.0 0.5 8.0
50—100 10.0 45 4.0 1.5 0.7 12.0
100 — 1000 12.0 55 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 14 20.0

iv. Active Filter

Active filters can effectively cancel or eliminate har-
monics and produce distortion-free sinusoidal currents.
This process allows active filters to reduce the effects of
harmonic distortion and ensure clean power delivery to
the system. In addition, active filters can dynamically
adapt to changing load conditions and provide real-time
harmonic compensation, making them very effective in
maintaining power quality.

Figure 1 illustrates the standard configuration of
a parallel-connected harmonic filter and a non-linear
load.

AC Source
L
Non-linear
load
s g, | iy
Harmonic
Filter

Figure 1: General Harmonic Filter Diagram

Shunt active power filters are commonly used with
PWM-VSI (Pulse Width Modulation - Voltage Source
Inverter) [18]. PWM-VSI functions as a current source.
Systems connected to the AC bus typically use two-
level PWM-VSI to operate [19]. A typical SAPF con-
nected in parallel with a non-linear load is shown in
Figure 2.
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Figure 2: SAPF Basic Circuit connected to Electrical Sys-
tem

Regarding the general harmonic filter connection,
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applying Kirchhoff’s rules to the differential equations
in the stationary abc frame for voltages and currents,
the following expressions are obtained:

d . .

V1 =Lf511 +Ryrit +Vvim +vun (1)
d . .

) =Lfalz +Ryrio +vom +vun (2)
d . .

V3 :LfEB +Ryiz+viy +vun (3)

where vy, v,,v3 represent the line-to-ground volt-
age of a three-phase balanced system measured at the
PCC.

By applying the Clarke transformation (¢f3) to
obtain the model in the af3-zero frames (0-axis is ig-
nored), and then using the o3 to dg transformation, the
AC dynamics can be expressed as:

d . .
Lfald -I-Rfld = Lf(l)lq —Vpcedua +va 4)

d . . .
Lfalq +Rflq = —Lf(l)ld —Vpcdnq+vq ®))
Equations (4) and (5) describe the decoupled dy-
namics of the AC current in the dq frame, where i; and
iz can be independently controlled.
The equivalent input can be defined as:

(6)

ug = Lywiy —Vpcdug +vy

(7)

Through the input transformation of the specified
equivalent inputs u,q, the joint dynamics of the cur-
rent tracking problem are transformed into decoupled
dynamics. The currents izg can be controlled indepen-
dently by acting on their respective inputs u,q.

The error signal for the current tracking problem
is defined as:

Ug = —Lf(l)id — VDCdnq + Vq

®)

where i q is the reference current generated by the
current reference generator, and iy, represents the ac-
tual compensated current in the dq frame (also written
as irqq)-

The proficiency of the APF in mitigating these
harmonic problems relies on its capability to accurately
track the reference current signal and minimize any
deviation while compensating for distorted load cur-
rents [20]. The **Synchronous Reference Frame (SRF)

- ok .
lag = lgq — Udq

Vs abe
- PLL
@t ll.d(dr.‘) + ‘L d(ac) @t
be - dqo
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dq0

Figure 3: Synchronous dq0 reference frame for harmonic
extraction

controller®*, used for harmonic extraction, is illustrated
in Figure 3.

In the presence of non-linear loads, the load cur-
rent in the dq frame becomes contaminated by the har-
monics of the current generated [21], resulting in the
formation of a modified load current expression, as
represented by the following equation:

|:1Ld] _ |:1Ld(dc) +1Ld(ac):|

9
Iy I1q(de) t1Lg(ac) ®

where I,4, represents the actual load current,
Iraq(ac) represents the fundamental component (dc),
and Iy 44(c) represents the harmonic components (ac)
in the dg frame.

A tuned numerical low-pass filter (LPF) is used to
detect the relevant DC components, and the detected
DC components are then subtracted from the actual
1144 components to isolate the harmonic components:

|:1Ld(ac):| — |:ILd _ILd(dC):| (10)
I1q(ac) Iy —Irq(dc)

v.  Fractional Order Method

The design of the FOPI controller can be achieved by
utilizing the Digital Fractional Order Differentiator and
Integrator (DFOD) [22], which is obtained by using
Continued Fraction Expansion (CFE) or recursive ex-
pansion formulas [23]. The DFOD output is a discrete
system in the form of rational approximations, provid-
ing greater control flexibility.

vi. Proposed FOPI Controller

The proposed FOPI controller is designed to enhance
the performance of conventional PI control, particularly
under dynamic load variations. The transfer function
of the FOPI controller is defined as:

C(s) = kp+— (11)
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The active power control for V4., can be ex-
pressed as follows:

th(eq) =Vsa — wLqutq

k; (12)
+ <<kp+ Sl> (ILdref_Itd)>

Similarly, the reactive power control for V) 18
given by:

Vigteq) = Vsq + OLegla
k; (13)
+ ( [kp + S;IL] (ILqre’f - Itq))

vii. VSI-based SAPF Design
This system consists of a three-phase network, a non-
linear load, and a harmonic filter. The non-linear load
produces a non-sinusoidal current (/. ), which is pro-
cessed by the current reference generator and current
controller to produce the compensation current (Z4pc)-
The current controller regulates the voltage source
inverter (VSI) using PWM signals, thereby generating
the appropriate AC waveform to cancel harmonics in
the system. The overall architecture of the proposed
VSI-based SAPF system is illustrated in Figure 4.

Figure 4: VSI-based SAPF connection

III. RESULTS AND DISCUSSION

The proposed PI and FOPI controllers are implemented
and simulated to evaluate their performance. Table 2
provides an overview of the characteristics and specific
values used in the simulation setup.

Figure 5 visually represents this evaluation, depict-
ing the differences observed before and after applying
the harmonic filter.

Case I consists of the grid source and load on the
AC side, while the PV system, battery, and EV are on
the DC side. Case II consists of the grid source and
load on the AC side, while the PV system, battery, and
EV are on the DC side, as shown in Figure 6.
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Table 2: System Parameters Used for Simulation

Parameter Symbol Value Unit
Grid voltage (Vims ph-ph) Vi 380V
Grid frequency f 60 Hz
DC-link voltage Vie 800 V
Grid inductance L 0.001 mH
Grid resistance Ry 0.001 Q
Filter inductance Ly 3.69 mH
Line resistance R 0.15 Q
Switching frequency Sfow 10000 Hz
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Figure 5: HIL and Offline Results of Non-linear Load Cur-
rent (top). Current Waveform Using APF (bot-
tom)

The bar chart provides a clear visualization of the
varying levels of harmonic distortion achieved through
the utilization of the filter (before and after the applica-
tion of the harmonic filter), which is shown in Figure 7.

As can be seen in Figure 8, the blue bars represent
the harmonic levels generated by the non-linear load
without APF, the red bars for the system connected
to APF in Case I, and the yellow bars for the system
connected to APF with FOPI current controller in Case
II. Table 3 provides an overview of the specific values
from Figure 8.

Figure 8 represents the comparison of THDi be-
tween Case I and Case II with dynamic non-linear load
in the form of a waveform graph from Table 3. The re-
sults show that the FOPI current controller successfully
reduces the harmonic level very significantly, which is
indicated by the green line curve.
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Ty

Figure 7: Comparison of THDi (%) for Case I and Case II

Table 3: THDi Case I and Case II with Dynamic Non-linear

Load
Time Non-linear load (without APF) Case I (PI) Case II (FOPI)
01:00 - 02:00 30.78 2.68 1.32
02:00 - 03:00 32.87 2.72 1.37
03:00 — 04:00 31.82 2.74 1.39
04:00 - 05:00 30.99 2.71 1.36
05:00 — 06:00 30.92 2.74 1.40
06:00 — 07:00 30.76 2.76 1.44
07:00 — 08:00 32.63 2.74 1.38
08:00 — 09:00 30.87 2.71 1.31
09:00 - 10:00 30.83 2.68 1.31
10:00 — 11:00 30.89 2.57 1.33
11:00 - 12:00 31.01 2.67 1.32
12:00 - 13:00 70.32 3.68 2.67
13:00 - 14:00 34.02 4.83 3.99
14:00 - 15:00 45.93 3.12 2.12
15:00 - 16:00 30.82 2.71 1.41
16:00 - 17:00 31.60 2.69 1.38
17:00 - 18:00 44.26 2.96 1.77
18:00 - 19:00 33.42 3.02 1.96
19:00 - 20:00 31.48 291 1.79
20:00 - 21:00 30.76 2.95 1.87
21:00 - 22:00 33.33 2.86 1.67
22:00 - 23:00 32.17 2.75 1.41
23:00 - 00:00 30.76 2.70 1.35

IV. CONCLUSION

The proposed system is a SAPF implemented with VSI
and controlled by FOPI. Simulation tests are conducted

Partaralio gan THO! (%) ol Non-nes Load Cave L dan Cose I

Figure 8: THDi (%) comparison for non-linear Load

to compare the performance of the FOPI controller
with the traditional PI controller. Simulation results
show that the FOPI controller significantly reduces
the overshoot and improves the control precision com-
pared to the conventional PI controller. In addition,
HIL simulations confirm the reliability and validity of
the proposed method, proving that it is practical and
functional for real-world implementation. Based on
the simulation results, the THDi value in the system
without the harmonic filter is higher than the IEEE 519
standard, indicating the necessity of implementing a
harmonic filter. The FOPI current-controlled system
for the VSI-based SAPF is proven to meet the IEEE
519 standard, with THDi below 5%.
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