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ABSTRACT The industrial revolution in the world resulted in a rise in the desire for energy in recent years.
Therefore, the trend was strong toward the utilization of alternative and sustainable energy sources, such as
solar power and wind energy. However, the growing prevalence of Distributed Energy Resources (DER)
systems in the electricity network, cause several issues and operational restriction violations, including
high and low voltage levels exaggerative transmission power dissipation, excess power consumption of
distribution transformers and supply lines, protection breakdown, and high harmonic thresholds that are
above the thresholds set by international standards. Certain issues arise when the power system’s Hosting
Capacity (HC) threshold reaches the system’s hosting capability. In low-voltage distribution systems, the
hosting capacity of PV systems is impacted by the Total Harmonic Distortion (THD) and Total Demand
Distortion (TDD) levels. In this paper, the enhancement of hosting capacity has been achieved for the solar
system in the distribution network. The proposed enhancement deals with a lot of considerations such as
the capability current of the line and transformer, over and under voltage at the connection point of the
distribution system and the PV system, known as the Point of Common Coupling (PCC), the limitation
of total harmonic distortion, and line losses by using a new design of harmonic filter (high passive filter).
Modeling of a PV system with grid-connected and passive harmonic filter has been validated based on
a real-time Hardware in the Loop (HIL) OPAL-RT 4510 Powered by MATLAB SIMULINK. The new
high-passive filter design leads to a remarkable 96.12% increase in the maximum hosting capacity (HC)
of the system. Moreover, it brings about a reduction of 4.13% in the total harmonic distortion (THD) and
6.32% in the total demand distortion (TDD) of the system. In addition, it enhances the bus voltage by 0.98 pu,
improves the power factor to 0.96, and reduces losses by 31.3%. In addition, the proposed technique has been
compared to the previous technique.

INDEX TERMS Solar system, hosting capacity (HC), distribution network, harmonic distortion, high passive
harmonic filter.
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TDD Total Demand Distortion.

PQ Power Quality.

DG Distributed Generation.

DER Distributed Energy Resources.
HF Harmonic Filter.

DN Distribution Network.

THD Total Harmonic Distortion.

HIL Hardware in the Loop.

FDHPF Decoupled Harmonic Power Flow.
DSR Distribution System Reconfiguration.
SLD Single Line Diagram.

PQE Power Quality Enhancement.

PF Power Factor.

MPPT  Maximum Power Point Tracking.
PSO Particle Swarm Optimization.
Cco Carbon Oxide.

I. INTRODUCTION

In the past, generating electricity in the world resulted from
fossil fuel consumption such as gas, oil, and coal which
produce Carbon Oxide (CO;) and Mono Carbon Oxide
(CO) which affect climate change [1], also, the direction
of power flow depend on unidirectional power flow from
source to loads, increase the losses and increase the volt-
age drop. In terms of preserving the environment and using
non-exhaustible resources, the world is directed to eliminate
used fossil fuels by replacing or using sustainable energy
sources like Photovoltaic (PV) systems and wind turbines,
biomass, and hydropower [2]. PV has increased in the last
years to share in the world’s total capacity at the end of
2022 by 1019 GW [3], renewable energy changed the tra-
ditional power flow by enhancing the voltage profile and
transmission losses. On the other side, the increase of the
Distributed Generation (DG) power than the consumption
of a local load produces negative impacts like overvoltage
issues, overheating of equipment, reverse power flow, and
damage to protective equipment. The term Hosting Capacity
(HC) expresses the maximum power that can be added to the
distribution electrical grid without any disruption to the sys-
tem performance [4]. The boundary of the electrical system
under HC has been shown in Fig.1.

The determination of the PV system integration capacity in
low-voltage distribution networks depends on several factors
including the characteristic of the feeder at the connected PV
system, the level of the loading, and the nature of the PVs
location connected with a grid [5]. They are several types of
PV hosting capacity enhancement including inverter control
that incorporates smart technology and utilizes a variety of
control strategies, including active power control, reactive
power control, power factor control, frequency control, and
combined control [6]. The smart inverter control with a stor-
age battery system has been used to improve the PVHC
in a low-voltage distribution network. While this method is
considered the best method in terms of performance, it is very
expensive compared to other methods [7]. The second type
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FIGURE 1. The concept of hosting capacity (HC) definition [10].

of PV hosting capacity enhancement has been presented by
using a harmonic filter to reduce the (THD) and the (TDD)
where the effects of generation distortion of harmonics by
DG unit on the HC in low voltage distribution grid have been
studied [8], [9].

In [8], a passive harmonic filter has been designed to
enhance the PVHC in low-voltage distribution systems
depending on optimization problems by taking into account
over and under-voltage issues, transmission line losses, a har-
monic distortion produced by non-linear load (six-pulse rec-
tifier), and the capability currents of the line. The results
enhance the PVHC and increase the system’s power fac-
tor by reducing THD and TDD. In [11], the HC and PF
of the system at the (PCC) have been obtained. Further-
more, other parameters have been obtained such as the
overall price of the passive filter, and the minimum total
level of harmonic distortion in voltage and current by using
Multi-Objective Firefly Algorithm (MOFA) based on Pareto
optimization. In addition, a comparative study between
the previous algorithm such as a comparison between
Multi-Objective PSO (MOPSO) and Non-dominated Sorting
Genetic Algorithm (NSGA-II) has been presented for similar
objectives. while in 12, the authors investigate a new design
in the harmonic filter known as the C-type of passive filter to
enhance the HC in the distribution grid for electricity with a
low voltage. The proposed method in this reference depends
on reducing the level of distortion present in both current
and voltage signals at a bus connected in renewable energy
and obtaining the maximum HC based on a new optimization
known as the (pb-MOBA) is a bat algorithm that utilizes
the Pareto principle and is designed to optimize multiple
objectives simultaneously. In [9], the Distribution System
Reconfiguration (DSR) has been used to boost PV Hosting
Capacity (PVHC). However, by combining multiple services,
DSR is investigated in a multi-objective structure to enhance
the voltage level, lessen the overall energy waste, and enhance
PVHC.

To provide a more adequate evaluation of the objec-
tives, stochastic demand scenarios are also incorporated
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by using several amalgamations of linear and nonlinear
loads. Ultimately, a solution approach by applying both the
Non-dominated Sorting Genetic Algorithm II (NSGA-II) and
a fuzzy decision-making method is suggested for the current
multi-objective issue.

This paper presents a novel design of a passive harmonic
filter connected at the load bus in conjunction with a PV
system. The passive harmonic filter is employed to enhance
the hosting capacity of the system. The results take various
factors into account, including the limitations of over and
under voltages in the system’s voltage profile, the current
capacity of the line, the power factor of the system, and the
maximum limitations of total and individual harmonics. The
results of passive harmonic filter elimination of THD, TDD,
increase PF of the system. Furthermore, this study introduces
the hosting capacity (HC) concept in a low-voltage distri-
bution utility through the utilization of both simulation and
Hardware-in-the-Loop (HIL) emulation. The PV systems,
featuring Maximum Power Point Tracking (MPPT) and a
boost converter, voltage source inverter, and utility grid, are
modeled using OPAL-RT OP4510 HIL.

The remaining parts of this study can be organized as: After
the part of the introduction, section II gives the understanding
of the HC for the PV structure. In addition, the design of
the passive filter, the PV model, and the parameters of the
grid have been presented. Section III shows the results and
comparative results with different types of passive filters.
The final section, section IV, includes the conclusion and a
discussion of future work.

Il. PASSIVE FILTER DESIGN FOR HOSTING CAPACITY

In this section, understand the hosting capacity control, the
proposed design in the passive filter, and the previous filter
design.

A. HOSTING CAPACITY LITERATURE REVIEW

Modern distribution systems carry highly non-linear loads
because the application of power semiconductor devices has
increased in the power grid, hence the linear distribution
system has no longer present. Distortion voltages in all buses
and the feeder current are a direct consequence of increasing
nonlinear loads [13]. Moreover, the worst case of harmonic
distortion occurs when adding the Distributed Generation
(DG). The reason is that the DG inserts harmonic current
injection into the distribution network. Harmonic distortion is
dangerous as it affects the time life of cables and malfunctions
of industry devices and electronic drives [14]. To accurately
measure overall PCC voltage and line current distortion
of specific harmonic orders, standard indices must closely
adhere to IEEE Standards 519 and 1547, both including and
excluding DERs [15], [16].

It is worth noting that the integration of DG is assessed
annually by dividing the total MW generated yearly ratio of
DG impact by the total load profile over the same period,
it is not entirely clear what is causing concern, but it seems
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that the focus is on the instantaneous aspect of the situa-
tion. References [17], [18], and [19] have also explained and
verified how the increase in renewable energy penetration
affects individual Power Quality (c) criteria, also, a simu-
lated test distribution system was used to obtain data for
formulating a composite index. The global figure shows the
variations in THD present in the PCC voltages under the
four-distribution system experimental conditions described.
Fig. 2 shows the HC in four different cases in grid per-
formance and DG unit. The harmonic increase in a grid
and DG unit led to decreasing the HC in the system and a
decrease in the power factor of the system. The restriction
of hosting capacity for renewable energy is a low harmonic
performance of a distribution network. Devices that improve
Power Quality (PQ), which may provide reactive power reg-
ulation and harmonic reduction, are essential for boosting
distributed grids’ capacity to host new users [20]. Recently
moving towards enabling DG units to carry out many tasks,
such as harmonic load reduction, reactive power support, and
actual power injection, to boost independence in prospective
DG systems. The harmonic filters used to enhance the HC in
low voltage distribution utility, are various types of harmonic
filters such as active, passive, and hybrid filters system. The
HC increases when using harmonic filtering as demonstrated
in Fig. 3. The enhancement has been done based on Power
Quality Enhancement (PQE) equipment, those devices sup-
ply the reactive energy control and harmonic compensation
to find the significate role to improve the hosting capacity
in power system [21]. The constraints of hosting capacity in
a low-voltage distribution grid, such as overvoltage, under-
voltage, line current capacity, and transformer limitations, are
described in [4], [22], and [23].

B. HOSTING CAPACITY CONTROL METHODS

Because of the hosting capacity, it means the acceptance
of penetration level in Distributed Generation (DG) without
any one of the performance indices changing or exceeding
the maximum level of the power system. The performance
indices work as a limitation of distributed generation systems
when tied to the utility at a low voltage distribution system,
while the importance of performance indices increases when
using DG units in a renewable energy system. That is why
the hosting capacity should be improved when the system is
linked to renewable energy in low-voltage distribution net-
works [24]. Fig 4. demonstrates the categorization of crucial
indicators of the system that generally constrain the extent of
renewable power penetration. It is worth noting that it should
be reiterated that all the performance variables are regarded
as limits in the current HC improvement dilemma.

The voltage level at the bus must fall within a specific
range, as defined by global standards, throughout the distribu-
tion system. Moreover, when there is distributed generation,
identical requirements must be observed [25].

The highest level of renewable energy integration and the
overvoltage issue that occurs can be studied for the system
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shown in Fig. 5. Where the Single Line Diagram (SLD)
includes two buses (generation bus and load bus) With the
integration of DG and load [26]. The increase in voltage at
the PCC is described in Equation 1: [26].

_ _ _ PyxR+QqxX PyxX—Qg%R
AV =VR-VS = Vil +I= v
o PxREQO#X (1

[Vs|

where Vg is the normal voltage at the generation bus, Vg is
the voltage at the end bus or load bus, AV is the voltage rise
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of the system when connected DG unit, R and X represent the
resistance and reactance equivalent of the transmission line
and transformer, respectively, the P is real power to injected
a system, and Q the reactive power can be either injected or
absorbed from the system depending on the voltage cases.

From equation 1, the problem of voltage rise (AV') depends
on several parameters such as the generation bus voltage
(Vs), term P*R and Q*X, the voltage in the slack bus is
controlled by several types such as on-load tap changer trans-
former (substation transformer) or the cable reinforcement
its means that changing the cables with a thicker one, when
the cross-section area of the cables increases that reduce the
cable’s impedance elements (R and X), hence increase the
current capability of the line. In addition, it solves the voltage
rise problem. Hence the system’s HC would be increased, but
the method (cable reinforcement) is not economical because
it is very extensive. Another solution by reactive power con-
trol based on a smart inverter has been presented, where
the reactive power at PCC has been absorbed and injected
by the smart inverter to reduce the overvoltage occurrence
and prevent Undervoltage [27]. Active power control is also
used to decrease the overvoltage issue by using a storage
system [28]. It is worth noting that selecting the best solution
could be influenced by other parameters like the (Q/P) or
(X/R) ratios.

The primary aim of this paper is to enhance the HC,
depending on using a passive filter. So, two major objectives
have been presented:

(1) Analysing the hosting capacity of distorted distribu-
tion networks and demonstrating how harmonic distortion
affects it while considering grid voltage asymmetry, harmonic
currents produced by DG, and different degrees of load
nonlinearity.

(2) using a harmonic filter such as a passive filter type to
improve the HC of low voltage distribution systems.

C. TWO-BUS DISTRIBUTION NETWORK

The two-bus distribution network has been chosen to be the
system under the hosting capacity study as shown in Fig. 6.
The main reason for choosing the two-bus distribution net-
work is that it has several components which include several
devices and parameters like a group of loads (linear and
non-linear load), PV solar system, passive filter harmonic,
transmission line, and transformers. One of the frequently
encountered non-linear loads are the six-pulse rectifier. Many
publications choose this system with filter size optimization
to validate the effect of harmonic and how to eliminate
it [29], [30].

In this paper, a novel passive design has been presented
to enhance the HC of PV systems in low-voltage distribution
networks by using the Fast Decoupled Harmonic Power Flow
(FDHPF). In the FDHPF method, the flow of power com-
putation is done separately rather than concurrently for each
order harmonic after decoupling all the harmonics. Using
nodal analysis, the single-phase equivalent circuit for the PV
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FIGURE 5. The system representation by using two buses with connected DG unit integration.
system connection can be solved for the voltage at the PCC follows [8]:
and the current in the transmission line at the fundamental P
frequency, harmonic filter, and A combination of linear and Rp(h) = Py 4
) - L (D]
non-linear loads are demonstrated in Fig.7. After determining
the voltage at PCC and line current in fundamental compo- Xp(h) = L 4)
nents, the same technique determines the harmonic frequency hil L(l)|2
components for voltage at PCC and the current in the line. I (h) = Vsa(h) (6)
The grid has been set to be a reference bus or slack bus Ry (h) + jXp(h)

Vi (h) and the harmonic order in voltage at the reference bus
is demonstrated in Equation 2 [11].

Vs (h) = C (h) * V(1) @

where, C(h) is a factor that varies with the degree of harmonic
distortion in the utility grid,

Vs(1) is the essential component’s voltage in the utility
grid.

The transmission line impedance Z; (k) in A" order har-
monic can be expressed in equation 3 [11].

Zi(h) = Ru(h) + JXL(h) = / (RL(M)* + XL(m)* ()

where, Z; (h) is the transmission line impedance h™" number
of order harmonic, Ry (h) and X;(h) are the transmission
line resistance and reactance respectively at i frequency
of the harmonic order, moreover, Ry (1) and Xy (1) are the
transmission line resistance and reactance at the system’s
fundamental frequency. The parameters of the line depend
on the frequency where the eddy currents and skin effects
exist [31], [32].

The linear load consists of a series of resistance as well as
an inductor. where a resistor is consumed the real power and
an inductor is consumed the reactive energy are illustrated in
Fig. 5 and Fig. 6. The active power of linear load and reactive
energy is represented Py and Qr, sequence, then the resistance
of linear load and reactance at h'™ order harmonic frequency
are denoted by letter Ry (k) and Xy (h) are demonstrated as
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where, I (1) is the basic frequency element of linear load
current at PCC.

A current source is represented by the non-linear load of
the framework [33]. If the real energy of the non-linear load
is denoted by P,,; and reactive energy usage in the non-linear
load is denoted by Q;, hence the basic component and hth
harmonic of a specific order of the non-linear load are I(1)
and I, (h) respectively are demonstrated in equations 7 and 8
are shows follow [11].

_ Py + in
L (1) = Ve (1)
Lni(h) = M (h) * L (1)

(N
®)

where, Vi, (1) is the basic parameter of the secondary voltage
of the distribution transformer or the fundamental voltage
component at PCC, M (h) is a constant value or the proportion
of the hth order harmonic to the fundamental element of
non-linear load current and determine by using Experimental
evaluation in a real-world setting and using Fourier series
assessment of customer load devices.

The PV system is like the non-linear load represented
current source in the structure [34], but the difference between
non-linear load is that injected active power does not absorb
active power like non-linear load, and lets the PV system
produce real energy only at the basic frequency. If Spy is
the MVA of the PV system hence determine the fundamental
current Ipy (1) and the hth order distortion of harmonic Ipy (h)
of the PV model are demonstrated in equations 9 and 10 [8].

_ Spy
Ipy (1) = 0 9
Ipy(h) = B(h) * Ipy (1) (10)
78123
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FIGURE 7. The configuration of SLD for grid-connected PV system under study.

where B(h) is the proportion of the h'" order harmonic to the
active component of PV Solar structure current.

The percentage of a non-linear load of the system Ky
can be calculated by the amount of actual power or reactive
energy of non-linear load divided by the total loads (linear
and non-linear) of the system as [8]:

Pnl o in
Py+P; Qu+ 0

where, Ky is known as the percentage of non-linear loads of
the system.

Ky = (11)

D. PROPOSED PASSIVE HARMONIC FILTER
CONFIGURATION

Fig.8 shows a single-line diagram of a new design in a
high-pass filter. The filter Reworded: Comprises the primary
capacitance (X¢1) in sequence with the parallel of a combi-
nation of two branches, branch one consists of capacitance
(Xc2), and the second branch is consisted of inductive reac-
tance (X7) and internal resistance of the inductor (R;). The
equivalent impedance of the high pass filter of the system
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is illustrated as (12)—(14), shown at the bottom of the next
page, [11].

The secondary current of the distribution transformer From
Fig 7. (Is2(h)) is equal to the sum of filter current, PV system
current, and linear and non-linear currents [11].

Isa(h) = 1p(h) — Ipy (h) + IL.(h) + Iy (h) (15)
N
Vsi(h) = Ver(h) (16)
Pl
Vsi1 (h) — Vo (h)

Is1 (h) = . (17)
o1 Rr, (h) + jX1 (h)

\% N

SENL Vi) N
Toy(h) = *Npy VP2 vp2 (18)

—A %
Ry (h) +jXL (h) Nsa2

The final equation of order harmonic components of sec-
ondary current Is,(h) represented as [11]:

V

SFEL Vi) Npy Vo (h)
SRy —Ve2th) _ .
Re O+ % ) Ny — zpay P Ipv(D
Vsa(h)
— 22 L M(h)* Ly(1 19
Rehy + Xy M0 (D) (19)
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FIGURE 8. The equivalent diagram of high pass filter circuit.

The passive harmonic filter at PCC has been designed
to obtain the highest level of system penetration possible
without changes to the typical functioning of the system. The
mathematical equation of HC can be defined from equation
(20) [35].

P
HC(%) = -2V

% 100 (20)

rated
where, Ppy is the amount of solar PV generation, and Sygseq
is the rated apparent power of the load bus.

The system’s hosting capacity is limited by several perfor-
mance indices such as voltage limits at the connected bus,
limits of THD in voltage and current, capability of line cur-
rent, the capacity of maximum PV system linked at load bus,
and the range of power factor limits which can be summarized
as:

1) LIMIT OF VOLTAGE BUS

the voltage bus at PCC has been constrained by two values
the lower value equals 0.95 pu and the uppermost value
equals 1.05 pu [36], [37], the rms value of electric potential
difference constraints can be presented as:

h=00

> Vsalh) = 1.05 1)

h=1

0.95 <

TABLE 1. Maximum individual order harmonic of current accordance with
IEEE Std.519 [15].

Harmonic order IHDC%
h<l11 7
11< h<17 3.5
17< h <23 2.5
23< h<35 1
35<h 0.5

2) TOTAL HARMONIC DISTORTION (THD)
According to the IEEE Std.519 [38], the overall voltage har-

monic distortion at PCC maximum reaches 5%, the equation
of THDV is described in equation (22) as:

V20, [Vsa(h)?

THDV (%) = S 5% (22)

3) TOTAL DEMAND DISTORTION (TDD)

the index is employed to evaluate the harmonic characteristics
of transmission cables in the presence and absence of (DGs).
The allowable TDD (Total Demand Distortion) in a system is
limited by IEEE Std. 519 and is determined based on factors
such as the highest current demanded by the load (Iy,), fault
threshold, as well as the type of DG framework, such as
distributed generation, grid distribution generating devices,
or a customer network [36]. The percentage of TDD in the
system does not increase more than 8% as described in the

equation (23).
NoI)
— < &% (23)

TDD(%) = <
I52(1)

4) INDIVIDUAL TOTAL HARMONIC DISTORTION
Following IEEE Std.519, the individual order harmonic of
voltage at PCC does not increase than 3% at operating voltage
less than or equal to 69 kV. The harmonic of each specific
order of the current is restricted to various values as demon-
strated in Table (1). The equations (24 and 25) describe the
individual voltage and current respectively.

IHDV (%) = [| gzilf” <3% (24)
[HDC (%) = [|2§E}1’;|] < according table (1) (25)

Xei | 752 % Ry +jhX 1)

Zr(h) = —j—— + (12)
h Ry + jhXy, — je2
Zo(hy = ¥ Xa1hix Ry + jh* % X — jXc2) — jhx X co(Ry + jh* X 1) a3
F W2 % Ry + j3X 1 — jh % Xca

Vsa(h)
Ir(h) = (14)

Zp(h)
VOLUME 11, 2023 78125
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TABLE 2. The harmonic current of non-linear load.

Number of Harmonic 5 7 11 13 17 19 23 25 29
Amplitude% 2377 876 6.92 4.11 2.65 2.13 0.82 0.92 0.27
TABLE 3. The current harmonic content of the PV system depends on the DG unit.
Harmonic order Amplitude% Harmonic order Amplitude%
2 0.012 12 0.003
3 0.06 13 1.498
4 0.006 14 0.003
5 0.72 15 0.009
6 0.003 17 0.822
7 3.012 18 0.003
8 0.003 19 0.644
9 0.02 21 0.006
11 2.384 23 0.221
TABLE 4. The harmonic voltage of the utility grid.
Harmonic order 5 7 11 17 19 23 25 29
Magnitude (%) 3 2 2 1 1 1 0.5 0.5

5) CAPABILITY OF LINE CURRENT

Harmonic Derating Factor (HDF) or the line’s capacity to
carry current shouldn’t be greater than 100% about distorted
line/cable currents [39].

1
Ru(h
\/1 + 2 (RZES)

HDF (%) = * 100 < 100%

2

Isi ()
Isi(1)

(26)
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6) POWER FACTOR (PF) RANGE

the quality of power transfer increase from source to load
when the PF at PCC with a limit of range minimum and
maximum [30] is expressed in equation (27).

P ey P(h
PF = — = —z’;jl (h) 27
S 2 St
where, 0.9 < PF <1 (28)
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FIGURE 10. Flowchart of PV studied system in OPAL-RT 4510 based on filter design.

TABLE 5. Results of the system absence connected DG unit.

Elements Magnitude
Bus voltage at PCC 0.96
THD in voltage at PCC 13.15%
TDD of the line is current 12.21%
PF at PCC 0.81
The power dissipated by the system 9849 w

Ill. MODEL SETUP FOR HARDWARE IN THE LOOP
REAL-TIM

The system consisted of a PV array, MPPT controller using
Perturb & Observe (P&O) technique, DC/DC boost con-
verter, Voltage Source Inverter (VSI), linear load, non-linear
load, harmonic filter, distribution transformer, and the utility
grid. These modules have been built and downloaded to
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OPAL-RT 4510 which is shown in Fig.9. The utilization of
passive harmonic filters and OPAL-RT 4510 for harmonic
compensation (HC) of the system is demonstrated in Fig. 10’s
flowchart. The initial step in the flowchart involves build-
ing a model on OPAL-RT 4510. Next, standard limits are
selected based on IEEE.Std.519 for various parameters such
as bus voltage, THD, TDD, and PF. Once the constraints
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FIGURE 11. Individual order harmonic voltage and current before
compensating.

are determined, the system is run, and its performance is
measured. If any performance parameters exceed the standard
limits, a passive harmonic filter is built to improve the HC and
performance parameters.

IV. SIMULATION RESULTS

Within this part, first, study the HC in a low voltage distribu-
tion network by using a new design of the passive harmonic
filter and displays the circuit parameters of the arrangement.
Second, comparing the recommended method with previous
work.

A. MATLAB SIMULATION RESULTS

The study system demonstrated in Fig. 6, composed of a
utility with an operating voltage equal to 25 kV, a step-down
transformer (25/11 kV), the resistance and reactance of the
transmission line are equal to 0.0754 €2 and 0.0943 2 respec-
tively, and load bus is connected on several components such
as 100 kW of PV system, 130 kVA linear loads, 100 kVA non-
linear loads, and passive harmonic filter. The non-linear loads
contained in the harmonic current spectrum are demonstrated
in Table (2). Table (2) describes the worst-case scenario for
the harmonic current of a non-linear load in the harmonic
order of 5, which is equal to 23.77%. In addition, according
to IEEE Std. 519, the individual order harmonic of current
does not increase by more than 7% when the order of the har-
monic is less than 11. Furthermore, the order of the harmonic
from 11 to 17 does not increase by more than 3.5%. Moreover,
the PV system has a harmonic current range described in
Table (3), The harmonic current of a PV system does not
exceed the standard individual order harmonic current limit.
However, the worst individual order harmonic in a PV system,
which occurs in the harmonic order of 7, is equal to 3.012%,
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FIGURE 12. Individual order harmonic voltage and current after
compensating.

TABLE 6. Results of the system after connecting the DG unit and filter
compensation.

Parameter Value
Filter Parameters (Xc1, Xc2, XL, R)(6.72, 26.5, 0.268, 0.01) Q
Bus voltage at PCC 0.98
THD in voltage at PCC 4.13%
TDD of the line is current 6.32%
PF at PCC 0.96
The power dissipated from the system 334.01 W
Penetration level 99.39 kW
Hosting capacity 96.12%

TABLE 7. Results of the system after connecting the DG unit and filter
compensation by using real-time simulation.

Parameter Value
Filter Parameters (Xc1, Xc2, XL, R) (6.72, 26.5,0.268, 0.01) Q
Bus voltage at PCC 0.995 pu
THD in voltage at PCC 4.583%
TDD of'the line is current 7.1%

PF at PCC 0.974
The power dissipated off the system 337.2W
Penetration level 101.5 kW
Hosting capacity 97.5%

and the harmonic voltage spectrum of the grid side according
to IEEE.Std.519 is illustrated in Table (4).

The result of the system without a PV solar system is shown
in Table (5), It is noticeable that the voltage at the connected
bus is 0.96 pu, and the amount of THD in voltage at the PCC
exceeds the IEEE Std. 519 criterion states that the THD in
the system’s voltage should not exceed 5%. Additionally, the
TDD of the line current in the system is 12.21%, which is
higher than the IEEE Std. 519 standard of 8%. Moreover, the
PF of the system is low compared to the standard for power
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FIGURE 13. The studied system setup in OPAL-RT 4510.

TABLE 8. Comparative study between the proposed method and previous works.

Parameter

Filter Parameters (Xc1, Xc2, XL, R) (6.72, 26.5, 0.268, 0.01) Q

method Uncompensated Ref [8] Ref[11] Proposed
Bus voltage at PCC 0.96 pu 1.02 0.98 0.98
THD in voltage at PCC 13.15% 19.68% 5.35% 4.13%
TDD of'the line is current at 12.21% 17.52% 7.62% 6.32%
PF at PCC 0.81 0.92 0.95 0.96
Power losses of the system 984.9 W 338.61 W 335.77TW 334.01 W
Penetrationlevel e 98 kW 99.29 kW 99.39 kW
Hosting capacity e 92.5% 95.26% 96.12%

factor, and the transmission line losses are significant, mea-
suring 984.9 watts. The current and voltage harmonic content
for each frequency component at PCC without a connected
PV system is demonstrated in Fig. 11. The current and voltage
harmonic content for each frequency component exceed the
limits specified by IEEE Std. 519. Specifically, the individual
order harmonic voltage measures 12.2% for harmonic order 5
and 4.2% for harmonic order 7, in compliance with IEEE
Std. 519, the individual order harmonic of voltage does not
increase by more than 3%, and the individual order harmonic
current measures 9.82% for harmonic order 5 and 4.5% for
harmonic order 7, according to IEEE Std. 519, the individual
order harmonic of current does not increaseby more than 7%
when the order of the harmonic is less than 11.

The results of the system at PCC, after connecting the PV
system and a high passive harmonic filter, are presented in
Table 6. The HC of the system improves by 96.12%, and
the power factor at PCC reaches 96 lagging. Line losses are
reduced by 66.1% when compared to the system without the
filter and PV system. Additionally, the THD decreases by
68.6% and the TDD by 48.2% when using a passive filter
and a connected PV system, and the power factor increases
by 20.99%. Fig. 12 illustrates the individual harmonic current
and voltage at PCC with the connected PV system and high
passive harmonic filter. The individual harmonic orders in
voltage (5,7, 11, 13, 17, 19) have values of 0.374%, 2.885%,
2.516%,1.462%,0.86%, and 0.663%, respectively. Similarly,
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the individual harmonic orders in current (5, 7, 11, 13, 17,
19) have values of 0.3%, 3.261%, 3.1%, 3.08%, 2.34%, and
2.05%, respectively. It is worth noting that the individual
harmonic current and voltage do not exceed the individual
standard harmonic.

The filter built with the connected solar system is used to
enhance the HC of the PV system in low voltage distribution
systems, decrease the THD of voltage and current, enhance
the power factor of the system, maintain the voltage profile
within limits, decrease the line losses of the system, and
increase the efficiency within the system.

B. REAL-TIME OPAL-RT RESULTS

The studied system setup in OPAL-RT 4510 is shown in
Fig. (13). The results of real power, power factor at PCC,
voltage bus, line losses of the system, and THD in voltage
and current are demonstrated in Fig.14, and Table 7. Fig.14
(a) demonstrated the real energy generated from the solar
arrays at PCC. The real power produced from the PV solar
system remains constant as it is not affected by any dynamic
changes such as temperature, irradiance, and shading sys-
tems. The value of the active power generated is 101.5 kW.
Fig.14 (b) shows the PF of the system at PCC. The PF of
the system improves when using a high passive filter and
reaches 0.974 lagging. Fig.14(c) illustrated the transmission
line losses, when using real-time simulation, the losses of the
transmission line increase by 0.955% compared to MATLAB
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Simulink. Fig.14 (d) explains total harmonic distortion in limit of THD, the system remains fixed all the time as it is
voltage, the THD of the system increases by 10.96% when not affected by any dynamic changes during its operation.
using real-time simulation but does not exceed the standard Fig.14 (e) shows the total demand distortion in line current,
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FIGURE 15. Individual order harmonic voltage in the proposed method
and previous work.
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FIGURE 16. Individual order harmonic current in the proposed method
and previous work.

the TDD of the system increases by 12.34% when using
real-time simulation but does not exceed the standard limit of
TDD, the system remains fixed all the time as it is not affected
by any dynamic changes during its operation, and Fig.14 (f)
demonstrated the line voltage at PCC, The distortion of the
line voltage in the system is expressed by the voltage har-
monic content. The bus voltage has a value of 0.995 pu, which
does not exceed the voltage standard limit.

When comparing the results from MATLAB SIMULINK
and REAL-TIME SIMULATION are shown in table 5 and 6,
it noted that the active power increase, PF of the system
increased, and HC of the system also increased, but the
drawback losses and total harmonic distortion increase. The
real-time simulation is more accurate than the MATLAB
SIMULINK.
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C. COMPARATIVE STUDY

The proposed method is evaluated against different previous
methods, and it is observed that when the same design is
used in the passive harmonic filter or C-type passive filter
as described in [8], the hosting capacity decreases by 3.91%
compared to the proposed method. Furthermore, the power
factor at PCC reduces by 4.35% compared to the proposed
method, and the line losses increase by 1.36%. In addition,
the THD in voltage and current increases by 79.01%, and
the TDD in the system increases by 63.93%. Furthermore,
when comparing the proposed method with a new design of
the passive harmonic filter known as the third-order damped
filter in [11], it is observed that when the same design is
used in the third-damped filter in the system, the HC in
the low voltage distribution utility decreases by 0.9%. The
losses are increased by 0.52%, and the THD and TDD in
the system are increased by 22.8% and 17.1%, respectively.
Additionally, the PF of the system at PCC is reduced by
1.05%. The comparative study between the proposed method
and [8] and [11] is shown in Table 8. Moreover, the individual
order harmonic voltage and current in the proposed method
with comparing the previous work are demonstrated in Fig.15
and 16, respectively. It is observed that the individual order
harmonic voltage and current in the proposed method are less
than those observed in the previous work.

V. CONCLUSION

In this paper, the enhancement of HC in a low voltage
distribution utility of a distorted distribution system with a
connected PV system by using a high passive filter based
on MATLAB SIMULINK and REAL-TIME SIMULATION
(OPAL-RT 4510) has been achieved. The proposed technique
takes into consideration over and under voltage fluctuations
limits at PCC, losses of transmission line, power factor of the
system, capability of the line current, voltage, and current har-
monic content, both individually and in total, of the system.

A new design of the high passive filter enhances the max-
imum HC of the system by 96.12%, Moreover, it reduces the
harmonic of the system in THD by 4.13% and TDD by 6.32%.
in addition. It enhances the voltage bus by 0.98 pu. Also, it is
accompanied by an improvement in the power factor to reach
0.96 and reduces the losses by 31.3%.

The comparative study between the proposed filter and
the previous filters was conducted by evaluating their effec-
tiveness in reducing voltage total harmonic distortion, min-
imizing transmission losses, and maximizing power factor.
The suggested filter design methodology achieves a higher
hosting capacity. Additionally, when dealing with high-power
applications and significant levels of harmonic distortion,
passive filters can be designed to achieve the goal of maximiz-
ing the hosting capacity as their primary objective function.

The result in real-time simulation is actual results com-
pared with MATLAB Simulink, hence the results of the
real-time simulation are more accurate.
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