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Abstract: Photovoltaic (PV) system installation has encouraged to be further expedited to minimize
climate change and thus, rooftop solar PV systems have been sparkled in every corner of the world.
However, due to technological constraints linked to voltage and currents, the PV hosting capacity has
been substantially constrained. Therefore, this paper proposes a competent approach to maximize
PV hosting capacity in a low voltage distribution network based on voltage control and dynamic line
rating of the cables. Coordinated voltage control is applied with an on-load tap changing transformer,
and reactive power compensation and active power curtailment of PV inverters. A case study with
probabilistic and deterministic assessments is carried out on a real Sri Lankan network to show how
the PV hosting capacity is constrained. The findings revealed the capability of integrated voltage
control schemes and dynamic line rating in maximizing hosting capacity. The study is expanded by
incorporating the PV rephasing approach in conjunction with the aforementioned control techniques,
E:e(:lcgtfé)sr and the effectiveness of PV-rephasing is clearly demonstrated. When compared to voltage control

and conductor static rating, the combined rephasing, voltage control, and DLR yielded a 60% increase
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1. Introduction
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The imprudent dependence on fossil fuels in the worldwide economy is increasingly

Received: 29 October 2021 threatened by a variety of causes, predominantly by climate change and the security of
Accepted: 22 December 2021 supply [1]. The globe’s oil and gas reserves are expected to be exhausted by the mid-21st
Published: 25 December 2021 century, trailed by coal reserves [2]. As a result, scientific and public alarms about this

Publisher’s Note: MDPIstays neutral ~ VOTacious use of fossil fuels have intensified and have been also fueled by discussions
with regard to jurisdictional claims in ~about remedies. It was identified that transitioning from fossil fuels to renewables is critical
published maps and institutional affil-  if the world is addressing the aforementioned causes reaching the goals agreed in Paris.
iations. For instance, a new climate and energy framework has been initiated by the European
Union targeting a minimum of 32% energy contribution by renewables by 2030 [3].
As a low carbon technology, solar photovoltaic (PV) installations have been domi-
A nated the renewables industry in all the continents among all renewable technologies [4].
Copyright: © 2021 by the authors.  According to the Renewables Global Status Report (REN21) [5], the cumulative installed
Licensee MDPI, Basel, Switzerland.  capacity of solar PV has reached 627 GW in 2019 as a consequence of relaxed policies and
This article is an open access article  oyernment incentives on solar PVs. Further to that, due to space constraints and the
liberalization of electrical systems by opening access to distribution networks, rooftop solar
PV has experienced spectacular development in recent years. In Australia, 21.6% of all the
residential rooftops are covered with solar PV systems, whereas Queensland and South
Australia have more than 30% of residents with rooftop PVs [6].
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Nonetheless, the highly unpredictable nature of solar PV generation and the abrupt
and stochastic changes in the load levels could cause voltage swings due to the high R/X
ratio of the distribution networks, and unexpectedly, operating envelope violations in
voltage could occur [7,8]. As a result, the PV hosting capacity (PVHC) of a distribution
network would be constrained [9,10]. The most significant and pervasive problem con-
cerning voltage envelope is the voltage rise at the end and middle portions of the feeder
owing to reverse power flow at high penetration levels. Moreover, the size, location, and
amount of PVs in a low voltage network (LVDN) are all unpredictable variables that are
determined by the customers’ choices. Thus, adopting a large number of PVs in an LVDN
is considerably challenging.

The use of voltage regulators (i.e., on-load tap changers (OLTCs) and switching
capacitors) to decrease substation voltage is a primary technique for resolving voltage
issues and increasing PVHC. In [11], the maximum PVHC is determined with and without
OLTC tapping options, and the comparison is presented showing the maximization of
the PVHC with the OLTC employment. To increase PVHC, the coordinated regulation of
OLTC and Var resources has been proposed in [12], taking into account the role of electric
cars and battery energy storage systems. The preceding traditional voltage regulators
cannot adequately address these voltage problems due to their sluggish control response
operation (hourly) which is intentionally defined by their lifetime [13,14]. Moreover, under
these circumstances, power electronic converter (PEC) interfaced solar PV systems, which
could offer quick and smooth reactive power assistance, become a sustainable option for
distribution networks to deal with real-time breeches/fluctuations of the voltage envelope
on a short time horizon (i.e., min-min) [15].

With these advances in power distribution systems, PV inverters (i.e., PEC of the PV
systems) are being urged to actively engage in voltage regulation at the point of common
coupling (PCC) by enabling reactive power compensation (RPC) as per the IEEE 1547.8
standard [16] and, Electric Power Research Institute [17] also brings protocols for PV
inverter-based RPC. This method could be portrayed as a low-cost option owing to the
usage of existing assets (i.e., the PV inverter). Most existing RPC methods are the fixed
power factor control, power factor control as a function of injected active power (cos¢(P)),
and voltage-dependent reactive power control (Q(U)—also known as Volt/Var control) [18].
The PV inverters are operated at fixed, non-unity power factors in fixed power factor
control, whereas in cos@(P) and Volt/ Var controls, the droop settings of PV inverters are
adjusted to regulate the grid voltage. The authors of [18] have utilized the fixed power
factor approach and the cos(P) method to investigate the possibility of voltage control in
a distribution network with a large PVHC. In [6,19], a two-level Volt/Var control approach
has been employed to absorb and inject reactive power into the distribution system. It
reduces the large fluctuation in network voltage and thereby retains within its envelope.
As a result, the network may be able to support a significant PVHC. In [20], the Volt/Var
control has been utilized to enhance the solar PVHC of the distribution network by reducing
the overvoltage problems. In [21], the overvoltage issues of an LVDN have been mitigated
by using the Volt/Var control of PV inverters and have compared the different sets of
Volt/Var set points. The authors in [22] have proposed a technique for optimizing the
PVHC of a distribution network by determining the optimal scale, dispatch, and control
settings for both PVs and battery systems’ Volt/ Var functions through smart inverters. An
optimization-based framework has been presented in [23] to evaluate the PVHC while
considering the voltage control capabilities via active and reactive power control as well as
OLTC transformers. The impact of different autonomous voltage control approaches, such
as PV-based local control measures (i.e., Volt/Var and Volt/Watt), as well as modifying
the transformer’s OLTC, on PVHC in radial distribution systems were studied in [23]
using 128 node UK LVDN. Moreover, the PV inverters could manage the active power
and perform the active power curtailment (APC) approaches to alleviate the overvoltage
issues. A real-world APC and Volt/Var control approach has been implemented and
demonstrated in [24] in compliance with the standards proposed by the Smart Inverter
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Working Group. The fairness-based APC methods have been explored in [25,26] with the
objective of increasing total PVHC since the location-dependent penalization of active
power might often be unfair and overly prohibitive to many households.

Though the voltage could be kept in its envelope, there are other things to consider
with PVHC. According to the literature, the thermal limit (ampacity) of cables is the
second leading major bottleneck after voltage infringement for the maximum PVHC.
Furthermore, it was discovered that the cable overloading restriction is more stringent
than the transformer overloading limit in an LVDN [27]. In [28], a risk-based study is
performed to estimate the PVHC of 50,000 distinct LVDNSs in the southeast of Brazil while
taking voltage limitations, conductor thermal limits, and a few other limiting variables
into account. The study in [29] has investigated the thermal limitations of the cables and
identified them as a barrier in expanding the PVHC of a Finnish LVDN. Reference [30] has
focused on the PVHC of the future LVDNSs in relation to the violations in the thermal limit
of the cables and proposed to increase the cable sizes as a countermeasure to improve the
PVHC of the network. The authors in [31] identified thermal overloading in transformers
and cables to be the primary limiting constraint for PVHC in an urban LVDN in New
Orleans, emphasizing the 105% as cable overloading. The PVHC investigation studied
in [32] has defined the current ampacity of the cable of an urban LVDN as 85% of the line
rating which inhibits the system’s maximum PVHC. In addition to the thermal limit, the
feeder currents are restricted by protective devices, which reduces the maximum PVHC
that an LVDN can bear [33].

Even if we can regulate the voltage at the point of common coupling (PCC) and
thereby the whole LVDN, thermal limit—here in it is introduced as static line rating (SLR)-
violations in the cables cannot be eliminated. On the contrary, SLR is conservative and
result in substantial under-utilization in the real transfer capacity of the cable. The afore-
mentioned underutilization exacerbates LVDN congestion and restricts PVHC, resulting
in a curtailment of PV power output during peak irradiation hours. Unless the LVDN
must be reinforced by a larger cable size to increase the PVHC without curtailments, which
necessitates a significant expenditure. Thus, to precisely assess the PVHC, the effective
dynamic line parameters must be determined. Accordingly, a dynamic line rating (DLR)
has been proposed by scholars in which the ampacity of a distribution cable is dynamically
determined based on real-time meteorological conditions (i.e., wind speed, ambient temper-
ature, and solar radiation). DLR has been proven in the literature to alleviate line congestion
in LVDNSs [34], improve power system reliability [35], and offer economic benefits [36].
In [37], the findings of the research have revealed that DLR can enhance the ampacity of
overhead lines around 96% of the time in particular circumstances. The authors in [38] have
demonstrated that DLR can assist to minimize the demand for new transmission lines by
testing DLR in a stochastic planning expansion study. Reference [39] has demonstrated the
capacity benefits of dynamic ratings in distribution networks for wind power expansions
and the results have depicted an increment of wind power resources by 1.2 times through
the same. The distribution network project applying the DLR in [40] has been presented
that the implementation of real-time thermal ratings could facilitate the integration of more
wind energy sources into the network.

Further to the above, to minimize voltage and ampacity congestions in distribution
networks, the phases in the system should be balanced while they are affecting the system.
Some phase balancing methods, such as load re-sequencing and load re-phasing, have
previously been developed and published [41-44]. However, they need a significant initial
investment in execution and impair customer service reliability. Furthermore, there is the
possibility of device damage during the rephasing process. As a result, it is straightforward
to rephase PV systems with fewer switching parts to alleviate voltage and ampacity conges-
tion in the distribution network. In [45], the PV-rephasing method has been implemented
to reduce unbalance in the network during peak irradiance time.

To the best of the authors” knowledge, much research on DLR has been focused mostly
on lodging wind power resources rather than providing accommodation for solar PVs,
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which is more comprehensive and not practical in LVDNs. Moreover, as discussed in the
preceding literature, the voltage control has been adopted in many studies to maximize
PVHC; however, the DLR has been unconcerned and thus the PVHC has been capped at a
particular level by the SLR. Similarly, voltage control has not been considered in the studies
that demonstrate the utilization of the cables’ real-time current capacity on PVHC. Hence,
it is of great importance to take into account both concepts as the integrated studies of the
use of voltage control techniques with DLR to increase PVHC are limited.

Therefore, this paper fills the above-mentioned gap by demonstrating how an inte-
grated approach of DLR of the cables and voltage control of the PV inverters could enhance
PVHC. The RPC and APC have been employed in smart PV inverters to control the voltages
within their allowed envelope. In addition, a rephasing arrangement is also integrated to
stretch the limits of the PVHC along with DLR and voltage control as this technique has
not been involved in studies related to maximization of PVHC.

To summarize, the main contributions of this study are three-fold:

1.  Instead of employing the usual practice of voltage control of PV inverters, an inte-
grated approach of DLR and voltage control has been introduced to enhance PVHC.

e To that end, a simulation model for obtaining PVHC with varied PV generation,
voltage control, and DLR on a real PV-rich distribution network is outlined, to-
gether with real system characteristics and real-time weather data. Furthermore,
the obtained PVHCs under indicated enhancing strategies were compared.

2. The suggested approach is utilized together with rephasing PV connections to extend
the PVHC in LVDN.

e  To the best of the author’s knowledge, PV re-phasing has never been utilized to
improve PVHC and has never been involved in conjunction with voltage control
and DLR.

3. The energy capture with various PVHC boosting approaches is produced to illustrate
the economic benefit of the integration of voltage control, DLR, and rephasing.

2. Methodology
2.1. Probabilistic Assessment of Voltages and Currents to Enhance PVHC

Owing to the variability and uncertainty of the capacity and the connecting location
of PV panels, a probabilistic method based on Monte Carlo simulation was utilized in
this study to examine the nodal voltages and branch currents of the LVDN. The location
(i.e., the connecting node) and the phase of a particular household / (€ H) are indicated
by nj, (¢ N)and @), (¢ @ = {A,B,C}), respectively. All LVDN-connected households are
single-phase, which is the most prevalent type of household in urban areas. P,? and QE
denotes the active and reactive power demand of each household which was preset by a
power factor. P,f presents the generated power by the households with PV installations
(i.e., h € G C H). The maximum power that could be generated from a given household

depends on the maximum available power at the moment (Phé ) and the inverter capacity

(CPV). If there is no active power curtailment, then P{’ is equal to PC.

In the Monte Carlo simulation, the PV capacities, and also the associated nodes and
phases to where and which the PV installations are coupled were produced at random,
and a large number of PV deployment scenarios were formed by varying the random
factors stated above. The total PV capacity attached to the LVDN was kept constant in all
deployment scenarios. After each snapshot power flow simulation, all nodal voltages and
branch currents for each network model with a specific scenario were retrieved and saved
for further analysis. This procedure was repeated by varying the total PV capacity attached
to the network and was assessed the voltage and ampacity limit breaches.

2.2. RPC and APC of PV Inverters

The PV inverters’ voltage control method has a significant impact on the LVDN'’s
PVHC. These methods are designed to actively limit the breaches in the voltage envelope
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at the PCC by controlling the PV inverters’ active and reactive powers based on the local
voltage measurement. The range of active and reactive power generation of the hth PV
system could express as follows:

(B5) "+ (Q5) = (cv)’ <1>

2 2
where, (Pft) and (ijt) represent the square of the generated active power and gener-

ated or absorbed reactive power of the PV installation at the hth household on tth time.
CPV is the inverter capacity of the PV installation at the hith household. Nonetheless, the

th, which is the reactive power output at a given moment depends on Pg as follows.
th = PE x tan(acos(PFy,)) ()

where PF;, is the pre-defined power factor of the PV system at ith household. When in RPC
mode, the PV inverter injects or absorbs reactive power if the PCC voltage varies below or
beyond specified thresholds, as shown in Figure 1 (red curve). It could be mathematically
presented by a piecewise linear function as in (3).

G Vi q
+Qh,max ’ Vi,t < VO
ViV \ hG R RT RTY
<V1’7_Vlg Qh,max ’VO < Vi,t < Vl
G _ g\ _ Vsl & 9
Qi =f(vi) =1 o0 V<V <V )
(B )ae v <ve < v
vi_yi hmax 7 72 it 3
372
—_0G R Val %] q
Qh,max 4 V3 < Vi,t < V4

where, Q}?mm = min(Qf 1 Qg) and the + and — sign convention denotes the absorption
and the injection.

RPC,, 1 A APC,

max
+P

it

max
Q€

Figure 1. Reactive power compensation (RPC—Volt/Var—red) and Active power curtailment (APC—
Volt/Watt—blue) schemes.

Similarly, in the APC mode, the active power is curtailed if the PCC voltage varies
below or beyond the specified threshold, as shown in Figure 1 (blue curve). The piecewise
linear function for APC is given as follows.

G .79 P
Ph,t ’Vi,t <V
G _ > . VP_‘/iZ _
=)= (W )ms v <vg<vr @

0 VP <va < VP
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2.3. Parallel Operation of PV Inverters and OLTC

It is assumed that the RPC and APC modes of the inverters have fixed voltage setpoints.
In case if the above modes are unable to keep the nodal voltages within the envelope, the
OLTC operates and triggers its positions to regulate the voltages of the LVDN. This control
approach decreases the OLTC’s wear and tear by giving precedence to the PV inverters to
regulate the voltage.

2.4. Time Series Evaluation (Deterministic Assessment) of DLR and VC Methods to Enhance
PVHC and Energy Capture

To give real-time ratings to LVDN lines, it is crucial to analyze the physical properties
and characteristics that constitute these ratings. The maximum current that a conductor
could handle is determined by the maximum allowable conductor temperature, above
which the conductor may experience excessive sag or annealing in the long run. Different
standards have been published on this and “IEEE 738" [46] is used in this study since it
is one of the prominent technical standards on the same that uses the worst-case weather
conditions; 80 °C as the maximum allowable conductor temperature, 0.6 ms~! as the wind
speed, and 30 °C as the ambient temperature.

Static line rating (SLR) is the current rating obtained under specified environmental
conditions at the highest allowable conductor temperature. The thermal state of an over-
head conductor can be determined by considering the conductor’s heat absorption and
heat loss (i.e., heat balance). Different heating and cooling effects, as indicated in Figure 2,
affect conductor heat balance depending on meteorological conditions.

Solar heat gain Convective heat loss

Joule heat ga

Figure 2. Heat balance of an overhead conductor.

Radiative heat loss

The steady-state heat balance equation (HBE) in the IEEE 738 standard is given by,

Gr +qc =qs +q ®)
where, g, and g, are the radiative and convective heat losses while g5 and g; are the solar
heat gain and the joule heating. This HBE could be further elaborated as,

gr +qc = qs + IRy Te (6)

where I, Ry, and T, are the current flowing through the conductor, a function of conductor
temperature and conductor temperature. The R, could be calculated according to (7).

Roe = Rchac[l + ‘XO(TC - TO)] (7)
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where, Ry, Ky, 0o, T, and Tj are the dc resistance at the reference temperature, the ratio
between the ac and dc resistance, temperature coefficient of the resistance, conductor
temperature, and initial temperature respectively. The solar heat gain is calculated using (8)
and the conductive heat loss is calculated as Equations (9)—(11).

gs = asD(Sp + Sy4) 8
ge = hnD(T, — T,) )
A0.64Re%2 + 0.2Re%61
= D [ K (10)
w
Re=D| — (11)
(Vf>

The a5, D, Sp, and S; are the solar absorption, conductor diameter, beamed, and
diffused solar radiations. Further, A, T;, Ky,4, w, and Vy are the thermal conductivity of
ambient air, ambient temperature, wind direction, wind speed, and kinematic viscosity
of air.

g, = centD [(TC +273)* — (T, + 273)4} (12)

where ¢ and ¢ are the Stephan Boltzmann constant and the emissivity. By rearranging the
terms in the steady-state HBE in (5), the DLR of the overhead line is determined as in (13).

1
DLR(Imting) = \/Ruchax(qr + qc — Qs) (13)

The maximum allowable current of a conductor at real-time weather conditions which
is called the DLR is determined at the maximum conductor temperature (Tx). According
to the standards, T4y is 75-80 °C and is determined by the operator.

3. Case Study
3.1. Test Cases and Scenarios

In this study, two test cases were investigated. Initially, a probabilistic technique was
used to evaluate the influence of the stochastic effect of PV installations on voltage and
ampacity, which directly affect PVHC. In this method, the PV installations are assigned
using the Monte Carlo technique. The size, placement, and number of PVs in LVDN are
all unpredictable variables decided by the customers’ choices and not under the network
operator’s control. As a result, future PV installations are fraught with uncertainty. A Monte
Carlo simulation takes into account a wide variety of possibilities and aids in the reduction
of uncertainty. Therefore, from the perspective of PVHC, it provides flexibility in assessing
future PV scenarios in LVDNs with high PVHCs. When compared to other approaches for
random allocation, the Monte Carlo method exhibits uniform randomness. It is extremely
adaptable, allowing to adjust risk assumptions across all parameters and so model a wide
range of possible outcomes. Further to that, this method is simple, intuitive, and is quite
easy to understand.

Following that, the deterministic approach was used (i.e., PVs were installed at known
locations) to investigate the capabilities of the aforementioned voltage control methods, as
well as the feasibility of using the DLR in overhead power lines and rephasing to increase
the ampacity.

Accordingly, the test cases were mainly divided as (a) Probabilistic impact assessment
and (b) Deterministic impact assessment. They are further subdivided as in Table 1.
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Table 1. Test cases studied.

(A) Probabilistic Assessment (B) Deterministic Assessment
(A.1) 1 150 kW—with/without VC 2 (B.1) 3 150 kW—OLTC + RPC
(A.2) 175 kW—with /without VC (B.2) 200 kW—OLTC + RPC
(A.3) 200 kW—with /without VC (B.3) 220 kW—OLTC + RPC

vC 2—Voltage control (B.4) 220 kW—OLTC + APC

(B.5) 240 kW—OLTC + RPC + Re-Phase

1 A.1—Scenario 1 in probabilistic assessment, 2 VC—voltage control, > B.1—Scenario 1 in deterministic assessment.

In the probabilistic impact assessment, all households (Vi € G € H) are permitted to
connect a PV system to the grid, which varies in a specified inverter capacity range. The PV
sites are known in advance (G € H) in the deterministic method, and the total size of the
PV systems integrated into the LVDN varies according to the scenario.

3.2. Test Network

The simulations employed a part of the urban LV distribution network topology (Lotus
Grove) in Sri Lanka. Sri Lanka is a tropical nation with consistent irradiance throughout the
year with the sun beating down directly over the country in March and April. Residents
have been encouraged to install a PV system in their homes owing to incentives and relaxed
policies on roof-top solar PV. Currently, the installation process has been hampered with
the technical constraints, thus providing an ideal platform to study alternative ways of
enhancing PVHC. Even though a network from Sri Lanka is used for this case study, the
methodology and findings can be universally adopted. This Lotus Grove network was only
used as a case study to demonstrate the concepts outlined in this study. As this is not a
proper design, the exact geographic data was ignored.

The LVDN consists of a single OLTC transformer and 25 nodes, as illustrated in
Figure 3. The given distribution system’s root node was symbolized by a “Pink Square—
1st node” and was linked to the secondary side of the MV /LV Transformer with a rated
capacity of 250 kVA and a voltage rating of 11/0.415 kV. The primary side of the transformer
was retained at a constant voltage (1 p.u.). The thick, solid black lines in Figure 3 depict
three-phase overhead lines wired by 35 mm? ariel bundled cables (ABC), which deliver
electricity to single-phase households and the purple colored line depicts a 70 mm? ABC
cable that ends by merging into two 35 mm? ABC laterals. There are 40 households (H)
connected to this distribution system and the households associated with each phase are
portrayed by red (Phase A), yellow (Phase B), and blue (Phase C) color circles. The reactive
power consumption by the households was limited by a preset fixed power factor of 0.9.

@ Customers connected to @1
O Customers connected to ®2

© Customers connected to @3
11/0.415 kV
—— TomnABC 1 TF(OLTC)
— 35mm” ABC

Figure 3. Single line diagram of the low voltage distribution network (Lotus Grove, Sri Lanka) used
for the simulations.
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4. Simulation Results and Discussions

In this section, a detailed comparison of the proposed impact assessment method-
ologies which are based on probabilistic and deterministic considerations are provided
with an emphasis on the voltage and the ampacity of the distribution system. An RPC
scheme that ensures 100% injection/absorption of available reactive power below /beyond
the voltage statutory limits of LVDNs in Sri Lanka (i.e., 0.94 p.u., 1.06 p.u.) was used.
The APC scheme curtails all the available active power when the voltage reaches 1.06 p.u.
These points were chosen concerning the voltage statutory limits for LVDNs provided by
the electric utility of Sri Lanka to guarantee that the voltage at the point of connection is
within the regulatory limitations. Peak irradiance and peak load are taken into account for
the snapshot simulations in probabilistic assessment, while the assessment period in the
deterministic method corresponds to 6 h and 18 h on a weekday, as it necessitates voltage
control and changes in DLR. The simulation time step for deterministic assessment is set to
15 min and the power flow simulations are performed using OpenDSS (Open Distribution
Simulation System).

4.1. (a)—Probabilistic Assessment of Voltages and Currents

The capacity of each PV system was varied randomly between 3 and 8 kW, and they
were uniformly dispersed in the distribution system while randomly picking the phase
to which they are connected. During this assessment, the total capacities of all the PV
systems connected to the network were maintained at a constant level. Moreover, the
power demands in all the households and the PV capacity were kept constant at their peaks
to evaluate the detrimental impacts in each scenario. For each defined total cumulative
PV capacity, hundred Monte Carlo simulations were performed, and the nodal voltages
and branch currents were extracted. Thereafter, the violations in the voltage statutory limit
and the cable ampacities were computed in each simulation. Figures 4 and 5 illustrate
the variation of nodal voltages and branch currents for 100 Monte Carlo simulations with
different random PV deployment scenarios, (a) with and (b) without voltage control at a
200 kW of total installed PV capacity.

== Upper voltage limit

Lower voltage limit

—:= Lower voltage limit

T —
b
2 8

== Upper voltage limit ’]W

iﬁ%%%é%!i

o ©
© © 0o o o 0 o

R

é%%%%ﬁ

9 0 o

ol vl
-

2

Voltage - Phase A (p.u.)
~qloo il
s
o
a—E—
R

1 3 04 5 6 7 B 9 10 1 12 13 14 15 16 17 18 19 20 21 2 23 24 25

1 2 3 4 5 6 7 8 9 10 1l 12 13 14 15 16 17 18 19 20 21 22 23 24 2

Node no Node no

-- Upper voltage limit

Lower voltage limit

-]

o 0 © 106

104

---- Upper voltage limit
—-— Lower voltage limit
g 102

-e?%%#%%#%

Voltage - Phase B (p.u.)

EREER

ML T

G5 5 o ° %
094
1

a4 oo
o
o
000,
005
000!
000,
000
000
565,
000l

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2 23 24 2

7 08B 9 10 11 12 13 M4 15 16 17 18 19 20 2 2 B 4 5
Node no Node no

-- Upper voltage limit

Lower voltage limit

-- Upper voltage limit
—-— Lower voltage limit

& 0

i%%%%i“

1 14
':g“ﬁ gé T'

Voltage - Phase C (p.u.)

o w0 o o0 © ¢ 9

12 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 2 23 4 X 1 2 3 4 5 6 7 B 9 0 11 12 13 4 15 16 17 18 19 20 21 2 23 24 235

Node no Node no

(@) (b)

Figure 4. Variation of nodal voltages of the LVDN for (a) without VC and (b) with VC conditions for
100 Monte Carlo simulations—200 kW.
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Figure 5. Variation of branch currents of the LVDN for (a) without VC and (b) with VC conditions for
100 Monte Carlo simulations—200 kW.

Each graph utilized three distinct colors to depict the three phases, and the regulatory
limits are marked in red with unique line styles. In the absence of voltage regulation, all
three-phase voltages exceed the upper voltage limit, with maximums at feeder ends of
approximately 1.1 p.u. In terms of branch currents, the breaches emerged at the feeder
beginning as a result of excess energy being transferred to the transformer. It was apparent
that the application of voltage control resulted in a decrease in nodal voltages and an
increase in ampacity violations (i.e., increased number of scatter points above the ampacity
limits). The number of violations was counted and shown in Figure 6 after performing
identical simulations for 150 kW, 175 kW, and 200 kW total installed PV capacities.

As demonstrated in Table 1, in the first test scenario (A.1) under probabilistic assess-
ment, the overall PV capacity was adjusted to 150 kW, and voltage limit breaches were
recorded in all three phases. The number of ampacity violations in 70 mm? cable is higher
than in 35 mm? cable since it is the most upstream cable section that delivers power to
the two 35 mm? laterals. However, owing to the increased PV capacity in the network
in the other two cases, which was 175 kW (A.2) and 200 kW (A.3), a greater number of
violations were noticed and illustrated the same trend. It is clearly shown in the subplots
under violations (“without VC”) in Figure 6.

Following that, the RPC method according to the aforementioned voltage statutory
limits was used for all Monte Carlo simulations, and the number of voltage violations was
evaluated. As shown in the subplots under violations (“with VC”) in Figure 6, the method
was shown to be capable of removing breaches in all three scenarios; (A.1), (A.2), and (A.3).
However, controlling the voltage at PCCs above 200 kW is challenging. Furthermore, as
shown in Figure 6, there is an increased incidence of breaches in ampacity with voltage
control. As a result, it is possible to conclude that the violations in ampacity continue to
impede PVHC, despite the ability to eliminate the influence of voltage violations.
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Figure 6. Number of voltage and ampacity (i.e., SLR) violations occurred for (A.1)—150 kW,
(A.2)—175 kW, and (A.3)—200 kW total installed capacities.

4.2. (b)—Deterministic Assessment of Voltages and Currents

Deterministic techniques use a model with known and fixed input data to assess the
influence of solar PV on a particular LVDN. The said LVDN, household power demand, and
variation of the weather (i.e., solar irradiance and wind speed) employ known single input
values to produce single output values. Furthermore, for a given installed PV capacity,
the size, location, and property of every individual solar PV system are expected to be
known. Figure 7 depicts the used irradiance, temperature, wind speed, and load demand
variations during the assessment period, and these data were used to calculate the DLR
using (13). It was assumed that all of the PV panels on the rooftops in the LVDN are
perpendicular to the incidence irradiance of the sun, where the PV panels get the peak
irradiance. Moreover, all the meteorological and electrical data are related to a weekday
when the load demand of the residences is significantly lower during peak irradiance time
in typical resident LVDNSs. As a result, voltage and thermal control are required to restore
the LVDN to normal operation.
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Figure 7. Variation of the irradiance, temperature, wind speed, and the load demand during the
assessment period.
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Line Rating (A)

260

Figure 8 depicts the computed DLR for the specified simulation time (6 h to 18 h) for
35 mm? ABC cable based on the weather circumstances according to the data in [47] which
are shown in Figure 7. It should be mentioned that the DLR limit in this research is set at
75% of the computed DLR of 35 mm? ABC cable.
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Figure 8. Line ratings of 35 mm? ABC cable.

As stated in the methodology section, the variation of the PV sizes at known locations
and the corresponding phases are given in Figure 9. The subplots indicate the PV sizes and
phases for total capacities of (a) 150 kW, (b) 200 kW, (c) 220 kW, and (d) 240 kW, respectively,
while the last subplot depicts the altered PV phases (re-phased) with a black color ring
around the phase representation dot.

The simulations were performed using the provided irradiance, temperature, wind
speed, load demand, electrical and topological LVDN data, and the PV data. The extracted
variations in voltage and branch current in the LVDN under five different scenarios are
illustrated in Figures 10 and 11, respectively. The red colored dashed line and dashed-
dotted line in the voltage profiles in Figure 10 reflect the upper and lower voltage statutory
limitations, respectively. All of the nodal voltages in the LVDN are indicated by all of
the subplots and the maximum and minimum voltages. When (B.1)—150 kW, (B.2)—
200 kW, and (B.3)—220 kW total PV capacity is connected, the coordinated OLTC and RPC
approaches are used to regulate the nodal voltages of the three phases in the LVDN within
the specified limits as shown in Figure 10. It was evident that as the PV capacity increased,
the nodal voltages approached the upper voltage limit.
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Figure 9. Variation of the PV sizes and the connected phases in different total PV capacities.

(a) 150 kW, (b) 200 kW, (c) 220 kW, and (d) 240 kW.
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Figure 10. Time-series variation of nodal voltages under different scenarios during PV generation.
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Figure 11. Time series variation of branch currents under different scenarios during PV generation.

Figure 11 depicts the variations in branch currents that correspond to the previously
described test scenarios under test case B in Table 1. In subplots in Figure 11, the blue
dashed line indicates the SLR, whereas the orange dashed-dotted line represents 75% of
the calculated DLR. Further to that, the maximum values in currents are shown in black
solid lines.
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As shown in Figure 11, in (B.1) test scenario, there are no SLR violations with a total
PV capacity of 150 kW with voltage control through OLTC and RPC. The branch current
surpasses the SLR of 138A for 35 mm? in two of three phases (i.e., phases B and C) under the
(B.2) test scenario, which connects 200 kW PV capacity to the network with OLTC + RPC
and approaches 75% of the calculated DLR at peak irradiance. The SLR breeches in Figure 11
are shown by a yellow rectangle, the location of which corresponds to the violation time.
The branch currents, however, violate the DLR with a PV capacity of 220 kW (B.3) in phase
C, as indicated by a red rectangle. From the results obtained under these three test cases, it
could suggest that SLR has a significant influence on PVHC early on, and then dynamic
line rating inhibits PVHC even when the voltages are at their needed levels.

The APC is one of the methods to increase the PVHC of the network when a line
rating violation occurs, which is a simple yet effective approach to alleviate technical
difficulties with voltage and ampacity. However, from the standpoint of prosumers with
PV installations, this is not a desirable technique because it lowers revenues from PV power
production. The voltage profiles in (B.4) with a total capacity of 220 kW indicate a decrease
owing to APC, and the ampacity violations that occurred with RPC have been removed
by two phases, but with only one phase exhibiting SLR violations. Despite the fact that
it provides headroom for raising PVHC by way of branch currents till DLR in this case,
the voltage acts as a deterrent by reaching the upper limit in one phase. Nonetheless,
the re-phasing, as well as the voltage control using OLTC and RPC methods used in the
test case (B.5), appeared to have the greatest influence on PVHC because of the balanced
PV installation in all phases. Figure 9d depicts the re-phased PV installations in black
circles, with a total installed PV capacity of 240 kW. In that case (B.5), all of the voltage
profiles in Figure 10 are lower than the upper voltage limit, and the branch currents in
Figure 11 exceeded the SLR, but not the DLR. This illustration suggests that re-phasing,
in conjunction with voltage control through OLTC and RPC techniques, has the capacity
to enhance PVHC in an LVDN without causing any technical glitches with voltages and
currents. The increments of PVHC compared to the only voltage control are listed in Table 2.

Table 2. Summary of the case study.

C Total PV Voltage SLR DLR PVHC
ase Capacity (kW) Limit Violations Violations/Phase Violations/Phase Increment (%)
(B.1) OLTC + RPC 150 No No No Base case
(B.2) OLTC + RPC 200 No Yes/B, C No 33.33
(B.3) OLTC + RPC 220 No Yes/B Yes/C 46.67
(B.4) OLTC + APC 220 No Yes/C No 46.67
(B.5) OLTC + RPC 240 No Yes/A, B,C No 60.00

+ Re-Phase

As an extension of this simulation study, the energy under various metrics is measured
throughout the course of a complete day under each test case described by the deterministic
approach to show the efficacy of the proposed approach. Those metrics are solar generation,
load demand, grid-import, grid-export, and network loss, and they are presented in
Figure 12.

The total energy required by the load throughout the day is consistent in all the test
scenarios, and as well as the grid import, which occurs during sundown. Nonetheless,
the solar PV energy varies with the PVHC, except in (B.4) scenario (i.e., 220 kW with
OLTC + APC) where APC and voltage control are employed. It generates significantly
less energy than the (B.3) scenario (i.e., 220 kW with OLTC + RPC) which utilized the
same PVHC. The maximum solar energy was produced with a higher PVHC, which was
reported in (B.5) scenario with rephasing. During solar energy generation, reverse power
flow occurs, and therefore grid-exported energy changes with the PVHC. Furthermore, the
network energy loss exhibits a similar pattern to solar energy, which decreases with APC
employment, showing a clear relationship between active power and network energy loss.
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Figure 12. Energy capture per day under different scenarios during PV generation.

5. Conclusions

Traditionally, PVHC has been constrained primarily by voltage limitations, and solu-
tions have been explored using OLTC, RPC, and APC, while thermal breaches in LVDN
cables have gone unnoticed. Despite the fact that it takes into account thermal constraints,
utility caps PVHC at the SLR of the cable resulting in an underestimate of PV accom-
modation. However, the thermal limit’s behavior has been influenced by meteorological
conditions, and as a result, the notion of the DLR has been proposed. This paper analyzes
the integrated usage of voltage control and DLR in an LVDN to maximize the PVHC by com-
prehensively considering the technical limitations and the meteorological factors. Based on
the real electrical, topological, and meteorological data, a case study was conducted, and
the conclusions are as follows.

e Voltage and SLR violations in LVDNs were induced by the unpredictability of PV
connections and the intermittent nature of sunlight, and they were examined using a
probabilistic methodology based on the Monte Carlo approach. It has been revealed
that with greater PVHCs, the percentage of infractions increases, and mitigation of the
aforementioned issues becomes more challenging.

e Interms of meteorological characteristics, the DRL raises the current carrying capac-
ity of a cable over SLR at certain time instants and eliminates the risk of thermal
congestion, hence indirectly giving investment advantages.

e The given simulation model could be used to examine both voltage and current in
order to raise PVHC, and the various methodologies utilized in the deterministic study
(i.e., OLTC, RPC, APC, and re-phasing) indicate their ability to improve PVHC.

e  The usage of OLTC, RPC, and re-phasing with the DRL has successfully expanded the
scope to enhance PVHC in an LVDN and according to the case study, it depicted a 60%
increase in PVHC compared to the case with only voltage control.

e  The energy captured in a PV system could be maximized by rephasing with the OLTC
and RPC, providing households with extra-economic benefits.

e  The proposed integrated voltage control and DLR technique postponed grid reinforce-
ment and permitted a large PVHC.
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Nomenclature

ABC Ariel Bundle Cable

APC Active Power Curtailment

DLR Dynamic Line Rating

HBE Heat Balance Equation

LV Low Voltage

LVDN Low Voltage Distribution Network
MV Medium Voltage

OLTC  On-Load Tap Changer

PCC Point of Common Coupling

PEC Power Electronic Converter
PV Photovoltaic

PVHC Photovoltaic Hosting Capacity
RPC Reactive Power Compensation

SLR Static Line Rating
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