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Abstract: A record amount of renewable energy has been added to global electricity generation in
recent years. Among the renewable energy sources, solar photovoltaic (PV) is the most popular
energy source integrated into low voltage distribution networks. However, the voltage limits and
current-carrying capacity of the conductors become a barrier to maximizing the PV-hosting capacity
in low voltage distribution networks. This paper presents an optimization approach to maximize the
PV-hosting capacity in order to fully utilize the existing low voltage distribution network assets. To
achieve the maximum PV-hosting capacity of the network, a novel method based on the dynamic line
rating of the low voltage distribution network, the coordinated operation of voltage control methods
and the PV re-phasing technique was introduced and validated using a case study. The results show
that the proposed methodology can enhance the PV-hosting capacity by 53.5% when compared to
existing practices.

Keywords: PV-hosting capacity; dynamic line rating; reactive power compensation; PV re-phasing;
optimization; low voltage distribution network

1. Introduction

With the growing concerns about global warming and climate change due to fossil-
fuel-based energy sources, many countries have initiated discussions on the de-carbonation
agenda [1]. International agreements such as the Paris agreement [2] were initiated in
order to reduce greenhouse gas emissions in upcoming years. This has resulted in a
steep integration of renewable energy sources (RES) [3]. According to reference [4], the
newly installed RES capacity was 314 GW in 2021 which was recorded as a 17% increment
compared to 2020.

Solar photovoltaic (PV) and wind power are the major RESs contributing to renewable
energy growth. Among them, PV energy is more popular among the public as a conse-
quence of relaxed policies and financial benefits [5]. A record 175 GW of solar PV was
added in 2021 which is well over the half of total RES addition in 2021 [4]. There are three
types of solar PV installations: ground-mounted PV [6], floating PV [7], and rooftop PV [8].
In recent years, electrical networks have opened access to the public, and that resulted in
the rapid development of rooftop PV system installations. For instance, in the USA, over
500,000 rooftop PV installation projects were completed in 2021 to add a recorded amount
of 4.2 GW of PV power to the system [9].

The connection of a large number of roof-top PV plants to the low-voltage (LV) network
resulted in the violation of voltage limits of certain parts of the network and the violation
of thermal limits of some conductors. In addition, reverse power flow was seen in some
parts of the networks [10,11]. These violations resulted in limiting the PV-hosting capacity
(PVHC) of the distribution networks [12–15].
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To overcome the voltage rising issue, voltage regulators, such as on-load tap changer
(OLTC) and reactive power control through capacitor banks, are used. In [16], the optimal
operation of OLTC and static var compensators to increase the PVHC was considered,
and the effectiveness of the proposed method was validated in the IEEE 33-bus system. A
mixed-integer second-order cone programming model to increase the PVHC using voltage
and reactive power control through the optimal operation of capacitor banks and OLTC
was proposed in [17]. Reference [18] suggested a coordinated control method to mitigate
voltage violations by utilizing energy storage systems and OLTC. The effectiveness of the
voltage control method was demonstrated for IEEE 13 and 33 bus systems. Nonetheless,
traditional voltage control techniques cannot mitigate voltage violations quickly due to
mechanical switching. Power electronic converter-based solar inverters can be used to
obtain a smoother reactive power assistant and a faster response [19,20].

In some countries, PV inverters are engaged in voltage regulation at the point of
common coupling (PCC) by utilizing the reactive power compensation (RPC) based on
the IEEE 1547.2018 standard [21] and the Electric Power Research Institute protocols [22].
The frequently used RPC methods are fixed power factor control, scheduled power factor
control, power factor control as a function of injected active power and voltage-dependent
reactive power control (Volt/Var control) [23]. Reference [23] comparatively analyzed
the four RPC methods and validated the effectiveness of each method using a typical
Malaysian network. Based on the results, authors stated that the volt/var control method
outperformed the rest of the aforementioned methods. In [24], a two-level Volt/Var control
method was proposed by considering the minimization of network loss and reducing
PV fluctuations to maintain the voltage within the constraints. The combined use of
RPC and OLTC to regulate voltage in order to enhance PVHC was investigated in [25].
Simulation results considering a network in Thailand revealed that 50–90% of additional
PV penetration is possible with the RPC and OLTC combined voltage regulation method.
Simulation results considering a network in Thailand reveal the effectiveness of the RPC
and OLTC combined voltage regulation method. In [26], the use of RPC, OLTC and network
reinforcement methods to mitigate the over-voltage issue was addressed. With the voltage
regulation, the capability of doubling the PVHC in LVDN was validated using a Finnish
distribution network.

Although the voltage is kept within limits, the thermal limit of the conductors (am-
pacity) is another major contributing factor to limit the PVHC [27,28]. Improvement of
conductor size is the primary method to increase the ampacity and thereby increase the
PVHC. In [29], conductor size improvement along with reactive power control was inves-
tigated, and the improvement of PVHC was validated using a distribution network in
Japan. Reference [30] investigated the maximum PVHC considering the voltage limits and
current limits defined by the over-current protection devices. It states that the maximum
PV penetration is 30% of the peak load in 86% of the considered cases.

Theoretically, line rating is calculated considering the maximum allowable temperature
of the cable and pre-determined environmental conditions such as ambient temperature
and wind speed. That is called the static line rating (SLR) of the conductor. Since the
environmental conditions are continuously changing, there is a gap between the static
rating and the actual current-carrying capacity, and the use of static rating resulted in
a substantial under-utilization of the actual current-carrying capacity of the cable. This
under-utilization causes a PV power curtailment during the peak irradiance hours. To fully
utilize the cable capacity, a dynamic line rating (DLR) was proposed which calculates the
line rating dynamically based on real-time meteorological conditions [31,32]. In [33], the
DLR was used to enhance the transformer capacity to facilitate more PV integration into
the network. Reference [34] investigates the possibility of improving PVHC using DLR.
From their case studies in Texas, Switzerland and China, it is shown that PVHC can be
increased by 15–27% when utilizing the DLR.

Further, as a consequence of unplanned PV connections in low voltage distribution
networks (LVDN), phase unbalances can occur. The unbalances in phase voltages can create
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large neutral currents which result in distribution line and transformer losses due to over-
heating [35]. Therefore, utility providers limit the PV penetration to the low-voltage (LV)
network. To mitigate phase unbalancing, various methods are proposed in the literature.
Distribution feeder reconfiguration [36–38] and phase balancing (load re-sequencing and
load re-phasing) [39,40] are common phase-balancing methods. The initial cost required to
deploy load switches and the cost of customer interruptions are the main drawbacks of the
aforementioned methods. Furthermore, there is a possibility of damaging the customer’s
equipment. Considering these factors, a PV re-phasing technique was proposed in [41]
which requires re-phasing switches installed only at the connection point of each rooftop
solar system. The authors verify the unbalance mitigation in peak irradiance hours using
an LVDN in Sri Lanka. In [42], the voltage regulating methods of OLTC, RPC, and active
power curtailment combined with re-phasing and the ampacity enhancement using the
DLR were utilized heuristically to demonstrate the increment of PVHC. The results revealed
a 60% increment in PVHC with the proposed approach.

Currently, the PVHC of an LVDN is determined by the network operators considering
pre-determined voltage limits and SLR values [43]. However, to fully utilize the network,
the maximum possible PVHC estimation is paramount. PVHC can be evaluated in different
methods considering several constraints such as voltage limits, ampacity, and voltage
unbalance limits [44]. Reference [45] proposes a two-stage optimization-based framework
that uses a heuristic optimization method to assess the maximum PVHC. OLTC operation,
and RPC is used to regulate the voltage in order to obtain up to a 26.4% increment in PVHC.
In [46], particle swarm optimization was utilized to evaluate the maximum PVHC taking
into account the voltage limits, SLR and the total harmonic distortion as the constraints.
According to the results, a 166% increment in PVHC is possible with the suggested config-
uration. An optimization-based framework was suggested in [47] to estimate the PVHC
using OLTC control and RPC. Here, the mixed integer linear programming optimization
method was used to solve the optimization problem. The results convinced up to a 100%
PV increment with the optimization and control strategies.

As discussed in the literature, to optimize the PVHC, SLR is used as the ampacity
constraint along with voltage constraints. Furthermore, voltage regulation techniques such
as RPC and OLTC are utilized in several studies to enhance PVHC combined with SLR.
However, when considering the extra margin offered by DLR limits, PVHC constrained by
the SLR limit leads to under-utilization of the real network capacity. The case studies in the
literature show that the PVHC can be substantially increased with the use of DLR instead
of SLR. Therefore, to fully utilize the network assets, it is important to optimize the PVHC
considering both concepts of DLR and voltage regulation as an integrated approach.

In this paper, the aforementioned gap is filled by optimizing the PVHC of LVDN with
an integrated approach of voltage regulation methods, PV re-phasing combined with the
DLR of the LVDN. The novel approach introduced in this paper is such that to control the
voltage within the permissible limit, the coordinated operation of OLTC and inverter RPC
was used, to enhance current-carrying capacity of the existing overhead lines DLR was
introduced, and to minimize phase unbalances, the PV re-phasing technique was used. The
optimum combination of the integrated approach of DLR, voltage regulation techniques
and re-phasing has not been used in previous studies related to the optimization of PVHC.

The main contributions of this paper are listed below.

1. Instead of using SLR to optimize the PVHC, an integrated approach of DLR with
voltage regulation is introduced to enhance PVHC. The DLR is calculated consider-
ing the real meteorological data, and a simulation model to optimize the PVHC is
developed. A real LVDN in Sri Lanka is considered to evaluate the effectiveness of
the proposed method.

2. The simulation model is integrated with a PV re-phasing approach to further stretch
the PVHC as the PV re-phasing has not been used before when optimizing PVHC.

The rest of the paper is organized as follows. Section 2 describes the optimization
problem formulation and voltage regulation methods. The test cases and scenarios are
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discussed in Section 3. Section 4 includes the results and discussion. Finally, the paper is
concluded in Section 5.

2. Methodology
2.1. Evaluation of DLR

Conductor temperature is an important parameter that constitutes the line rating of
the LVDN. The current flowing through the conductor causes the temperature rise in the
conductor which results in elongation. Subjecting a cable to high temperatures for a longer
period causes mechanical failure. The wind speed, ambient temperature, wind direction,
solar radiation, emissivity factor and solar absorption factor have paramount importance
on conductor temperature which directly affects the line rating. In this study, the IEEE
738 [48] standard is followed to calculate the line ratings which considers 80 ◦C as the
maximum allowable conductor temperature, 0.6 ms−1 as the wind speed and 30 ◦C as the
ambient temperature.

For an overhead conductor, its thermal state is calculated by balancing the heat gain
and the heat loss of the conductor. Depending on the weather conditions, conductor heat
balance is determined by several heating and cooling effects of the conductor as shown in
Figure 1.

Convective heat loss

Solar heat gain

Radiative heat loss

Figure 1. Heat balance of an overhead conductor.

The steady-state heat balance equation is given by,

qr + qc = qs + ql (1)

where qr and qc denote the radiative and convective heat losses, while qs and ql denote
the solar heat gain and joule heating, respectively [49]. The heat balance equation can be
reformulated as,

qr + qc = qs + I2RacTc (2)

where, I, Rac and Tc represent the current flowing through the conductor, a function of
conductor temperature and conductor temperature, respectively. Rac was calculated as,

Rac = RdcKac[1 + α0(Tc − T0)] (3)

where Rdc, Kac, α0 and T0 denote the resistance at the reference temperature, the ratio
between the ac and dc resistance, temperature coefficient of the resistance and initial
conductor temperature, respectively.

Solar heat gain and convective heat loss were calculated using (4) and (5).

qs = αsD(Sb + Sd) (4)

qc = hπD(Tc − Ta) (5)
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where

h =

(
λ0.64Re0.2 + 0.2Re0.61

D

)
Kwd (6)

and

Re = D

(
w
Vf

)
(7)

where, αs, D, Sb and Sd are the solar absorption, conductor diameter, beamed and diffused
solar radiations, respectively, and λ, Ta, Kwd, w and Vf represent the thermal conductivity
of air, ambient temperature, wind direction, wind speed and kinematic viscosity of air.

Radiative heat loss can be calculated from (8).

qr = σεπD[(Tc + 273)4 − (Ta + 273)4] (8)

where σ is the Stephan–Boltzmann constant, and ε is the emissivity.
By substituting terms to the heat balance Equation in (1), the DLR of the overhead line

was expressed as in (9).

Irating(DLR) =

√
1

RacTmax
(qr + qc − qs) (9)

where Tmax is the maximum conductor temperature. Based on the standards, Tmax was
selected as 75–80 ◦C.

2.2. Optimizing the PV Generation

The objective of using DLR is to maximize the PV integration to the LVDN to the
greatest extent possible by using the current capacity increment. Therefore, maximizing
the sum of PV integration to the LVDN was considered the objective of this study. The
objective function was defined as in (10).

Maximize S = ∑
H

khSG
h (10)

where h (∈ H) denotes a particular household, and SG
h presents the generated apparent

power by a household with PV installation. The weighting factor kh is required to formulate
the objective function which ensures the fair distribution of PV generation among all the
PV units. The objective function given in Equation (10) was evaluated subject to the
following constraints.

2.2.1. Voltage Constraint

The voltage magnitudes at each node were maintained within their acceptable ranges
to maintain the stability of the network. Equation (11) defines the voltage constraints.

V ≤ Vn,φ ≤ V (11)

where Vn,φ is the voltage of nth node ( n ∈ [1, 2, . . . , N]) of phase φ (∈ [A, B, C]), while V
and V are the lower voltage limit and the upper voltage limit respectively.

2.2.2. Thermal Constraint

All the branch currents must be maintained within the thermal capacity of the conduc-
tor. In this study, DLR was considered as thermal constraint as shown in Equation (12).

Im,φ ≤ Irating(DLR) (12)

where Im,φ is the mth branch current of phase φ (∈ [A, B, C]) and Irating(DLR) is the maxi-
mum allowable branch current.
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2.2.3. Power Factor Constraint

The power factor of each PV generation unit must be maintained above the acceptable
limit and below its maximum value as shown in Equation (13).

0.9 ≤ PFh ≤ 1.0 (13)

where PFh is the power factor of the hth household with PV installation.

2.2.4. Active Power Generation Constraint

The total active power integration capacity of the LVDN has to be divided among
all the PV generation units fairly while not exceeding the PV unit rating as shown in
Equation (14).

PG
h ≤ PG

h ≤ PG
h (14)

where, PG
h is the generated active power by the hth household, PG

h is the minimum power
assigned to a PV unit to ensure fairness, and PG

h is the maximum power of the PV unit.
The optimization problem was developed in Matlab® (version 2020a) simulation

environment and executed on a processor with Intel Core i7-8550U with 8 GB RAM running
at 3.4 GHz. Matlab “fmincon” nonlinear solver toolbox was used to solve the optimization
problem utilizing the trust region optimization method [50].

2.3. Rpc of PV Inverters

Mitigating voltage violations at PCC is important to increase the PVHC of the LVDN.
Therefore, the PV inverters’ voltage control method plays a major role in increasing PVHC.
Active and reactive power in the PV inverter were varied based on the local voltage
measurements to alleviate the voltage violations. In RPC mode, the PV inverter injects or
absorbs reactive power if the PCC voltage is below or above the voltage limits. For the hth

PV system, active power and reactive power relation are expressed as in Equation (15).

(PG
h,t)

2 + (QG
h,t)

2 = S2
h (15)

where PG
h,t and QG

h,t represent the generated active power and reactive power of the PV
unit at the hth household at tth time, respectively. Sh is the inverter capacity of the PV
installation at the hth household.

Reactive power relates to the PV capacity as given in Equation (16).

QG
h,t = PG

h,t × tan(cos−1(PFh)) (16)

where PFh is the pre-defined power factor of the PV system of the hth household.
Absorption or injection of reactive power in RPC mode is illustrated in Figure 2, while

Equation (17) presents the RPC mathematically as a piecewise linear function.

QG
h,t =



+QG
h,max ; Vφ

n,t < V0(
V1−Vφ

n,t
V1−V0

)
QG

h,max ; V0 < Vφ
n,t < V1

0 ; V1 < Vφ
n,t < V2

−
(

V3−Vφ
n,t

V3−V2

)
QG

h,max ; V2 < Vφ
n,t < V3

−QG
h,max ; V3 < Vφ

n,t < V4

(17)
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+Q h,t

RPCt

-Q h,t

Vn,t
V0 V1

V2 V3 V4

max

max

φ 

Figure 2. Reactive power compensation scheme.

2.4. Parallel Operation of PV Inverters and OLTC

If the RPC mode fails to maintain nodal voltages within the voltage limits, then the
OLTC operates to regulate the voltage. This sequence of operation can minimize the wear
and tear of the OLTC.

2.5. Re-Phasing Approach

If the nodal voltages are closer to the upper voltage limit (V) or the branch currents are
closer to DLR, then the connected phase of the PV units was changed to eliminate voltage
and current violations which results in more PV integration to the network. If the nodal
voltages are greater than a pre-defined voltage unbalance factor (VUF ≤ V), or the branch
currents are closer to the Irating (DLR), the connected phase of the PV unit in the particular
node was changed to another phase that has its voltage below a pre-defined safe voltage
limit (SVL) which ensures no further voltage violations after the re-phasing. This is given
in Equations (18)–(20).

If

Vn,φ ≥ VUF or Im,φ ≈ Irating(DLR) (18)

then
Sh,φ → Sh,φ1 (19)

where
Vh,φ1 ≤ SVL (20)

where φ, φ1 ∈ [A, B, C], and φ 6= φ1.
The RPC mode and OLTC sequence mentioned in Section 2.4 were performed followed

by re-phasing.
The network was constructed and load flow was formulated with RPC and OLTC

using OpenDSS® (version 9.4.0.3) simulation environment and executed on a processor
with Intel Core i7-8550U with 8 GB RAM running at 3.4 GHz. The standard Sri Lankan
LVDN voltage limits that are 0.94 p.u. and 1.06 p.u. were used to design the RPC scheme in
OpenDSS for 100% injection and absorption of reactive power. The OLTC operation was
formed in OpenDSS considering the operation of a transformer with 5 tap positions of 2.5%
voltage change per step. After the initial optimization and the load flow with RPC and
OLTC coordinated voltage regulation method, the optimization was re-formulated with the
updated power factor constraints such that the voltage and current capacity of the LVDN
are fully utilized.
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The complete structure of the methodology is summarized as a flowchart in Figure 3.

Start

Calculate DLR

Optimize the 

PV integration 

in Matlab

Load flow in 

OpenDSS

RPC + OLTC

Reach the 

voltage or current 

limit?

Load flow in OpenDSS

RPC + OLTC + Re-phasing

End

Line current

Line temperature

Wind speed

Constraints 

(Voltage, DLR, 

power, power factor)

No

Yes

DLR

PV values

Tap variation step, 

Voltage standard 

limits

Tap variation step, 

Voltage standard 

limits

Update the 

power factor 

constraint

Figure 3. The complete structure of the methodology.

3. Case Studies
3.1. Test Cases and Scenarios

In this study, an optimization problem was formulated considering a network with
fixed PV locations. The optimized PV values were used to evaluate the voltage and current
variation of the network by executing the load flow. The load flow was simulated for
four scenarios.

1. Optimized PV values with SLR and voltage regulation with the OLTC (Base case);
2. Optimized PV values with DLR and voltage regulation with the OLTC;
3. Optimized PV values with DLR and coordinated voltage regulation using OLTC

and RPC;
4. Optimized PV values with DLR with voltage regulation using OLTC and RPC

and re-phasing.

3.2. Test Network

The simulation network was developed considering a part of an urban LVDN in Sri
Lanka (Lotus Grove- Sri Lanka). Although Sri Lanka is a tropical country with a uniform
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irradiance level throughout the year, new PV connections are restricted in some areas
as the cable limitations have already been met. Therefore, this study demonstrates the
effectiveness of using DLR to maximize PVHC. In Sri Lanka, the peak irradiance hours
are 11.30 a.m. to 1.30 p.m. During these hours, peak irradiance in a sunny day can go up
to 1000 W/m2, while in a rainy day, that value can go below 500 W/m2. As the DLR is
inversely proportional to the temperature, DLR is lower in a sunny warm day. Therefore,
in a sunny day, although the PV generation is high, the amount of PV power integration to
the low voltage distribution network will be capped by the lower DLR value.Although it
was simulated in a Sri Lankan LVDN, the concept can be applied to any network without
loss of generality.

The developed LVDN is comprised of 25 nodes as shown in Figure 4. The secondary
side of the MV-LV transformer is connected to the root node denoted as node 1 in Figure 4.
The rated capacity of the transformer is 400 kVA, and the input/output voltage rating is
11/0.415 kV. The 70 mm2 Ariel Bundle Conductor (ABC) represented in the pink-colored
thick line is divided into two laterals of 35 mm2 ABC denoted in black thick lines which
deliver power to 40 households (H), and the connected phase of the household is denoted
by either a red (phase A), yellow (phase B) or a blue (phase C) thick line as shown in
Figure 4.

Households with PV connections are denoted by a colored circle, and the red (phase A),
yellow (phase B) or blue (phase C) colored circles represent the connected phase of the PV
unit. Houses without PV systems are denoted by white-colored circles. It was assumed
that the maximum possible capacity of a PV plant connected to each house (PG

h ) is 15 kW.
This value was chosen based on the typical connection provided to the domestic premises
in Sri Lanka. The PV inverter reactive power control has been achieved by controlling the
power factor between 0.9 and 1.0. The branch lengths, number of households and PV units
connected to particular nodes are summarized in Table 1.

400 kVA
11/0.415 kV TF

1

2
3

4

5

67

89

10

11

12

13

14

15

16

17
18

19

20
21

22
23

24
25

H1

H2
H3

H4

H5

H6
H7

H8

H9

H10

H11
H12

H13

H14

H15
H16

H17

H18

H19

H20

H21

H22

H23
H24

H25
H26H27

H28
H29

H30H31
H32

H33
H34H35

H36H37
H38H39

H40

70 mm2 ABC

35 mm2 ABC

Customers connected to phase A

Customers connected to phase B

Customers connected to phase C

PV panels connected to phase A

PV panels connected to phase B

PV panels connected to phase C

No PV installations

Figure 4. Single line diagram of the test network used for the simulations.
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Table 1. The branch lengths, number of households and PV units connected to the nodes.

Line

From Node To Node Length (m)
Number of
Houses at

“To Node”

Number of PV
Units at

“To Node”

1 2 36.0 3 3
2 3 20.0 1 1
3 4 20.0 2 2
4 5 25.0 2 2
5 6 25.0 2 2
6 7 26.0 2 2
7 8 28.0 2 2
8 9 23.0 2 2
9 10 22.5 2 2

10 11 22.5 1 1
2 12 20.0 1 1

12 13 20.0 1 1
13 14 20.0 1 1
14 15 32.0 1 1
15 16 25.5 2 2
16 17 25.5 2 1
17 18 25.5 2 0
18 19 25.5 2 0
19 20 26.0 2 2
20 21 10.2 1 1
21 22 10.2 1 1
22 23 10.2 2 2
23 24 10.2 2 2
24 25 10.2 1 1

4. Simulation Results and Discussion

This section presents the optimized PV values and the current and voltage variations
of the load flow simulations. The simulation time period was 6 h to 18 h, while the
simulation time step was set to 15 min, and the load demand variation of a workday
illustrated in Figure 5 was considered. It was assumed that each household has the same
active and reactive power variation during the simulation period as shown in Figure 5.
According to the optimization problem formulated in Section 2.2, DLR calculation is
essential to determine the thermal limit constraint. The irradiance, wind speed and ambient
temperature variation during the simulation time period which are required to calculate the
thermal limit are shown in Figure 6. Utilizing them, the DLR variation shown in Figure 7
was calculated from Equation (9) for a 35 mm2 Areal Bundle Cable (ABC).

Figure 5. Variation of the load demand during the simulation period.
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Figure 6. Variation of irradiance, temperature and wind speed during the simulation period.

Figure 7. Line rating variation for 35 mm2 ABC during the simulation period.

4.1. Optimized PV Values with SLR and Voltage Regulation with the OLTC (Base Case)

For the base case, the optimization problem was formulated by using the SLR shown
in Figure 7 as the thermal limit of the conductors. Only the OLTC operation was used as
the voltage regulation method for the load flow. The formulated optimization problem
was solved to determine the possible PVHC with SLR. The obtained PV sizes are shown
in Figure 8, and the active power variation during the assessment period is shown in
Figure 9 for each PV system. According to Figure 8, the optimized value of the total PV
integration to the LVDN when using SLR is 204.4 kW. In Figure 8, the PV unit numbers and
the connected nodes are denoted at the bottom of the figure. The connected phase of the
PV unit is depicted by a red (phase A), yellow (phase B) and blue (phase C) circles on the
top of Figure 8.

For the PV variation in Figure 9, the load flow was simulated in OpenDSS software.
Figure 10a shows the variation of nodal voltages, and Figure 10b depicts the branch current
variation. In Figure 10a, dashed red lines show the upper and lower voltage limits (i.e.,
0.94 p.u. and 1.06 p.u.). The SLR and DLR limits are shown in red and orange-colored
dashed lines, respectively, in Figure 10b. According to Figure 10b, branch currents have
reached the SLR limit in all three phases which results in capping the PVHC of the LVDN.
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Figure 8. Optimized PV values with the SLR as the thermal limit of the conductors.
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Figure 9. Active power variation of all the PV units during the assessment period.

Figure 10. (a) Nodal voltage variation; and (b) branch current variation during the simulation period
with SLR and OLTC voltage regulation.
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4.2. Optimized PV Values with DLR and Voltage Regulation with the OLTC

In this scenario, the possible enhancement of PVHC when using the DLR and only the
OLTC voltage regulation is assessed. The optimization problem was formulated consid-
ering 75% of the calculated DLR shown in Figure 7 as the thermal limit of the conductors
in LVDN. This is to ensure that any high-frequency variation in weather parameters will
not create a violation of the heat balance in the conductor. The problem was solved to
determine the maximum PVHC. The optimized PV values are shown in Figure 11, and
the optimized active power variation during the assessment period is shown in Figure 12.
The total optimized PV integration with DLR and OLTC voltage regulation is 288.0 kW.
Using the PV variation in Figure 12, the load flow was executed to obtain the nodal voltage
and branch current variation of the LVDN which are shown in Figure 13a and Figure 13b
respectively. As shown in Figure 13b, PVHC is limited by the DLR of the conductors. The
PVHC is proportional to the load demand. In this particular case, the optimized PVHC
at 11.45 a.m. was obtained as 288 kW which was corresponding to a moment where the
aggregated load demand was as low as 52 kW. The PVHC value obtained is the maximum
allowable PV power integration to the low voltage distribution network without violating
network current and voltage constraints. If the load demand increases, more PV power can
be integrated to the network.

Figure 11. Optimized PV values with the DLR as the thermal limit of the conductors and OLTC
voltage regulation.
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Figure 12. Active power variation of all the PV units during the assessment period.



Energies 2022, 15, 8537 14 of 19

Figure 13. (a) Nodal voltage variation; and (b) branch current variation during the simulation period
with DLR and OLTC voltage regulation.

4.3. Optimized PV Values with DLR and Coordinated Voltage Regulation Using OLTC & RPC

The PV integration to the LVDN was optimized in this scenario with the coordinated
operation of RPC and OLTC voltage regulation and the DLR as the thermal limit. The
optimized total PV integration is 313.8 kW, and the PV sizes of each PV unit are shown in
Figure 14. Figure 15a,b depict the nodal voltage and branch current variations during the
assessment period, respectively. The branch currents have reached the DLR limit in all three
phases as shown in Figure 15b. In Figure 15a, the upper voltage limit has reached phase
B. Therefore, the PV integration is maximized with the DLR and OLTC, RPC coordinated
voltage regulation method.

Figure 14. Optimized PV values with the DLR as the thermal limit and OLTC, RPC coordinated
voltage regulation method.
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Figure 15. (a) Nodal voltage variatio;n and (b) branch current variation during the simulation period
with DLR and OLTC, RPC coordinated voltage regulation method.

4.4. Optimized PV Values with DLR with Voltage Regulation Using OLTC and RPC
and Re-Phasing

To examine the possibility to enhance PVHC by balancing phases, a PV re-phasing
concept was applied. The phase re-configuration was performed as described in Section 2.5.
In this particular case, the voltage unbalance factor was obtained as 1.058 p.u., and the safe
voltage limit was taken as 1.04 p.u. In nodes 20, 22 and 24, the initial connected phases
of PV units were phases A, B and B, respectively. The maximum allowable voltage of
1.06 reached in these nodes with the aforementioned phase configuration as shown in
Figure 15a. However, in node 20, the node voltage in phase B was 1.038 which is below
the safe voltage limit. This allows the change of the phase configuration from phase A to
phase B in node 20 to ensure more PV addition. In both nodes 22 and 24, nodal voltages in
phase A were 1.04 which are below the safe voltage limit. Therefore, phase configuration in
both nodes 20 and 24 were changed to phase A from phase B. The re-phased configuration
is shown in Figure 16. The changed PV unit phases are denoted by a shaded circle on the
top of Figure 16. Then, the load flow is executed in OpenDSS while applying RPC and
OLTC voltage regulation. The nodal voltage and branch current variations are presented in
Figure 17a and Figure 17b, respectively. The re-phasing balanced the three-phase voltages
as shown in Figure 17a. The rigidly met voltage constraint in phase B in Figure 15a reduced
after re-phasing as shown in Figure 17a.
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Figure 16. Phase changing of optimized PV sizes.

Figure 17. (a) Nodal voltage variation; and (b) branch current variation during the simulation period
with RPC and OLTC voltage regulation after re-phasing.

The optimized PV integration results are summarized in Table 2. Based on the results,
it can be observed that the SLR limits the PVHC of the LVDN which in turn is an under-
utilization of the network. The use of DLR with only the OLTC voltage regulation can
increase the PVHC by 40.9% compared to the use of the SLR thermal limit of the LVDN.
Furthermore, RPC can be used to increase the PVHC as a coordinated operation with
OLTC and with the DLR thermal limit. A 53.5% increment in PVHC can be obtained in the
particular network with this approach compared to the base case of SLR with the OLTC
voltage regulation method.
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Table 2. Summary of the results.

Case Optimized PV
Integration (kW) PVHC Increment (%)

SLR with OLTC 204.4 Base case
DLR with OLTC 288.0 40.9

DLR with OLTC, RPC and re-phasing 313.8 53.5

5. Conclusions

With the increasing of PV penetration in LVDN, it is important to investigate avenues
to utilize existing networks in an optimum manner to enhance PVHC. One of the initial
constraints for PVHC is the upper voltage limit violations, and voltage regulating methods
of OLTC operation and inverter RPC are widely investigated in the literature. The next
constraint is the violation of the thermal limit, and there are some studies that utilize the
DLR to enhance the PVHC. The novelty of this paper is to utilize coordinated control of
OLTC and RPC for voltage control, to utilize DLR to enhance the current carrying capacity
of the conductor and voltage re-phasing to minimize the unbalances, thus stretching the
PVHC of existing networks.

A novel methodology was developed to investigate the aforementioned control tech-
niques by utilizing an optimization approach. This methodology was adopted in a real
LVDN and demonstrated that by using the DLR as a constraint of the optimization problem
instead of SLR, PVHC can be enhanced by 40.9% compared to the case of SLR with the
OLTC voltage regulation (the base case). The utilization of the coordinated operation of
RPC and OLTC voltage regulation method, the DLR thermal limit enhancement, and PV
re-phasing resulted in a PVHC increase of 53.5% compared to the base case.

One limitation of the study is the case study is based on an LVDN in an equatorial
country. In a country having distinct seasonal patterns, simulations should be carried
out under worst-case scenarios. For example, during the winter, although the DLR can
be enhanced due to the low ambient temperature, the amount of available PV power is
less. On the contrary, in summer, the DLR cannot be enhanced extensively as the ambient
temperature is high although there is maximum PV power available. As the impact of
PVHC is higher during the summer, simulation has to be carried out using summer data in
a non-equatorial country to reflect the extreme conditions.
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Abbreviations

DLR Dynamic Line Rating
LV Low Voltage
LVDN Low Voltage Distribution Network
MV Medium Voltage
OLTC On-load Tap Changer
PCC Point of Common Coupling
PV Photovoltaic
PVHC Photovoltaic Hosting Capacity
RPC Reactive Power Compensation
SLR Static Line Rating
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