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ABSTRACT Distributed generation has enhanced power production in recent times. Due to their benefits,
Ghana is interested in grid-tied solar photovoltaic (PV) systems. Despite the benefits, solar PV integration
studies in Ghana have not advanced. This study examines reverse power flow (RPF) due to solar PV in
Low Voltage (LV) network branches. The methodology uses a modified IEEE European test network and
an Electricity Company of Ghana (ECG) LV network. ETAP software is used to simulate the two solar PV
integrated LV networks, and the obtained data is used to formulate correlation models of solar PV penetration
and key network parameters in Excel. Model results estimate the RPF critical values for the modified IEEE
European test network and the ECG LV network as 7.36 kW and 7.44 kW, respectively. The RPF values
are obtained at maximum penetration depths of 62.6% and 69.8% respectively. At maximum penetration
levels, predicted line loadings are 6.42% and 7.28% respectively. Further analysis reveals branch-transformer
RPF margins of 26.8% and 23.1% in the modified IEEE European test network and the ECG LV network
respectively. The results are essential for establishing pre-determined settings to safeguard LV network
branches and transformers from overload due to RPF.

INDEX TERMS Safe margins, low voltage network, reverse power flow, simulation data, solar PV, threshold

parameters.

I. INTRODUCTION

In today’s world, integrating PV systems into low and
medium-voltage distribution networks is becoming increas-
ingly frequent [1], [2], [3], [4]. It has been established in
the literature that low-level penetration with grid-tied PV
enhances the LV network through voltage improvement, sys-
tem loss reduction, and transformer service life extension
[5], [6]. The challenges associated with high-level penetra-
tion, on the other hand, include voltage rise and fluctuation,
reverse power flow, exceeding transformer and cable ratings,
increased power losses, and protective equipment issues [7],
(81, [9].

With the potential rise in the adoption of solar PV tech-
nology, the current network infrastructure might not be able
to handle high levels of penetration without proper regula-
tions. Because LV networks are more likely to have ran-
dom installations by customers, it is important to do impact
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assessment studies before accepting PV energy resources into
the network [10]. However, it is possible to integrate a greater
amount of PV generation into distribution networks while
still maintaining operational and technical restrictions on the
system, given that a more accurate high-impact assessment is
done for PV generation in the networks [1].

One major objective of impact assessment investigations is
the determination of penetration levels, which depends on the
criteria for assessment. For instance, the depth of penetration
of a distributed generator (DG) on a feeder is defined in
several ways based on the impact factor [10], [11]. In [12]
and [13], the depth of penetration is defined as the total PV
nameplate rating to the annual circuit peak load on a feeder.

In particular, [14] observes that there is no benchmark
for determining what constitutes a high penetration level for
solar PV. Despite that, the works of [15] and [16] suggest
that at penetration levels above 15% for peak feeder loads,
the challenges of high PV penetrations become apparent.
Another school of thought holds that the negative impacts
are noticeable for penetrations between 20% to 30% of the
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total generation [17]. This makes it difficult to establish the
maximum permitted penetration level which can be deployed
on a feeder since it is dependent on a variety of factors,
such as the electrical properties of the feeder, the location of
PV systems, etc. [18]. Unfortunately, high penetration levels
without network upgrades can negatively impact the network
giving rise to reverse power flow.

According to [19], high PV penetration levels cause RPF,
which is a phenomenon that develops when the amount of
PV generation in a grid-tied network is more than the load
demand. For this reason, the power flow from the grid may
be reversed depending on the size and location of the installed
solar PV system [20]. Thus, RPF can develop in various
sections of the distribution network depending on the PV pen-
etration depth. The distribution system is impacted in various
ways by RPF under high PV injection levels. In [19], the
authors used data from an 11 kV distribution feeder in South
Australia to demonstrate that increasing PV penetration will
increase the number of RPF events in a year, for a given load.

The study in [10] shows that RPF conditions can be related
to various voltage rises and can cause a voltage rise as little
as 1% above the nominal voltage anywhere on a feeder.
Likewise, voltage control problems due to the impact of RPF
resulting in voltage fluctuations and voltage rise in a distri-
bution system have been reported in [21]. Publications [22],
[23], [24], [25], [26], [27] also review the possibility of RPF
increasing network load, overvoltage, and losses. In addition,
unidirectional voltage regulators, are prone to failures when
exposed to RPF. For this reason, the regulation of substation
load tap changers could be impaired resulting in the incorrect
operation of line drop compensators [8].

In related findings, protective mechanisms in distribution
systems may have issues if the power flow is reversed. For
instance, authors in [28] used an IEEE 13-nodes test feeder
to demonstrate how the sensitivity of the protection coordi-
nation is affected by RPF. Similarly, relay miscoordination is
reported in [29], where the authors used an IEEE 33 bus sys-
tem to analyze the effects of RPF on the operation of protec-
tive devices in a distribution system. The outcome indicates
that the protective mechanism is effective for PV penetration
levels below 25%. For more than 25% PV penetration, how-
ever, increased reverse power flow, causes nuisance tripping
and operating blindness.

Other protection issues are known to expose distribution
system components to overloading. In particular, RPF is
shown to coincide with an increase in voltage at the feeder
terminals and frequently results in transmission line and
transformer overloading [30]. Also, according to studies [31]
and [32], the injection of a PV system into a feeder will grad-
ually reduce the loading level. However, a further increase
in the penetration reverses the power flow which ultimately
overloads the feeder.

According to [33] overloading affects the line thermal limit
which represents the current limit of each network branch.
Therefore, an increase in feeder loading due to RPF may
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cause distribution feeders to reach their thermal limits. For
instance, the violation of thermal limits in transmission lines
can be due to reverse power flow resulting in the overloading
of lines [30]. Authors in [31] have studied two Malaysian
residential LV networks with high PV coverage. The network
impact assessment methodology includes a Monte Carlo
simulation. Results show that transformers and feeders in
the two networks experience thermal limit violations due
to high reverse power flow. Hence, in both networks, the
feeders reach their thermal loading limit at about 80% PV
penetration.

The thermal limitation of a line conductor is closely related
to its static rating, or ampacity, which is its peak current-
carrying capability. Static ratings are based on tempera-
ture and operational state assumptions that are fixed. These
assumptions are based on the worst-case values anticipated
for important environmental characteristics such as wind
speed, ambient temperature, and sun radiation [34], [35]. For
this reason, a given conductor can have several ampacities
depending on its application and operational assumptions
[36], [37].

It follows that, depending on system operating conditions,
line thermal rating is related to the ampacity of the conductor;
which restricts the penetration of solar PV in an LV network
[13], [38]. The conductor ampacity restriction is used as an
impact factor in [39] to investigate the maximum amount of
solar PV that may be installed in a distribution system. The
simulation was performed in Matlab®with the power flow
program, MatPower. Results show that based on substation
voltages in the range of 0.95 p.u and 1.05 p.u, line overload
develops due to RPF caused by excessive PV penetration.
The overload condition enabled the current to reach 221% of
the conductor ampacity. Further results show that simulation
data can be formulated and used to predict the amount of
solar PV that can be installed without provoking line thermal
overloads.

The thermal limit of a line is essential since the line protec-
tion system rating depends on it. This capability also allows
for better management of the operation of power cables con-
necting the PV system to the grid [40]. Another management
strategy proposed by [41] is the use of storage devices to
reduce or eliminate the undesirable effects of RPF in a distri-
bution network. The proposed strategy consists of a constant
charging algorithm deployed on a real Australian three-phase
distribution network. The results showed improvement in the
three-phase voltages.

In [20], the authors present an impedance-based moni-
toring method for detecting PV penetration levels in a dis-
tribution network. The methodology is evaluated on the
IEEE 34-node test feeder to demonstrate its effectiveness.
A modified Maximum PowerPoint Tracker (MPPT) con-
trol algorithm is proposed in [42] to monitor and control
reverse power flow in a low-load network. The method-
ology is evaluated using a grid-tied PV system coupled
with a synchronous generator. Simulation results show that
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the Multiple MPPT control switches limit RPF toward the
generator.

In the current literature, distribution feeders are the main
focus of investigation for assessing the impacts of high PV
penetration [43], [44], [45], [46], [47]. Certain studies, how-
ever, investigate the impact of RPF due to high solar PV
penetration in distribution feeders [48], [49], [50], [51]. For
instance, the study in [52] illustrates the potential intensity
of reverse power flows due to high penetration by scenario
analysis on the main feeder. Other studies also focus on feeder
protection schemes to limit reverse power flow [53], [54].

Moreover, fewer studies appear in the published literature
on solar PV impact studies in Ghana [55], [56], [57], [58].
These studies are conducted as case or feasibility studies on
33 kV/16 kV sub-transmission networks with grid-tied or
isolated LV feeders. It is observed that previous studies on
RPF either scarcely or do not consider metrics that represent
detailed network branch analysis. To address these gaps, the
authors intend to broaden the scope of previous studies by
focusing on metrics that account for the individual contribu-
tions of network branches exposed to RPF due to high solar
PV impact. Therefore, the major motivation for this inves-
tigation is to provide utilities with the required framework
for defining predetermined safe operation limitations for PV
systems based on their impact on LV network branches. This
will prevent the branches from line overload due to RPF
resulting from high PV penetrations. The major goal of this
research is to examine how the reverse power flow impacts
branches in an LV network with high PV penetration.

The investigation networks for this study are a modified
IEEE European test network and an ECG LV network in
Ghana’s western region. The networks are adopted to estab-
lish the effectiveness of the proposed methodology. The
study will model and analyze the distribution networks using
unconstrained simulation analysis in ETAP software. Thus,
under high PV penetration, the branches will be investigated
for overloads as RPF develops in the network. This will
enable us to estimate the maximum allowable branch-based
depth of PV penetration and quantify key network branch
parameters.

The research will be conducted based on utility practices
where PV deployment follows a systematic approach. The
investigation is limited to a single-case scenario with con-
tinuous PV generation in an LV network with static loads.
The study’s findings suggest that network operators establish
predetermined criteria to protect the network branches and
substation transformers from overload due to RPF because
of high PV penetrations. The following contributions fill the
gaps that have been identified in the literature:

A statistical method is employed to develop correlation
models for threshold analysis to predict:

1. Net reverse power flow and key network branch operating
limits.

2. The branch-based maximum depth of solar PV penetration
and branch-transformer RPF safe margin beyond which

RPF will flow into the transformer.
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The rest of this work is organized as follows: Methodology
is discussed in detail in Section II. The two test networks
are introduced and modeled in this section. Also, correlation
models of solar PV and key branch network parameters are
formulated from the simulation results. Section Il is a discus-
sion of the simulation and correlation model results. The sum-
mary results of the threshold analysis and branch-transformer
margin are presented in this section. Finally, section IV draws
conclusions and recommendations for future work.

A. GRID-TIED SOLAR PV POWER FLOW ANALYSIS

In this section, we examine the steady-state dynamics of the
power flow between solar PV and the grid.

1) INVERTER-GRID POWER FLOW DYNAMICS WITH SOLAR
PV INJECTION
Figure 1 illustrates the circuit model of a grid-connected
single-phase solar module inverter. The grid is modeled as
a voltage source, whereas the inverter is modeled as a current
source with a high output impedance. A filter is required to
reduce the ripples at the inverter output caused by harmonics
[59]. The LCL filter system needs three passive elements:
the inductor at the inverter output, L;, the grid inductor, L,
and the coupling capacitance, C, at the interphase. Assuming
there are no losses to warrant damping resistors, the three
state parameters are Viny, Vgrid, and Ve representing inverter,
grid, and capacitor voltages respectively.

According to the model, there is an active power exchange
between the inverter and the grid. The main aim of this circuit
is to supply maximum active power to the grid.
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FIGURE 1. Equivalent inverter-grid interphase circuit.

A modification of [60] enables us to establish steady-state
equations for the circuit in the continuous-time domain.
Therefore, the following equations are obtained using the
generalized Kirchhoff’s laws:

diinv _ Vinv — Ve

= 1
dt L M
digrid _ Ve — Verid @)
dt Ly
dVe ic liny — igrid
—_— = — 3
dt C C )
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where,
liny = inverter current
igrid = grid current

ic = capacitor current

The state space transformation of (1) to (3) is realized with
(4) in the frequency domain with Laplace transformation.

|: iinv(S> :| _ 1
fgria® s+ 1) (2 (B2S) +1

1+ LQCS2 —1 Vi)
X 2
1 — (14 LaCs?) | | Vgria®
@

The most important reason for selecting the LCL filter is that
it can be used at low switching frequencies [61]. Therefore,
neglecting the high-frequency dynamics in (4),

s*L1C~ 0 and s*L,C~ 0

Equation (4) then reduces to the form in (5).

linv (8) & lgrid () ~ * (Viny (8) — Vgrid (8)) ©)

s(L1+ L)
The following condition must be met at the connection point
for active power transfer:

[Viny (O] = |Vria (0] (6)

The inverter is operated in a constant power factor mode
with a unity power factor setting [62]. This is necessary for
maximum power output into the grid. Hence it can be shown
from (5) and (6) that the injected active power, P,y into the
grid at a load point is given by (7):

|Viny| | Vgrid |

w(Ly + L) @

Pactive=
2) LOAD-POINT POWER FLOW DYNAMICS WITH SOLAR PV
INJECTION
The solar PV system supplements the grid in significant ways
by solar generation into the grid at a designed location. How-
ever, the injection of solar PV at a load point should not cause
RPF, which can create overload conditions on the adjacent
line feeding the load point from the grid. The steady-state
dynamic expressions for the active power flow at an injection
point and the line overload condition are given in (8) and (9)
respectively.

P () = PR — PP (0%t ®
Tpmax.t > |1b,t| Vt, Vb € BRANCH 9

P};“e(t) and Pioad(t) are time-specified active powers on the
by, branch and iy, load point respectively. The active power
injected by the solar PV at the iy load point in a specific
period is va(t). Given that the LV lines have static ratings,
then Ipmax ¢, the maximum current rating or the ampacity of
the by, branch at a given time, always remains the same. This
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assumption makes (9) valid for all branches in the LV network
for balanced three-phase loads. However, thermal capacity
can be reached in one of the phases considering unbalanced
three-phase loads [63]. Here, |1, ; | denotes the absolute value
of the current in the by, branch in a specific period. Therefore,
we define the percentage line loading as follows:

[To.|
— X

% line loading = 100 (10)

bmax,t

RPF appears to be localized in different network zones,
indicating that its development is not concurrent [46]. This
shows that RPF events occur at different periods in differ-
ent locations within the grid. The situation becomes more
complex with dispersed solar PV generation. However, these
individual RPF contributions result in a net power flow, which
is what is seen by the substation transformer with excess PV
injection. Therefore, by neglecting power losses on network
components and inverters, the grid net active power flow
can be defined as the sum of the individual branch’s active
powers. When (8) is applied to successive load points, it is
observed that the currents in the branches interact and add
up or cancel out. The net APF (Active power flow) in the
branches at each penetration level is then defined by the
expression in (11):

. N M .
P©=2 "> PO Wt (11)
line

where P (t) is the net active line power in a specific period,
N is the total period for solar PV injection, and M is the total
number of branches in the network. During normal operating
conditions, active power flows from the grid to the various
loads connected to the load points.

The variation of the magnitude of the aggregated active
power of the solar PV injected and net active power con-
sumed in the network at a given period creates the conditions
for RPF. Three conditions define the RPF modes when the
network branches are subjected to increased solar PV pene-
tration through a load point. Combining (8) and (10), these
conditions are explained by the relation in (12) [51].

Pline(t)

net
noRPF; >N | Plowd(r) > M PP (vt
= Thresho%\cllofRPF; >N Pl}\;’ad(z)vz >M, P vt
RPF; 3% Ploadr) < M PV (1)t
(12)

Notably, due to excessive solar injection, RPF develop-
ing in isolated branches may not necessarily lead to power
flow toward the substation transformer. On the other hand,
RPF may also develop in isolated branches when a sudden
drop in load occurs [42]. In both cases, the development of
RPF at a load point may not have any significant effect on
neighbouring branches. However, when RPF is sustained, the
total RPF branches in the network can reverse the substation’s
conventional flow of power.

In [10], [14], and [64] the authors considered various def-
initions of PV depth of penetration depending on network
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limiting factors. In this study, the operational definition of the
depth of penetration, DP is obtained with respect to the active
power in the LV network branches, expressed in (13):

S PO
max(3 L, Pine(1))
In arelated form, (14) shows that the network branch-based
depth of penetration, Dp is a function of the net branch’s

active power, P2, (¢) in a specific period. Therefore, the solar
PV depth of penetration can be described as follows:

DP =

x 100% (13)

Dp =f(PB, () >0) Wt (14)

Equation (14) indicates that even though, the active power
supplied to the branches by the solar PV may result in isolated
cases of RPF, the net branch APF is not exceeded by the
power injection from the solar PV. Further PV generation will
result in an increased number of RPF events in the branches
until a maximum depth of penetration, Dpmax is attained.
Therefore,

lim Dg Vt (15)
PE(1)—0

DBmax =

According to (15), the branch-based maximum PV pene-
tration occurs at the RPF margin when the net APF in the
branches gradually decreases to zero. This study will estab-
lish that beyond the maximum penetration level, a safe margin
must be exceeded to sufficiently reverse the power flow into
the substation transformer.

3) ESTABLISHMENT OF BRANCH-TRANSFORMER RPF
MARGINS

The branch-transformer RPF analysis establishes a relation-
ship between the branch and transformer-based maximum
penetration depths. Figure 2 depicts the profile of the RPF as
it progresses in the network branches toward the substation
transformer.

A B C D
Branch average Branch-transformer Direction of RPF
| Safe Margin

I
Branch RFF Transformer

Sustained Solar  Marem RPF Margin

PV Injection

FIGURE 2. RPF operating profile in an LV network.

The profile makes it possible to determine the branch-
transformer margin in the RPF mode. At the initial stage of
sustained PV injection at A, a few network branches experi-
ence RPF. Continuous PV injection increases the number of
individual branches with RPF as the net APF in the branches
gradually diminishes to zero. At the branch RPF margin, B,
the net branch APF eventually reaches zero. The transition
from B to C represents the branch-transformer safe mar-
gin. Point C represents the transformer RPF margin beyond
which RPF reaches the substation transformer. CD represents
a period when reverse power flows into the transformer.
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TABLE 1. Summary of RPF impact profile in an LV network.

RPF
RPF progression Significance
profile
A e Net branch APF is zero.
RPF flows.
AB e Branch average RPF e Presence of isolated
increases. RPF in branches
B o Significant RPF in e Potential overloading of
branches lines beyond this point.
e Determination of max.
depth of penetration
BC e Branch-transformer safe e Overloading of lines
margin may occur
C o Transformer operating e Determination of max.
APF is zero. depth of penetration
e Margin of RPF at the
transformer
CD o RPF progresses into the o Transformer overload
transformer and overheating of
windings.

o Excessive tripping

Beyond D, RPF may progress toward the medium-voltage
(MV) network [65].

Table 1 provides an overview of the RPF progression from
the branches toward the transformer. It details the significance
of each point and the transitions between the points shown
in Figure 2. For instance, the significance of point B is that
there is potential overloading of lines beyond this point. Also,
the branch-based maximum depth of PV penetration can be
determined at point B (15).

A similar argument is used to establish the transformer-
based maximum depth of penetration with RPF as an impact
factor at point C. Consider a constant active power flow
at a load point with solar PV injection. The transformer’s
operating APF, Prx(t) decreases to zero with increased PV
penetration. Beyond the critical point Prx (t) = 0, RPF flows
into the transformer. It follows that the transformer-based
APF is related to the depth of penetration. Therefore,

Drx = f(P1x () > OVt (16)

Hence, from (16), the transformer-based maximum depth of
penetration, D7y, can be deduced as follows:

lim Drx Wt (17)
PTx(t)"O

DTxmax =

Using (15) and (17), we can establish the following relation
for the branch-transformer RPF Margin.

Branch-Transformer RPF Margin= (DTx max — DB max)
(13)

The branch-transformer RPF margin expressed in (18) is
observed as an excess kVA or percentage solar PV injection as
RPF progresses. It is the region between the period when the
net APF in the branches, starting from zero, assumes negative
values to the critical point when the transformer operating
active power is zero. This region is considered safe for the
substation transformer since no violation of the conventional
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FIGURE 3. Design scheme for reverse power flow assessment on LV network branches.

flow of current is observed. However, beyond this region,
the transformer may exceed its overload limits leading to
excessive tripping and disconnection [66].

Il. METHODOLOGY

This research assesses the development of RPF and overload
conditions in the LV network branches caused by high PV
penetration. The assessment is based on designed simulations
on two networks, a modified IEEE European test network,
and an ECG LV network. The method used required modeling
and simulation of the networks using ETAP software’s power
flow calculation tool [67], [68].

The approach involves the deployment of solar PV units
to each of the networks cumulatively at different penetration
levels, based on a dispersion rule, and constraints such as
voltage limit and the thermal limit which are enforced in the
simulations. The PV allocation is based on a utility’s system
planning concept, unlike a customer-based installation where
solar PV allocation is randomized [10]. The power flow
calculations in ETAP software use unconstrained simulation
on the LV networks. Based on the simulation data, correlation
models are formulated for PV penetration depth and key net-
work parameters such as APF, line loadings, and kW losses.
The models predict violations in the line loadings, and the
RPF and estimate the maximum penetration depth of solar PV
in the network. Furthermore, the region beyond which RPF
flows into the substation transformer is established.

A. IMPACT ANALYSIS FRAMEWORK

The design process for the proposed impact-assessment
model for the study is presented in Figure 3. The assessment
is based on the quantification of the impact of PV penetration
in the evolution of RPF on LV network branches. Using
simulations, two LV networks are considered to demonstrate
the methodology: a modified IEEE European test network
and a typical ECG distribution network.

Based on the power flow analysis, branch, and transformer
operating parameters are examined under high-impact PV
penetration. The simulation results are formulated as cor-
relation models to quantify the impact of PV penetration
on key network parameters such as APF, line loading, and

44746

kW losses. Furthermore, the models predict the maximum
allowable penetration depth of solar PV, and violations in the
line loadings and estimate the RPF in the branches of the LV
network.

B. CASE STUDY NETWORKS
The configurations of the two test networks used to explain
the methodology are given in the following sections.

1) A MODIFIED IEEE EUROPEAN TEST NETWORK

The low voltage test feeder is a 50 Hz radial distribution
feeder. At the substation, a transformer connects the feeder
to the medium voltage (MV) system. The transformer rating
is 800 kVA, 11/0.416 kV Delta-Y, three-phase connection.
The main feeder and laterals are at the voltage level of 416 V
phase to phase. A detailed description of the network is found
in [69]. In this network transformer, the full load rating is
128.8 kVA. This rating determines the level of PV injection
into the network. The one-line diagram of the test feeder is
shown in Figure 4:

-p'-’h A\ Transformer Node
T ,
S e ® No-Load Bus
= ® Load Bus

FIGURE 4. A Modified test case of IEEE European LV network [69].

2) ECG LV NETWORK
An LV network in a residential area of Sekondi-Takoradi
Metropolis of Ghana is used as a case study grid in this study.
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This network is connected to the MV grid by a Delta-Y pole-
mounted transformer rated at 315 kVA, 11/0.415 kV. The
LV lines are the secondary feeder lines with a size 50 mm?
aluminium bare conductor. The allowed ampacities for the
branches and cables used for the line loading evaluations
are 249 A and 500 A, respectively. Single-phase multiple
laterals, mostly make up the network.

This network features poor bus voltages at load locations,
mainly caused by an increase in demand from customers or
insufficient capacity in the network to meet the growing load.
The single-line diagram of the ECG LV Network is depicted
in Figure 5.

Standard procedures for improving voltages in the network
include zoning, stringing additional lines to customer loca-
tions, or new transformer injection. One potential solution to
improve voltage inadequacy is to install solar PV units at load
locations with low voltages. By generating solar power at or
near the load, the amount of power being drawn from the grid
can be reduced, resulting in bus voltage improvement. This
approach is used on the network to test the viability of the
mitigation under high-impact solar PV.

Initially, the peak load rating for the transformer is deter-
mined and used to compute the PV penetration levels. The
peak current obtained from the load monitoring on the ECG’s
C96 distribution transformer is 223 A. It follows that:

V3LV, /3 x223 x 415
1000 1000

Therefore, the full-load rating of the transformer is
160.29 kVA.

Total kVA =

" Transformer
\.:.\?T.?-h--ﬂ_ 2 ®  Poles
i ¥ Single-phase load
\\\ —  Overhead LV line
|
|‘/
F
7

FIGURE 5. A Test case ECG LV network.

C. MODELING AND SIMULATION OF SOLAR PV
INTEGRATED LV NETWORK

The two test networks were modeled with field data in the
ETAP software. In each case, solar PV units were dispersed
in the network according to the approach outlined previously.
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1) MODELING OF DISTRIBUTION SYSTEM COMPONENTS
The two distribution networks are modeled and simulations
are carried out on each network by load flow calculations in
ETAP software.

The equipment editor was used to model the main LV
network components.

2) THE SOURCE FEEDER

The source equipment is represented by an 11 kV three-phase
power grid as the swing. In a typical case of the ECG network,
a substation transformer steps down an 11 kV feeder source
into a 0.415 kV operating voltage source. The distribution
feeder, with service branches, is run throughout the network
from this source. The values of these parameters for the grid
in both networks are presented in Table 2.

3) NETWORK LOADS

These are customer loads modeled at load points as lumped
static loads. These household loads were modeled as constant
impedance three-phase loads. Loads on service poles were
shared unequally across the phases to reflect standard prac-
tices. Typical average rated loads of 3.85 kVA and 1.90 kVA
were used for the ECG LV network and the modified IEEE
European test network respectively. Table 3 presents the data
required for modeling the loads in both networks.

TABLE 2. Source data for the primary substation.

11 kV Feeder source

Value
parameter
Test Case ECG Modified IEEE
Network European
Network
Nominal voltage 11.5kV 11.5kV
Operating voltage 11kV 11kV
Base Power 100 MVA 100 MVA
Short circuit Rating 31.8 MVA 57.16 MVA
(three-phase) (three-phase)
Source Configuration Wye Wye

TABLE 3. Typical household load data used for modeling static load.

Load parameter Value
Test case ECG Modified IEEE
network European
network
Section Id Lump 59 Load 2
Load type Constant kVA=80% Constant kVA=80%
constant Z=20% constant Z=20%
Nominal 240 V/415V 240 V/416 V
Voltage
Typical 2.75 kVA 1.90 kVA
Connected load
Configuration Delta Wye
Power factor 0.85 0.85
Customer type Residential Residential
Load factor 0.9 0.9
Load lumped load, lumped load,
distribution unbalanced balance
44747
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4) SUBSTATION TRANSFORMER
The transformer was modeled as a two-winding transformer
to accommodate the network’s maximum system loads. In the

IEEE European network, the two-winding transformer was
modeled as 11 kV/0.416 kV with an 800 kVA rating. Table 4

shows additional modeling parameters for both networks.

TABLE 4. Two-windings distribution transformer data.

Parameter Value

Test case ECG Modified IEEE
Network European network

Section Id C96 TR1

Frequency 50 Hz 50 Hz

Type Three-phase core Three-phase core

Nominal Rating 315kVA 800 kVA

Primary Voltage 11kV L-L 11 KvL-L

Secondary Voltage 0.415kV L-L 0.416 kV L-L

Sequence Zo=4%,71=4%, Zo=4%,7Z1=4.02%,

Impedance Xo/Ro=1.5%, Xo/Ro=10%,
Xi/Ri=1.5% Xi/Ri=10%

Configuration Primary, delta Primary, delta
Secondary, wye Secondary, wye

Phase Shift Dynl1 Dynll

Insulation Type

Liquid-filled

Liquid-filled

5) OVERHEAD LINES

The three-phase overhead lines were modeled as single lines,
to represent feeder lines linking the load points. These lines
span an average of 50 m between load points. A typical
line conductor is an ACSR (aluminium conductor steel rein-
forced) with an ampacity of 249 A and operates at a maximum
temperature of 75 degrees Celsius. Other modeling parame-
ters are shown in Table 5. The convergence criteria for the
simulation are shown in Table 6.

TABLE 5. Overhead line parameters at constant static ratings.

Parameter Value
Test case ECG Modified IEEE
network European
network
Equivalent Positive sequence Positive sequence
Impedance Zero sequence, Zero sequence,
21 ohms 21 ohms
Conductor Type LV, 50 mm? LV, 49.5 mm?
ACSR ACSR
Maximum Span LV,50m LV, 20 m-50 m
Nominal Ampacity LV,249 A LV,249 A
Maximum 75°C 75°C
Temperature

6) MODIFIED IEEE EUROPEAN TEST NETWORK

The LV network was modeled to emulate a weak network
with three-phase balanced loads in ETAP software. This test
system includes a two-winding transformer of 0.8 MVA,
117 buses, and 55 loads. The following modifications were
made in the modeling process:
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TABLE 6. Convergence criteria for power flow simulation.

Factor Operation
Computation Method Adaptive Newton-Raphson
Convergence 0.0001 tolerance
Parameters 99 iterations

Assume line transposition

Computation Options Include line charging

o All single-phase loads were changed into 3-phase
lumped loads

« Rating of loads: 0.69-3.8 kVA; total rated loads:
0.116 MW

o The bus coordinates in the original data were not
considered.

7) ECG LV NETWORK
The ECG LV network was modeled using the ETAP software
with a total of 78 poles representing the load points. Individ-
ual loads were connected to the load points as lumped three-
phase loads, totaling 158.95 kVA.

Using the convergence criteria described in Table 6, we run
a load flow simulation to evaluate each network’s steady-
state operating conditions due to the impact of cumulative
PV penetration. The simulations were based on imposed
restrictions, such as voltage and thermal constraints, to ensure
network integrity as proposed by [70]. In this study, network
restrictions for the assessment of bus voltage and branch load-
ing (current) to prevent overload must satisfy the conditions
presented in (19) and (20):

19)
(20)

load bus voltage : 1.05p.u > Vigad point > 0.95p.u
[Tbranch| < 100% of rated value

In (19), Vioad point is the nominal voltage at the load
point connected to the network. A load-point or a branch
in the network most affected by the PV penetration is
identified as a hotspot given that: (a) an over-voltage or
under-voltage at a load point exceeds +5% of a nominal
voltage (19), or (b) a steady- state power flow that exceeds
the thermal rating of a branch conductor according to (20).
The thermal rating condition also applies to unbalanced
three-phase loads such as the case in the ECG network
(Table 3).

The simulation results obtained in the two networks were
used to create mathematical models using the least square
method [71]. The models involved relationships between
solar PV penetration depth and key network parameters such
as APF, line loadings, and kW losses. The statistical models
obtained predict the RPF and estimate the maximum penetra-
tion depth of solar PV in each of the networks. These outlined
approaches were also applied to the modified IEEE European
test network.
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8) SOLAR PV SELECTION AND DEPLOYMENT CRITERIA

The solar PV plant was modeled at a maximum power of
21.69 kW and a DC bus voltage of 1000V (Vdc). A three-
phase inverter unit with an AC rating of 0.415 kV and
19.93 kVA forms part of the PV system. Based on the load
demand in the network, the inverter was designed for contin-
uous output power. The photowatt solar plant for large-scale
grid-tied systems in the ETAP database met the specifications
of the LV networks.

TABLE 7. ETAP solar PV modeling parameters.

PV Panel
Manufacturer Photowatt
Model PW6-110
Type Multi-crystalline
Size 110
Number of cells 36
Maximum Vdc 1000
Power factor 1
Watt/Panel 110.3
Number in series 20
Number in Parallel 10
Irradiance/ W/m2 1000
Ta/degree Celsius 30
Tc/ degree Celsius 5
MPP kW 21.69
Amps, dc 64.2

TABLE 8. ETAP data for solar PV three-phase inverter.

DC rating
kW 22.06
\Y% 343.6
FLA 64.2
%Efficiency 90.34
AC rating
kVA 19.93
kv 0.415
FLA 27.73
%PF 100
Imax 150%

In this study, the inverter was designed without considering
harmonics. Tables 7 and 8 present the data for the solar PV
design.

In the literature, various methods are used to deploy solar
PV units in distribution networks based on network con-
straints [17], [18], [72], [73]. In [68], for instance, the authors
examine the effect of high PV penetrations on steady-state
performance and transient stability using the IEEE 9-bus
test system. Their findings indicate that high penetrations at
distinct bus locations along the same feeder result in varied
maximum penetration levels. In certain studies, scenarios are
generated randomly for each PV penetration [19], [74]. For
instance, customers may install solar PV at random locations
that do not conform to the utility’s design plans [1]. The
utility-based allocation, however, is well defined to fit into
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their system planning strategies. This study adopts a modifi-
cation of the utility-based approach.

In the present study, PV penetration was achieved by dis-
tributing PVs one at a time on the base-case model network.
PV s were allocated to the worst load point with a voltage
below 0.95 p.u. After each phase of PV injection, load flow
calculations were performed. The PV placement procedure
was then repeated until sufficient RPF was developed in the
network for the transformer loading (kW) to register negative
values. Steady-state power flows in network branches, load-
point voltages, transformer details, and system losses were
observed. The following pseudocode describes how solar PVs
were distributed at the load points on each of the modeled LV
networks:

Pseudocode for Solar PV dispersion

1. Start;

2. Perform a power flow analysis in the absence of a solar
PV unit in the LV network;

3. Locate and position a solar PV unit at the lowest voltage
bus, below 0.95 p.u;

4. Perform a power flow analysis for the LV network;

5. Identify branches with RPF and observe transformer
operating loading (kW);

6. Repeat steps 3 to 5 until transformer operating load-
ing (kW) registers negative values;

7. End.

9) DETERMINATION OF BRANCH-TRANSFORMER MARGIN
The theoretical concept of the branch-transformer margin
is detailed in the previous section. This region is deter-
mined on the scale of minimum values of the branch and
transformer active power as PV injection is sustained in
the network. These conditions determine the transformer
and branch-based maximum penetration depth at the RPF
margins (see Figure 2). The RPF margin parameters were
obtained from the simulation data generated from the two
networks. The method of determining the branch-transformer
margins applied to the two test networks is based on the
following pseudocode. The major objective of the pseu-
docode is to compute the branch-transformer margin in an LV
network.
Pseudocode to determinebranch-transformer margin

1. Start;
2. Perform a power flow analysis in the absence of a solar
PV unit in the LV network;
3. Locate and position a solar PV unit at the lowest voltage
bus, below 0.95 p.u;
4. Perform a power flow analysis for the LV network;
. Identify branches with RPF and observe values of
Ppe; (1) and Prx (1);
. If PB, (t) = 0 then go to step 10;
. Else IF Pty (t) = 0 then go to step 11;
. Else Repeat steps 3 to 5;
. Compute total accumulated solar injected kVA as
branch-based maximum depth of penetration, Dp max;

9}

O 0 3 N
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FIGURE 6. Single-line schematic showing a section of the solar PV-integrated ECG-LV Network.
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FIGURE 7. Single-line schematic showing a section of the solar PV-integrated modified IEEE LV European test network.

10. Compute total accumulated solar injected kVA as
branch-based maximum depth of penetration, D7yax;

11. Compute  Branch-Transformer RPF Margin =
(D1x max — DB max);
12. Stop.

Ill. RESULTS AND DISCUSSIONS

This section explores in detail the results of the simulations
for both the modified IEEE European test network and the
ECG LV network. There has been a considerable increase in
studies concerning network feeder power dynamics on line
loading conditions due to RPF which is caused by increased
PV penetrations. Among the most notable are the works of
[13], [31], and [39]. However, extensions to these previous
works, as presented in this study, involve a holistic approach

44750

to studying the power flow dynamics in the branch lines due
to PV penetration in the LV networks.

Results from the simulation studies are used to create
statistical models to quantify the impact of PV penetration
on key branch parameters such as APF, line loading, and kW
losses. The models will predict violations in the line loadings,
and the RPF and estimate the maximum penetration depth of
solar PV in the network.

These findings are significant in the determination of
pre-determined critical parameters to safeguard the network
against line overload due to RPF caused by excessive solar PV
deployments. It is established from the simulation results that
the RPF occurs randomly in the network branches. The paths
of these hot spot branches are moving targets that depend
on the power flow dynamics between adjacent branches,
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TABLE 9. Simulation results for solar PV integrated ECG LV network.
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PV-0 0 0 1149.23 9.58 0 14.36 13.06 144.6
PV-1 19.93 12 898.25 8.3 7 12.13 9.33 121.8
PV-2 39.86 24 682.35 7.5 11 10.55 7.57 101.2
PV-3 59.79 36 51545 6.79 14 9.06 5.30 79.56
PV-4 79.72 48 316.88 6.19 20 7.84 4.00 61.01
PV-5 99.65 60 94.19 6.3 29 7.21 3.79 40.58
PV-6 119.58 72 -143.5 6.83 38 7.47 4.24 21.01
PV-7 139.51 84 -489.12 7.44 56 8.04 491 2.64
PV-8 159.44 96 -640.54 7.82 62 9.35 5.39 -15.92
PV-9 179.37 108 -799.97 8.37 63 11.29 6.04 -34.29
TABLE 10. Simulation results for solar PV integrated modified IEEE LV European test network.
) @ = = —_ = = @ S —~
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A% 2E37 TE: %z fw 52 E2g  ig £Z
s = & = &5 5&X 5= ] -] ) - =~
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PV-0 0 0 1435.57 9.05 0 12.48 16.52 110.6
PV-1 19.93 15 1185.62 8.95 5 11.24 15.83 107.9
PV-2 39.86 31 764 8.1 14 9.44 11.65 85.75
PV-3 59.79 46 397.1 7.46 22 7.74 8.81 64.51
PV-4 79.72 61 47.88 7.32 31 7.28 7.90 453
PV-5 99.65 77 -244.76 7.52 37 7.82 7.96 26.78
PV-6 119.58 92 -452.71 7.48 45 733 7.76 7.56
PV-7 139.51 107 -659.11 7.69 53 8.38 8.04 -11.17
PV-8 159.44 123 -771.38 7.87 55 9.21 8.39 -30

the level of PV penetration, and the loads drawing current
through the branches.

The stochastic nature of these activities makes it difficult to
establish global solutions that will account for the individual
contributions of network branches exposed to RPF due to the
high solar PV impact. Hence, this study proposes non-trivial
solutions such as net and average values of key parameters
for network branch assessment. A consequence of this study
is the establishment of a branch-transformer RPF safe margin,
beyond which RPF will flow into the substation transformer.
The modeled networks in Figure 6 and Figure 7 show the
grid-tied solar PV test networks. The summary results of
simulations for the studies are presented in Table 9 and
Table 10.

The two LV networks used as case studies have consid-
erable differences in the following: (a) Loadings and load
patterns in transformer systems and (b) solar PV dimensions
and step sizes. Nevertheless, the results obtained for these
networks are expected to follow similar patterns. Each of the
key results obtained will now be discussed in the following
sections.

A. ANALYSIS OF BRANCH OPERATING PARAMETERS
In the sections that follow, simulation data from the two net-
works were utilized to generate statistical graphs and models
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illustrating the correlation between PV penetration and key
network branch parameters.

1) ACTIVE POWER FLOW

Results for net active power and average active power at the
branches per penetration are presented in Figures 8 and 9
respectively. The graphs in Figure 8, show that the net branch
APF involves sign changes at the zero-crossing into the RPF
mode [68], [75]. Theoretically, it is expected that RPF flows
only beyond the zero-crossing point. However, the results of
the study showed that fewer branches in both networks exhibit
negative signs in their active power, showing RPF before the
net active power zero-crossing point is reached. In Figure 9,
it is possible to see the average APF decreasing to a minimum
with increased penetration in both networks.

Beyond this minimum value, significant RPF is developed
in the branches. This result is comparable to the findings in
[1], where RPF is established beyond a minimum value of the
curve as PV penetration increases. Using a time-series equiv-
alent to the depth of penetration, authors in [76] obtained
comparable results for the active power at both the substa-
tion and feeder levels in an LV system for the scenario in
Figure 9. This shows that increased PV penetrations poten-
tially increase the RPF events in the branches, and ultimately
reverse the power flow into the substation transformer.
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FIGURE 8. Net active power flow for (a) ECG LV network (b) modified IEEE
European test network.
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FIGURE 9. Average branch active power flow in (a) ECG LV network
(b) modified IEEE European test network.

2) NETWORK BRANCHES WITH RPF

Figure 10 shows how the number of branches with RPF
increases with an increase in PV penetration in both networks.
From the results, it is possible to have fewer lines exhibit-
ing RPF without violating the voltage limit [27]. In both
networks, fewer branches exhibit RPF at lower penetration
levels.

For instance, it is observed from Figures 10(a) and 10(b)
that for the same penetration level PV-3 (equivalent to
59.79 kVA), there are 14 and 22 branches with RPF in the
networks respectively. This difference is expected for reasons
of different network features discussed in the introduction to
this section. Additionally, the modified IEEE European test
network consists of light loads subjecting the network to more
cases of RPF with more PV penetrations [77]. What is more
important is that the general pattern of an increased number of
branches with RPF due to high PV penetration is established
in both networks.

It is worth noting that significant RPF flows in each of
the networks before maximum penetration depth is reached.
Furthermore, a few individual branches may be subjected
to RPF, even though their net contribution may not reverse
power into the transformer.

For instance, at a penetration of 48% in the ECG network,
20 branches register RPF. However, at this penetration level,
the transformer, which is operating at 61 kW, does not register
RPF (Table 9). These results are supported by [19], who
investigated the increased number of RPF events half-hourly
on a feeder due to PV penetration.

3) LINE LOADINGS
Line loading is a function of the continuous operating cur-
rent of the line expressed as a percentage of the conductor
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FIGURE 10. Branch conductors with RPF for (a) ECG LV network
(b) modified IEEE European test network.

ampacity. The thermal current rating of the conductors is
the primary limiting factor in the LV network’s capac-
ity to handle power flow with PV penetration [34], [40].
In Figures 11 (a) and 11 (b), the profiles for the average
branch loading per PV penetration are shown. It is observed
that the PV penetration will initially reduce the loading level
of an increased number of branches, freeing up capacity on
the lines.

As the penetration increases, most of the branches are
subjected to reduced thermal stress resulting in a mini-
mum average branch loading. From Figure 10, there is evi-
dence that isolated RPF branches exist, giving rise to a few
cases of an increased number of overloads on the branches.
Figure 11 shows that beyond the minimum points in both
graphs, increased loadings are recorded in the branches,
resulting in an increased average branch loading per pene-
tration. However, sustained PV penetration will potentially
overload the branches beyond their thermal capacities (20).
Similar findings have been reported in the works of [28], [29],
and [42] for thermally constrained network conductors as
a result of increased PV penetration. Thermally constrained
lines due to overload potentially, lose their tensile stress and
suffer from thermal aging [78]. Therefore, when designing
the network, planners must take into account how PV pen-
etration will impact the loading parameters of transmission
lines [68].
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FIGURE 11. Average branch loading for (a) ECG LV network (b) modified
IEEE European test network.

4) LINE POWER LOSSES

Power losses in the network branches are affected by the level
of solar PV penetration. The total branch losses per PV pene-
tration are presented in Figure 12. In both networks, at low
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PV penetrations, capacity is freed as less current is drawn
from the grid which results in low branch losses. At high
penetrations, which results in high PV generation, lines are
overloaded due to RPF (20). The resulting increase in line
current increases the line losses. The following are observed
from Figures 12 (a) and 12 (b): At the initial stage, the total
losses decrease from 13.06 kW and 16.52 kW to a minimum
of 3.79 kW and 7.82 kW respectively in both networks.
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FIGURE 12. Total branch losses (a) ECG LV network (b) Modified IEEE
European test network.

Further increase in PV penetration levels results in RPF
overloading and increasing the branch currents. Therefore,
the total branch losses increase beyond the minimum total
losses. These results support the findings of [31], who inves-
tigated network system losses as a result of high PV injection
into the network. Similar results are reported in the works of
[13], [72], and [79].

B. EFFECTS OF HIGH PV PENETRATION ON THREE-PHASE
LOADS

Three-phase load configurations in an LV network can be bal-
anced or unbalanced depending on the variations in customer
load demand [80], [81]. These load configurations respond
differently to high PV penetrations which affect the over-
load conditions of the lines feeding the loads. For instance,
for the same three-phase PV inverter power injected into
the network, load currents are equally distributed in a bal-
anced three-phase system. However, different load currents
are drawn by an unbalanced three-phase load configuration.
Particularly with sustained PV penetration, reverse power
flows occur in the low-load phase, causing thermal violations
in that phase [82]. Therefore, unbalanced three-phase loads
may violate power quality standards such as voltage and
line loading, and cause significant protection problems in
the affected phase due to RPF [83]. Studies on unbalanced
load scenarios with DGs are well documented in the literature
[80], [84], [85], [86]. In the present study, the ECG network
featured unbalanced loads which were modeled as lumped
three-phase loads without compromising study analysis. The
influence of these lumped three-phase loads on the average
branch loading is considered in the branch threshold analysis.

C. NETWORK BRANCH THRESHOLD ANALYSIS
To establish global controls for key parameters on the LV
network branches due to PV penetration, it is necessary to
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consider unified branch network threshold evaluation.
Table 11 presents the branch threshold criteria for the two
networks based on the predictive models in (21) and (22),
(23) and (24), and (25) and (26) which were created from the
simulation results. In Table 11, the estimated branch limits
for the modified IEEE European test network and the ECG
LV network are compared. Equations (21) and (22) are two
models for the net branch active power, P5,, obtained from
Figure 8 to predict the depth of penetration, D (% or kVA) at

the zero-crossing point.

ECG network: PB

net —

IEEE test network: PB

net —

—11.06-D + 1150.3  (21)
—14.582-D+1351.6  (22)

According to (21), the maximum penetration depth at the
zero crossing point is 62.6% in the ECG network and 69.8%
in the IEEE test network. Similarly, in Figure 9, we obtain
models for the average active power flow in the branches,
PLY¢ for the two networks, presented in (23) and (24) to
predict the RPF in the ECG network and IEEE test network
respectively.

ECG network: P{¢=0.0007 - D?—0.1369 - D + 14.617
(23)

IEEE test network: Pv¢ =0.0005-D* — 0.1086 - D + 12.735
(24)

For instance, given the depth of PV penetration, these models
predict the average active power flow in the branches, which
determines the RPF. For instance, in the IEEE test network,
the RPF is estimated to be 7.36 kW using (24). This repre-
sents the maximum branch active power flow obtained at a
maximum allowable penetration of 69.8%. In Table 11 it is
observed that these values are lower than the estimated values
for the ECG network. This is because the IEEE test network
is a low-load network, therefore penetration level is higher,
and reverse current develops easily with relatively low active
power [87]. These models can be related to the findings in
[1], which used a similar model to estimate the average total
reverse power flow under the impact of PV penetration in a
given distribution network.

TABLE 11. Summary of net branch limits for RPF.

Solar PV Max. Max. Total
Network Max. Average  Average Branch
Penetration  Branch Branch Losses
(%) APF Loading (kW)
(kW) (%)
ECG LV 62.6 7.44 6.42 3.79
Network (104 kVA)
Modified IEEE 69.8 7.36 7.28 7.82
European Test (92.69 kVA)
Network
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FIGURE 13. Transformer operating load and average branch APF per PV penetration showing transformer-branch region for (a) ECG LV network

(b) modified IEEE European test network.

Correlation models obtained for the two networks in
Figure 11 are presented in (25) and (26).

ECG network: L2 = —2.1078.D*+6-107%.D°

T
—0.0002-D*—0.0541-D+9.5433
(25)

[EEE test network: L® = —3.107%.D*41.1073.p3

—0.0008-D*~0.0048-D+9.1162
(26)

The models represent the average branch loading, LjY®
measured in percentage of the average branch operating
current. Estimates of the average loading conditions of the
network branches due to PV penetration can be determined
using these models. At the maximum penetration depth, the
average branch loading is 6.42% (Average current=16.7 A)
and 7.28% (Average current=18.1 A) as observed in the ECG
and IEEE test networks respectively (Table 9). These results
are expected since low-load networks are more susceptible to
RPF and hence, greater thermal stress. This is the case with
the IEEE test network. We conclude that even though these
lines have not reached their thermal limits at these rates, they
will exhibit significant RPF at depths beyond the maximum
penetration depth. However, in [13], the authors investigated
penetration limits on transmission lines and determined that
rather, the line thermal limits placed restrictions on the max-
imum penetration depth. Therefore, a good planning strategy
for utilities is to determine the penetration level beyond which
the branches will reach their thermal capacities.

Closely related to the line overload conditions is the
total branch losses per PV penetration. Overloaded branches
are thermally stressed due to RPF from excess solar PV
generation [66]. These high currents result in high branch
losses. In this study, we have seen how excess PV pene-
tration contributes to branch losses. For instance, the IEEE
test network registers a total minimum branch loss of

44754

7.28 kW at the maximum penetration depth. It is observed in
Figures 12 (a) and 12 (b) that excess PV injection increases
the branch losses because of an increase in RPF events that
overload the branches.

Details of the total minimum branch losses corresponding
to the maximum penetration depth in the ECG network are
shown in Table 11. The study shows that a loss management
strategy is essential because RPF can increase total losses
in branches with high PV penetration. A loss management
scheme, similar to the scheme in the present study, for man-
aging PV-grid integration challenges is found in the following
works: [88], [89], and [90].

D. ASSESSMENT OF NETWORK BRANCH-TRANSFORMER
RPF MARGIN

The safe margin represents additional penetration depth,
beyond which RPF progresses into the substation trans-
former. In this region of branch-transformer RPF margin,
there may not be adverse effects on the protection systems at
the substation [91]. However, beyond this region, the substa-
tion transformer is subjected to RPF similar to the situations
in the following studies: [92], [93], and [94]. Figure 13 shows
the relationship between the average branch active power
and the transformer operating active power under increased
PV penetration. Simulation results show that the transformer
delays in exhibiting RPF more than the network branches.
This situation creates the branch-transformer RPF region.
The transformer-based maximum PV penetration depths are
predicted from the models in (27) and (28) obtained from
Figure 13.

ECG network: Ptx — 0.9922 - D + 141.21
IEEE test network: Prx = —0.9314-D +119.5

27)
(28)

The models estimate the maximum penetration levels as
85.7% and 96.6% in the ECG LV network and the modified
IEEE European test network respectively. It is obvious from
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Table 9 that these limits exceed the branch-based limits cor-
responding to each network.

In Figure 13(a) for instance, the network branches develop
significant RPF at a maximum penetration depth of 62.6%
before the substation transformer develops RPF at a depth
of 85.7%. So, a deficit of 23.1% is what represents the
branch-transformer RPF region (18). A similar region of
26.8% is represented in the case of Figure 13 (b) where
the maximum penetration depths of 69.8% and 96.6% are
recorded at RPF margins in the network branches and the
substation transformer respectively. Table 12 presents a sum-
mary of the branch-transformer RPF margins expressed in
percentage and apparent power (kVA) of the PV penetration
for the two networks.

It is expected that conditions beyond the branch-
transformer RPF region can lead to transformer tripping and
prompt disconnect issues due to excessive relay operations
[53], [66]. This phenomenon may also cause age deterioration
in the transformer [95], [96].

These results are important for setting pre-determined crit-
ical parameters to protect the network branches from line
overload due to RPF caused by excessive solar PV penetra-
tions. In addition, critical stages of RPF require interventions
such as those suggested in the study [94] and [97] where
energy storage systems are installed close to the substation
transformer to deal with excess power due to RPF.

TABLE 12. Summary of network branch-transformer RPF margins.

Maximum values for

Test Unit penetration depths at the Safe Margin
Network margin of RPF of RPF
Transformer Network
Branch

ECG LV % 85.70 62.60 23.1
Network  kVA 142.32 104.01 3831
IEEE LV % 96.60 69.80 26.80
Network  kVA 128.30 92.69 35.61

IV. CONCLUSION

This study presents an assessment of reverse power flow on
line overload conditions under increased solar PV penetra-
tion in LV networks. Modeling, simulations, and statistical
models are used to obtain the presented results. The aver-
age values for the RPF and the line overload at solar PV
maximum penetration are estimated by the predictive models
created from the simulation data. Results also show that the
minimum total branch losses are obtained at the maximum
PV penetration.

Furthermore, the detection of a significant number of
branches with RPF per PV penetration shows that line over-
load may not be reached before RPF causes significant net
power flow in the branches. Finally, a branch-transformer
region is determined as a safe margin to protect the trans-
former from reverse power flow.
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The approach used in this study faces several challenges
which could be addressed in future works. They are as
follows:

1. In this study, only the active power has been taken
into consideration. One of the reasons is that house-
hold customers consume more active power than reactive
power.

2. The solar PV output remained fixed in this investigation.
Instead of a fixed value for the production during the worst
case, a stochastic model could also be considered to take
into account the solar radiation and seasonal changes that
could affect solar PV production.

3. Loads are modeled as static and do not consider their
statistical variation to seasonal changes that affect their
load profile. This deterministic approach also modeled the
household load for the worst-case scenario of maximum
demand.

4. Issues concerning protection, coordination, and power
quality, which are not addressed in this study, may limit
PV penetration.

The proposed procedure outlined in this study establishes
pre-determined critical parameters to protect LV network
branches from line overload due to RPF caused by excessive
solar PV installations. Therefore, it is vital to conduct studies
that will aid engineers in planning systems with high PV
penetration levels to determine the critical PV penetration
levels for a given network. A similar procedure could be
adopted in the Ghanaian LV networks, where PV solar impact
studies are currently gaining traction. Also, the economic and
financial aspects of the studies can be considered for future
work.

Furthermore, network operators should use data from their
networks to estimate the key parameters of the branches when
making assessments of RPF as part of their distribution sys-
tem planning. In this study, the specific results are only valid
for the studied networks, but the method itself has broader
applications.
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