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Abstract: With the increasing adoption of distributed energy resources (DERs) such as wind and
solar photovoltaics (PV), many distribution networks have changed from passive to active. In turn,
this has led to increased technical and operational challenges such as voltage issues and thermal
loading in high DER penetration scenarios. These challenges have been further increased by the
uncertainties arising from DER allocation. The implication of DER allocation uncertainty in the
planning process is far-reaching as it affects critical planning processes, including conductor size
selection (CSS). Most reported CSS methods in the literature do not include DER allocation uncertainty
modeling as they are mostly deterministic and are set out as optimization problems. The methods,
therefore, lack foresight on future loading conditions and cannot be used in a CSS process for
feeders with high DER penetration. This paper proposes a novel input–process–output stochastic–
probabilistic CSS framework for distribution feeders with DERs. The efficacy of the proposed
framework is demonstrated using a low voltage feeder design case study with varying PV penetration
targets, and the performance compared to deterministic–active-based estimates from our earlier work.
The proposed CSS method is well-suited to the sizing of conductors for future loading conditions
considering DER allocation uncertainty and will therefore be useful to planners working on new
electrification projects.

Keywords: distributed energy resources; distributed generation; hosting capacity; Monte Carlo
simulation; after diversity maximum demand; probabilistic methods

1. Introduction

The increasing adoption of distributed energy resources (DERs) such as solar pho-
tovoltaics (PV), electric vehicles (EVs), and energy storage systems (ESS) on distribution
networks has changed distribution network operations from passive to active [1]. The re-
sulting networks are termed active distribution networks (ADNs) to denote the unique
operating dynamics associated with bi-directional power flow and the integration of DERs.
While DERs have several potential benefits to the power system, including climate change
mitigation (for renewable energy-based DERs) and ancillary services provision, the in-
creased connection of DERs is likely to increase the technical challenges that distribution
network operators (DNOs) face [2].

The severity of the problems depends on various factors, including network electrical
and loading properties as well as the location and capacity of the DERs. Reported chal-
lenges in the literature include violation of voltage limits [3–6], transformer and conductor
overloading, voltage unbalance, and protection issues [5,7,8]. These challenges have moti-
vated research focused on determining the hosting capacity (HC) [9], which defines the
maximum DER penetration that existing feeders can host while maintaining acceptable
performance [3]. DNOs mostly use the HC as a basis for the formulation of regulations and
standards for DER integration and control. However, this usually leads to the restrictive
utilization of DERs due to the design characteristics of passive distribution systems.
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The design of passive distribution systems, particularly the selection and sizing of
conductors, transformers, and other network equipment, were traditionally based on the
feeder maximum demand (FMD) [1]. The FMD quantifies the maximum load capacity—
which combines the expected loads at the time of commissioning and growth factors in a
selected planning horizon—that the feeder can support without violating selected technical
constraints. Usually, quality of supply (QoS) constraints in terms of voltage-drop, and
unbalance, and thermal loading of conductors and transformers form the set of technical
constraints. As such, the FMD indicates the loadability limits of network infrastructure.
The application of these traditional network design principles is relatively straightforward
and well-known [10,11]. However, extending the design principles to ADNs has significant
difficulties due to the numerous factors linked to the differences between active and passive
distribution systems, including:

• New technologies—new load types, such as EVs and ESS, and distributed generation
from PV, wind, and arbitrage systems introduce new considerations in the network
planning process [1].

• Combination of uncertainties—the capacity and location, often termed allocation, of
DERs, is out of the control of DNOs and is mostly random. Furthermore, stochastic
factors influence the DER power exports and imports.

• Dynamic operation of DERs—the time-of-use characteristic for DERs, mainly EVs and
ESSs, is more complicated than for standard residential loads

Practical ADN design principles that lead to reliable systems (with a low likelihood of
technical issues) under high DER penetration will need to incorporate the combination of
the listed factors.

In general, distribution network design mainly involves the optimal selection
(type and size) and placement of network equipment such as transformers, capacitors, and
conductors [12–14]. Of these, the conductor size selection (CSS) process has been identified
as a critical area closely linked to QoS performance [15]. From a technical perspective,
the prime objective of the CSS process is to ensure that individual conductors can sup-
port the connected load capacity within thermal loading and voltage deviation limits [16].
Accordingly, the correct conductor size is dependent on technical variables such as the
system loads and their location on the feeder, which influence the loading of specific feeder
branches and bus voltages. As aforementioned, these technical variables are influenced by
various uncertainties, whose accurate representation is vital in the correct formulation of
CSS models.

A sample of studies investigating the formulation of optimal CSS is reported in [1,14,17–35].
Analysis of this literature was carried out to establish the number of studies that considered
DERs in the CSS formulation. Out of the total number of papers that were reviewed,
it was established that only six papers considered DERs in the CSS problem formula-
tion [1,14,18,24,31,35]. The rest of the papers had limitations such as the application of
deterministic power flow methods, which cannot adequately represent uncertainties. Ad-
ditionally, these studies did not consider modeling DERs, which implies that they are not
suitable in selecting and sizing conductors in active systems. Furthermore, these methods
were largely formulated with a cost minimization objective and did not envision enhancing
DER penetration on the network as a key objective [17,19–23,25–30,32–34,36].

A further analysis of the literature considering DERs was conducted based on several
aspects including the objective of the study, uncertainty representation (allocation and
input), as well as the power flow method used. It was noted that all the studies except
for [1] applied a fixed allocation in the CSS formulation process. This means that the
location and the capacity of the DERs were predetermined in the modeling process. Sim-
ulation of fixed capacity and placement of DERs does not reflect the practical reality of
the future uptake characteristics of DERs, particularly on LV networks, where the DNO’s
usually lack control. Therefore, these methods require improvement for their eventual
application in the CSS procedure. Secondly, most of the studies applied a deterministic
power flow analysis [14,24,31,35], which is unsuitable in representing the uncertainties that
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characterize the load as well as the DER outputs. The studies reported in [14,18,24,31,35]
were modeled with a cost minimization objective. The authors focused on the formulation
of the optimization techniques, and they did not pay adequate attention to the stochastic
characterization of unknown variables such as the future location of DERs and the power
output variations.

While the study in [1] considered both allocation and output uncertainty as well
as probabilistic power flow, it applied a deterministic–active-based and approximate
approach to the final sizing of the conductors for the active system. This paper expands
on the conceptual work presented in [1]. The authors in [1] discussed the significance
of DER allocation simulation and presented several case studies to evaluate different
assumptions applied in DER allocation. The study used a deterministic–active-based CSS
procedure to approximate the sizes of the conductors needed to support the maximum DER
penetration on the network. In this paper, we propose a risk-based CSS method for new
distribution electrification systems with DERs. The objective of the proposed method is to
size conductors that meet the relevant QoS and loading limits while accurately accounting
for the DER penetration on these networks.

A stochastic–probabilistic approach is taken to address the combination of uncertain-
ties in the feeder design problem in three steps: firstly, initial conditions of conductor
sizes are set by applying a passive feeder CSS method based on the winter load model.
Secondly, the technical performance of the feeder under the objective DER penetration
conditions is analyzed to identify feeder branches and nodes violating QoS and thermal
loading limits. Thirdly, an iterative risk-based resizing technique is implemented, evaluat-
ing the compliance of the designed system in each iterative step. Such a comprehensive
methodology addressing the combination of input uncertainties in the CSS formulation for
new distribution electrification systems has not yet been proposed in the literature.

The contribution of this paper includes the formulation of a novel probabilistic and
risk-based CSS approach that incorporates DER allocation and output uncertainties in the
modeling exercise. This method is applicable in the design and selection of conductors for
new electrification projects, where the DNOs are keen to incorporating high DER penetration.

The remainder of the paper is organized as follows. Section 2 outlines a detailed
methodology for the proposed CSS process. Section 3 introduces the simulated case study
and outlines the conducted process, the results obtained, and the analysis. Section 4
discusses the findings, and lastly, Section 5 provides the conclusion to the paper.

2. A Stochastic-Probabilistic CSS Methodology

Like most engineering systems, the proposed methodology hinges on three important
components resembling an input–process–output (IPO) model. Input modeling is critical
to ensure the characteristics of the feeder layout and the expected loads and DERs are
accurately modeled. The “process” aspect of the model is split into two components: a grid
impact assessment study and a conductor validation analysis. The comprehensive grid
impact assessment study assesses the performance of the designed feeders—to test the
adequacy of the system as a whole—according to a selected set of technical parameters
drawn from the planning objectives. The conductor size compliance analysis assesses
the performance of individual feeder branches and nodes to derive adjustment factors
for resizing. The outputs are risk-based compliance indicators used in the resizing of
conductors according to a defined directory of available conductors. Figure 1 illustrates
the core components of the methodology, which are described in more technical detail in
the sections that follow.
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Figure 1. Methodology for the assessment of feeder performance and conductor size selection.

2.1. Input Modelling

Three models are critical inputs to the CSS problem: the feeder layout, expected
loads, and DERs. The feeder layout aspects are mostly straightforward. Therefore, much
attention is given to the description of the load and DER models. Table 1 provides the
design technical constraints adopted for this paper.

Table 1. Technical design constraints.

Technical Constraint Constraint Limit Confidence Intervals

Voltage drop >0.9 pu 2.5%
Voltage rise <1.1 pu 97.5%

Loading of conductors <1 pu 2.5%

2.1.1. Distribution Feeder

A mathematical feeder model is generated from an electrical reticulation plan derived
from the relevant development plans. According to a selected feeder layout, the key
characteristics of the feeder model affecting its technical performance include the location of
customers to node and distances between them. The placement of customers to phase must
be carefully planned to achieve the most balanced arrangement possible. Arrangements
such as cosine, cyclic, and balanced are commonly applied.

To complete the feeder model, electrical properties of the supplying feeder branches
are required. Our approach requires some initial conditions of conductor sizes to initiate the
simulation processes. We select the conductor sizes to firstly meet passive winter peak load
conditions. In our local context, in South Africa, planners can easily use a design protocol
based on a probabilistic load flow computation in an Excel environment [10]. The design
protocol is published as part of the national standards [11] and has been improved for accuracy
and extended application [37]. With the results from this passive design protocol, electrical
properties (resistance, and reactance where applicable) are built into the feeder model.

2.1.2. Customer Loads

This work builds on well-established statistical frameworks [10,11,38] and data repos-
itories characterizing the expected customer loads according to their living standard mea-
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sure (LSM), which considers various parameters including geographic (population density,
climatic conditions, etc.), economic (income per household, employment, etc.), and social
(occupants per household, dwelling type, etc.) data. This information is relevant in the
planning of low voltage distribution networks. To accurately represent the expected load
for grouped customers at an interval of time, an appropriate probabilistic distribution
function (PDF) of the load, for that interval, is required. Based on the loads’ profile, each
interval PDF can be determined, and the parameters of the PDF extracted and used in the
modeling exercises. The application of PDF-based analysis enables the planner to stochasti-
cally represent the diversity of the loads, and this is illustrated in Figure 2a. The Herman
Beta-Extended (HBE) design algorithm, used in the load flow computation in this paper,
incorporates beta distribution in its probabilistic load modeling and is adopted as the
standard national design tool for residential feeders in South Africa. Research on the
HBE formulation is widely published in various studies [10,38–40]. Figure 2b shows the
versatility of beta PDFs.

Figure 2. Illustrating uncertainty representation (a), the variation in beta probability distribution function curves with
different shape parameters (b).

To accurately represent the diversity of the customer loads, a beta PDF is used to
characterize the statistical properties of these loads for each interval of time. The HBE
design algorithm incorporates load beta PDFs as inputs, during its load flow computation.
The beta PDF parameters are defined using the alpha (α) and the beta (β) parameters,
which are derived using the mean (µ) and the standard deviation (σ) of the customer loads,
for a selected period. A scaling factor C, which is defined by the rated current of the
customer’s circuit breaker, is also applied in the derivations [38,39].

The following equations define the relationships between the beta parameters of
grouped customer loads [10]. In this study, a nominal voltage, Vnom, of 230 V is used.

µ (Cµ−µ2 −σ2)/Cσ2 (1)

β = (C−µ) (C−µ2−σ2)/Cσ2 (2)

ADMD (kVA) = (α/(α+β)) × C× (Vnom/1000) (3)

From the available data, it is possible to characterize a target area according to the
LSM classification and apply adjustment factors to reflect expected variations arising from
specific climatic conditions, customer population, and planning horizon. The outputs are
customer load samples defined in 5-min temporal resolution from which beta probabilistic
density functions (PDFs) are modeled to represent the diversity of customer loads as
illustrated in Figure 2a and the inset of Figure 3. Given the PDF representation of customer
loads, the stochasticity of the loads can be simulated in a single pass calculation without the
need for iterations. This is the essence of analytical PLF. When modeled across consecutive
periods, both load variability and diversity can be intrinsically represented.
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Figure 3. Representation of the load demand for a typical summer day for a group of customers.

Figure 3 shows a typical minimum demand summer day for a high-end customer
class that is expected to have a high affinity for PV systems. The inset shows a beta
PDF extracted from the load data representing the diversity of customer loads during the
interval of minimum demand occurring at 14h00. The mean profile for the expected PV
output is also included, and its characteristics are discussed next. In this paper, we have
adopted the use of a constant-current load model, which was found to be consistent with
the residential loads in South Africa [39,41]. However, the proposed method is not limited
to such representations and, where appropriate, other models outlined in [42], with voltage
dependence, can be included in the input models.

2.1.3. Distributed Energy Resources

The purpose of this modeling exercise is to characterize DER power variations due to
stochastic factors, which influence the DER power flow characteristics within a defined
interval. This paper focuses on PV systems as the DER type. As such, the DER models
characterize the variation of the power injected into the grid. We use the term ‘power
export’—a term describing the distributed generation operation mode of DERs—to denote
the flow of power into the grid. While this paper uses PV systems for illustration, the
modeling principles are generally applicable to other DERs with the relevant adjustments.

To characterize the expected export power per kWp of installed systems, we use PVsyst
software with area-specific irradiance data, which we assume is common to all customers
on a feeder. Figure 3 shows the expected PV output in terms of export kilowatts for an
8 kWp system. From this expected (or mean) export power, we calculate the expected export
currents and build uncertainty representation by applying a small variance factor (10% is
used in this paper) to represent the diversity in the performance of different characteristics
such as tilt angle, orientation, shading, and dust effects. Where field measurements
are available, a more accurate characterization of the coincidence and correlation of PV
generation can be performed. We simulate the worst-case conditions for PV output by
modeling PV production during a period of high irradiance in summer. Such output can
be statistically represented using a PDF with a low coefficient of variation, which implies a
high coincidence of maximum PV output [16]. These conditions can be simulated using
a beta distribution where the shape parameters, α and, β are equal, with a mean output
of 0.5 kW. The shape parameters for the PV beta PDF can be described using Equation (4).
A corresponding scaling factor CPV is modeled based on Equation (5). The PV system
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is modeled to operate at a unity power factor, which concurs with the current planning
standards in South Africa.

α = β = 0.5 × ((1/4σ2) − 1) (4)

CPV = (PPv × µPV)/(0.5 × Vnom) (5)

Figure 3 also illustrates the expected PV output in terms of export kilowatts for an
8 kWp system. From these representations, stochastic simulation of customer PV generation
profile samples can be generated. In the end, the DER power model is similar in structure
to that of the loads and allows representation of diversity using the beta PDF, as seen in the
inset of Figure 3. The grid impact assessment study is based on the summer load and DER
models during an identified period of maximum PV impacts, which is usually indicated by
peak PV generation.

2.2. Process Modelling

We define two processes critical to selecting appropriate conductors considering the
range of possible loading (including DERs) conditions in the future.

2.2.1. Grid Impact Assessment Study

The objective of the processes described in this section is to assess the performance of
the designed feeder to meet selected QoS and loading limits for the desired range of DER
penetration, defined by the interval, 0 ≤ j ≤ Pmax. Pmax refers to the maximum allowable
penetration while j refers to a level of penetration between 0 and the maximum. This feeder
is designed based on the winter peak load, passive configuration conditions as set out in
Section 2.1.1. or from iterative design trials to be discussed later.

Feeder performance assessment is conducted according to the DER penetration char-
acteristics set out in the planning objectives, such as a target aggregated penetration level
or individual export or import limits. However, the designed feeder needs to satisfy the
technical limits under various DER penetration scenarios reflecting the gradual and consid-
erably random DER uptake. To test this, we use a combined simulation approach involving
a stochastic simulator for DER penetration scenarios and a probabilistic approach to the
load flow calculation. This paper defines penetration as a ratio of the installed capacity of
DER to FMD as follows:

DER penetration = 100 × [Rated DER capacity (kVA)/FMD (kVA)]% (6)

The simulation protocol discussed here is adopted from a hosting capacity method-
ology presented in [16]. In the simulation, the feeder is loaded in increments of a unit
DER size (1 kWp PV in this paper) from passive (i.e., 0% DER penetration) conditions
until each customer reaches their export or import limits. At each penetration level in
the simulated range, a random allocation process using the MCS method is performed
to generate DER capacity and location scenarios on the feeder—1000 scenarios are used
in this study. For each of these DER allocation scenarios at a constant penetration level,
the per-unit DER model from Section 2.1.2. is scaled according to the MCS allocation
characteristics, and a PLF analysis is performed to determine the feeder performance under
each scenario. The Herman-beta extended (HBE) method—a single-pass beta PDF-based
analytic-PLF method [37]—is used for load flow computation. It takes in beta PDF currents
of customer loads and DERs (defined in Section 2.1.) and returns beta PDFs of bus voltages
and branch currents. From these, five key technical parameters are calculated at a selected
risk factor of 2.5%:

1. Voltage-rise (VR);
2. Voltage-drop (VD);
3. Conductor loading (CL);
4. Transformer loading (TL), calculated as the three-phase aggregated loading;
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5. Voltage unbalance factor (VUF), calculated as the ratio between the maximum voltage
deviation across the phases and the mean node voltage.

From these results, two forms of representations are achieved. The first assesses the
feeder’s performance by taking the extremum record of all node and branch quantities in
each PLF analysis. The second representation keeps the full load flow results per node and
branch for assessment of individual components, from which the conductor validation
analysis is developed.

2.2.2. Conductor Validation Analysis

The objective of the conductor validation analysis is to determine whether the feeder
designed based on the passive winter peak load condition can meet the winter loading
conditions and the PV generation required by the planner. To do this, we follow the
following steps:

i. Based on the load flow results obtained from the grid assessment study, we identify
the penetration level recording the maximum impact on voltage, p_v, and conductor
loading, p_i.

ii. At these maximum impact penetration levels, we characterize using beta PDFs the
stochastic performance of the conductor loading, CLB

p_i, and node voltage, VRN
p_q,

results corresponding to the 1000 MCS DER allocation scenarios, for all branches, B,
and nodes, N.

iii. From the beta PDFs, risk-adjusted performance indices are determined by extracting
the 97.5th percentile, reflecting a 2.5% risk level. Compounded with the 2.5% risk
applied in the HBE load flow analysis, the overall design process’s risk becomes
5%, which satisfies feeder design standards [43]. The calculation of the conduc-
tor performance index (CPI) and the node performance index (NPI) are given in
Equations (7) and (8).

CPI = prcntl (CLB
p_i, 97.5)/CLlimit; for all branches, B (7)

NPI = prcntl (VRN
p_v, 97.5)/VRlimit; for all nodes, N (8)

The CPI and NPI indices form the outputs of the conductor validation analysis passed
to the resizing process.

2.2.3. Output Processing–Iterative Resizing

The conductor sizing approach is based on the foundation that the conductor size
needs to satisfy two critical factors linked to feeder performance: voltage-change (-rise
or -drop, depending on the power flow direction) and loading capacity. Accordingly, the
resizing approach is driven by the CPI and NPI indices. Conductors with CPIs exceeding 1
(violation of thermal loading limits) or supplying a node with an NPI exceeding 1 (violation
of voltage limits) are identified for resizing. Then, an adjustment process outlined below is
applied to select replacement conductors:

i. We estimate the resistance per km of the replacement conductor by scaling down the
initial (or previous) per km resistance, R0, using the CPI and NPI indices.
Equations (9) and (10) show the calculation of the resized conductor resistance, RRC-V,
and RRC-I. RRC-V and RRC-I indicate the resized conductors based on voltage and
conductor loading performance, respectively.

RRC-V = R0/NPI (9)

RRC-I = R0/CPI (10)

ii. A replacement conductor with the closest and lower resistance per km to that of
the resized conductors from Equations (9) and (10) is selected from a directory of
available conductors, such as Table 2.
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iii. Once a conductor is selected, the feeder model is updated with the new conductor
properties (R1, X1) and fed back as modified inputs for another iteration of the CSS
simulation. The stop criterion is based on the compliance of all components (NPI, CPI
≤ 1) or the convergence of conductor selection, resulting from the unavailability of
appropriate conductors in the available directory.

Table 2. A representative section of the conductor inventory based on aluminum conductor steel
reinforced (ACSR) conductors.

Cable Size Current Rating Resistance Reactance Impedance

mm2 (A) Ω/km Ω/km Ω/km

25 105 1.200 0.096 1.493
35 144 0.868 0.096 1.082
50 183 0.641 0.090 0.801
70 228 0.443 0.089 0.557
95 277 0.320 0.086 0.406

120 322 0.253 0.084 0.325
150 350 0.206 0.082 0.269

The influence of reactance on the resizing process is ignored due to the relatively low
X/R ratios on LV distribution feeders and the short distances of the distribution lines.

3. Case Study Simulation, Results, and Analysis

We demonstrate the developed CSS approach using a simplified feeder design case
study. A radial three-phase feeder supplying 21 residential LV customers is designed to
allow PV export limits of 8 kWp per customer. As such the customer is allowed to install a
PV system whose capacity ranges between 0 and 8 kWp. The customer loads, typical of
a high-end, low-density suburb in South Africa, are used. Three single-phase customers
are connected at each node. The distance between consecutive nodes is 30 m. Additional
details of the design process are presented in the following sections.

3.1. Feeder Model

Figure 4 illustrates the configuration of the designed passive feeder. To focus the
application on the CSS problem, we make a few assumptions on the supporting feeder
model characteristics outside of the CSS problem. The feeder layout is radial, without spurs,
and has seven supplying nodes. Each node supplies three single-phase customers arranged
in a balanced-111 phase allocation, denoting single-phase customer configuration. The
distance between the nodes is 30 m. A 150 kVA distribution transformer services the feeder.

Figure 4. Configuration of the designed feeder.
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3.2. Load and DER Models

Table 3 outlines the statistical parameters of the representative load and PV generation
models for a low-density suburb in South Africa in which uptake of PV is highly probable
and the customers in the area are categorized in the same LSM class, reducing the diversity
in the consumption patterns. The winter load model describes the expected distribution
of load currents during the winter maximum demand period, while the summer model
represents the load distribution for the summer minimum demand. Both models are valid
in 5-min intervals. The summer model is necessary to define the feeder conditions at the
point of maximum PV output. The winter model is used to quantify the FMD, which, in
turn, is used in quantifying the PV penetration levels. A conservative load power factor pf
0.95 lag is applied. PV output is modeled at unity power factor in line with South Africa’s
grid codes [44]. PV production is modeled using a peaky PDF to reflect the expectation of
highly coincident currents with minimal variance.

Table 3. Load and PV statistical model parameters.

Input Type
Input Model Parameters

Period
Probabilistic Model

ADMD (kVA) pf
α β C (A) σ (A)

Load
Winter 1.67 4.07 60 10.50 4.015 0.95

Summer 0.58 8.78 60 4.423 0.855 0.95

PV Summer 255.5 255.5 6.96 0.150 0.800 1

The PV model characterizes the diversity of export currents from a 1 kWp installation
linked to differences between customer installation characteristics and varying system
efficiencies.

3.3. Initial Feeder Design

A passive feeder is designed according to the existing guidelines for passive feeder
design in South Africa to meet the winter peak load and the QoS requirements based on the
winter load model (provided in Table 3) alone without consideration of PV generation. The
selected conductors are the initial conditions on which we apply our two-step test criteria.
The characteristics of the conductors and the performance of these initial feeder conductors
are indicated in Figures 4 and 5, respectively. The feeder properties are recorded under
Case 1 of Table 4. With these initial conditions, we perform a grid impact assessment to
evaluate the suitability of the traditionally designed feeder to host a maximum of 8 kWp of
PV per customer and the need for resizing.

Table 4. Conductor properties for the passive (initial) and adjusted feeder designs.

Conductor Properties Feeder Section
1 2 3 4 5 6 7

Case 1:
(Initial design)

Cross-section (mm2) 50 50 35 35 25 25 25
Resistance

(ohms/km) 0.641 0.641 0.868 0.868 1.20 1.20 1.20

Case 2:
(Final design)

Cross-section (mm2) 70 50 35 35 35 35 35
RRC-I (Ω/km) 0.610 0.712 0.894 1.095 1.44 2.07 3.13
RRC-V (Ω/km) 0.697 0.674 0.894 0.876 1.192 1.173 1.16

Resistance (ohms/km) 0.443 0.641 0.868 0.868 0.868 0.868 0.868

Deterministic–active design Cross-section (mm2) 70 70 50 50 35 35 35
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Figure 5. Performance of the passive feeder based on the winter load model.

3.4. Grid Impact Assessment and Conductor Validation Analysis for the Initial Design

A grid impact assessment is conducted on the passive feeder (designed without
consideration of PV) as elaborated in Section 2.2.1. Summer load and PV generation
models (provided in Table 3) are used in the assessment of the feeder performance during
the period of maximum PV generation. In the impact assessment study, the feeder is
incrementally loaded with PV in a stepwise manner and 1000 MCS DER allocation scenarios
are simulated in each step. An HBE-PLF records the load flow results for each MCS-DER
trial. Results are presented in the form of scatterplots.

3.4.1. Interpretation of Scatterplots

Figure 6 shows the scatterplots obtained from the grid impact assessment study of the
initial feeder design. Each scatter-point records the feeder-wide extremum condition of
each technical parameter based on an HBE-PLF at 2.5% risk. At each penetration level, at a
fixed x-axis value, there are as many scatter points on the y-axis as the number of considered
DER allocation scenarios. The x-axis range reflects the increasing PV penetration from 0%
(passive) to a maximum where each customer installation is equal to the set individual
export limit. Hence, the scatterplots converge to a single point (no variation in the y-axis) at
the maximum allocation scenario. In general, the scatterplot shapes replicate the combined
effects of PV penetration and allocation to node and phase.

Figure 6. Illustration of the passive feeder response: (a) voltage rise (b) conductor loading.
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From Figure 6a, there is a reduction in voltage impacts from the point of maximum
impact to the full penetration level. This reflects a decrease in voltage rise effects resulting
from the unbalanced allocation of single-phase PV systems before each customer attains the
possible maximum PV allocation capacity of 8 kWp. The ‘elbow’ point seen in the conductor
loading impacts in Figure 6b indicates the reversal of current flow as PV penetration offsets
the loads in most conductors.

A risk-trendline computed at 2.5% risk of the allocation impacts in each penetration
level is indicated by a continuous line in all scatterplots. Since the scatter-points already
represent 2.5% of risk taken in the HBE-PLF, the risk trendline represents a 5% risk in the
whole design process. Conclusions on feeder performance are based on the risk trendline,
which denotes the feeder’s risk-adjusted-performance.

3.4.2. Discussion of the Performance of the Initial System Design

From Figure 6, several deductions can be made regarding the performance of the
initial feeder design.

i. Based on voltage impacts (Figure 6a), the feeder can accommodate penetration up to
100% of FMD (81.5 kWp) and between 205% (162 kWp) and the simulated maximum
(162 kWp). The feeder violates voltage limits between 125% and 205% penetration,
which indicates that future penetration scenarios falling in this range have a high
likelihood for overvoltage conditions.

ii. Based on conductor loading impacts (Figure 6b), the feeder can accommodate a PV
capacity of up to 160% of FMD (130.5 kWp). All penetration scenarios above this limit
violate thermal loading limits.

iii. Combining the limits, the feeder can only host penetrations up to 100% (81.5 kWp),
which corresponds to 48.5% of the desired penetration.

Based on this performance, it is conclusive that the initial passive feeder design
cannot accommodate the desired PV penetration level. Table 5 summarizes the permissible
penetration limits considering a 5% design risk level.

Table 5. Feeder performance analysis for different impact factors.

Feeder Design Permissible Penetration Range (% of FMD)
Voltage Rise Cond. Loading Overall

Case 1 (Initial, passive design) 0–100%
0–160% 0–100%205%–full uptake

Case 2 (Final, active design) Full range Full range Full range

3.4.3. Conductor Validation Analysis

From the stochastic feeder performance of Figure 6, we identify the risk-adjusted
penetration level with maximum impacts for voltage (P_v) and conductor loading (P_i),
which are 148% and 170% of FMD, respectively, (marked with squares in Figure 6).

The stochastic performance of individual conductors and nodes at penetration levels
p_i and p_v is plotted in Figure 7a,b, respectively. The PDFs characterize the distribution
of conductor loading and voltage conditions from the HBE-PLF results at 2.5% risk cor-
responding to the 1000 MCS PV allocation scenarios. Essentially, the PDFs model each
component’s response to various PV allocation scenarios.
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Figure 7. Probability distributions showing (a) conductor currents at the maximum loading impact penetration and
(b) feeder voltages at the maximum voltage impact penetration.

Each PDF’s 97.5th percentile, which represents each component’s performance consid-
ering 2.5% risk in the occurrence of PV allocation scenarios, is marked with dotted lines.
These risk lines represent risk-adjusted performance at 5% risk (2.5% in the HBE-PLF and
2.5% in the MCS allocation). Conductors and nodes whose risk lines fall within the shaded
region violate conductor loading and voltage QoS limits, respectively. The quantitative
identification of the components in violation is made through performance indices, NPI
and CPI, for voltage and loading, respectively. Figure 8 shows the performance indices
and the progression of voltage-rise and conductor loading on the feeder. The NPI and CPI
thresholds, set to one marked in broken lines, identify the conductors requiring resizing.

Figure 8. Illustrating the feeder node voltage level and feeder conductor loading performance and the respective perfor-
mance indices (NPI, CPI) used in the resizing process.

As expected, voltage rise increases with electrical distance from the source towards
downstream nodes, as seen in the boxplots of Figure 8a. Conversely, as shown in Figure 8b,
conductor loading is higher at the upstream conductors where the reverse power flow
aggregates from downstream PVs. Looking at the CPIs represented at 5% design risk,
conductor 1 exceeds the threshold indicating the need for resizing. Likewise, by looking
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at the NPI threshold, nodes 5, 6, and 7 exceed the voltage QoS constraints. This analysis,
therefore, identifies conductors 1, 5, 6, and 7 for resizing to meet the respective technical
limits and improve the active feeder performance towards the desired PV penetration level
set out in the design specifications.

3.5. Conductor Resizing and Performance Validation

The procedure outlined in Section 2.2.3 was followed to calculate the replacement
conductor resistances based on the CPI and NPI indices. The final feeder conductor sizes
are presented under Case 2 of Table 4.

To test the suitability of the replacement conductors, we performed a grid impact
assessment with the updated feeder model. Figure 9 shows the feeder performance of
the resized feeder. The voltage performance in Figure 9a indicates that, at a 5% risk level,
the feeder voltage performance is within specification for the full range of PV penetration.
Note that a few scenarios exceed the limits indicating the acceptable 5% risk in the design.
The likelihood of occurrence of these out-of-spec scenarios is low. Moreover, given the
time variability of the solar resource, such scenarios, if they occur, would not last for long,
preventing the occurrence of consecutive overloading periods. Similar deductions can be
made based on Figure 9b.

Figure 9. Illustration of the response of the resized feeder. (a) Voltage rise (b) conductor loading.

Discussion of the Performance of the Final System Design

Based on the two tested technical parameters, the final design can accommodate the
full range of PV penetration considering various PV allocation conditions. Note that the
differences in the penetration quantities between Figures 6 and 9 result from the increase in
the FMD capacity in the resized feeder design. The FMD threshold changes in the passive
(81 kVA) and active designs (90 kVA) indicate the enhanced capability in the resized feeder.
Otherwise, the kWp range is the same in both cases.

To test for consistency in outcomes, we performed three additional case studies
involving penetration targets of 6, 10, and 12 kWp PV per customer while maintaining
other factors constant. The table below shows the final designs.

From the results illustrated in Figure 10a,d, the initial passive peak winter load
designed feeder can host 6 kWp PV per customer. The indicated response shows that the
feeder is adequately designed in its current form and does not require further sizing of
conductors. Looking at Figure 10b,c, it can also be deduced that the initial voltage for
each range of simulated PV capacity is approximately the same for the passive and final
designs. This indicates that a change in conductor size may not significantly affect the
performance of voltage levels at low penetration. Additionally, at low penetration level,
the extent and likelihood of reverse power flow and voltage unbalance that may, in turn,
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aggravate voltage rise conditions is limited. However, with increased penetration, the
benefits of the resized conductors become apparent, with the peak of impacts occurring
under the specified volage-rise limit.

Figure 10. Illustrating the performance response of 6 kWp, 10 kWp, and 12 kWp systems: (a–c) illustrates voltage initial
and final design performance while (d–f) illustrate conductor loading initial and final performance.

Looking at conductor loading in Figure 10e,f, the impacts of conductor resizing at low
penetration are more significant than those seen with voltage rise. This is shown by the
difference in the initial passive and final designs at the starting point of plots, closer to zero
penetration. The comparison of the loading levels at the maximum penetrations shows the
extent of loading relief in the redesigned feeder, which in both figures is sufficient to avoid
over-loading at 5% risk.

In all redesigned cases, the passive and final design performance plots differ in the
range of penetration. This is because the increase in the conductor size consequently
increases the feeder loading capacity, which by implication increases the prescribed FMD.
Given a constant maximum capacity of PV and an increased FMD threshold, the final
design has a smaller quantity of penetration limit compared to the initial feeder design
even though the total penetration in ‘power terms’ is the same. This is because the DER
penetration is defined as the quotient of PV capacity range and the FMD. Increasing the
FMD capacity will lower the penetration quantity, which explains the shorter penetration
range in the final designs.

In general, the performance of the final design falls within the specified technical
limits demonstrating that increasing the conductor sizes enhances the feeder hosting
capacity. Based on the conductor sizes in Table 6, it is demonstrated that both upstream
and downstream conductors require an adjustment as the capacity increases. This can be
attributed to increased conductor loading for upstream conductors and increased voltage
rise on downstream conductors. These two phenomena require appropriate adjustment,
and both must be taken into consideration in the CSS process.



Energies 2021, 14, 6387 16 of 19

Table 6. Conductor sizes for different DER capacities.

Capacity (kWp) Conductor Size (mm2)
1 2 3 4 5 6 7

Passive Design 50 50 35 35 25 25 25
6 kWp 50 50 35 35 25 25 25
8 kWp 70 50 35 35 35 35 35

10 kWp 95 70 50 35 35 50 50
12 kWp 120 95 70 50 35 50 50

4. Discussion

The application of probabilistic methods to power system problems is not new and
demonstrations of the drawbacks of deterministic approaches are widely published. How-
ever, some feeder design methods remain founded on deterministic principles. Others that
attempt probabilistic formulation do so with inadequate input models, and others do not
interpret outputs correctly with risk-based analysis. This study has proposed a detailed
stochastic–probabilistic approach to the CSS problem for ADNs, addressing the uncertainties
related to the stochasticity of customer loads and DER power and unknown uptake charac-
teristics that influence the location and capacity of future DERs. Compared to the traditional
CSS methods, this approach integrates a stochastic-probabilistic grid impact assessment
study and a risk-based conductor resizing approach into the CSS engine to assist planners
design, with risk, for unknown future DER penetration conditions on ADNs.

To achieve comprehensive designs that are robust to the influences of the identified
uncertainties, a planner requires detailed probabilistic models informed by practical obser-
vations. DNOs will need to advance on load research to study new electricity consumption
patterns, forecast trends, and the influence of DERs on these factors. The scope of load
modeling must be carefully extended—from the traditional premise of a single, worst-case
scenario involving the maximum or peak demand—to include new characteristics such
as the summer periods coinciding with PV peaks and those coinciding with wind peaks.
Time-series models instead of single interval load definitions are becoming more and more
relevant in the context of the dynamic operation of DERs. Based on the obtained results, the
importance of considering both voltage rise, and conductor loading has been demonstrated
in the CSS formulation. The proposed method and procedure indicate the need to inculcate
stochasticity and uncertainty representation in the modeling exercise. In addition to this,
the application of a risk-based approach enables the planner to decide the constraints and
the allowable risk in the constraints on a scenario-to-scenario basis. This work established
the essential CSS framework that can be extended and applied in the design of a robust
active distribution network considering varied scenarios and different types of DERs.

5. Conclusions

This paper has presented a novel stochastic–probabilistic approach to the conductor
size selection problem in designing new distribution electrification systems with DER
penetration. The approach considers the combination of uncertainties arising from the
stochasticity of customer loads, the intermittency of DER exports and imports, and the
uncertainty regarding the location and capacity of future DER systems. A probabilistic
input–process–output model is adopted. The probabilistic input modeling approach en-
sures detailed uncertainty characterization in the input models for customer loads and DER
export and imports. A stochastic–probabilistic grid impact assessment process provides
detailed feeder performance assessment considering an extensive range of DER penetration
scenarios simulated using an MCS approach and a probabilistic power flow analysis. A
conductor validation analysis process handles the risk-based compliance assessment of
individual conductors according to voltage and thermal loading constraints. Based on
these results, appropriate conductors are selected to achieve desired DER penetration levels
while satisfying technical constraints at a design risk of 5%.
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Using a practical design simulated case study, the paper demonstrates the efficacy of
the proposed approach. Starting with the initial condition design consisting of a passive
network designed to meet the winter peak load demand, the approach demonstrates
the significance of integrating a grid impact assessment in the CSS process to provide
a robust design for an active distribution feeder that can host the desired level of PV.
By comparing the performance of the passive- and active-designed feeders, the results
demonstrate how scenarios of unknown PV allocation influence the conductor sizing
process. Further analysis of the performance of the proposed method in comparison to
the deterministic–active-based formulation proposed in our earlier work reveals that the
proposed method would be more economic as it addresses each specific conductor as
opposed to scaling of conductors sizes which ultimately results in higher reconductoring
costs. Comprehensive feeder performance analysis through the presented approach helps
understand the influence of DERs on individual conductors and nodes. Validation of the
designed feeder using the embedded grid impact assessment process gives the planner
additional perspective on the feeder performance regarding voltage rise and conductor
loading. In summary, this work has proposed a new approach that can assist planners to
conduct CSS exercises and determine the feeder conductor sizes that can support their set
out DER threshold. Further work is required to include the voltage unbalance constraint
in the CSS modeling framework. This has not been considered in the scope of the current
framework. Additionally, careful scenario analysis would go a long way in assessing the
impact of different DER mix in optimizing the cost of the CSS process. For an optimal CSS
process, these factors need to be considered and included in the extension of the proposed
CSS framework.
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