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ABSTRACT The intermittent power generation of Distributed Generators (DGs) poses significant chal-
lenges to the operation of the power grid. This intermittency, caused by the variable nature of renewable
energy sources like solar and wind, leads to power flow imbalances and voltage fluctuations. Consequently,
a thorough analysis of DGs integration, considering network contingencies, overloading concerns, and the
thermal limits of substations, is essential for effective planning and managing the power grid to ensure
seamless operation. Mutual Inductance (MI) analysis of distribution lines is essential for comprehending
the behavior of the lines, loads, and DGs, as well as ensuring accurate modeling of the Distribution Network
(DN). It enables the study of how changing currents in one conductor can induce voltages in nearby con-
ductors, providing valuable insights for effective management and control of the distribution system. While
the Korea Electric Power Corporation (KEPCO) currently does not emphasize mutual inductance-based
power flow analysis, incorporating such analysis could provide valuable technical insights into the behavior
of the power system, thereby potentially enhancing its operational efficiency and performance. In this
paper, we analyzed the impact of MI on the DN and formulated the power flow problem. We calculated
line impedance by taking into account the configuration of the overhead distribution line, the type of
conductor used, and the frequency of the DN. Moreover, we developed a mathematical formulation, based
on the backward-forward sweep power flow mechanism, to model polynomial ZIP loads and DGs, while
considering both with and without MI cases. The proposed model is utilized with the backward-forward
sweep power flow algorithm and applied to two case studies: the IEEE 34 bus test feeder and the KEPCO DN.
The simulation results are evaluated by analyzing the voltage profile, system losses, voltage improvement,
violations of nominal voltage limits, and voltage sensitivity, considering the temporal and spatial effects of
loads and DGs inductions.

INDEX TERMS Mutual inductance, load modeling, power flow, bidirectional backward-forward power
flow, voltage sensitivity analysis, distribution networks, distributed generations.

I. INTRODUCTION
The adoption of Distributed Generators (DGs) has gained
momentum in recent years due to their advantages, including
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environmental friendliness and cost-effective electricity pro-
duction [1]. However, their widespread integration at the
distribution level poses several challenges for power grid
operators, primarily stemming from the intermittent nature
of DGs, which causes voltage fluctuations, network stabil-
ity concerns, and reliability issues [2]. It necessitates an
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understanding of the functional behavior of the power sys-
tem in the presence of different types of loads and DGs.
In this context, power flow analysis plays a significant role
in characterizing the temporal behavior of the power system,
making it applicable in network design, operational control,
placement of DGs, and congestion control management.
Inrecent years, several iterative power flow algorithms [3],
[4], such as Gauss-Seidel, Newton-Raphson (NR), and Fast
Decoupled methods, have been extensively studied and
applied in the literature for power system operation, planning,
and control [5], [6], [7]. These algorithms are known for their
simplicity and efficiency in solving high-voltage power net-
works with a low R/X ratio (where ‘R’ and ‘X’ represent the
resistance and inductive reactance of distribution lines). How-
ever, when it comes to radial DNs characterized by a high R/X
ratio, which fall into the category of ill-conditioned power
systems [8], [9], these algorithms often struggle to provide
solutions efficiently and may not converge reliably. More-
over, even the enhanced versions of the NR and Fast Decou-
pled methods encounter difficulties in achieving convergence
for radial DNs with high R/X line ratios [9], [10]. A ladder
network theory was employed in [11] to compute the power
flow of a radial DN, resulting in quick convergence; how-
ever, it failed to achieve convergence in complex cases [12].
Another power flow method for radial DNs was presented
in [13]; however, its scope is limited to nodal voltage magni-
tudes and does not cover the comprehensive studies required
by distribution companies. The authors in [14] and [15] have
developed a power flow algorithm based on bus injection-to-
branch current and branch current-to-bus voltage matrices.
While their method effectively analyzes power flow in small
networks, it falls short in providing comprehensive cover-
age for large DNs [16]. In contrast, the voltage-dependent
load power flow analysis algorithm proposed in [17] con-
siders static load combinations and the parallel capacity
of lines. This algorithm demonstrates justifiable and fast
convergence when tested under various scenarios, including
variable load conditions, different R/X ratios, and voltage
levels. The Backward-Forward Sweep Power Flow (BFSPF)
algorithm utilizes Kirchhoff’s voltage law (KVL) and Kirch-
hoff’s current law (KCL) to overcome limitations such as the
singularity problem in transformer-connected modes and the
requirement for a Jacobian matrix, which are encountered by
the NR algorithm. The BFSPF algorithm serves as a powerful
tool for power flow analysis in radial DNs. In a theoretical
study conducted by the authors in [18], a power flow analysis
was performed using BFSPE. However, further investigation
is needed to understand the behavior of the network in the
presence and absence of Mutual Inductance (MI). In the
literature [12], [13], [14], [17], power flow analysis has been
extensively conducted from different perspectives; however,
a comprehensive comparison of various cases, including the
presence of MI and without MI (WMI), has been over-
looked, thereby neglecting the understanding of their impact
on power flow results. For instance, the authors in [19]
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presents a novel method for estimating mutual inductance and
load resistance in a series-series compensated wireless power
transfer system, enabling dynamic monitoring of coupling
relationship and load conditions without receiver-side mea-
surements, and demonstrating its effectiveness through exper-
imental results, while this study [20] focuses on a small-scale
dynamic wireless power transfer system for electric vehicles
(EVs). It analyzes the dynamic mutual inductance between
the coils due to misalignment, which significantly affects
the charging process, including output power and overall
efficiency. The study [21] investigates the mutual inductance
between concentric planar spiral coils, analyzing the effects
of track width and space between turns. Meanwhile, another
study [22] presents a closed-form formula for the mutual
inductance of coaxial hexagonal and octagonal planar spiral
coils, validated through simulation and experimental fabrica-
tion on FR4 substrate, affirming the accuracy and feasibility
of the proposed formulas. Line inductance plays a crucial role
in determining the magnitude of the voltage profile and volt-
age sensitivity in a DN, and inaccurate voltage calculations
can result in disturbances in real and reactive power flow,
leading to power failures and potential damage to compo-
nents [23]. In order to understand the operations of DNs with
a significant penetration of distributed DGs, it is essential to
incorporate accurate modeling of distribution lines and their
loads, taking into account MI. However, the South Korean
electric power company (KEPCO), considers the impact of
MI on their DN with unidirectional power flow to be neg-
ligible and therefore does not include it in their power flow
analysis. In contrast to the unidirectional conventional power
system, the modern power system with the emergence of
distributed generation supports bidirectional power flow and
requires the consideration of proper mechanisms like MI
to analyze and regulate the power flow [23]. Furthermore,
previous studies that primarily focused on the Gauss-Seidel,
Newton-Raphson, and Fast Decoupled methods have largely
overlooked the consequences of considering MI in power
flow analysis. This study aims to address this knowledge gap
by examining the impact of MI (both with MI and without MI)
on a DN with varying penetration ratios of DGs. Additionally,
a case study is conducted on the KEPCO DN to evaluate the
potential effects of MI on its operation. Various scenarios,
including the presence of MI, absence/without of WMI, dif-
ferent penetration ratios of DGs, and loads, are simulated.
The KEPCO DN is comprised of distribution lines con-
nected to DGs such as photovoltaics (PVs) and wind turbines
(WTs) with ACSR/AW conductors, along with ZIP (constant
impedance (Z), current (I), and power (P)) loads [23]. Our
contribution in this work is summarized as follows:

o We calculated a precise line impedance, considering
the parameters of overhead distribution lines, conduc-
tor type, and KEPCO DN frequency. We incorporate
polynomial ZIP load and DG models, accurately cap-
turing the non-linear behavior of loads and the impact of
distributed generation sources. The inclusion of both MI
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and WMI cases allows us to account for the mutual cou-
pling effects, such that the MI case considers the mutual
coupling between adjacent line conductors, while the
WMI case analyzes the system without considering the
mutual coupling effects.
o We formulate the power flow problem by considering
a radial DN to analyze the impact of MI and WMI
under various load conditions and penetration levels of
DGs. Furthermore, we employ the BFSPF algorithm
to solve the power flow problem and ensure accurate
line impedance estimation, considering the effects of
loads, DGs, and mutual coupling. This approach leads
to a comprehensive analysis of the system’s behavior
in terms of voltage sensitivity and node voltage profiles
across different DG penetration levels.
o« We performed two case studies using the BFSPF
algorithm on the IEEE 34 bus test feeder and the KEPCO
DN system. The simulation results were analyzed and
evaluated based on several criteria, including voltage
profile, system losses, voltage improvement, violations
of nominal voltage limits, and the sensitivity of voltage
to temporal and spatial variations in loads and DGs.
The paper is organized as follows: Section II presents the
system modeling for the IEEE 34 bus test feeder and the
KEPCO DN system. Section III provides a detailed expla-
nation of the developed algorithm’s mechanism, including
the pseudocode. Section IV focuses on voltage sensitiv-
ity analysis, examining the impact of temporal and spatial
load and DG variations on voltage profiles. Section V dis-
cusses the simulation results, including voltage profiles, sys-
tem losses, improvements, and violations of voltage limits.
Finally, Section VI provides a concise conclusion summariz-
ing the key findings and suggesting future research directions.

Il. SYSTEM MODELING

The power flow analysis is conducted by considering a dis-
tributed network system that consists of loads, lines, and DGs.
A schematic diagram of a typical DN is illustrated in Figure 1,
and the details of the functional components are presented in
this section.

A. THE LOAD MODEL OF DISTRIBUTED NETWORK

In conventional DNs, power flows unidirectionally from
generation to the consumption side. However, the current
power system enables bidirectional power flow in both
upstream and downstream directions, facilitating the incorpo-
ration of prosumers, such as microgrids and Electric Vehicles
(EVs) [24], [25]. This paradigm shift presents opportunities
for peak load shaving, enhanced voltage stability, and the pro-
vision of ancillary services. However, it also poses challenges
related to the efficient integration of DGs and effective man-
agement of prosumers within the power system [26], [27].
The dynamic and uncertain behavior of DGs and pro-
sumers necessitates the application of diverse techniques and
algorithms for seamless integration [28], [29], [30], [31].
In academic studies, the steady-state mode of DNs is
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FIGURE 1. A schematic diagram of typical distribution network system
comprising of distributed generations and different types of loads.

commonly analyzed. In sequel, this work aims to understand
the functional behavior of DNs by analyzing their steady-
state mode. In sequel, this work aims to comprehend the
functional behavior of DNs by analyzing their steady-state
mode. In this study, we consider the Constant Active and
Reactive Power (CP&Q) and Polynomial ZIP types of static
load models.

B. THE ZIP LOAD MODEL

In practical scenarios, the power system encompasses diverse
loads that exhibit temporal variations. Typically, a node in
the power system consists of three types of loads: residen-
tial, commercial, and industrial, as depicted in Figure 1.
The distribution of these load types varies depending on
the day of the week, distinguishing between weekdays and
weekends [32]. The ZIP load model is a well-established
mathematical framework used to accurately represent power
consumption in electrical networks. It is particularly useful in
characterizing the behavior of loads based on the voltage at a
specific node, as well as the active and reactive power levels.
The ZIP load model comprises three distinct components,
namely constant impedance (Z), constant current (I), and
constant power (P) loads. These components capture differ-
ent aspects of load behavior and allow for a comprehensive
description of the load characteristics. To express the ZIP load
model mathematically, we can utilize equations (1) and (2) as
follows:

P =az,P,V>+ap,P,V +ap,P, 1)
0 =az,0,V* +a,0,V + ap,Qo ()

In these equations, the oz, and oz, are the contribu-
tion factors represent the percentage of the reference power
(P,) and reference reactive power (Q,), respectively, that
depend on the square of the voltage (V?) due to the constant
impedance (Z) load component. They characterize the impact
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of the impedance-related effects of the load on both active
power (P) and reactive power (Q). The terms a, and oy, are
the contribution factors signify the percentage of the refer-
ence active power (P,) and reference reactive power (Q,),
respectively, that are directly proportional to the voltage (V)
due to the constant current (I) load component. They capture
the active power and reactive power contributions associated
with the current-related effects of the load. Likewise, the
terms ap, and ap, are the contribution factors represent the
percentage of the reference active power (P,) and refer-
ence reactive power (Q,), respectively, that remain constant
regardless of the voltage (V) due to the constant power (P)
load component. They represent the portions of the active
power and reactive power that remain constant irrespective
of the voltage fluctuations.

C. THE DISTRIBUTION LINES

In general, distribution lines are categorized into Medium
Voltage (MV) and Low Voltage (LV) based on their volt-
age levels, which vary between countries such as the
United States (US), Europe (EU), and Asia (specifically
South Korea). For instance, in the United States, Europe,
and Asia (specifically South Korea), typical MV and LV
DNs operate at voltage levels of 13 kV and 0.48 kV (US),
20 kV and 0.4 kV (EU), and 22.9 kV and 0.38 kV (Asia-
South Korea) respectively [33], [34]. The line models for
these distribution networks are designed to incorporate the
self-impedance (Z;) and mutual impedance (Z;) between
the same and other lines, as illustrated in Figure 2. These
impedance values are of significant importance for the anal-
ysis and modeling of distribution lines in various countries.
In the case of KEPCO (South Korea), detailed information
regarding these impedance values is presented in the follow-
ing sub-sections.

1) IMPEDANCE CALCULATION FOR KEPCO DLs

In this study, we utilize the KEPCO standard Aluminium
Conductors, Aluminium Clad Steel Reinforced (ACSR/AW)
configuration for computing the self and mutual impedance
of Distribution Lines (DLs). This configuration consists of
outer aluminum layers and inner strands composed of both
aluminum and aluminum-clad steel. The specific parameters
for this conductor, which are provided in Table 1, are used
to represent the impedance of three-phase DLs through a
3 x 3 matrix [35]. The self and mutual impedances are
computed using Carson’s equation, which takes into account
the gaps between the three phases (a, b, and c), the network
frequency, the Geometric Mean Radius (GMR), resistance,
and conductor radius as described in equations (4)-(13) [36].
The terms GMR; and D, represent the geometric mean radius
for the i-th conductor (equation (6)) and the distance between
the strands of the conductor, respectively. The parameter d;;
indicates the distance between phases a, b, and c, in each case.
In the KEPCO distribution network, an overhead configura-
tion is employed for the distribution lines, with a standardized
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TABLE 1. The Parameters of luminium Conductors, Aluminium Clad Steel
Reinforced/Aluminium Wires.

Nominal Cross | No. and Dia. of Electric
Sectional Area of Strands Resistance
(mm?) (No/mm) (ohm/km, 20 C)
Al Aw
58 6/3.5 1/3.5 0.47100

Aluminum-clad Steel

Aluminum conductor

FIGURE 2. An overview of the Aluminium Conductors, Aluminium Clad
Steel Reinforced/Aluminium Wires with seven strands.

spacing of 1720 mm and 560 mm between phases a, b, and
b, c, respectively, as depicted in Figure 3. Based on the
overhead configuration of the Distribution Lines (DLs), along
with the provided parameters and equations (4)-(13), we have
computed the self and mutual impedances.

Zaa Zab Zac
Za = | Zba Zib Zpe 3)
an Zcb ch
f | f 1
Zi=ri+a| L in——— Q/k
i r’+“[60 B o || " omr, T | S/km
@
S
Zij =u [%
+jB f l : + Q/k (®))
PLeo || Ma; T
GMR; = "V/(X)5(Y) (6)
X = D11D12D13D14D15D16D17 @)
Y = D71D72D73D74D75D76 (8)
D14 =4r 9
Dy =Dy =r (10)
D3 =Di5 = 2V3r (11
D1y = D16 = D17 =2r (12)
Dyj=2r i=7,%=12..6 (13)

where @ = 0.05919, g = 0.07537, and y = 6.7458,
Zii = 0.8538 + j1.4106, Zup = Zpa = 0.0953 + j0.75298,
Zue = Zea = 0.0953 + j0.7187, and Zpe = Zep = 0.0953 +
70.8890 /mi.

2) THE DISTRIBUTED GENERATORS
Traditional power systems are characterized by centralized
power generation, where power flows in a unidirectional
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/ 1720 mm / 560 mm /

FIGURE 3. A representation of the overhead line configuration according
to the Korea Electric Power Company (KEPCO) standard.

manner from generation sources to end users However, the
environmental unsustainability of centralized power gener-
ation technologies, including coal, oil, and gas, has led to
heightened global awareness regarding issues such as global
warming and energy crises. This has consequently spurred
a widespread shift towards the utilization of more sustain-
able energy sources, particularly the advancement of DGs
such as wind WTs and PVs, as well as the emergence of
prosumers integrating Energy Storage Systems (ESSs) and
EVs [37], [38], [39]. The integration of PVs, WTs, ESSs,
and EVs into the power system typically involves the use
of dedicated power-electronic interfaces, also known as con-
verters, as illustrated in Figure 1. Depending on the control
mechanism employed by the converters, the DGs can be inte-
grated into the DNs as either PQ (active and reactive power
control) or PV (active power control) nodes [40]. Integrating
DGs offers numerous benefits such as low-cost power gener-
ation, environmental friendliness, and reduced power losses.
However, the integration of DGs also poses challenges such
as managing the upstream power flow, addressing network
instability due to time-varying power injections into DN, and
the potential impact on both the DN and utility operators,
as illustrated in Figure 4, which shows the influence of DGs
on DN voltage and is discussed in the following.

o Voltage vs load: As the load increases, the voltage in the
distribution network tends to decrease due to the voltage
drop across network components caused by the higher
current flow. Maintaining appropriate voltage levels is
crucial for ensuring reliable power supply and proper
functioning of electrical equipment.

o Voltage vs DGs: The voltage in the distribution network
increases proportionally with the penetration level of
PV systems, as they contribute power to the grid. This
direct relationship between voltage and DGs like PVs
highlights that higher levels of PV integration result in
higher voltage levels in the network.
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FIGURE 4. lllustration of voltage as function of load and PV penetration
in time.

It is evident that in both cases, once the load and DGs
penetrations exceed a certain threshold, boundary constraints
are violated. This underscores the importance of load induc-
tion control and effective DGs management, emphasizing
the need for comprehensive load power flow analysis to
understand the behavior of DNs under diverse load and DGs
penetration scenarios.

Ill. BACKWARD FORWARD SWEEP POWER FLOW
METHOD FOR ANALYZING THE LOAD FLOW OF THE
DISTRIBUTION NETWORK

The backward-forward sweep power flow method is a robust
computational technique widely employed for load flow
analysis in radial DNs. It encompasses an iterative process
that incorporates two crucial computational steps, meticu-
lously executed at each iteration, to accurately determine the
power flow behavior within the network [41]. In this study,
we implemented the BFSPF method to calculate the power
flow for all three phases of the distribution power system.
Specifically, considering the single-source radial distribution
network illustrated in Figure 5, the BESPF method performs
the following two steps to accurately determine the power
flow behavior within the network.

A. THE BACKWARD SWEEP MECHANISM FOR ANALYZING
THE NODAL POWER FROM END NODE

In this step of the algorithm, the backward sweep com-
mences by traversing the connected branches in a reverse
direction, initiating from the last node and progressing back-
ward through each subsequent node. At each iteration, the
algorithm determines the current by utilizing the updated
voltage values obtained from the preceding iteration while
propagating in the backward direction [42]. During the back-
ward sweep step, the load at a specific node n is updated
using Equation (14), followed by the computation of the
overall current by combining the currents of the b connected
branches using Equation (15).

(A+B+C)+jD+E+F)]"
It = [ 7 ] (14)
an
Ly =Ly + D15 (15)
beB
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1 2 J Il m N
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FIGURE 5. Visualization of Single Line Radial Distribution Feeder Network
Topology.

where A = aZPO(ij*I)Z, B = a,Povjfl, C = apP,,D =
Olea(Vtz-fl)z, E = alQaV‘i;‘il, F = agQo, laymn: current of
branch mn, 1,,: nodal current at bus n, and I,: branch current
emanated from bus #.

B. THE FORWARD SWEEP MECHANISM FOR ANALYZING
THE NODAL POWER FLOW FROM THE SOURCE NODE

The forward sweep step initiates from the feeder/source node
and progresses forward to determine the voltage drop by
utilizing the current computed in the previous step. In this
step, the source node voltage is maintained at a constant value
of 1 per unit (p.u.) [43]. Referring to Figure 5, the voltage at
node n is computed by considering the known voltage at node
m and the voltage drop (I, Zmn) across the branch connecting
nodes m and n, as per Equation (16). The impedance and
current corresponding to the voltage drop can be calculated
for each phase using their respective matrices, as described
by Equations (17) and (18).

Vi = Vi — Zuml}, (16)
[z 2t s

Zon = | Zuin Zus Zoy (17)
| Z54 Z5h Ze
_Iamn

Imn = [bmn (18)
_I amn

where V,,: Voltage at node n, V,,,: Voltage at node m, and Z,,,,:
Line impedance of branch mn, current matrices for each of
the three phases connecting the two nodes m and n.

C. PSEUDOCODE OF THE POWER FLOW ALGORITHM FOR
ANALYZING THE IMPACT OF THE MUTUAL INDUCTANCE
The following pseudocode represents the power flow
algorithm designed to analyze the effects of mutual induc-
tance on the three-phase DN, illustrated in Figure 5. This
algorithm takes inputs including active power, reactive power,
and line data. It then executes the backward and forward
sweep computational steps to compute the voltage profile,
line losses, and nodal voltage sensitivity. The main steps of
the algorithm are described in detail below.
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Step 1. Initialize all the system parameters, including the
initial voltage with 1 p.u. and the phases (¢ = 0°,
b = —120°, and ¢ = 120°) for all the nodes.

Step 2. Calculate the active and reactive power, along with
the current, for each node using Equations (1) to (4),
which are implemented in lines 3 to 6 of the
algorithm.

Step 3. Execute the backward sweep process from lines 8 to
16 to analyze the nodal and all the branches (lines)
power flow, starting from the end node, utilizing
Equations (14) and (15).

Step 4. Perform the forward sweep process from lines 17 to
20 to compute the voltages for each node and their
corresponding branches (lines), starting from the
source node, as defined by Equation (16) to (18).

Step 5. Get the maximum voltage deviation in line 21.

Step 6. Check the convergence of the error against € to
determine if convergence has been achieved. If con-
vergence has not been reached, proceed to line 3
and repeat the entire process until convergence is
achieved.

Step 7. Once the error converged print the voltage and line
losses.

IV. VOLTAGE SENSITIVITY ANALYSIS

A. THE NEWTON RAPHSON METHOD FOR VOLTAGE
SENSITIVITY

Voltage Sensitivity Analysis (VSA) is a procedure that cap-
tures the bus voltage status as it varies over time in response to
changes in power, enabling the inference of voltage changes
based on complex power variations [44]. This inference is
achieved by constructing a voltage sensitivity matrix, which
correlates voltage changes with variations in complex power,
using the widely employed conventional approach of the
Newton-Raphson (NR) method for VSA [45]. To analyze
the voltage sensitivity using the NR method, let us con-
sider a distribution network comprising N buses, where
the active and reactive power are denoted as P; and Qj,
respectively, and the voltage change is represented as AVj
for buses j,k € N. In particular, we will examine the
voltage sensitivity of a single bus when its power varies,
i.e., considering the case where k = j. In the Newton-
Raphson (NR) method, the variables P;j, Qj, and voltage
AVj are interconnected through a system of nonlinear equa-
tions, which are typically solved using the Jacobian matrix
approximation [46]. However, it is important to note that the
computational time of the NR method is directly proportional
to the size of the network. As the number of network buses
increases in large DNs, the computational time of the NR
method grows linearly with the size of the network, mak-
ing it computationally expensive and impractical to imple-
ment [47]. This necessitates the development of new VSA
techniques that are more generic and capable of efficiently
handling network changes while reducing computational
complexity.
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Algorithm 1 Power Flow for Analyzing the MI

Input: Line length, line type, line impedance, active power
and reactive power
QOutput: Node voltage and line losses

1: Initialize system parameters

2: while (i < [N|) do

3: forj < 1to|N| do

4: Compute Py, > According to Eq. (1)
5: Compute Q. ' > According to Eq. (2)
6: NI[]] <« (PL[I%/‘B?L[]])

7: end for

8: for m < [N|to 1do > Backward process
9; if (N[m] ==0) then

10: Ni[m] < Ni[m]

11 else if (N[m] == 1) then

12: Nj[m)] < Nj[m] + By

13: else if (N[m] == 2) then

14: Ni[m] < Ny + By +B/I

15: end if

16 end for

17: forn < 1to|N|do > Forward process
18: Ny[n] < Ny[n—1]- (NZ XN])

19: Ey[n] < Ny|[n]-Ny[n—1]
20: end for
21: Ear < max (E [n]) > Get maximum error
22: if (Ejnar >€) then
23: Go to Step 3
24: else
25: Print V[i] and L[]
26: I<—i+1
27: end if

28: end while

B. THE PROPOSED MUTUAL INDUCTANCE BASED VSA

In contrast to the NR method, the proposed approach uti-
lizes linear equations for convergence, eliminating the need
for computationally intensive inverse computations of the
complex Jacobian matrix to determine the magnitude of volt-
age variation at the target bus. This achievement is made
possible by leveraging the inherent flexibility of the BFSFP
algorithm, allowing it to effectively adapt to network modi-
fications. Consequently, we can apply the BFSFP algorithm
to perform VSA on a three-phase radial DN. By employing
the BFSFP mechanism, we can efficiently search for the
minimum number of connections between nodes, enabling
precise VSA calculations based on mutual inductance. As a
result, this approach offers a reduced computational cost and
a smaller memory footprint compared to the NR method. It is
worth noting that the voltage sensitivity is strongly influenced
by the power flow in all three phases and the impedance
(including self and mutual impedance). Therefore, any
changes in power or impedance directly impact the voltage
sensitivity.
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TABLE 2. The assumption of percentage contribution factors for the ZIP
based on the KEPCO network [48].

Active Power Reactive Power

az, | 035 | az, | 056
ar, | 013 | af 0.08

ap, 0.52 ap, 0.36

Power grid Feeder 3
Substation | I_ | I_ |
30 31 32|33 34|35 36 37
38 312
390 312
310 3,13
314

FIGURE 6. A representation of the KEPCO radial network topology [50].

V. SIMULATION SETUP AND RESULTS DISCUSSION

The BFSPF algorithm is utilized for the analysis of two radial
Distribution Networks (DNs): the IEEE 34 bus DN, which
operates at a voltage level of 24.9 kV with a total power
capacity of 2500 kVA [49], and the KEPCO DN with a volt-
age level of 22.9 kV and a total power capacity of 100 MVA
(Figure 6) [50]. The IEEE 34 bus topology comprises a mix
of single-phase lines (Figure 7) and three-phase lines, accom-
modating 6 spot loads and 27 distributed loads [S1]. The
slack bus, labeled, as bus 800, serves as the connection point
to the upstream power transmission network. Multiple case
studies were conducted to analyze the power flow and Voltage
Sensitivity Analysis (VSA) based on mutual inductance for
both topologies. The base case was modeled with a total
active power of 1319 kW and a reactive power of 819 kVAR.
The percentage contribution factors, denoted as 0z, 0, 0P,
oz, di,, and ap,, representing the ZIP model, were assumed
based on the KEPCO standard DN obtained from the KEPCO
network [48] and are listed in Table 2. It should be noted that
in the subsequent analysis, we have given due consideration
to the lines of different phases - a, b, and ¢ - as it is evident
that maintaining a proper balance within a specified range
is a fundamental regulatory requirement [52]. This balance is
crucial for ensuring the stability and reliability of the distribu-
tion system. Therefore, we have adhered to a well-established
practice of preventing the current flow in phases a, b, and ¢
from being opposite to each other [53], [54].

A. RESULTS FOR THE IEEE 34 BUS SYSTEM

1) CP&Q LOAD WITH AND WMI

In this analysis, a constant active and reactive power load
model (CP&Q) was considered to calculate the power flow
in the DN. The impact of mutual inductance (MI) on the load
flow was further investigated by considering two scenarios:
(1) CP&Q with M1, and (2) CP&Q without MI. The voltage
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802 806 808 812 814 850

800

FIGURE 7. Modified layout of the IEEE 34 single line bus system.
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FIGURE 8. A comparison of the voltage profile with-MI and without-MI
(W) for the IEEE 34 bus system.

profiles for each of the two cases are shown in Figure 8. It can
be observed that in both cases, there is a voltage drop across
the nodes based on their respective loads. However, there is a
notable difference in the behavior of the voltage drop between
the two cases.

2) ZIP LOAD WITH MI AND WMI

In this case, a more realistic scenario of power flow was
conducted by incorporating the ZIP load model in the DN.
Two cases were considered: (1) ZIP with MI, and (2) ZIP
without MI. The results for the DN are illustrated in Figure 9.
In case (1), the lowest node voltage from node 830 to 850 is
well above 0.96 p.u., while in case (2), the lowest node
voltage for these nodes is approximately 0.95 p.u. This indi-
cates that the ZIP with MI case leads to further improvement
in voltage compared to case (1) of the previous scenario
(CP&Q).

3) ZIP AND CP&Q LOADS WMI

In this case, the power flow was computed for two load
models: CP&Q and ZIP, without considering the effect of MI.
The results for the node voltage and line losses (active power
losses) are presented in Figure 10 and Figure 11, respectively.
It can be observed that the voltage profiles gradually decrease,
particularly from node 832 to 848, where they drop below
0.95 p.u. Regarding the line losses, the CP&Q without MI
case corresponds to higher losses compared to the ZIP with-
out MI case. This indicates that the CP&Q case requires more
power supplies to compensate for the power losses.
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FIGURE 9. A comparison of voltage profile of the ZIP load using with-MI
and WMI for the IEEE bus 34 system.
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FIGURE 10. A comparison of the voltage profile in WMI case for the IEEE
34 bus system.
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FIGURE 11. A comparison of the active power loses in branches in WMI
case for the IEEE 34 bus system.

4) ZIP AND CP&Q LOADS WITH Mi

The previous analysis demonstrates that the ZIP load model
significantly contributes to voltage improvement and helps
in minimizing losses. Consequently, a more comprehensive
analysis is conducted for the ZIP and CP&Q load models in
conjunction with MI, and the corresponding results for volt-
age and line losses are depicted in Figure 12 and Figure 13,
respectively. From Figure 12, it can be observed that the
voltage profile is significantly improved compared to the
previous case (WMI). In this scenario, the lowest voltage
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FIGURE 12. A comparison of the voltage profile with Ml case for the IEEE
34 bus system.
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FIGURE 13. A comparison of the active power loses in branches with M1
case for the IEEE 34 bus system.

level is increased from below 0.95 p.u. to above 0.96 p.u.,
indicating that the incorporation of MI-based analysis effec-
tively maintains the voltage level well above 0.95 p.u. and
close to 1 p.u. The improvement in voltage with the ZIP load
model can be attributed to the direct relationship between
voltage and ZIP. As the voltage decreases, the ZIP load also
decreases, resulting in a reduced voltage drop in the distribu-
tion lines. Furthermore, in this case, a further reduction in line
losses is observed compared to the WMI case, as illustrated
in Figure 13.

B. SIMULATION RESULTS DISCUSSION FOR KEPCO DN

1) CP&Q LOAD WITH AND WMI

In this case, the CP&Q load model is considered to analyze
the impact of MI with two scenarios: with-MI and WMI,
as shown in Figure 14. From the figure, it can be observed
that the minimum voltages are 0.94 p.u. and 0.96 p.u. for the
with-MI and WMI cases, respectively.

2) ZIP LOAD WITH AND WMI

In this case, the load model is modified to incorporate
ZIP load, which represents a more realistic situation. The
impact of Ml is then analyzed using two different scenarios,
as depicted in Figure 15. Upon examination of the figure,
a slight difference can be observed in the minimum voltage
between the with-MI and WMI cases. However, the average
voltage remains the same for both scenarios.
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FIGURE 14. A comparison of the voltage profile with-MI without MI for
the KEPCO DN.
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FIGURE 15. A comparison of the voltage profile with-MI and WMI for the
KEPCO DN.

3) ZIP AND CP&Q LOADS WMI

In this case, we consider two load models, namely ZIP and
CP&Q, without considering the presence of MI. The per-
formance of the ZIP load model is observed to be better
compared to the CP&Q load model, as depicted in Figure 16.
The minimum voltage under the ZIP load model is measured
to be 0.938 p.u., while the minimum voltage under the CP&Q
load model is recorded as 0.942 p.u.

4) ZIP AND CP&Q LOADS WITH M

Furthermore, we conducted tests on the KEPCO DN to ana-
lyze the voltage profile considering the ZIP and CP&Q load
models with the presence of MI. A comparison of these load
models in the with MI case is illustrated in Figure 17. It is
noteworthy that the presence of MI equally contributed to
the improvement of the voltage profile for both the ZIP and
CP&Q load models.

C. INTEGRATION OF DGs WITH THE KEPCO DN

1) ZIP LOAD WITH AND WMI

The rapid development of renewable energy technology has
led to an increasing trend in the integration of DGs into power
systems. However, the intermittent nature of DGs introduces
fluctuations in power grid stability, necessitating power flow
analysis to assess the impact of DG penetration and enable
effective control strategies.
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FIGURE 16. A comparison of the voltage profile WMI case for the KEPCO
DN.
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FIGURE 17. A comparison of the voltage profile with Ml case for the
KEPCO DN.

As anticipated, the integration of DGs has a significant
impact on the network voltage, as shown in Figure 18. The
voltage levels are consistently above the lower threshold,
typically ranging from 0.90 to 0.95 p.u., with only slight
variations. Furthermore, the figure illustrates that in the “ZIP
with MI” case, the lowest node voltage is approximately
0.95 p.u., and the average voltage is around 0.96 p.u. On the
other hand, in the “ZIP with MI and DG” case, the lowest and
average voltages are approximately 0.97 p.u. and 0.98 p.u.,
respectively.

2) ZIP LOAD WITH MI AND DIFFERENT DG PENETRATION
LEVELS

To further examine the impact of DGs, we conducted an
analysis by varying the DG penetration level from 0% to
100%. The results, depicted in Figure 19, illustrate the voltage
profile at different penetration levels (0%, 25%, 50%, 75%,
and 100%) under the “ZIP with MI” case. The figure clearly
demonstrates the relationship between DG penetration and
the voltage profile, particularly at higher penetration levels.
As the DG penetration increases, the voltage profile tends to
approach 1 p.u., indicating a more stable voltage condition in
the system. It is important to note that the results are specific
to the selected bus located approximately 14 km from the
slack bus. The trends observed in the voltage profile may vary
for different bus locations within the network.
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FIGURE 19. A comparison of the voltage profile of ZIP load induction
with the different penetration level of DGs for the KEPCO DN.

D. ANALYSIS FOR THE IDENTIFICATION OF THE MOST
SENSITIVE NODES

To assess the impact of load models, MI, and DG integration,
we conducted a comprehensive analysis using the “CP&Q
and ZIP load WMI” and “CP&Q and ZIP load with MI”
scenarios. The objective was to identify the most sensitive
nodes in the KEPCO DN. By comparing these scenarios,
we aimed to determine the nodes that exhibit significant
changes in response to variations in load models, the pres-
ence of mutual inductance, and DG integration. This analysis
provides valuable insights into the nodes that require careful
monitoring and potential optimization strategies to enhance
system performance and voltage stability.

1) NODE SENSITIVITY WITH CP&Q AND ZIP LOADS WMI

In this case study, we examined the sensitivity of bus number
14 to variations in active power. The active power of this bus
was systematically varied in the range of 0-100 kW, with
a step size of 10 kW, capturing both positive and negative
power flow directions. The positive power flow represents
increasing load, while the negative power flow represents
DG power injection. Given the sensitive relationship between
voltage and power, any change in power has an impact on all
phases. To analyze the node voltage sensitivity, we consid-
ered the CP&Q and ZIP load models, specifically focusing
on power changes in phase “a”. The results, depicted in
Figure 20, illustrate the voltage variations for both cases
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FIGURE 20. A comparison of the voltage sensitivity WMI case for the
KEPCO DN.

without considering MI. From the figure, it is evident that
the node exhibits higher sensitivity to power changes in
the CP&Q case, resulting in more significant variations in
the voltage profile compared to the ZIP case. This finding
highlights the importance of load models in understanding
voltage sensitivity and supports the potential for optimizing
the system by leveraging different load models.

2) NODE SENSITIVITY WITH CP&Q AND ZIP LOADS WITH MI
In this case, we kept all the settings from the previous scenario
except for the inclusion of MI. The output results are depicted
in Figure 21, revealing a notable disparity in the voltage sen-
sitivity profile compared to the “CP&Q and ZIP load WMI”
case. The introduction of MI into the analysis significantly
alters the voltage sensitivity characteristics. This is because
the ZIP load model is more nonlinear than the constant
CP&Q load models, meaning that the relationship between
changes in the node voltage and changes in the load is not
as proportional as it is in the constant CP&Q load models
and therefore, causing a less direct relationship between load
changes and node voltage variations. To elaborate further,
in the constant CP&Q load models, the changes in the node
voltage tend to be directly proportional to the changes in
the load, which makes the voltage response more predictable
and sensitive to variations in the load profile. On the other
hand, in the ZIP load model, the response of the node voltage
becomes less predictable and less proportional to the changes
in the load, owing to the nonlinearity inherent in this model.
The presence of MI provides additional pathways for power
flow, influencing the voltage responses to variations in active
power. This finding highlights the importance of considering
MI in accurately assessing voltage sensitivity and optimizing
the performance of the power distribution network.

3) IDENTIFICATION OF THE MOST SENSITIVE NODE WITH
“CP&Q AND ZIP LOAD WITH MI”

To further explore the application of MI-based power flow
analysis in identifying the most sensitive node in the DN,
we conducted additional analysis. In this case, we considered
the “CP&Q and ZIP load with MI” scenario and varied the
power from O to 50 kW in a single step to evaluate the volt-
age variation. The results, as depicted in Figure 22, indicate
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FIGURE 21. A comparison of the voltage sensitivity with MI case for the
KEPCO DN.
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FIGURE 22. A comparison of the voltage sensitivity of all nodes with Mi
case for the KEPCO DN.

that nodes 11 to 14 exhibit higher voltage sensitivity in the
“CP&Q with MI” case compared to the “ZIP load with MI”
case.

VI. CONCLUSION

This paper addressed the challenges posed by intermittent
power generation of DGs and highlights the importance of
MI analysis in understanding the behavior of distribution
lines, loads, and DGs in a DN. By incorporating MI anal-
ysis into the power flow problem formulation using the
backward-forward sweep power flow mechanism and con-
sidering polynomial ZIP loads as well as DGs both with and
without M1, this study provides significant technical insights
that are essential for effective management and control of
the power grid. The proposed model is applied to two case
studies: the IEEE 34 bus test feeder and the KEPCO DN and
the simulation results are varied using different scenarios. The
results demonstrate the analysis of voltage profiles, system
losses, voltage improvement, violations of nominal voltage
limits, and voltage sensitivity, accounting for the temporal
and spatial effects of loads and DG inductions. The findings
underscore the significance of MI analysis in enhancing the
operational efficiency and performance of power systems.
Incorporating MI analysis enables power grid operators to
gain deeper insights into the behavior of the DN, optimize
voltage profiles, mitigate voltage fluctuations, and effectively
plan for the integration of DGs, thereby contributing to a more
resilient and reliable power grid in the presence of renewable
energy sources and DGs.
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In future research, the study will be extended to incor-
porate both the cost-benefit ratio of DGs and MI-based
analysis, aiming to determine optimal locations for DGs. This
expanded analysis will provide a more comprehensive under-
standing of the factors influencing DG placement decisions
and further enhance the effectiveness of MI-based approaches
in power grid management and planning.
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