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Abstract: In recent days, due to the increasing number of electric vehicle charging stations (EVCSs)
and additional power consumption by domestic, commercial, and industrial consumers, the overall
power system performance suffers, which further degrades voltage profile, reduces stability, increases
losses, and may also create a voltage collapse problem. Therefore, it is crucial to predetermine a
maximum loadability limit for voltage collapse analysis and a practical allowable extra load for safe
and secure operation, keeping the bus voltage within the security limits. To mitigate the problems,
unique and innovative formulae such as the maximum load multiplier (MLM) and practical load
multiplier (PLM) have been developed to consider line resistance. The determination of actual
permissible extra load for a bus enables quick assessment of bus-wise suitable capacities and the
number of EVs that can be charged simultaneously in the charging station. The planning engineers
can easily settle on the extra load demand by domestic, commercial, and industrial consumers,
while maintaining the voltage security constraint. The proposed technique is simple, non-iterative,
computationally inexpensive, and applicable to both transmission and distribution systems. The
proposed work is tested on a 57-bus transmission system and 69-bus radial distribution system,
and the obtained results from the developed formulae are verified by comparing with conventional
iterative methods.

Keywords: maximum load multiplier; practical load multiplier; non-iterative unique logical formula;
voltage limit; transmission and distribution systems

1. Introduction

The use of air conditioners, induction heaters, washing machines, microwave ovens,
mixers, computers, and laptops is rapidly expanding as individuals strive to lead a more
luxurious lifestyle [1]. This surge in demand is not limited to domestic settings; indus-
trial and commercial sectors are also experiencing a continuous increase in load demand.
Consequently, it is essential to accurately assess power consumption to ensure the secure
and stable operation of the power system [2]. Furthermore, the rise of electric vehicles
(EVs) has revolutionized the transportation sector by reducing environmental pollution
through the use of electricity instead of fossil fuels [3,4]. As the demand for EVs continues
to soar, the number of charging stations connected to buses has also grown rapidly [5-9].
Consequently, there has been a sharp increase in power demand, which can potentially
lead to voltage limit violations or voltage collapse. To mitigate these risks, two types
of maximum additional loads for a bus are of utmost importance to determine. Using
MLM, the maximum load margin or maximum loadability limit can be identified to avoid
voltage collapse. Using PLM, the practical maximum allowable extra load for a bus can be

Energies 2023, 16, 4724. https:/ /doi.org/10.3390/en16124724

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16124724
https://doi.org/10.3390/en16124724
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1398-2096
https://orcid.org/0000-0002-2967-627X
https://doi.org/10.3390/en16124724
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16124724?type=check_update&version=2

Energies 2023, 16, 4724

20f19

evaluated for safe and secure power system operation, as the voltage should be within the
security limits for practical operation.

To analyze voltage collapse and to know the load margin, the MLM is determined [10-14].
In this regard, the PV curve using Newton-Raphson Load Flow (NRLF) and continuation
load flow (CLF) are commonly used [15-21]. In NRLF and CLF methods, both active and
reactive loads are multiplied by the same multiplier to keep the power factor (pf) constant.
Those methods are iterative methods and computationally expensive. Researchers and op-
erating engineers of power systems also prefer simpler techniques and avoid programming
complexity. In this context, the development of a non-iterative formula-based technique
for the determination of maximum load limit would greatly assist in voltage stability
analysis and enable easy identification of the voltage collapse point (VCP). To address
this need, a unique and innovative formula has been devised for MLM calculation. This
proposed technique is simple, non-iterative, and fast, offering a more efficient alternative.
For verification of the results of the developed formula, voltage magnitude and execution
time have been compared to well-known approaches, such as NRLF and CLF. In order to
corroborate the formula, EVCSs are taken into consideration on load buses for both the
57-bus transmission system and the 69-bus radial distribution system (RDS), and the bus
voltage result is evaluated to ensure that the security constraints are met.

From the voltage stability index (VSI), the weaker or weakest bus is identified [22-26].
Fast voltage stability index (FVSI) is commonly applied to find vulnerable buses as it takes
less time [23,27,28]. It is also a non-iterative and formula-based technique. However, using
FVS], only the stability index or weaker buses can be determined, and MLM or load margin
cannot be obtained. In addition, FVSI is not suitable for the distribution system as line
resistance is neglected for calculation [29,30]. Thus, line resistance must be considered for
developing MLM formulations to determine MLM or load margin. In [31], the authors have
introduced a unique formula for calculating the maximum allowable active and reactive
power for contingency analysis. In contrast, the proposed work involves calculating the
maximum allowable load that can be added to a bus while ensuring system stability. In this
regard, a new and effective formula for MLM determination is developed considering line
resistance so that it can be applied in both transmission and distribution systems. Between
these two formulae, one is considering the security constraints and other is not. In this
paper, 57-bus as a transmission system [32,33] and 69-bus as RDS are [34,35] considered for
result analysis.

Maximum loading capacity must be determined to avoid voltage instability or a
voltage collapse problem. However, MLM cannot be used for practical power system
operation since the voltage magnitude of the bus must be within security limitations in
order to preserve power quality [36]. The allowable voltage range for the power system
network is 0.9 to 1.1 p.u. [36,37]. Therefore, the practical allowable load which can be
enhanced to a particular bus will be such that the voltage magnitude should not be less
than 0.9 p.u. Considering the practical limits of voltage magnitudes of the buses, the PLM
is formulated from MLM. Based on an extensive review of the existing literature, it is
evident that a formula-based non-iterative PLM for both transmission and distribution
systems was not developed at an early stage. However, this non-iterative approach is
straightforward, efficient, and computationally inexpensive. By determining the PLM, it
becomes possible to determine the maximum additional load that a bus can accommodate.
For the different buses, different practical load margins will be attained. Hence, the
most suitable capacity of an EV charging station can automatically be evaluated for the
buses. Additionally, it enables the assessment of the number of EVs that can be charged
simultaneously at the charging station. Furthermore, if the practical allowable extra load is
known to the electricity company, it becomes feasible to promptly meet new load demands
from residential, commercial, or industrial consumers in a justified and appropriate manner.
The formulae of MLM and PLM are derived from the basic equation of line current, active
power and reactive power flow, bus voltage, and phase angle of two buses of a single
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machine infinite bus (SMIB) system. The results obtained from PLM are also checked and
verified with conventional methods such as CLF and NRLFE.
The major contributions of this paper are as follows:

1. A unique, innovative formula of MLM and PLM considering line resistance has been
developed to evaluate the maximum load margin for voltage collapse and practical
additional load for safe and secure power system operation, respectively, and the
proposed formulae are applicable for both transmission and distribution systems.

2. The proposed technique is simple, non-iterative, and computationally inexpensive,
and the obtained results from the developed formulae are vindicated by conventional
iterative methods such as NRLF and CLE.

3. As the actual permissible extra load for a bus is determined using PLM, the bus-wise
suitable capacities or ratings of EV charging stations can quickly be assessed. The
planning engineers can also easily settle on the extra load demand by the domestic,
commercial, and industrial consumers, keeping the voltage magnitude within the
security limit.

2. Problem Formulation

A fast and non-iterative technique to determine MLM and PLM is important in the
present power scenario. New and innovative formulations are developed to determine
MLM and PLM, which are computationally inexpensive as well as non-iterative. It is also
applicable to both transmission and distribution systems. To derive the formula, a simple
two-bus system of the SMIB system is considered. In Figure 1, a two-bus simple network
is shown, where line resistance is not neglected. Here, Bus-1 represents the generator bus
and Bus-2 represents the load bus. The formula of MLM and PLM is derived from the
fundamental equations between the two buses, such as active power and reactive power
flow, the current flowing between the two buses, bus voltages, phase angle, etc.

Bus 1 Bus 2
IlZ
—

P2+j QZ

> Z:R|z+jX12 l

ViL5, V,L6,
Figure 1. One-line diagram of power system network.

Where:

V1 : A magnitude of the actual voltage at the sending end bus (SEB)
V» : A magnitude of the actual voltage at the receiving end bus (REB)
01 : A phase angle of the voltage at the SEB

&7 : A phase angle of the voltage at the REB

Py : Active power at the SEB

P, : Active power at the REB

Q1 : Reactive power at the SEB

(> : Reactive power at the REB

Z: Line impedance between bus 1 and bus 2

R1» : Line resistance between SEB and REB

Xj5 : Line reactance between SEB and REB

I;5 : Line current between SEB and REB

Let,

6 = 01 — J3 : Phase angle difference between the SEB and REB
Considering both the resistance and reactance of the line, the MLM is formulated as
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MLM =

PLM =

Vi

2(P,X1p — Q2R12)

2 {\/{(PZRQ + QX12)* + (P2X1p — Q2R12)2] — (PaRyp + Q2X12)} 1)

The detailed derivation is given in Appendix A.

Equation (1) is the general formula of MLM, and it is useful for voltage collapse or
voltage instability analysis. From MLM, for the practical operation of a power system, the
maximum permissible load that can be applied practically to a bus cannot be obtained.
The maximum allowable load for which the bus voltage will not violate the voltage limits
is essential to determine safe and secure operation. The voltage of REB should be in the
range of 0.9 p.u. to 1.1 p.u. [36,37]. However, by using (1), the bus voltage can decrease
below 0.9 p.u., which is not acceptable for practical power system operation. Therefore,
considering the practical limitations, the receiving end voltage should remain at 0.9 p.u.
after the maximum allowable load enhancement. The generator bus voltage or SEB voltage
is kept fixed. Considering the practical constraints, PLM is determined as follows:

\/[{4 % (0.9)* (P2R12+Q2X12)2}—4 5 { (PR12+Q2X12)* +(P2X12—QaR12)* } * {(0-9)4—\‘/1\2 * (0-9)2}]

2 % {(PR12+Q2X12)" +(P2X12—QaR12)" } )

(0.9)% * 2(PyR1p+QsX12)

2 % {(PaR12+QaX12)* +(PaX12—QaR12)” }

From PLM, for the REB the actual additional load or practical load margin that can
be enhanced while keeping the voltage magnitude in the security limits is obtained easily.
It will be very helpful for the planning engineers to take a firm decision on the new load
demand by the domestic/commercial/industrial consumers. Nowadays, EV charging
stations are being installed worldwide. If the practical load margin is known for all buses, a
suitable location and appropriate capacity of an EV charging station can also be determined.

3. Procedure

The formula used to calculate the MLM is employed in power systems to ensure
the stability of the system. This formula is derived from (1). In this context, the bus at
which MLM is calculated is referred to as the REB, while the bus supplying power to the
REB is known as the SEB. The evaluation involves analysing two types of test systems:
transmission and distribution systems. For the transmission system, 57-bus, and for RDS,
69-bus, are considered. As NRLF and CLF are commonly employed to determine MLM,
the results of the unique and logical formula are compared to the results of the NRLF and
CLF approaches. The load at the REB is gradually increased in conventional techniques,
and convergence is tested in each run. When divergence occurs, MLM is determined for
the conventional iterative methods and compared with the proposed technique.

For the practical operation of the power system, PLM is required instead of MLM so
that the bus voltage will remain within the acceptable limit, 0.9 p.u. From MLM, PLM is
derived, keeping the sending end voltage unaltered, and it is calculated using (2). The
load multiplier for which the REB or the load bus voltage is at 0.9 p.u. is called PLM.
Following the calculation of the PLM value using the proposed formula, the REB load will
be multiplied by the PLM for both the NRLF and CLF techniques, and the results will
be checked. The voltage magnitude should also be equal to 0.9 p.u. for the conventional
methods. Being iterative methods, both NRLF and CLF take more time to give the desired
results, whereas the proposed unique method gives the output directly as it is a non-
iterative, formula-based approach.

After obtaining PLM for a specific bus, the extra load that can be allowed without
violating the security constraints is analysed. As the maximum permissible additional
load is established, the maximum acceptable new load demand or the suitable capacity
of an EV charging station can be simply figured out. To carry out the load flow analysis,
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MATLAB-9.8 (R2020a) platform has been used. It was installed on a computer with an Intel
i7 processor, 1.3 GHz clock speed and 8 GB RAM. A flow chart of the detailed procedure is

given in Figure 2.

’ Read Bus data, Line data, Load data

v

‘ Select bus (REB) for which Load Multiplier will be calculated |

'

‘ System current (I},) is calculated using (A1) |

'

’ Voltage is calculated at the REB using (A2) ‘

A quadratic equation is developed in terms of squared of voltage
magnitude at REB using ( A3)

The obtained quadratic equation is compared with general form
of quadratic equation (ax*+bx-+c = 0)

‘ All the coefficients a, b, and ¢ are obtained after comparison |

'

In (A5). the condition b* 4ac > 0 is derived from the requirement that a quadratic
equation must have real and positive roots.

After putting the values of a, b, and ¢ in (AS), the value of V| is obtained from
(A6) for the voltage collapse stability

‘ The MLM is multiplied by the load of REB and (A6) is modified

y
The formulated equation of MLM is represented in the form of a
quadratic equation (ax’+bx-+c = 0)

Values of a, b, and ¢ are obtained and MLLM is calculated as a
root of the quadratic equation using (1)

Considering the practical constraints, for calculating PLM, V, is
set to 0.9 in (A3)

The formulated equation is arranged in the form of a quadratic
equation and values of coefficients are determined

The PLM is calculated as a root of quadratic
equation using (2)

Apply NRLF for the same test system | ’ Apply CLF for the same test system |
Obtain MLM for the same REB using Obtain MLM for the same REB using
iterative method iterative method
Get PLM for the same REB using Get PLM for the same REB using
iterative method iterative method
\
RESULTS:

Compare Results

Figure 2. Flow chart of the procedure.
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4. Result and Discussion

The developed formula of MLM and PLM is examined on both the interconnected
transmission system, 57-bus, and RDS, 69-bus. The 57-bus system consists of 57 buses,
7 generators, 42 loads, and 63 transmission lines and has a base power of 100 MVA. The
69-bus system includes 69 buses and 73 lines and has a base voltage of 12.66 kV and a base
power of 100 MVA.

For both the 57-bus transmission system and 69-bus RDS, 5 sets of buses are considered
for finding MLM, PLM, and results analysis. The MLM of a bus is directly determined
using (1) as the proposed approach is non-iterative and formula based. The MLM value
is then reviewed by comparing it to the NRLF and CLF techniques. Comparison among
NRLE, CLEF and the developed formula for MLM is shown in Table 1a,b for both 57-bus
transmission systems and 69-bus RDS, respectively. From Table 1a,b, it can be observed
that the value of MLM calculated using (1) is nearly the same as the value of MLM obtained
from the NRLF and CLF methods. Though MLM provides the maximum loading limits
or VCPs, it is crucial to refrain from operating the power system at such loads due to the
significantly lower voltage magnitude, which falls below the lower voltage limit of the
network. Hence, PLM is of utmost importance in knowing the practical loading limit for
safe, secure power system operation.

Table 1. (a) Comparison among NRLF, CLF, and the developed formula for MLM for 57-Bus Trans-
mission System. (b) Comparison among NRLF, CLF, and the developed formula for MLM for
69-Bus RDS.

@)
MLM using MLM using the = MLM using the

S1. No. SEB REB formula NRLF method CLF method
1 12 16 14.1780 14.2968 14.2969
2 19 20 19.7453 19.2339 19.7465
3 13 14 55.1172 56.9040 56.9041
4 41 42 8.0156 7.6986 8.0156
5 50 51 15.1357 16.2367 16.2369

(b)

SLNe.  SEB REB e eed | CLEmethod
1 6 7 1850.9783 1851.1520 1851.1524
2 9 10 1254.8078 1254.8783 1254.8784
3 33 34 999.0980 998.9886 999.0981
4 48 49 123.3389 124.0974 124.8974
5 49 50 424.4114 423.8986 4244114

Being a non-iterative method, the proposed formulae take significantly less time to give
the results as compared to iterative methods. To prove the efficacy of the proposed method,
a comparison of estimation of MLM for both 57-bus and 69-bus systems is performed using
the MATLAB platform. For the NRLF method, the load is gradually incremented and
the estimation time is calculated. The estimation time is computed in seconds (s). The
comparison of estimation time between proposed and conventional methods is shown in
Table 2a,b for both 57- and 69-bus systems, respectively. From Table 2a,b, it is observed that
the computation time is significantly less in the case of the proposed method as compared
to the conventional method, which proves the effectiveness of the proposed work.
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Table 2. (a) Comparison of estimation time of MLM between the proposed method and the conven-
tional method for a 57-bus transmission system. (b) Comparison of estimation time of MLM between
the proposed method and the conventional method for a 69-bus RDS.

(a)

Estimation time for Estimation time for

SI. No. SEB REB conventional
proposed method (s) method (NRLEF) (s)
1 12 16 0.000901 3.976398
2 19 20 0.000468 13.11175
3 13 14 0.001183 25.28018
4 41 42 0.000526 3.034557
5 50 51 0.000591 6.391836
(b)
Estimation time for Estimation t ime for
SI. No. SEB REB conventional
proposed method (s) method (NRLEF) (s)
1 6 7 0.000581 683.3324
2 9 10 0.000594 493.4006
3 33 34 0.000432 410.1328
4 48 49 0.000498 36.969733
5 49 50 0.000414 176.776818

Like MLM, the PLM is directly determined using (2) for 5 sets of buses of 57-bus and
69-bus test systems. The obtained PLM value is used in conventional iterative methods
such as CLF and NRLF. When PLM is applied to the REB, the voltage magnitude of REB
should also be 0.9 p.u. for the conventional methods. In the case of conventional methods,
the PLM is multiplied by the REB and the results are verified. The PLM obtained from
the developed formula, and the voltage magnitude of REB for the conventional methods,
are given in Table 3a,b for 57-bus and 69-bus systems, respectively. From the tables, it
is observed that the voltage magnitude of the REB is nearly 0.9 p.u. It confirms that the
PLM value obtained from the developed formula and it can be used for the safe and secure
operation of the power system.

Table 3. (a) Five sets of results of PLM for the 57-bus transmission system. (b) Five sets of results of
PLM for 69-bus RDS.

(a)

SI. No. SEB. REB I;I;I:,/Ie l(z)l;t:‘iinf(:i rflrl(lylr: Receiving) T;ﬁl voltage
1 12 16 6.99498 0.9031
2 19 20 5.74715 0.9082
3 13 14 18.49972 0.9015
4 41 42 2.99778 0.8981
5 50 51 8.02092 0.8994
(b)
SL. No. SEB. REB 1:11‘;1‘\,/:5 ltz)l;t:;nfc:’cll‘ rflrl(l)lr:: Receivin(gi) e;l)d voltage
1 6 7 616.4928 0.8997
2 9 10 372.218 0.8943
3 33 34 358.0564 0.9010
4 48 49 46.2458 0.8992
5 49 50 156.8488 0.9059
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A graphical plot of voltage magnitude after applying PLM is shown below for both the
57- and 69-bus systems. After applying PLM at the 14th bus (REB), the voltage magnitude
of the 57-bus transmission system is shown in Figure 3a. Similarly, the voltage magnitudes
of a 69-bus RDS are given in Figure 3b when PLM is applied at the 34th bus (REB). From
the two figures, it can be seen that the bus voltages of REB in both 57-bus and 69-bus test
systems are the lowest and near 0.9 p.u. (i.e., 0.9015 p.u. and 0.9010 p.u., respectively),
which is acceptable for practical operation. It is also observed that the bus voltage satisfies
the lower voltage limit of the power system network.

1.05 1.05

1.03 57 bus transmission system 1.03 69 bus Radial Distribution System

1.01 1.01
- 0.99 0.99
2 3
Z 097 3 0.97
) o
8095 % 0.95
o =
> 0.93 2 0.93
a 3

0.91 0.91

@ | 0.9010
0.89 0.89
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Bus number Bus number
(a) (b)

Figure 3. Sample result of voltage magnitude after applying PLM (a) For a 57-bus transmission
system; (b) For a 69-bus RDS.

A comparison of voltage magnitude is performed after employing a load multiplier in
both the proposed approach and the conventional method for both the 57-bus transmission
system and the 69-bus RDS. The value of the load multiplier is calculated using the proposed
method as well as using the NRLF method. The proposed load multiplier, obtained
from both cases, is applied to the REB, and voltage is observed. Table 4a,b show the
comparison of bus voltage magnitude after applying PLM in REB for both the 57-bus
transmission system and the 69-bus RDS, respectively. From both tables, it is observed
that the deviation in voltage at REB is very negligible. A graphical comparison of bus
voltage is also shown below. The 16th bus in the 57-bus transmission system serves as
an illustrative example to demonstrate the comparison of voltage magnitude between the
conventional and proposed method for both PLM and MLM cases. These comparisons are
presented in Figures 4a and 5a for the 57-bus system. Similarly, in the case of the 69-bus
RDS, the 49th bus is selected as a sample example to showcase the voltage magnitude
comparison between the conventional and proposed method for both PLM and MLM.
Figures 4b and 5b display these comparisons for the 69-bus RDS. From Figure 4a,b, it is
observed that there is a slight deviation in the voltage magnitude at the bus where the
PLM is implemented, though the deviation is trivial/insignificant. However, the voltage
magnitudes at the remaining buses (i.e., all other buses) are similar/matching for both
the proposed method and the conventional method. Both the figures depict that the
result attained using the proposed method is matching with the result obtained from the
conventional iterative method (NRLF).
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1.05 :
= PLM using formula

1.03 PLM using NRLF

0.99 N\ " \ /

0.95 | \/

Bus voltage (pu)

0.93 !

0.91 0.9000 \ 0.9031

0.89

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60

Bus number

(a)

1.05
e PL.M using formula

1.03
PLM using NRLF

1.01

0.99
0.97

0.95

Bus voltage (pu)

0.93

0.91 0.8992 0.9003
0.89

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Bus number
(b)

Figure 4. (a) Comparison of bus voltage (p.u.) between the proposed method and NRLF method after
applying PLM at the 16th bus for the 57-bus transmission system. (b) Comparison of bus voltage
(p-u.) between the proposed method and NRLF method after applying PLM at the 49th bus for the
69-bus RDS.
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1.09
—— MLM using formula

0.99 n
0.89 ——MILM using NRLF

0.79

0.69 n
0.59
0.49
0.39
0.29
0.19
0.09

0.2345 0.2146

Bus voltage (pu)

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Bus number

(a)
1.10

100 /
0.90 \ \F

0.80

0.70

0.60

Bus voltage (pu)

——MLM using formula

0.50 ——MLM using NRLF - 0.4318

0.4227 \é

0.40

1 6 11 16 21 26 31 36 41 46 51 56 61 66
Bus number

(b)

Figure 5. (a) Comparison of bus voltage (p.u.) between the proposed method and NRLF method
after applying MLM at the 16th bus for a 57-bus transmission system. (b) Comparison of bus voltage
(p-u.) between the proposed method and NRLF method after applying MLM at the 49th bus for a
69-bus RDS.
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Table 4. (a) Comparison of voltage magnitude after applying PLM obtained from both the con-
ventional and proposed method for a 57-bus system. (b) Comparison of voltage magnitude after
applying PLM obtained from both the conventional and proposed method for a 69-bus system.

(a)

SEB REB Voltage at REB after applying Voltage at REB after applying
PLM, obtained from formula PLM, obtained using NRLF
12 16 0.9031 0.9000
19 20 0.9082 0.9001
13 14 0.9015 0.9001
41 42 0.8981 0.8999
50 51 0.8994 0.9002
(b)
SEB REB Voltage at REB after applying Voltage at REB after applying
PLM, obtained from formula PLM, obtained using NRLF
6 7 0.8997 0.9002
9 10 0.8943 0.8999
33 34 0.9010 0.9000
48 49 0.8992 0.9003
49 50 0.9059 0.9001

Figure 5a,b show the comparison of bus voltage between conventional and proposed
methods when MLM is applied at REB for both the 57-bus transmission system and the
69-bus RDS, respectively. MLM is generally calculated to identify the VCP. Therefore, the
voltage security constraint is not maintained in the case of MLM. From both the figures, it is
observed that the there is a slight variation in voltage, mostly where the MLM is applied in
the proposed method as compared to the conventional method. On the other hand, voltage
magnitude of the rest of the buses are almost the same in both the conventional and the
proposed method. Therefore, it can be concluded that the proposed method for calculating
the load multiplier gives the correct result.

The maximum additional load that can be added with the base load using MLM is
given in Table 5a,b for the 57-bus System and the 69-bus RDS, respectively. From the tables,
the maximum extra load for which the system will be at the VCP can be assessed for voltage
stability analysis. The maximum practical allowable load obtained from PLM is shown
in Table 6a,b for the 57-bus transmission system and the 69-bus RDS, respectively. The
tables provide information on both active and reactive power loads that are permissible for
ensuring safe and stable operation of the power system. From the tables, bus-wise practical
permissible load enhancement is known, and it will be very useful for the permission of
new connections and extra load demands by the existing consumers. In light of the recent
installation of EV charging stations on buses, planning engineers can efficiently determine
the most suitable buses and charging station capacities by referring to the acquired actual
extra load data.

The proposed approach is rationalized by taking into account EVCS on load buses
of the 57-bus transmission system and 69-bus RDS. The DC fast charging station with
a capacity of 50 kW is considered to be placed on the load buses, and the bus voltage
at the REB is shown in Table 7a,b for the 57-bus system and 69-bus RDS, respectively.
From Table 7a,b it is observed that the voltage levels at the load bus remain within the
prescribed security limits of 0.9 p.u. to 1.1 p.u. after the installation of the electric vehicle
(EV) charging station. This outcome effectively fulfills the voltage constraints. Figure 6a
shows a simplified figure of a 57-bus transmission system indicating the EV charging
station at the 42nd load bus. Figure 6b represents a simplified figure of a 69-bus RDS
indicating the EV charging station at the 34th load bus.
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Table 5. (a) Maximum extra load that can be added with base load using MLM for a 57-bus system.
(b) Maximum extra load that can be added with base load using MLM for a 69-bus system.

(@)

SL No. SEB. REB Base load at RE mlll\l/[t(i);liyﬁiiilg/[alfll\/alf;erE Additional load at RE
P; (MW) Qr (MVAr) P (MW) Qr (MVAr) P; (MW) Qr (MVAr)
1 12 16 43 3 678.5787 47.3427 635.5787 44.3427
2 19 20 2.3 1 454142 19.7453 43.1142 18.7453
3 13 14 10.5 5.3 578.7306 292.1212 568.2306 286.8212
4 41 42 7.1 4 56.9113 32.0627 49.8113 28.0627
5 50 51 18 5.3 218.4341 64.3167 200.4341 59.0167
(b)
SL. No. SEB REB Base load at RE mlll\lllt(i);liyﬁiic;lglls/[alfll\/a[f;erE Additional load at RE
P (MW) Q; (MVAD) P (MW) Q; (MVAD) P (MW) Q; (MVAD
1 6 7 0.04 0.03 74.0332 55.5249 73.9932 55.4949
2 9 10 0.03 0.02 37.6202 25.0802 37.5902 37.6002
3 33 34 0.02 0.01 19.982 9.991 19.962 9.981
4 48 49 0.38 0.27 46.8688 33.3025 46.4888 33.0315
5 49 50 0.38 0.27 161.2763 114.5911 160.8963 114.3211
Table 6. (a) Maximum practical allowable load obtained from PLM for a 57-bus system. (b) Maximum
practical allowable load obtained from PLM for a 69-bus RDS.
(a)
SL No. SEE  REB Base load at RE mxtz(;ilgiejglgﬁl\/lait: ;{E Additional load at RE
P; (MW) Q; (MVAr) P; (MW) Q; (MVAr) P; (MW) Q; (MVAr)
1 12 16 43 3 300.7841 20.9849 257.7841 17.9849
2 19 20 2.3 1 13.2184 5.7471 10.9184 4.7471
3 13 14 10.5 53 194.2471 98.0485 183.7471 92.7485
4 41 42 7.1 4 21.2842 11.9911 14.1842 7.9911
5 50 51 18 5.3 144.3766 42.5109 126.3766 37.2109
(b)
S1 No. SEE  REB Base load at RE mxtz(;ilgiejglgﬁl\/lait: ;{E Additional load at RE
P; (MW) Q; (MVAr) P; (MW) Q; (MVAr) P; (MW) Q; (MVAr)
1 6 7 0.04 0.03 24.66 18.495 24.62 18.465
2 9 10 0.03 0.02 11.17 7.44 11.14 7.42
3 33 34 0.02 0.01 7.16 3.58 7.14 3.57
4 48 49 0.38 0.27 17.57 12.49 17.19 12.22
5 49 50 0.38 0.27 59.6 42.35 59.22 42.08
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Figure 6. (a) A simplified figure of the 57-bus system after placing the charging station at the
42nd load bus. (b) A simplified figure of the 69-bus RDS after placing the charging station at the
34th load bus.
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Table 7. (a) Voltages at REB after placing charging station on load bus for a 57-bus transmission
system. (b) Voltages at REB after placing charging station on load bus for a 69-bus RDS.

(@)

Base active power load at ~ Base reactive power load at Voltage at receiving end

Sl. No. SEB REB receiving end bus (MW) receiving end bus (MVAr) bus (p.u.)
1 12 16 43 3 1.0134
2 19 20 2.3 1 0.9626
3 13 14 10.5 5.3 0.9681
4 41 42 7.1 4 0.9682
5 50 51 18 5.3 1.0520

(b)

SLNo.SEB REB L b (MW recevingond bus (MVAD - bus ()
1 6 7 0.04 0.03 0.9805
2 9 10 0.03 0.02 0.9718
3 33 34 0.02 0.01 0.9971
4 48 49 0.38 0.27 0.9944
5 49 50 0.38 0.27 0.9937

5. Conclusions

For finding the MLM and PLM, unique and innovative formulae considering line resis-
tance are so developed that they can be applied for both the transmission and distribution
systems. These formulae can be effectively applied to both transmission and distribution
systems. This research paper focuses on the 57-bus test system for transmission and the
69-bus test system for distribution. MLM gives the VCP, or maximum loadability limit,
which is useful for voltage stability analysis. On the other hand, it is essential to ensure
the safe, reliable, and practical operation of the power system by maintaining the voltage
magnitude above the lower limit of voltage constraints limit (i.e., 0.9-1.1 p.u.). In light of
the idea, an efficient and logical formula for PLM is developed to calculate the maximum
practical permitted load for a particular bus. To justify the results of the newly proposed
simple formulae, a comparison is done between the results obtained from the NRLF and
CLF methods and the result obtained from the proposed non-iterative formula-based tech-
niques. To compare the simulation time, a comparison of estimated time is also performed
to showcase the effectiveness of the proposed formula. From the results, it can be concluded
that the developed formulae are very effective and fruitful for planning engineers to decide
about new connections, additional load demand by the existing consumers, or the optimum
capacity of an EV charging station for a bus, and also it takes less time as compared to
the conventional method to get the result. The application of EV fast charging stations
is also implemented for both 57-bus and 69-bus test systems to prove the efficacy of the
proposed method.



Energies 2023, 16, 4724

15 0f 19

Author Contributions: Conceptualization, S.N., S.R.G. and P.A.; methodology, S.N., SR.G. and
P.A.; software, S.N.; validation, S.N., S.R.G., PA. and FL.; formal analysis, S.N., S.R.G., P.A. and
FL; investigation, S.N., S.R.G., PA. and FL.; writing—original draft preparation, S.N. and P.A.;
supervision, S.R.G., P.A. and EL.; project administration, S.R.G. and P.A. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data related to the 57-bus interconnected system and 69-bus radial
distribution system used in this work is available in [32-35].

Acknowledgments: We are extremely grateful to the School of Electrical Engineering, KIIT deemed
to be University, Bhubaneswar for their continual support and inspiration in ensuring the completion
of the research work.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Derivation of MLM

Considering both the resistance and reactance of the line, the formulations of power
balance are shown below.

S P—jQs
Lp= 2 =2 J%2 Al
LA vy X (A1)
V146, = Vo ldy + Ilz(Rlz + lez)
P, —j . .
Or, V1461 = V246, + 27]Q2(Rlz +jX12) [using (A1)]
Vot — 6,
2 .
Or, V,/6; = Vo™ + PaRig + Q2 X1 + j(P2X12 — Q2R12)
Vot — 65
Or, ViWZé1—6, = (|V2\2 + P,Ryp + szlz) +j(P2X12 — Q2R12) (A2)
Taking the Mod value on both sides of (A2), we get
2
Vi Va* = (|V2|2 + PoRip + Qqu) + (P2X12 — QaRpp)?
Or, [Vi)2|Vaf* = |Val* + 2| Va*(PaR12 + QaX12) + (PaR1a + QaX12)* + (P2 X12 — QaRp2)?
Or, 0 = [Va|* + 2| Vo> (P2R1p + QaX12) + (P2R1p + QaX12)* + (PaX1p — QaR12)? — [Vi | Vs
2\2 2 2 2 2
Or, (|V2| ) + V2| {2(P2R12 + D X12) — |V } + (PaRig + Q2 X12)" + (PaX12 — Q2R12)" =0 (A3)
Equation (A3) can be expressed as a quadratic equation like (A4),
ax®> +bx+c=0 (A4)

Comparing the (A3) and (A4), we have

x =V

a=1

b =2(PRip + Q2 X12) — |Vl‘2
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c= (PRyp + Q2X12)2 + (P X1 — Qlez)2

Here x never be negative or imaginary. For getting real and positive roots, the following

condition must be satisfied.
b? — 4dac >0 (A5)

Putting the value of a, b, and c into (A5), we get

{Z(Plez + Q2 X12) — \Vlﬂ 41 [(Plez +QX1p)? + (P2 X1p — Qlez)z} >0
Or, 4(PaRyz + Q2X12)* — 4(PaRiz + Qo Xp2) Vi + [Vi[* =4 1 « [(PZXlZ — QoR12)* + (PaRyp + szlz)z} >0
Or, 4(P2Ryp + QaX12)” — 4(P2Ryz + QaX12) Vi [* + [Va[* — 4(P2 X1z — Q2R12)” — 4(PaRiz + Q2 X12)* > 0
Or, [Vi[* = 4(PaRi2 + Qo X12)| Vi[> — 4(Pa X1 — QoR12)* > 0

Or, [Vi[* 4+ [~4(PaR1a + Qo X12)]|Va|* + [—4(P2X12 - Qlez)z} >0 (A6)

In the voltage stability analysis such as the PV curve, the load increases gradually
using a load multiplier, keeping the power factor constant. In other words, load (P + Qy) is
multiplied by the same multiplier. The value of the MLM gives the information about how
much load (P + jQ) can be increased so that the system will remain in a stable condition.
The MLM is multiplied by the load of the receiving end bus (REB) i.e.,, P’ = P « MLM
and Q' = Q * MLM. Therefore,(P'+jQ') = (P+jQ) * MLM. Now, (A6) can be
formulated as

[Vi|* + [~4(PyR1p + Qo X12)] ¥ MLM * |Vi|* + {—4(P2X12 - Q2R1z)2} * MLM? =0

Or, {4(P2X12 - Qlez)z} * LM? +4(P;Rip + QoX1p) * [Vi|* % LM —|V4|* = 0
The above equation can be re-written as
ax MLM*+b * MLM+c =0

where,
4% (P X1y — QRpp)? =a

4 % (PyRyy + QoX1) * |Vi|* = b

() =

The value of MLM is determined as follows:

_ 2 _
MLM — b:I:«/éZ 4ac)

As the MLM is always positive, the MLM is given below:

(b> —4ac) b

2a Ca (A7)

MLM =
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General equation of MLM:
Put the values of a, b, and c in (A7), and we get

\/[16(P2R12 +QoX12)” * |[Vi|* — 4 x 4(P2X12 — QoRpp)” * (—|V1\4)} 4(PyRpp + QoXia) # |42

MLM = 2 - 2
2 x 4(PX15 — Q2Ryp) 2 % 4(PrX12 — Q2Ry2)
\/[16(P2R12 + Q2X12)2 * |V1|4 —+ 16 % (P2X12 — Q2R12)2 * (|V1‘4)} 4(P2R12 + QzXlz) « |V1‘2
Or, MLM = 5 — 5
8 x (P2X12 — Q2R12) 8 x (P2X12 — Q2R12)
Vi {\/ 2 2
MLM = (PaRip + Q2 X12)" + (PaX12 — Q2R12)"| — (PaRy2 + Q2 X12) (A8)
2(Py X1y — Qlez)Z [ ]

Appendix B. Derivation of PLM

Considering the practical constraints, the PLM is determined as follows:
Putting V, = 0.9 in (A3), we get

(0.9)* + (0.9) [2(1921{12 + QyX12) * PLM — \V1|2] + (PyR1z + Q2X1p)? % PLM? + (P X1 — QaR1p)?

(A9)
x* PLM? =0
Or, (0.9)* 4 (0.9)% * 2(P,R1y + Q2X1p) * PLM — |V4)* % (0.9)* + {(PleerQqu)2 + (P2 X1z — Q2R1z)2} (AL0)
* PLM? =0
Arranging (A10) in the form of a quadratic equation,
(PaR12 + Qo X12)* + (PaX1 — Qlez)z] * PLM? + (0.9)% * 2(PyRip + Q2X1p) * PLM + [(0-9)4 — [ [* * (0-9)2} (A11)
=0
where,
(PaR1z + QX12)* + (P2X12 — QaR12)* = a
(0.9)% % 2(PaRys + Qo X12) = b
(09)* —|V1|*  (09)* =¢
Again,
(V> —4ac) b
PLM = 2a 2a
Put the values of a, b, and ¢
PLM \/[{4 % (0.9)* (P2R12+Q2X12)2}—4 x { (PR12+Q2X12)* + (P2 X12—QaR12)* } * {(0-9)4—\‘/1\2 * (0-9)2}]
N 2 % {(PR12+Q2X12)" + (P2 X1~ QaR12)" } (A12)

(09)* = 2(PyR1p+ Qs X15)
) 2
2+ {(P2R12+Q2X12)* + (P2 X12-QaR12)" }
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