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VALIDATION OF OPTIMAL ELECTRIC VEHICLE CHARGING STATION
ALLOTMENT ON IEEE 15-BUS SYSTEM
Introduction. The diminishing conventional energy resources and their adverse environmental impacts compelled the researchers and
industries to move towards the nonconventional energy resources. Consequently, a drastic paradigm shift is observed in the power and
transportation sectors from the traditional fossil fuel based to the renewable energy-based technologies. Considering the proliferation of
electric vehicles, the energy companies have been working continuously to extend electric vehicle charging facilities. Problem. Down the
line, the inclusion of electric vehicle charging stations to the electric grid upsurges the complication as charging demands are random in
nature all over the grid, and in turn, an unplanned electric vehicle charging station installation may cause for the system profile
degradation. Purpose. To mitigate the problem, optimum allocation of the charging stations in existing power distribution system in a
strategic manner is a matter of pronounced importance in maintaining the system stability and power quality. In this paper, optimum
allocation of electric vehicle charging stations in IEEE 15-bus system is studied in order to minimize the highest over and under voltage
deviations. Methodology. Primarily, voltage stability analysis is carried out for identification of the suitable system nodes for the
integration. Voltage sensitivity indices of all the system nodes are calculated by introducing an incremental change in reactive power
injection and noting down the corresponding change in node voltage for all nodes. Henceforth, dynamic load-flow analysis is performed
using a fast and efficient power flow analysis technique while using particle swarm optimization method in finding the optimal locations.
Results. The results obtained by the application of the mentioned techniques on IEEE 15-bus system not only give the optimum feasible
locations of the electric vehicle charging stations, but also provide the maximum number of such charging stations of stipulated sizes
which can be incorporated while maintaining the voltage profile. Originality. The originality of the proposed work is the development of
the objective function; voltage stability analysis; power flow analysis and optimization algorithms. Practical value. The proposed work
demonstrates the detailed procedure of optimum electric vehicle charging station allotment. The experimental results can be used for the
subsequent execution in real field. References 15, table 1, figures 4.
Key words: electric vehicle charging station, optimal allotment, IEEE 15-bus system, voltage stability analysis, load-flow
analysis, particle swarm optimization.
Вступ. Зменшення традиційних енергетичних ресурсів та їх несприятливий вплив на навколишнє середовище змусили
дослідників і галузі промисловості перейти до нетрадиційних енергетичних ресурсів. Отже, в енергетичному та
транспортному секторах спостерігається кардинальна зміна парадигми від традиційного викопного палива до технологій,
що базуються на відновлюваних джерелах енергії. Беручи до уваги розповсюдження електромобілів, енергетичні компанії
постійно працюють над розширенням потужностей для зарядки електромобілів. Проблема. Включення зарядних станцій для
електромобілів до електричної мережі викликає ускладнення, оскільки вимоги до зарядки мають випадковий характер по всій
електромережі, і, в свою чергу, незапланована установка зарядної станції для електромобілів може призвести до погіршення
профілю системи. Мета. Щоб полегшити проблему, оптимальне розміщення зарядних станцій в існуючій системі розподілу
електроенергії стратегічним чином є питанням надзвичайно важливого значення для підтримки стабільності системи та
якості електроенергії. У цій роботі вивчається оптимальне розміщення зарядних станцій для електричних транспортних
засобів в 15-шинній системі IEEE з метою мінімізації найвищих відхилень напруги вгору та донизу. Методологія. В першу
чергу, проводиться аналіз стабільності напруги для ідентифікації відповідних вузлів системи для інтеграції. Показники
чутливості до напруги всіх вузлів системи обчислюються шляхом введення поступової зміни подачі реактивної потужності
та відмітки відповідної зміни вузлової напруги для всіх вузлів. Надалі динамічний аналіз потоку навантаження виконується за
допомогою швидкого та ефективного методу аналізу потоку потужності, використовуючи метод оптимізації рою частинок
для пошуку оптимальних місць розташування. Результати. Результати, отримані при застосуванні зазначених методів на
15-шинній системі IEEE, не тільки дають оптимально можливе розташування зарядних станцій електромобілів, але також
забезпечують максимальну кількість таких зарядних станцій встановлених розмірів, які можна включити, зберігаючи профіль
напруги. Оригінальність. Оригінальність запропонованої роботи полягає у розвитку цільової функції; у аналізі стабільності
напруги; у алгоритмах аналізу та оптимізації потоку потужності. Практичне значення. Запропонована робота демонструє
детальну процедуру оптимального розподілу станцій зарядки електромобілів. Результати експериментів можуть бути
використані для подальшої реалізації в реальних умовах. Бібл. 15, табл. 1, рис. 4.
Ключові слова: зарядна станція для електромобілів, оптимальний розподіл, 15-шинна система IEEE, аналіз
стабільності напруги, аналіз потоку навантаження, оптимізація рою частинок.

1. Introduction. Presently, the transportation sector
is being transformed rapidly to adopt electric vehicles
(EVs) as it is an important revolution to circumvent the
depletion of conventional energy resources and their
detrimental environmental impacts like global warming,
public health hazards, etc. [1]. With the proliferation of
EVs, there is an equivalent obligation to meet the EV
charging needs. In this perspective, a massive
infrastructure planning is required towards the installation
of electric vehicle charging stations (EVCSs) [2].
Expansion of generation and energy storage planning is
the concern to accommodate many EVCSs. The
generation extension may be combined with energy
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storage systems. However, the generation expansion is
constrained by several factors like renewable energy
integration, rating of existing transmission/distribution
lines, investment cost, risk assessment, long-term
planning, etc. [3].
Optimal allocation of EVCSs can comfort to
accommodate a substantial number of EVCSs in existing
power system while sinking power losses and functioning
cost in tandem with voltage stability. In recent years,
several studies have been carried out in the domain of
optimal sizing and allocation of the EVCSs in power
distribution networks. In [4], greedy algorithm along with
© D. Sengupta, A. Datta
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three other optimization techniques was presented for
maximizing the accessibility of EVCS to the EV owners.
In [5], a stochastic collaborative planning for EVCS
integrated distribution network was performed by
utilizing a realistic traffic assignment model in
conjunction with conical congestion function. Optimal
placement of fast charging EVCSs for charging cost
minimization using game theory was proposed in [6]. A
multi-objective bi-layer Pareto optimization technique for
maximizing EV parking garage profit and minimizing line
loss as well as voltage deviation was pronounced in [7]. A
multi-agent system (MAS) simulation framework along
with evidential reasoning (ER) approach was used for
minimizing the charging cost, charging waiting time and
charging travel time [8].Optimal allocation of EVCSs for
sharing charging level improvement and total charging
distance minimization was presented [9]. In [10], a
collaborative multi-aggregator EV charging scheduling
for PV powered EVCSs for aggregator total profit
maximization was accomplished. An optimum distributed
energy trading strategy was proposed using game theory
on an EVCS incorporated integrated energy system (IES)
[11]. A geographic information system (GIS) based
technique for PV based EVCS location analysis and
evaluation was presented in [12].
Literature review reveals that less amount of work is
performed in the domain of EVCS allocation in view of
voltage profile retention. Another general shortfall of all
these researches is the absence of voltage stability
analysis which is vital to check the suitability of the nodes
for power injection/absorption while retaining the system
stability.
In the present work, an effective strategy for optimal
allocation of EVCSs to maintain the voltage profile of a
distribution network is presented. Among the different
optimization techniques, the particle swarm optimization
(PSO) is an easy and distinct convergence technique [13].
Thus, PSO technique is adopted in compliance with an
efficient dynamic power flow analysis method. IEEE
15-bus system is taken for optimal allocation of EVCSs
with respect to minimization of node voltage deviation.
The optimum results obtained from the case study are
substantiated with the voltage stability analysis results. A
comparison of the system voltage profile with EVCS and
without EVCS is presented to show the effectiveness of
the optimal allocation of EVCSs.
The rest portion of this paper is structured as
follows: problem formulation is included in Section 2.
Voltage stability analysis is discussed in Section 3. Power
flow analysis and PSO technique are described in
Sections 4 and 5, respectively, whereas Section 6 presents
the proposed power flow analysis collaborated PSO
technique in detail. Results and discussion are placed in
Section 7, and finally Section 8 concludes the paper.
The aim of the paper is to optimally allocate the
maximum number of electric vehicle charging stations of
specific sizes while retaining the voltage profile. In turn
the system stability, power balance and power quality will
be maintained.
2. Problem formulation. Objective function. The
integration of several EVCSs into a distribution network
can introduce severe voltage deviations in different

feeders depending on the power flow. Therefore, optimal
sizing and allocation of such EVCSs are very essential in
maintaining the voltage deviation within the standard
limit. In view of this, an objective function is formulated
to minimize the highest voltage rise and drop with respect
to the reference voltage.
To objective function is defined as
Minimize Edevihighest 
 Minimize | ({Vref  V [ FN (i,1)]}, {Vref  V [ FN (i, j  1)]}) |
 Minimize ({| Vref |  | V [ FN (i,1)] |}, {| Vref | 
 {| V [ FN (i, j )] | 

( PS [ FB(i, j )]) 2  (QS [ FB(i, j )]) 2
| V [ FN (i, j )] |

(1)



 | Z [ FB(i, j )] |}}).

The voltage of the (j + 1)th node of the ith path is
| V [ FN (i, j  1)] |  | V [ FN (i, j )] | 


( PS [ FB(i, j )]) 2  (QS [ FB (i, j )]) 2
| V [ FN (i, j )] |

 | Z [ FB(i, j )] |,

(2)

where i = 1, ..., TN and j = 1, ..., N(i) – 1; i represents the
main feeder, lateral or sublateral number of the
distribution network; ith path signifies the paths associated
with main feeder, laterals, and sub-laterals; TN is the total
number of paths of the network; j is the index for
representing the nodes and branches of the ith path; N(i) is
the maximum number of nodes present in the ith path. As
number of branches present in a path is exactly 1 less than
the number of nodes, the total number of branches of the
ith path is N(i) – 1. Henceforth, [FB (i, j)] presents the
branches of the ith path and for j = N(i) – 1, [FB (i, j)]
denotes the last branch of the associated ith path. [FN(i, j)]
indicates the nodes of the allied ith path. For j = N(i) – 1,
[FN (i, j)] presents the node just before the last node.
[FN(i, j+1)] presents the last node of the ith path. Edevihighest
is the highest voltage (over and under voltage) errors
among the node voltages of the distribution system; Vref is
the reference bus voltage, which is taken as (1 + j0) pu.
The voltage of main feeder first node V [FN (1,1)] = (1 +
+ j0) pu. V[FN(i,1)] denotes the first node voltage of the
ith path. V[FN(i, j)] is the jth node voltage of the ith path.
Z[FB(i, j)] represents the jth branch impedance of the
ith path. PS[FB(i, j)] and QS[FB(i, j)] are the active and
reactive power flows of the [FB(i, j)] branch.
Decision variables. EVCS locations.
An array named EVCSLOCS is assigned to store the
decision variables of the proposed optimization problem,
i.e., the randomly generated EVCS locations
EVCSLOCS  [ EVCSLOCS1 ,..., EVCSLOCSi ,...,
(3)
,..., EVCSLOCS n ],
where EVCSLOCSi denotes the ith EVCS location among
total n number of EVCS locations.
The operating range of EVCSLOCSi is restricted to
[FN(i, j)]; for i = 1, j = 2,...,N(i) and for i = 2,...,TN,
j = 1,...,N(i). The total number of EVCSs (n) varies based
on the requirements of different case studies.
Maximum powers of the EVCSs.
Two arrays named PEVstn and QEVstn are assigned to
hold the active and reactive power capacities of the
EVCSs
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PEVstn  [ PEVstn1 ,..., PEVstni ,..., PEVstnn ] ;
(4)
QEVstn  [QEVstn1 ,..., QEVstni ,..., QEVstnn ] ,
(5)
where n is the numbers of EVCSs are to be allocated;
PEVstni and QEVstni are an active and reactive power
capacities of ith EVCS (EVCSi) respectively.
Bus voltage constraints.
Vmin  V [ FN (i, j )]  Vmax
(6)
where V[FN(i, j)] represents the node voltages of the
distribution network.
The Vmin and Vmax are taken as 0.9 pu and 1.1 pu
respectively for primary distribution.
3. Voltage stability analysis. Voltage stability
analysis is a mandate to identify the suitable nodes
appropriate for load point integration [14] in view of
retaining the overall system stability. For checking the
stability of the network due to integration of EVCS at
different nodes accept the swing bus, the voltage
sensitivity analysis of all these nodes is essential. For a
decoupled network, the voltage sensitivity is dominantly
reliant on its reactive power sensitivity (Qn/Vn). The
voltage sensitivity index (VSI) for nth node is defined as
V
VSI |n  n .
(7)
Qn

where Qn and Vn represent the incremental changes in
nth node reactive power Qn and voltage Vn respectively.
The term (Qn/Vn) represents the ratio of the two
incremental changes. Vn/Qn is the reciprocal of the
aforesaid ratio. It denotes the incremental change in node
voltage Vn subjected to a corresponding incremental
change in reactive power Qn and is called the VSI of the
nth node.
Positive value of VSI indicates a suitable node for
load point inclusion, whereas, negative VSI implies an
unstable node. The less value of positive VSI infers a
more stable node and vice versa.
4. Power flow analysis. An efficient power flow
analysis method [15] is utilized along with the PSO
optimization technique for dynamic power flow and node
voltage calculation. The governing equations of this
method are
| V [ FN (i, j )]old |  | V [ FN (i, j  1)]old |
; (8)
| I [ FB(i, j )]new | 
| Z [ FB(i, j )] |
LP [ FB (i, j )]new  | I [ FB(i, j )]new |2 R[ FB (i, j )] ; (9)
LQ [ FB(i, j )]new  | I [ FB (i, j )]new |2  X [ FB(i, j )] ; (10)
| V [ FN (i, j  1)]new |  | V [ FN (i, j )]new | 


( PS [ FB(i, j )])new2  (QS [ FB(i, j )])new2
| V [ FN (i, j )]new |



(11)

 | Z [ FB(i, j )] |,
where, i = 1, ..., TN and j = 1, ..., N(i) – 1. The notations
used in this section are like the notations mentioned in
«objective function» section. V[FN(i, j)], I[FB(i, j)],
LP[FB(i, j)] and LQ[FB(i, j)] are the relevant node
voltage, line current, line active and reactive power losses
respectively. The active and reactive power flows from
the branch [FB(i, j)] are PS[FB(i, j)] and QS[FB(i, j)]
respectively, which are dependent upon the values of
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LP[FB(i, j)], LQ[FB(i, j)], PL[FN(i, j)], QL[FN(i, j)] and
the system configuration. PL[FN(i, j)] and QL[FN(i, j)] are
the load active and reactive powers connected to the
[FN(i, j)] node. The subscript «new» represents the
running iteration of power flow, whereas subscript «old»
denotes the previous iteration.
5. PSO algorithm. PSO [13] is a population-driven
algorithm which shows a good resemblance with the flock
of birds searching for food in a search space. The entire
population is called the swarm and individual members of
the swarm are called particles. In contrast to the
conventional optimization techniques, PSO gives faster
convergence, identification of global optima in presence
of local optima along with the features of simplicity in
programming and adaptability for the constrained
problems.
The governing equations for PSO algorithm are
Vi (t )   (t )  Vi (t  1)  c1  r1  ( Pi (t  1)  X i (t  1)) 
(12)
 c2  r2  (G (t  1)  X i (t  1));
and
X i (t )  X i (t  1)  Vi (t ) ,
(13)
where Xi and Vi symbolize the position and velocity of the
ith particle, and are denoted by Xi = [xi1, ..., xin] and
Vi = [vi1, ..., vin]. These are the arrays, which contain the
position and velocity of the ith particle. Pi and G are the
arrays containing the local best position of the ith particle
and global best position of all the particles of the swarm
ever visited in each iteration. Symbol «t» represents the
current iteration number and (t – 1) signifies the previous
iteration number, 1 ≤ t ≤ ITmax, where ITmax is the
maximum iteration number.
When t = 1 the Vi(t – 1), Xi(t – 1), Pi(t – 1) and
G(t – 1) present Vi(0), Xi(0), Pi(0) and G(0) respectively.
These are the 0th iteration (initial) values of velocity,
position, best position of ith particle and global best
position of the entire swarm. Before starting the iteration
process, initialization of all the particles’ position,
velocity, particles’ best position and global best position
of the entire swarm is accomplished. The entire swarm
size or population of all the particles is denoted by npop.
Therefore, 1 ≤ i ≤ npop. At first, xi1 to xin (the positions of n
numbers of decision variables) of all the particles are
initialized by generating random values in n dimensional
search space. Velocities (Vi) of all the particles are
initialized by storing zeros. After initialization of
particles’ position and velocity arrays, the objective
function is calculated. Particle’s best position Pi is
initialized by assigning the same initial random values
stored inside the Xi array for all particles. Particle’s initial
objective function value is stored inside the particle’s best
objective function array for initialization. Global best
objective function is initialized by taking (0) or (inf) for
the
maximization
and
minimization
problems
respectively. Gradually, with the initialization of each
particle’s best values; continuous updating of global best
values (global best position G along with global best
objective function value) for the entire swarm is
completed to achieve the final initialized global best
values.  is the inertia coefficient. At first iteration,
usually its value is taken as 1 for the entire swarm and
gradually at successive iterations, its value decreases to
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almost zero if damping inertia coefficient, damp is
introduced. (t) = (T – 1)damp. c1, c2 are the cognitive
and social parameters respectively, and r1, r2 denote
random numbers.
6. Power flow coordinated PSO technique. To
attain minimum values of highest over and under voltage
deviations (Eovervol–h and Eundervol–h) in accommodating
multiple numbers of EVCSs in a distribution network,
PSO is exploited with power flow method. The maximum
power handling capacities of EVCSs are selected
considering different relevant factors. After selection of
the EVCS capacities, the next step is to generate random

EVCS locations within the lower and upper bounds of
distribution feeder to initialize the entire swarm. These
random EVCS locations generated inside the PSO
algorithm for each particle are sent chronologically inside
the power flow analysis function as input arguments.
System data along with the EVCS capacities are
encumbered inside the power flow algorithm. The
distribution network data is updated inside the power flow
algorithm based on these random EVCS locations. The
power flow algorithm executes concurrently with the PSO
method. Figure 1 shows the flow chart of the proposed
power flow coordinated PSO technique.

Fig. 1. Flow chart of the power flow coordinated PSO technique
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7. Results and discussion. The IEEE 15-bus radial
distribution system, shown in Fig. 2 is taken for the case
study. The active and reactive power demands are 1126.5
kW and 1251.182 kVAR respectively. The base values
are chosen as 100 MVA, 11 kV. The normalized voltage
sensitivity indices of all nodes are calculated by finding
out the Vn/Qn value of the nth node, where n = [FN(i, j)],
excluding the main feeder first node. For this purpose, an
incremental change in reactive power of the nth node is
introduced and the corresponding incremental change in
node voltage is obtained by applying power flow analysis.
Figure 3 presents the normalized voltage sensitivity
indices of the test network.

Table 1
Optimum feasible EVCS locations for gradually augmented
EVCS numbers along with the optimum voltage errors
No. of
Eundervol–h
Optimum feasible
Eovervol–h
EVCSs
(in pu)
(in pu)
EVCS Locations →
↓

Fig. 2. IEEE 15-bus system

Fig. 3. Normalized voltage sensitivity indices of 15-bus system

It is observed that node number 13 is inappropriate
for power injection or extraction into the system as the
VSI value of this node is negative. Other nodes are having
positive VSIs and guarantee the sustained stability of the
system. But amidst them, node numbers 3, 4 and 5 attain
high values of VSI. Therefore, these are the
comparatively weaker nodes. Amongst these three nodes,
node 3 is unsuitable for power injection as the VSI value
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of this node is very high. The other two nodes, i.e. nodes
4 and 5, can be considered for EVCS integration. After
sensitivity analysis, gradually augmented numbers of
identical EVCSs are approached to investigate the effect
of newly integrated EVCSs upon the system voltage
profile. The motive is to find out the maximum number of
such EVCSs that the network can accommodate without
compromising the voltage profile. The proposed power
flow collaborated PSO technique is utilized for this
purpose. For the execution of the PSO algorithm, the
value of damp is taken as 0.99. c1 and c2 are set to 0.5
each. r1 and r2 are taken from the uniform distribution
interval [0 1]. For deciding the capacity of each EVCS,
maximum 2 EV charging requirement per EVCS is
considered. Considering 8 kW DC charger, the total
power consumed by 2 EVs are 16(2×8) kW DC. Rectifier
efficiency is 90 %. Henceforth, the rectifier input power is
17.78 (16×100/90) kVA AC. Taking grid load power
factor as 0.7, the active and reactive powers drawn from
the grid by each EVCS are 12.446 (17.78×0.7) kW and
12.7 (17.78×0.7141) kVAR correspondingly. The per unit
values of these powers are 0.00012446 pu and 0.000127 pu.
Four trials are carried out considering 2, 3, 4 and 5 EVCS
allocation. In each trial, the global best values i.e.
optimum values of highest over and under voltage
deviations (Eovervol–h and Eundervol–h) along with the
optimum EVCS locations are captured. The results are
illustrated in Table 1.
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From the results, it is seen that maximum 4 numbers
of EVCSs of stipulated sizes are feasible to be integrated
at optimum locations 7, 8, 9 and 10. Increasing the EVCS
number to 5 gives two repeated optimum locations at
node number 10 which is not suitable for implementation.
The optimum nodes 7, 8, 9 and 10 achieved from this case
study are verified with the results of sensitivity analysis
and found to be satisfactory. The highest over and under
voltage errors are substantially lesser (0.0033 pu and
0 pu) compared to the stipulated voltage errors limits
(± 0.1 %). That’s why these locations are considered as
the optimum locations for EVCS integration.
Figure 4 shows a comparison in between the voltage
profiles of the system with EVCS and without EVCS.
From this analysis, it is observed that voltage profile of
the system with EVCS is far better than that of without
EVCS. For the system without EVCS, the highest over
and under voltage errors are 0 pu and 0.0554 pu,
respectively.
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Fig. 4 Comparison of node voltage profile with and without
EVCS for 15-bus system

8. Conclusions.
Optimal allocation of electric vehicle charging
stations in an existing power distribution system is of
great importance for maintaining voltage profile. An
effective strategy, i.e. power flow analysis coordinated
with particle swarm optimization, is applied for the
deployment of electric vehicle charging stations in a
distribution network with the intention of optimal power
flow and voltage profile improvement. Voltage stability
analysis is carried out by calculating the voltage
sensitivity indices of the network nodes to identify the
suitable nodes for the integration. IEEE 15-bus system is
taken to validate the usefulness of the anticipated
procedure. Comparison of system voltage profiles with
and without electric vehicle charging stations is presented
to reveal the effectiveness of the optimal allocation with
the proposed strategy.
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