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TDepartment of Electrical Nowadays, the allocation of electric vehicle charging stations (EVCS) for the charging
Engineering, National Institute of electric vehicles (EVs) is essential, as random allocation may cause significant energy
of Technology, Durgapur, West loss for the radial distribution system (RDS). Uncoordinated charging of EVs domi-

Bengal 713209, Indie nates the load profile of the RDS. Although a single EV has a negligible impact on the

system, the combined effect of charging an EV cluster may violate the voltage security
constraints of the RDS. Therefore, to avoid such circumstances, the loadability limit of
each node of the RDS must be determined. Previously, conventional analytical meth-
ods were used to calculate the maximum loadability of the RDS node, where voltage
magnitudes become less than the critical voltage limit. However, these approaches are
not acceptable for the power industry, as it may push the system towards a blackout.
Therefore, the appropriate capacity of the EVCS can only be determined if the voltage
security limit of each node of the RDS follows its critical limit. Hence, in this paper, a
modified forward-backward sweep (MFBS) algorithm is formulated to find the maxi-
mum additional load (MAL) of each node of the RDS considering non-unity power fac-
tor during the EV charging process. This algorithm may help the EVCS to determine its
capacity or optimal number of charging ports directly during installation at an optimal
location of RDS. For validation, the 33-bus and 69-bus RDSs have been used, and it
can be seen that the EVCSs have been successfully installed in the optimal location of
the test systems mentioned above without violating the voltage security limit of each
node of the RDS.

Keywords: Forward-backward sweep method, Maximum additional load, EV charging
station, Security limits

Introduction

The modern power system is tending towards the zero-carbon emission. On the other
hand, global warming is an alarming issue for the whole world. Basically, based on these
two factors, slowly the Electric Vehicle (EV) is grabbing attention in the society by
replacing internal combustion engine (ICE) vehicles [1, 2]. As day by day, the efficiency
and the performances of EVs are being improved, EVs are the most convenient trans-
portation in future [2]. The use of EVs has increased mainly due to the pollution free
environment and lower fuel cost. But charging of EVs as well as suitable EV Charging
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station (EVCS) is the prime concern for the use of EVs because EV charging during trav-
elling is required [3, 4]. In this regard, it is important to determine the optimum capacity
of EVCS for each bus. If for each bus, the maximum permissible extra load for which
the operation of power system network will be safe and secure is known, the optimum
capacity of the EVCS can be assessed. In this paper, formula-based approach is proposed
to determine the maximum additional load (A14],) for each bus.

The development of a widespread charging infrastructure is essential for charging EVs
and developed countries have already been planned to install EVCS in order to encour-
age the use of EVs [5, 6]. In order to achieve the 7 million public and private chargers
in France by 2030, 2 billion Euros will be needed to upgrade the public and residential
charging infrastructure in major U.S. metro areas [7]. Since EV charging infrastructure
needs to be installed, existing distribution networks must be upgraded, formal methods
of locating and sizing EV chargers must be researched based on the demand scenario
and voltage limit of existing distribution grids [8]. The presence of EV chargers in distri-
bution grids can result in a congested transformer in the substation, a voltage violation,
and a loss of power for the distribution system [9]. Furthermore, the RDS can experi-
ence voltage collapse if, at some point, many EVs charge in an uncontrollable way in one
node. To avoid voltage violation of the RDS, the suitable rating of EVCS should be evalu-
ated. If the rating of EVCS is known, the appropriate number of charging ports that can
parallel run can also be determined easily.

To determine the loadability limit or load margin or voltage stability index (VSI), dif-
ferent approaches were proposed in the available literature [10-17]. In [10], the volt-
age stability index (VSI) was determined based on Jacobian matrix of load flow. In these
studies, Jacobian matrix was modified and Eigen values were used for the determination
of VSI. Here, the variations in voltage and reactive power were highlighted, but it is more
important to emphasise on the active power consideration during EV charging applica-
tions, not been addressed comprehensively in the above mentioned literatures. Again,
using a multi-objective optimization technique, a solution of bus loadability limit was
evaluated considering both active and reactive power margin [11]. In [11], both PV and
QV curve were considered. The maximum loadability limit was determined to obtain
the maximum load margin or the voltage collapse point. But practically, the maximum
load cannot be applied for safety and secure operation of the power system because the
voltage magnitude will be below the lower voltage limit. Therefore, voltage deviation is
not analysed in this work. In [12], to identify the most vulnerable bus in the power sys-
tem network, L-index and voltage collapse proximity index (VCPI) were applied in order
to avoid potential outages and blackouts. When a wind firm is integrated to a distribu-
tion system, its VSI or loadability limit will change because of the practical operating
constraints of the distribution system [13]. Considering this real time safety operation,
a new VSI was developed in [13]. In [12, 13], the voltage which is obtained that is near
about the unstable operating point. That is not desirable for the safe operation of the
power system. In [14], a unique approach based on the machine learning was proposed
to predict the long-term voltage stability, which was represented by an intuitive and sim-
ple indicator namely loadability margin (LM). The proposed method used different VSIs
to obtain long-term voltage stability [14]. In [15], a new line voltage stability index was
proposed to identify weak lines and buses for a variety of loading scenarios and network
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topologies. In [14, 15], VSI index is applied to analysis only one node of the RDS. If load
is increased for a bus, the voltage magnitudes of all load buses are reduced. But, the volt-
age at all nodes were not analysed in this work. In [16], Yue Song et al. proved that the
Jacobian matrix of load flow becomes singular when the network load admittance ratio
is unity. Based on this concept, a new VSI was proposed, that was linear with load incre-
ment under different test scenarios. The proposed VSI can also provide the impact of
DG integration [16]. But in [16], it is only considered that DGs can only deliver the active
power whereas DGs may deliver both active and reactive power. But here, the reactive
power factor has not been considered. A new voltage recovery index (VRI) was devel-
oped to judge the overall system strength for the incorporation of renewable energy gen-
eration [17]. At the system level, it also helps to quantify the short-term voltage stability
(STVS). In this index, only active power load was taken into account but reactive power
load was not considered [17], which is very much essential for the EV charging process.

Considering these literatures along with its limitation, the scope of work is identified
as (i) the authors must consider both active and reactive power together for doing the
analysis related to the EV charging applications. (ii) As the voltage security limit is not
analysed properly to find the loadability limit of each nodes of a RDS, the maximum
loadability limit of a node should be determined in such a way that all the bus voltages
of RDS must remain above the critical voltage limit. (iii) There should be a new modified
index, which will not allow the system to go beyond the threshold of voltage limits.

As the charging of an EV with optimum capacity is a challenging task, hence it is very
important to identify the extra load of a node for which voltage magnitude of any node

of that system should not be less than the critical voltage (V,,;) for the safe and secure

ri
operation of the power system. If the load increases for a node of a RDS, the voltage
magnitude reduces not only for that particular node, but voltage magnitudes of other
nodes are also decreased [18, 19]. Hence, p1A] of each node for a RDS is required to
determine considering the practical security constraint, i.e., upper and lower voltage
limits. For this purpose, first the load flow analysis of a RDS system is required and then
extra allowable load for which the node voltage of the RDS should not be less than the
lower voltage limit should be determined.

Fundamentally, one of the most widely used methods for distribution system load flow
analysis is the FBS (forward-backward sweep) approach. As the FBS method follows the
simple and basic KCL and KVL theory, the method is very simple, and its execution is
also easy. From the literature survey [7, 20], it can be clinched that EV mainly consumes
more active power and very less reactive power. Based on this hypothesis, the power fac-
tor of the bus where EVCS will be connected is set to pf. Active power is first computed,
and once that has been updated, reactive power is then assessed in order to keep the
power factor at pf. Considering this, the modified FBS is developed to determine the
MAL of that bus so that all bus voltage of the network should be more or equal to V,,;
p-u., critical voltage. The developed modified FBS is examined on the 33-bus and 69-bus
RDS.

The primary contributions of this paper are as follows:

+ To overcome the research gaps, in the proposed algorithm, both active and reactive
power are considered for EV charging process by connecting it with RDS. The battery



Mondal et al. Journal of Engineering and Applied Science (2023) 70:42 Page 4 of 17

of EV consumes mainly active power and the charging circuit consumes little amount
of reactive power [7]. Based on this philosophy, the power factor of the node should be
considered where EVCS to be placed.

+ As the voltage security constraints are not analysed properly to find the loadability limit
of each nodes of a RDS, a maximum additional load (MAL) of a node is determined by
maintaining the voltage within the acceptable limit of all the nodes of RDS. The percent-
age of voltage deviation that is considered acceptable for RDS falls anywhere between
10% and —10%. If the voltage deviation exceeds these limits, then the system may go to
the point of voltage instability and connected loads will not be able to operate properly.
Hence, checking the voltage security limits for all the buses is essential after performing
the load enhancement.

+ MAL is determined in order to maintain the voltage range at a level that is higher than
the critical voltage security limit. When the MAL is determined for a specific bus, it is
easier to determine the number of electric vehicles’ batteries that can be connected with
RDS and charged simultaneously without violating the voltage security constraints.

The paper is represented as follows: in Methods section basics of forward backward
sweep method is described; problem statement is highlighted, proposed MFBS algorithm is
discussed and flowchart of complete algorithm is shown; in Results and discussion section,
results and discussion is given with some case studies; in Conclusions section, conclusion

of that paper is conferred.

Methods

Existing methods

Forward-backward sweep (FBS) method

Basically, the FBS method is one of most popular method for load flow analysis of distri-
bution system because R/X ratio is high in radial distribution system and this method is
very easy to handle. Generally, distribution system is considered to be weakly meshed and
radial type [21]. Based on the analysis as shown in [21], it can be revealed that forward-
backward sweep (FBS) method is one of the most promising and efficient methods for load
flow analysis in radial distribution system (RDS). EBS technique is basically based on the
theory of Kirchhoft’s voltage law (KVL) and Kirchhoff’s current law (KCL). This method
requires backward sweep for branch current calculation and forward sweep for determin-
ing the voltage.

In forward-backward sweep (FBS) method, two dissimilar approaches are available. First
one is based on the power flow [22-25] and another is on the current flow [21, 26-29].
Power flow in each system branch, power injected by each generating source, voltage mag-
nitude and phase angle at each system bus, and system losses are all determined using load
flow (LF) analysis. The distribution system’s power flow formulation might be either single-

phase or three-phase.

Proposed method
Problem statement
In general, load enhancement is determined keeping the power factor constant. In other
words, the ratio of active and reactive power will remain same when dealing with any
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other type of non-elastic load besides electric vehicles (EV). But EVs consume a little
amount of reactive power and consume more active power. As a result, power factor
will be little high. From the literature survey [7], the power factor will be improved to
approximately pf when EV load will be connected to that particular node.

Using FBS method first the additional extra active power (MAL) is calculated.
Using Eq. (1) the modified/ updated active power (P,,;) is calculated. After that,
updated/modified reactive power (Q,,,4) Will be determined using (4) keeping the
power factor pf.

Pioa = (P; + MAL) (1)

According to the problem statement, the power factor =pf
Hence, cos@ = pf

or, @ = cos~ L (pf)

or, tan@ = tan(cos L (pf)) (2)

Let, the modified active power load =P,,,; and the modified reactive power

load =Q04
Now,

Zmad = (Pr; + MAL)
ﬁ;’: = tand (3)
or, Quiod = Priod * tan

From (2) and (3), we get,

Quod = (Pr; + MAL) % tan(cos ™! (pf))
or, Quuod = Pr; * tan(cos ™1 (pf)) + (MAL * tan(cos ! (pf))) (4)
or, Quod = (Qu; + (MAL * tan(cos™ ! (p/))))

Here, Qr; = Pr; * tand

Where, Pr; and Qr; indicate the real and reactive load power at node i respectively.

In Fig. 1, the bus 1 can be termed as substation bus whose voltage is assumed to be
complex. Corollary, the substation bus can be termed as root node for the LF purpose
and the end nodes of each branch can be termed as the leaf node. MAL is the maximum
additional load apart from the connected base load at mth node and (m-1) is the node of
the previous node of the mth node. The node which is having least voltage after incor-
poration of MAL at node m, is assumed to be Veri. The value of voltage to be maintained
as Veri, is decided by the utility. Accordingly, the value of MAL of mth node is calculated
which can maintain lowest voltage of the network at V..

Steps of proposed modified forward backward sweep method

Like FBS method, flat start is initialized, and the root node is taken as the reference node
for the proposed MFBS method. To find the maximum allowable extra load for a node, a
new additional factor MAL is added for increasing the load to a node in the MFBS load
flow method. In this iterative process, MAL is providing the threshold value of addi-
tional load. Based on this concept and objective, to evaluate MAL, some modifications

have been proposed and described step-wise:
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e 3
4

Fig. 1 A radial distribution system

Step 1: Initialize the unknown voltage magnitude and phase angle as flat start.
Step 2: Initialization of iteration count t=0

Step 3: The apparent power and node voltage are therefore used to calculate the
current at each bus. At iteration t, load current If at node i is calculated as

*

Pri+iO;.
L]QM s fori=2,3,........ ,(N —1)... (Exceptm —node) (5)

Ir =
t—1
Vi

4

In (5), Pr; and Q; indicate the real and reactive load power at bus i respectively,
while Vit_l indicates the complex bus voltage of bus i corresponding to ¢-1th iteration.

Step 4: If a load is connected by adding a factor of 47 with the consideration
of a power factor (pf) at ;" node of RDS, then the modified load current (ISP) of

that particular node is evaluated as:

(Pr; + MAL) + j(Qr; + (MAL x tan(cos ' pf))) 1"

JCP _
m Vrfq_l

(6)

Where pr47 denotes the Maximum Additional Load at the mth node and Vitis
the voltage of (m-1) at (¢-1)th iteration. It checks the maximum loadability limit of
that particular node for maintaining the critical voltage level.

Step 5: In modified backward sweep, basically the branch current calculation is
started from the end leaf node and moving towards the root node. For example,
in Fig. 1, the current in the branch between the buses a and b at iteration t(léb) is

given by:
Iy =1y + 3 um (7)

In (7), Lab denotes the current flowing through branch a-b, [, denotes the individual
load current of node b and I, indicates the summation of all current of branches
emanated from node b.

After integrating pf47 at ,,th node, the branch currents are also modified as

Igmfl),m = I;gp + Z Lsum(mod) (8)

By putting the value of Irgp from Eq. (6) in Eq. (8):
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+ Z Isum(mod)
©)

In (9), Lon—1)m indicates the current flowing through branch (m-1)-m and Lsum(nod)

It . (Pp; + MAL) +j(Qr; + (MAL % tan(cos’lpf))) *
O L m—1)m = 1
m

is the modified summation of all current of branches emanated from node m.

Step 6: In modified forward sweep, the voltages at each node are updated from
the root node to the leaf node with respect to the voltage at the respective trailing
node. In Fig. 1, the value of V} is calculated as

Vbt = V; — Zablébr foralli=2,3,....... (N — 1) (except m — node) (10)

In (10), Va&V} is the voltage of node a and b respectively, Zab denotes the imped-
ance of branch a-b.

Now, considering the effect of pfaL, 7™ node voltage V,, is calculated as:
Vin = Viuet = Lyt * Zin—1m (11)

After putting Ly 1, in (11), the equation is written as:

; i(QL; -1 *
or Vi =V _ |:[(PLI+MAL)+I(QL;$£{\/IIAL*tan(Cos p)* 45 Isum(mod):| «Zor i
. _ Vi —VE)xVi _
or, (P; + MAL) — j(Qr; + (MAL  tan(cos ' pf))) = % = O Lsum(mod) * Vi)

m—1,m

X _ Vi —VE)xVi , _
or,MAL(l —]mn(cos lpf)) = ( lmel,l ) _ Pri +jQr; — > Luum(mod) * Vi, 1y
_ ((an—lfvrtn)*vrtn_l) (PLi*/QLi+(Z Ixum(mod)*vrix_l))
or, MAL = Zm_1m*(1—tan(cos—1pf)) (1—tan(cos~1pf))
or MAL = (Va1 =Vin)#Vi) =(Pri=jQuit (& Luumtmod * Vi ) *Zm—1m)

Zm—1,m*(1—tan(cos~1pf))
(12)
In (11) and in (12), V/,_; denotes the voltage of (m — 1)-node at tth iteration, Zm—1,m
is the impedance between node ((m — 1) and m,
The new and unique equations for MAL are formulated. To find out the value of
MAL» V}, is replaced by the magnitude of v, in Eq. (12). So, 14 is derived as:

Vyfq_l - Vcri) * Vrfq_l) - ((PLi _jQLi + (Z Isum(mod) * Vyil_l)) * mel,m)

MAL = ((
Zm—1,m * (1 — tan(cos~1pf))

(13)

Step 7: Update current and voltage by putting the value of pg47 in Egs. (6), (9),
and (11).
Step 8: Calculate

errk = |VE— V7Y, foralli = 2,3,....... N (14)
t t ¢ ¢ ¢
Step 9: Calculate 77}, = max(erry, erry, erry, .......... ,erryy)
errt = Print the result; if errimx < tolerance value
max =\ Update the iteration count t = t + 1, and go to step 3; otherwise

(15)

Page 7 of 17
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In this algorithm, the critical node (kth node) is attached to a node which has the low-
est voltage (Veri) compared to the other node voltage in RDS. Hence, in backward sweep,
the sum of all currents is calculated towards this node. Correspondingly, in forward
sweep, the voltage calculation starts from the MAL connected node (m-node). The 5,41
connected node concept is like connecting EV loads to RDS. Here, 5147 is calculated
based on the voltage magnitude of critical node. But in this algorithm the value of A7AL
is updated in every iteration and provides a final value after MFBS converged. Based on
MAL into a node, the load of that node is modified and creates a ripple effect on the
voltages of other nodes of the entire RDS system. The entire algorithm terminates when
change in voltage is less than 10~% By observing the value of Af4[, an EVCS can under-
stand the availability of charging port in a node and according to that it can decide how
many EVs they allow to charge.

Flowchart of the complete algorithm

Following the calculation of MAL in (13), the system voltage of all the nodes is updated.
Consequently, the update of system voltage will lead to updating the active power and
reactive power at m-node in modified forward sweep. The entire problem has been
solved in MATAB 2022a version on a computer of AMD Ryzen 7. The procedures of the
MEBS algorithm have been drawn in the flow chart of Fig. 2.

Results and discussion

The 33-bus and 69-bus RDS have been chosen for the validation of the proposed meth-
odology. A single-line diagram of 33-bus RDS system, which has 33 buses and 4 lateral
branches, is shown in Fig. 3 and 69-bus RDS system, which has 69 buses and 7 lateral
bran ches, is shown in Fig. 4 [30, 31]. The total active power load is 3.72 MW and total
reactive power load is 2.3MVAR for 33-bus system. Similarly, for 69-bus the active and
reactive power is 3.8 MW and 2.69 MVAR, respectively. The base voltage is 12.66 kV and
the base MVA is 100 MVA for both RDS.

The execution of the algorithm has been implemented on MATLAB software package.
Using the proposed modified FBS method, the MAL is calculated for all the buses. But
generally, the node which has the higher MAL, has been considered for EVCS place-
ment. Hence, only eight nodes with higher value of MAL are represented. Both base
active and reactive load are represented in per unit (p.u.). Similarly, the MAL is also
expressed in p.u. The modified load is determined by adding the MAL with the base load
as per the Egs. (1) and (4) and the power factor is considered as 0.9. The value of base
load, MAL and modified load of 33-bus system and 69-bus system are given in Tables 1
and 2, respectively. High value of MAL signifies that more extra load can be connected
to the node without violating the practical security limits.

This signifies a greater number of EVs can be connected with the nodes having
higher MAL Values. Considering this philosophy and based on the higher value of
MAL, 8 EVCS at node 2, 3, 19, 20, 21, 22, 23, and 24 are chosen for 33-bus RDS.
From the results of higher value of MAL and the single line diagram of 33-bus RDS, it
can be concluded that the buses which are nearer to the generator have the capability
to take more extra load without violating the voltage security limits. Similar kind of
results are obtained for 69-bus RDS also. MAL is determined for all buses of 69-bus
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Read the data

v

Initialize the voltages and phase angle as
flat-start , convergence limit a =10"-4 and
set iteration counter t=0

Calculate the load current of all the nodes

t=t+1

A

no

except one node using (5)

Calculate the load current of one node by adding a factor
of MAL

Calculate the Branch current using
(7)) & (8)

Calculate node voltages from node
2 to node N using (10)-(11)

Calculate M AL by putting the magnitude of V., in
a particular node voltage using (13)

Update voltage and current by using MAL

Calculate the tolerance
err=max|V "=V, ;"

A yes Print the

err<a » converged result
of MAL
Fig. 2 Flowchart of MFBS algorithm
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Fig. 3 Single line diagram of 33-bus RDS

RDS and based on the higher value of MAL, 8 nodes are identified. Accordingly, 8

EVCSs are selected for 69-bus RDS at node 6, 8, 66, 12, 68, 13, 14, and 16.

After application of MAL, the impact of the network should be checked. When
MAL is applied on node 2, the modified voltage (MV) of 33-bus RDS is given in

Page 9 of 17



Mondal et al. Journal of Engineering and Applied Science (2023) 70:42

3637383940414243444546

AT

5|3 5|4 5|5 5|6 5|7 5|8 5|9 6|O 6|1 6|2 6|3 6|4 6|5

rrrrrrrrrri
829303132333435

Fig. 4 Single line diagram of 69-bus RDS

Table 1 Base load, maximum additional load, and modified load of 33-bus system

Node no Base P(p.u.) MAL(p.u.) Modified P(p.u.) Base Q(p.u.) Modified Q(p.u.)

2 0.001 0.0477 0.0487 0.0006 0.02370111
19 0.0009 0.0473 0.0482 0.0004 0.02330739
20 0.0009 0.0438 0.0447 0.0004 0.02161234
21 0.0009 0.0428 0.0437 0.0004 0.02112804
22 0.0009 0.0411 0.0420 0.0004 0.02030473
3 0.0009 0.0074 0.0083 0.0004 0.00398382
23 0.0009 0.0073 0.0082 0.0005 0.00403539
24 0.0042 0.0072 0.0114 0.0020 0.00548696

Table 2 Base load, maximum additional load, and modified load of 69-bus system

Node no Base P(p.u.) MAL(p.u.) Modified P(p.u.) Base Q(p.u.) Modified Q(p.u.)

0.000026 0.0261 0.026126 0.000022 0.01265962

0.000750 0.0118 0.012550 0.000540 0.00625356
66 0.000180 0.0109 0.011080 0.000130 0.00540778
12 0.001400 0.0108 0.012200 0.001000 0.00622936
68 0.000280 0.0107 0.010980 0.000200 0.00538094
13 0.000080 0.0106 0.010680 0.000055 0.00518752
14 0.000080 0.0105 0.010580 0.000055 0.00513910
16 0.000455 0.0103 0.010755 0.000300 0.00528726

Table 3. The graphical representation of voltages at base load and MAL for 33-bus
RDS is also shown in Fig. 5. From the Table 3 and Fig. 5, it is noticed that the voltage
magnitudes are reduced after applying the MAL. It is also observed that all the system
voltages are above the critical voltage (V,,,), i.e., 0.9 p.u. after applying MAL at node 2
in the 33-bus system.

Page 10 of 17
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Table 3 Voltage magnitude at base load and MFBS with MAL at node 2 for 33-bus system

Node no Voltage at Voltage Node no Voltageat Voltage Node no Voltageat Voltage

base load after base load after base load after
applying applying applying
MAL at MAL at MAL at
node 2 node 2 node 2
1 1 1 12 0.9177 0.9139 23 0.9793 0.9758
2 0.997 0.9936 13 09116 0.9077 24 0.9726 0.9691
3 0.9829 0.9794 14 0.9093 0.9054 25 0.9693 0.9658
4 0.9754 0.9718 15 0.9078 0.904 26 0.9476 0.9439
5 0.968 0.9644 16 0.9065 0.9026 27 0.945 0.9413
6 0.9495 0.9458 17 0.9044 0.9006 28 0.9335 0.9298
7 0.946 0.9423 18 0.9038 09 29 0.9253 09216
8 09323 0.9286 19 0.9965 0.993 30 09218 0918
9 0.926 0.9222 20 0.9929 0.9894 31 09176 0.9138
10 0.9201 09163 21 0.9922 0.9887 32 09167 09129
11 09192 09155 22 0.9916 0.9881 33 09164 09126
L] L] L] L] L] L]
1.2 ===PBase Voltage
== Modified Voltage|
1 =
. 0.98 =
2
2096 -
P
g
2 0.94 g
0.92 =
0.9 =
1 1 1 1 1 1

5 10 15 20 25 30 35
Node Number

Fig. 5 Graphical representation of the voltage of 33-bus RDS with and without MAL

For 33-bus RDS the critical voltage is obtained at node 18 after applying MAL on node
2. One important point is noticed that though MAL is applied on node 2 of 33-bus RDS,
the critical voltage is obtained in the other node, i.e., node 18.

The voltage magnitudes of 69- bus RDS is given in Table 4 for base load and MAL.
At node 6 MAL is applied for 69-bus RDS. The graphical representation of the voltages
is shown in Fig. 6. In this test system, the voltage magnitudes are also reduced, and no
bus voltage is below the critical voltage like 33-bus RDS. From the Table 4 and Fig. 6 it
is noticed that the critical voltage is found at node 65 of 69-bus RDS. In this test system
it is also observed that the critical voltage is obtained at node 65 which is different from
the node where MAL is applied.

The proposed MFBS load flow is basically developed to determine the optimum capac-
ity of EVCS. Practically, it is noteworthy that the power ratings of the EVs are mentioned
in kW. Based on their state of charge (SOC) and amount of time till their departure time,
EVCS can fulfil the requirement of the EVs through parallel multi-port. From MAL
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Table 4 Voltage magnitude at base load and MFBS with MAL at node 6 for 69-bus system

Node no Voltageat Voltage Node no Voltage at Voltage Node no Voltageat Voltage

base load after baseload after baseload after
applying applying applying
MAL at MAL at MAL at
node 6 Node 6 node 6
1 1 1 24 0.9566 0.9479 47 0.9998 0.9997
2 1 0.9999 25 0.9564 0.9477 48 0.9985 0.9985
3 0.9999 0.9999 26 0.9564 0.9476 49 0.9947 0.9946
4 0.9998 0.9997 27 0.9563 0.9476 50 0.9942 0.9941
5 0.999 0.9983 28 0.9999 0.9999 51 0.9785 0.97
6 0.9901 0.9817 29 0.9999 0.9998 52 0.9785 097
7 0.9808 0.9723 30 0.9997 0.9997 53 0.9747 0.9661
8 0.9786 0.9701 31 0.9997 0.9997 54 09714 0.9628
9 09774 0.9689 32 0.9996 0.9996 55 0.9669 0.9583
10 09724 0.9639 33 0.9993 0.9993 56 0.9626 0.9539
11 09713 0.9628 34 0.999 0.999 57 0.9401 09312
12 0.9682 0.9596 35 0.9989 0.9989 58 0.929 0.92
13 0.9653 0.9566 36 0.9999 0.9999 59 0.9248 09157
14 0.9624 0.9537 37 0.9997 0.9997 60 09197 09106
15 0.9595 0.9508 38 0.9996 0.9996 61 09123 0.9031
16 0.959 0.9503 39 0.9995 0.9995 62 0912 0.9029
17 0.9581 0.9494 40 0.9995 0.9995 63 09117 0.9025
18 0.9581 0.9494 41 0.9988 0.9988 64 0.9098 0.9005
19 09576 0.9489 42 0.9986 0.9985 65 0.9092 09
20 0.9573 0.9486 43 0.9985 0.9985 66 09713 0.9627
21 0.9568 0.9481 44 0.9985 0.9985 67 09713 0.9627
22 0.9568 0.9481 45 0.9984 0.9984 68 0.9679 0.9592
23 0.9568 0.948 46 0.9984 0.9984 69 0.9679 0.9592
1.02F T T T T T
—Base Voltage |
’ - — Modified Voltage
2 0.98 -
E [\
< 0.96 \=
g
< 0.94} -
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Fig. 6 Graphical representation of the voltage of 69-bus RDS with and without MAL

information, the maximum rating of EVCS for a node can be obtained easily. Maximum

ratings of EVCSs are given in Tables 5 and 6 for 33-bus and 69-bus RDS, respectively.
An EV’s charging priority changes dynamically while it is in the charging park, so

it may leap from one priority level to a higher one just before leaving. In [32], total 5
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Table 5 Maximum ratings of EVCSs for 33-bus system

Node no Base P(kW) MAL (kW) Modified P(kW) Base Q(kVAR) Modified Q(kVAR)

2 100 4770 4870 60 2370011
19 90 4730 4820 40 2330.739
20 90 4380 4470 40 2161.234
21 90 4280 4370 40 2112.804
22 90 4110 4200 40 2030473
3 90 740 830 40 398.382
23 90 730 820 50 403.539
24 420 720 1140 200 548.696

Table 6 Actual loading Information of 69-bus system

Node no Base P(kW) MAL (kW) Modified P(kW) Base Q(kVAR) Modified Q(kVAR)

26 2610 26126 2.2 1265.962

75 1180 1255 54 625356
66 18 1090 1108 13 540.778
12 140 1080 1220 104 622.936
68 28 1070 1098 20 538.094
13 8 1060 1068 55 518.752
14 8 1050 1058 55 51391
16 455 1030 1075.5 30 528.726

different kind of charging levels are given. When EV is linked to the parking station, EVs
in levels 1, 2, and 3 can only be charged because they consume a lot of energy or because
their SOC is low, below 10%. Based on the literature [32] survey and EV battery charging
limit, the average power requirements of any EV are 20 kW. This data is used to compute
the number of electric vehicles that can be charged at a time. The number of EVs is cal-
culated as follows:

Ney = ( kw ), Npyeinteger (16)

MAL
20

Here, MALyy is the permissible extra load in kW, Ngy is the number of EVs. In
Eq. (16), 20 is divided because the average power requirement of EV is considered as
20 kW as per the literature [32].

Number of EV can be charged at a time is shown in Table 7 for 33-bus system and
Table 8 for 69-bus system. From the tables, it can be concluded that the sufficient num-
ber of EVs can be charged in parallel mode at a time. It is also observed that for 33-bus
RDS more number of EVs can be utilised for the charging purpose compared to the
69-bus RDS.

Overall discussion

After calculating MAL for the various nodes of 33-bus RDS, nodes having higher MAL
are decided as the optimal location of the EVCS. It has been seen that the voltage of the
EVCS-connected node, in addition to the voltages of the other nodes, is higher than the
critical voltage limit, which is 0.9 p.u. It has been determined that the average loadability
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Table 7 No. of EV to be charged for 33-bus RDS

Node no MAL (kW) No. of EVs
2 4770 238

19 4730 236

20 4380 219

21 4280 214

22 4110 205

3 740 37

23 730 36

24 720 36

Table 8 No. of EV to be charged for 69-bus RDS

Node no MAL (kW) No. of EVs
2610 130
1180 59

66 1090 54

12 1080 54

68 1070 53

13 1060 53

14 1050 52

16 1030 51

limit of each EVCS at 33-bus RDS is 3058 kW while the total capacity of EVCS at 33-bus
RDS is 24,464 kW. Moreover, due to the lesser branches of the 33-bus RDS, lesser
amount losses are associated with 33 bus RDS. Hence, the loadability limit of the nodes
of the 33-bus RDS is higher with respect to the 69 bus RDS. It is observed that the maxi-
mum allowable load for the node 2 of the EVCS is 4776 kW which is higher than the
MAL value of node 2 of RDS. Again, the voltage at node 2 changes from 0.9970 p.u. to
0.9936 p.u. when it is loaded to its maximum permissible level of 4776 kW. As a result,
there is not a significant amount of voltage variation. The similar kind of observation is
evaluated for the nodes 19, 20, 21, 22, 3, 23, and 24. Based on the obtained MAL, it can
be seen that the EVCSs of 33 bus have the higher potential to charge the EV in quantity.
For 33 Bus RDS, a total number of 1216 EVs can be charged on average, whereas for 69
Bus RDS, it is 504.

Discussion related to 69-bus RDS

The modified proposed method is applied on a large system, specifically a 69-bus RDS,
to gain a better understanding of its capabilities. After calculating MAL for the vari-
ous nodes of the 69-bus RDS, the optimal location of the EVCS is determined to be at
the node with the highest value of MAL connected to it. In the case of 69-bus RDS, the
EVCS connected node and other node’s voltages exceed the critical voltage limit of 0.9
p-u. When compared to the RDS for 33-bus, the conventional non-elastic load that is
already applied to the nodes of 69-bus is significantly higher. Furthermore, the power
losses associated with 69-bus RDS are little higher than those associated with 33-bus
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RDS because of the increased number of branches that are associated with 69-bus RDS.
The EVCS at node 6 has a maximum load capacity of 2610 kW, making it one of the
best possible locations for the system’s various nodes. When it is loaded to its maximum
allowable level of 2610 kW, the voltage at node 6 changes from 0.9901 p.u. to 0.9817 p.u.
This represents a change of 0.194 V. Similar kind of observations are also assessed for the
case of other EVCS connected nodes. Hence, the capacity of the EVCS is high for 33 bus
RDS as compared to 69-bus RDS. It also has been determined that the average capacity
of each EVCS on 69 buses is 1272 kW, which is lower when compared to the capacity of
each EVCS on 33 buses, which is 3058 kW. When compared to 33-bus RDS, 69-bus RDS
has a lower maximum loadability limit, which means that a lesser number of electric
vehicle batteries can be connected to it in order to be charged. According to the MAL
that is obtained, the EVCSs that are installed in different buses of 69-bus RDS, have the
potential to charge a total of 504 electric vehicle batteries on average.

Conclusions

In this paper, a modified FBS method is developed to find the maximum permissible load
for each node of a RDS. The proposed method is validated on 33-bus and 69-bus RDS to
determine the optimal location of EVCS. It is observed that all the node voltages of these
RDS, are above the lower range of voltage security limit for safe and secure power sys-
tem operation, after installing the EVCS. The existing conventional non-elastic load for
the nodes of 69-bus is higher as compare to the 33-bus RDS. Moreover, power losses for
the case of 69-bus RDS are greater than those for 33-bus RDS as a direct consequence
of the increased number of branches associated with 69-bus RDS. Hence, the capacity of
the EVCS is higher at 33-bus RDS. It is obtained that the average loadability limit of each
EVCS at 33-bus and 69-bus RDS are 3058 kW and 1272 kW respectively, whereas the
total capacity of EVCS at 33-bus and 69-bus RDS are 24,464 kW and 10,176 kW. As the
maximum loadability limit of 33-bus is high, hence more number of EV batteries can be
connected for charging in case of 33-bus RDS compared to 69-bus RDS. On an average
total 1216 and 504 EV batteries may be charged from the EVCSs of 33-bus and 69-bus
RDS. Hence, it can be said that the proposed algorithm is efficient enough for maintain-
ing the node voltages during EV charging process for both higher and lower bus RDS.

Abbreviations

EVCS Electric vehicle charging station
MAL Maximum additional load

RDS Radial distribution system

FBS Forward backward sweep

SOC State of charge

Prod Modified active power

Qpmod Modified reactive power

P Real load power

Q; Reactive load power

I Load current

1P Modified load current at mth node
Lo Current flowing through branch a-b
It m Current flowing through branch (m-1)-m

Vv, &Vb Voltage of node a and b respectively
Impedance between node (m-1)&m
Zp Impedance of branch a-b
Magnitude of critical voltage

mTh node voltage
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