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ABSTRACT

Renewable energy sources, widely considered as distribution generation units, will be essential
parts of the future electrical network. They will be integrated into the network at all voltage levels
and act as the main controlling elements in the microgrid to stabilize the network. However, the
objective of determining the suitable busbar to integrate the renewable generation source and
its maximum capacity is still an indecisive problem. This article presents a methodology to select
suitable busbars to integrate the renewable generation unit. A bus selection index is proposed
based on three criteria, i.e. voltage deviation, active power loss, and grid energy infeed. The
developed algorithm considers network busbar voltage limit and branch loading as constraints
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and the solution is determined using analytical technique. Algorithm isimplemented in MATLAB,
and MATPOWER is used for the power flow analysis. Furthermore, the proposed methodology is
analysed on CIGRE and IEEE medium voltage benchmark network.

1. Introduction

Affordable and clean energy is one of the prime pillars
of the United Nations (UN) sustainable development
goals [1]. The importance of affordability with clean
energy goals got precedence as the world economy
and health system shattered with COVID-19 pandemic.
According to UN statistics, one of four hospitals has
no reliable electricity in the developing countries [1].
Traditional electrical network focus around central-
ized power generation, which produce more losses with
increasing power flow and high voltage drops for longer
transmission lines. Without significant reinforcement
in the electrical transmission and distribution capacity,
the consistently growing energy demand cannot be ful-
filled even with the availability of large power plants.
Alternatively, power generation system spread across
the electrical network offer many benefits like energy
generation where needed, lower losses, improved sys-
tem stability, and convenient integration of renew-
able generation system [2]. Many countries such as
Denmark and Germany are shifting from central-
ized to decentralized electrical structure using renew-
able energy sources as distributed power generation
system [3].

Renewable sources have intermittent nature, and the
renewable power plants (operating as distributed gener-
ation) posses small capacity which limit their capability
to provide ancillary services such as reactive power sup-
port, frequency control, etc. [4]. Thus, distributed gen-
eration (DG) can significantly deteriorate the network

performance if sited incorrectly and have an inappro-
priate size [5]. Distribution sources are placed and sized
on the basis of certain technical and economical crite-
ria such as minimizing the network active power losses,
improving network voltage profile, reducing the energy
import from the main grid, minimizing the investment
cost, and maximizing profit [6,7]. Depending on the
system study, either all or any one of these criteria can
be applied for bus selection. However, usually, the eco-
nomical criteria is applied for the selection of DGs
among different types, i.e. wind turbine, PV system,
fuel cells, biomass generator, energy storage system, and
micro-hydro turbines, while the DG placement is based
on the technical constraints.

Distribution generation units are usually integrated
with low to medium voltage networks. The variation
in the energy infeed by the DGs have high impact on
the network operating conditions such as the impact of
PV system on the rural and urban network is addressed
in Ref. [8]. In Ref. [9], the optimum location of DG
in the radial network is based on voltage stability,
voltage deviation, and active power loss index. Simi-
larly, in Refs. [10-16] the deployment of energy stor-
age units and the analysis of PV systems effects on
the network have been performed to determine the
need of network reconfiguration. Static load model
is usually applied when considering only DG output
power variation for the analysis, but some researches
have also considered the time-varying nature of the
load [17-19].
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The problem of integrating DGs can be solved
through analytical and optimization techniques. In ana-
lytical method, DG is connected to the network buses
sequentially and power flow is calculated recursively
over the range of DG active and reactive power. Results
such as voltage deviation, active power loss, grid infeed
and reactive power are recorded and compared to
achieve the desired objectives without violating oper-
ating limits [9,20-26]. This technique is easy to imple-
ment for a small network but mathematical formula-
tion for multiple objectives and result analysis become
complex for large networks. On the other hand, opti-
mization algorithms such as particle swarm method,
ant colony, genetic algorithm, tabu search, etc. are also
being used by the researchers for the DG placement
and sizing [27-32]. In Refs. [33-35], the multi-objective
optimization problem is formulated as mono-objective
function in which the energy storage system and DG
location is optimized according to their investment and
network operational costs. In Ref. [7], a multi-objective
optimization problem is formulated to select DG size
according to total energy loss and maximizing DG gen-
eration profit. Literature shows that the mathematical
and theoretical DG placement definition as optimiza-
tion problem provides flexibility in implementing a
large network, however, analysing the large solution
data is complicated. Optimization results provide large
data sets of voltages, power, and loading of the sys-
tem for different scenarios that need to be analysed and
compared for the bus selection and DG sizing. Large
solution data problem is somewhat solved by defin-
ing evaluation indicator [36-38]. In Ref. [36], annual
energy loss indication is formulated considering only
DG active power. In Ref. [6], an optimal locator index
is defined based on power loss sensitivity factor.

Optimum bus selection through evaluation indica-
tor is relatively easy, however in existing literature, bus
selection index is mostly based on single parameter
only, such as energy loss index or voltage stability index
or emission reduction, etc., and they cannot be mod-
ified easily to incorporate other criteria [13,30,39,40].
Furthermore, the DG sizing in the literature mainly
address considering only DG active power. It is obvi-
ous that DGs can contribute to voltage support, thus it
is important to analyse DG effect on its connected bus-
bar as well as on all other busbars voltages individually
with respect to reactive power infeed [3,4].

In this article, bus selection index for DG integra-
tion is proposed as a function of DG active and reactive
power based on three sub-indices, i.e voltage index, grid
power index, and power loss index. For better illustra-
tion, the contributions of the paper can be summarized
as follows:

- A new methodology is proposed to formulate the
indexes as non-conflicting objective function and

they are based on the network performance cri-
teria. This enables us to assess the network
behaviour precisely.

- Since voltage is the primary parameter to be influ-
enced by the integration of the DG, the voltage
index is quantified by three aspects rather than
considering only DG impact on average voltage of
the whole network.

- A novel probabilistic-based penalty factor is intro-
duced for busbars voltage and branches loading
limits violation.

— The proposed index identifies the bus location and
DG capacity for optimal network operation or
maximum power integration.

Rest of the article is organized as follows: math-
ematical formulation of the three sub-indices is pre-
sented in Section 2. Then, the voltage and loading limits
penalty factor is defined using probabilistic approach.
In Section 3, an algorithm is presented to solve the
DG integration problem with an analytical approach
using selected indices. The proposed method is anal-
ysed on CIGRE and IEEE medium voltage benchmark
by implementing algorithm in MATLAB using MAT-
POWER functions, and simulation results are discussed
in Section 4. Finally some significant conclusions are
drawn in Section 5.

2. Distribution generation placement and size
criteria

Distribution generation sources of small capacity are
usually integrated in low and medium voltage networks
i.e below 50 MW. The selection of DG capacity and
placement depends on both economical and technical
feasibility. Economically, lower installation cost of DG
with high energy penetration is desirable to maximize
the profit. From technical feasibility perspective, the
DG integration should not violate the voltage deviation
limits, must not exceed the equipment thermal limits,
and should not increase losses in the network. This arti-
cle focuses only on technical parameters for the bus
selection to integrate DG into the network. Primarily,
the suitability of DG is determined through indexes of
voltage, active losses, and grid power (either import or
export). Furthermore, busbars operating voltages and
branches (line, transformer, etc.) thermal loading limits
are accounted as a penalty factor.

Consider a distribution network of Figure 1 hav-
ing n number of busbars. The network configuration
could be a radial or meshed, and the proposed bus
selection methodology is applicable to both medium
and low voltage networks. The network may consist of
multiple feeding points from the national high voltage
transmission grid, which is represented by the equiva-
lent grid model. Grid provides power balancing for any
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Figure 1. Distribution generation integration in the network.

mismatch between distribution generation and load.
Distribution generation systems mainly feed energy
into the grid through voltage source converter, which
can control the active and reactive power indepen-
dently [3,4]. Thus, DGs can be operated as either con-
stant reactive power, power factor, or voltage magnitude
control device. In this research, DG reactive power is
controlled to maintain the constant power factor at
the connected busbar. Power infeed by the distribution
source changes the busbar voltages, varies the loading
of the lines and transformers that consequently effects
the losses, and influences the power infeed of the grid.
Thus, the selection indexes are functions of DGs active
and reactive power. A bus selection index (BSI) is intro-
duced that depends on three indexes, i.e voltage index
(VI), power loss index (PLI), and grid power index
(GPI). These indexes are calculated for each busbar
and compared for best location and size of the DGs.
The indexes are formulated as minimizing function
and can be applied in both analytical and optimization
algorithm to select suitable busbar to integrate DG and
its capacity determination.

The maximum number of DGs that can be con-
nected in the grid is equal to the total number of bus-
bars. However, the network planner can choose the
desired number of DGs to be connected in the net-
work. The total number of combination for DGs grid
connection is calculated by using Equation (1).

n!
ZCr=——=d (1)

ri(n —r)!

Here, n is the total number of busbars, and r is the
number of DGs that needs to be connected in the net-
work. Further, each case of the combination gives the
information of busbar at which DGs are connected.
For calculating BSI of ith busbar, the combinations are
divided into two sets, i.e A; and B;. The set A; has the
index of combination cases when at least one DG is
connected to the ith busbar and the remaining indexes
belong to the set B;, thus A; and B; are disjoint sets.
Where,

Ai {yy2 3 yw)
Bl‘ : {kl,kz,k3,.. .,kdfw}
A;UB;: {er,ex,3,...,¢e4)
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2.1. Voltage index (VI)

The voltage index indicates the amount of change in the
network voltages due to the addition of the DG. There
are three aspects related to the voltage change i.e.

1. Change in the ith busbar voltage when DG is con-
nected with it.

2. Average change in the network voltages (exclud-
ing ith busbar) when the DG is connected with ith
busbar.

3. Average change in the ith busbar voltage when
the DG is connected with other network busbars
(excluding ith busbar).

Here, i is the index of a bus at which VI is calculated.
The function “f;(u) is calculated using Equation (2)
to analyse the sensitivity of the bus according to the
power infeed by the DG. The rise and drop in the
voltage magnitude based on the amount of reactive
power infeed (either capacitive or inductive) while
active power infeed usually raise the bus voltage. At this
stage, it is insignificant to determine whether the volt-
ages are improved or not rather the main objective is to
identify the busbar at which maximum change in the
voltage can be achieved.

agr _ yui — Ui, . + .
)fz(u)——uio ieZt, i<n
1 w
fiw) =~ Sfiw) ()
y=1

where 7u; is the per unit voltage of the ith busbar with
case index y, the index y is the combination when at
least one DG is connected with ith bubar (A;), w is the
total number of combination elements of A;, and u;, is
the voltage at the ith busbar when DG is not connected
to any busbar.

The objective of DG integration is not only to
improve the voltage level of a single busbar but to make
all busbars voltage level better. The average change in
the network voltage is calculated using Equation (3).

" yujf“jo
M) = T e Lt j#i
1 w
i == fiw) (3)
y=1

Here, j is the index of network buses. ”u; is the voltage of
jth busbar when DG is connected to ith busbar, and u;,
is the voltage of jth busbar when no DG is connected.
Further, the possibility of improving the ith busbar
voltage by connecting DG to other busbar is calculated
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using Equation (4).

fi(u) = keZ%, keB; (4)
Here, the case index k is the combination when no DG
is connected with the ith busbar (B;). The effect of the
DGs at ith busbar voltage is determined by combining
“fi(u), bf,-(u), and “f(u) as given by Equation (5).

fiw) = *fi(w) + Ofi(w) — Fi(w) (5)

High value of *f;(u) and hf,-(u) indicate that the busbar
is suitable for the placement of the DG. While higher
value of °fj(u) implies that the ith bus can be improved
by placing DG on other buses, thus it lowers the DG
placement suitability at ith bus.

The f; () is a maximizing function. To define voltage
index (VI;) as a minimizing function, f;(1) is multiple
by —1 as given by Equation (6).

VI = —fi(u) + [fi(w) - @ — “hi — "h)|  (6)

The power infeed by the DG may violate operating lim-
its of busbars voltage and branches thermal loading.
These limits are applied as penalty factors defined by
“h; and thh,-, as explained in later section.

2.2. Power loss index (PLI)

The integration of DGs also reduces the losses in the
network. The function ;(p) in Equation (7) determines
change in the network active power loss at ith busbar
compared to network losses without DG integration.

1 < /?Ploss; — Ploss;,
np) =Y (—) 7)

= Ploss;,

Here, Ploss;, is the network total active power loss when
no DG is connected, and ” Ploss; is the net active power
loss of the network considering combination cases from
set A;. The negative value of r;(p) indicates that the
losses have been reduced, thus power loss index as a
minimizing function with penalty factor can be defined
as Equation (8).

PLL; = ri(p) + |ri(p) - @ — “hi — "hyp)|  (8)

2.3. Grid power index (GPI)

Distribution sources support the local energy man-
agement system and reduce the reliance on feeding
grid. The power generation in the distribution network
increases the revenue by feeding the power into the
high voltage grid. Further, DGs provide reactive power
support to the network as well. The function g;(p, q)

indicates the reduction in active and reactive power
infeed by the HV substation.

1 < (?pi — Piy yqi_%)
i(pq) = — ( + 9)
&P q W);l Diy iy

Here, pj,, and g, are the active and reactive power of the
grid without DG, whereas”p;, and”g; are the active and
reactive power considering combination cases from set
A;. The grid power index minimizing function with
penalty factor is expressed by Equation (10).

GPL = gi(p, @) + |gi(p> @) - 2 — “h;i — k)| (10)

2.4. Network operational limits

The energy infeed by the DG’s changes the thermal
loading of the branches (cables and transformers) and
voltage level of busbars. These changes must not violate
the network operational limits. Any violation in the net-
work operational limits is considered as penalty factor,
which reduces the suitability of a busbar as a poten-
tial candidate for connecting DG. Penalty factors are
calculated as a cumulative normal distribution func-
tion. Using the cumulative distribution function, the
probability that the busbars and branches are having
values less than or equal to the operational limits is
determined.

Two penalty factors are defined i.e “h; and *h; which
indicates the violation of the voltage and thermal load-
ing limits violation, respectively. To obtain the value
of “h;, absolute change in the bus voltage from the
rated value of all network busbars is calculated using
Equation (11) for the combination cases of set A;.

AV =u— 10 jeZt:j<n  (11)

Here, j is the index of network buses and # is the total
number of network buses.

Bus voltage varies with the infeed of the DG power.
There might be some buses in the network which are
operating below the operational limits before adding
DG power but their voltages get improved afterward.
Similarly, there could be some buses that may violate
the limits after the addition of the DG power. Limit vio-
lation can be identified by comparing A” u;t with the
threshold value. Using Equation (11), the suitability of
connecting DG ata busbar can be compared with others
considering the number of violating buses and voltage
magnitude deviation from the rated value. However,
this information would be complicated to comprehend
for a large network. Thus, the normal distribution can
be applied on the data acquired using Equation (11) to
determine the cumulative probability for a given value.
This given value would be the limit value. The cumula-
tive distribution function (CDF) determines the prob-
ability of the network voltages being less than or equal



to the limits. The CDF will approach zero when bus-
bars violate the operational limit, while the CDF value
1.0 shows that no busbar is violating the voltage limit.
The average, standard deviation, and CDF equations
are defined as Equation (12).

11 &
u, .. _ — Ayu'.’t

e |1«
g, = — - Yult —upy )2
oi W}_l njE_l(A w = ")

1 Hlim 11—\
“h; = / exp| —= < ) du
l Ugin/2m Jo P ( 2 Uo;

(12)
The operational limit is applied on the absolute volt-
age deviation from the rated value because the busbars
must not violate both the upper and lower limits. Here,
the magnitude of the deviation is more important rather
than the direction of the change i.e. either rise or drop
from the rated value. Since the deviation value varies
from zero to positive real number, the lower integral
limit in the CDF can be set to zero and the upper
limit would be the voltage operational limit. Typically,
voltage deviation limit is £10% in MV and LV distribu-
tion network thus, ), would be 0.1 p.u. Furthermore,
thermal loading of the series elements such as cables
and transformer is calculated using Equation (13) for
combination cases from set A;.

J’[l

AT = :
’
Il

(13)

Here, | is the index of the element, I* is the element
rated current value in ampere, and 7I; is the magnitude
of actual current flowing through / element in ampere.

Similarly, CDF is calculated to apply thermal limit.
The average, standard deviation, and CDF equations
are defined as Equation (14) for calculating the proba-
bility of elements operating below thermal limit. Gener-
ally, all elements loading must not exceed 100% thus the
thermal limit ij;,, would be 1.0 p.u. Also, CDF value 1.0
shows that no element has violated the thermal loading
limit. The value of the element loading varies from zero
to positive real number, thus the lower limit in CDF
equation is set to zero.

1 id 1
th rt
“.__E _§ AT
' w lmll !

A I T
=2 | ZXE(MU o thpai)?
y= =

h 1 Hlim 1 I— thl’('i 2
hi= — exp| —=|—— dI
l thO'i\/ 2 /0 3 2 tho’i
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Moreover, the probability that network busbars and
series branch elements will have voltages and thermal
loading above the operational limits can be calculated
using Equation (15).

PX >up)=1—"Yh - X= Mu]ff

P(Y > iym) =1 =0 oYy =A"T"  (15)
These two probabilities are mutually exclusive and
added together to be applied as a factor of index. For
example, if f (z) is a minimizing function than the best
result would be at its least value. However, the solu-
tion would not be suitable if at this least value there
exists any violation of operational limit. So, f(z) is
increased in a positive direction as a factor of the oper-
ational limits violation probabilities to worsen its value.
Mathematically, it can be expressed as Equation (16).

f@ =f@ +f@)-2—"hi—"h)|  (16)

For no violation situation, the value of “h; = thhi =
1.0 and the last term of above equation becomes zero
hereby no penalty factor is applied.

2.5. Bus selection index (BSI)

Bus selection index of ith busbar is defined as
Equation (17). Any network busbar having the least
value of BSI would be the best candidate for integrating
the DG.

BSI; = VI; + PLI; + GPI; (17)

The proposed selection index can be used to find more
than one suitable busbar by ranking them in ascending
order based on their BSI value. If more than one busbars
have the same BSI then the decision can be made based
on either observing the power to be feed-in by DGs
(maximum would be preferable), or based on the indi-
vidual index. The developers can decide if they prefer
more voltage to be improved or give priority to losses.

2.6. Performance index (PI)

The performance index indicates the probability of the
busbar or the series branch element of violating the
network operational limit while connecting DG at all
network busbars. This is expressed by two variables,
ie “h!*, and "h". To calculate performance index at
the busbars, an absolute voltage deviation of the ith
busbar voltage from the rated value is calculated using
Equation (18) for all combination cases.

Acul' = |°u; — 1.0] ee€ (A;UB) (18)
Here, i is the busbar at which performance is calculated,
and e is the index of all combination cases. The mean,
standard deviation, and CDF equation of ith busbar
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voltage is calculated using Equation (19). The voltage
operation limits (u;y,) are also set here as 0.1 p.u.

d
1
u,u;'t: EZAeu;’t

e=1

d
1
uo.irt — y Z(A eul(t _ uM;t)Z
e=1

1 Ulim 1 u— u rt 2
“ht = ”—/ exp|—= (u—#’) du
”O'i 2w Jo 2 o;

(19)
Similarly, loading of the Ith series branch element is
calculated for all combination cases.

AT = — (20)

The probability of the series branch element of violat-
ing the thermal limits is calculated using Equation (21).
The thermal limit 7, is equal to 1.0 p.u.

d
1
th  rt t
uit == A
e=1

d
1
tho_lrt — 3 Z(A eIlrt _ thM;’t)z
e=1

. 2
1 flim 1/(1—- th,,rt
thprt — / S [ r"t‘l dr
ﬂ’lo.lrt /27.[ 0 2 t O-i

(21)

3. Implementation of bus selection index in
analytical technique

The proposed distribution source integration method-
ology is based on the analytical technique and deter-
mines the suitable busbar location according to the
network capability. The presented algorithm identifies
the DG active power at which network will operate in
the most optimized manner. The solution also indicates
the maximum capacity of the DG that can be infeed
into the network considering network constraints. Fur-
thermore, the proposed method is applicable for both
single or multiple DGs integration. Following are the
steps which algorithm performs to acquire the desired
results:

e Step 1: The network model is built in the MAT-
POWER to perform the power flow computation.
Distribution generation unit is modelled as a con-
stant PQ source.

e Step 2: Active power range of distribution generation
unit is set from zero to estimated maximum power
that can be feed into the network. Any arbitrary
value can be set for the maximum power, however, it

is to be ensured that the power flow should converge
at all active power set-points.

o Step 3: At least 100 steps change in the DG out-
put power between minimum and maximum val-
ues are defined to acquire the sufficient number of
sample data. However, this step size can be varied
considering the algorithm computation time. The
step change in active power can be calculated as
(Pd_max — Pa_min)/No. of Sample required.

o Step 4: The DG reactive power capability is set to 0.9
power factor (capacitive and/or inductive) to fulfill
the minimum requirement set by grid operators.

e Step 5: 10% bus voltage magnitude limit and 100%
branches loading limit are set as network constraints.

o Step 6: Power flow calculation is performed with-
out DG connection at any bus and results are
recorded.

e Step 7: Define the maximum number of DGs
required to be connected with the grid. DGs are con-
nected at all busbar according to the combinations
as defined by Equation (1). Power flow calculation is
performed over the range of DG output active power
as defined in step 2. Results are recorded.

e Step 8: Step 6 and 7 is performed for DG output
power at 0.9 capacitive, 0.9 inductive, and 1.0 power
factor.

e Step 9: VI, PLI, GPI, and BSI are calculated for all
network buses.

e Step 10: Busbar and branches are identified for any
violation. Furthermore, performance index are cal-
culated to determine the network elements proba-
bility of deviating from rated value.

4. Network analysis and simulation results

The proposed bus selection index is implemented and
analysed on the CIGRE medium voltage benchmark
network and IEEE 33 bus benchmark network consid-
ering both single DG integration as well as integrating
multiple DG simultaneously. The algorithm is imple-
mented in MATLAB using MATPOWER functions.
The loads are considered constant at their most prob-
able values for the power flow analysis, and generator-
oriented sign convention is used in the power flow
results.

4.1. DG integration analysis on CIGRE network

The CIGRE medium voltage benchmark network is
shown in Figure 2 and the network parameters are
taken from Ref. [41]. The network is modelled as
meshed network and the power flow calculation with-
out any DG in the network shows that the mini-
mum busbar voltage would be 0.95 p.u. The trans-
formers (Brl and Br2) have the maximum loading
i.e 72%. The active power loss is 0.109 MW and the
reactive power demand of the network branches is
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Figure 2. CIGRE MV benchmark network.

3.19 MVar. Moreover, the ‘Grid’ supplies the total power
of 3429 MW and 7.14 MVar to fulfil the network
load demand.

The response without DG indicates that the busbar
voltages are lower than the rated values and network
demands capacitive reactive power. Thus, bus selection
index is calculated for the active power range from 0.0
to 20 MW at 0.9 capacitive power factor as shown in
Figure 3. The most suitable bus for the DG integra-
tion is at the lowest BSI value at any given DG active
power. Although bus ‘BI’, ‘B2’, and ‘B3’ appears suitable
for high DG active power output, the network would
not operate efficiently which means the network volt-
ages and loading are not improved and their values are
closed to ‘no DG’ response. DG placement other than
‘BI’, ‘B2’, ‘B3’ at high power would worsen the net-
work response as the losses in the network will increase
significantly. The average increase in the total network
losses would be up to 0.65 MW at 15.0 MW DG active
power infeed. The positive sign of the BSI index indi-
cates that the network response becomes worse com-
pared to without DG connected condition as shown
in Figure 4. Figure 4 shows that the network cannot
be improved despite providing reactive power support
by the DG. Furthermore, DG needs to be operated
near 1.0 power factor at 15.0 MW DG output power.
The individual index, as shown in Figure 5, indicates
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Figure 5. Individual index at 15 MW DG infeed power with 1.0
power factor.

that the active power losses are increased significantly
regardless at which busbar DG is connected, and the
improvement in the bus voltages and energy infeed into
the grid is minimum.

The maximum DG active power output is limited
by the constraints of the network. The response of at
least one busbar voltage limit violation is shown in
Figure 6. Similarly, Figure 7 shows the response of at
least one branch loading limit violation. The responses



232 M. RAZA ET AL.

353
(=]

DG Active Power (MW)
)

=1

0 1 2 3 4 5 6 7 8 9
DG Connected Bus

10 11 12 13 14 15

Figure 6. Voltage limit violation at 0.9 capacitive power factor.

20
2
~15F
5
g
a 10
st Limit
< 5r
&)
QO L L L L L L L
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

DG Connected Bus

Figure 7. Branch loading limit violation at 0.9 capacitive power
factor.

® 0.9 P.F(Capacitive)
® 0.9 P.F (Inductive)
1.0 P.F (Resistive)

—_
(=]
T

40

g .

‘:30’ .‘.. Py Y
(2]

% e © o [ ) °
£20F ®

g o‘...oo.o.
2

Q

a)

(=]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
DG Connected Bus

(=]
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imply that the maximum output of the DG can only
be 13 MW if connected to bus ‘B15” since at least
one busbar violate the limit. On the other hand, there
will be no voltage limit violation up to 20 MW if
DG is connected with the buses ‘B1’ to ‘B4’ ; how-
ever, branch loading limit will be violated at ‘B4’ for
DG active power 15 MW and above. The maximum
infeed power at different power factor can be deter-
mined by analysing Figures 8 and 9. The range of DG
active power output is increased from 20 to 40 MW
in the simulation. Although the active power infeed
capability can be increased with respect to voltage limit
by controlling DG reactive power, the loading of the
branches cannot be improved significantly as shown in
Figure 9. At bus ‘B3’ and ‘B4’ the loading of the trans-
former would be the main limiting factor and the DG
power can be increased up to 32 MW, whereas DG
connected at bus ‘B1’ (grid bus) provides no benefit
in term of network voltages and active power losses
improvement.

The minimum BSIis at 4.0 MW as shown in Figure 3.
This is the most suitable DG active power infeed loca-
tion to achieve the best-optimized network operation
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Figure 9. At least one branch loading limit violation compari-
son at different power factors.
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considering all three indexes. The buses can be ranked
in ascending order for DG integration suitability. At
4.0 MW, the bus ‘B7’ is the most suitable candidate
to integrate DG while ‘B11” would be next suitable
candidate.

The response of ‘B7” BSI at different power factor
is shown in Figure 10. The response shows that the
DG needs to be operated with capacitive power factor
in order to achieve optimized network operation while
inductive power factor will deteriorate the network per-
formance. The comparison of the voltage, active power
loss, and grid power indexes at 4.0 MW DG power
is shown in Figure 11. Primarily, active power loss
improved significantly when DG is connected at ‘B7’.
Further it also enables the maximum energy transfer to
the higher grid from the distribution generation unit.
Although the voltage improvement rank of ‘B7’ is 4.0,
its performance is comparable to the highest ranked
bus (‘B15’). The VI at ‘B15’ is —0.056 and VI at ‘B7’
is —0.050. The analysis concludes that the ‘B7’ is high-
est ranked busbar based on BSI and most suitable for
integrating the DG.



In the above analysis, suitable busbar is determined
for the placement and sizing of a single DG. Similarly,
suitable location for multiple DGs integration can also
be determined using the proposed methodology. The
required number of DGs is the input parameter and
it can be set up to the maximum number of busbars
i.e 15 DGs on CIGRE network. However, for simplifi-
cation, the bus selection index and sizing comparison
analysis is performed up to 6 DGs integrated simulta-
neously. The minimum BSI of each busbar and the net
active power feed by the DGs is shown in Figure 12. The
plot shows the comparison of the busbars suitability for
integrating multiple DGs simultaneously. In case of 2
DGs connecting in the grid, the most suitable bus to
connect at least one DG is B3 and B2, and the net opti-
mium power of the 2 DGs could be between 8.84 and
9.33 MW. Bus selection index at B2 and B3 is minimum
since large DGs can be integrated on these buses com-
pare to other busbars, consequently more energy can be
feed into the grid. Similarly, improvement in the net-
work voltages and losses increase with the increase in
the number of DGs. With 6 DGs, network operational
level will be improved significantly while connecting
them on busbars from 4 to 15. Obviously, DGs con-
nection at busbar 1 to 3 do not provide significant
improvements in the network voltage and losses since
they are close to the grid feeding point. The net opti-
mum active power for 6 DGs integration is around
6.0 MW having each DGs approximately 1.0 MW of
capacity. Furthermore, it is also evident that the size of
the DGs integrated far from the grid feeding point hav-
ing much greater power than nearby loads is not ben-
eficial. In Figure 13 network busbar voltage limits are
compared. The result indicates net DGs active power at
which at least one busbar voltage violates limit while the
corresponding busbar must be connected with a DG.
For instance, considering the case of 5 DGs integra-
tion at busbar 11 to 15, the net DG power should be
less then 15.0 MW while the maximum voltage viola-
tion at 15.0 MW would be 0.107 p.u i.e. 10.7%. Sim-
ilarly, the thermal loading limit violation results with
respect to the net DGs power is shown in Figure 14.
Further in this case, the first branch loading violation
would occur when the net DG power would exceed
20.0 MW, so in this case voltage violation parame-
ter will be given priority for selecting the maximum
size of the DG.

The algorithm is tested on the standard Intel (R)
Core (TM) i9-10850K CPU@ 3.6 GHz based system.
The execution time of the algorithm for multiple DGs
integration analysis is shown in Table 1. Note that the
total iteration does not include the power flow iteration,
i.e Newton Raphson iteration. The algorithm provides a
deterministic solution, having fast execution time, and
covers wide range of DG power with sufficient step
size.
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4.2. DGs integration analysis on IEEE 33 bus
network

The proposed methodology is also analysed on the
IEEE medium voltage 33 bus standard network as given
in Figure 15. The network is in radial configuration
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Table 1. Computational time of the algorithm for a 15 bus CIGRE network.

No. of step change

No. of DGs in power No. of cases Total iteration Execution time (s)
1 101 15 1515 1
2 101 105 10,605 12
3 101 455 45,955 53
4 101 1365 137,865 162
5 101 3003 303,303 371
6 101 5005 505,505 634
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Figure 15. IEEE medium voltage 33 bus standard network.

having 12.66 kV voltage level, and the parameters are
taken from Ref. [42]. The cables resistance and reac-
tance values in Ohms are given in the diagram, respec-
tively. Also, the current carrying capability of the cables
are sets as 0.3 kA. All the loads have lagging power
factor. It is obvious that the capacitive reactive power
infeed by the DGs would improve the network volt-
ages. Thus, the DG power factor is set as 0.90 leading
to acquire the maximum voltage support. The analysis
has been performed to integrate multiple DGs simul-
taneously and determines the suitable busbars and the
DG power.

Without any DG integration, the grid is required
to supply the energy of 3.92 MW and 2.44 MVar. The
maximum voltage drop is at B18 having 0.913 p.u volt-
age level. The total active power loss of the network is
0.203 MW and the network cables requires 0.14 MVar
inductive power. Further, the maximum active power
loss occur in cable ‘LN 2-3"i.e 0.05 MW.

Bus selection index up to 3 DG integration is shown
in Figure 16. It can be observed that the most suit-
able bus for single DG integration is B2 and the size
of the DG is 10.0 MW. B2 BSI is —4.3806 and the sec-
ond suitable bus is B1 with —4.3037 BSI. Figure 16
shows the minimum BSI possible at each busbar with
respective DG size while Figures 17 and 18 show at
least one limit violation of branch loading and busbar
voltage magnitude. By comparing the limit violation

plots with the BSI, it can be observed that the load-
ing of the branches are violated at the lower DG size.
For example, the BSI of B1, B2, and B19 is —3.276,
—3.188 and —3.233, respectively, for 3 DGs simultane-
ously integration. These BSI are achieved with net DG
size of 7.822 MW while the loading limits is violated at
9.9201 MW for B1 & B2, and 6.6234 MW B19. Simi-
larly, the busbar voltage limits is violated at 3.3267 MW
while connecting DGs at B1, B2, and B19 thus the DGs
with net active power of 7.822 MW cannot be con-
nected due to voltage limit violation. In this case, the net
active power of 3 DGs should be less than 3.3267 MW.
It is to be noted that the BSI is lowest despite the oper-
ational limit violation, this implies that the network
performance could be improved outside its boundary
limits. The solution shown in Figure 17 said to be a
global optimum point while BSI and DGs net active
power values defined by the voltage and loading limits
are local minima. The BSI value at net DGs active power
values based on voltage limits is shown in Figure 19.
Considering the local minima point, B1 is suitable for
single DG integration, B3 and B23 are the most suit-
able busbar for 2 DGs simultaneous integration, and
B23, B24, and B25 are suitable for 3 DGs simultaneous
integration.

As mentioned previously, the BSI is based on three
index and the indexes are the indicators of how much
a voltage level and active power losses in the network
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Figure 16. Bus selection index of IEEE medium voltage 33 bus standard network for integrating multiple DGs.

R T T T T T T T T T T T L I S I S S o i o v v v w — U9 0210}
I | DGs (Power) @ 1 DGs (Voltage)| | 0.118
10 2 DGs (Power) 2 DGs (Voltage) ’
. [ 13 DGs (Power) 3 DGs (Voltage) | -{ 0.116 =
= =
10.114 =&
= 8 =
E —40.112 g
S 6 *O.IIOE
2 Ho.108 5
L )
s [0 ° . 20.106 £
Z 5
L i e 0.104 =
1" I
L QLARRRRRELARN LR IARRALERRE] -
0 il il Lol W bl b I 0.100

0123456738 9101112131415161718192021222324252627282930313233
Network Busbars

Figure 17. Comparison of branches loading limit violation on IEEE medium voltage 33 standard network.

B N S s B B B B S E B B . E— — 104
I | DGs (Power) @ 1 DGs (Loading)
nk 2 DGs (Power) 2 DGs (Loading)
13 DGs (Power) 3 DGs (Loading)
Z10F b pw 103
= |l <
5 gh 1 =
Sl -
z l I il 102 2
= oL 2
) 3
@) —
2 4 101
2 -

0
0123456728 9101112131415161718192021222324252627282930313233

100

Network Busbars

Figure 18. Comparison of voltage limit violation on IEEE medium voltage 33 standard network integrating multiple DGs.

can be improved as well as the energy that can be feed-
in by DGs into the grid after fulfilling the network load
demands. These indexes are non-conflicting in nature;
however, the improvement in the each index varies
location-to-location. In certain case, one index might
be improving but others don’t. This usually occurs at
the global optimum point since it is disregarding the
operational limits. For example, the global optimum
point at B19 for single DGs placement is —3.75153
(BSI) as given in Figure 16 while VI is —0.0331, PLI
is equal to 1.688, and GPI value is —6.10647. It is
clear that the active power losses in the network have

been increased due to reverse energy flow while volt-
age level is improved and more energy is feed into the
upper-level grid.

It is also important to determine the global opti-
mum point of each individual index. This would help
to determine how much the individual indexes can be
improved in the network. The results shown in Fig-
ures 20-22 quantify this analysis. For single DG place-
ment, the most suitable busbar from voltage improve-
ment perspective is B18 having VI value —0.2758 and
the size of the DG would be 3.7063 MW. The second
most suitable busbar would B33 with —0.2626 VI value
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and 4.106 MW DG active power. For 2 DGs simulta-
neous integration, B17 and B18 are most suitable and
DGs with net active power of 1.9081 MW can be con-
nected i.e 0.9540 MW each. For 3 DGs simultaneous
integration, B17, B18, and B33 are suitable with net
active power of 1.47 MW, i.e. approximately 0.5 MW
each. It can be observed that the size of an individual
DGs is reduced with the increase in the number of the
DGs connected simultaneously, and the improvement
in the network voltage would be lower.

Similarly, the suitable busbar from active power loss
improvement perspective is B26 for single DG inte-
gration having PLI —0.6756 with 3.416 MW capac-
ity. B29 and B30 are suitable for 2 DGs integration
having net DG capacity of 1.5185 MW i.e. 0.76 MW
each. For 3 DGs integration, busbars B29, B30, and
B31 are suitable having PLI value of —0.7301, —0.738,
and —0.728, respectively. The optimum net DG power
is 1.2188 MW. The analysis indicates that more dis-
tributed generations are suitable for improving the net-
work active power losses. Furthermore, the DGs inte-
gration near to the feeder is suitable to maximize profit
by feeding the energy back to the higher voltage level
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Figure 21. Optimum PLI values at each busbar of IEEE medium
voltage 33 standard network.
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voltage 33 standard network.

grid which is evident from Figure 22 that B1 and B2 are
suitable for multiple DGs integration.

The proposed algorithm provides the deterministic
solution and has the ability to analyse both global and
local optimum points with fast execution time. The exe-
cution time of algorithm for the IEEE 33 bus medium
voltage standard network is given in Table 2. The total



Table 2. Computational time of the algorithm for a 33 bus IEEE
network.

No. of step

changein Total Execution
No. of DGs power No. of cases iteration time (s)
1 101 33 3333 4.1
2 101 528 53,328 65.29
3 101 5456 551,056 695.2

number of iteration for single DG placement is 3333,
which is executed in approx 4.1s. Also, the execution
time is fast for 2 and 3 DGs simultaneous placement, i.e
65.29 and 695.2 s, respectively.

5. Conclusion

The proposed bus selection methodology caters multi-
ple performance parameters for the selection of suitable
busbar to integrate multiple DGs with medium voltage
network. The solution provides the maximum power
that a DG can infeed into the grid and the power at
which network will operate in most optimized manner.
The analysis shows that the global optimum point could
exist outside the boundary limits, and the network can
be operated at this global point by making operational
limits less strict. In certain cases, global optimum point
exists outside the boundary limits in multi-objective
index when one or more index is maximizing while
others are minimizing. Further, the analysis shows that
more number of DGs in the network are suitable in all
the cases. Such as, one DG provides more optimized
operation for network voltage improvement perspec-
tive and should be connected far from the feeders.
While, more number of DGs distributed in the network
are suitable to improve the network losses however the
size of the DGs would be small. On the other hand, DG
of larger size should be connected near to the feeders
to be able to feed energy into upstream network with
ease. Furthermore, the utilization of converter in dis-
tribution system enables the control of both active and
reactive powers thus the need of static VAR compen-
sator is reduced and the reactive power compensation
can be done through DGs. Therefore, DG sizing has
been done in the proposed algorithm considering both
active and reactive powers. It is obvious that the DG size
is limited by the network operational limits, however,
the suitability of a busbar must be analysed considering
the number of network elements that are approaching
the limit value. If more number of network elements
approach limit value, the busbar becomes less suit-
able. This methodology is implemented by introducing
probabilistic-based penalty factor. Although the pro-
posed index is implemented through analytical tech-
nique, the index can also be implemented as optimiza-
tion problem. The future extension of this work would
be to implement the proposed bus selection index as
optimization problem considering the stochastic nature
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of the load and DG input power for simultaneously
integrating multiple DGs in the network.
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