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Abstract

An increase in the applications of renewable-based energy resources in the radial distribution network has led to many
uncertainties in the existing system which affects the stable operation of the power systems. The issues regarding the generation
uncertainty associated with wind energy and photovoltaic (PV) systems along with load demand uncertainties are considered
in this research for the evaluation of the maximum penetration level of renewable energy resources. The nodes which are less
voltage stable are considered as the most suitable locations for distributed generations (DGs) placement from voltage stability
viewpoint. For identification of DGs locations, a voltage stability index—continuous power flow-based algorithm has been
proposed. To analyze the effect of large penetration level of wind and PV on voltage profile, power losses and system voltage
stability of the radial distribution network, a probabilistic-based approach has been adopted. It is observed from simulation
results that the penetration level limit depends upon the type of DGs connected to the radial distribution network. Usually the
integration of DGs reduces the power losses in the network; however, as penetration level increases, the power losses begin
to increase. The detailed mathematical model of wind and PV sources has been utilized. The Hong’s 2m + 1 point estimation
method combined with Cornish—Fisher expansion has been adopted in this paper for probabilistic studies. The effectiveness
of the proposed method has been validated through IEEE 33 and 69 node radial distribution test network for various scenarios.
The results obtained are verified and compared with benchmark Monte Carlo simulation technique.

Keywords Point estimation method - Cornish—Fisher expansion - Probabilistic load flow - Voltage stability index - Renewable
distributed generation - Monte Carlo simulation

1 Introduction

Due to advancement in the renewable-based generation tech-
nologies, arapid development and integration of these energy
resources into existing power networks is being witnessed
in recent years. The energy outputs from renewable energy
sources, i.e., wind and solar photovoltaic (PV), are random
and stochastic in nature and depends upon weather condi-
tions. With large penetration level of renewable DGs into
distribution network, the uncertainties associated with gen-
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eration and loads had significantly influenced system voltage
stability [1]. For studying uncertainties associated with the
power system, probabilistic load flow (PLF) method is one
of the best known tools. Probabilistic load flow methods
are broadly categorized as Monte Carlo simulation (MCS)
and analytical methods. MCS is a traditional method which
provides more accurate results as compared to other analyt-
ical methods. However, thousands of iterations are required
to simulate that are extremely time consuming and are
unsuitable for real-time applications [2]. To reduce the sim-
ulation time analytical methods such as point estimation
method (PEM) [3, 4], Cumulants method [5], Cumulants
and Gram—Charlier expansion [6], Cumulants and Cornish—
Fisher expansion [7] are used for probabilistic load flow
(PLF) studies. DG integration in distribution network has
several benefits such as reduction in system power loss,
reduced emission, increase in system reliability, improved
power quality and deferral of transmission upgrades. Due to
the small capacity of DGs in comparison with central power
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plant, its impacts are minor if the penetration level (1-5%)
is low. However, if the penetration level of DGs reaches the
40% level, the DGs impact cannot be neglected [8]. In the
literature, the system voltage constraint is taken as one of the
criteria for finding the maximum penetration level of DGs
[9-14].

The voltage sensitivity-based analytical method is used to
determine the maximum penetration limit of DGs in the dis-
tribution network without violating the voltage constraints
[9]. The maximum penetration of solar PV-based DGs with
various time-varying load models, i.e., residential, industrial
and commercial, were investigated [10]. It was observed that
penetration limit depends upon the types of load and system
size. The effect of PV locations on maximum penetration lim-
its was studied [11], and it was found that in 86% of cases the
maximum penetration level could go beyond 30%. However,
the voltage violations were observed in low voltage (LV) dis-
tribution network due to the high penetration of rooftop solar
PV penetration [12]. The eigenvalue analysis was performed
to determine the maximum penetration of grid connected
solar PV system [13]. A literature review on solar PV pene-
tration limit due to voltage violations in LV network was done
in [14]. The review reveals the fact that high penetration level
can be achieved in LV network as compared to medium volt-
age (MV) network. In order to solve the problem of voltage
violations in large solar PV integrated network, the on-load
tap changer (OLTC) fitted transformer could be the potential
solution [15]. Itis observed that installation of energy storage
systems (ESS) at PV location is capable to raise the PV pene-
tration level [ 16, 17]. It is observed from literature survey that
very little work has been reported on maximum penetration
limit of wind energy. The penetration limit of wind energy
in the distribution network can be increased by implement-
ing active network control such as generation curtailment,
reactive power absorption with coordinated OLTC control
[18]. The analytical techniques with the use of determinis-
tic load flow are usually employed to evaluate the maximum
penetration limit of DGs. Due to the uncertainty associated
with the power output of DGs and system load demand,
the probabilistic-based methods are required to evaluate the
accurate estimation of the maximum penetration level of
DGs. The MCS-based probabilistic approach is made use of
to evaluate the maximum penetration limit of DGs in LV net-
work [19, 20]. The impact on voltage stability due to the large
penetration of DGs in the distribution networks is less eval-
uated. The voltage stability-based P-V/Q-V curve method
is explored along with MCS and empirical distribution func-
tion (EDF) in the radial distribution network to determine
maximum penetration level of DGs [21]. The probabilis-
tic continuous power flow (CPF) method with load demand
variation is used to determine the probabilistic voltage sta-
bility margins [22]. The stochastic response surface method
(SRSM) is adopted to determine the probabilistic load mar-
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gins in [23]. In [24], the authors have investigated the static
voltage stability margins in the distribution network using
two-point estimation method (2PEM) and CPF technique.
Moreover, the probability density function (PDF) of the crit-
ical voltage stability is evaluated using Cornish—Fisher series
expansion. In [25], the variations in load demand of the sys-
tem are taken as hyper-cone model. The intersection point
of the transfer limit surface and the loading hyper-cone is
utilized to evaluate the worst case loading. In [26], the assess-
ment of voltage stability margins is done using probabilistic
load flow considering random variations in load demands,
generation unit unavailabilities and topological variations.
In [27], for determining the probabilistic voltage stability
margin, the maximum entropy method is utilized. The prob-
abilistic load flow for the unbalanced distribution network is
proposed in [28] considering uncertainties of load and wind
power generation.

In order to investigate the maximum penetration level
of DGs in the radial distribution network, the researchers
have taken either wind energy or solar PV-based DGs. But
evaluation of the penetration limit of hybrid DGs based on
a combination of solar PV and wind on the distribution
network has not been investigated so far as per author’s
knowledge. The deterministic load flow is usually employed
to assess the maximum penetration of DGs. Due to uncer-
tainty associated with power output of DGs and system load,
for accurate estimation of maximum penetration level proba-
bilistic approaches are required. Although some probabilistic
studies have been investigated with MCS for determining
maximum DG penetration, no studies have been investigated
with analytical methods such as point estimation method as
per author’s knowledge. In probabilistic load flow with non-
Gaussian input random variables, Cornish—Fisher expansion
has found better performance than the Gram—Charlier expan-
sion for obtaining PDF and CDF of output variables [29]. In
this paper, Hong’s 2m + 1 point estimation method is explored
for the probabilistic load flow study [30], whereas Cornish—
Fisher expansion has been utilized for obtaining the PDF
and CDF of output variables. Voltage stability index (VSI)
is used to obtain a suitable location of DGs from voltage
stability point of view. To analyze the effect of large pene-
tration of renewable DGs, four different scenarios are taken
into account. The rest of the paper is organized as follows:
Sect. 2 elaborates modeling of renewable energy sources and
system load. Section 3 explores Hong’s 2m + 1 point esti-
mation method coordinated with Cornish—Fisher expansion,
MCS method and VSI that has been considered. Section 4
describes the proposed algorithm for investigation of proba-
bilistic voltage stability for different load levels. In Sect. 5,
case study is performed on 33-node radial distribution test
network. Finally, Sect. 6 concludes the research work.



Arabian Journal for Science and Engineering (2020) 45:1473-1498

1475

2 Modeling of Renewable Energy Sources
and Load

2.1 Photovoltaic Modeling

The uncertainty associated with solar irradiance can be mod-
eled as a beta probability density function (PDF) [31]. The
PDF for beta distribution is given as follows:

fo(s) = % xs@ D x 1-5PD for0<s<1,a>0,>0
0

otherwise

ey

where s is solar irradiance in kW/m?Z; fu(s) is beta distribu-
tion function of s; o, B are parameters of beta distribution
function.

The parameters of the beta PDF depend upon mean () and
standard deviation (o) of the random variables and calculated
as follows:

1 —
ﬂ:(l_u)x<¥_l>
w= 2P @)
—H

In general, the solar PV park is constructed using the large
number of PV panels arranged in arrays. Each PV panel has a
large number of solar cells arranged in series. The current—
voltage (I-V) characteristics under standard test conditions
(irradiance level of 1000 W/m? for temperature of 25 °C) can
be determined as follows:

I = sy[Isc + Ci (T, — 25)] 3)
V=Vo—CyxT, @

where s, is the average solar irradiance, /. is the short circuit
current, Cy and C;j are voltage temperature coefficientin V/°C
and current temperature coefficient in A/°C, respectively, V.
is the open circuit voltage, and 7 is the cell temperature in
°C which can be expressed as follows:

&)

Not — 20
T, = Ta +sa(OT—>

0.8

where T 5 is the ambient temperature in °C and Nor is the
nominal operating temperature of cell in °C. The power out-
put P from PV array can be determined as follows:

Ps(s) = N % FF x V¢ * I 6)

where N is the number of PV panels and FF is the fill fac-
tor, which depends upon module characteristics and given as
following:
Vinpp * 1
Voe * Isc

where V impp and Impp are the voltage and current at maximum
power point, and V. and Iy are open-circuit voltage and
short-circuit current, respectively.

2.2 Wind Energy Generator Modeling

Wind speed is unpredictable and varies with time and geo-
graphical location. A Weibull probability density function is
used to model wind speed behavior [32].

=85 sl ()

where vy, is wind speed; a and b are shape index and scale
index, respectively. When a = 2, the PDF is called Rayleigh
PDF (f;(v)) and modeled as follows.

2v Uy \ 2
fitw) = <b_2w> exp[—(;w) } ©)
For modeling wind turbine generator’s output power, first
the wind speed samples are generated through Weibull PDF
and then transformed into power output using the following

mathematical model. The power output from wind farms can
be considered as negative load in the corresponding bus.

0 for vy, < Vior vy > V)
3 _y3
Py = Pr<l‘)/‘§ ‘3>for\/i<vW<Vr (10)
=Y
Py for Vi <vy < Wy

where Vj, Vi, and V,, are cut-in speed, rated speed and cut-
off speed of wind turbine, respectively. Pyt represents the
output power of a wind turbine.

2.3 Load Modeling

The uncertainty in active and reactive power load demand is
described by a normal distribution function [33]. The normal
probability density function can be determined by Eqgs. (11)
and (12), respectively.

2
1 <PL[ - MPL[.)
F(PL) = ————— oxp| -~ L
,/2710PZ. ZUPL-
1 1
2
1 (QL,' - H‘QLI-)
f(QL,') = exp| — 2 (11)
A% Zﬂo-Qii ZUQL:'
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where f(Pr;) and f(Qy;) are the normally distributed active
and reactive powers at node i; wpz; and pgz; represent
the mean values which are base active and reactive power
demands at any node i. The standard deviation of active (o pr;)
and reactive (o gr;) power load demand varies between 5 and
10% of base load demand at any node i.

3 Probabilistic Power Flow and Voltage
Stability Index

3.1 Hong’s 2m + 1 Point Estimation Method

In Hong’s 2m + 1 point estimation method (PEM), the deter-
ministic load flow has to be evaluated k x m times for each
input random variable [30], where m represents the total input
random variables and k is the number of standard locations.
The input vector in each evaluation process is determined as
follows:

(l'l/plalu’plv"'Pl,kﬂ"'vl'l/pm) (12)

where P assigned to the input random variable P; while
the remaining m — 1 input random variables are fixed in
their corresponding mean (up;). The Py is calculated using
Eq. (13)

Py = ppr +&k0p1 (13)

where w1, represents mean value and o p; represents the stan-
dard deviation of input random variable P;. §; x is the standard
location which depends upon the number of estimated points.

In 2m + 1 method standard location could be calculated
as follows:

M3 - 3
Sk =—"+ (=¥ * e - Zk’zﬁ

§3=0 (15)

k=1,2 (14)

where A1 3 and A 4 are the skewness and kurtosis of input ran-
dom variable P;. After estimating sample points, the fitness
function is evaluated for all estimated points. The expected
values of outputs are determined by Eq. (16)

m 3
EZ) =33 w.Z{, (16)
=1 k=1

where Z and E(Z) are output vector and expected value of
output random variable, respectively. The weighting coeffi-
cients w; are calculated as follows:

=— k=1,2 17
&u(&1 — &) a7
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(18)
Approximate mean and moments are calculated as fol-
lows:

ki = EZ)
ks = E(Z*) — E(Z)?
ks = E(Z%) — 3E(Z*)E(Z) +2E(Z)}

ks = E(ZY) — 4E(Z3)E(Z) + 6E(Z*)E(Z)* — 3E(Z)*
(19)

3.1.1 Cornish—Fisher Expansion

The statistical moments obtained from PEM can be used
with some expansion series to obtain the PDF and CDF
of the output random variables. Cornish—Fisher, Edgeworth
and Gram—Charlier expansion series are used in the litera-
ture [34]. In this research paper, Cornish—Fisher expansion
is used to compute the PDF and CDF of the output random
variables. It is used to obtain the quantile « of the probability
distribution F(x), where &(a) = &~ («) and & is the PDF of
a standard normal distribution N (0, 1).

2(@) — 1 3(@) =3
X@) zg(ahs (a6> k3+s (a)24 s<a)k4
283 () — 5E(a) 5
— Tk3 (20)
M~u+oxX (21)

where ¢ and o are mean and standard deviation of output
random variables.

3.2 Monte Carlo Simulation Method

To solve the uncertainties in the load flow problem, Monte
Carlo simulation (MCS) is recognized as benchmark method.
MCS is an iterative method which utilizes PDF of input
random variable to determine the final result [2]. Also, for
obtaining the suitable convergence, large numbers of iter-
ations are required. In the present study, to keep higher
accuracy 20,000 samples are considered. In the present study,
the stopping criteria are based on number of samples or iter-
ations or coefficient of variation tolerances. Moreover, MCS
method requires high computational efforts.

3.3 Voltage Stability Index (VSI)

The different voltage stability indices (VSIs) have been
proposed in the literature for the assessment of voltage sta-
bility. These indices are used for DGs placement and sizing,
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Fig. 1 Equivalent circuit of radial distribution network

detecting the weak lines and buses and triggering the coun-
termeasures against voltage instability. These indices can be
broadly classified into line and bus voltage stability indices.
In the literature, various line voltage stability indices, such
as fast voltage stability indices (FVSI), line stability index
(Lmn), line stability factor (LQP), line stability index (Lp),
novel line stability index (NLSI), voltage collapse proxim-
ity index (VCPI), and bus voltage stability indices, such as
voltage collapse prediction index (VCPlyys), L-index, volt-
age stability index (VSlyys), impedance matching stability
index (ISI), have been proposed [35]. With the development
of economy and a sharp increase in load demand, voltage sta-
bility is considered as an important issue in the distribution
network. The loading margin of the system is calculated from
voltage instability techniques such as PV-QV curve method,
bifurcation analysis, modal analysis and voltage stability
indices. Among various available methods, voltage stabil-
ity index (VSI) has emerged as very fast and effective tool
for off-line voltage stability assessment. In this work, VSI
proposed by Chakravorty and Das [36] is utilized for finding
weak buses in the network from voltage stability point of
view.

From the equivalent circuit (Fig. 1) of radial distribution
network, the following expressions can be deduced.

Vi—V;

Lj = —— (22)
rij + JXij

Pi—jQ;=V/IL (23)

where i and j are sending and receiving nodes, respectively;
I;; is branch current; V;, V; are voltage at node i and j, respec-
tively; P;, Q; are total real and reactive load power fed from
node j. From Egs. (22) and (23), following expression can be
written.

vi[* - [lVil2 —2Pjrij —ZQin./}|Vj|2+ {sz+ Q?}

{r,?j +x,.2j} —0 (24)
Let
b=|Vi|* = 2Pjrij — 20 xij (25)
c={pPr+ 02|23 +2 ] (26)

Vil* = b|v; +c=0 27

The feasible solution of Eq. (27) is unique and can be
obtained as follows.

|Vi| =0.707 b + Vb? — 4c (28)

b*> —4c >0 (29)

From Egs. (25), (26) and (29)

—4(P2+ @3) (i +3) 20
(30)

2
<|Vi|2 —2Pjrij — 2ijij)

Rearranging Eq. (16), we get

2
Vil* —4(Pjxij — Qjrij)” — 4(Pjrij + Qjxij)IVil* = 0
(31)

Voltage stability index of node j can be expressed as

2
VSL=|Vil* = 4(Pjxij — Qjrij)” = 4(Pjrij + Qi) Vi
(32)

The minimum value of the stability index at any node
represents that the node is more sensitive to voltage collapse.
For stable operation of distribution network, VSI value must
be >0.

4 Proposed Algorithm

This section caters to the formulation of proposed proba-
bilistic method for static voltage stability analysis in radial
distribution network.

Step I  For probabilistic study, beta and Weibull PDF have
been utilized for solar irradiance and wind speed
data, respectively. The uncertainty with load demand
is investigated using normally distributed PDF. The
nominal load demand at each node has been taken
as mean value with 5% standard deviation

In test network undertaken for study, the connected
loads at each node has to increase in steps until VSI
at any node falls to nearly zero value. The node with
the lowest value of VSI is considered as weak bus
from the stability viewpoint and hence considered
as weak bus from stability viewpoint and hence con-
sidered as the optimal location for DG placement.
The VSI-CPF-based algorithm used to identify the
optimal placement of DGs in the radial distribution
network is shown in Fig. 2.

Step 2

@ Springer



1478 Arabian Journal for Science and Engineering (2020) 45:1473-1498

Initialize

Read load and branch network data
Branch and load data of system

L]
¢ e Maximum number of samples (Nyax)
- . e Weibull PDF parameters [Shape index, Scale index]
Initialize the maximum o
L]
L]

. Beta PDF parameters [o and B]
number of DGs location ..
Load demand parameters [mean (1) and standard deviation (c)]

]‘g Load levels: Light(0.5), Nominal(1.0), Heavy(1.5)
Execute the CPF and find the node l
voltages at collapse point

l Generate N, samples of wind speed, solar irradiance, active
Find voltage stability index (VSI) value for all nodes using and reactive load demand using Weibull, Beta and Normal
formula PDF
VSl =Vf —4(P.X, -~ Q.R,) —4(BoR, = 00X, V[

mtm

For m=1 to Ny,

l Calculate wind and solar PV power output for each sample of

Determine the node which have least VSI ) w1{1d speed and solar irradiance
value and select it as DG location Active and reactive power demand for each sample of load

l demand in selected load level

v

Set sample counter
Sample=0;

Place DG at selected node

<

A 2l

YES

IF
DG _loc <=Max_DG

Sample=Sample+1

A 4

NO Execute deterministic load flow and
obtain voltage profile, power loss

End the process and print the
results

A 4

Find voltage stability index node 2 to
maximum number of node

v

Save results

Fig. 2 Flow chart for VSI-CPF-based algorithm for DGs placement

Step 3 It is assumed that the DG units are operating at
unity power factor. Only one type of DG can be con-
nected to a particular node. To study the impact of
renewable-based DG penetration on the distribution
network, the following scenarios were investigated. No

Fig. 3 Flow chart for MCS method

Scenario I No DG units are connected to the radial
distribution network, and hence, this is considered
as base scenario.

Scenario II Only solar photovoltaic-based DGs
are connected to the radial distribution network.
Scenario I1I Only wind-based DGs are connected
to the radial distribution network.

Scenario IV The hybrid DGs based on both wind

Step 4 Using Hong’s 2m + 1 point estimation method,
the expected values of output random variables are

and solar PV are connected to the radial distribu-
tion network.

@ Springer

found. Also the means and moments (k1, k7, k3, k4)
are obtained. For deterministic load flow of distribu-
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Set parameters
Nvar: Number of variables
Load level- Light (0.5), Nominal (1.0), Heavy (1.5)
Wind energy, Solar PV power output, Active and
reactive load demands (Mean, Standard deviation,
Skewness, Kurtosis)

v

Initialize counter

Calculate standard central
moments (A;; and A; ;) and
Standard locations (&, &> and
&3

<
«

A 4

k=k+1

Evaluate
Pi=1p1t130p
(Wp, 1 U2, . Pty o My M)

Execute deterministic load flow
and obtain voltage profile and
power losses
v
Evaluate voltage stability index
(VSI) from node 2 to maximum
number of nodes

Store the results

Yes
K<=3
No
Yes
1 <= Nvar
No

Compute CDF and PDF of VSI, voltage
magnitude using Cornish-Fisher expansion
series

Fig.4 Flow chart for 2m + 1 PEM method

tion network, the method proposed in [37] has been
utilized

Step 5 The PDF and CDF of output random variable using
Cornish—-Fisher expansion is found out

Step 6 The major issues associated with the renewable inte-
grated radial distribution networks such as voltage
stability, network power loss reduction are investi-
gated using various scenarios and compared with the
benchmark MCS method
The flow charts to study the impact of the hybrid
DGs penetration on the radial distribution network
at various load levels using MCS and 2m + 1 PEM
are shown in Figs. 3 and 4, respectively.

5 Result and Discussion

The developed probabilistic-based algorithm is examined
through two test systems, i.e., IEEE 33 and 69 node radial
distribution networks. The single-line diagram of 33 and 69
node radial distribution networks is shown in Figs. 5 and 6,
respectively.

It is assumed that wind and solar PV-based DGs are oper-
ating at constant power mode and hence no voltage regulation
is performed under normal operating conditions. For the
selected radial distribution network, the substation voltage is
considered at 1 pu. The selection of DG locations is limited
to three, since if it is more than three, then the improve-
ment in the percentage loss reduction is not appreciable [38].
The optimal locations of DGs for each penetration level are
selected from VSI-CPF-based algorithms. In order to study
the uncertainties associated with wind and solar PV-based
DGs and load demand, the 2m + 1 PEM (a probabilistic
power flow method) has been adopted and compared with
the benchmark MCS method. The following scenarios have
been investigated in this study.

Scenario I NO DG units are integrated into the distribution
network (Base Case).

Scenario II Only solar PV-based DGs are integrated into
the distribution network.

Scenario III Only wind energy-based DGs are integrated
into the distribution network.

Scenario IV The hybrid DGs based on wind energy and
solar PV are integrated into the distribution network.

All scenarios are programmed in MATLAB environment,
and simulations are carried out on computer with i7 proces-
sor, 2.4 GHz with 8 GB RAM.

@ Springer
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Fig.5 IEEE 33-node 23 24 25
distribution network
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b52
66 o b66 .67
13 14 15 16 17 1819 20 2122 23

37 38 39
b37 " b38 = b39 "b40 T ba1

40 41 42 43

36

Fig. 6 IEEE 69 node radial distribution network

5.1 Test System-I (IEEE 33-Node Radial Distribution
Network)

The total active and reactive power load demand in the 33-
node radial distribution network is 3.72 MW and 2.3 MVAr,
respectively [39]. The penetration level (PL) of DGs is incre-
mented in steps of 10% for the particular type of renewable
energy resource. The optimal locations are identified using
VSI-CPF-based algorithm and shown in Table 1.

To analyze the performance, the network is simulated at
three load levels, i.e., light load (0.5), nominal load (1.0) and
heavy load (1.5) for each scenario. For wind energy-based
DGs, the samples of wind speed are generated using Weibull
PDF. The shape (a) and scale index (b) for Weibull density
functions are taken as 6 m/s and 1.4, respectively. Similarly,
for solar PV-based DGs, the samples of solar irradiance are
generated using beta PDF. The parameters for beta density

@ Springer
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Table 1 Location of DGs at different penetration levels in 33-node dis-
tribution network

Sr. no. 9% PL DGs size (kW) Selected locations
1 10 372 18, 33, 32
2 20 744 18, 33, 32
3 30 1116 18, 33, 31
4 40 1488 18, 33, 30
5 50 1860 18, 33, 30
6 60 2232 18, 33,29

functions are « = 2.57, B= 1.6. The system load demand
at any load is modeled using normal PDF, where mean (u)
is taken as the system base load with standard deviation (o)
of 5% of load demand. The random samples generated with
Weibull, beta and normal PDF are mapped into correspond-
ing PDF which are shown in Fig. 7.
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Fig.7 a Wind speed mapped into Weibull PDF, b solar irradiance mapped into beta PDF, ¢ active power load at node 2 mapped into normal PDF,

d reactive power load at node 2 mapped into normal PDF

The various characteristics of solar PV module and wind
turbine selected in this study are shown in Tables 2 and 3,
respectively.

The capacity factor for a DG unit can be defined as the
ratio of average output power over a period of time to its rated
power output. From Figs. 8 and 9, it is observed that the wind
turbine C has the highest capacity factor (0.2540), whereas
the PV module B has the highest capacity factor (0.4264) and
hence selected for the study.

It is observed from Table 4, for scenario I, that power
loss at light, nominal and heavy load conditions is 47.09 kW,
202.76 kW and 496.72 kW, respectively. The minimum volt-
age at light, nominal and heavy load is 0.9583, 0.9131 and
0.8634 pu, respectively. The minimum VSI at any node for
the base case at light, nominal and heavy loads is 0.8442,
0.6969 and 0.5582, respectively.

In scenario II, the integration of solar PV-based DGs into
33-node radial distribution network is taken up. The impact
on voltage stability, power losses and voltage profile of dis-

tribution network at different penetration levels (incremented
from 10 to 60% in steps of 10%) of solar PV base DGs is
analyzed. At the 10% penetration level, the solar PV units
are placed at node 18, 33 and 32, respectively. The equal
penetration level of DGs is considered at the selected opti-
mal locations. The active power losses at 10% penetration
level for light, nominal and heavy loads are 37.62, 160.19
and 386.15, respectively. Also, the minimum voltage at any
node of network for light, normal and heavy load demand is
improved to 0.9646, 0.9268 and 0.8859 pu, respectively. Sim-
ilarly, the minimum VSI has enhanced to 0.8658, 0.7377 and
0.6161 pu for light, nominal and heavy load demands, respec-
tively. It is also observed that the percentage improvement
in voltage and VSI depends on load demand. The percent-
age improvement in VSI for light, nominal and heavy load
is 2.5%, 5.85% and 10.72%, respectively.

Similar results are obtained for the minimum voltage of the
network. Therefore, it can be concluded that under heavy load
condition, DGs integration has a greater impact on the volt-
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Table 2 Characteristics of the

PV module

Table 3 Characteristics of wind

turbine

0.3

0.25

0.2

0.15

Capacity Factor

0.1

0.05

o

Module characteristics Module type

A B C D
Peak power (W) 145 180 230 245
Voc: open circuit voltage (V) 37 44.2 37.1 37.2
I short circuit current (A) 5.21 5.36 8.18 8.62
Vmpp: voltage at maximum power (V) 29.8 36.2 29.9 30.2
I'mpp: current at maximum power (A) 4.87 4.97 7.65 8.1
Cy: voltage temperature coefficient (%/°C) 0.366 0.386 0.361 0.369
Cj: current temperature coefficient (%/°C) 0.046 0.044 0.102 0.087
Nor: nominal operating cell temperature 48.6 45.8 47.4 499
Features Wind turbine A Wind turbine B Wind turbine C Wind turbine D
Rated power 850 kW 600 kW 1 MW
Cut-in speed (m/s) 4 3 3.5
Rated speed (m/s) 16 13.5 15.5
Cut-out speed (m/s) 25 20 25

2 3
Wind Turbine Types

I Turbine Type-A
I Turbine Type-B
N Turbine Type-C
I Turbine Type-D

Fig. 8 Capacity factor for solar photovoltaic modules
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Fig. 9 Capacity factor for wind turbine modules
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age profile improvement and voltage stability enhancements,
whereas the percentage active power loss (% APL) reduc-
tion is independent to system load demand. At 20% solar
PV-based DGs penetration, the power losses are reduced to
30.91 kW, 130.53 kW and 311.41 kW under light, nomi-
nal and heavy load demands, respectively. Approximately
15% reduction in power losses has been observed with 20%
penetration level compared to 10% penetration level under
all considered load demands. With the increase in penetra-
tion level (i.e., 30% and 40%) the percentage of reduction
in power losses is decreasing. Under 50% penetration level,
the percentage power loss reduction is almost constant com-
pared to 40% penetration level. Above 50% penetration level,
it is observed that % APL reduction is not appreciable.
Therefore, the 40-50% can be considered as a penetration
limit for solar PV-based DGs. Moreover, it is also observed
that after 40% penetration level the percentage improve-
ment in minimum voltage magnitude and voltage stability
had also become approximately constant. In scenario III, the
integration of wind energy-based DGs into 33-node radial
distribution network is studied. The penetration level up to
40% is investigated in this scenario. Similar to scenario II,
the wind energy-based DGs are optimally placed at nodes 18,
33 and 32, respectively. At the 10% penetration level, it is
observed that the system power losses have been reduced to
39.15 kW, 167.03 kW and 405.30 kW under light, nominal
and heavy load demands, respectively. Also, the minimum
voltage at any node of network under light, nominal and
heavy load demands has improved to 0.9646, 0.9266 and
0.8851 pu, respectively. Similarly, the minimum VSI has
enhanced to 0.8659, 0.7381 and 0.6164 for light, nominal
and heavy load demands, respectively. The % APL reduc-
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Table 4 Results analysis of 33-node radial distribution network for scenarios I, II and III using 2m + 1PEM

Case study DG penetration level Items Load levels

Light load Nominal load Heavy load

Without DGs (scenario I) - Power loss (kW) 47.09 202.76 496.72
Size of DG (kW) - - -
Minimum voltage (pu) 0.9583 0.9131 0.8634
Minimum VSI (pu) 0.8442 0.6969 0.5572
% APL reduction - - -
Solar photovoltaic-based DGs 10% Power loss (kW) 37.62 160.19 386.15
(scenario II) Size of DG (kW) 186.55 371.65 557.96
Solar PV DG location 18,33,32 18,33,32 18,33,32
Minimum voltage (pu) 0.9646 0.9268 0.8859
Minimum VSI (pu) 0.8658 0.7377 0.6161
% APL reduction 20.11 20.99 22.26
20% Power loss (kW) 3091 130.53 311.41
Size of DG (kW) 373.22 743.81 1116.6
Solar PV DG location 18,33,32 18,33,32 18,33,32
Minimum voltage (pu) 0.9705 0.9392 0.9057
Minimum VSI (pu) 0.8872 0.7782 0.6736
% APL reduction 34.35 35.62 37.30
30% Power loss (KW) 26.74 112.21 265.71
Size of DG (kW) 557.96 1115.1 1673.9
Solar PV DG location 18,33,31 18,33,31 18,33,31
Minimum voltage (pu) 0.9755 0.9496 0.9221
Minimum VSI (pu) 0.9057 0.8137 0.7241
% APL reduction 43.21 44.65 46.50
40% Power loss (kW) 24.35 101.82 239.94
Size of DG (kW) 747.58 1489.7 2228.4
Solar PV DG location 18,33,30 18,33,30 18,33,30
Minimum voltage (pu) 0.9803 0.9594 0.9369
Minimum VSI (pu) 0.9239 0.8479 0.7724
% APL reduction 48.29 49.78 51.71
50% Power loss (kW) 24.56 101.74 51.71
Size of DG (kW) 929.03 1854.3 2790.3
Solar PV DG location 18,33,30 18,33,30 18,33,30
Minimum voltage (pu) 0.9898 0.9687 0.9511
Minimum VSI (pu) 0.9409 0.8816 0.8207
% APL reduction 47.84 49.82 52.07
60% Power loss (kW) 26.09 107.23 249.27
Size of DG (kW) 1114.7 2228.5 3345.6
Solar PV DG location 18,33,29 18,33,29 18,33,29
Minimum voltage (pu) 0.9885 0.9758 0.9620
Minimum VSI (pu) 0.9549 0.9077 0.8587
% APL reduction 44.59 47.11 49.81
Wind energy-based DGs (scenario I1I) 10% Power loss (kW) 39.15 167.03 405.30
Size of DG (kW) 186.54 374.10 559.04
Wind energy DG location 18,33,32 18,33,32 18,33,32
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Table 4 continued

Case study DG penetration level Items Load levels
Light load Nominal load Heavy load

Minimum voltage (pu) 0.9646 0.9266 0.8851
Minimum VSI (pu) 0.8659 0.7381 0.6164
% APL reduction 16.86 17.62 18.40

20% Power loss (kW) 36.72 156.13 375.69
Size of DG (kW) 374.81 744.11 1148.8
Wind energy DG location 18,33,32 18,33,32 18,33,32
Minimum voltage (pu) 0.9703 0.9382 0.9042
Minimum VSI (pu) 0.8874 0.7782 0.6765
% APL reduction 22.02 22.99 24.36

30% Power loss (kW) 39.99 162.90 388.38
Size of DG (kW) 556.81 1118.9 1673.4
Wind energy DG location 18,33,31 18,33,31 18,33,31
Minimum voltage (pu) 0.9751 0.9480 0.9179
Minimum VSI (pu) 0.9055 0.8134 0.7228
% APL reduction 15.07 19.65 21.81

40% Power loss (kW) 44.04 179.30 422.52
Size of DG (kW) 749.51 1487.9 2236.6
Wind energy DG location 18,33,30 18,33,30 18,33,30
Minimum voltage (pu) 0.9797 0.9562 0.9309
Minimum VSI (pu) 0.9239 0.8455 0.7720
% APL reduction 6.47 11.57 9.31

tion under light, nominal and heavy load conditions is 16.86,
17.62 and 18.40, respectively, which are less compared to
scenario II, whereas the minimum voltage and VSI improve-
ment are almost invariant. At the 20% penetration level,
the system power losses have been reduced to 36.72 kW,
156.13 kW and 375.69 kW, respectively. The minimum volt-
age at any node of the network under light, normal and heavy
load demands has improved to 0.9703, 0.9382 and 0.9042 pu,
respectively. Similarly, the minimum VSI has enhanced to
0.8874,0.7782 and 0.6765 for light, nominal and heavy load
demand, respectively. It is observed that at the 30% pene-
tration level, the power losses have started to increase and
hence 20% is considered as a suitable penetration limit for
wind-based DGs.

Throughout the year, the wind speed and solar irradi-
ance are weakly anticorrelated (—0. 4 <p < — 0. 24) [40].
To investigate the maximum penetration level of hybrid
renewable-based DGs, the 70% power output from wind-
based DGs and 30% power output from solar PV-based DGs
have been considered. The integration of hybrid-based DGs
in 33-node radial distribution network has been investigated
in this scenario.

The penetration level of hybrid DGs is considered up to
40%. The nodes 18, 33 and 32 are identified for the optimal
placement of hybrid energy-based DGs. Based on selected

Springer

locations, three case studies are investigated. For 10% hybrid
DG penetration, in case I, the solar PV-based DG is placed
at node 18, whereas wind energy-based DGs are placed at
nodes 33 and 32, respectively. In case I, the solar PV-based
DG is placed at node 33, whereas wind energy-based DGs are
placed at nodes 18 and 32, respectively. In case III, the solar
PV-based DG is placed at node 32, whereas wind-based DGs
are placed atnodes 18 and 33, respectively. In other words, the
solar PV and wind energy-based DGs are shuffled at the three
selected optimal locations at different penetration levels. It
is observed from Table 5 that in case II the % APL reduction
for different load demands is more compared to case I and
case III. At the 10% penetration level, the % APL reduction
is 20.36, 21.43 and 20.43 for light, nominal and heavy load
demand, respectively. Therefore, it can be concluded that the
solar PV-based DG should be placed at node 33, whereas
the wind energy-based DGs should be placed at nodes 18
and 32, respectively. In case II, the power losses have been
reduced to 38.50 kW, 162.29 kW and 395.23 kW, respec-
tively. Also the minimum voltage at any node in the network
has improved to 0.9648, 0.9299 and 0.8860 for light, nominal
and heavy load demands, respectively. The minimum VSIin
the network is also improved to 0.8664, 0.7392 and 0.6183
for light, nominal and heavy load demand, respectively.
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Table 5 Results analysis of 33-node distribution network with hybrid DGs using 2m + 1 PEM

Penetration level (%) Parameters Case I Case I1 Case 111

Light Nominal Heavy Light Nominal Heavy Light Nominal Heavy

10 Power loss (kW) 39.60  162.77 397.72 3850  162.29 39523 38,50  162.29 395.41
Size of solar PV DG (kW)  56.04  111.86 168.08 56.04  111.86 168.08 56.04  111.86 168.08
Size of wind energy DG 130.22  262.49 393.03 130.22 262.49 393.03 130.22 262.49 393.03

(kW)
DG location (W-Wind, S-18 S-18 S-18 S-33 S-33 S-33 S-32 S-32 S-32
S-Solar)
W-33 W-33 W-33 W-18 W-18 W-18  W-18  W-18 W-18
W-32 W-32 W-32 W-32 W-32 W-32 W-33  W-33 W-33
Minimum voltage (pu) 0.9643 0.9261 0.8846 0.9648 0.9299 0.8860 0.9648 0.9299 0.8860
Minimum VSI (pu) 0.8646 0.7357 0.6128 0.8664 0.7392 0.6183 0.8664 0.7392 0.6183
% APL reduction 18.02  21.22 1993 2036 2143 2043 2036 2143 20.39
20 Power loss (kW) 34.56 146.28 350.72 33.82 143.19 34375 33.88 143.43 344.35

Size of solar PV DG (kW)  111.93 223.31 335.00 111.93 223.31 335.00 111.93 223.31 335.00
Size of Wind energy DG 260.87 525.53 779.22  260.87 525.53 779.22  260.87 525.53 779.22

(kW)
DG location (W-Wind S-18 S-18 S-18 S-33 S-33 S-33 S-32 S-32 S-32
S-Solar)
W-33  W-33 W-33 W-18 W-18 W-18  W-18  W-18 W-18
W-32 W-32 W-32 W-32 W-32 W-32 W-33  W-33 W-33
Minimum voltage (pu) 0.9698 0.9377 0.9030 0.9706 0.9392 0.9048 0.9706 0.9392 0.9048
Minimum VSI (pu) 0.8849 0.7738 0.6663 0.8882 0.7807 0.6759 0.8882 0.7807 0.6759
% APL reduction 26.60  27.85 29.39  28.18  29.37 30.79  28.05 29.26 30.67
30 Power loss (kW) 34.01 143.11 339.18 32.80 138.10 328.09 33.02 139.02 330.29

Size of solar PV DG (kW)  167.18 335.07 502.67 167.18 335.07 502.67 167.18 335.07 502.67
Size of wind energy DG 382.88 779.45 11755 382.88 779.45 11755 382.88 779.45 1175.5

kW)
DG location (W-Wind, S-18 S-18 S-18 S-33 S-33 S-33 S-31 S-31 S-31
S-Solar)
W-33  W-33 W-33  W-18  W-18 W-18  W-18  W-18 W-18
W-31 W-31 W-31 W-31 W-31 W-31 W-33  W-33 W-33
Minimum voltage (pu) 0.9746  0.9476 09186 0.9753 0.9420 0.9203 0.9753 0.9490 0.9203
Minimum VSI (pu) 0.9024 0.8075 0.7144 0.9059 0.8155 0.7270  0.9059 0.8154 0.7268
% APL reduction 27.77 2941 31.65 3034  31.88 3394 29.87 3143 33.50
40 Power loss (kW) 3543 146.85 34448 3446 14290 33559 35.37 146.66 344.35

Size of solar PV DG (kW)  222.53 444.56 668.02 22253 444.56 668.02 222.53 444.56 668.02
Size of wind energy DG 521.03 1042 1560.4 521.03 1042 1560.4 521.03 1042 1560.4

(kW)
DG location (W-Wind, S-18 S-18 S-18 S-33 S-33 S-33 S-30 S-30 S-30
S-Solar)
W-33  W-33 W-33  W-18  W-18 W-18  W-18  W-18 W-18
W-30 W-30 W-30 W-30 W-30 W-30 W-33  W-33 W-33
Minimum voltage (pu) 0.9792  0.9567 0.9323 0.9802 0.9582 0.9337 0.9802 0.9581 0.9335
Minimum VSI (pu) 0.9196 0.8393 0.7593 0.9250 0.8503 0.7758 0.9249 0.8500 0.7750
% APL reduction 2476 27.57 30.64 26.82  29.52 3243 2488  27.67 30.67
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Table 6 Results comparison of 33-node radial distribution network with 2m + 1 PEM and MCS methods for different scenarios

Scenarios Penetration level ~ Load levels =~ Monte Carlo simulation 2m + 1 PEM-CF method
Voltage 32 Minimum VSI Voltage 32 Minimum VSI
Mean SD Mean SD Mean SD Mean SD
Without DGs - Nominal 0.9169  0.0011 0.6969  0.0027 0.9169 0.0011 0.6969  0.0027
(Scenario I) Light 09601 52e-04 0.8442 0.0014 09601 52¢-04 08442 0.0014
Heavy 0.8694  0.0019 0.5582  0.0038 0.8694 0.0019 0.5582  0.0038
Solar 10% Nominal 0.9299  0.0041 0.7378  0.0129  0.9299  0.0041 0.7378  0.0129
photovoltaic-based Light 09662 0.0019  0.8659 0.0068 09662 0.0019  0.8658  0.0068
DGs (scenario II)
Heavy 0.8908  0.0066 0.6161 0.0182  0.8908  0.0066 0.6161 0.0182
20% Nominal 0.9425  0.0077 0.7782  0.0232  0.9425  0.0077 0.7782  0.0232
Light 0.9721 0.0037 0.8872  0.0123  0.9721 0.0037 0.8872  0.0123
Heavy 0.9108 0.0122 0.6375 0.0330 0.9108 0.0122 0.6736  0.0329
30% Nominal 0.9539  0.0111 0.8137  0.0315 0.9538 0.0111 0.8137  0.0315
Light 0.9776  0.0054 0.9057 0.0166 0.9776  0.0054 0.9057  0.0166
Heavy 0.9286 0.0171 0.7241  0.0446  0.9286 0.0171 0.7241 0.0447
40% Nominal 0.9624  0.0135 0.8479  0.0421  0.9624  0.0135 0.8479  0.0421
Light 0.9819  0.0065 0.9239  0.0219  0.9819  0.0065 0.9239  0.0219
Heavy 0.9416  0.0207 0.7724  0.0597 0.9416  0.0207 0.7724  0.0597
50% Nominal 0.9730  0.0164 0.8816  0.0422  0.9730 0.0164 0.8816  0.0422
Light 0.9870  0.0081 0.9409  0.0222  0.9870  0.0081 0.9409  0.0222
Heavy 0.9576  0.0250 0.8207 0.0603 0.9576  0.0250 0.8207  0.0603
60% Nominal 0.9808 0.0185 0.9077 0.0490 0.9808 0.0185 0.9077  0.0491
Light 0.9909  0.0093 0.9589  0.0258  0.9909  0.0093 0.9549  0.0258
Heavy 0.9694  0.0280 0.8587 0.0703 0.9694  0.0280 0.8587  0.0703
Wind energy-based 10% Nominal 0.9297  0.0145 0.7381 0.0472 09297 0.0145 0.7381 0.0472
DGs (scenario III) Light 0.9661 0.0069 0.8658  0.0249  0.9661 0.0069 0.8659  0.0250
Heavy 0.8901 0.0232 0.6164  0.0671 0.8901 0.0232 0.6164  0.0671
20% Nominal 0.9415  0.0276 0.7783  0.0867 0.9415 0.0276 0.7782  0.0867
Light 0.9720  0.0135 0.8874 0.0458 0.9720 0.0135 0.8874  0.0458
Heavy 0.9093  0.0437 0.6765 0.1194 0.9093  0.0437 0.6765 0.1194
30% Nominal 0.9521 0.0387 0.8135 0.1161 0.9521 0.0388 0.8134 0.1161
Light 0.9771 0.0193 0.9055 0.0614 09771 0.0193 0.9055 0.0614
Heavy 0.9240  0.0588 0.7228 0.1646  0.9240  0.0589 0.7228  0.1647
40% Nominal 0.9592  0.0465 0.8455  0.1536  0.9812  0.0465 0.8455  0.1536
Light 0.9812  0.0238 0.9239  0.0822 0.9356  0.0238 0.9239  0.0822
Heavy 0.9356  0.0705 0.7720  0.2204 0.9304 0.0707 0.7720  0.2205
Hybrid DGs 10% Nominal 0.9304  0.0012 0.7357  0.0084 0.9304 0.0012 0.7357  0.0084
(scenario IV) Light 0.9663  0.0006 0.8646  0.0045 0.9663  0.0006 0.8646  0.0045
Heavy 0.8909  0.0205 0.6128  0.0241 0.8909  0.0205 0.6128  0.0240
20% Nominal 0.9426  0.0247 0.7738  0.0332  0.9426  0.0247 0.7738  0.0333
Light 0.9723  0.0121 0.8849  0.0177 0.9723  0.0121 0.8849  0.0176
Heavy 0.9098  0.0377 0.6663  0.0466  0.9099  0.0376 0.6663  0.0464
30% Nominal 0.9533  0.0345 0.8075  0.0470  0.9533  0.0345 0.8075  0.0469
Light 0.9774  0.0169 0.9024 0.0246 09774 0.0169 0.9024  0.0246
Heavy 0.9266  0.0523 0.7144  0.0662  0.9266  0.0524 0.7144  0.0662
40% Nominal 0.9615 0.0416 0.8393  0.0621  0.9615 0.0416 0.8393  0.0621
Light 0.9818  0.0209 0.9196 0.0329 0.9818  0.0209 0.9196  0.0328
Heavy 0.9387  0.0624 0.7593  0.0878 0.9386  0.0625 0.7593  0.0878
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Fig. 10 Node voltage profile of
33-node distribution network
with solar PV DGs
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Fig. 11 Node voltage profile of
33-node distribution network
with wind DGs
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Fig. 12 Node voltage profile of
33-node distribution network 1.02 T
with hybrid DGs
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At the 20% penetration level, similar to 10% penetration
level, the % APL reduction for different load demands is more
in case II as compared to cases I and III. At the 20% penetra-
tion level, the % APL reduction has increased to 28.18,29.37
and 30.79 for light, nominal and heavy load demands, respec-

tively. The minimum voltage at any node in the network has
improved to 0.9706, 0.9392 and 0.9048 for light, nominal
and heavy load demands, respectively. Also the minimum
VSI in the network has been improved to 0.8882, 0.7807
and 0.6759, respectively. At the 30% penetration level only
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Fig. 13 PDF and CDF for voltage at node 32 and voltage stability index (VSInin) at bus 33 for various scenarios
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Fig. 13 continued

the small improvement has been observed in the % APL
reduction, whereas at the 40% penetration level the % APL
reduction for different load demands has started to reduce as
compared to 30% penetration level. Hence, 30% penetration
level is selected as a penetration limit for hybrid-based DGs
in 33-node radial distribution network. Finally, the results
obtained from 3PEM are compared with the MCS method in
Table 6. The node voltage profile of the test system-I with

=== MCS-Case |

H =~ MCS-Case Il
‘ === MCS-Case Ill 09
i s 2m+1 PEM-CF Case-l |
H = 2m+1 PEM-CF Case-ll | 08
| —— 2m+1 PEM-CF Case-ll | ——MCS-Case Il
l - — . —— 07 2m+1 PEM-CF Case-l
w==w=2m+1 PEM-CF Case-ll
06 === 2m+1 PEM-CF Case-Ill
w
Q o5
o
04
03
02 /
" //
= 0
094 0.96 098 1 0.55 06 0.65 07 0.75 08 0.85 09 0.95
Voltage (pu) Voltage stability index (VSI)
— MCS-Case |
= MCS-Case Il

0.75

2m+1 PEM-CF Case-l
e 2m+1 PEM-CF Case-il
=== 2m+1 PEM-CF Case-Iil

o8

085
Voltage stability index (VSI)

(d) Scenario 4

0.9

solar PV, wind and hybrid DGs is shown in Figs. 10, 11 and
12, respectively. The probability density function (PDF) and
cumulative distribution function (CDF) of voltage at bus 32
and VSI at various scenarios are shown in Fig. 13. Moreover,
the active power losses at different load demands with solar
PV, wind and hybrid DGs are shown in Fig. 14.
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Fig. 14 Active power losses in 33-node network with different types of DGs penetration level

Table 7 Location of DGs at different penetration levels in 69 node dis-
tribution network

Sr. no % PL DGs size (kW) Selected locations
1 10 380.2 61, 64, 65
2 20 760.4 61, 64, 65
3 30 1140.6 61,62, 65
4 40 1520.8 61, 65,27
5 50 1901 61, 65,27
6 60 2281.2 61, 65,27

5.2 Test System-Il (IEEE 69 Node Radial Distribution
Network)

The total active and reactive power load demand in the
69 node radial distribution network is 3.802 MW and
2.696 MVAr, respectively. The penetration level (PL) of DGs
is incremented in steps of 10% for the particular type of
renewable energy resource. The optimal locations of DGs
are identified using VSI-CPF-based algorithm (Table 7).
Similar to 33-node radial distribution network, the perfor-
mance of 69 node radial distribution network is simulated at
three load levels, i.e., light load (0.5), nominal load (1.0) and
heavy load (1.5) for each scenario [41]. For wind energy-
based DGs, the samples of wind speed are generated using
Weibull PDF. The shape (a) and scale index (b) for Weibull
density functions are taken as 6 m/s and 1.4, respectively.

@ Springer

Similarly, for solar PV-based DGs, the samples of solar irra-
diance are generated using beta PDF. The parameters for beta
density functions are @ = 2.57, § = 1.6. The system load
demand at any load is modeled using Normal PDF, where
mean (u) is taken system base load with standard deviation
(o) at 5% of load demand.

The various characteristics of solar PV module and wind
turbine selected in a 69 node network are shown in Tables 2
and 3, respectively. Similar to 33-node network, owing to the
high capacity factor, wind turbine C and the PV module type
B are selected in this study.

It is observed from Table 8, for scenario I, that power loss
of light, nominal and heavy load conditions is 51.67 kW,
255.17 kW and 561.60 kW, respectively. The minimum volt-
age at light, nominal and heavy load is 0.9567, 0.9092 and
0.8560 pu, respectively. The minimum VSI at any node for
the base case at light, nominal and heavy load is 0.8386,
0.6851 and 0.5391, respectively.

The integration of solar PV-based DGs into 69 node radial
distribution network has been investigated in scenario II. The
impact on voltage stability, power losses and voltage profile
of the distribution network is at different penetration levels
(Incremented from 10 to 60% in steps of 10%) of solar PV
base DGs have analyzed. At the 10% penetration level, the
solar PV units are placed at node 61, 64 and 65, respec-
tively. The equal penetration level of DGs is considered at
the selected optimal locations.
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Table 8 Results analysis of 69 node radial distribution network at scenarios I, I and IIT using 2m + 1 PEM

Case study DG penetration level Items Load levels

Light load Nominal load Heavy load

Without DGs (scenario I) - Power loss (kW) 51.67 225.17 561.60
Size of DG (kW) - - -
Minimum voltage (pu) 0.9567 0.9092 0.8560
Minimum VSI (pu) 0.8386 0.6851 0.5391
% APL reduction - - -
Solar photovoltaic-based DGs 10% Power loss (kW) 39.73 170.83 41591
(scenario II)

Size of DG (kW) 191.81 379.33 570.23
Solar PV DG location 61, 64, 65 61,64,65 61,64,65
Minimum voltage (pu) 0.9647 0.9265 0.8847
Minimum VSI (pu) 0.8663 0.7370 0.6131
% APL reduction 23.10 24.13 25.94

20% Power loss (kW) 34.41 133.11 318.93
Size of DG (kW) 381.34 762.06 1140.9
Solar PV DG location 61,64,65 61,64,65 61,64,65
Minimum voltage (pu) 0.9719 0.9418 0.9094
Minimum VSI (pu) 0.8925 0.7874 0.6851
% APL reduction 33.98 40.88 43.21

30% Power loss (kW) 25.98 108.89 257.54
Size of DG (kW) 571.50 1141.8 1713.2
Solar PV DG location 61,62,65 61,62,65 61,62,65
Minimum voltage (pu) 0.9797 0.9558 0.9315
Minimum VSI (pu) 09174 0.8356 0.7550
% APL reduction 49.71 51.64 54.14

40% Power loss (kW) 24.99 104.67 247.74
Size of DG (kW) 762.56 1520.1 2282.4
Solar PV DG location 61,65,27 61,65,27 61,65,27
Minimum voltage (pu) 0.9779 0.9542 0.9289
Minimum VSI (pu) 0.9147 0.8300 0.7467
% APL reduction 51.63 53.52 55.88

50% Power loss (kW) 23.72 98.46 230.43
Size of DG (kW) 950.02 1901.4 2851.6
Solar PV DG location 61,65,27 61,65,27 61,65,27
Minimum voltage (pu) 0.9826 0.9640 0.9440
Minimum VSI (pu) 0.9326 0.8650 0.7973
% APL reduction 54.09 56.27 58.96

60% Power loss (kW) 24.55 100.30 231.77
Size of DG (kW) 1140.6 2283.6 3425.6
Solar PV DG location 61,65,27 61,65,27 61,65,27
Minimum voltage (pu) 0.9873 0.9736 0.9587
Minimum VSI (pu) 0.9506 0.9003 0.8488
% APL reduction 52.48 55.45 58.73
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Table 8 continued

Case study DG penetration level Items Load levels
Light load Nominal load Heavy load
Wind energy-based DGs (scenario I1I) 10% Power loss (kW) 41.68 179.81 441.23
Size of DG (kW) 191.11 381.23 572.56
Wind energy DG location 61,64,65 61,64,65 61,64,65
Minimum voltage (pu) 0.9646 0.9262 0.8837
Minimum VSI (pu) 0.8663 0.7377 0.6144
% APL reduction 19.33 20.14 21.43
20% Power loss (kW) 38.51 165.05 401.68
Size of DG (kW) 382.40 760.02 11394
Wind energy DG location 61,64,65 61,64,65 61,64,65
Minimum voltage (pu) 0.9717 0.9406 0.9063
Minimum VSI (pu) 0.8929 0.7883 0.6871
% APL reduction 25.46 26.69 28.47
30% Power loss (kW) 40.25 172.09 408.93
Size of DG (kW) 570.01 1141.7 1717.7
Wind energy DG location 61,62,65 61,62,65 61,62,65
Minimum voltage (pu) 0.9780 0.9535 0.9258
Minimum VSI (pu) 0.9178 0.8383 0.7830
% APL reduction 22.10 23.57 27.18
40% Power loss (KW) 48.88 197.62 464.61
Size of DG (kW) 769.41 1516.7 2276.2
Wind energy DG location 61,65,27 61,65,27 61,65,27
Minimum voltage (pu) 0.9863 0.9654 0.9432
Minimum VSI (pu) 0.9350 0.8694 0.8038
% APL reduction 5.39 12.23 17.27

The active power losses at 10% penetration level for light,
nominal and heavy loads are 39.73, 170.83 and 415.91,
respectively. Also, the minimum voltage at any node of net-
work for light, normal and heavy load demand has improved
to 0.9647, 0.9265 and 0.8847 pu, respectively. Similarly, the
minimum VSI has enhanced to 0.8663, 0.7370 and 0.6131
for light, nominal and heavy load demands, respectively.

Similar to 33-node distribution network, it is observed
that the percentage improvement in voltage and VSI depends
upon load demand. Under heavy load condition, DGs inte-
gration has a much larger impact on the voltage profile
improvement and voltage stability enhancement, whereas %
APL reduction is independent to system load demand.

At 20% solar PV-based DGs penetration, the power losses
are reduced to 34.41 kW, 133.11 kW and 318.93 kW under
light, nominal and heavy load demand, respectively. With
increase in penetration levels (i.e., 30% and 40%), the per-
centage of reduction in power losses is decreasing. Above
50% penetration level, it is observed that % APL reduc-
tion is decreasing. Therefore, the 50% can be considered
as a penetration limit for solar PV-based DGs. It is also

S @ Springer

observed that above 50% penetration level the percentage
improvement in minimum voltage magnitude and voltage
stability had also become approximately constant. In sce-
nario III, the integration of wind energy-based DGs into 69
node radial distribution network are studied. The penetration
level up to 40% is investigated in this scenario. Similar to
scenario II, the wind energy-based DGs are optimally placed
at nodes 61, 64 and 65, respectively. At the 10% penetra-
tion level, it is observed that the system power losses have
been reduced to 41.68 kW, 179.81 kW and 441.23 kW under
light, nominal and heavy load demands, respectively. Also,
the minimum voltage at any node of network under light, nor-
mal and heavy load demand has improved to 0.9646, 0.9262
and 0.8837 pu, respectively. Similarly, the minimum VSI has
enhanced to 0.8663, 0.7377 and 0.6144 for light, nominal
and heavy load demands, respectively. The % APL reduc-
tion under light, nominal and heavy load conditions is 19.33,
20.14 and 21.43, respectively, which is less compared to sce-
nario II, whereas the minimum voltage and VSI improvement
are almost invariant. At the 20% penetration level, the system
power losses have been reduced to 38.51 kW, 165.05 kW and
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Table 9 Results analysis of 69 node radial distribution network with hybrid DGs using 2m + IPEM

Penetration level (%) Parameters Case I Case I1 Case 111

Light Nominal Heavy Light Nominal Heavy Light Nominal Heavy

10 Power loss (kW) 40.65 170.80 427.38 40.81 171.48 431.81 40.70  170.94 428.78
Size of solar PV DG (kW)  56.26  147.22 17342 56.26 147.22 17242 56.26  147.22 173.42
Size of wind energy DG 134.25 265.86 400.84 13425 265.86 400.84 13425 265.86 400.84

(kW)
DG location (W-Wind, S-65 S-65 S-65 S-61 S-61 S-61 S-64 S-64 S-64
S-Solar)
W-61 W-61 W-61 W-65  W-65 W-65  W-61 W-61 W-61
W-64  W-64 W-64  W-64 W-64 W-64  W-65  W-65 W-65
Minimum voltage (pu) 0.9646 0.9278 0.8837 0.9647 0.9277 0.8849 0.9646 0.9281 0.8843
Minimum VSI (pu) 0.8661 0.7419 0.6130 0.8663 0.7416 0.6143 0.8661 0.7419 0.6137
% APL reduction 2132 24.14 23.89  21.01 23.97 23.11 21.23  24.08 23.65
20 Power loss (kW) 34.62 147.20 35597 35.25 149.81 362.18 34.79 147.89 357.53

Size of solar PV DG (kW)  113.57 227.14 344.68 113.57 227.14 344.68 113.57 227.14 344.68
Size of Wind energy DG 266.85 533.52 798.34  266.85 533.52 798.34 266.85 533.52 798.34

(kW)
DG location (W-Wind, S-65 S-65 S-65 S-61 S-61 S-61 S-64 S-64 S-64
S-Solar)
W-61 W-61 W-61 W-65  W-65 W-65  W-61 W-61 W-61
W-64  W-64 W-64  W-64 W-64 W-64  W-65  W-65 W-65
Minimum voltage (pu) 0.9718 0.9413 0.9081 09718 0.9412 0.9079 0.9718 0.9413 0.9081
Minimum VSI (pu) 0.8925 0.7880 0.6866 0.8924 0.7876 0.6858 0.8925 0.7879 0.9081
% APL reduction 3299  34.62 36.61 31.77  33.46 3550  32.66 34.32 36.33
30 Power loss (kW) 32.57 136.88 324.87 33.31 139.74 331.06 33.21 139.34 330.17

Size of solar PV DG (kW)  172.58 344.25 516.71 17258 344.25 516.71 172.58 344.25 516.71
Size of wind energy DG 398.48 797.99 1196 398.48  797.99 1196 398.48 797.99 1196

kW)
DG location (W-Wind, S-65 S-65 S-65 S-61 S-61 S-61 S-62 S-62 S-62
S-Solar)
W-61 W-61 W-61 W-65  W-65 W-65  W-61 W-61 W-61
W-62  W-62 W-62  W-62  W-62 W-62  W-65  W-65 W-65
Minimum voltage (pu) 0.9783  0.9547 0.9288 0.9783 0.9547 0.9287 0.9783 0.9547 0.9287
Minimum VSI (pu) 09177 0.8371 0.7580 0.9176 0.8366 0.7570 09176 0.8367 0.7571
% APL reduction 3696  39.21 42.15 3553 3794 41.05 3572  38.11 41.20
40 Power loss (kW) 33.68 140.47 328.14 34.93 145.68 33891 37.70  159.12 377.74

Size of solar PV DG (kW)  227.69 456.29 685.75 227.69 456.29 685.75 227.69 456.29 685.75
Size of wind energy DG 535.46 1098.4 1596.7 53546 1098.4 1596.7 535.46 1098.4 1596.7

(kW)
DG location (W-Wind, S-65 S-65 S-65 S-61 S-61 S-61 S-27 S-27 S-27
S-Solar)
W-61  W-61 W-61  W-65  W-65 W-65  W-61  W-61 W-61
W-27 W-27 W-27 W-27 W-27 W-27 W-65 W-65 W-65
Minimum voltage (pu) 0.9774 0.9535 0.9262 09773 0.9533 0.9258 0.9782 0.9584 0.9262
Minimum VSI (pu) 0.9134 0.8306 0.7444 09132 0.8297 0.7427 09182 0.8417 0.7587
% APL reduction 3481 37.61 41.57 3239 3530 39.65 27.03  29.33 32.73
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Table 10 Results comparison of 69 node radial distribution network with 2m + 1 PEM and MCS methods for different scenarios

Scenarios Penetration level ~ Load levels ~ Monte Carlo simulation 2m + 1 PEM-CF method
Voltage 65 Minimum VSI Voltage 65 Minimum VSI
Mean SD Mean SD Mean SD Mean SD
Without DGs - Nominal 0.9092  0.0027 0.6851 0.0082 0.9092 0.0027 0.6851  0.0082
(Scenario I) Light 0.9567 0.0012  0.8386 0.0043 0.9567 0.0012 0.8386  0.0043
Heavy 0.8560  0.0046  0.5391 0.0116 0.8560 0.0046  0.5391 0.0116
Solar 10% Nominal 0.9268  0.0059 0.7369 0.0181 0.9268 0.0060 0.7370  0.0181
photovoltaic-based Light 09649  0.0028 0.8663 0.0096 09649 0.0028 0.8663  0.0096
DGs (scenario II)
Heavy 0.8853  0.0098  0.6132  0.0260 0.8852  0.0098 0.6131  0.0259
20% Nominal 0.9437  0.0107 0.7873  0.0305 0.9437 0.0106 0.7874  0.0305
Light 0.9729  0.0051 0.8925 0.0159 0.9729 0.0051 0.8925 0.0159
Heavy 09123  0.0170  0.6851 0.0438 09123 0.0170 0.6851  0.0437
30% Nominal 0.9580 0.0147  0.8357 0.0454 09580 0.0147 0.8356  0.0453
Light 0.9797  0.0070 09173  0.0234 09797 0.0071 09174  0.0235
Heavy 0.9347  0.0230 0.7549  0.0654 09347 0.0230 0.7550  0.0655
40% Nominal 09578  0.0145 0.8299 0.0432 09578 0.0145 0.8299  0.0432
Light 09796  0.0070 09147  0.0225 09797 0.0070 09147  0.0225
Heavy 0.9344  0.0230 0.7468  0.0629 09344  0.0230 0.7467  0.0629
50% Nominal 09691 0.0178 0.8650  0.0544 0.9640 0.0154 0.8650  0.0544
Light 0.9851 0.0086 0.9326 0.0279 0.9851 0.0086 09326 0.0279
Heavy 09517 0.0277 0.7972 0.0790 0.9518 0.0277 0.7973  0.0790
60% Nominal 0.9803  0.0209 0.9004 0.0654 0.9802 0.0208 0.9003 0.0653
Light 0.9906 0.0103 0.9506 0.0338 0.9906  0.0103  0.9506  0.0338
Heavy 09687 0.0319 0.8489 0.0951 0.9687 0.0319 0.8488  0.0951
Wind energy-based 10% Nominal 09265 0.0196 0.7378 0.0612 0.9265 0.0197 0.7377 0.0613
DGs (scenario IIT) Light 0.9648  0.0093 0.8663 0.0320 0.9648 0.0093 0.8663  0.0320
Heavy 0.8842  0.0316 0.6144 0.0876 0.8842 0.0316 0.6144 0.0876
20% Nominal 09424  0.0369 0.7884  0.1105 0.9423 0.0369 0.7883  0.1105
Light 09726  0.0179 0.8929 0.0572 09726 0.0179 0.8929 0.0572
Heavy 0.9087 0.0576  0.6870  0.1597 0.9087 0.0576  0.6871  0.1597
30% Nominal 0.9554  0.0514 0.8383 0.1710 09554 0.0515 0.8383 0.1711
Light 09790 0.0249 09178 0.0856 0.9790 0.0249 09178 0.0856
Heavy 0.9287 0.0781 0.7613  0.2472  0.9286 0.0783  0.7614  0.2472
40% Nominal 0.9688  0.0652 0.8694  0.0362 0.9687 0.0653 0.8694  0.0363
Light 0.9863  0.0333 09350 0.0192 0.9863 0.0333 09350 0.0192
Heavy 0.9480  0.0986  0.8038  0.0525 0.9479 0.0990 0.8038  0.0527
Hybrid DGs (scenario  10% Nominal 0.9282  0.0131 0.7418  0.0425 0.9282 0.0131 0.7418  0.0425
V) Light 0.9647  0.0062 0.8661  0.0233  0.9647 0.0062 0.8660  0.0223
Heavy 0.8848  0.0214 0.6137 0.0612 0.8847 0.0213 0.6139  0.0611
20% Nominal 0.9439  0.0247 0.7880  0.0789  0.9429 0.0247 0.7880  0.0789
Light 0.9726  0.0199  0.8925 0.0408 0.9726 0.0119 0.8925  0.0408
Heavy 09106  0.0388 0.6866 0.1140 09106 0.0388  0.6866  0.1140
30% Nominal 09566  0.0329 0.8371 0.1191 09566  0.0329 09371 0.1191
Light 09793  0.0147 09178 0.0556 09793 0.0147 09177 0.0556
Heavy 09315 0.0511 0.7581 0.1750 09315 0.0511  0.7580  0.1750
40% Nominal 0.9565 0.0266 0.8306 0.0948 0.9565 0.0266  0.8305  0.0948
Light 0.9788  0.0130 09134 0.0486 09788 0.0130 09134 0.0486
Heavy 0.9307  0.0405 0.7444  0.1353 09307 0.0405 0.7444  0.1353
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Fig. 15 Node voltage profile for
69 node radial distribution
network with solar PV DGs
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401.68 kW, respectively. The minimum voltage at any node
of network under light, normal and heavy load demands has
improved to 0.9717, 0.9406 and 0.9063 pu, respectively.
Similarly, the minimum VSI has enhanced to 0.8929,
0.7883 and 0.6871 for light, nominal and heavy load demand,
respectively. It is observed that at the 30% penetration level,
the power losses have started to increase and hence 20%
penetration level is considered as an integration limit for
wind-based DGs. Similar to 33-node distribution network,
to investigate the maximum penetration level of hybrid
renewable-based DGs, the 70% power output from wind-
based DGs and 30% power output from solar PV-based DGs
have been considered. The penetration level of hybrid DGs
is considered up to 40%. The nodes 65, 61 and 64 are identi-
fied for the optimal placement of hybrid energy-based DGs.
Based on selected locations, three case studies are investi-
gated. For 10% hybrid DG penetration, in case I, the solar
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Node

Nominal load demand

W and

20 30 40 50 60
Node

PV-based DG is placed at node 65, whereas wind energy-
based DGs are placed at node 61 and 64, respectively. In
case II, the solar PV-based DG is placed at node 61, whereas
wind energy-based DGs are placed at node 65 and 64, respec-
tively. In case III, the solar PV-based DG is placed at node
64, whereas wind-based DGs are placed at node 65 and 61,
respectively.

It is observed from Table 9 that for the 10% penetration
level the % APL reduction in case I is higher compared to
case II and case III. For case I, at 10% penetration level, the
% APL reduction is 21.32, 24.14 and 23.89 for light, nomi-
nal and heavy load demands, respectively. Therefore, it can
be concluded that the solar PV-based DG should be placed
at node 65 whereas, the wind energy-based DGs should be
placed at node 61 and 64, respectively. Also the minimum
voltage at any node in the network has been improved to
0.9646, 0.9278 and 0.8837 for light, nominal and heavy load
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Fig. 17 Node voltage profile for
69 node radial distribution 1.02
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Fig. 18 Active power losses in 69 node network with different types of DGs penetration level

demands, respectively. The minimum VSI in the network is
also improved to 0.8661, 0.7419 and 0.6130 for light, nomi-
nal and heavy load demands, respectively.

Similarly, for 20% penetration level, the % APL reduction
in case I for different load demands has higher values com-
pared to case II and case III. At the 20% penetration level,
the % APL reduction has increased to 32.99, 34.62 and 36.61
for light, nominal and heavy load demands, respectively. The
minimum voltage at any node in the network has improved

@ Springer

to 0.9718, 0.9413 and 0.9081 for light, nominal and heavy
load demands, respectively. Also the minimum VSI in the
network has improved to 0.8925, 0.7880 and 0.6866, respec-
tively. Similar observations are identified for 30% and 40%
penetration levels. At the 40% penetration level, the % APL
reduction for different load demands had started to reduce in
comparison with 30% penetration level. Hence, 30% pene-
tration level is considered to be the suitable penetration limit
for hybrid-based DGs in 69 node radial distribution network.
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Finally, the results obtained from 3PEM are compared with
the MCS method in Table 10. The node voltage profile of the
test system-II with solar PV, wind and hybrid DGs is shown
in Figs. 15, 16 and 17, respectively. The active power losses
at different load demands with solar PV, wind and hybrid
DGs are shown in Fig. 18.

6 Conclusions

In this paper, static voltage stability index—continuous power
flow (VSI-CPF)-based method is used to identify the optimal
locations of DGs in the distribution network. The different
penetration levels of DGs in the radial distribution networks
and their impact on total power loss, voltage profiles and
voltage stability have been studied through the probabilistic
approach. The IEEE 33 and 69 node radial distribution net-
works are utilized for validation of the proposed approach.
The paper highlights the use of probabilistic-based load flow
method due to uncertainties associated with solar irradiance,
wind speed and load demand. The Hong’s 2m + 1 point esti-
mation method is applied and compared with the benchmark
MCS method, whereas to obtain the PDF and CDF of out-
put random variables the Cornish—Fisher expansion series
is incorporated with PEM method. Moreover, it is observed
that the penetration level of DG’s in the distribution network
in light of voltage stability is determined by three key fac-
tors, i.e., type of DGs, the location of DGs and load level
of the network. From the simulation results, it was revealed
that the maximum penetration level up to 50% is possible
with solar PV-based DGs, whereas it was found 20% with
wind energy-based DGs. A hybrid combination of wind and
solar-based renewable DGs has penetration level up to 30%.
It is also observed that the penetration level of different type
of DGs in the radial distribution networks is independent of
system size. Hence the authors have tried to exploit those
geographical locations where wind energy is abundant, but
also the solar irradiance has enough exposure. At such places
instead of going only with wind-based DGs, a hybrid com-
bination of wind and solar PV will increase the penetration
level. Moreover, such locations can be easily found on wide
coastal line that the tropical country like India possesses.
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