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Abstract: High penetration of photovoltaic and wind turbine-based distributed generators (DGs) can help reduce
carbon emissions which is an important goal for the whole world. DG can be used to improve the voltage stability,
present generation reserve/emergency, and consequently, the system power quality can be improved. However, it is
very important to select the right size and location of a DG so that the power system can increase the gained benefits
of such an installation to the maximum. In this paper, a hybrid optimization technique is proposed to determine the
optimal allocation of DG in the standard IEEE 33-bus radial distribution system in order to improve the voltage stability
and minimize the total power loss. The proposed hyprid technique is based on the gray wolf optimizer algorithm with
loss sensitivity factor. The performance of the system is analyzed without DG installation, then it is compared with
the performance of the system when DGs are installed with the predefined optimal sizes and locations. The study is
performed by MATLAB M-Files and NEPLAN software.

Key words: Voltage stability, power losses, loadability, distributed generation, gray wolf optimizer, loss sensitivity
factor

1. Introduction
In the last few decades, the concept of distributed generation has arisen in the power systems world. This
concept briefly means to generate electric power in small scales, and the location of the generators is close to
the location of loads, mainly in distribution networks [1,2]. A distribution generator (DG) can be defined as
“a small scale electric power generation unit that is installed ‘behind the meter’, typically at the end-of-use
customers’ premises and operated for the purpose of totally or partially supply the load” [3,4]. A DG often
depends on renewable energy for electric power generation, known as distributed energy resources (DERs), and it
includes a variety of generation methods. It can depend on photovoltaic (PV) technology, solar thermal energy,
small and microhydros, wind energy, geothermal, biomass, combined heat and power technology (CHP), beside
backup generators (gensets), microturbines and energy storage devices [1–5]. Actually, the main concern of the
DG technology is the environment. In other words, DER technologies exploit the renewable power resources
to reduce the traditional central power plants which depend on organic fuel and nuclear power consumption
to produce electric energy so that the greenhouse gas effect is mitigated. However, DG establishments prove
that it is very beneficial to power systems, as it is environment-friendly. The main characteristic of DGs is
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that they are established in the distribution network level, often in load location, so there is no need for long
transmission lines, which provides many advantages for such establishments. A DG installation helps in power
loss reduction, improves the reliability of the system, enhances the voltage profile and stability, increases the
loadability, improves the power quality presented to the customers, mitigates power system instability and
presents a spinning reserve for the system for contingencies [1].

As the penetration of DGs in power systems increases, it attracts the interest of many researchers and
power system developers, which makes it an important subject. One of the most common issues concerned with
DGs is determining the DG size and location that will maximize the benefits from such an installation. Many
contributions have been introduced for that issue. In [6–8], particle swarm optimization (PSO) is utilized to
determine the optimal location and size of DG. In [6], it was utilized to reduce power losses and improve the
voltage profile of IEEE 69-bus distribution system. In [7], it was also utilized to reduce the power losses of IEEE
69-bus system, and the results obtained by PSO are compared with the results obtained by improved analytical
method and artificial bee colony. In [8], it was utilized to minimize the power losses of a United Kingdom 15-bus
realistic distribution system. Weight-improved particle swarm optimization was introduced in [9] to find the
optimum size and location of DG that leads to operation costs reduction and voltage profile improvement of
IEEE 13-bus distribution system. Genetic Algorithm was proposed in [10] to obtain the optimum location and
size of DGs for power losses minimization of IEEE 14-bus system. In [11], a combination of PSO and Chu-Beasly
genetic algorithm was proposed to determine the optimal size and location of DGs so that the power losses are
minimized in IEEE 33-bus and IEEE 69-bus systems. Another combination of tabu search and branch exchange
optimization techniques was presented in [12] to determine the optimal location and size of DGs so that the
power losses are minimized. The gray wolf optimizer (GWO) algorithm was inspired by the hunting behavior
of gray wolves in nature. The GWO algorithm proposes the social hierarchy of gray wolves that is divided into
four groups: alpha, beta, delta, and omega to implement the hunting mechanism [16,17].

This paper proposes a hybrid optimization technique to determine the optimal size and location of DGs,
typically PV and wind generators, in order to improve the voltage stability and minimize the total power
loss. The proposed technique is based on GWO and loss sensitivity factor (LSF) in order to reduce the search
space. The performance of IEEE 33-bus radial distribution system (RDS) is comprehensively analyzed in five
different cases to show the impact of DGs on the system. These cases are: 1) The base case (without DG),
2) One photovoltaic DG, 3) Two photovoltaic DGs, 4) One wind turbine DG, and 5) Two wind turbine DGs.
The hybrid optimization code is scripted by MATLAB M-Files. Then, the system is analyzed using NEPLAN
software to investigate the impact of optimization process on the system with and without DGs.

2. Problem formulation

2.1. Objective function

This paper aims to determine the optimal size and location of DG in RDSs in order to improve the voltage
stability and minimize the total power loss. The representation of equivalent model of RDS is shown in Figure
1. However, the objective function can be formulated as follows:

ft = Min(W1f1) +Max(W2f2), (1)
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Figure 1. Equivalent model of RDS.

where f1 represents the power losses, which are desired to be minimized, and it can be expressed as:

f1 =

∑nl
i=1(Ploss(i))afterDG∑nl
i=1(Ploss(i))beforeDG

, (2)

where nl is the number of branches of the system.
Voltage stability index (VSI) is an important factor, which indicates the state of the system stability, in

optimization problem of the power system. As long as the buses of RDS have low value of VSI, closer to zero,
the buses are more stable. VSI values of all buses in RDS can be calculated as follows [18]:

V SI(j) = |Vi|4 − 4(PjXj −QjRj)
2 − 4(PjXj −QjRj)|Vi|2. (3)

f2 represents the VSI, which is desired to be maximized, and it can be expressed as:

f2 =
1∑nb

i=1(|V SI|(i))afterDG

, (4)

where nb is the number of buses of the system.
While w1 and w2 are weighting factors, the sum of the weighting factors equal 1 (i.e. |w1|+ |w2| = 1).

2.2. Constraints of the optimization problem

2.2.1. Equality constraints

The equality constraints can be set as the power flow equations for active and reactive power, and it can be
expressed as:

PGi − PDi − Vi

Nb∑
j=1

Vj [Gij cos(δi − δj)] = 0 (5)

QGi −QDi − Vi

Nb∑
j=1

Vj [Gij cos(δi − δj)] = 0. (6)
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2.2.2. Inequality constraints
The inequality constraints can be expressed as:

Generation constraints:

Pmin
G ≤ PG ≤ Pmax

G , (7)

V min
G ≤ VG ≤ V max

G , (8)

Qmin
G ≤ QG ≤ Qmax

G . (9)

Security constraints:

SLi ≤ Smax
Li , i = 1, 2, ...., nl, (10)

V min
i ≤ Vi ≤ V max

i , i = 1, 2, ...., nb, (11)

where V min
i and V max

i are given as 0.90 Pu and 1.05 Pu, respectively.
Distributed generators constraints:

0.2(
∑

PLoad +

Nb∑
j=1

PLoss) <

n∑
k=1

PDG ≤ 0.75(

nb∑
i=1

PLoad +

Nb∑
j=1

PLoss), (12)

0.2(
∑

QLoad +

Nb∑
j=1

QLoss) <

n∑
k=1

QDG ≤ 0.75(

nb∑
i=1

QLoad +

Nb∑
j=1

QLoss), (13)

where Eqs. (12) and (13) express the size of DG, and:

PFDG,min ≤ PFDG ≤ PFDG,max, (14)

where n is the number of DG installations, PDG is the power generated by the DG, PLoad is the total load
demand of the system, and PFDG,min and PFDG,max are the minimum and maximum power factors of DG
that are taken as 0.8 and 0.9, respectively.

DG location can be formulated as:

1 ≤ DGsiten ≤ nb, (15)

DGsite1 ̸= DGsite2, (16)

where DG site is the location of the DG installation.
Reactive power supplied by DG can be formulated as:

QDG = PDG ∗ tan(cos−1 pf), (17)

where QDG is the amount of reactive power generated by the DG, and pf is the power factor of DG.

3. Proposed hybrid optimization technique
The proposed hybrid optimization technique is based GWO and LSF to determine the optimal allocation of
DG in RDS as discussed below.
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3.1. Loss sensitivity factor (LSF)

LSF is used to determine the best buses for DG location in RDS that is based on sensitivity of buses. LSF of
each bus is determined by studying the changing in active power loss with respect to the change in reactive
power injection at all buses. The buses with high LSF are the best locations for DG installation as shown
in Figure 2. LSF gives the best solution with less simulation time of optimization5 technique. LSF can be
calculated using Eq. (18) [19–23]

LSFi =
∂PLoss(i,i+1)

∂Qi+1
= Ri,i+1(

2Qi+1

|Vi+1|2
), (18)

where Ploss(i,i+1) is the power loss between the bus “i” and the receiving bus “i+1”. Qi+1 is the injected
reactive power at receiving bus “i+1”. Ri,i+1 is the resistance between bus “i” and “i+1”. Vi+1 is the voltage
magnitude of bus “i+1”.

After power flow solution and LSF calculation, the candidate buses for optimal allocation of PV- and
WT-based DGs in distribution system are determined up to 50% of system buses (6, 3, 28, 8, 29, 4, 5, 30, 9,
24, 13, 10, 27, 31, 2, 26 and 23) as shown in Figure 2.

Figure 2. The appropriate buses for DG installation in IEEE-33 bus test system.

3.2. Gray wolf optimizer (GWO)

GWO is a recent optimization technique inspired by the strict hierarchy of gray wolf society. The leaders of the
group are a male and a female who are called “alpha”, and they are the most responsible for taking decisions
for hunting. A sublevel is the level “beta”, and they are subordinate wolves who help the “alpha” take the
decision. The lowest level is called “omega”, and it have to submit to all decisions of the higher levels. The
wolves belonging to this hierarchical leadership group work together to hunt their prey according to the following
steps:

(1) Tracking and chasing the prey.

(2) Pursuing, surrounding, and harassing the prey until it is no more able to move.

(3) The final attack on the prey.
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This behavior is translated into an algorithm that is used in optimization processes [16,17].The imple-
mentation of GWO can be described briefly with the following steps:

Step 1: Initialize the gray wolf population between the upper and lower limits of variables as shown
below:

G(m, v) = rand(Up(m, v)− Lp(m, v)) + Lp(m, v), (19)

where m is the number of wolves and v is the number of variables.
Step 2: The generated solutions are the position of a gray wolf population for chasing and tracking the

prey that can be represented as below:

G =


G1,1 G1,2 · · · G1,v

G2,1 G2,2 · · · G2,v

...
... . . . ...

Gm,1 Gm,2 · · · Gm,v

 , (20)

where m is the number of search agent.
Step 3: Calculate the objective function of each search agent as follows below:

OG =
[
OG1 OG2 OG3 .. OGm

]
. (21)

Step 4: Determine the first best position (Gα) , the second-best position (Gβ) and the third best position
(Gδ) of grey wolf packs according to its objective function.

Step 5: Calculate the values of b, −→
B , and −→

C :

b = 2− 2l

L
(22)

−→
B1 = 2br1 − b, (23)

−→
C1 = 2r2, (24)

−→
B2 = 2br3 − b, (25)

−→
C2 = 2r4, (26)

−→
B3 = 2br5 − b, (27)

−→
C3 = 2r6, (28)

where b is linearly decreased from 2 to 0 over all iterations; r1, r2, r3, r4, r5, r6 are random numbers between 0
and 1; and l and L are the current iteration and maximum iteration, respectively.

Step 6: Update the position of β and δ as shown below:
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−→
Dα = |

−→
C1 ∗

−−−→
Gα(l)−

−→
G(l)|, (29)

−→
Dβ = |

−→
C2 ∗

−−−→
Gβ(l)−

−→
G(l)|, (30)

−→
Dδ = |

−→
C3 ∗

−−−→
Gδ(l)−

−→
G(l)|, (31)

−→
G1 = |

−−−→
Gα(l)−

−→
B1 ∗

−→
Dα|, (32)

−→
G2 = |

−−−→
Gβ(l)−

−→
B2 ∗

−→
Dβ |, (33)

−→
G3 = |

−−−→
Gδ(l)−

−→
B3 ∗

−→
Dδ|, (34)

where −→
Dα , −→

Dβ , −→
Dδ are the distance between the best three positions of α , β , and δ with respect to ω

respectively, and −→
G1 , −→

G2 , and −→
G3 are the position of α , β , and δ , respectively.

Step 7: Update the position of ω based on the position of α , β , and δ as follows:

−→
G(l + 1) =

−→
G1 +

−→
G2 +

−→
G3

3
. (35)

Step 8: Calculate the objective function of the updated position of all gray wolf packs.
Step 9: Repeat steps from 5 to 8 until maximum iteration is achieved.
Step 10: Obtain the best position of alpha (optimal locations and sizes of DGs) and its objective

function.

4. Analysis of the case study

Standard IEEE 33-bus distribution system is used to validate the proposed hybrid optimization technique. This
system is a radial distribution network with 33 nodes. It has a total load demand of 3715 kW and 2300 kVAR,
while its nominal voltage is 12.66 kV [24]. Figure 3 shows the system plotted by NEPLAN software.

Figure 3. IEEE 33-bus distribution system plotted by NEPLAN.
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When applying load flow analysis to the system, it is observed that the total active power losses of the
system is 211 kW. It is also observed that the voltage magnitude of bus 18 has the lowest value, as it is the last
bus in the system. The voltage magnitude of this bus is 0.9038 pu. Table 1 presents the voltage magnitudes of
the system.

Table 1. Voltage magnitudes of IEEE 33-bus distribution system.

Bus no. Vmag (pu) Bus no. Vmag (pu) Bus no. Vmag (pu)
1 1.00 12 0.9177 23 0.9793
2 0.997 13 0.9115 24 0.9726
3 0.9829 14 0.9092 25 0.9693
4 0.9754 15 0.9078 26 0.9475
5 0.968 16 0.9064 27 0.945
6 0.9495 17 0.9044 28 0.9335
7 0.946 18 0.9038 29 0.9235
8 0.9323 19 0.9965 30 0.9218
9 0.926 20 0.9929 31 0.9176
10 0.9201 21 0.9922 32 0.9167
11 0.9192 22 0.9916 33 0.9164

As the system is a radial system, the farthest buses from the generator attract more attention, due to the
large voltage drop on these buses, compared with the close buses to the generator. On the other hand, Figure
4 shows the PV curves of the system.

Figure 4. PV curves of IEEE 33-bus distribution system.

From Figure 4, it can be observed that the system’s voltages, typically for bus 18, are in margin of the
acceptable voltage magnitudes, where it starts to decay to less than 0.9 pu when the loading factor is more than
100%, and the system collapses when the loading factor exceeds 340%.

As mentioned before, the IEEE 33-bus distribution system is analyzed in its normal operating conditions,
then DGs are added to the system after determining its optimal sizes and locations using the proposed
optimization algorithm. The number of DG installations are even one or two installations, where each model
of photovoltaic and wind turbine DGs is installed to the system according to the mentioned DG numbers, and
the impact of each model on the system is analyzed. Hence, the system is analyzed in 5 cases: in its normal
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conditions, and after adding incremental DG installations for both PV and WT models, where the maximum
number of DG installations is 2.

Applying hybrid optimization technique on the system to determine the optimal size and location of
DG installations, where the objective functions are 1) to maximize the voltage stability index (VSI), and 2) to
minimize the total active power loss. The results are shown in Table 2.

Table 2. Optimal sizing and locations of DG installations.

Case DG no. DG parameters Power loss Voltage
/DG type Location Size(kW) PF (kW) stability index

Case 1 1/PV 6 2601.77 1 111.029 28.536
Case 2 1/WT 6 2571.3 0.82 67.87 29.845

Case 3 2/PV 13 856.9 1 87.169 29.404
30 1160.23 1

Case 4 2/WT 13 824.8 0.88 29.314 31.311
30 1241.2 0.8

The convergence characteristics of the proposed hybrid algorithm for single and multiple of PV- and
WT-based DG are shown in Figures 5 and 6.

Figure 5. Convergence characteristics of single and multiple of PV-based DG.

From Figure 5, it can be observed that the integration of multiple PVs gives better results than a single
PV and the system power loss is reduced to 111.029 KW and 87.169 KW by integrating 1-PV and 2-PVs,
respectively. Moreover, the integration of WT in the system reduces the total active power loss to 67.87 KW
and 29.314 KW by integrating 1 WT and 2 WTs, respectively as shown in Figure 6. From the comparative
study, it is observed that the proposed method obtains the best results when compared with other optimization
methods as shown in Table 3.

According to Table 2, DGs are added and the system is analyzed in the following cases.

4.1. Case (1): including one photovoltaic DG

In this case, the proposed optimization algorithm is used to determine the optimal allocation of one photovoltaic
DG (optimal size is 2601.77 kW at bus 6). Table 4 presents the voltage magnitudes of the system for this case
compared with the base case (without DG).
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Figure 6. Convergence characteristics of single and multiple of WT-based DG

Table 3. Comparative study of the proposed method with other optimization algorithms.

Case DG no. DG parameters (Size (kW)/PF/Bus no.) Power losses (kW)
/DG type Proposed method BSOA [26] SOS [27] Proposed method BSOA [25] SOS [26]

Case 1 1/PV 2601.77/1/6 1857.5/1/8 3132.2/1/6 111.029 118.12 115.01
Case 2 1/WT 2571.3/0.82/6 1857.5/0.82/8 - 67.87 82.78 -

Case 3 2/PV 856.9/1/13 880/1/13 2286.1/1/6 87.169 89.34 107.39
1160.23/1/30 924/1/31 836.3/1/28

Case 4 2/WT 824.8/0.88/13 777/0.89/13 - 29.314 31.98 red-
1241.2/0.8/30 1032/0.7/29 -

Table 4. Buses voltage magnitudes (pu) in Case (1) and base case (without DG)

Bus no. Case (1) Base case Bus no. Case (1) Base case Bus no. Case (1) Base case
1 1.00 1.00 12 0.9559 0.9177 23 0.9893 0.9793
2 0.9986 0.997 13 0.95 0.9115 24 0.9827 0.9726
3 0.9929 0.9829 14 0.9478 0.9092 25 0.9794 0.9693
4 0.9916 0.9754 15 0.9464 0.9078 26 0.9845 0.9475
5 0.9907 0.968 16 0.9451 0.9064 27 0.9821 0.945
6 0.9864 0.9495 17 0.9431 0.9044 28 0.9711 0.9335
7 0.983 0.946 18 0.9425 0.9038 29 0.9632 0.9235
8 0.9699 0.9323 19 0.9981 0.9967 30 0.9598 0.9218
9 0.9638 0.926 20 0.9945 0.9929 31 0.9558 0.9176
10 0.9582 0.9201 21 0.9938 0.9922 32 0.9549 0.9167
11 0.9573 0.9192 22 0.9932 0.9916 33 0.9546 0.9164

From Table 4, it can be observed that the voltage magnitudes are greatly improved, where the lowest
voltage magnitude occurred at bus 18 with value of 0.9425 pu, and the voltage stability index value of 28.536,
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while total active power loss is 111.029 kW compared with 211 kW in the system’s original case. Figure 7 shows
PV curves of Case (1).

Figure 7. PV curves of IEEE 33-bus distribution system after photovoltaic DG installation.

From Figure 7, it can be observed that the system’s loadability is enhanced, where the voltage levels
start to decay to less than 0.9 pu when the loading factor is greater than 160%, and it totally collapses when it
exceeds 470%.

4.2. Case (2): including one wind turbine DG

In this case, the proposed optimization algorithm is used to determine the optimal allocation of one wind turbine
DG (optimal size is 2571.3 kW with power factor PF = 0.82 at bus 6). Table 5 presents the voltage magnitudes
of the system for this case compared with the base case (without DG).

Table 5. Buses voltage magnitudes (pu) in Case (2) and base case (without DG).

Bus no. case (2) Base case Bus no. Case (2) Base case Bus no. case (2) Base case
1 1.00 1.00 12 0.982 0.9177 23 0.9953 0.9793
2 0.9995 0.997 13 0.9762 0.9115 24 0.9887 0.9726
3 0.9988 0.9829 14 0.9741 0.9092 25 0.9854 0.9693
4 1.0012 0.9754 15 0.9727 0.9078 26 1.0098 0.9475
5 1.0041 0.968 16 0.9715 0.9064 27 1.0074 0.945
6 1.0116 0.9495 17 0.9695 0.9044 28 0.9967 0.9335
7 1.0084 0.946 18 0.969 0.9038 29 0.9891 0.9235
8 0.9956 0.9323 19 0.999 0.9967 30 0.9857 0.9218
9 0.9897 0.926 20 0.9954 0.9929 31 0.9819 0.9176
10 0.9842 0.9201 21 0.9947 0.9922 32 0.981 0.9167
11 0.9834 0.9192 22 0.9941 0.9916 33 0.9807 0.9164

From Table 5, it can be observed that the voltage magnitudes are greatly improved; the lowest voltage
magnitude occurred at bus 18 and its value is 0.969 pu. The voltage stability index in this case is 29.845, while
total active power loss is 67.87 kW compared with 211 kW in the system’s original case. Figure 8 shows PV
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curves of Case (2). From Figure 8, it can be observed that the system’s loadability is enhanced; voltage levels
start to decay to less than 0.9 pu when the loading factor is greater than 210%, and it totally collapses when it
exceeds 520%.

Figure 8. PV curves of IEEE 33-bus distribution system after wind turbine DG installation.

4.3. Case (3): including two photovoltaic DG

In this case, the proposed optimization algorithm is used to determine the optimal allocation of two photovoltaic
DGs (optimal sizes are 856.9 kW and 1160.23 kW at buses 13 and 30, respectively). Table 6 presents the voltage
magnitudes of the system for this case compared with the base case (without DG).

Table 6. Buses voltage magnitudes (pu) in Case (3) and base case (without DG).

Bus no. Case (3) Base Case Bus no. Case (3) Base Case Bus no. Case (3) Base Case
1 1.00 1.00 12 0.9739 0.9177 23 0.9873 0.9793
2 0.9983 0.997 13 0.9761 0.9115 24 0.9807 0.9726
3 0.9909 0.9829 14 0.974 0.9092 25 0.9774 0.9693
4 0.9883 0.9754 15 0.9727 0.9078 26 0.9786 0.9475
5 0.9861 0.968 16 0.9714 0.9064 27 0.9783 0.945
6 0.979 0.9495 17 0.9695 0.9044 28 0.9752 0.9335
7 0.9767 0.946 18 0.9689 0.9038 29 0.9733 0.9235
8 0.9731 0.9323 19 0.9978 0.9967 30 0.9737 0.9218
9 0.9728 0.926 20 0.9942 0.9929 31 0.9698 0.9176
10 0.973 0.9201 21 0.9935 0.9922 32 0.9689 0.9167
11 0.9732 0.9192 22 0.9928 0.9916 33 0.9687 0.9164

From Table 6, it is observed that the voltage magnitudes are greatly improved; the lowest voltage
magnitude occurred at bus 18, and its value is 0.9689 pu. The voltage stability index in this case is 29.404,
while total active power loss is 87.17 kW compared with 211 kW in the system’s original case.

Figure 9 shows PV curves of Case (3). From Figure 9, it is observed that the system’s loadability is
enhanced; the voltage levels start to decay to less than 0.9 pu when the loading factor is greater than 270%,
and it totally collapses when it exceeds 640%.
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Figure 9. PV curves of IEEE 33-bus distribution system after two photovoltaic DG installations.

4.4. Case (4): including two wind turbine DG installations

In this case, the proposed optimization algorithm is used to determine the optimal allocation of two wind turbine
DGs (optimal sizes are 824.8 kW with power factor PF = 0.88 and 1241.18 kW with PF = 0.8 at buses 13
and 30, respectively). Table 6 presents the voltage magnitudes of the system for this case compared with the
base case (without DG).

Table 7. Buses voltage magnitudes (pu) in Case (4) and base case (without DG).

Bus no. Case (4) Base case Bus no. Case (4) Base case Bus no. Case (4) Base case
1 1.00 1.00 12 1.0086 0.9177 23 0.9924 0.9793
2 0.9991 0.997 13 1.0151 0.9115 24 0.9858 0.9726
3 0.9959 0.9829 14 1.013 0.9092 25 0.9825 0.9693
4 0.9965 0.9754 15 1.0118 0.9078 26 1.0013 0.9475
5 0.9975 0.968 16 1.0105 0.9064 27 1.0025 0.945
6 1.0004 0.9495 17 1.0087 0.9044 28 1.009 0.9335
7 1.0002 0.946 18 1.0081 0.9038 29 1.0142 0.9235
8 1.0014 0.9323 19 0.9986 0.9967 30 1.0177 0.9218
9 1.0039 0.926 20 0.995 0.9929 31 1.0139 0.9176
10 1.0069 0.9201 21 0.9943 0.9922 32 1.0131 0.9167
11 1.0074 0.9192 22 0.9936 0.9916 33 1.0128 0.9164

From Table 7, it is observed that the voltage magnitudes are significantly improved, where the lowest
voltage magnitude occurred at bus 25 and its value is 0.9825 pu. The voltage stability index in this case VSI =
31.311, while total active power losses Ploss = 35.948 kW compared with 211 kW in the system’s original case.
Figure 10 shows the PV curves of Case (4).

From Figure 10, it is observed that the system’s loadability is greatly enhanced. The voltage levels start
to decay to less than 0.9 pu when the loading factor is greater than 420%, and it totally collapses when it
exceeds 800%.
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Figure 10. PV curves of IEEE 33-bus distribution system after two wind turbine DG installations.

5. Conclusions
In this paper, the performance of IEEE 33-bus distribution system has been analyzed, then the optimal size
and location of DG have been determined using an efficient hybrid optimization technique. The optimal size
and location of photovoltaic DGs and wind turbine DGs have been determined in order to improve the voltage
stability index and minimize total active power loss. The proposed hybrid optimization technique is based on
LSF and GWO. LSF has been used to determine the candidate buses for DGs installation in RDS while GWO
algorithm has been developed to determine the optimal locations and sizes of DGs. The system’s performance
has been analyzed after the installation of DGs of each model, where the number of DG installations in the
system increments until ‘2’. From simulation results, it is observed that the system power loss is reduced to
67.87 KW and 29.314 KW by integrating 1 WT and 2 WTs, respectively, while it is reduced to 110.029 kW
and 87 kW by integrating 1 PV and 2 PVs, repectively. The analyses indicate the tremendous impact of the
DGs after optimization on the system’s voltage stability, loadability, and power losses. They show the poor
performance of the system without the optimized DG installations and show a significant improvement on the
system’s performance with the optimized DG installations.
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