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Abstract

In this paper, the Gray Wolf Optimization Algorithm (GWO) will be used for planning a hybrid AC/DC distribution network,
and results from the economical and technical point of view will be compared to those of conventional methods, such as
Genetic Algorithm (GA). In the proposed model, the objective function is to minimize the Net Present Value (NPV) of the
optimal solution. The planning will be done for an empty area, which already doesn’t have any distribution network, at the LV
level. In the proposed method, the buses and feeders of the network could be AC or DC. Also, there are AC and DC load points
and Distributed Generations (DGs) in the planning area. It should be mentioned that in this paper, the uncertainty of load
demand and production of DGs has been regarded. Finally, after planning the distribution network as a pure AC and a hybrid
AC/DC configuration for a 14-bus test network, NPV, loss of system and the convergence time of the GWO algorithm will be
compared to ones from GA, and advantages of the prior will be shown.
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1. Introduction

Due to the expansion of distributed generation
(DG) sources with DC outputs, such as photovoltaic
panels and various types of batteries, increasing
reduction of fossil fuel sources, increase of
greenhouse gases in the atmosphere, and the
emergence of more DC-powered loads, distribution
networks planners have shown particular tendency
to use DC configurations. Energy incentive policies
have been another important factor in increasing the
trend toward using DGs with DC output. Hence, it
cannot be conclusively claimed that planning of
future distribution networks consisting of a
significant number of loads and DGs with DC
outputs in conventional pure AC configurations is
technically and economically viable [1].

From the past to the present, many works have
been done in the field of planning a distribution
network. For example [2] has proposed a simple way
to optimal MV feeder routing and determining the
capacity of these feeders, which is based on the
Dynamic Programming method using the Markov

principle. The authors of [3] have been used a Multi-
Objective Genetic Algorithm (GA) to optimal
planning of an AC distribution network for an empty
area or extending an existing distribution network.
The authors of [4] have been used a direct approach
based on the Principle of Optimality for optimal
planning of an AC distribution network and optimal
MV feeder routing. In [5], optimal planning of an
AC MV distribution network is performed using Ant
Colony Optimization Algorithm. This approach
could be used for planning a new distribution
network for an empty zone, or for extending an
existing one. In [6], a discrete Particle Swarm
Optimization (PSO) based approach has been
proposed for optimal planning of a distribution
network. Authors of [7] have considered the
possibility of DGs existence in the planning area,
and planning has been performed with GA.

Due to the uncertainties in urban planning, in
[8], load points have not been directly used in the
planning problem. In this paper, load points with
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lower uncertainty and higher accessibility have been
used as embranchment points, representing some of
the load points. In [9], a combination of PSO and
Shuffled Frog Leaping Algorithm (SFLA) has been
used for planning an AC distribution network.

The authors of [10] have been proposed a GA-
based approach for planning a hybrid AC/DC
network consisting of DGs, AC and DC residential,
commercial, and industrial load points. In [11], the
main focus is on optimal MV feeder routing using
the Bacterial Foraging Algorithm. The authors [12]
used the Multi-objective Imperialist Competitive
Algorithm (ICA) to MV feeders routing considering
the uncertainty of load prediction. The authors of
[13] have been used Minimum Spanning Tree
(MST) method for optimal planning of LV feeders
and planning a hybrid AC/DC distribution network.
In [14], a new stochastic method has been proposed
for planning a hybrid AC/DC network. This method
finds the optimal hybrid AC/DC configuration of the
buses and lines, considering that each bus or line can
be AC or DC. Authors of [14] have filled the
research gap of their previous work by presenting a
new method of simultaneously minimizing the cost
of planning and operating an AC/DC hybrid
distribution network and minimizing the expected
not supplied energy in [15]. In [16], a probabilistic
method for running optimal power flow on a hybrid
AC/DC distribution network consisting of AC and
DC load points, photovoltaic panels, and electric
vehicle charging stations has been proposed.

The proposed method in this paper for
planning distribution networks tends to minimize
the net present value (NPV) of the distribution
system considering loads and DGs existing in the
planning area, using Gray Wolf Optimization
(GWO) Algorithm and comparing the results with
conventional optimization algorithms such as GA.
The remainder of this paper is organized follows:
Section 2 deals with modeling the configuration of
the hybrid AC/DC distribution network. The nested
optimization problem, the objective functions, and
constraints are introduced in section 3. Section 4
examines the gray wolf algorithm. Section 5
includes the optimization procedure and solving the
planning problem. Using a 14-bus test network,
which is proposed in section 6, NPV, power loss,
and convergence time of the proposed model have
been evaluated and compared to results of GA.
Finally, the conclusion of the paper has been
presented in section 7.

2. Configuration of the hybrid AC/DC network

Distribution networks consist of different types
of AC and DC loads with different demands, and
DGs with AC and DC outputs. To achieve the
optimal configuration for supply all load points
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existing in the planning area, developing an
algorithm, which depends on the geographical
location of load points and DGs, its output could be
a pure AC, a pure DC, or a hybrid AC/DC
configuration. Such a network may consist of AC or
DC buses and feeders and also necessary converters
to convert electrical energy. Various possible
configurations for connecting load points and DGs
are represented in Figure 1.

Fig. 1. Connection of loads and power sources to (a) an AC bus
and (b) a DC bus [14]

The main goal of this work is finding the
optimal configuration (from the NPV point of view),
for planning a hybrid AC/DC network in an area
consisting of different types of load points and DGs.

The configuration of the planning network in
this paper is defined with three binary matrices,
which are represented by W, U and D [14]. In other
words, these matrices are decision variables in
solving the optimization problem. W with N, rows
and one column determines the type of each bus. If
each element of this matrix equals 1, the
corresponding bus is DC and if it equals 0, the
corresponding bus is AC. U with Np rows and Ny
columns determines the connection situation of two
buses. If each of the elements of this matrix equals 1
it means that two corresponding buses are
connected, otherwise there is no connection between
them. D with Ny rows and Ny columns represents the
type of connection between buses. If each of the
elements of this matrix equals 1, the connection
between them is DC, otherwise it is AC.

3. Modeling the optimization problem

As mentioned before, the main goal of solving
the optimization problem is minimizing the NPV of
the planned distribution network. The optimization
problem, which is defined in this paper, is a mixed-
integer non-linear problem (MINLP) and will be
solved with GWO and GA. The results will be
compared in section 4. Because many factors and
variables affect this problem, solving it cannot be
done by one problem. So the optimization problem
should be defined in the main optimization problem
and a sub-optimization one. The objective functions
and constraints of these two problems will be
proposed in the next sub-sections.

A) The main optimization problem
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As mentioned, the main objective in this paper
is to minimize the NPV of the planned distribution
network. The objective function of the main
optimization problem is defending as follow:

min C, (1)
In which
C_ -C CAOM t
NPV T YINV +§; (1+d)l (2)
CAOM t 8760x (COPF ,t) + :Bm x Cle (3)

The calculation method of Ciny is described in
[15]. In these formulas, Cinv is the investment cost
of equipment, Caom, is annual operation cost of the
network, d is the discount rate, t is planning horizon,
Copr,t is annual optimal power flow cost, and B is
the maintenance factor of equipment.

Because W, U, and D, which represent the
network configuration, are binary matrices, their
elements must be either 1 or 0. In other words:

W {01}, vnel, (4)
U,<{0}, vnmel, (5)
D, {03}, Vvnmel, (6)

Also to avoid the network from isolating or
over connectivity in any of the network buses, (7)
and (8) constraints will be defined:

dUunmy <™, " <™ <N, -LvneN, (7)

dumm =L 1<™ <™ vneN, @®

Choosing L™ and L™ depends on the type of
the distribution network's configuration (radial, ring,
etc.) and required reliability level. In this paper, to
avoid the network from being isolated and keep it in
a radial configuration, these two parameters are
chosen 1 and 2, respectively. In these constraints, Ng
is a set of buses and Ny, represents the number of the
network's buses.

B) The sub-optimization problem

In the sub-optimization problem defined in this
paper, the objective function is minimizing the total
cost of energy production, while supplying all load
points. The objective function of this sub-problem
will be defined as follow:

Copr = min{ D CoRE+ D, cg°PG‘jCJ (9)
jeNE leN&

In this objective function, C%g; is the price of
AC power from each AC power source, P*; is the
amount of power supplied from each AC power
source, C%Gg;is the price of DC power from each DC
power source, and P%g; is the amount of power
supplied from each DC power source.

There are also some constraints for the
production of active and reactive power from each
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AC or DC power source, which are defined in (10)
to (12):

PGe:c—mm < Peaic < PGe:c—max (10)
dc—min dc dc—max

PRI < RE < RS (11)
ac—min ac ac—max

Qs =Q; =<Qg (12)

In these constraints, P Mng; and Pa™mg; are
minimum and maximum active AC power, Pd-Ming;
and PYMg; are minimum and maximum DC power,
and Q*Mng and Q¥ ™Xg are minimum and
maximum reactive AC power which could be
produced from each power source, respectively.

The active and reactive power balance in each
bus is one of the essential constraints in solving the
sub-optimization problem. These constraints are
defined in (13) and (14):

P"=P? vnel, (13)
Q" =Q, vVnel, (14)

The calculation method of injected and
consumed active and reactive power in each bus is
described in [17]. In these constraints, P, is
injected active power in each bus, P, is consumed
active power in each bus, Q™ is injected reactive
power in each bus, and Q% is consumed reactive
power in each bus, respectively.

The security constraints of the distribution
network, including constraints in voltage magnitude,
voltage angle, and the maximum capacity of feeders,
are defined in (15) to (18):

V™ <V V™ vnell, (15)
oM <0, <g™, vnell, (16)
S, SSH, Vnmel (17)

Snm = v PH?T] + anm (18)

In these constraints, V™", and V™, are
minimum and maximum permissible voltage

magnitude in each bus, 6™, 4 6™, are minimum

and maximum permissible voltage angles in each
bus, and Spm is maximum apparent power, which
could be flow in each feeder.

Converters have some constraints, which must
be considered while solving the sub-optimization
problem, too. These constraints are defined in (19)
to (21):

S. <S8, VeceN, (19)

M™<M_<M™ vnmeN, (20)

nm ?

S, =+[P?+Q? 1)

In above mentioned constraints, N is the set of
converters, S™; is the maximum apparent power of
each converter, and M™".., and M™. are the
minimum and maximum modulation index of each
converter, respectively.
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v

Update the leaders alpha, beta and delta with random
walk and other wolves omega

:

Apply greedy approach between old and updated
positions of grey wolves

|

No Is the termination criteria
satisfied ?

L\'m

End

Fig. 2.  Gray Wolf Optimization Algorithm flowchart [19]

4. Gray Wolf Optimization Algorithm

The grey wolf algorithm is inspired by the grey
wolves which often live and hunt in a pack of 5-12
wolves and follow a certain hierarchy.
Hierarchically, grey wolves are divided into four
groups: Alpha, Beta, Delta, and Omega. Alpha leads
the group and is always in the best position to the
prey (optimum point); beta is the alpha's right hand
and executes his commands in the group and has a
high chance of being selected as an alpha in the
following stages; the delta is higher than Omega and
lower than beta and last of all is Omega which is bait
map in hunting and has no proper position to the
prey [18].

In addition to the wolves’ hierarchy, their
hunting procedure is also interesting, which can use
be used for optimization problems; their hunting
procedure is generally as follow [19]:

Tracing, chasing and approaching the prey

Surrounding and harassing the prey until it gets
exhausted

Attacking the prey

The mathematical modulation of wolf behavior
and hunting involves the solution quality ranking
based on the wolf hierarchy and has been described
in [19]. Flowchart of the GWO algorithm has shown
in Figure 2.

5. Planning Approach

In this paper, the network configuration will be
achieved by determining W, U, and D matrices.
These configurations are flexible and depend on
load points and DGs which could change. After
running the GWO algorithm and achieving the
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optimal configuration of the distribution network,

results will be compared with those from GA. The

flowchart of the planning approach is presented in

Figure 3.

This flowchart is described step by step as
follow:

— Generating an initial population. Each member
of the initial population includes binary
matrices (W, U, and D) and it will show a
candidate configuration for a hybrid AC/DC
network.

—  Proceeding with steps 3 to 6 for each member
of the initial population with GWO and GA.

— Solving the sub-optimization problem [17].

—  Calculating investment cost for each confirmed
member of the current population.

— Calculating NPV for every member of the
current population, and then checking every
constraint of the main optimization problem.

— Evaluating the stopping criteria  for
optimization algorithm (GA or GWO). If these
criteria aren't achieved, the operators of the
optimization algorithm will be used to updating
the population.

Steps 2 to 6 will be repeated until stopping
criteria of the optimization algorithm will be

achieved.

Generating an initial population 7

!

Solving the sub-optimization problem

:

Calculating investment cost for each confirmed
member of current population

!

Calculating NPV for every member of current
population

!

Checking every constraint of the main optimization
problem

:

Evaluating the stopping criteria for optimization
algorithm

Is stopping
criteria satisfied?

End

Fig. 3.  Flowchart of the proposed method
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Table.1.
Input parameters for planning model [14]

Parameters Values and Limits

Base Values (Sgase, Vease™, Vease™)
Voltage magnitude limits (p.u) Vmin=0,95, Vm*=1,05
Voltage angle limits (rad) OMN=-r/4, @"*=n/4
Capacity of feeders 2.0 MVA
Modulation index limits [20] MMin=0,77, M™*=1.0
The efficiency of the AC-DC converters 95%

Bus connectivity constraints Lmin=], Lmax=2
Type of the DC system Unipolar

Cost of feeders [21] 28,000 $/mile
Cost of converters [22] 170 $/kVA
Annual maintenance cost 5% IC
Planning period 15 years
Discount rate 7.5%

10 MVA, 4.16 kV, 6.8 kV

6. Test Network and Results

In order to evaluate the proposed model and
comparing results with conventional approaches (in
this paper GA), a 14-bus test network will be used.
This test network will be planned as a pure AC
network and a hybrid AC/DC network with both the
GWO algorithm and GA. This network includes
subtransmission AC/AC substations, AC and DC
load points, photovoltaic panels with DC outputs,
wind turbines with AC outputs, and electrical
vehicle charging stations. It should be mentioned
that in this study electrical vehicle charging stations
are only DC consumers and cannot be connected to
the grid as an energy producer. The geographical
location of network elements has been shown in
Figure 4.

In this network, distances of buses from each
other, maximum and minimum active and reactive
power which could be generated by DGs, load
demands and other assumptions, are just like [14]
and [15]. An important difference in this study and
[14] and [15] is that in this work, the uncertainty of
load demands and generation capability of DGs are
not considered. In this study, it is assumed that all
DGs are capable to generate any amount of active or
reactive power between their minimum and
maximum power limits. These data, parameters,
limitations, and assumptions have been proposed in
Table 1 to Table 3.

In order to planning a hybrid AC/DC
distribution network and comparing results with
those of GA, the test network of Figure 5 is planned
as a pure AC network and a hybrid AC/DC network
with both GWO algorithm and GA. After achieving
configuration matrices (W, U and D), and optimal
NPV of planned networks, schematics of pure AC
and hybrid AC/DC networks are represented in
Figure 5 and Figure 6, respectively. According to
achieved matrices from both the GWO algorithm
and GA, it can be seen that the optimal configuration
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of the distribution network is the same, but the time
required for achieving the optimal solution and
magnitude of the objective functions are different.

=32

g58 -6
T |

g |8

-

Fig. 4.  14-bus test network

Table.2.
Demand of AC and DC loads [15]
Bus No. AC Loads DC Loads
P (kW) Q (KVAR) 3
1 - -
2 0.50 0.25 -
3 - - 1.25
4 1.0 0.45 -
5 0.75 0.35 0.75
6 0.50 0.25 0.50
7 - - 0.85
8 0.50 0.25 1.25
9 0.50 0.25 -
10 - - -
11 0.50 0.25 0.5
12 0.50 0.25 0.5
13 0.75 0.35 -
14 - - 1.25
Table.3.
Data for system power sources [14]
Power Type Max Max Energy
Source Active Reactive Price
Power Power ($/MWh)
(MW) (MVAR)
SS1 AC 10 4.8 92.2
SS13 AC 2 0.96 92.2
PV2 DC 15 - 209
PV9 DC 15 - 209
PV10 DC 15 - 209
WT7 AC 1 - 128

It can be seen from the optimal configuration
that planning the distribution network as a pure AC
network using GA will be done after 1 hour and 52
minutes. Also, the NPV of this solution and loss of
system will be 46.472 M$ and 242 MW,
respectively. On the other hand, it can be seen that
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planning the distribution network as a hybrid

AC/DC network using GA will be done after 3 hours ﬁ
and 12 minutes. In this case, the NPV of the 14
distribution network will be 43.328 M$ and loss of 12
system will be 21.92 MW. ;:
i ~ _!@ 0.6

o 0.4

] n - 0.2

= 0.0

Loss Convergence Time

M Pure AC mHybrid AC/DC

i)

Fig. 7. Per unit comparison of NPV, loss, and convergence
time of planning distribution network with GA

— AC Feader
—— DX Fesder

o~ ot 2.0
q‘ P 1.8
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e 1.2
1.0
Fig. 5.  Optimal configuration of pure AC distribution network g':
0.4
4 0.2
? 0.0

o i Loss Convergence Time

B Pure AC HHybrid AC/DC

Fig. 8.  Per unit comparison of NPV, loss, and convergence
time of planning distribution network with GWO algorithm
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0.9

. 0.8
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— 0.5

0.4
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Fig. 6.  Optimal configuration of hybrid AC/DC distribution 0.2
network 0.1
0.0

If the planning is done with the GWO Loss Convergence Time
algorithm, the convergence time, NPV, and loss of
system in pure AC and hybrid AC/DC
configurations will be 1 hour and 12 minutes, 41.528 Fid 9. Per unit comparison of NPV | nd converaen
M$, 22.87 MW, 2 hours and 16 minutes, 38.886 M$, t?mz of plgn:in;(;opues,:g dci)stributilor?isét?N(?rI:ct))et\?vgeen gWO
and 20.367 MW, respectively. algorithm and GA

Per unit comparison of NPV, loss, and the time
of convergence of planning distribution network as
a pure AC, and a hybrid AC/DC network with GWO
algorithm and GA has been represented in Figure 7
and Figure 8, respectively. Also per unit comparison
of these results for the GWO algorithm and GA in a
pure AC and a hybrid AC/DC network has been
shown in Figure 9 and Figure 10.

HGA EGWO
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Fig. 10. Per unit comparison of NPV, loss, and convergence
time of planning a hybrid AC/DC distribution network between
GWO algorithm and GA

HGA EGWO

7. Conclusion

In this paper, the GWO algorithm used for
planning a hybrid AC/DC distribution network and
results have been compared to those from GA and
pure AC configurations. The introduced model in
this work considering the situation of load points
and DGs existing in an area is capable of choosing
between pure AC, pure DC, and hybrid AC/DC
configuration for planning distribution networks.
The objective function of the proposed model is to
minimize the NPV of a distribution network. In the
proposed model, load demands and DGs
uncertainties have been regarded. After that, the
optimal configuration has been achieved by solving
the main optimization problem and a sub-
optimization problem.

Finally, a 14-bus test network has been used to
evaluate the results of the planning distribution
network as a pure AC or a hybrid AC/DC network
with both GWO algorithm and GA. After comparing
results, it can be seen that regardless which
optimization algorithm has been used to plan a
distribution network, if different types of AC and
DC load points and DGs exist in an empty area, a
hybrid AC/DC solution reached lower NPV, loss,
and time of convergence than a pure AC one. Of
course, the proposed approach highly depends on
the situation of load points and DGs existing in the
planning area and the type of them.

For future works, we suggest that uncertainty
of load demands and DGs will be considered. Also,
a fast and effective algorithm could be proposed to
plan much bigger networks with many buses, load
points, and DGs. Reliability of the system, expected
energy not supplied and reliability indexes are also
important concepts that can be considered in future
works in this field.
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