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Adaptation of renewable energy is inevitable. The idea of microgrid offers
integration of renewable energy sources with conventional power generation
sources. In this research, an operative approach was proposed for microgrids
comprising of four different power generation sources. The microgrid is a
way that mixes energy locally and empowers the end-users to add useful
power to the network. IEEE-14 bus system-based microgrid was developed
in MATLAB/Simulink to demonstrate the optimal power flow. Two cases of
battery charging and discharging were also simulated to evaluate its
realization. The solution of power flow analysis was obtained from the
Newton—Raphson method and particle swarm optimization method. A
comparison was drawn between these methods for the proposed model of the
microgrid on the basis of transmission line losses and voltage profile.
Transmission line losses are reduced to about 17% in the case of battery
charging and 19 to 20% in the case of battery discharging when system was

analyzed with the particle swarm optimization. Particle swarm optimization
was found more promising for the deliverance of optimal power flow in the
renewable energy sources-based microgrid.
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1. INTRODUCTION

In the previous era when only the main grid systems were used, the end consumers often suffered
because of the fault condition that occurred in the main grid. It had to be shut down and there was no backup
source to provide energy. The microgrid has solved this problem because it can work in island mode. When
the technology became developed and environment friendly, the distributed generation (DG) units such as
wind energy, gas, and solar energy were broadly used [1]-[7]. Nowadays, the world is giving attention to the
micro grid for providing energy easily and near to the load. When energy is made from natural resources like
wind, bio-gas, and through sunlight (solar), there will be a very good impact on budget and also have benefit
in respect of multiplicity of energy use particularly for developing countries like Pakistan [7]-[11]. While
supplying energy to feeders, some feeders will have complex loads, and the provision of local energy is
essential for reliability. These feeders are island from the grid using a device named static switch that can be
detached in less than a cycle [12], [13]. In this condition, suitable frequency and voltages should be
maintained for proper working. Whenever there will be a problem with the main grid system the static switch
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will open and will start isolating the sensitive loads from the main grid system. The point where these two are

attached is called the point of common coupling [14], [15]. The disturbances can also occur while switching.

In this case, the distributed energy resources will restart the island mode. So, sufficient generation should be

assumed to encounter the demand of loads.

Many studies have been done freshly which emphasizes the unique features of the microgrid. A
group studies optimal power-sharing of disseminated generation such as wind or solar [16]-[18]. Another
group researches and highlights the income of the economy. They want to reduce the overall cost of energy
[19]. Another goal is to obtain extreme profit by the generation of energy. The third group of researchers
determines the best communication of energy storage devices [20]-[22]. Energy can easily be stored when
renewable power is present or transferring energy from one point to another point is low-priced, then the
stored energy is available for the time when we cannot meet our demands or when we do not have access to
renewable energy sources. The main objective is to produce low-priced energy and take advantage of
renewable energy resources and the availability of energy at all times. For example, Brekken et al. [14]
reports a wind farm rewarded by battery energy storage. Levron and Shmilovitz [23] showed storage to time-
shift the production of renewables. In [24], [25], the storage devices operated in a mode of power generation.
In [26], a Newton method is used to solve optimal power flow equations. The drawbacks of this method are
the output results they obtained are quite near to their limits. The optimal power flow will incline variables to
pass the limits and it is not reasonable to apply optimal power flow without scattered methods.

In [27], the linear programming method is proposed for optimal power flow solution [28], [29]. This
method is very good in the management of inequalities and also deals very worthy with local constraints. The
linear programming method is very fast and a trustworthy method for optimal power flow solutions. This
method also has some demerits as it has low accuracy and the cost minimization in this method is not so good
[30]. An efficient method is proposed known as the interior point method. This method took a very good
benefit in the speed of convergence of 12:1 as compared to other programming methods. This method is
selected for optimal power flow due to its consistency, accurateness, and quickness. There are some
boundaries due to starting and ending conditions and this method does not provide a reasonable solution if
the step size is chosen inappropriately. In [31], the genetic algorithm is proposed which can provide overall
optimum solutions because of avoiding the setup of local minima. The main advantage of this method is to
do several objectives in a solo run as it can find solutions in many areas of search space at a time. If the
solution demands to work on a parallel workstation, then this method is feasible to code. The solution
obtained from the genetic algorithm is not definite to be ideal and there is an excess of wastage of
computational efforts in this method if power system is expanding.

All the research and studies undertake minor network topology. They should consider storage
devices in a combined manner with a general proper network, but they did not. The best solution for an
interconnected network with storage devices has not been shown. However, metaheuristic techniques-based
implementation of microgrids is available in literature [32]-[35]. Following are the major contributions of
this research.

— |EEE-14 bus system based microgrid test model is developed and is tested under different scenarios.

— The phenomena of battery charging and discharging is analyzed with this model for effective utilization
of energy storage without compromise on voltage profile.

— Optimal power flow is implemented with Newton—-Raphson method and particle swarm optimization
(PSO) and hoth of these technigques are compared on the basis of voltage profile and transmission losses.

— This research serves as a study of microgrids with the integration of renewable energy and conventional
energy sources.

— PSO comes up with a very good convergence speed and can control the balance between the global and
local survey of search pace. This method also can deal with non-curved and non-distinguishable objective
functions.

In this research, a method for making a microgrid is proposed from renewable energy resources i.e.,
wind and solar to supply energy in local means to end consumers [36]. If you look at the transmission lines in
our country, they are too long and too old to supply energy to the end loads. Therefore, placing a microgrid
near the load is a good approach. If any fault occurs at any point, then the whole area will be affected until
the engineers will remove the fault. So, if we have a microgrid then we can use energy from it by dispatching
it from the main grid. The power flow analysis has done by two different techniques. The first one is
Newton—Raphson and the other is PSO. After comparing the results from both techniques, notice that the
results from the PSO method are far better than that of Newton—Raphson.

The rest of the paper is organized as: section 2 contains the details of the formulation of the optimal
power flow problem in microgrids. Section 3 explains the structure of the IEEE-14 bus system-based
microgrid. Section 4 covers the discussion related to simulations. Significance of results and simulations is
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mentioned in section 5. Performance of different power flow techniques is compared in section 6.
Conclusions are drawn in section 7.

2. OPTIMAL POWER FLOW PROBLEM FORMULATION

Power flow is used to analyze steady-state performance. The optimization of power flow can
improve performance. According to optimization, the objective function should provide the best values of
power flow within the equality and inequality constraints [37]. The optimal power flow problem is (1).

Min F(P_G) = f(x,u) = j(x,u) (1)

2.1. Objective function
The quadratic nature of the objective function is defined. The objective function is linked to power
generation values. The objective function is given a (2),

Ng
1= F) D% (Pa) = ) (i + hiPoi +iPd) @)

subjected to:
g(x,u) = 0 represents equality constraints.
h(x,u) < represents inequality constraints.

XT = [PG,:’ VLi .....VLND, QGi I QGNG’Sll . SlNl] (3)

where X is the vector of the dependent variable which consist of slack bus power (P;), load bus voltage (V;),
generator reactive power outputs (Q;) and transmission line loadings (S;); and N represents the number of
load busses and N;; represents the number of generators.

U is the vector of independent variables which consist of voltages of the generator, transformer tap
settings, and shunt compensations. Hence, u can be expressed as (4),

uT = [VGi ...VGNG, PGZ ....PGNG, T1 "'TNT' ch . ”QCNC] (4)

where NT is the number of regulating transformers and NC is the number of shunt compensators. J is
objective function to minimize and g represents here the equality constraints.

2.2. Inequality constraints responding to the limits

The generator and transformer are subjected to various types of inequality constraints. The
generating voltages, active power, and reactive power are all limited. Similarly, limits are set on the
transformer's control level.

— Generator:
Vimin < Vi < Vimar 1=1,...,N, (5)
Pomin < Q¢; < Pomax» 1=1,..,Ng (6)
Qgimm = Qgi = Qgimax’ i=1.,Ng (7

Where V;,.in is the minimum voltage of the generator, V;,,,,, is the maximum voltage of the generator,
Pg,min is the minimum active power of the generator, Pg mq, is the maximum active power of the
generator, Qg,min is the minimum reactive power of the generator, and Q g, mq is the maximum reactive
power of the generator.

— Transformer:

Tkmin < Tk < Tkmax i=1 ""Nk (8)

where Tymin 1S the minimum control level of the transformer and Ty, ., iS the maximum control level
of the transformer.
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2.3. Equations of load flow by network equality constraints

Active and reactive power are also subject to equality constraints. The equations are modelled using
known parameters (voltage and angles). Normally, the difference between generation and load is expressed in
the form of equality constraints. The equations are given as (9) to (10),

P,(V,8) — Pg; + Pp; = 0 ©)

Q(V,8) = Qo+ Qp; = 0 (10)
where:

P,(V,8) = lal Y|, IVil|¥;] cos(8; — 6 — 8;)) (12)

Qi(V,8) = lal 31 IVil|Y;| sin(6; — & — 0;)) (12)

Yi]'=|Yij [ 911 (13)

The load balance equation is:

218 (Pyi) = 22 (Poi) — P, = 0. (14)
2.4. Particle swarm optimization

It starts with the group of random particles and then searches for the optimal solution by updating its
generations. In each or every iteration each particle is updated by two best values the first one is the position
vector of the particle which had achieved so far, and it stored the value this position is called Pbest.

Pbest; = (xPest, ..., xkest) (15)

Another best position is tracked by particle swarm optimizer, and it is the best solution so far by any particle
in population and this position is global best which is known as Gbest.

Gbest; = (xPest, ..., xkest) (16)

Velocity and position equations are given as (17) and (18).

vk =wk+ clrl(Pbestgc - xl") + CZrZ(GbeStll( - xlk) a7
Xt = xk 4 pftt (18)

The velocity of the i*" particle at the kth iteration is vFand x} is the current position of i** particle at k"
iteration.

— ¢4 and ¢, are positive constants.

— 17 and r, are two random variables with a uniform distribution between 0 and 1.

— V represents the velocity of the particle in search space.

V= (v, ..., vy)
— X represents the position of the particle in a search space.

X = (xg, 0, xy)
— The upper bound is placed on the velocity in all dimensions v, 4,
Maximum — (yMaximum _ yMaximumy /ny

4

— Here N represents the total number of intervals.
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— w is the inertia (shows the effect of previous velocity vector on the new vector).

_ (Wmaximum =@minimum)*K
M

0 (K) = Wmaximum
K represents the current number of iterations and the M represents the maximum number of iterations.

2.5. Newton-Raphson method

Newton—Raphson method is a quite efficient method for solving power flow equations [38]-[40].
This method can easily deal with large power systems because in this method the number of iterations
required is independent of power system size. It is a complex system and requires more functional iterations
at each step.
— Apparent power:

Pi—JQ; = Vil < & Xi-|vi]|vj|264; + & (19)
— Real part:
P =X7 [Yyl|v|IVilcos(6y — 6; + 6)) (20)

— Imaginary part:
Qi =—Xj=1 | Y;;||v;|IVilsin (6;; — 6; + &) (21)

Both (20) and (21) have algebraic equations which are nonlinear per unit values. Jacobian matrix is
formulated using (22).

AP _[Ji J2][ AS
laol =2 32l Law 22)
Where J; is the order of (n-1)x(n-1), J, is the order of (n-1)x(n-1-m), J5 is the order of (n-1)x(n-1-m),

and J, is the order of (n-1-m)x(n-1-m)
— The diagonal and off-diagonal elements of J,

Z—Z:Z}':i | Yij”Vj“VilSin 6 — 6; +8) -
%:_|Yi]'||v}||Vi|COS(9ij—5i+6j) o

— The diagonal and off-diagonal elements of J,

daP;

7 2|Y;1IV;lcos 0y + X jsi| Yij||Vj|cos (6;; — 8; + 6)) (25)
dP; . .

o = | YijllVjlcos (6 = 8i+6) j#i (26)

— The diagonal and off-diagonal elements of /,

%:Z]’xi |YLJ||VJ| |Vi| cos (6;; —6; + &) @7
e = —ll¥y IV cos 0 6, +.5) i -

— The diagonal and off-diagonal elements of ],

aPi R i
v —2|Y|IVilsin®y; — X |Yi||Vi|sin (65 — 6; + 6)) (29)
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P _
av;|

—|Vil|Yy|sin (6;; —8; +6)  j#i (30)
— Power residuals:
APi(K) = p5ch — Pi(K) (31)
AQi(K) = g5t Q(K) (32)

In (31) and (32), these values are the differences between calculated and scheduled values. New
approximations for bus voltages:

sUH =59 4 as™ (33)
GED) = VK| + alvE). (34)
In the case of renewable energy, power flow changes quickly. Therefore, it is advisable to find the

change of power in two-time intervals instead of evaluation power mismatches at one time period. Hence,
Jacobian matrix could be assumed to be constant calculated from the previous time and is given in (35).

ol = [ - nllan] (35)

The change of power at bus k would have a direct influence on neighboring buses i.e., bus k — 1 and bus
k + 1. Jacobian power flow equations under N # k and N = kare formulated respectively as (36) and (37).

AVj_q
AP, — [ dPx 9Pk 9Py ] oP, 9Py 9Py ] v
k7 lo6k-1 98k  08k41 W1 Vi Vi k
AVitq
Ok-1 AVi—q
_[9Qk 9Qr _9Qk QK 9Qk _9Qk
AQe = [55k—1 2y a5k+1][ O |+ [5Vk—1 Vi aVk+1] [AAV]‘ l (36)

AP, = [ 9Pk 0P A6k_1]+[ai aﬂ] [AV,H]

88k—1 95kl | ASy 98k—1 95kl [ AV,

AQ _[aok a0 MH] [m aﬁ][AVH]
LI CT T ASy, 08— 35kl [ AV,

@37

The steps for Newton—Raphson are:
a. For load buses:
— P?" and Q" are specified.
— Voltages |V1(°)| is set equal to 1.0 (slack bus value).
— Phase angle 650) is set to 0.0 (slack bus value).
— P®and Q¥ are calculated from (20) and (21).

- APL.(K)and AQi(K)are calculated from (31) and (32).

b. For voltage-controlled busses: Pi(K)and APl.(K)are calculated from (20) and (31).
¢. Now Jacobian matrix is obtained from (23)-(30).
d. After obtaining the Jacobian matrix put all the values in (22) and solve this equation directly.
e. From (33) and (34), calculate the new voltages and phase angles.
f. The process will continue until Al’i(K)and AQi(K) are become less than the stated accuracy, i.e.
80 < e
1APY| < €
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2.6. Constraints of renewable energy sources

In this proposed work, the constraints of the renewable energy sources are meet by maximum power
point tracking algorithm. The power acquired from the solar photovoltaic (PV) arrays are dependent upon
insolation and temperature. Nonlinear characteristics curves are obtained for voltage current relation and
voltage—power relation. During the variation of insolation conditions, maximum power point should be
tracked for efficient extraction of solar energy from PV arrays.

Similarly, the amount of energy that can be extracted from wind are dependent upon wind speed and
tip speed ratio. As the wind speed varies, the maximum energy can be extracted by tracking the maximum
power point so that the rotational speed should be varied to maintain optimal value of tip speed ratio all the
time. Perturbation and observation-based method is implemented for maximizing energy from renewable
energy sources [30].

2.7. Mathematical formulation of integration of renewable energy sources in the load flow

Renewable energy sources based on solar and wind are developed and implemented in this study.
The beta and Weibull distribution functions are covered in the mathematical modelling of a solar PV farm and
a wind farm, respectively. The variables of mathematical formulations are wind speed and solar irradiance.

2.7.1. Solar PV farm modelling
Beta distribution function is used to model probabilistic approach for solar farm [41], [42].
Therefore, solar irradiance distribution function is given (38).

_ T@th) _(a-1)¢1 _ \(B-1). .
fp = r@r @ (1-y9) ;0<s<1;aq,8=20 (38)

The parameters of Beta distribution are calculated as:

3:(1—,1)(%—1) anda:”—‘; (39)

1—

where T is the gamma function, s is the random variable of solar irradiance in kW/mZ. a and B are the
parameters of beta distribution function respectively, u and ¢ are the mean and standard deviation of s.

2.7.2. Wind farm modelling

Weibull distribution function is used to model wind farm [41], [43]. The wind probability function
is given by (40),

@) = (K/¢). (%) ®D.e=/" (40)

where k,c are the shape factor, scalar factor of the Weibull distribution function. The output of a wind turbine
for a particular speed is given by (41),

0 V< Vi OTV > Vgt
Py ={ax*v®+bx* P, Vin SV, (41)
Pr Vr SV S Vgye
. P 3 .
while a = ——5<and b = % are the constants. v;,, v,,; and v, are the cut-in, cut-out and rated speeds,
(v _vin) vy _Vin)

respectively. The expected output power is given by (42),
Pye = Pyr X f,(v) (42)

where P, and P,,,- are the expected output power and rated output power.

3. IEEE-14 BUS SYSTEM-BASED MICROGRID SYSTEM

In this study, a test mode for the microgrid using the IEEE 14 bus system is established. Over this
test system, power flow is examined. The line data and bus data make up the test system. The line parameters
of this bus system are given in Table 1.

Comparative analysis of optimal power flow in renewable energy sources ... (Raheel Muzzammel)
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Table 1 shows the line specifications of the 14-bus system to be designed. R and X give the
resistance and inductive reactance respectively while the B/2 gives the half-line charging susceptance. Since
the system is considered a microgrid, not a long transmission line, and the system is dealing with few
megawatts of power, therefore the factor of capacitance is removed for better simulation results and better
load flow. Figure 1 gives the MATLAB/Simulink model constructor of a microgrid.

Table 1. Line parameters

Receiving Bus Sending bus R (pu) X (pu) Half B (pu)
1 2 0.01938 0.05917 0.0264
1 5 0.05403 0.22304 0.0246
2 3 0.04699 0.19797 0.0219
2 4 0.05811 0.17632 0.017
2 5 0.05695 0.17388 0.0173
3 4 0.06701 0.17103 0.0064
4 5 0.01335 0.04211 0
4 7 0 0.20912 0
4 9 0 0.55618 0
5 6 0 0.25202 0
6 11 0.09498 0.1989 0
6 12 0.12291 0.25581 0
6 13 0.06615 0.13027 0
7 8 0 0.17615 0
7 9 0 0.11001 0
9 10 0.03181 0.0845 0
9 14 0.12711 0.27038 0
10 11 0.08205 0.19207 0
12 13 0.22092 0.19988 0
13 14 0.17093 0.34802 0
Diesel PowerPlant  Synchronous . Bank 2 Residential Loads Solar Power Plant
—u Condensor attery
= @ .
i T 1 A
[H—t e il
R L —— - (5 —
s L -
(R f H
ey I
LT L
= o
i I : L s e
—— 1 : :
fwwsr |
== ‘o
Wind Power T 4 a —

Plant

3 Commercial Loads

Figure 1. MATLAB/Simulink model of the test model of the microgrid

3 Industnal Loads

—
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It consists of the main grid supply which is considered a diesel engine. The main grid has a supply
of 10 MVA power and 6.6 kV voltages. Alongside the main grid, wind and solar renewable power models
are attached as the secondary power source and a battery is also installed for backup. Wind power has a
capacity of 4 MVA power and 575 V voltages, whereas solar power has a capacity of 1 MVA power and
260 V voltages. The battery that is installed has a capacity of 0.5 MVA power and 900 V voltages. For the
installation of loads, there are two residential loads, three commercial loads, and three industrial loads each
of different specifications. The residential loads consist of three-phase load and single-phase load. The
commercial load mainly consists of a three-phase load and the industrial load consists of a three-phase load
and an asynchronous machine for representing heavy machinery loads. To compensate for the reactive power
in the system a 1 MVA synchronous compensator is also installed. A grounding transformer is also installed
for the grounding of the system. The grid is designed at a standard 11 KV voltages and 50Hz frequency.
After the design of the system is completed the result of the output is displayed on scopes. The results mainly
include the voltages, current, apparent power, active power, and reactive power on the respective buses. A
24-hour simulation is run on the system. Types of loads are tabulated in Table 2 for simulation. After the
simulation of the system, the bus data for both the cases are obtained and are shown in Tables 3 and 4. The
bus data given in Tables 3 and 4 is used further in Newton—Raphson and PSO for the analysis of the test
model of the microgrid. After observing the results, the next step is to conduct the load flow analysis on the
system by the two proposed methods. The proposed technique is shown in the flow chart in Figure 2.

Table 2. Types of loads used for simulation

Type of Load Single Phase/Three Phase  Active Power Load (KW)  Reactive Power Load (KVAR)
Residential [Static] ~ Single Phase Load [220 V] 1500 3
Residential [Static] Three Phase Load [440 V] 1000 100
Commercial [Static] ~ Three Phase Load [440 V] 1000 1
Commercial [Static]  Three Phase Load [440 V] 350000 1
Industrial [Static] Three Phase Load [3.3 kV] 500 -
Industrial [Dynamic]  Three Phase Load [3.3 kV] 476 324

Table 3. Bus data for battery charging

Load Generation
BusNo. BusCode V(pU) \iy MyAR MW MVAR Omin  Omax
1 1 1 0.0 00 00 00 00 00
2 2 1 0.0 00 00 00 dnf inf
3 3 1 050 00 00 00 00 00
4 3 1 055 006 00 00 00 00
5 3 1 055 006 00 00 00 00
6 2 1 00 -001 05 00 inf  inf
7 3 1 0.0 00 00 00 00 00
8 2 1 001 030 20 00 dnf inf
9 3 1 0745 00 00 00 00 00
10 3 1 0745 00 00 00 00 00
1 3 1 0745 00 00 00 00 00
12 3 1 105 04 00 00 00 00
13 3 1 105 04 00 00 00 00
14 3 1 105 04 00 00 00 00

Table 4. Bus data for battery supplying

Load Generation
BusNo. BusCode V(pu) vy MVAR MW MVAR Omin  Omax

1 1 1 0.0 0.0 0.0 0.0 0.0 0.0
2 2 1 0.0 0.0 0.0 0.0 -inf inf
3 3 1 0.0 0.0 0.5 0.0 -inf inf
4 3 1 0.55 0.06 0.0 0.0 0.0 0.0
5 3 1 0.55 0.06 0.0 0.0 0.0 0.0
6 2 1 0.0 -0.01 0.5 0.0 -inf inf
7 3 1 0.0 0.0 0.0 0.0 0.0 0.0
8 2 1 0.01 -0.30 2.0 0.0 -inf inf
9 3 1 0.745 0.0 0.0 0.0 0.0 0.0
10 3 1 0.745 0.0 0.0 0.0 0.0 0.0
11 3 1 0.745 0.0 0.0 0.0 0.0 0.0
12 3 1 1.05 0.40 0.0 0.0 0.0 0.0
13 3 1 1.05 0.40 0.0 0.0 0.0 0.0
14 3 1 1.05 0.40 0.0 0.0 0.0 0.0

** Angle degrees for all the buses in the 14-bus system is 0° and injected MVAR is also 0

Comparative analysis of optimal power flow in renewable energy sources ... (Raheel Muzzammel)
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Figure 2. Flow chart of proposed technique
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4.  SIMULATION RESULTS

After the construction and simulation of the microgrid, the optimal power flow of the system is
analyzed. Newton—Raphson and PSO are applied for power flow analysis. This analysis helps to determine

the efficacy of Newton—Raphson and PSO in the case of microgrids as microgrids are the most vulnerable
power system.
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4.1. 24-hour simulation

The determination of the test model's realistic behavior is aided by the 24-hour simulation. Under a
24-hour simulation, various parameters are seen that show how the microgrid test model is doing. This
simulation helps in the load forecasting. Following a 24-hour simulation, the microgrid's total apparent
power, active power, and reactive power were compared to the total load as follows.

4.1.1. Battery charging

The results for the case of battery charging after a 24-hour simulation of the system are shown in
Figure 3. It is quite obvious that a change in apparent power is observed. This observation results in a change
in active power because of the increase in power as the battery is charging. The non-uniformity depicts the
change in solar irradiance during 24-hours.

4.1.2. Battery discharging

The result for the case of battery discharging after a 24-hour simulation of the system is shown in
Figure 4. It is quite obvious that a change in apparent power of the compensator is observed resulting in a
change in maintaining the battery power cycle in discharging mode. The non-uniformity shows the 24-hour
fluctuation in load. This enables the electrical engineers to apply demand side integration options like peak
shaving and peak shifting.
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Figure 3. The apparent power of the proposed microgrid test model in the case of battery charging
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Figure 4. The apparent power of the proposed microgrid test model in the case of battery discharging

4.2. Optimal power flow using Newton—Raphson method

Power flow analysis of the test model of the microgrid is conducted by the Newton-Raphson
method. Newton—Raphson method is no doubt, complex but is more accurate. Therefore, promising, and
realistic results can be analyzed under different states of battery. There are two cases: battery charging and
battery supplying.
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4.2.1. Battery charging

The results of the load flow analysis for the case of battery charging conducted by the Newton—
Raphson method are presented in Table 5. This study shows the battery charging under the conditions of total
available generation and load. Further, total losses of the system and transmission line are tabulated to
increase the realism of test model. The voltage profile and angle at each bus are given in Table 6. It is
interesting to observe that the values on different buses are closed to 1 p.u. which depicts the reduction in
voltage drop.

4.2.2. Battery discharging

The results of the load flow analysis for the case of the battery supplying conducted by the Newton—
Raphson method are shown in Table 7. The battery discharging is demonstrated in this study under the
circumstances of total available generation and load. To further strengthen the test model's realism, the
system and transmission line's total losses are calculated. The voltage profile along with the angle at each bus
is presented in Table 8. It is noteworthy to note that the readings on various buses are near to 1 p.u., showing
a decrease in voltage loss.

Table 5. N-R based load flow results in the case of battery charging

Parameters P (MW) Q (MVAR)
Total Generation 7.183257 1.905875
Total Load 7.155849 1.142204
Total Losses 0.027408 0.763675

Total Transmission Line Losses  0.008771757  0.0479528

Table 6. VVoltage profile after N-R based load flow analysis in the case of battery discharging
Bus Voltage (pu) Angle

1 1.000 0.00

2 1.000 -32.23
3 0.997 -64.03
4 0.995 -3.77
5 0.995 -3.76
6 1.000 -3.76
7 0.998 -32.35
8 1.000 -61.05
9 0.992 -7.10
10 0.992 -7.15
11 0.992 -7.19
12 0.964 -6.62
13 0.964 -6.60
14 0.964 -6.60

Table 7. N-R based load flow results in the case of battery discharging

Data P(MW)  Q(MVAR)

Total Generation 6.671125  1.858297
Total Load 6.645655  1.130705
Total Losses 0.02547 0.727589

Total Transmission Line Losses  0.007636  0.043698

Table 8. Voltage profile after N-R based load flow analysis in the case of battery discharging

Bus Voltage (pu) Angle
1 1.000 0.00
2 1.000 -32.30
3 1.000 -6.67
4 0.995 -3.83
5 0.995 -3.83
6 1.000 -31.46
7 0.998 -32.42
8 1.000 -61.11
9 0.992 -7.16

10 0.992 -7.21

11 0.991 -7.26

12 0.964 -6.69

13 0.964 -6.67

14 0.964 -6.67
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4.3. Optimal power flow using particle swarm optimization

PSO technique is developed and implemented on test model of microgrid. Optimal power flow with
low losses is the ultimate goal of PSO. In this test model, the optimization technique is applied under both
conditions of battery. The parameters of PSO are initialized and load flow analysis is conducted for both
cases.

4.3.1. Battery charging

The results of the load flow analysis for the case of battery charging conducted by the PSO method
are listed in Table 9. This study illustrates how batteries charge when total available generation and load are
present. To make the test model more realistic, overall losses for the system and transmission line are also
recorded. The voltage profile and degree angle at each bus are given in Table 10. It is noteworthy to note that
the readings on various buses are near to 1 p.u., showing a decrease in voltage loss.

Table 9. PSO based load flow results in the case of battery charging

Data P (MW) Q (MVAR)
Total Generation 7.0157 1.0449
Total Load 6.995 1.01
Total Losses 0.0207 0.0349
Total Transmission Line Losses 0.007285972 0.039819491

Table 10. Voltage profile after PSO based load flow analysis in the case of battery charging

Bus Voltage (pu) Angle
1 1.000444212 0
2 0.999668042 -0.001833821
3 0.999790156 -0.003588068
4 1.000014568 -0.004315945
5 1.000476962 -0.004311617
6 1.00174495 -0.00958338
7 0.999792319 -0.005677456
8 0.99909072 -0.003129579
9 1.000118739 -0.007983197
10 1.000106766 -0.009022192
11 1.000582962 -0.010000748
12 0.999649939 -0.011156217
13 0.99999989 -0.010741618
14 0.998737239 -0.010415601

4.3.2. Battery discharging

The results of the load flow analysis for the case of battery charging conducted by the PSO method
are shown in Table 11. In this study, the battery discharging is illustrated under the conditions of total
available generation and load. The overall losses of the system and transmission line are computed to
increase the realism of the test model. The voltage profile and degree angle at each bus are shown in
Table 12. It is important to observe that measurements on different buses are close to 1 p.u., indicating a
reduction in voltage loss.

4.4. Comparison between Newton—-Raphson and particle swarm optimization

In this research, Newton—Raphson method and PSO are implemented on the test model of
microgrid. Both the techniques give the fruitful results. However, it is always preferred to pick such
technique of power flow analysis that depicts optimal values of voltage and power. Therefore, the
comparison is done for voltage profile and transmission line losses for both cases i.e., the battery charging
and battery supplying.

Table 11. PSO based load flow results in the case of battery discharging

Data P (MW) Q (MVAR)
Total Generation 6.5095 1.0348
Total Load 6.495 1.01
Total Losses 0.0145 0.0248
Total Transmission Line Losses 0.006094745 0.035409565
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Table 12. Voltage profile after PSO based load flow analysis in the case of battery discharging

Bus Voltage (pu) Degree
1 1.000159538 0
2 0.999033633 -0.001693774
3 1.002852501 -0.003958966
4 0.999333256 -0.004467244
5 0.999786509 -0.004296499
6 1.00178233 -0.00995473
7 0.999831126 -0.006702637
8 0.999333256 -0.005302621
9 1.000101396 -0.008752046
10 1.000095321 -0.009721462
11 1.000591881 -0.01053982
12 0.999687755 -0.011556337
13 1.000026593 -0.011170053
14 0.998737852 -0.011036151

4.4.1. Battery charging

A comparison of voltage profile obtained after load flow analysis by Newton—Raphson method and
PSO method is presented in Table 13 in the case of battery charging. This tabular information is further
elaborated by graphical analysis, given in Figure 5. It is observed from the results that the voltage profile is
more stable in the case of PSO as compared to the Newton—Raphson method for a microgrid system. The
utilization of useful power is enhanced with the PSO in the case of battery charging, making microgrid test
model a promising model for bidirectional power flow. The comparison of transmission line losses obtained
by the Newton—Raphson method and PSO method for the case of battery charging is presented in Table 14
and in Figure 6.

Table 13. Comparison of voltage profile in the case of battery charging

Bus Newton—Raphson Method PSO
1 1 1.000444212
2 1 0.999668042
3 0.997 0.999790156
4 0.995 1.000014568
5 0.995 1.000476962
6 1 1.00174495
7 0.998 0.999792319
8 1 0.99909072
9 0.992 1.000118739
10 0.992 1.000106766
11 0.992 1.000582962
12 0.964 0.999649939
13 0.964 0.99999989
14 0.964 0.998737239

Voltage Profile Comparison
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Figure 5. Comparison graph for voltage profile in the case of battery charging
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Table 14. Comparison of transmission line losses in the case of battery charging
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Figure 6. Comparison graph for transmission line losses obtained in the case of battery charging

Data Active power (MW) Reactive power (MVAR)
Load Flow 0.008771757 0.04795282
PSO 0.007285972 0.039819491

Transmission line losses

0.008771757
0.007285972

Active power (MW)
M Load Flow

4.4.2. Battery discharging

The battery serves as a voltage booster in the microgrid system. This is depicted from the tabular
presentation of comparison of voltage profiles obtained by Newton—Raphson method and PSO in Table 15.
This is further elaborated by the comparison graph, given in Figure 7. Tabular and graphical presentations of
transmission line losses are given in Table 16 and Figure 8, respectively.

Table 15. Comparison of voltage profile obtained in the case of battery discharging

1
0.99
0.98
0.97
0.96
0.95
0.94

Voltage (p.u.)

PSO

Bus Load Flow PSO
1 1 1.000159538
2 1 0.999033633
3 1 1.002852501
4 0.995 0.999333256
5 0.995 0.999786509
6 1 1.00178233
7 0.998 0.999831126
8 1 0.999333256
9 0.992 1.000101396
10 0.992 1.000095321
11 0.991 1.000591881
12 0.964 0.999687755
13 0.964 1.000026593
14 0.964 0.998737852
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Figure 7. Comparison graph of voltage profiles in the case of battery discharging
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Table 16. Comparison of transmission line losses in the case of battery discharging
Data Active power (MW)  Reactive power (MVAR)
Load Flow 0.007636489 0.043698158
PSO 0.006094745 0.035409565

Transmission line losses
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Figure 8. Comparison graph for transmission line losses in the case of battery discharging

5.  SIGNIFICANCE OF RESULTS AND SIMULATIONS

Based on the graphical and tabular results, it is found that a significance improvement in the profile
of voltage is observed under the battery states of charging and discharging with PSO. It is proven that the
transmission line losses are greatly improved with PSO as compared to conventional Newton—Raphson
technique. These results open the doors of remodeling of transmission lines under the consideration of
available losses and loading. Further, these results enable the national grids to interconnect more renewable
energy sources without compromising on voltage profile.

6. PERFORMANCE COMPARISON OF DIFFERENT POWER FLOW TECHNIQUES

In this research, a microgrid test system is analyzed for power flow with Newton—Raphson method
and PSO techniques. It has been found from the simulations that voltage profile remains almost closed to
1 p.u. in the case of PSO. This information establishes the reduction in the transmission line losses. From the
above-mentioned scenarios of battery charging and discharging, it is observed that transmission line active
and reactive power losses are reduced to about 17% in the case of battery charging and 19 to 20% in the case
of battery discharging. Table 17 provides a detailed comparison of power flow techniques applied for
microgrids.

Table 17. Comparison of different power flow techniques for microgrids

Parameters Linear Programming Genetic Programming Proposed Method
Convergence Convergence reduces as the Convergence reduces as the power Converges readily in the case of
power system grows system grows but it converges quickly expansion of power system.
as compared to linear programming
Speed Quick results in the case of Relatively quick results in the case of ~ Speedy convergence in the case of
simple systems complex systems. complex and complicated results.
Accuracy Accuracy is compromised in Accuracy is challenged in the case of Accuracy is independent of the
the case of big systems expansion of power systems system complexities.
Large power systems Not recommended Not recommended Highly recommended
Computational time High in case of large power High Less
systems
Computational efforts Less High High

7. CONCLUSION

In this research, a microgrid test model is simulated for an IEEE-14 bus system in
MATLAB/Simulink. This test model is incorporated with renewable energy sources to increase the
utilization of green energy. Moreover, an energy storage component is also added to the test model. The
behavior of the test model is studied under the conditions of charging and discharging of energy storage

Int J Elec & Comp Eng, Vol. 13, No. 2, April 2023: 1241-1259



IntJ Elec & Comp Eng ISSN: 2088-8708 O 1257

devices. Compensating components aid the storage devices to retain their cycle in 24 hours, thus enabling
voltage stability for the end-users. In addition to this, optimal power flow is done by the Newton—Raphson
method and PSO. It is found from the comparison that utilization of active power is more effective with the
implementation of PSO as compared to the Newton—Raphson method. As a result, a more stable voltage
profile is obtained with enhanced power transfer capacity by decreasing the transmission line losses. This
study builds an argument to motivate small-scale enterprises in Pakistan and developing countries to adopt
green energy policy. This will not only be environmentally friendly but also make the world safe for future
generations.
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