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ABSTRACT The absence of the global best component in the update equation of the conventional firefly
algorithm degrades its exploration properties. This research proposes multi-update position criteria to
enhance the exploration properties of the conventional firefly technique while including the effect of the
global best solution on the movement of the fireflies in the search space of the objective function. Moreover,
the dynamic search space squeezing is applied to constrict the movement of the fireflies within the certain
limits to avoid their oscillatory movement as the solution approaches towards the global best by determining
the optimal trajectory for each firefly. The robustness of the suggested firefly algorithm is tested on a hybrid
energy system consisting of thermal, hydroelectric, and Photovoltaic (PV) energy source. The intermittent
nature of the PV energy source is explained using fractional integral polynomial model and Auto Regressive
Integrated Moving Average (ARIMA) model. The main dispatch problem is successfully computed using
both the modified firefly and the simple firefly algorithm by determining the optimal power share of each
energy source for different scheduling intervals. The suggested operational strategy reduces the overall
generation cost of the system while preserving the various system constraints. Due to the stochastic nature
of the meta-heuristic techniques, the two suggested algorithms are compared statistically for different test
cases using the independent t-test results. The statistical comparison suggests that the performance of the
modified firefly is superior to its conventional counterpart as the evaluation parameters of the modified firefly
converge to relatively lower value as compared to the parameters of the simple firefly algorithm.

INDEX TERMS Modified firefly algorithm, auto regressive integrated moving average model, firefly
algorithm, hybrid energy systems, independent t-test results.

I. INTRODUCTION

The distributed generation systems such as photovoltaic
energy source and wind energy systems are now being exten-
sively used with the conventional sources to meet the demand
value over a particular scheduling interval [1]-[3]. The
renewable energy systems do not have emission and environ-
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mental constraints and can be added to the conventional grid
without having an adverse effect on the atmospheric condi-
tions. The fundamental problem with such a dense power sys-
tem having both conventional and non-conventional energy
sources is to devise an efficient operational strategy to
reduce the overall generation cost while meeting the sys-
tem constraints. This constitutes a highly non-linear and
non-convex optimization problem in the field of optimiza-
tion theory [4]-[7]. The optimization problem dealing with
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the optimal power scheduling of two major conventional
sources, the hydroelectric source and the thermal energy
source is known as the Short Term Hydro-Thermal Schedul-
ing (STHTS) problem in literature. Several deterministic and
heuristic techniques are suggested by the authors over the
years to find the global optimum of the aforementioned prob-
lem [7], [8]. However, the addition of the distributed energy
sources to the conventional grid requires more advanced opti-
mization methods to efficiently solve the economic dispatch
of the hybrid systems. Moreover, to handle the intermittent
nature of the renewable energy sources and their dependence
on the external atmospheric conditions, certain forecasting
techniques are required to accurately predict the share of the
renewable sources towards the economic dispatch.

A. RELEVANT LITERATURE

The work in [9] uses the non-linear programming to solve
the non-convex hydro-thermal scheduling problem and com-
pares its performance with the Cuckoo Search Algorithm
(CSA), Particle Swarm Optimization (PSO) and Artificial
Bee Colony (ABC) algorithm. The suggested non-linear pro-
gramming method outperforms the mentioned algorithms
by giving lower generation cost of the system for two test
cases having different cost characteristics. The work in [10]
proposes a hybrid ABC-BAT algorithm for solving the short
term hydro thermal problem having multiple thermal units
and compares its performance with the hybrid techniques
like ABC-PSO and ABC-Quantum Evolutionary (ABC-QE)
method. The suggested hybrid ABC-BAT algorithm outper-
forms the remaining hybrid techniques by giving lower mean
generation cost. The work in [11] proposes a multi-objective
economic emission dispatch problem having hydro and ther-
mal generation sources and solves the suggested problem
using the Multi-Objective Hybrid Grey Wolf Optimizer
(MOHGWO). The suggested MOHGWO outperforms the
MOHPSO and Nondominated Sorting Genetic Algorithm
I (NSGA-III) by giving lower generation cost of the sys-
tem. The work in [12] solves the hydro-thermal scheduling
problem using the Lightning Attachment Procedure Opti-
mization (LAPO) while considering the transmission losses
and the valve point effect loading. The suggested LAPO
surpasses the methods like Teaching Learning Based Opti-
mization (TLBO) algorithm, PSO and the ABC algorithm.
The work in [13] introduces a novel Crisscross Optimiza-
tion (CSO) algorithm to solve the hydrothermal scheduling
problem having multiple reservoirs connected in a cascade
connection. The suggested CSO outperforms the techniques
like Gravitational Search Algorithm (GSA), Differential Evo-
lutionary (DE) Programming and PSO techniques. Similarly,
the references [14]-[17] discuss the STHTS problem while
using the different optimization techniques.

The references [9]-[17] discuss the optimal dispatch of a
conventional STHTS problem using different meta-heuristic
and deterministic methods. However, the addition of the
renewable energy systems requires the upgradation of the
optimization problem to include the effect of the distributed
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generation systems to the conventional grid. The work
in [18] suggests the dispatch of a hybrid energy system
consisting of wind, thermal and PV energy source. The
authors consider the different modes for the dispatch prob-
lem such as the low emission mode, the energy saving
mode and the high efficiency mode of operation for the
suggested hybrid energy system. The work in [19] formulates
a multi-objective economic emission dispatch problem for
a hybrid energy system consisting of wind, PV, and hydro
generation sources. The authors suggest a Multi-Objective
Moth-Flame Optimization (MOMFO) technique to solve
the proposed multi-objective optimization problem while
using the IEEE 39-bus system. The work in [20] suggests
a bi-level model for optimal scheduling of the renewable
energy sources. The authors formulate an optimization prob-
lem while considering the planning and operational layers for
the wind-solar system. The work in [21] suggests dynamic
dispatch problem for system consisting of thermal, solar and
wind energy sources while considering the underestimation
and overestimation cost models for the distributed generation
sources. The authors suggest an improved fireworks algo-
rithm to solve the suggested dispatch problem. The references
[22]-[26] also discuss the economic dispatch of a hybrid
energy system consisting of both conventional and renewable
energy sources.

B. RESEARCH GAP

The references [18]-[25] discuss the economic dispatch of
the hybrid energy systems without providing any mathemati-
cal details for obtaining the used forecast results in their find-
ings for distributed generation sources. The authors in [26]
have suggested an efficient methodology to compute the solar
forecast results, but their findings are limited to a single PV
plant and total scheduling duration of nine hours. The firefly
algorithm introduced in [26] to solve the economic dispatch
of multi generation systems has poor global search mecha-
nism which can result in the convergence of the algorithm
towards local minimum. The firefly techniques introduced in
[27], [28] consider the dynamic variation of the algorithm’s
parameters but the suggested techniques lack the exploration
phase which can result in the premature convergence of the
algorithm towards local optimum. The firefly technique dis-
cussed in [29] again uses the simple update criteria without
considering the effect of the global best solution on the move-
ment of remaining fireflies. The suggested firefly algorithm
in [31] introduces a hybrid firefly-APSO algorithm to solve
the dispatch problem, but the authors have not considered
a balance relation between the exploration and exploitation
phase, rather a simple global best term is introduced in addi-
tion to the local search. To introduce the global search for the
conventional firefly technique, the authors in [34], [35] have
introduced a firefly technique hybridized with the conven-
tional PSO algorithm. Although, it is an efficient technique to
solve the simple benchmark functions, but due to the complex
structure of the two algorithms combined together, it will be
highly inefficient for the large scale optimization problems
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and can result in larger convergence time. Moreover, the
above mentioned references have not considered an efficient
strategy to keep the trajectory of the fireflies towards the
global best value and avoid their oscillatory movement as the
solution approaches towards the final value. Moreover, while
comparing the different techniques suggested by the authors
in [9]-[25], no statistical comparison is provided in order to
statistically prove the significance of the suggested improved
algorithm over the conventional techniques for a particular
optimization problem. The authors in [26] have compared the
suggested algorithms statistically using the independent t-test
results, but their comparison study is limited to particular
sample and population size.

C. MAJOR CONTRIBUTIONS

Based on the mentioned shortcomings of the literature, the
major contributions of the suggested research are as fol-
lows:

1) A novel type of hydro-thermal-solar scheduling prob-
lem is proposed with multiple solar units and consid-
eration of the intermittent nature of the solar energy
source.

2) Introduce multi-update movement criteria for conven-
tional firefly algorithm to balance its exploration and
exploitation properties.

3) Introduce the concept of dynamic search space squeez-
ing for conventional firefly technique to avoid the oscil-
latory movement of the fireflies.

4) A detailed design is proposed for forecasting the power
share of the multiple PV plants of different rated
capacity while considering the effect of the external
atmospheric conditions on the performance of the PV
module.

5) The proposed modified firefly algorithm is statistically
compared with the conventional firefly technique while
considering the effect of the sample size and population
size on the convergence behavior of the algorithms.

The remaining paper is arranged as follows. The
Section 2 provides the overview of the simple and modified
firefly algorithm along with the suggested system config-
uration. The Section 3 discusses the complete design of
the photovoltaic energy source. The Section 4 explains the
methodology of the simple and modified firefly for the sug-
gested dispatch problem along with the results for various test
cases. The Section 5 compares the two algorithm statistically
using the independent t-test results. The Section 6 highlights
the major findings of the proposed research.

Il. META-HEURISTIC OPTIMIZATION AND PROPOSED
SYSTEM CONFIGURATION

Meta-heuristic optimization algorithms are gaining popular-
ity in the domain of optimization theory as they are easier
to implement as compared to the deterministic methods for
finding the optimal solution of non-convex, highly non-linear,
multi-modal, and complex objective functions. Moreover, the
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convergence of the meta-heuristic techniques towards the
global optimum solution with lesser computational effort
than the conventional methods like Gradient Search, Newton
Raphson (NR) and Lagrange multiplier make them extremely
useful to solve the various complex optimization problems.
This research uses a modified firefly algorithm by suggesting
parametric and structural changes in the conventional firefly
technique. The firefly algorithm is selected over the other
conventional meta-heuristic methods, as it is easier to execute
for majority of the optimization problems and provides a good
approximate of the global optimum solution [27]-[30].

A. CONVENTIONAL FIREFLY ALGORITHM

The flashing phenomenon of the fireflies in nature explains
the basic working of the simple firefly algorithm. The light
intensity/brightness of each firefly which depends upon the
fitness value of the objective function dictates the movement
of a lesser attractive firefly towards a brighter firefly. Each
firefly represents a possible solution vector for the given
optimization problem and the dimensions of each firefly
are determined according to the decision variables of the
objective function. The inverse square law as defined in (1)
explains the dependence of the light intensity L at a distance
r from the source.

L=5 (n)

where, L, represents the light intensity evaluated at a distance
r from the source. L; shows the intensity of the source.
To consider the effect of the medium on the intensity of the
fireflies, the brightness value of the fireflies in terms of the
medium’s absorption coefficient § is given by (2).

L=L,e? 2)

where, L, corresponds to the intensity of the fireflies at a
distance » = 0 from the source. There exists a singular
solution for r = 0 in (1), therefore in order to avoid the
singularity, the above two equations can be combined to
define the light intensity of the fireflies as follows:

L(r) = Lye " 3)

The attractiveness of the fireflies 8 is directly proportional
to the light intensity of the fireflies. Therefore, we can define
the attractiveness value by the following relations:

B = Boe " )
Bo
F=1rom )

To compute the distance between the two fireflies a and b,
following relations are used:

1 .
(Xa1 — Xp1)? + Xa2 — Xp2)?)2, if D=2

Rap = N )
Y Kai—Xpi),

ifD=N
(6)
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where, X, ; shows the ith component of the firefly a and X, ;
represents the ith component of the firefly b. D represents
the number of dimensions of each firefly. The following
relation depicts the movement of a firefly a having lesser
attractiveness value towards a brighter firefly b.

1
Xo=Xo+  PoeF(Xp—X,)  + a(rand — 5)

——
Random Movement

(N

where, o represents a number in the range [0,1] and rand
shows the randomly generated numbers within the range
[0,1]. The value of B, can be taken equal to 1 for majority
of the cases. The value of § for most cases is given in the
range [0.1,10] [32]. The pseudo code for the simple firefly
algorithm is given as follows:

Influence of Neighbourhood Firefly

Function Pseudo Code for Simple Firefly Algorithm

Declare objective function f(X);

Declare constants «, 8, B, and T;

Randomly initialize fireflies F;

Compute fitness value f(X;), V X; € F;

while t < T do

fori < 1toN by 1do

for j < 1toN by 1 do

Find R;; using distance relation;
if (Lj > Li) then

X,' < 5
Xi + ﬁoe_éR"j(Xj — X;) + a(rand — 0.5);

Determine f(X;) at updated X;, V X; € F;
Rank the fireflies according to their light
intensity/fitness value;

t<—t+1;

Show the final results;

B. IMPROVED FIREFLY ALGORITHM

In conventional firefly algorithm, the parameters like «, 8,, §
are declared as constants, which can degrade the performance
of the algorithm as the solution converges towards the global
optimum. Moreover, the update equation as defined in (7)
takes into account the influence of the brighter neighborhood
firefly only, and the attractiveness of the global best firefly is
not considered while updating the position of the fireflies in
the search space of the objective function. This may result
in the trapping of the solution towards the local optimum
and can result in a larger convergence time. This research
suggests the parametric modifications to make the parameters
o, By, 8 self-adaptive to accelerate the convergence of the
algorithm towards the global optimum. Moreover, certain
structural changes are suggested to include the influence of
the global best firefly while updating the position of each
firefly in order to balance the exploration and exploitation
properties of each firefly. Then, the dynamic search space

VOLUME 9, 2021

squeezing is implemented to preserve the oscillations of the
fireflies in the search space of the objective function in order
to improve the convergence value.

1) IMPROVEMENT 1: MAKING PARAMETRIC
MODIFICATIONS

The randomization factor «, the medium’s absorption coeffi-
cient 6 and the attractiveness value at r = 0 (8,) can be taken
as self-adaptive quantities which accelerates the process of
the convergence of the algorithm towards the global optimum
solution. The modified values of the constants «, 8, and § in
accordance with [33] are given as follows:

a = a0’ 8)
:30 = (,Bmax - ,Bmin)(t;)z + ,Bmin (9)
l;zax )

s = (8max - (Smin)(t ) ~+ Smin (10)

where, 0 is in the range (0, 1], ¢, represents the initial random-
ization factor. S, and B4, represent the minimum and max-
imum values for B,. 8, and 8,4, represent the minimum and
maximum values for the medium’s absorption coefficient. ¢
and t,,4, represent the current iteration and maximum num-
ber of iterations respectively. Equation (8) ensures that the
random movement of the fireflies is restricted as the solution
approaches towards the final value. Equation (9) ensures the
attraction of the firefly i towards a brighter firefly j is within
the certain controllable limits [Bin Bmax]- Equation (10)
controls the medium’s absorption coefficient as the solution
approaches towards the global optimum.

2) IMPROVEMENT 2: MAKING STRUCTURAL
MODIFICATIONS
The simple firefly algorithm compares each firefly with the
remaining fireflies and updates the position of each firefly
having lesser intensity with respect to the brighter firefly.
This results in larger convergence time as each firefly is
compared with the remaining fireflies. It can also result in the
convergence of the solution towards the local optimum and
can increase the final converged fitness value. If the intensity
of the global best firefly is included in (7) while updating
the position of fireflies, then the convergence time can be
reduced by a substantial factor. Moreover, it also ensures a
balance between the exploration and exploitation properties
of each firefly and prevents the convergence of the solution
towards the local optimum [34], [35]. This research proposes
amulti-update criteria for updating the position of each firefly
to avoid their premature convergence and balance out the
exploration and exploitation phases of the conventional fire-
fly algorithm.

1) if the intensity of firefly i is less than j (L; < L;), then

i will be attracted towards both j and global best firefly

*

g -
—5R2 1
Xi=Xi+ ciBoe TVX—X)) + Oé(mnd—z)

. . —_—
Influence of Neighbourhood Firefly Random Movem;nt
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—8R2,,
+ cfoe T Xgx — X)) (1D

Influence of Global Best Firefly

2) if the intensity of the firefly i is greater than j (L; >
L;), then i will only be attracted towards the global best
firefly g*.

_SR? 1
Xi=Xi+ e Xgs = Xi) + alrand — )

[ —
Random Movement

(12)

Influence of Global Best Firefly

N N
D Kik = Xj0% Rige = | Y (Xik — Xge0)?
k=1 k=1

c1 and ¢ given in the range [0,1] control the movement
of firefly i towards the neighborhood firefly and the global
best firefly respectively. R;; and R;g+ represent the distance
between the firefly i with respect to firefly j and global
best firefly g*. Fig. (1) shows the vector representation for
different modifications.

3) IMPROVEMENT 3: DYNAMIC SEARCH SPACE SQUEEZING
In conventional firefly technique, the search space is con-
strained by the maximum and minimum limits of the fireflies
which remain same throughout the convergence process of
the algorithm. This can result in the oscillations of the fireflies
and can result in the divergence of the solution from the
global optimum. One efficient method to keep the path of the
fireflies towards the global solution is to dynamically squeeze
the search space of the fireflies based on the global best
firefly. This results in the transformation of the constraints
from previous value to updated value after each iteration and
maintains the trajectory of the fireflies towards the global
optimum [36]. The equations (13)-(17) explain the procedure
for dynamic search space squeezing.

() i,min
Alower,i = Xl(t,),,ax _ Xl(,tn)lm (13)
) )
N % (14)
I, max ,min
Alpwer.i T Dhigher.i = 1 (15)
Xi(,t»:irlz) = Xi(,trZzin + (Xg,(zQ - Xi(,tn)dn)(Ag))wer,i) (16)
Xi(,tr;;lx) = Xi(,trZzax + (Xi(,trgmx - X(éi))(Agzti)gher,i) a7

o Show the minimum and maximum

where, X O and Xi([er

i,min
limits of fireflies for iteration ¢. X(gk) shows the global best
firefly for itera.tion t. Agz)wer: ; gnd A;l?gh er.i shoyv the. changing
factor for maximum and minimum limits for iteration 7. The
pseudo code for the improved firefly algorithm incorporating

the complete modifications is given as follows:
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Function Pseudo Code for Improved Firefly Algorithm

Declare objective function f(X);

Declare constants

Ao, 0, Bmaxs Bmins Smax» Smins tmax, C1, €2 ;

Randomly initialize fireflies F;

Compute fitness value f(X;), V X; € F;

Rank the fireflies and determine the initial global best
firefly X«

while ¢ < t,,4 do

a <~ a0

ﬂa <~ (ﬁmax - ﬁmin)(t

t
8 < (max — Smin)(_)z ~+ Smins
max
fori < 1toN by 1do
forj < 1toN by 1 do
Find R;; using distance relation;
Find R;g« using distance relation;
if (L; > L;) then
_sp2
Xi < X; + c1B0e Ri(X; — Xi) +
—SR%,
cfoe T (Xgr — Xi) +
| a(rand —0.5);
if (Ll' > Lj) then
_op2
X; < X; + caoe et X+ —
| Xi) +a(rand —0.5);

t
)2 + Bumins

Perform dynamic search space squeezing;

Determine f(X;) at updated X;, V X; € F;

Rank the fireflies according to their light intensity;

Determine the global best X,+ at updated X;;
t<—t+1;

Show the final results;

C. SYSTEM MODEL

The proposed system consists of one hydro unit, one equiv-
alent thermal energy source and three PV plants of different
rated capacity. Fig. 2 shows the system configuration and the
breakdown of the intervals for both cases. Two different test
cases are developed in order to determine the robustness of
the suggested firefly algorithm over the conventional tech-
nique. These test cases are developed according to the length
of the scheduling problem and are given as follows:

1) The total scheduling period for case 1 is three con-
secutive days (I' = 72 hours). Moreover, the total
scheduling period is divided into six equal intervals
(n = 6). Each interval is further divided into 12 sub
intervals (ny = 12), where each sub-interval is of equal
duration (1 hour). The hydro power, thermal power and
the load demand remain static for each main interval,
whereas the solar power remains constant only for each
sub interval. The product of the main intervals and the
sub-intervals should be equal to the total length of the
scheduling problem (n x ng = T).
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.j J a(rand - 2) / a(rand - 3) P %
| /. / i /"/ Loyl M Furu,mwcr
. 2o (X, (r)_x(f}) . o L)) |/" best N,
[ / 2P\ best t i titeration _ | & 4
X 0 coby(Xpest™ -~ X,9) [
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- t+1 iteration I+1
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(@ (b) ©
FIGURE 1. Vector representation for different modifications. (a) Structural modification (1). (b) Structural modification (2). (c) Dynamic search space
squeezing.
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schedulingintervals for
each case
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(1 hour each)

-
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/
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(24 hours)

‘ Total scheduling

Total number of main intervals.
Each interval is of equal duration /
4 hours},

(b)

FIGURE 2. Model representation. (a) System configuration. (b) Breakdown of scheduling intervals.

2) The total scheduling period for case 2 spans over only
a single day (T = 24 hours). Moreover, the total
scheduling period is divided into six equal intervals
(n = 6). Each interval is further divided into 4 sub
intervals (ny = 4), where each sub-interval is of equal
duration (1 hour). The hydro power, thermal power and
the load demand remain static for each main interval,
whereas the solar power remains constant only for each
sub interval. The product of the main intervals and the
sub-intervals should be equal to the total length of the
scheduling problem (n x ng = T).

Ill. DESIGN OF PHOTOVOLTAIC SYSTEM

The first step in solving the suggested dispatch problem
is to forecast the solar power using the available data set.
The work in [26] suggests an efficient method to compute
the solar power results using the irradiance and temperature
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forecasts. This research extends the work in [26] to a system
consisting of multiple PV plants and total scheduling problem
of three days. The main steps to determine the solar power are,
(i). Develop the mathematical model for single PV mod-
ule. (ii). Forecast the irradiance and temperature levels.
(iii). Using the suggested PV mathematical model and
the forecast results, compute the solar power for different
scheduling intervals.

A. MATHEMATICAL MODEL FOR PV MODULE

The two major parameters which determine the character-
istics of the PV module are the irradiance and temperature
levels. The suggested model determines the I-V characteris-
tics and the power curves of the single PV module based on
the temperature and irradiance values for different scheduling
intervals [39]-[41]. The model presented in this research
determines the current of the PV module as the function of
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FIGURE 3. I-V characteristics of PV module at STC. (a) Plant 1. (b) Plant 2. (c) Plant 3.
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FIGURE 4. Power curve of PV module at STC. (a) Plant 1. (b) Plant 2. (c) Plant 3.

the module’s voltage given as follows:

1%
IV)y=1 -1 <7é)“+ﬂ (18)
where, I] and V, represent the short circuit current and open
circuit voltage of the module at arbitrary irradiance and tem-
perature level. V represents the module’s output voltage given
in the range [0, V/]. I represents the module’s output current
given in the range [0, 1/]. o represents a non-negative integer
whereas, 8 shows an integer given in the range [0, 1]. The

power of the module P is computed by the product of V and
I and is given as follows:

PV)=I(V).V = -1 (%)“*ﬂ) 1% (19)

To determine the major parameters involved in (18), fol-
lowing set of equations are used:

G
V(; = S,'.G—-ch-(T = Tsrc) + Vinax

STC
Vmax - Vo
— Viax — Vinin)- A
( max mm) €XP( GSTC n( Vmax _ le_n ))

(20)

I =P. s + Tei(T = Ts10)) 2y
STC

tp= 22)

o =

Is - Iop
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where, S; and P; represent the number of series connected
and parallel connected modules respectively. Gsy¢ and Tstc
represent the irradiance and temperature values at STC. G
and T are the arbitrary irradiance and temperature levels.
Vinax and Vi, represent the maximum and minimum voltage
levels of PV module. V,,, and I,,, represent the optimal voltage
and current values of PV module. V,, and I; represent the
open circuit voltage and short circuit current at STC. T,

and T,; represent the temperature coefficients for V,, and I
respectively.

1) VALIDATION OF SUGGESTED MODEL

The suggested system configuration consists of three differ-
ent PV plants. The parameters of the single PV module are
considered to be different for each plant in order to make
the dispatch problem more practical. The characteristics of
the PV module for each plant are listed in Table 1. Each
module listed in Table 1 is tested at STC, variable irradiance
conditions while keeping temperature constant and variable
temperature levels while keeping irradiance constant. Fig. 3
shows the I-V characteristics of each module listed in Table 1
at STC. Fig. 4 shows the power curve of the modules at STC.
At standard test conditions, the open circuit voltage, the short
circuit current and the maximum power are equal to the rated
values of Table 1. Fig. 5 and Fig. 6 show the effect of the
variable irradiance levels on the I-V characteristics and the
power curves of the module. The short circuit current and
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FIGURE 5. 1-V characteristics at variable irradiance levels while keeping temperature constant. (a) Plant 1. (b) Plant 2. (c) Plant 3.

TABLE 1. Characteristics of single PV module for different plants in accordance with data provided in [41].

Plant Module Characteristics of
Number Type PV Module
Vo Is Iop Vop Tew Tci Vmaw Pmaw
M A A VM) (VO (Ar9 V) W)
Plant 1 SQ80 21.8 485 458 175 -0.081 0.0014 21.810 85.02
Plant 2 SP75 217 480 440 17.0 -0.077 0.00206 22.243 77.64
Plant 3 SX-10 21.0 065 0.59 16.8 -0.080 0.0002 21.63 9.948
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FIGURE 7. 1-V characteristics at variable temperature levels while keeping irradiance constant. (a) Plant 1. (b) Plant 2. (c) Plant 3.

the maximum power of the module increases at the elevated
irradiance levels while keeping temperature constant. Fig. 7
and Fig. 8 show the effect of the elevated temperature lev-
els on the I-V characteristics and the power curves of the
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module while keeping irradiance constant. The open circuit
voltage and the maximum power of the module decreases
at the higher temperature levels while keeping irradiance

constant.
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FIGURE 8. Power curves at variable irradiance levels while keeping temperature constant. (a) Plant 1. (b) Plant 2. (c) Plant 3.

B. FORECASTING OF IRRADIANCE AND TEMPERATURE
LEVELS

The mathematical model described previously depends upon
the two major input parameters, the irradiance, and the tem-
perature levels. Therefore, the next step in the design of the
photovoltaic system is to forecast the desired parameters for
the entire scheduling problem. The first test case spans over
a duration of three days, therefore in order to compute the
solar power share, the forecasted irradiance and temperature
levels are required for three consecutive days. For case 2,
this research uses the forecasted values of temperature and
irradiance computed at day one of the case 1.

1) BOX JENKINS MODEL

An efficient technique described in the literature to compute
the time series forecasts of the non-stationary dataset is the
Box-Jenkins methodology [42]-[44]. Box-Jenkins methodol-
ogy describes the method to compute the optimal parameters
of the auto-regressive integrated moving average model. The
three main parameters of the ARIMA model are the order
of the Auto-Regressive model defined by the variable p,
the order of the Moving Average (MA) model defined by
the variable g, and the differentiating order defined by the
variable d. The mathematical relations for the AR, MA and
ARMA models are defined as follows:

a+ZZ:19”X’—"+6tv ifg=0,p>0
€’+ZZ:18” €r—n, ifg>0,p=0
a+e,+Z’:=19nx,,,, if g>0, p>0
+ 3 8 €rn

X

(23)

By including the lag operator (LX(X;) = X;_t), the above
set of equations can be written as follows:

p
& =1=Y 0,L"% =0,L)X, (24)

n=1

q
X = (14 ) 8, L"e =8,L)e;  (29)

n=1
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P q
a- Ze,, LMX, = (1 + Z(s,, LMe,

n=1

(26)

n=1

The ARIMA(p,d,q) model can be defined as follows:

p q
A= "0, LN =LY, =1+ Y 8, LMe  (27)

n=1 n=1
where, 61,6;,...,6, represent the parameters of auto-
regressive model. &1, 87, ..., 8§, represent the parameters of

moving-average model. €, €;_1, ..., €;_, define the white
noise terms.

2) EXAMPLE

The major steps involved in producing the time series fore-
casts using the ARIMA model are the (i). Identification of
the model. (ii). Estimation of the parameters. (iii). Residual
diagnostics. The dataset obtained from the National Renew-
able Energy Laboratory Website (NREL) [45] includes the
daily irradiance and temperature curves for the year 2015.
The irradiance and the temperature data set are plotted in
the Fig. 9. In order to find the optimal parameters p, d and
q of the ARIMA model for the given data set, the readers are
encouraged to go through the detailed steps and the analysis
described in [26]. For the sake of the simplicity of the readers,
the steps of the Box-Jenkins methodology are skipped for the
given data set and the final forecast results for both irraidance
and temperature curves for three consecutive days (December
22, 2015- December 25, 2015) are shown in the Fig. 10.

C. PV POWER COMPUTATION USING DEVELOPED MODEL
AND FORECASTED PARAMETERS

In order to determine the PV power for three consecutive
days, the forecasted irradiance and temperature levels and
mathematical model developed previously are used while
taking into account the following assumptions.

1) The irradiance and temperature values remain constant
for each sub interval (1 hour) and changes at the begin-
ning of the next sub-interval.

2) The power of the module for each sub-interval is com-
puted using the mathematical model and the forecasted
parameters for that interval.
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FIGURE 10. Forecast results obtained for three consecutive days (December 22, 2015- December 25, 2015). (a) Irradiance forecast.

(b) Temperature forecast.

3) The maximum power point condition is used while
computing the power of each module.

4) The total DC power of the PV plant is given by the sum
of the maximum power of all the modules for the given
sub-interval.

5) The AC power of the plant is computed by the product
of the DC power and the converter’s efficiency.

6) The total number of the modules required are according
to the rated system capacity of each plant.

Table 2 summarizes different parameters for each plant.
Table 3 summarizes the forecast results for day 1. Table 4
summarizes the forecast results for day 2. Table 5 summarizes
the forecast results for day 3. Table 6 summarizes the total
power contribution of each plant for different scheduling
intervals for case 1 (December 22, 2015-December 25, 2015).
Table 7 summarizes the total power contribution of each plant
for different scheduling intervals for case 2 (December 22,
2015). For case 1, the total power for each interval is equal
to the sum of the power contribution of 12 sub-intervals (12
hours). For case 2, the total power for each interval is equal to
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the sum of the power contribution of 4 sub-intervals (4 hours).
This completes the forecast results of PV system for different
cases. The next section describes the overall methodology and
the problem formulation for the given optimization problem
along with the results of each case.

IV. METHODOLOGY AND RESULTS

The objective function of the conventional hydrothermal
scheduling problem minimizes the total fuel cost of the ther-
mal generation while preserving the reservoir and thermal
constraints [46]-[48]. This sections describes the updated
hydro-thermal-solar scheduling problem and presents the
optimal power allocation of each energy source for different
test cases while meeting the different system constraints.

A. PROBLEM FORMULATION

The objective function for the considered dispatch problem
which aims to reduce the thermal cost of the system can be
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TABLE 2. System parameters for each PV plant.

=1

where, n; represents the total hours of each scheduling inter-
val. F(Pry j) represents the cost function of the thermal
generation for particular scheduling interval j. Ng represents
the total number of scheduling intervals. The total cost of the
system including the PV cost is given as follows:

Ns Ng
Fr=FPr)+Cis) P+ Cos ) Psyy,
j=1 j=1
Ns
+Cis Y Psy,;  (29)
j=1

1928

Plant Module System Parameters
Number Type ¥
Number of Modules
Prax Rated S'ystem Converter’s Efficiency
(W) Capacity (S) S (%)
(MW) N, =
P’VFLCLE
Plant 1 SQ80 85.02 100 1176194 95
Plant 2 SP75 77.64 50 643998 95
Plant 3 SX-10 9.948 1 100523 95
TABLE 3. PV power computation for day 1 having cloudy conditions (December 22, 2015).
Scheduling Day Forecasted Parameters Plant 1 Plant 2 Plant 3
Interval Hour
Irradiance Temperature Ppaz Ppc Pac Pmaex Pbco Pac  Prmax Ppc Pac
(W/m?) () W) ™Mw) MW) W) ™MwW)  (MW) W) MW) MW)
12:00-1:00 0.081 13.06 0.0064 0.0075 0.0072 0.0054 0.0034  0.0032 0.0007 0.000069 0.000065
1:00-2:00 0.102 12.94 0.0080 0.0094 0.0089 0.0067 0.0043  0.0040 0.0009 0.000086 0.000082
2:00-3.00 0.098 12.56 0.0078 0.0091 0.0086 0.0065 0.0041  0.0039 0.0008 0.000083 0.000079
3:00-4:00 0.102 12.29 0.0080 0.0094 0.0089 0.0067 0.0043  0.0040 0.0009 0.000086 0.000082
4:00-5:00 0.10 12.40 0.0079 0.0092 0.0088 0.0066 0.0042 0.0040 0.0008 0.000085 0.000080
Interval 1 5:00-6:00 0.090 13.66 0.0071 0.0083 0.0079 0.0059 0.0038 0.0036 0.0008 0.000076 0.000072
erva 6:00-7:00 0.083 14.29 0.0066 0.0077 0.0073 0.0055 0.0035 0.0033 0.0007 0.000070 0.000067
7:00-8:00 0.181 14.95 0.0143 0.016 0.015 0.011 0.0076 0.0072 0.0015 0.00015 0.00014
8:00-9:00 15.37 14.16 1.218  1.433 1.36 1.017 0.65 0.62 0.1304  0.0131 0.0124
9:00-10:00 61.26 14.18 4.93 5.80 5.51 4.129 2.65 2.52 0.5292 0.053 0.050
10:00-11:00 91.36 14.83 7.42 8.73 8.29 6.229 4.01 3.81 0.798 0.080 0.076
11:00-12:00 106.94 15.23 8.72 10.26 9.75 7.33 4.72 4.48 0.939 0.094 0.089
12:00-1:00 170.65 16.55 14.12 16.60 15.77 11.94 7.69 7.30 1.52 0.153 0.146
1:00-2:00 121.24 17.2 9.92 11.67  11.09 8.35 5.37 5.11 1.06 0.107 0.102
2:00-3:00 63.78 17.02 5.14 6.04 5.74 4.30 2.77 2.63 0.55 0.055 0.052
3:00-4:00 125.17 17.92 10.25  12.06 11.46 8.63 5.56 5.28 1.105 0.111 0.105
4:00-5:00 128.90 18.76 1056 1243  11.81 8.90 5.73 5.44 1.139 0.114 0.108
Interval 2 5:00-6:00 37.84 17.60 3.02 3.55 3.38 2.52 1.629 1.54 0.324 0.0325 0.030
v 6:00-7:00 0.360 15.73 0.028  0.033  0.031 0.02 0.015 0.014  0.0030 0.00030  0.00029
7:00-8:00 0.014 14.95 0.0012 0.0013 0.0012 0.0010 0.00062 0.00059 0.0001 0.000012 0.000011
8:00-9:00 0.030 14.42 0.0024 0.0028 0.0027 0.0020 0.0013  0.0012  0.0003 0.000026 0.000024
9:00-10:00 0.064 14.54 0.0051 0.0060 0.0057 0.0043 0.0027 0.0026 0.0005 0.000054 0.000052
10:00-11:00 0.061 14.41 0.0049 0.0057 0.0054 0.0041 0.0026 0.0024 0.0005 0.000052 0.000049
11:00-12:00 0.038 13.08 0.0030 0.0035 0.0033 0.0025 0.0016 0.0015 0.0003 0.000032 0.000031
written as follows: where, Fr represents the total cost of the system. F(Pr)
N represents the total converged thermal cost of the system.
. Cis, Co s and Cs represent the cost coefficients given in
min(f) = anF(PTH,j) (28) l,ss C2.s 3,s T€p g

$/kWh for PV plant 1, 2 and 3 respectively. Psg, s PSagj
and Pg; . ; represent the forecasted solar power for particular
scheduling interval j for PV plant 1, 2 and 3 respectively.
The defined objective function is subjected to following con-
straints.

1) POWER BALANCE CONSTRAINT
The sum of the power contribution from the thermal energy
source, the hydro source and all three PV plants for a partic-
ular scheduling interval must be equal to the demand plus the
transmission losses for that interval.

Ny

P+ Prij+ ) Ps,=Ppj+PL
i=1

(30)
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TABLE 4. PV power computation for day 2 having clear sky conditions (December 23, 2015).

Scheduling Day

I Forecasted Parameters Plant 1 Plant 2 Plant 3
nterval Hour
Irradiance Temperature P, Ppc Pac Pmaxz Pbc Pac Pmax Ppc Pac
(W/m?) ()] W) ™MW) MW) (W) M™MW) MW) W) MW) (MW)
12:00-1:00 0.057 12.93 0.0046 0.0053 0.0050 0.0038 0.0024 0.0023 0.0005 0.000049 0.000046
1:00-2:00 0.054 12.69 0.0043  0.0050 0.0047 0.0036 0.0022 0.0021 0.0005 0.000045 0.000043
2:00-3.00 0.039 12.41 0.0031 0.0036 0.0034 0.0026 0.0016 0.0015 0.0003 0.000033 0.000031
3:00-4:00 0.068 12.39 0.0054 0.0063 0.0060 0.0045 0.0029 0.0027 0.0006 0.000058 0.000055
4:00-5:00 0.062 12.67 0.0049 0.0057 0.0055 0.0041 0.0026 0.0025 0.0005 0.000053 0.000050
Interval 3 5:00-6:00 0.043 11.94 0.0034 0.0040 0.0038 0.0028 0.0018 0.0017 0.0004 0.000036 0.000034
- 6:00-7:00 0.034 10.82 0.0027 0.0031 0.0029 0.0022 0.0014 0.0013 0.0003 0.000028 0.000027
7:00-8:00 1.233 10.41 0.0971 0.114 0.108 0.0810 0.0521 0.049 0.0104 0.00104  0.00092
8:00-9:00 55.90 12.07 4.49 5287 5.022 3.759 2420 2.29 0.481 0.048 0.046
9:00-10:00 215.15 16.98 17.93 21.09  20.04 15251 9.821 9.33 1.95 0.196 0.186
10:00-11:00 381.14 19.13 3229 3798 36.08 28.03 18.05 17.15 3.58 0.36 0.34
11:00-12:00 493.37 19.92 42.04 4945 4698 3695 2380 22.61 4.72 0.47 0.45
12:00-1:00 548.54 20.10 46.84  55.10 5234 4141 26.66 2533  5.300 0.53 0.50
1:00-2:00 537.99 18.41 46.06 54.17 5146  40.66 26.18 24.87  5.206 0.52 0.49
2:00-3:00 470.73 17.56 4020 4729 4492 3524 22,69 2156 4512 0.45 0.43
3:00-4:00 352.82 17.73 29.87 35.13 3337 2583 16.63  15.80  3.306 0.33 0.31
4:00-5:00 203.30 17.48 16.91 19.89  18.89 1436 9.248 8.78 1.837 0.18 0.17
Interval 4 5:00-6:00 42.44 16.35 3.39 3.99 3.79 2.841 1.829 1.73 0.364 0.036 0.034
6:00-7:00 0.551 14.81 0.043  0.051 0.048 0.036 0.023 0.022 0.0046 0.00046  0.00044
7:00-8:00 0.047 13.87 0.0037 0.0043 0.0041 0.0031 0.0019 0.0018 0.0004 0.000039 0.000037
8:00-9:00 0.027 13.96 0.0021 0.0025 0.0023 0.0018 0.0011 0.0010 0.0002 0.000022 0.000021
9:00-10:00 0.073 13.67 0.0058 0.0067 0.0064 0.0048 0.0031 0.0029 0.0006 0.000062 0.000059
10:00-11:00 0.081 12.87 0.0064 0.0075 0.0071 0.0053 0.0034 0.0032 0.0007 0.000068 0.000065
11:00-12:00 0.069 12.70 0.0055 0.0064 0.0061 0.0046 0.0029 0.0027 0.0006 0.000058 0.000055

where, Py j, Pty j, Pp j and Py j represent the hydro power,
thermal power, the demand value and the transmission losses
for a particular scheduling interval j. N, represents the total
number of PV plants. Pg, ; represents the contribution of the
i" PV plant for particular scheduling interval ;.

2) POWER LIMITS CONSTRAINT
The hydro power and the thermal power must be within the
maximum and minimum power limits. The solar power must
be equal to the forecasted value for particular scheduling
interval j. The following equality and inequality constraints
are defined for different sources.

Ps,; = Ps, 31
PSz,j = PSZJ‘,/' (32)
PS3,j = PSzf,j (33)
PH,min = PH,j = PH,max (34)
Pro min < PrHj < PTH max (35)

where, PTH min, PTH max represents the thermal power limits.
PH mins PH max represents the hydro power limits.

3) RESERVOIR CONSTRAINTS
The volume of the reservoir for a particular scheduling inter-
val must be within the maximum and minimum values given

as follows:
Vmin =< VJ = Vmax (36)
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where, V)i and V4, are the minimum and maximum limits
of the volume. V; represents the volume of the reservoir for
a particular scheduling interval j. Moreover, the initial and
final volume of the reservoir must be equal to the desired
parameters given as follows:

V, =
Vi = Vinai

(37
(38)

initial

where, Viiriai and Vfing represent the desired initial and final
volume of the reservoir. Finally, the discharge rate constraints
are given as follows:

Dispin < Dj < Dispax (39)
Ng
> " wDis; = Dis; (40)
j=1

where, Disyiy, and Dis,,, represent the minimum and max-
imum discharge rate limits. D; represents the discharge rate
for a particular scheduling interval j.

4) EQUATION OF CONTINUITY
The volume of the reservoir and the discharge rate must be

related by the equation of continuity given as follows:
Vj = Vj_1 +nj(ly j — Dis; = S j) 1)

where, Iy j and S, j represent the inflow and the spillage of the
water for the particular scheduling interval j.
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TABLE 5. PV power computation for day 3 having intermediate weather conditions (December 24, 2015).

Scheduling Day

I Forecasted Parameters Plant 1 Plant 2 Plant 3
nterval Hour
Irradiance Temperature P,z Ppc Pac  Prmax Ppc Pac Prax Ppc Pac
(W/m?) (&(®) W) ™mMw) MWwW) W) MW) (MW) (W) (MW) (MW)
12:00-1:00 0.065 12.366 0.0052 0.0068 0.0057 0.0043 0.0027 0.0026 0.0006 0.000055 0.000052
1:00-2:00 0.065 12.09 0.0052 0.0060 0.0057 0.0043 0.0027 0.0026 0.0006 0.000055 0.000052
2:00-3.00 0.065 11.22 0.0052 0.0060 0.0057 0.0043 0.0027 0.0026 0.0006 0.000055 0.000052
3:00-4:00 0.074 10.51 0.0058 0.0068 0.0065 0.0049 0.0031 0.0029 0.0006 0.000062 0.000059
4:00-5:00 0.032 10.15 0.0026  0.0030 0.0028 0.0021 0.00137 0.00130 0.0003 0.000027 0.000026
Interval 5 5:00-6:00 0 9.863 0 0 0 0 0 0 0 0 0
6:00-7:00 0.038 9.61 0.0030 0.0035 0.0034 0.0025 0.0016 0.0015 0.0003 0.000032 0.000031
7:00-8:00 1.44 9.17 0.1139  0.134  0.127  0.095 0.061 0.058 0.0122  0.0012 0.0011
8:00-9:00 55.93 10.30 4.496 5.28 5.02 3.75 242 2.30 0.4821 0.0484 0.0460
9:00-10:00 188.08 13.90 15.62 18.38  17.46 13.24 8.52 8.10 1.695 0.170 0.161
10:00-11:00 313.0 16.76 2642  31.07 29.52 2274 14.64 13.91 291 0.292 0.277
11:00-12:00 394.92 17.57 33.55 3947 3749  29.16 18.78 17.84 3.73 0.375 0.356
12:00-1:00 517.08 17.87 4426  52.06 49.45 38.98 25.10 23.85 4.992 0.50 0.47
1:00-2:00 434.76 16.22 37.11 43.65 4147 3240 20.86 19.82 4.14 0.417 0.396
2:00-3:00 376.17 15.58 3198 37.62 3574 27.73 17.86 16.96 3.55 0.356 0.339
3:00-4:00 391.23 16.14 3329  39.15 37.19 2891 18.62 17.69 3.70 0.372 0.353
4:00-5:00 148.04 15.34 12.19 1434 13.63 10.29 6.62 6.29 1.31 0.132 0.125
Interval 6 5:00-6:00 40.95 14.51 3.27 3.85 3.66 2.73 1.76 1.67 0.35 0.035 0.033
6:00-7:00 0.191 13.62 0.015 0.017 0.016 0.012 0.0081 0.0077 0.0016 0.00016  0.00015
7:00-8:00 0.068 13.34 0.0054 0.0063 0.0060 0.0045 0.0029 0.0027 0.0006 0.000058 0.000055
8:00-9:00 0.064 13.15 0.0050 0.0059 0.0056 0.0042 0.0027 0.0025 0.0005 0.000054 0.000051
9:00-10:00 0.084 13.11 0.0066 0.0077 0.0074 0.0055 0.0035 0.0033 0.0007 0.000071 0.000067
10:00-11:00 0.078 12.99 0.0061 0.0072 0.0068 0.0051 0.0032 0.0031 0.0007 0.000066 0.000062
11:00-12:00 0.0155 12.76 0.0012 0.0014 0.0013 0.0010 0.00065 0.00062 0.0001 0.000013 0.000012

TABLE 6. Total AC power contribution of each plant for different scheduling intervals for case 1 (December 22, 2015-December 25, 2015). Each scheduling
interval is of equal duration (12 hours).

Plant

Total AC Power for Different Scheduling Intervals (MW)
Number

Interval 1 Interval2 Interval3 Interval4 Interval5 Interval 6

Plant 1 25.0000 59.3187 108.2738 204.8946 89.6708 181.2119
Plant 2 11.479 27.351 51.456 98.1430 42.2326 86.3303
Plant 3 0.229553 0.546556 1.027858 1.961098 0.843884 1.725499

TABLE 7. Total AC power contribution of each plant for different scheduling intervals for case 2 (December 22, 2015). Each scheduling interval is of equal
duration (4 hours).

Plant Total AC Power for Different Scheduling Intervals (MW)
Number
Interval 1 Interval2 Interval3 Interval4 Interval5 Interval 6
Plant 1 0.034 0.040 24.926 44.077 15.224 0.017
Plant 2 0.015 0.018 11.446 20.334 7.009 0.008

Plant 3 0.00031 0.00037 0.022888 0.040634 0.014006 0.00016

B. STEPS OF IMPROVED FIREFLY 2) Using the mathematical model described in Section 3
In order to solve the suggested dispatch problem, the steps and the forecast results, compute the PV power share
of only improved firefly algorithm are highlighted for the for each plant for different scheduling intervals.
sake of the simplicity of the readers. These are given as 3) Declare constants like «,, 0, Buaxs Bmins Smax»
follows: Sminstmax-C15 C2-
1) Find the irradiance and temperature forecast results for 4) Randomly initialize the volume vectors as fireflies
the desired scheduling period. for all scheduling intervals and check the volume
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TABLE 8. Different parameters for each case.

Case Parameter
Number Type
Vimaa Vmin Vinitiat  Vfinal Iy Sp n Ci,s C2,s Cs,s
(acre-ft)  (acre-ft) (acre-ft) (acre-ft)  (acre-ft/hr)  (acre-ft/hr) (hr) ($/kWhr) ($/kWhr) ($/kWhr)
Case 1 100,000 60,000 124,000 60,000 2000 0 12 0.120 0.150 0.120
Case 2 12000 18000 16000 12000 2000 0 4 0.120 0.150 0.120
constraints. The volume vector for a particular iteration 9) Find the thermal cost of the system corresponding to
t and firefly F is given as follows: each firefly and check the thermal power limits. The
total thermal cost of the system for particular firefly F’
) ® ® ® o 1" LT
Vi = [VLF Vor Vsp  ooeee VNS’F] and iteration ¢ is given as follows:

5) Determine the initial global best firefly. The initial Ny N N
. _ 0 _ 2 pt) .
global'best firefly Cf)r.responds towards the volum§ vec Y=y Z Py i p + B Z Py i p o Z n;
tor which has the minimum thermal cost for the initially = = =1
generated volume vectors.

6) Determine the discharge rate vector using the volume where, y, B and o represent the cost coefficients of the
vectors and check the discharge rate constraint. The dis- thermal generation.

charge rate for particular iteration ¢, scheduling interval 10) Compare the fireflies with each other based on their

Jj and firefly F' is computed using the equation of con- thermal cost and move the firefly having lower light

tinuity defined in (41) and is given as follows: intensity (higher fuel cost) towards a brighter firefly

W, — v ) (lower fuel cost) using the multi-update criteria defined

o LE ifj=1 in Section 2 for the improved firefly algorithm. If the

( t)”l o intensity of the particular firefly F is less than the fire-
ViZir = Vip) s fly F’, then the update equation is written as follows:
L U= Sp) i # g pesed

nj
Vje{1,2,3,...,Ns) VI = v 1 poe e (v — Vi)
. . . 1 —SR2
7) Determine the hydro power using the discharge rate for +a(rand — 5) + o Be SR (Véfk) _ Vg))

each scheduling interval and check the hydro power
limit constraint. The hydro power vector is computed
as the function of the discharge rate and is given as
follows:

If the intensity of the particular firefly F is greater than
the firefly F’, then the update equation is written as

follows:
i func(Dis(lt’)F) ] ,
func(Dis;) VI = v 4 eapeRre (v — Vi)
func(Dis\” 1
Pg)(Nsxl) = func(Dis(”) = ( S’F) Fa(rand — E)
11) Dynamically squeeze the maximum and minimum vol-
0 ume limits for each firefly.
func(Disy, r)_ 12) Rank the fireflies and compute the updated global best
8) Compute the thermal power from the power balance firefly.
constraint. The thermal power for particular iteration 13) Repeat the steps (6)-(12) until the solution converges to
¢ and firefly F is given as follows: the final value.

o o 14) Find the total cost of the system using (29).
PTH(Nsx]) = Pppysx1y) + P, (Nsx1) — (PSI,f(Nsxl)

TP vty T PS3s v 1) C. SIMULATION PARAMETERS
() For simulating the different test cases, this section describes

+P . .
H Wsx1)) the essential system parameters of each energy source in
where, transmission losses are determined as the func- the suggested hybrid system. The test cases are developed
tion of the hydro power (P; = func(Pg)). according to the parameters provided in [48].

VOLUME 9, 2021 1931



IEEE Access

S. Liaquat et al.: Application of Dynamically Search Space Squeezed Modified Firefly Algorithm

TABLE 9. Load demand for different scheduling intervals for case 1.

Da Scheduling Time Load Demand

y Interval (hrs) (MW)

Dav 1 1 12:00 AM-12:00 PM 1200
Y 2 12:00 PM-12:00 AM 1500
Dav 2 3 12:00 AM-12:00 PM 1100
Y 4 12:00 PM-12:00 AM 1800
Dav 3 5 12:00 AM-12:00 PM 950
Y 6 12:00 PM-12:00 AM 1300

1) PARAMETERS FOR CASE 1
The cost equation for thermal generation for case 1 is given
as follows:

F(Pry) = 575+ 9.2Pry + 0.00184P%,  ($/hr) (42)
where,
150 MW < Pry < 1500 MW

In order to find the hydro power from the discharge rate,
following discharge rate characteristics are used:

Dis(Py) =330+ 4.97Py (acre — ft/hr) 43)
where,
0 MW < Py <1000 MW

The loss equation in order to find the transmission losses
of the network is modeled as the function of the hydro power
and is given as follows:

Py, = func(Py) = 0.00008P% (MW) (44)

The forecasted solar power for different scheduling inter-
vals for case 1 is listed in Table 6. The different parameters
for case 1 are listed in Table 8. The demand value for different
scheduling intervals is given in Table 9.

2) PARAMETERS FOR CASE 2
For case 2, the cost equation for the thermal generation is
given as follows:

F(Prg) =700+ 4, 8Py + O.OOOSP%H ($/hr) (45)
where,
200 MW < Pryg < 1200 MW

In order to find the hydro power from the discharge rate,
following discharge rate characteristics are used:

Dis(Py) = 260 4+ 10Py  (acre — ft/hr) (46)
where,
0 MW < Py <350 MW

The loss equation in order to find the transmission losses
of the network is modeled as the function of the hydro power
and is given as follows:

Py = func(Py) = 0.00008P% (MW) (47)

1932

TABLE 10. Load demand for different scheduling intervals for case 2.

Da Scheduling Time Load Demand
y Interval (hrs) (MW)
Dav 1 1 12:00 AM—4:00 AM 600
y 2 4:00 AM-8:00 AM 1000
Dav 1 3 8:00 AM-12:00 PM 900
y 4 12:00 PM—4:00 PM 500
Dav 1 5 4:00 PM-8:00 PM 400
y 6 8:00 PM—12:00 AM 500

The forecasted solar power for different scheduling inter-
vals for case 1 is listed in Table 7. The different parameters
for case 2 are listed in Table 8. The demand value for different
scheduling intervals is given in Table 10.

D. RESULTS

This section covers the results of both cases, which includes
the optimal power contribution of each energy source along
with the analysis of the desired system parameters at the end
of the scheduling problem. The test cases are solved using
both conventional and dynamically search space squeezed
modified firefly techniques while using different population
size.

1) RESULTS OF CASE 1

The convergence characteristics are determined for case 1
using both conventional and modified firefly algorithms.
Fig. 11 shows the convergence of the total fuel cost for
case 1 using both techniques.

From the convergence graph, it is evident that the total
fuel cost converges to a relatively lower value in case of
the modified firefly algorithm as compared to the simple
firefly. Fig. 12 shows the optimal contribution of each energy
source for different scheduling intervals for both techniques.
The optimal power contribution of different PV plants during
various scheduling intervals is equal to the forecasted values
given in Table 6. The cumulative sum of the power contri-
bution of each energy source during a particular scheduling
interval equals the sum of the demand value and the transmis-
sion losses for that interval.

Table 11 summarizes the results of the case 1 using the sim-
ple firefly technique for a population size of 5 fireflies. From
Table 11, it is evident that the transmission losses depend
upon the hydro power share for a particular scheduling inter-
val. The greater the hydro power for a given interval, the more
will be the network losses for that interval. Moreover, the end-
ing volume for case 1 equals the desired value of 6000 acre-ft
which satisfies the ending volume constraint of the reservoir.
The hydro power, the solar power and the thermal power
are within the defined limits as described in the previous
section for each scheduling interval. The discharge rate for
each interval is computed by using the equation of continuity
while taking into account the two consecutive volume values.
For interval 1, the initial volume of the reservoir is used for
computing the discharge rate. Table 12 summarizes the results
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TABLE 11. Complete results of case 1 using simple firefly algorithm for population size of 5 fireflies.

Load Solar Power Power Contribution Total Solar Total Total
Interval Losses Reservoir o of Conventional Thermal Generation
Demand Contribution Cost
Number (MW) (MW) Values (MW) Sources ) Cost Cost
(MW) (%) ¥
Volume Discharge Rate
(acre-ft)  (acre-ft/hr) Ps, Ps, Ps; Pru Pu C1 C2 Cs
1 1200 39.5 78110 3824 25.00 11.47 0229 499.8 703.34
2 1500 12.6 74475 2302.9 59.30 27.35 0.546 1028.4 396.96
3 1100 4.7 80098 1531.5 108.27 51.45 1.027 702.2 241.74
4 1800 9.6 79471 20522 20489 98.14 1961 1158.1 34651 50200 47530 760 592570 721080
5 950 8.3 80313 1929.9 89.67 4223 0.843 503.6 321.90
6 1300 36.6 60000 3692.8 181.21 86.33 1.725 390.7 676.61
TABLE 12. Complete results of case 1 using modified firefly algorithm for population size of 5 fireflies.
Power Contribution Total Total
Interval Load Losses Reservoir Solar‘Povs:er of Conventional Total Solar Thermal Generation
Demand Contribution Cost
Number (MW) (MW) Values (MW) Sources ©) Cost Cost
(MW) (%) (C)]
Volume Discharge Rate
(acre-ft) (acre-ft/hr) Ps, Ps, Ps; Pru Pu ¢ C2 Cs
1 1200 10.6 98286 2142.8 25.00 11.47 0.229 809.18 364.75
2 1500 31.0 81213 3422.8 59.30 27.35 0.546 821.47 622.28
3 1100 2.0 91759 1121.1 108.27 51.45 1.027 782.09 159.17
4 1800 35.7 71977 3648.6 204.89 98.14 1.961 862.95 667.71 80200 47550 760 584800 713310
5 950 13.0 68002 2331.2 89.67 4223 0.843 427.56 402.66
6 1300 17.7 60000 2666.8 181.21 86.33 1.725 578.23 470.18
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FIGURE 11. Convergence of the total thermal cost for case 1 using
different techniques. (a) Simple firefly algorithm. (b) Modified firefly
algorithm.

of case 1 using modified firefly algorithm for population size
of 5 fireflies. From Table 12, it is clear that the suggested
modified firefly technique converges to a lower thermal cost
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reservoir constraints and the power balance constraint are all
satisfied for case 1 while using modified firefly technique.

The solar power share for different scheduling intervals
and the total solar cost remain same for both techniques
whereas the thermal cost converges to a lower value in case
of modified firefly algorithm.

2) RESULTS OF CASE 2
Fig. 13 shows the convergence behavior of the simple firefly
algorithm for case 2 using the different number of fireflies.
Fig. 14 shows the convergence behavior of the modified
firefly algorithm for case 2 using the different number of
fireflies. From both Fig. 13 and Fig. 14, it is evident that
the modified firefly algorithm converges to a relatively lower
fuel cost as compared to the simple firefly technique for
different number of fireflies. The convergence behavior of
the simple firefly algorithm in case of the population size
of 5 fireflies is better than the modified firefly technique as
evident from the graphs. Fig. 15 shows the optimal power
contribution of different energy sources for each scheduling
interval. Table 13 summarizes the results of conventional
firefly technique for case 2. The final volume of the reservoir
in this case equals the desired value of 12000 (acre-ft) and
hence the final volume constraint is satisfied. The sum of the
optimal power contribution of each energy source during the
particular interval equals the demand plus the transmission
losses for that interval. The discharge rate for each scheduling
interval is computed by using the equation of continuity

1933



IEEE Access

S. Liaquat et al.: Application of Dynamically Search Space Squeezed Modified Firefly Algorithm

v Kl [ - L P (W
e e P |
B

x5 Y. 5782

1000 —

%00 Vanaz

g
5
5o
:
1

Schot g Intarval

°cnua ulng Inlsrnl

Losses (MW}

a
Schudung Intarval

(b)
FIGURE 12. Optimal power contribution of each energy source for
different scheduling intervals using both techniques. (a) Simple firefly
algorithm. (b) Modified firefly algorithm.
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FIGURE 13. Convergence of the total thermal cost for case 2 using simple
firefly.

as described previously. For interval 1, the initial volume
of the reservoir is used for determining the discharge rate.
The transmission losses depend upon the hydro power for
particular scheduling interval.

Table 14 shows the complete results for case 2 using the
modified firefly algorithm. The final volume constraint, the
power limits constraint and the power balance constraint are
all satisfied for case 2 while using the modified firefly algo-
rithm. The solar cost remains constant for both techniques
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FIGURE 14. Convergence of the total thermal cost for case 2 using
modified firefly.

while the total fuel cost converges to a lower value in case
of the simple firefly algorithm for this particular sample.
This completes the results of both cases using the simple
and modified firefly algorithm. The next section introduces
the statistical comparison of both techniques for each case
in order to compare the performance parameters of the two
algorithms statistically.

V. RESULTS OF STATISTICAL COMPARISON

The meta-heuristic algorithms have certain random part in
their update criteria while shifting the possible solutions in
the search space of the objective function. This results in the
different final convergence results for each trial. Therefore,
in order to compare the performance of a particular algorithm
with the other, certain statistical measures are required to
comprehensively compare both algorithms over a particular
sample size. This research suggests the comparison of the
average of two algorithms for different population sizes and
then uses the independent t-test results to statistically prove
the existence of the significant mean difference between the
two techniques. The final comparison is made by taking into
account both the average mean cost and the results of the
independent t-test results. Moreover, the average generation
cost for different number of fireflies is considered to be the
final solution for the suggested algorithms for each case.
In references [9]-[25], the authors compare the different tech-
niques by comparing their mean cost. However, in majority
references only a slight improvement in the mean cost is
shown by the authors which is not statistically significant to
prove the significance of the suggested technique. Therefore,
while comparing different meta-heuristic methods, certain
statistical methods should be used to statistically prove the
significance of the suggested method. This research uses
the independent t-test results to compare the mean and the
variance of the algorithms statistically. The two major parts
of the independent t-test results are the Levene’s test for
comparing the variance and the t-test for comparing the mean
of the algorithms. For both Levene’s and t-test results, if the
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TABLE 13. Complete results of case 2 using simple firefly algorithm for population size of 5 fireflies.

Load Solar Power Power Contribution Total Solar Total Total
Interval Losses Reservoir e of Conventional Thermal Generation
Demand Contribution Cost
Number (MW) (MW) Values (MW) Sources ©) Cost Cost
(MW) ® 3
Volume Discharge Rate
(acre-ft) (acre-ft/hr) Ps, Ps, Ps, Pru Py G C2 Cs
1 600 0.1 13300 674.9 0.034 0.015 0.00031 558.59 41.48
2 1000 1.1 15567 1433.3 0.040 0.018 0.00037 883.70 117.33
3 900 2.9 14908 2164.8 2492 1144 0.022 676.03 190.47
4 500 25 14848 20149 4407 2033 0040 26252 17548 10118 3825 90 74913 90865
5 400 2.4 14928 1980.1 1522 7.00 0.014 208.10 172.01
6 500 4.9 12000 2732.0 0.017 0.008 0.00016 257.66 247.19

TABLE 14. Complete results of case 2 using modified firefly algorithm for population size of 5 fireflies.

Load Solar Power Power Contribution Total Solar Total Total
Interval Losses Reservoir e of Conventional Thermal Generation
Demand Contribution Cost
Number (MW) (MW) Values (MW) Sources ) Cost Cost
(MW) ® 3
Volume Discharge Rate
(acre-ft) (acre-ft/hr) Ps, Ps, Ps, Pru Py 1 C2 Cs
1 600 0.4 12160 960.1 0.034 0.015 0.00031 530.33 70.01
2 1000 1.8 13122 1759.3 0.040 0.018 0.00037 851.80 149.93
3 900 0.8 16127 1248.8 2492 1144 0.022 76551 98.87
4 500 30 15297 22076 4407 2033 0040 24382 19475 10118 3825 9.0 74966 90918
5 400 24 15365 1982.9 1522 7.00 0.014 207.83 172.29
6 500 5.3 12000 2841.3 0.017 0.008 0.00016 247.17 258.12

TABLE 15. Statistical comparison between firefly and modified firefly for case 1 using 30 samples.

Average Execution Significant Values
Time for Each
(sec) Test

Firefly Modified Firefly Firefly Modified Firefly Firefly Modified Firefly Firefly Modified Firefly T-test Levene’s Test

Average Cost Maximum Cost Minimum Cost

) %) (C)]

Population Size

5 Fireflies 713522 708829 726380 719660 700210 690420 0.957 0.948 0.024 0.015
15 Fireflies 707171 709785 717060 722350 700520 690280 0.985 0.977 0.012 0.009
35 Fireflies 711346 706055 723010 722350 700070 690280 1.05 1.12 0.028 0.02
50 Fireflies 713611 707491 722490 722350 701720 690280 1.20 1.18 0.031 0.08

TABLE 16. Statistical comparison between firefly and modified firefly for case 2 using 30 samples.

Average Execution Significant Values
Time for Each
(sec) Test

Average Cost Maximum Cost Minimum Cost

($) (%) (%)

Population Size

Firefly Modified Firefly Firefly Modified Firefly Firefly Modified Firefly Firefly Modified Firefly T-test Levene’s Test

5 Fireflies 90046 89605 90890 90788 89186 89135 0.65 0.62 0.009 0.008
15 Fireflies 90074 89644 90866 90466 89250 89182 0.72 0.71 0.007 0.015
35 Fireflies 89976 89551 90837 90481 89233 89121 1.03 1.05 0.004 0.006
50 Fireflies 90278 89595 90866 90345 89186 89121 1.25 1.27 0.012 0.04

significant value is larger than the critical value of 0.05, the
two algorithms have same variance and mean statistically
for 95 % confidence level. Table 15 shows the comparison
of the algorithms for case 1 using 30 samples. The algo-
rithm is tested for different population sizes to increase the
diversity of the fireflies and to suppress the effect of the
premature convergence on the final converged solution. It is
evident from the Table 15, that the suggested modified firefly
algorithm outperforms the simple firefly by giving the lower
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mean generation cost and the execution time. Moreover, the
significant values for both Levene’s and the t-test are less
than the critical value of 0.05 for majority of the cases,
therefore the algorithms are statistically different from each
other for case 1. Only for population size of 50 fireflies,
the significant value for the Levene’s test is greater than
0.05, which suggests that the two algorithms have same vari-
ance statistically for population size of 50 fireflies. Table 16
shows the comparison of the algorithms for case 2 using
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FIGURE 15. Optimal power contribution of each energy source for
different scheduling intervals using both techniques for case 2.
(a) Simple firefly algorithm. (b) Modified firefly algorithm.

30 samples. From Table 16, it is evident that the suggested
firefly algorithm outperforms the simple firefly technique
by giving lower generation cost and execution time. More-
over, the significant values for Levene’s and t-test suggest
that the two algorithms are statistically different from each
other.

Vi. COMPARISON WITH OTHER TECHNIQUES

The suggested modified firefly algorithm is compared with
other promising techniques in literature to further validate its
significance. The methods used for the comparison purpose
are PSO, Accelerated PSO (APSO) and Improved Accel-
erated PSO (IAPSO). The mentioned methods are tested
for the same problem under the same conditions and the
results are shown in the Table 17. From Table 17, it is evi-
dent that the suggested firefly algorithm outperforms some
other conventional and promising techniques in literature
for the suggested hybrid system. The performance of sug-
gested modified firefly is comparable with the conventional
PSO, since PSO also depends upon both exploration and
exploitation properties of the particles. The absence of the
local search component in APSO and IAPSO results in
relatively higher mean generation cost for this particular
problem.

1936

TABLE 17. Comparison between suggested firefly and different
techniques for population size of 50 particles/fireflies.

Average Maximum  Minimum Average
Algorithm Cost Cost Cost CPU time
$) (6] (6] (sec)
Comparison for Case 1
Modified Firefly =~ 707491 722350 690280 1.18
APSO [48] 713874 722750 711690 1.32
IAPSO [48] 713587 722390 710480 1.35
PSO [49] 707736 724660 700500 1.52
Comparison for Case 2
Modified Firefly 89595 90345 89121 1.27
APSO [48] 90716 90747 90698 1.20
TAPSO [48] 90712 90729 90695 1.26
PSO [49] 90168 90695 89705 1.48

VIl. CONCLUSIONS, LIMITATIONS, AND FUTURE WORK
To summarize, following are the major findings of this
research

1) This research suggests a modified dynamically
search space squeezed firefly algorithm which uses
multi-update criteria to shift the fireflies in the search
space of the objective function by taking into account
the influence of the global best solution for each itera-
tion.

2) The proposed firefly technique is implemented on a
novel dispatch problem which consists of a thermal
unit, a hydroelectric energy source and multiple PV
plants of different rated capacity. To model the inter-
mittent nature of the PV source, combination of frac-
tional integral polynomial method and ARIMA model
is implemented to find the PV power share towards the
dispatch problem.

3) The suggested firefly technique successfully solves a
highly non-linear and multi-modal dispatch problem by
giving the optimal power share of each energy source
for different scheduling intervals.

4) Moreover, the performance of the two algorithms for
different test cases is compared statistically using the
independent t-test results. Based on the statistical anal-
ysis, the performance of the suggested modified firefly
is enhanced by a substantial factor as compared to the
simple firefly. The suggested technique proves to be
optimal one for the given dispatch problem by giving
lower generation cost and execution time.

Following are some of the practical limitations of the pro-
posed research:

1) For photovoltaic system, the effect of the partial shad-
ing on the maximum power of the module is not consid-
ered extensively. The suggested system considers that
each module is operating at maximum power point and
there is only single global peak for the power curve.
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2) The duration for which the forecasted parameters of

the photovoltaic system remain constant is considered
to be 1 hour. In practical scenarios, the irradiance and
temperature levels can change with in the considered
time duration.

3) Certain contingencies like removal of the transmission

line, the removal of certain generating unit can affect
the suggested operational strategy.

4) Resilience of the suggested system against the certain

instabilities can improve the efficiency of the suggested
dispatch strategy.

Based on the mentioned limitations, the future work
involves the following major tasks:

1) Test the robustness of the suggested novel firefly tech-

nique on a more complex hybrid energy system while
considering the security and emission constraints.

2) Model the power system to include the resilience

against the disruptions to suggest a more practical oper-
ational strategy.

3) Consider the partial shading effect on the maximum

power of the PV source. Decrease the time duration
for which the forecasted parameters remain constant for
the photovoltaic system.

4) Check the robustness of the suggested firefly algorithm

on different forms of economic dispatch problems.
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