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Abstract— Hybrid microgrid system powered by renewable
energy has significant impact on production of electricity. It
keeps varying with changing weather condition which makes
the system unstable. To deal with this issue the proposed work
investigates coordinated frequency control using an
appropriate control approach. The interconnected hybrid
system is modelled using a combined solar gas turbine, solar
photovoltaic and biodiesel energized generator, together with
refrigerator as the thermostatic load. Dynamic Butterfly
Optimization Algorithm (DBOA) is applied to optimize the
controller gains for effective frequency control. With PID
controllers and other well-known optimization techniques, the
frequency responses of the proposed microgrid are compared
using MATLAB/Simulink. Finally, DBOA tuned PID
controller is preferred to carry out three case reports. Finally,
sensitivity analysis is performed to validate the system
robustness.

Keywords—Solar thermal system, solar photovoltaic,
combined solar gas turbine, storage devices, optimization
technique, Dynamic butterfly optimization

. INTRODUCTION

The Renewable energy sources (RES) are the
primary substitute in power sector unit for all countries of the
world. The year 2021 was another record-breaking year for
renewable energy, with an increase in installed power
capacity of over 314 gigawatts (GW) [1].

The emission of harmful CO2 and greenhouses
gases is the main reason for minimizing the usage of
traditional power plants. Non-conventional energy sources
(NCES) were developed as a remedy for the drawback of the
traditional system. The concept of “generate locally,
consume locally” is used to provide electricity to remote
locations where it is impossible to generate it [2]. Microgrids
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can employ a variety of NCES. The most efficient for large
scale production is solar thermal technology [3]. Many solar
thermal systems have already been taken into consideration
for microgrid studies, including the dish-Stirling [3],
parabolic trough collector [4], linear Fresnel system [5], and
solar tower [6]. But, use of such components in microgrid
system has its own drawbacks that need to be dealt with. The
output power is not always consistent and the frequency of
the grid may significantly change in response to shifts in the
supply and demand for power. To resolve such issue, load
frequency control (LFC) and power regulation are therefore
necessary [11]. LFC's primary objective is to keep the
system's frequency stable.

Many scholars around the world have worked on
LFC. For the LFC of an isolated system in paper [2]
discusses the application of the chaotic crow search
algorithm with an improved hybrid PD-TID fuzzy controller.
Tuning the gains of PID controller using genetic algorithm
isolated systems based on solar thermal energy are discussed
[3]. In [4], an isolated hybrid microgrid system based on a
parabolic trough solar thermal, wind energy, diesel set, and
battery storage unit is proposed. [5,6] comprises of solar
tower system along with bio renewable components for an
interconnected system using Quasi-oppositional selfish-herd
algorithm in [5] to optimize controllers and BOA optimized
PFOID controller in [6]. [7] Discusses how to manage
frequency in a unconnected hybrid system that uses wind,
solar energy, microturbines, and fuel cells. The author of [8]
has addressed an isolated hybrid system that uses solar, wind,
diesel, rechargeable batteries, generators, and super magnetic
energy storage (SMES). The authors in [9] consists of
several planning, control, and operating approaches, each
with benefits and drawbacks. Energy management control,
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operation and planning for both grid and isolated mode is
portrayed [9]. The expression and evaluation of hierarchical
control systems. Using microgrid primary control is crucial
for comparing different control schemes, as well as for
microgrid performance and system dependability [10]. The
dependability and steadiness of power flow between sources
and consumers are examined in [11], with a focus on local
power distribution systems, particularly on RE resources and
energy storage techniques. Systems using hybrid RE storage
use software tools. An isolated system is modelled using
solar PV biodiesel and biogas generator. Grasshopper
optimization algorithm GOA is used to fine tune the PID
controller, system response is studied by randomly changing
the source and load condition [12].
For LFC analysis in single and multi-microgrid systems, a
number of standard controllers have been studied, including
PI[3], PID[8], PFOID [6], and 2DOF-PID[17] controllers.
The hybrid fuzzy PD-TID and TID controllers are two
recently created controllers for LFC of microgrid. The
microgrid mainly depends on the performance of controllers.
It's crucial to choose the right optimization tools while
adjusting the controller's parameters. A few examples of the
various metaheuristic algorithms are the genetic algorithm
[3], mine blast algorithm [MBA] [4], quasi-oppositional
selfish herd optimization (SHO) [5], butterfly optimization
algorithm (BOA) [6], flower pollination algorithm (FPA) [8],
and grasshopper optimization algorithm [12].The work
discussed here relies on frequency regulation using a PID
controller, and, as mentioned in the previous paragraph, the
controller's parameters are tuned using PSO. The battery
storage unit, BDEG, BGTG, and solar PV are the parts of
microgrid system. The main goal of this research are:

e To study the system response of an interconnected

microgrid tuned by DBOA algorithm.

e The use of DBOA to PID controller
interconnected system is a novel technique.

in an

e The system response is studied under varying source
and load condition.

e Sensitivity analysis is performed to study the
robustness of the system.

Table 1- Specification of the terms used

Specifications Symbol Standards
Time and gain quantity of Kspv, Tsp 18,1
SPV unit, respectively v
Lead time, lag time, valve | Xc,Yc,bs 0.6,1s,0.05
actuator ,
Combustion reaction delay, | Tcr Tee, 0.01s,0.23s,
biogas reaction delay, and Ter 0.2s
BGTG unit discharge time
constants
Valve gain, valve actuator Kva, 1,0.05s,1,05
delay, engine gain and time Tvas S
constants of BDEG unit, Kge, Tee
correspondingly
Gain and time quantity of Kgess, 0.0033,0.1s
BESS unit, respectively Thess
Gain of steam turbine, time | Ksr, Tsr 1,03
quantity of steam turbine
Time and Gain quantity of | Try, Kry 1,4
receiver
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system’s inertia constant

Time and Gain quantity of Tx, Kx
heat exchanger
Time and Gain quantity of | Typ, Kvp 1,0.05
valve positioner
Time and Gain quantity of | Tsg, Ksg 0.6,1
speed governor
Time and Gain quantity of Trc, Kec 0.01,0.23
fuel cell
Time and Gain quantity of Tsmesu 0.3,0.12
SMESU Ksmesu
Time and Gain quantity of | Tre, Kre 0.2456, -1
RG
Damping factor and the D, Mg 0.012,0.2s

Il. SYSTEM UNDERSTUDY

LE S

Irradiance

Biodiesel
storage2 _.*

T-coul-alL

Fig 2: Linearized model of the system
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The analysis uses solar PV, a combined solar gas turbine
(CSGT), a biogas turbine generator (BGTG), a biodiesel
energized generator (BDEG), battery energy storage system
(BESS) and super magnetic energy storage system (SMES).
The specifications of the system used is given in Table 1.
Figures 1 and 2 depict the proposed system's schematic
model and linearized transfer function model, respectively.

A. Solar PV array (SPV)

Solar panels are constructed from solar cells, also known
as photovoltaic cells, which are grounded together. Arrays
[18] is the term used for such collection of panels. The arrays
of solar PV panels are the majorly used solar photovoltaic
system with maximum power point tracker [MPPT] [2]. For
low frequency domain analysis, the SPV system's linearized
transfer function model may be written as:

Gspv(S) = Ksev (1)

1+5Tepwr

B. Biodiesel Energized Generator (BDEG)

From vegetable and animal fats, the biodiesel is
extracted. Diesel-like characteristics can be found in this
extracted biodiesel [12]. It can be used in conventional DEG
in purified or blended form [12]. The model of its linearized
transfer function may be estimated as follows:

Ggpes(S) =(Ki) (E) (2

1+5Tira 1+s5Trr

C. Battery Energy Storage System (BESS)

The power vacillation is sometimes caused due to
partially shaded SPV array by floating clouds, it results in
frequency fluctuation and undesired switching of other
linked devices in the microgrid [12]. In order to overcome
this situation, BESS is used to manage short-time power
fluctuation [12]. It can supply for a longer amount of time
and has storage with a better energy density [3]. The BESS
linearized transfer function model is written as follows:

GBESS(S)=M 3)

1+sTggss

D. Superconducting Magnetic Energy Storage Unit
(SMESU)

A super conducting magnetic energy storage unit
(SMESU) is a device that stores energy in a magnetic field
created by a superconducting coil. It consists of a coil of
superconducting material that is cooled to a very low
temperature, usually with the help of liquid helium. When
the coil is charged, it creates a magnetic field that stores
energy. When the energy is needed, the magnetic field is
discharged, and the stored energy is released. They have very
high energy densities, meaning they can store a large amount
of energy in a small volume. They also have very high
efficiency, with charge/discharge losses typically less than
5%. They are also very fast, with charge/discharge times of
less than a second. The transfer function of SMESU is as
shown below
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GsmEesu=
L+s5TepmEsy

E. Refrigerator (RG)

The ability for quick withdrawal and the storage capacity of
refrigerators makes them friendly, simple-to-use manageable
loads. As they may be turned on when generation upsurges
to absorb the extra energy and off when generation declines
to maintain the microgrid frequency, RGs connected to RE
significantly contribute to the system's stability. The transfer
function is represented by the next expression.

K
Gre (s) = ﬁ )

F. Combined Solar Gas Turbine (CSGT)

It comprises of solar thermal operation along with gas
turbine. Fig 3, shows the CSGT serial scheme layout. Owing
to the lack of heat exchange, thermal energy is delivered, the
solar thermal system uses the air that is pumped into it from
the compressor to heat it to the proper temperature. Less fuel
is required to maintain the correct temperature for the
operation of the turbine since this warm air is introduced into
the combustion chamber. Such type of power plant meets the
required load demand [18]. The following is an expression
for the CSGT's transfer function:

Geser= (Gor + Ggg )( = ) (6)

ST5T+1

Besides this, Gst is the solar tower transfer function and
Ggg is the bio gas turbine transfer function.

oo 0-{5) (222 (25) "

l+STRr'.r l+STRr..r l+STx

GBG(S):( Kyp )(1+s!\'55) (1+sch) ®)

l+STr,rp l+STSG l+STFC

Vbdv
<
» a

Solar Air Receiver

Hellostat field

Fig 3. Serial scheme layout of CSGT
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F. System Dynamics Model

The non-conventional power producers based on
renewable resources are included in the proposed system,
along with battery storage and power electronic converters.
The difference between net generation and load demand,
defined as the net change in power of the system at each time
of area 1(Pg1) and area (Ps2), can be

Pc1= Pspv + Pepec * Peesu - PLi-Pri2+ Prer )
Pe2 = Pcgst £ Psmesu - Pr2 - Pra1 (10)

The overall transfer function of the system (Gsys) is written
as [19]

_ ‘iFE' — 1 -
Gsys= 2Ps  Desiy i=1,2 (11)
I1l. PROPOSED METHODOLOGY

A. Formulation Of Objective Function

In order to solve optimization problems, the objective
function is essential, and the choice of the error function is
crucial. The integral square error (ISE) of variation in
frequency in both areas and tie-line power is chosen as the
objective function whose equation is represented as

Jise = ng[(ﬂFl)z + (AF;)? + (AP, )*]dt (12)
Where, [,z =Objective function minimized AF; & AF,=

changes in frequency of area 1 and 2. AP,,,= Tie power
change.

5.t KC min = K,:- = KC max
where, K¢ jin= Ib and K¢ 0= Ub

KPmEREKPEKPmcU:
Kl'mz'n = K! = KJ'ma.J;
'K'Jl',irr:z'.‘rtE Kﬂif(ﬂmm

where K K}, K are the least and greatest gain constants of
the PID controller [19].

B. Selection Of Optimization Algorithm

Optimization algorithms are used to find the optimal
solution to a wide range of problems in various fields. This
hybrid model is optimized using PSO,BOA and DBOA for a
PID controller. Fig 4 shows the convergence curve for these
algorithms and DBOA is found to be superior amongst
them.Fig 5 and 6 shows the frequency response of area 1 and
area 2 whereas fig 7 shows the tie line power change. The
overshoot, undershoot and settling time of the system is

Paper : 05
shown in Table 2. Table 3 shows the operating condition of
proposed system, while table 4 shows the parameters of
different algorithms and table 5 shows the optimized values
of the controller.

Fig 4. Convergence curve

Table 2: Parameters of PID controllers optimized by different
algorithms

OsH UsH Settling
Algorithm (Overshoot) | (Undershoot) time (Ts)

Areal 0.0424 -0.0547 51.6

PSO Area 2 0.0418 -0.051 51.32
Area 1 0.0226 -0.172 76.34

BOA Area 2 0.0226 -0.0162 110.2
Area 1 0.0173 -0.0234 77.03

DBOA Area 2 0.0172 -0.0227 109.6

Table 3: Operating conditions of the proposed system

Areal Area 2
System Biodiesel engine Combined Solar Thermal
Component generator, Refrigerator, Gas Turbine, Super
Battery Energy Storage magnetic energy storage
System, Solar Photo system.
Voltaic
A 0.00,0s<t<40s 0.00,0s<t<40s
PL 0.06,40s<t<120s 0.01,40s<t<120s
A 0.00,0s<t<40s
PSPV 0.01,40s<t<120s
A - 0.00,0s<t<40s
PCGST 0.01,40s<t<120s
Table 4: Parameters for different algorithm
Algorithms Year Parameters
PSO (Latif et al. 2018) 1995 w=1, wg=0.99, ¢;=1.5, c,=2.0
BOA (Latif et al. 2018) 2017 D=0.8, Y=0.1, Ms=0.1
DBOA (Tubishat et al. 2020) 2020 p=0.8, power exponent=0.1
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Fig 5: Frequency curve of Area 1

Fig 7: Tie power change
IV. DYNAMIC BUTTERFLY OPTIMIZATION

The Dynamic Butterfly Optimization Algorithm
(DBOA) is a metaheuristic optimization algorithm inspired
by the foraging behavior of butterflies. The flowchart of
DBOA algorithm is shown in Fig 8.

v
Initialize the population of
butterfiies and set initial values of
parameters

L 2

Evaluate fragrance f and identify
best butterfly with most fragrance

2

Generate random number between
081

¥
Yes No
Update best butterfly | Update best butterfly
iposition using equation (14) position using equation (15)
v v

Evaluate new butterfly and if new butterfly better,
update it in populaition

L
I Update the value of power exponent |

L 2

Apply LSAM on current best
butterfly using mutation operator

X
No N
if termination
criterion met?

Yes
3

Update the best solution

Fig 8: Flowchart algorithm of DBOA

The algorithm is based on the social foraging
behavior of butterflies, which involves the coordination of
individual movements to find food sources. The algorithm
simulates this behavior by using a population of virtual

Paper : 05
butterflies, each representing a potential solution to the
optimization problem.

In the DBOA, the population of butterflies is
divided into groups, called sub-swarms, which move
independently and explore different regions of the search
space. Each sub-swarm consists of several butterflies that
communicate with each other and exchange information
about their current position and fitness value.

The algorithm also employs a dynamic update
mechanism that adjusts the exploration and exploitation
behavior of the sub-swarms based on the search progress.
This allows the algorithm to balance between the
exploration of the search space and the exploitation of
promising regions.

The algorithm works in the following steps:

e Initialization: The algorithm starts by initializing a
population of virtual butterflies. Each butterfly
represents a potential solution to the optimization
problem. In this algorithm the fragrance (f) can be
given as [22]

f=MSs? 13)
where M is the sensor modulus, S is the intensity of
the stimulus, and a is the exponent of power that
depends on M.

e Sub-swarm formation: The population of butterflies is
divided into several sub-swarms. Each sub-swarm
consists of several butterflies that communicate with
each other and exchange information about their
current position and fitness value.

e Movement: The butterflies in each sub-swarm move
according to a set of rules based on the foraging
behavior of real butterflies. The movement of each
butterfly is determined by its current position, the
position of the best butterfly in its sub-swarm, and the
position of the global best butterfly in the population.

e Update: After each iteration, the fitness value of each
butterfly is evaluated, and the positions of the best
butterfly in each sub-swarm and the global best
butterfly are updated.

e Dynamic update: The algorithm employs a dynamic
update mechanism that adjusts the exploration and
exploitation behavior of the sub-swarms based on the
search progress. This allows the algorithm to balance
between the exploration of the search space and the
exploitation of promising regions.

e Termination: The algorithm terminates when a
stopping criterion is met, such as reaching a
maximum number of iterations or a desired level of
solution quality.

The following are the global and local search expressions
[22]
xftt=af +(r?x g" —af)f; (14)

= af + (r?x xf —xf)f; (15)
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Where g~ is the finest solution, f; is the fragrance for the i
butterfly, r is the arbitrary value, x;' is the j*" butterfly, and
X% is the kth butterfly in the solution plot.

Overall, the DBOA balances between exploration and
exploitation to efficiently search the solution space and find
the optimal solution for the given optimization problem.

V. SIMULATION AND CASE STUDY RESULTS

Utilizing MATLAB  software, the  proposed
interconnected system is simulated. Areas 1 and 2 are linked,
as shown in the Fig. 1. Area-1 comprises with solar
photovoltaic modules, bio-diesel engine generator as source
while area-2 comprises with combined solar gas turbine as
sources. BESS and SMESU are the storage units and RG is
the thermostatic load. Among all the algorithms, the
implementation of the DBOA optimized PID controller is
found to be most effective. To establish the same the
convergence curve is shown in Fig 4. The frequency
response is investigated using the mentioned ub and Ib as
well as tuning PID controller. The maximum number of
iterations is taken as 200.

Table 5: Optimized parameters of different algorithm

PSO BOA DBOA
Jimin 0.00321 0.00459 0.00051
Kp1 5.82970 8.32762 1.985
Kn 0.4564 0.55625 0.7865
Kp1 9.6573 9.23509 1.9854
Kp 2.9867 6.27910 6.8765
K 4.6744 7.58315 3.7684
Kbz 0.9654 0.07536 0.3785
Kps 9.99999 8.26881 3.9865
Kiz 9.99993 9.85611 8.2345
Kps 0.61651 9.91870 0.1768
Table 6 - Computed statistical values and time.
Jmax Jmin Compute time Average
(sec)
PSO 0.00622 0.00321 4291.7522 0.00496
BOA 0.00762 0.00459 6230.1685 0.00520
DBOA 0.00432 0.00051 3433.1144 0.00050

A. Case-1: With the Assistance of all the Generating Units

In this case, the interconnected hybrid model is supplied
by all the considered sources and also equipped with the
storing units. The contribution of all the modules along with
frequency and tie-power is shown in figure 9. A sudden
increase in load occurs at t = 40s because of which
overshoot and undershoot is observed in the range of £0.025
at t = 40s and gradually settling at 75s and 80s for area-1
and area-2 respectively.

20 a0 60 80 100 120

L L
0 20 40 60 80 100 120
Time (s)

Fig 9: Frequency and tie power response of area 1 and area 2 when all
the components are in working state

B. Case-2: In The Absence Of Storage Unit

In this case, the intermittency problem of the renewable
power can be seen due to the absence of storage units.
During the load change t = 40s the frequency of the system

changes as seen in figure 10. It is observed that the system
starts to settle from 80s in both area-1 and area-2. In tie-line

power curve the frequency starts to settle at 70s.

5 0 \/\
0.05 . . L . .
20 40 60 80 100 120
0.02
ool
4 o
-0.02 - -
o 20 40 60 80 100 120

tie power

o
b \— |
a 1 1 L 1

L] 20 40 60 80 100 120

Fig 10: Frequency and tie power response of area 1 and area 2 in
absence of storage units

C. Case-3: Sensitivity analysis

In this case the system is exposed to numerous assumed
natural changes and the frequency and tie power the reaction
is studied and found to be satisfactory. Figure 11, portrays
the change in frequency and tie power response of the
system. The frequency fluctuations compared to the original
step loading condition and it is found that the system is
stable even under such unfavorable conditions, exhibiting
the system's durability.

AF,

AF,
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Time (seconds)

(©
Fig 11: (a) Frequency response of area 1 (b) Frequency response of area 2
(c) Tie power response of the system

VI. CONCLUSION

The study examines a interconnected hybrid system that
includes asolar PV, a biodiesel engine generator, a
combined solar gas turbine, and energy storage systems.
Case studies and analysis have been used to assess the
effectiveness of DBOA optimized PID controllers. The
system  responsiveness minimized  objective  function,
overshoot, undershoot, frequency variation, and settling
time are all compared. Finally, sensitivity analysis is
performed that proves the robustness of the DBOA tuned
PID controller. The work can be further extended by
performing case studies on some real time datas. New
controllers and optimization algorithms can also be
considered.
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