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Abstract Large integration of renewable energy in hybrid

power system in isolated mode of operation make fre-

quency control a challenging task. This paper investigates

the performance of Cuckoo Search Algorithm (CSA) and

Firefly Algorithm (FA) based frequency control strategy of

such a hybrid power system, which is a unique work. The

generating units of the system are plug in hybrid vehicle

(PHEV), wind turbine generators, a diesel engine generator

(DEG) and battery energy storage system (BESS). The

proportional plus integral (PI)/proportional integral

derivative (PID) controllers are employed with PHEV,

DEG and BESS to adjust the total active power generation

in accordance to the load demand. Addition of PHEV

reduces the reliance on the DEG or BESS as a result of

variability and uncertainty of wind power. Different dis-

turbance conditions such as step perturbations, random

variations of load as well as wind output power, have been

considered in the case studies under Matlab simulation to

assess the performance of CSA and FA based control

strategy. Analysis indicates that CSA based PID controller

provides better response compare to GA, PSO and FA

based PI/PID controller and CSA based PI controller.

Sensitivity analysis has been carried out to check the

robustness of FA and CSA optimized PI/PID controller

gains.

Keywords Plug in hybrid vehicle (PHEV) � Battery energy
storage system (BESS) � Frequency deviation � Cuckoo
search algorithm (CSA) � Firefly algorithm (FA)

1 Introduction

Recent concerns over the uncertainty of fossil fuels and

effects of global warming have led to enhancement of

power generation using renewable energy sources (Owusu

and Samuel 2016). Nevertheless, power generation from

the renewable sources are fluctuating in nature, which

significantly affects the power quality (Luo et al. 2015).

Several works reported to have investigated the frequency

control issue, which is one of the major concerns to

renewable based power system. Lee and Li (2008), studied

wind generator, PV, fuel cell, diesel generator and battery

and other energy storage device based hybrid system.

Uncertainty of wind and solar power increases the depen-

dence on diesel generator and/or the battery energy storage

system. Hybrid Electric vehicle (PHEV) which is eco-

friendly, has been considered for mitigating the frequency

fluctuation caused by the renewable energy in hybrid

power system (Sadati et al. 2017). PHEV in such a hybrid

power system, will reduce the reliance on diesel generator

or the battery storage system and preserve the environment

at the same time. Frequency control approach of hybrid

power system in absence of battery energy storage has been
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explored by (Sekhar and Mishra 2016). Proposed hybrid

power system comprises of diesel driven generator, solar

PV, fuel cell. The output power of solar PV is controlled in

accordance with diesel driven generator and fuel cell unit

so as to maintain the active power generation and load

demand using neurofuzzy control strategy. Results were

encouraging. Nevertheless, dynamic performance of the

microgrid could be studied with practically variable kind of

generation and/or load demand. Fixed gain PI controllers

for the generating units have used by (Senjyu et al. 2005;

Nayeripour et al. 2011). However, PI controllers with fixed

gains may not perform well at varying operating condi-

tions. Simultaneous optimisation of the controllers’

parameters may provide better performance.

Choice of appropriate optimization tools for tuning the

controller parameters plays a key role in dynamic perfor-

mance of the hybrid power system. Fuzzy PI controller

(Taghizadeh et al. 2015), Fuzzy based PID controller

(Bisht 2014), PSO based fuzzy controller (Bevrani et al.

2012), PSO based fractional order controller (Pan and Das

2015), GA and PSO optimized PI/PID controllers (Das

et al. 2014a, b) have achieved encouraging results in

respect to restriction of frequency deviation in hybrid

power systems. Use of recently developed metaheuristic

algorithms for optimizing the parameters of the controllers

could provide better performance in terms of lesser fre-

quency excursions.

FA and CSA are the two recently developed meta

heuristic algorithms (Saikia and Sahu 2013; Gandomi et al.

2013). It has been reported that FA is capable of outper-

forming over GA, PSO in terms of convergence rate in

finding the global optimum (Yang 2009).

Present work investigates the dynamic performance of

WTG-DEG-PHEV-BESS hybrid power system. PI/PID

controllers, employed with DEG, PHEV and BESS are

tuned simultaneously for coordinated control using FA and

CSA algorithms. The main objectives of this paper are:

1. To compare the performance of CSA optimized

controllers vis-à-vis FA optimized counterparts on the

hybrid system for mitigating system frequency in the event

of variations in load, generation or both.

2. To compare the performance of CSA and FA opti-

mized controllers with GA, PSO optimized counterparts on

the hybrid system for mitigating system frequency.

3. To analyses the performance of the hybrid system

model using CSA and FA optimized controllers against

randomly variable wind power generation and load

demand.

4. To carry out sensitivity analysis to examine the

robustness of the PI/PID controller’s gains optimized at

nominal conditions to ± 20% load changes from its nom-

inal value as well as change in wind power.

The rest of the article is prepared as follows: Sect. 2

describes the hybrid power system’s components and its

modeling. The proposed hybrid system’s frequency control

strategy is described in Sect. 3. The overview of FA and

CSA algorithms are presented in Sect. 4. Dynamic

responses of the proposed control technique under different

circumstances are described in Sect. 5. Section 6 concludes

the report briefly.

2 Description of hybrid power systems and its
modeling

The proposed structural analysis of the hybrid ac power

system is depicted in Fig. 1. It comprises of power gen-

eration units such as wind turbine generator (WTG), diesel

engine generator (DEG), plug-in hybrid electric vehicle

(PHEV) and battery energy storage system (BESS).

Modeling of the systems’ units and their first order transfer

function with specific gain and time constant are deliber-

ated in the succeeding sections.

2.1 Wind turbine generator (WTG)

Wind energy is considered one of the most matured

renewable energy technologies available. It has been

developed rapidly with an average growth of 21% during

the past decades. The worlds wind capacity at the end of

2013 has achieved 318.105 GW (Cheng and Zhu 2014).

But the major drawback of wind system is that wind

velocity is not consistent in direction and magnitude and

also not uniform from top to bottom of a large rotor. Hence

wind profile is necessary to exploit wind energy. This

variable nature of wind energy will upset power quality and

in the worst cage damage the system if appropriate control

mechanism is not incorporated (Bansal and Bhatti 2008).
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Fig. 1 Schematic diagram of the proposed hybrid power system
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In this work transfer function model (Lee and Li 2008)

of the wind turbine generator (WTG) is considered:

GWTGðsÞ ¼
KWTG

TWTGsþ 1
ð1Þ

where KWTG and TWTG are the gain and time constant of

wind turbine generator.

2.2 Diesel engine generator (DEG)

Diesel generator set in the hybrid power system is con-

sidered as a backup unit. A synchronous generator is

connected to the diesel engine to provide electrical power

output. Prime mover of the diesel engine adjusts the fuel

input in response to load changes. In this paper for hybrid

power generating system, first order transfer function

modal (Lee and Li 2008.) of diesel engine generator is

expressed by

GDEGðsÞ ¼
KDEG

1þ sTDEG
ð2Þ

where KDEG and TDEG are the gain and time constant of

DEG.

2.3 Plug-in hybrid electric vehicle (PHEV)

Plug in hybrid electric vehicle is such kind of vehicle

which can be powered by conventional fuel as well as

electric power stored in battery. It’s battery can be charged

by plugging it into an outside power source or by regen-

erative breaking also. Since it can be run by both fuel and

electricity, they are good option for driving long distance.

The transfer function of PHEV represented by 1st order

by (Ali et al. 2014)

GPHEVðsÞ ¼
KPHEV

1þ sTPHEV
ð3Þ

where TPHEV is the time constant of PHEV.

2.4 Battery energy storage system (BESS)

Applications of batteries in a short time power fluctuated

wind based hybrid energy system have been pervasive

choice. Their excellent desired technical quality (expedi-

tious response) can mitigate the frequency fluctuations

effectively. There are several literatures that deal with this

issue (Das et al. 2012). The corresponding transfer function

model (Yang 2008; Das et al. 2012) of BESS is represented

as

GBESSðsÞ ¼
KBESS

TBESSsþ 1
ð4Þ

where KBESS and TBESS are the gain and time constant of

BESS.

2.5 Power and system frequency deviation

In order to maintain the standard of power supply to the

customer one of the most important need is to retain the

supply frequency within acceptable range. In wind based

isolated hybrid power system, limiting frequency at desired

level is a tough job. An appropriate control strategy is

adopted with the diesel engine generator, battery energy

storage system, plug in hybrid electric vehicle to adjust the

power output. As frequency variation occurs mainly due to

active power mismatch; the main aim is to keep balance of

the active power generation and demand (Das et al. 2011).

The mismatch between the power generation (PTOTAL) and

load demand reference (PL) is given by

DPe ¼ PTOTAL � PL ð5Þ

where PTOTAL and PL are total (active power) generation

and load demand respectively (Hussain et al. 2016). Fre-

quency deviation Df is calculated by the following

expression (Senjyu et al. 2005):

Df ¼ DPe

Ksys

ð6Þ

where Ksys is the system frequency characteristics constant

(Das et al. 2011). In practical scenario, there exists an

intrinsic time delay between in the power deviation and

system frequency fluctuation. Thus, the transfer function

model of power system for system frequency fluctuation to

per unit active power deviation is expressed by (Das et al.

2011)

Gsys sð Þ ¼ Df
DPe

¼ 1

Ksys 1þ sTsys
� � ¼ 1

Ms þ D
ð7Þ

where Tsys, M and D are the constants related to system

time, system inertia and damping respectively. In this

paper, M = 0.012 and D = 0.2 has been considered.

2.6 Problem formulation

To diminish the distinction between the active power

generation and load; a coordinated control strategy has

been developed incorporating PI and PID controllers with

the generating systems except for wind energy system.

Parameters of the controllers are optimized using CSA as
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well as FA. The Integral Square Error (ISE) of frequency

deviation is considered as the objective function (JISE)

(Hussain et al. 2016). The detail objective function (JISE)

and problem constraints has discussed in sequence.

JISE ¼
Z1

0

Dfð Þ2dt ð8Þ

JISE is minimized subject to

Kmin
p \Kp\Kmax

p ð9Þ

Kmin
i \Ki\Kmax

i ð10Þ

Kmin
d \Kd\Kmax

d ð11Þ

The parameters of the PI/PID controllers’ i.e., Kp and Ki

or Kp, Ki and Kd optimized by minimizing JISE. The

maximum and minimum values of Kp, Ki and Kd for each

of the controllers are taken in the range of [0, 300]. The

transfer functions of the PI/PID controllers employed with

the DEG, PHEV and BESS respectively, are given by the

following equations:

KpDEG þ KiDEG

s
ð12Þ

KpBESS þ
KiBESS

s
ð13Þ

KpPHEV þ KiPHEV

s
ð14Þ

KpDEG þ KiDEG

S
þ KdDEGS ð15Þ

KpBESS þ
KiBESS

S
þ KdBESSS ð16Þ

KpPHEV þ KiPHEV

S
þ KdPHEVS ð17Þ

where KpPHEV ;KpDEG;KpBESS are the proportional gains of

the PI and PID controllers employed with PHEV, DEG and

BESS respectively. KiPHEV ;KiDEG;KiBESS are the corre-

sponding integral gains of these controllers and

KdPHEV ;KdDEG;KdBESS are the derivative gains of the cor-

responding controllers.

3 Proposed frequency control strategy

A coordinated frequency control strategy (FCS) with DEG,

PHEV and BESS energy storage systems has been devel-

oped employing PI/PID controllers for providing optimal

frequency control of the proposed hybrid system. The FCS

is a centralized decision making process in the hybrid

power system that coordinates in between the total active

power generation (PTOTAL) and load demand (PL). Usually,

when generation is more than load demand, a positive

change in frequency (DF) occurs and the reverse case

happens when load exceeds the generation. Uncertainties in

wind power and variations in the load demand lead to

power oscillations which are leveled by coordinated con-

trol actions of the controllers. The gain values of the

controllers fitted with DEG as well as PHEV and BESS are

optimized using soft computing tools such as FA and CSA.

Though WTG is intermittent in nature condition, the

maximum capacity conventional energy based generator

(DEG) should capable to match the load demand. The steps

for frequency control of the proposed framework are

illustrated in Fig. 2.

When PWTG\ PL; DEG and PHEV and BESS get

activated and controlling the system frequency without

curtailing the load demand (PL).

When PWTG[ PL; DEG is off and PHEV and BESS will

be charged.

4 Overview of FA and CSA optimization
technique

Firefly Algorithm was formulated by Yang in 2007 (Yang

2009; Saikia and Sahu 2013) mimicking the flashing

characteristics of fireflies. Recently, it has been reported

that the FA outperforms the GA in terms of efficiency in

finding the global optimum and success rate (Saikia and

Sahu 2013). The algorithm was developed with the

assumptions that:

Input: Wind (WTG), 
Load (PL) with 

different subsystems 
under the simulation 
model configuration  

Interconnected 
system: FA and 
CSA algorithms 
(section 4) with 

different scheduling 
variables

Frequency Control: 
by tuning the 

controller (PI/PID) 
gains with ISE based 

fitness against 
different uncertainties   

Get the output power 
from DEG, PHEV 
and BESS (Section 

5.1, 5.2, 5.3)

FA and CSA 
optimization technique 

are used to solve the 
problem by tuning the 

controller gains

Set the best optimized 
parameters of the PI/

PID controllers 
[KP,KI,KD]

Discussion and Comparison 
of the effectiveness and 

robustness of the optimized 
PI/PID controller with 
several case studies of 
hybrid power system

Fig. 2 Flowchart explaining the frequency control approaches of the

proposed framework
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1. All fireflies are unisex so that one firefly will be

attracted to other fireflies irrespective of their sex.

2. Attractiveness is proportional to the brightness, thus

for any two flashing fireflies, the less bright one will

move towards the brighter one. Attractiveness

decreases with increase in distance between them. If

there is no brighter one than a particular firefly, it will

move randomly.

3. The brightness of a firefly is determined by the

landscape of the objective function. For a maximiza-

tion problem, the brightness can simply be propor-

tional to the value of the objective function (Gandomi

et al. 2013; Yang 2009).

The distance between any two fireflies i and j at Xi and

Xj can be the Cartesian distance rij = Xi - Xj. In the

simplest form, the light intensity I(r) varies with the dis-

tance monotonically and exponentially (Saikia and Sahu

2013).

I ¼ I0e
�cr ð18Þ

where I, I0 and c are the light intensity, the original light

intensity, and the absorption coefficient. As a firefly’s

attractiveness is proportional to the light intensity seen by

adjacent fireflies, we can now define the attractiveness as

(Yang 2009):

b ¼ b0e
�cr2 ð19Þ

The exponent cr can be replaced by other functions such

as crm when m[ 0 (Saikia and Sahu 2013). For more

details and pseudo code of FA authors may refer to

(Gandomi et al. 2013).

Cuckoo search is another metaheuristic optimization

technique proposed by Yang and Deb (2009). It is pri-

marily based on the natural obligate brood parasitic

behavior of some cuckoo species in combination with the

levy flight behavior of some birds and fruit flies.

Cuckoo search is based on the three idealized rules:

1. Each cuckoo lays one egg at a time, and dumps its egg

in a randomly chosen nest;

2. The best nests with high quality of eggs will carry over

to the next generation;

3. The number of available hosts nests is fixed, and the

probability that the egg laid by a cuckoo is discovered

by the host bird is Pae (0, 1). The host bird can

abandon the nest and build a new nest in another

location or throw the egg away.

Each egg in the nest represents a solution and the

cuckoo egg represents a new solution (Yang and Deb

2009). Arbitrariness plays a key role in heuristic algorithm

for exploring the fits solutions randomly in a search area.

Arbitrariness is procured through arbitrary walk, where for

cuckoo search algorithm the effective arbitrary walk

approach is achieved by Levy flight using Eq. (20).

Although the step length of the Levy flight is more, so it

can maximize the efficiency of the searching resources

under different uncertainty conditions.

xjðt þ 1Þ ¼ xjðtÞ þ l � l ð20Þ

where xj(t ? 1) is the current position of Levy flight, xj(-

t) is the probability of transition, l represent the escalating

factor whereas l tells about step size (Kaushik et al. 2017;

Jain and Chaudhari 2017). For detailed study and pseudo

code authors are referred to (Yang and Deb 2009). System

parameters and tuned parameters of FA and CSA are pre-

sented in Tables 1 and 2 respectively.

5 Results and discussions

Figure 1 shows the schematic diagram of the proposed

hybrid power system. In the hybrid system, total power

(PTOTAL) is given by

PTOTAL ¼ PWTG þ PDEG � PBESS � PPHEV ð21Þ

Since power output from wind energy system is alter-

nating in nature, net power generation is fluctuating. The

mismatch in generation and its consumption causes system

frequency fluctuation. To maintain a balance condition the

output power of DEG, BESS and PHEV are adjusted with

the help of controllers. Following three cases, as presented

Table 3 has been carried out to investigate the impacts of

output variation of wind generator.

5.1 Step wind power and constant load condition:

case 1

The performance of the hybrid power system model under

the influence of step perturbations to wind power with

constant load is analyzed. Figure 3 represents the operating

conditions with constant load demand; 100% (1 p.u) of the

nominal value and wind power output of 0.3 p.u during

Table 1 Parameters of frequency response model

Generating units Gains (K) Time constant (T)

WTG KWTG = 1 TWTG = 1.4

DEG KD = 1 TD = 0.4

KG = 1 TG = 0.1

BESS KBESS = .003 TBESS = 0.1

PHEV KPHEV = - 1 TPHEV = 0.2

Damping constant D = 0.2 (p.u/Hz) –

Inertia constant M = 0.012 (p.u/s) –
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0–60 s and at 60 s 10% wind power generated suddenly

increased. As the wind generator output is insufficient in

meeting the load requirement; the auxiliary sources DEG,

BESS and PHEV cater the remaining load demand. The

frequency deviation as a result of power mismatch due to

sudden wind power variation is mitigated by the coordi-

nated control action of PI/PID controllers employed with

the generating units. The performance of the CSA and FA

optimised controllers are compared in terms of ffrequency

deviation (DF) as shown in Fig. 4. The output power plots

of different generating units such as DEG, BESS and

PHEV are shown Fig. 5. Figure 6 presents the objective

function curve of CSA and FA optimized controllers on

this model. Frequency deviation and fitness function plot

reveal that the CSA optimized controllers performed better

than their FA optimized counterparts.

Although literature pointed out that the performance of

the CSA and FA are better than the GA and PSO (Yang

2009), the same has been established this work also. A

comparative analysis has been conducted considering GA,

PSO and FA optimized PI/PID controllers for the same

operating condition mention in case 1. It is worth

Fig. 3 Wind power variation (PWTG) and load power (PL), case 1

Fig. 4 Frequency deviation, case 1

Table 2 Tuned parameters of

CSA and FA
FA parameters Value CSA parameters Value

Numbers of iteration 100 Numbers of iterations 100

Light absorption coefficient 0.5 Number of host nests 50

Attractiveness coefficient 0.2 Discovery rate of alien eggs 0.25

No. of firefly 50 – –

Scaling factor 0.2 – –

Table 3 Simulation condition for each case

Case Sub-systems Simulation time (s) Operating conditions

Case 1 WTG, DEG, BESS, PHEV and Load (PL) 100 PWTG = 0.3 p.u,

at 0\ t\ 60 s

= 0.4 p.u, at t[ 60 s

and PL = 1 p.u

Case 2 PWTG = 0.3 p.u,

at 0\ t\ 60 s

= 0.2 p.u, at t[ 60 s;

PL = 1p.u,

at 0\ t\ 40 s;

= 0.8 p.u,

at 40\ t\ 60 s and

= 1.2 p.u at t[ 60 s

Case 3 Random variation of PWTG and PL is considered
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mentioned here, the GA and PSO are run with equal pop-

ulation size and equal numbers of generations/iterations as

that of CSA and FA. As such, the performance of the PI/

PID optimized with GA, PSO, FA and CSA are compared

and presented in Fig. 7. Results indicate that the hybrid

power system with CSA optimized PID controller outper-

forms the model with the controllers optimized using other

algorithms. Therefore, GA and PSO have not been con-

sidered for other case studies.

5.2 Step wind power &variable step load condition:

case 2

In this case, during the first 60 s wind power is kept in .3

p.u and load demand is constant (1 p.u) during 0–0 s, after

60 s wind power generated suddenly decreased by 10% and

load is varied. At t = 40 s 20% decreased in load occurs

and at t = 60 s step change in load power is kept in 1.2 p.u

as presented in Fig. 8. Under this changed condition wind

generator is insufficient to meet the load requirement;

Fig. 5 Output power generation of a PDEG, b PPHEV and c PBESS, case
1
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Fig. 6 Objective function versus iterations: a for PI controller based

model and b for PID controller based model, case 1

Fig. 7 Comparison of frequency deviation using GA, PSO, FA and

CSA optimized PI/PID controller, case 1
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therefore, DEG, BESS and PHEV supply the remaining

load demand. During 40–60 s load is decreased by 20%,

hence DEG, BESS and PHEV start supplying less power.

However, for the last 40 s load power is increased by 20%

of the nominal value and hence DEG, BESS and PHEV

start supplying more power as shown in Fig. 9. In this

situation study, controllers installed with the hybrid system

regulate the power output of the generating units’ viz.,

DEG, BESS, and PHEV so as to minimize the system

frequency fluctuation. The CSA and FA optimized

parameters of the controllers are shown respectively in

Tables 4 and 5. The performance of the controllers in terms

of frequency excursion can be compared as shown in

Fig. 10. Figure 11 presents the convergence plots of

objective function versus iterations on this hybrid system

model for PI and PID controllers. The appreciable

enhancement of CSA optimized PID controller over CSA

optimized PI and FA optimized PI/PID controllers for the

dynamic frequency responses in terms of maximum over-

shoot, undershoot as shown in Figs. 4 and 9 are presented

in Table 6. In view of the fact that the responses of PI

controller are oscillating in nature, the comparative study

in term of settling time has not been presented. However,

the performance index (JISE) improvement under consid-

ered case studies in terms of ISE has presented in Table 7.

5.3 Randomly variable WTG and load demand:

case 3

In this case, the dynamic performance of the proposed

system against randomly variable wind power generation

and load demand is considered. As it can be seen that

during the entire time periods, the wind and load demand

power vary around the average values of 0.3, and 0.5 p.u

respectively. Figure 12 shows wind turbine generator

power (PWTG) and load demand (PL) under such operating

conditions. To smooth out the power fluctuations due such

uncertainty conditions, the power generated by DEG,

PHEV, and BESS are controlled in coordination such that

active power balance is maintained. The gains of the

controllers obtained under this study by using FA as well as

CSA are presented in Table 5. Since the response of the PI

controllers’ are oscillating in nature, the comparative study

in term of convergence plot as well as frequency deviation

has not been considered. Frequency response of FA based

PID controller is compared with the CSA based PID con-

troller as shown in Fig. 13.

However, the output power of DEG, PHEV, BESS are

presented in Fig. 14a–c. The comparison of performance

index value vs iterations for the model using FA optimized

PID controller against CSA optimized PID controller are

presented in Fig. 15. The output of the objective function

in Fig. 15 and the frequency deviation responses result

shown in Tables 6 and 7 clearly reveal that CSA optimized

PID controller performed better than FA optimized

counterpart.

5.4 Sensitivity analysis

Sensitivity analysis (Saltelli 2008; Pannell 1997 and Das

et al. 2014a, b) is carried out to examine the fact that the

parameters optimized in one operating condition also work

well under different uncertainty condition. In this case,

performance of the CSA and FA optimized controllers as

obtained in case 1 are compared with their counterparts

obtained in case 2 operating conditions, where the

parameters value of controllers for case 1 is used in case 2.

Fig. 9 Output power generation of a DEG, b PHEV and c BESS,

case 2

Table 4 PI controller’s gains

Gains Case 1 Case 2

FA CSA FA CSA

KPDEG - 4.703 - 5.427 - 8.013 - 10.73

KIDEG - 11.93 - 16.272 - 103.15 - 110.0

KPPHEV 25.0 29.98 160.0 199.36

KIPHEV 11.977 3.50 77.204 30.0

KPBESS 18.282 29.99 96.50 196.13

KIBESS 3.423 28.98 85.673 195.31

Fig. 8 Wind power variation (PWTG) and load demand (PL), case 2
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Fig. 10 Frequency deviation, case 2
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Fig. 11 Objective function versus iterations: a for PI controller based
model and b for PID controller based model, case 2

Table 5 PID controller’s gains
Gains Case 1 Case 2 Case 3

FA CSA FA CSA FA CSA

KPDEG - 49.99 - 49.98 - 47.5 - 49.99 - 29.98 - 121.1

KIDEG - 40.02 - 50.0 - 50.0 - 50.0 - 79.12 - 29.92

KDDEG - 33.88 - 50.0 - 41.70 - 50.0 - 48.21 - 81.56

KPPHEV 6.501 10.0 6.20 9.996 19.62 21.97

KIPHEV 4.975 9.143 8.835 9.994 16.27 22.0

KDPHEV 9.020 9.708 9.701 9.996 18.24 22.10

KPBESS 1.991 1.701 7.140 9.997 05.48 21.92

KIBESS 2.493 9.862 0.046 9.769 14.05 15.40

KDBESS 2.816 9.851 6.797 1.280 11.08 21.25

Table 6 Max overshoot, max undershoot of responses from Figs. 4,

9 and 13

Case Case 1 Case 2 Case 3

Df ? OM - UM ? OM - UM ? OM - UM

FA PI 0.1091 0.1643 0.0183 0.0227 – –

CSA PI 0.0961 0.1417 0.0160 0.0208 – –

FA PID – 0.0309 0.0060 0.0120 0.00219 0.00349

CSA PID – 0.0283 0.0058 0.0117 0.00123 0.00195
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The comparative performance of frequency deviation curve

of case 2 is compared for sensitivity analysis of the system

shown in Figs. 16, 17, 18 and 19. It is found that both

almost follow each other, which reveals that parameters of

base case are quite robust and can be used for any variation

in load and PWTG.

Fig. 12 Wind power variation (PWTG) and load demand (PL) case 3

Fig. 13 Frequency deviation, case 3

Fig. 14 Output power generation of a DEG, b PHEV and c BESS,

case 3

Table 7 Performance index (JISE) improvement of ISE based dif-

ferent optimized controller

Case JISE value % improvement

Case 1 FA PI CSA PI

0.005657 0.005283 07.08

FA PID CSA PID

0.000165 0.000128 28.90

Case 2 FA PI CSA PI

0.001762 0.001453 21.26

FA PID CSA PID

0.000213 0.000176 21.02

Case 3 FA PID CSA PID

0.002490 0.002073 20.11

Fig. 15 Objective function versus iterations for CSA and FA based

PID controller, case 3

Fig. 16 Comperative performance of CSA optimized PID controller

for case 1 versus case 2 in terms of frequency deviation
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6 Conclusion

This work broadly investigates the dynamic performance

of WTG-DEG-PHEV-BESS hybrid system in isolated

mode of operation. Application of CSA and FA based

control strategy for frequency control in this hybrid system

model is a unique work. Gains values of the controllers are

optimized simultaneously considering uncertainties such as

step perturbations and random variations of load as well as

wind output power. Three different case studies and

sensitivity analysis have been conducted to yield the

information in respect to better control strategy for such an

isolated hybrid system. Comparative performance of the

control strategy using GA, PSO, FA and CSA indicate that

PSO perform better than the GA; while FA performs better

than PSO and CSA is the best among all optimization tools

considered here. Among the controllers PID performs

better than the PI controllers in terms of settling time,

overshoot and oscillations. Simulation results also indicate

that despite change in load and output power from wind

generator; the coordinated control of DEG, PHEV, BESS

can provide better performance in terms of minimum fre-

quency excursions. Finally, it can be concluded that control

strategy employing CSA optimized PID controllers is an

effective means for automatic frequency control of isolated

hybrid power system.
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