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Abstract: It is known that keeping the power balance between generation and demand is crucial in
containing the system frequency within acceptable limits. This is especially important for renewable
based distributed hybrid microgrid (DHµG) systems where deviations are more likely to occur. In
order to address these issues, this article develops a prominent dual-level “proportional-integral-
one plus double derivative {PI−(1 + DD)} controller” as a new controller for frequency control
(FC) of DHµG system. The proposed control approach has been tested in DHµG system that
consists of wind, tide and biodiesel generators as well as hybrid plug-in electric vehicle and an
electric heater. The performance of the modified controller is tested by comparing it with standard
proportional-integral (PI) and classical PID (CPID) controllers considering two test scenarios. Further,
a recently developed mine blast technique (MBA) is utilized to optimize the parameters of the newly
designed {PI − (1 + DD)} controller. The controller’s performance results are compared with cases
where particle swarm optimization (PSO) and firefly (FF) techniques are used as benchmarks. The
superiority of the MBA-{PI − (1 + DD)} controller in comparison to other two strategies is illustrated
by comparing performance parameters such as maximum frequency overshoot, maximum frequency
undershoot and stabilization time. The displayed comparative objective function (J) and JFOD index
also shows the supremacy of the proposed controller. With this MBA optimized {PI − (1 + DD)}
controller, frequency deviations can be kept within acceptable limits even with high renewable
energy penetration.

Keywords: dual-level proportional-integral-one plus double derivative controller; frequency control;
distributed hybrid microgrid system; mine blast algorithmic technique

1. Introduction

A drastic demand with larger depletion of fossil fuels is resulting in utilization of
nonconventional resources in modern power network. In fact, the transformation of low
carbon energy system and its’ utilization polices has been presented [1,2]. In this circum-
stance, to provide the sustainable electricity islanded microgrid system integrated with
nonconventional resources is believed to be the cost effective solution due to small scale,
energy security and on-site distributed energy. However, mismatch between total genera-
tion and demand may be frequently encountered in hybrid microgrid system which leads
to power and frequency fluctuation. To avoid this problem in the modern power system
network, the automatic frequency control (AFC) plays a significant role in maintaining
the balance between the demand and generation through the control of system frequency
and power sharing. Mostly, the frequency change is regulated via primary control and
secondary control. In primary control, the governor has a control mechanism to change
the speed and thereby to change the frequency [3]. However, the secondary control has
played a key role in regulating the frequency in the wake of large deviations or events in
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a slower time scale [4]. For this reason, the secondary controller has a larger impact on
system performance and has to be an optimal controller. There are different optimization
approaches and strategies that can be used to achieve this objective.

Many studies were carried out for FC of microgrids with distributed generators to
enhance the system’s transient performance against faults or other sudden changes. A
robust control strategy [5,6], pole placement tools, structure distinction methodology [7]
and feedback loop technique [8] were anticipated in order to contain the system response
(i.e., frequency) in a better fashion. However, these strategies lead to demerits of upper
order complex design which is not fruitful for operating scenarios.

Another approach to take care of the frequency regulation issue is to utilize the algo-
rithmic techniques tuned controller [9]. Popular genetic optimization technique (GA) [10]
is successfully utilized to manage the frequency regulation issue with proportional integral
(PI) and proportional integral with derivative (PID) controllers. To optimally select the
parameters of PI and PID controllers, organic Rankine cycle (ORC) solar-thermal-energy
storage based microgrid frequency response model with PSO technique has been utilized
and its dynamic response is compared [11]. For the enhancement of transient phenomenon,
differential evolution (DE) technique based PI controller was developed in [12]. However,
these strategies improve the system performance but create uncertainty due to their slow
convergence. Additionally, due to the uncertainty in power networks, flower pollination
technique (FPT) tuned classical PID controller is leveraged for sustainable frequency re-
sponse model [13]. Here, the same FPT tool has been investigated for tuning the two-degree
of freedom (2DOF)-PID controller to contain the system frequency under wind/solar ther-
mal/diesel/ultracapacitor etc. based distributed microgrid system [14]. To yield desired
performance, a cascaded proportional-integral with proportional derivative (PI-PD) con-
troller structure is used to meet the frequency control assignment for microgrid power
network [15]. A number of studies have been observed where firefly (FF) and cuckoo
search (CS) techniques have been widely used to contain the frequency of Wind-PV-diesel
based renewable microgrid power system [16,17]. The sine cosine technique (SCT) based
cascade proportional-derivative with PID (PD-PID) controller method has presented in [18]
for frequency regulation of renewable wind-diesel-fuel cell-battery based microgrid. The
work in [19] presented PID control structure to strengthen the frequency stabilization of
wind-super conducting magnetic energy (SMES) storage-nonrenewable diesel units based
microgrid network.

With the gradual development of controller’s fractional order (FO) based PID, con-
troller has been added to control the microgrid network. Wang et al. [20] leveraged
multi-objective (MO) technique to optimally tune the higher FOPID controller’s parameters
for better frequency response of microgrid. In the control process of frequency response
microgrid model, a kriging based noninteger FO control strategy is developed to tune
the controller parameters in less time [21]. The cascaded noninteger FO three degree of
freedom (3DOF) controller is applied to adjust control signal of the associated system to
enhance frequency stabilization of microgrid power system [22]. However, these control
strategies suffer from higher controller parameter with larger run time, suitability issue
and complexity. To overcome these problems, several authors have leveraged different
structural fuzzy logic (FL) approaches [23–27]. Lal et al. and Rajesh et al. [23,24] have
considered wind-solar PV-conventional diesel based microgrid network using fuzz-PID
controller where application different recently utilized renewable sources with bio sources
needs to explore. To shape the self-frequency restoration of distributed generation, a single
input type-two fuzzy integral controller is considered [25]. Nithilasaravanan K. et al. [26]
developed a wind-solar thermal based frequency response model. A self-tuned noninteger
fuzzy-PID has been leveraged to restore the system frequency. An adaptive neuro-fuzzy
interface system (ANFIS) controller for restoring microgrid frequency regulation is estab-
lished by Karimipouya et al. in [27]. However, these techniques faced different problems
such as pre-knowledge fuzzy parameters setting and higher computational analysis.
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Hence, an alternative path to solve such problem is to utilize a newly established
topical optimization algorithm grounded on mine bomb explosion in a specified area
named as Mine Blast Optimization Technique (MBA) [28]. The benefits of this optimization
technique are that it reduces the calculation, has faster convergence rate and achieves
better optimal results for solving concentrated engineering problem [29]. Besides, in order
to improve the system dynamics a maiden dual level “proportional-integral-one plus
double derivative {PI − (1 + DD)} controller” controller has been developed for the first
time due to its better performance in respect of tuning disturbance rejection ratio, lesser
elapsed time under different scenarios. Thus, in this paper a new strategy is proposed in
which the recently developed MBA technique is utilized to tune the parameters of novel
“proportional-integral-one plus double derivative {PI − (1 + DD)} controller” for FC in
microgrids with high renewable energy penetration.

Based on the above literature survey, the prime contributions and novel aspects of the
current research work are outlined below:

1. To develop a distributed hybrid microgrid (DHµG) model consisting of wind, tidal
and biodiesel generators, hybrid plug-in electric vehicle and nonsensitive electric
water heater.

2. Implementation of novel dual-level {PI − (1 + DD)} controller to achieve the system
dynamic by controlling the tuning parameters.

3. To study the dynamic responses of {PI − (1 + DD)}, CPID and PI controller separately
to find the best one.

4. Extensive tests have been performed to compare system dynamics of the proposed
controller with other classical PI/CPID controllers in terms of peak frequency devia-
tions, stabilization time and objective function J index.

5. To explore the dynamic performance of MBA, PSO and FF techniques using the best
controller obtained in (3).

6. To exemplify and validate that the proposed strategy is under real-time wind data.

In the present article, the following segments are organized to articulate the above-
mentioned objectives. Section 2 is focused around the system configuration whereas the
description of proposed controller and optimization technique are illustrated in Section 3;
the simulation results are presented in Sections 4 and 5 is intended to describe the conclu-
sions of the work.

2. Investigated System Modeling

In order to control the system efficiently, it is necessary to determine and locate
the hybrid system components and to formulate the variable production resources and
consumption. Figure 1 shows a distributed hybrid microgrid (DHµG) system comprising
of distributed generation system (DG) with load demand.

The DG system contains WPS (Wind Power System), TPGS (Tidal Power Generation
System), BDPG (Bio-diesel Power Generator) HPEV (Hybrid Plug-in Electric Vehicle) and
EWH (Electric Water Heater System). Table 1 shows a set of nominal parameters in terms of
Gain (K) and time constant (T) for the said hybrid power system. The optimal parameters
values are reported in the annexure. Power generating units with nonsensitive load of the
proposed system are as follows:

Table 1. Symbols and their corresponding values.

Symbol Nomenclature Value

∆PDL Net demanded load of DHµG -
∆F frequency deviation (Hz) of DHµG -

∆PG Net generated power of DHµG -
Dlg Microgrid damping coefficient 0.1
Mlg Microgrid inertia constant 0.12
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Table 1. Cont.

Symbol Nomenclature Value

KCEx Gain of engine delay of BDPG 1
TCEx Constant time engine delay of BDPG 0.5 s
KIVRx Gain of inlet valve regulator delay of BDPG 1
TIVRx Constant time of inlet valve regulator delay of BDPG 0.05 s
KWPSx Gain of wind 1
TWPSx Time constant wind 5s
KTPGSx Gain of collector governor and turbine of TPGS 1
TTPGSx Constant time of collector governor and turbine of TPGS 0.08 s
THPEVx Time constant of HPEV 0.2 s
KCEWHx Gain of EWH 1
TEWHx Time constant of EWH 0.1 s

tsim Simulated run time of DHµG 100 s
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Figure 1. (a) Schematic diagram of the proposed system, (b) Block diagram depiction of proposed
microgrid simulink model.

2.1. Mathematical Modeling of Generating Units
2.1.1. Wind Power System (WPS)

Power generation from wind farms has been rapidly growing in the past few decades.
The kinetic energy present in the wind is being converted into clean electrical energy by
the wind turbines. Meanwhile, as the wind rotates the blades of the turbine, a rotor then
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grabs the kinetic energy positively existing in the wind. Mechanical output power trapped
from the wind power system can be depicted as [30]:

PMech
WPS = 0.5ρ·V3

WPS·Sb·CP(λ, β) (1)

Taking into account that ρ, VWPS, Sb and CP signify the air density, intermittent wind
velocity, turbine’s blade swept area and the power conversion coefficient respectively. The
expression of wind turbine power coefficient which is defined in dimensionless form is as
follows [30]:

10CP = 5.17
(

1160
λ+0.08β −

40.6
1+β − 0.8β− 50

)
e(−

21
λi
)

+0.068λ
(2)

λ =
ωB·RB
VWPS

(3)

The internal function λ and β are the tip-speed ratio and blade pitch angle, respec-
tively. RB and ωB are the blade radius and angular speed. A real-time recorded datasheet
(provided by National Institute of Wind Energy, India) of Akkanayakanpatti [31] wind
power station is considered in this work as shown in Appendix A. Based on the wind
power system’s cut-in and cut-out speed variables the power generation from WPS with
its complete transfer function model could be represented as below [32]:

PWPS =


0, VWPS < Vcut−in | |VWPS > Vcut−out

Prated, Vrated ≤ VWPS ≤ Vcut−out

( 0.001312 V6
WPS − 0.04603 V5

WPS + 0.3314 V4
WPS

+3.687 V3
WPS − 51.1 V2

WPS + 2.33 VWPS + 366), else

(4)

∆PWPS =


0, VWPS < Vcut−in | |VWPS > Vcut−out

0, Vrated ≤ VWPS ≤ Vcut−out

( [0.007872 V 5
WPS − 0.23015 V 4

WPS + 1.3256 V 3
WPS

+11.061 V 2
WPS − 102.2 VWPS + 2.33]·∆VWPS), else

GWPSx(s) = KWPSx·
(

1
sTWPSx+1

)
(5)

where Vcut-in and Vcut-out are the cut-in and cut-out wind velocities in m/s. KWPSx and
TWPSx are the gain and constant time of wind generation system.

2.1.2. Tidal Power Generation System (TPGS)

The sea based TPGS is an evolving sustainable unit, generate electrical power from
sea tides with global mounted capacity of 511 MW. In operational point of view the TPGS
is same as WPS where the mechanical power trapped from the TPGS (PTG) could be
illustrated as [33]:

PMech
TG =

1
2

ρG·V3
TG·πR2

b·CTG(µ, β) (6)

Taking into account that CTG signifies the power conversion coefficient as a function
of tip speed ratio (µ) and controlled pitch angle (β). The parameters ρG, VTG, Rb, are the
density of water, velocity of tides and turbine blade area, respectively. The mathematical
equation of CTG can be modeled as follows [33]:

CTG(µ, β) =
(

K1

(
K2

γ+K6β −
K7

β3+1 − K3β− K4

))
exp

(
−K5

(
1

γ+K6β −
K7

β3+1

)) (7)

where
µ =

Rb ·ωb
VTG

(8)
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The linearized transfer function of modeled TPGS could be estimated as [33]:

GTPGSx(s) = KTPGSx·
(

1
sTTPGS + 1

)
(9)

The considered parameters of TPGS have illustrated in Table 1 where a constant time
of 0.01 s is assumed to interface the power.

2.1.3. Bio-Diesel Power Generator (BDPG)

Biodiesel extracted from transesterification method favorably utilized for less carbon
emitted power generation. A biodiesel plant converts crop’s biowaste to biodiesel through
blended form. This plant is independently proficient in delivering the deficiency of power
and could minimize the power mismatch between generation and demand. The linearized
transfer function formulation of the biodiesel plant comprising inlet valve control unit and
biodiesel combustion engine is expressed by:

∆WBDPG = W(s)−
(

R−1·∆F
)

(10)

∆PGCE = ∆PIVR ×
{

KIVR·
(

1
TIVRs + 1

)}
(11)

∆PBDPG = ∆PGCE ×
(

KCE
TCEs + 1

)
(12)

where ∆WBDPG and W(s) are the change in input error of BDPG and the output control
signal of the controller. The droop constant is represented by R (Hz/p.u. MW). KGCEx,
TGCEx are the gain and constant time delay of BDPG.

2.1.4. Hybrid Plug-in Electric Vehicle (HPEV)

HPEV’s are a good alternative for uncontracted power demands. Figure 2 portrays
HPEVs’ participation in idle mode. The value of gain KHPEV is a function of the State of
Charge (SOC) [34]. HPEVs do not participate in frequency control when SOC is between
SOCA and SOCB. The maximum and minimum output power reserve of HPEVs are marked
by ∆PHPEV

max ∆P, and ∆PHPEV
min respectively [34].

∆PHPEV
max = +

{(
1

NHPEV

)
·∆PHPEV

}
(13)

∆PHPEV
min = −

{(
1

NHPEV

)
·∆PHPEV

}
(14)
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Energies 2021, 14, 2418 7 of 15

In Equations (13) and (14) NHPEV is the number of HPEVs connected and ∆PHPEV
represents incremental generation change of HPEV. The charging and discharging capability
of HPEV are supposed 5 KW further; it may extend to 50 KW [34]. The HPEVs will not
bestow frequency control if SOC is less than the minimum required SOCA. If SOC is in
the range of 50% to 70%, KHPEV value equals to 1 [34]. HPEV power output according to
microgrid control error signal (ES) is provided as [35]:

∆PHPEV =


KHPEV ·ES, |KHPEV ·ES| ≤ ∆Pmax

∆Pmax, |KHPEV ·ES| > ∆Pmax

∆Pmin, |KHPEV ·ES| < ∆Pmin
(15)

where the constant time values are depicted in Table 1.

2.2. Controllable Electric Water Heater (EWH) Modeling

Besides the different generation units to take care of load demands for optimal fre-
quency stabilization, a controllable plug-in electric water heater (EWH) is considered in the
proposed model. The first order EWH model is adopted here as follows:

GEWHx(s) = KEWHx·
(

1
TEWHxs + 1

)
(16)

where the gain and constant time values of EWH is represented by KEWHx and TEWHx.

2.3. Dynamic Modeling of Power System and Load

By addressing all the system components, the effective load-generator dynamics
(Glgx(s)) for sustainable microgrid power systems could be estimated as (17):

Glgx(s) =
Klgx

sMlgx + Dlgx
(17)

Klgx, Mlgx and Dlgx are the gain, inertia value (s) and damping cofactor (p.u./Hz) of
hybrid microgrid system.

Considering single load-generator model [36] for low-inertia (H = 0.1s), the assigned
∆F can be expressed as [36]:

∆F =

(
Klgx

sMlgx + Dlgx

)
·∆PG (18)

∆PG = ∆PRGs + ∆PBDPG ± ∆PHPEV − ∆PEWH = ∆PDL → 0

where; ∆PRGs =
n
∑
1

Renewable generation′s power

= (∆PWPS + ∆PTPGS)

(19)

∆PD = ∆PG − ∆PDL (20)

The detailed values of the considered system parameters are presented in Table 1.

3. Proposed Dual-Level PI − (1 + DD) Controller Design

In this work, a novel proportional-integral with one plus double derivative PI − (1 + DD)
controller is proposed and implemented to control and maintain the frequency of generated
power supply at the time of unexpected load-generation changing condition. Utilization of
only droop method is insufficient for advanced control purpose [37]. Thus, the secondary
control loop is needed for better control of frequency fluctuation of the distributed power
network. The architecture of the proposed PI − (1 + DD) utilized in this research work
encloses two levels. The first level leverages proportional integral (PI) while the second
level is constructed by double derivative controller as displayed in Figure 3. The controller



Energies 2021, 14, 2418 8 of 15

is performed using the input error signal (∆F). The formulation of PI − (1 + DD) controller
with its transfer function modeling can be written as:

Uc(s) = ∆F× {PI − (1 + DD)} (21)

G{PI−(1+DD)}s =
(

KP +
KI
s

)
·(1 + KDis + KDis); i.e; i = (1, 2 . . .) (22)
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From the arrangement shown in Figure 3, PI − (1 + DD) controller structure has five
independent tuning parameters: four tunable controller gains and one constant gain of 1.
These gain parameters provide betters flexibility in controller design. The advantages of
the proposed PI − (1 + DD) controller are the enhancement of system stability by reducing
the peak deviation and improvement of transient response where PID controller is not so
effective under transient operation.

4. Mine Blast Algorithmic Technique (MBA)

The MBA is a population-based optimization method based on the landmine explosion
concept [28]. At the time of mine bomb explosion, a large number of shrapnel pieces spread
at random distances. The casualties are calculated. The mine bomb explosion based
casualties are treated as the fitness of the objective function at the mine bomb location.
The flowchart of MBA is displayed in Figure 4. The variable upper and lower bound
parameters (UB and LB) are selected. Initially, different considered parameters such as:
designed variables (Nv), no of counts (NC), iteration number (IM) and reduction factor (Rd)
are taken. Hence the first targeted point Q0 is given by [28]:

Q0 = LB + {rand·(UB − LB)} (23)

where rand is the randomly distributed number between 0 and 1. The present position of
landmine for g th iteration expressed as (24) [28]:

Qg = [Qm] (24)

where m = 1, 2, 3 . . . .NV.
In every iteration, the mine bomb explosion at location Qr causes consequent explosion

at position Qr+1.

Qr+1 = Qer(r+1) + Qr

e
−
√

Mr+1
Dr+1

 (25)

The r value will be in between (0-infinite).

Qer(r+1) = Dr + {rand· cos(θ)} (26)
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The covered distance (Dr+1) could be expressed as [28]:

Dr+1 =
[
(Qr+1 −Qr)

2 + ( fr+1 − fr)
2
]0.5

(27)

where f is the function.
The direction of shrapnel pieces is expressed as (28) [28];

Mr+1 =

(
fr+1 − fr

Qr+1 −Qr

)
(28)

The initial distance (D0) after explosion could be formulated as:

D0 = (UB − LB) (29)

The distance in search space could be calculated using (30).

Dr+1 = Dr·(|rand|)2 (30)

where Equation (31) depicted the mine bomb blasting can be formulated as:

Qer(r+1) = Dr+1· cos(θ) (31)

To find global minima location, the initial distance travel by shrapnel pieces should
reduce slowly. Hence the distance (Dr) is calculated as [28]:

Dr =
Dr − 1

IM
eRd

(32)
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In this study, MBA was used to optimize gains of the proposed dual level {PI-(1+DD)}
controller and other conventional controllers. The considered parameters of MBA tech-
niques are depicted in Appendix A. On the other hand, the main aim of these above-
mentioned algorithms is to minimize the objective function, i.e., integral square error
(ISE) as denoted as J, presented in (33), which has been optimized by considering three
different algorithms.

J =
tsim∫
0

{
(∆F)2·dt

}
(33)

where ∆F is the frequency change for the simulated response time (tsim).

5. Simulation Studies

A systematic investigation under various scenarios is essential to evaluate the perfor-
mance of the proposed control strategy to reduce the problems related to frequency through
other subsystem power contributions in a distributed hybrid microgrid (DHµG) system. In
this paper, two different scenarios are considered. Where Scenario 1 deals with comparison
of system frequency deviation with constant load demand where renewable power genera-
tion is zero. This renewable power zero may happen due to climatic condition or due to
maintenance issues. Whereas in Scenario 2, a concurrent random real-time wind data based
renewable power generation and load demand is considered. To validate the proposed
work in real-time scenario this Scenario 2 is considered. MATLAB® Simulink® R2015a
(Natick, MA, USA) software has been used to simulate DHµG incorporating renewable
based generations to observe the effect of proposed two level PI − (1 + DD) controller-
based MBA technique. The following subsections present the result analysis by taking the
different scenarios. Finally, the real-time validation is done by considering real-recorded
natural wind velocity data where the dynamic responses have also been analyzed.

5.1. Scenario 1: Nonavailability of All Renewable Power Generations

In this scenario, the hybrid microgrid system is verified by considering disturbance as
40% constant load change while all the renewable resources are off due to maintenance pur-
pose. The corresponding system frequency deviation and other subsystem’s power sharing
simulated comparison graphs are displayed in Figure 5a–c. Three controllers named PI,
CPID and {PI − (1 + DD)} are taken one at a time as a secondary controller of the unified
frequency control loop to find the best one. These controllers have been performed indi-
vidually and optimized the controller gains parameters using MBA. The tuned values of
associated controller’s parameters are represented in Table 2. The responses are presented
in Figure 5 and Table 2, which clearly illustrate that the maximum frequency overshoot
(+ MFO), undershoot (− MFU) and stabilization time (ST) of frequency decisively gets
reduced with the MBA optimized proposed PI − (1 + DD) based control technique. Table 2
shows that + MFO, −MFU and TST considering proposed {PI − (1 + DD)} controller are
reduced by 94.46%, 85.37% and 27.37% and are reduced by 71.42%, 56.69% and 19.39% com-
pared to PI and CPID controllers. The observations validate the supremacy of the proposed
{PI − (1 + DD)} controller over other employed controllers. By observing the comparisons
of three different controllers’ objective function, (J) are plotted in Figure 5d and correspond-
ing performance figure of demerits (JFOD) values are also evident in that {PI − (1 + DD)}
controller gives better result. As a result, the PI − (1 + DD) controller is carried out in
further studies.

JFOD =
{
(+MFO)2 + (−MFU)2 + (TST)

2
}

(34)
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Table 2. Controllers’ gains with comparative performance parameters under 100 iterations.

Controllers PI CPID PI − (1 + DD)

Maximum Frequency Overshoot (+MFO)

∆F (in Hz) 0.0975 0.0189 0.0054

Maximum Frequency Undershoot (-MFU)

∆F (in Hz) 0.1525 0.0515 0.0223

Stabilization time (TST)

∆F (in s) 6.019 5.423 4.371

Minimum value of J (Jmin)

5.56 × 10−4 3.28 × 10−5 1.40 × 10−7

Figure of demerits (JFOD)

36.261 29.411 19.106

Optimized controllers’ values

C
on

tr
ol

le
r-

1 KP1 3.012 0.512 0.306

KI1 2.008 12.53 10.04

KD11 - 0.107 0.509

KD12 - - 0.107

C
on

tr
ol

le
r-

2 KP2 11.11 5.061 1.517

KI2 20.01 5.005 4.115

KD21 - 1.627 1.113

KD22 - - 2.229
Bold indicate superior output.

5.2. Scenario 2: Availability of Concurrent Random Renewable Generations with
Load Perturbation

The comparative performance evaluation of the suggested algorithmic techniques is
analysed in terms of frequency deviation and other subsystem output power in Figure 6b–e
under real-time wind data and other collective random disturbances as depicted in
Figure 6a. The real-time wind data and its corresponding change in wind power are plotted
in Figure 6a. Three tools named PSO, FF and MBA are taken as an optimization technique
of the unified frequency control model to find the best one. These optimization tech-
niques have been performed individually and optimized the proposed best PI − (1 + DD)
controller gains parameters. Table 3 lists the controller parameter values for different
optimization techniques for Scenario 2. The system dynamic responses clearly demon-
strated that MBA:{PI − (1 + DD)} technique is much better than PSO:{PI − (1 + DD)}
and FF:{PI − (1 + DD)} techniques. It can be ascertained from Figure 6b that change in
frequency subsides prolifically under MBA technique, ensuring the better stable response.
Further, exploration under real-recorded weather data illustrates the competency of the
suggested technique.

Table 3. PI − (1 + DD) controller’s parameters for the selected scenario (Scenario 2).

Techniques PSO FF MBA

Optimized Controllers’ Values

C
on

tr
ol

le
r-

1 KP1 5.031 10.01 0.308
KI1 30.42 25.18 2.072

KD11 0.501 0.497 0.505
KD12 0.108 0.117 0.104
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Table 3. Cont.

Techniques PSO FF MBA

Optimized Controllers’ Values

C
on

tr
ol

le
r-

2 KP2 4.518 4.621 4.502
KI2 4.119 4.115 4.124

KD21 1.114 1.108 1.163
KD22 2.217 2.229 2.231
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6. Conclusions

In this paper, a novel two level PI − (1 + DD) controller was proposed for amelio-
rating the microgrid dynamic oscillations consisting of different new renewable energy
resources. The combination of renewable power generating units such as wind, tidal and
biodiesel units in addition to hybrid plug-in electric vehicle and nonsensitive electric water
heater is studied. As a novelty, first time two level PI − (1 + DD) controller concept has
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been proposed to incorporated in renewables based distributed microgrid power system
at different scenarios. To improve the system dynamics, a system is designed to regu-
late power contributions of different subsystems and nonsensitive load by incorporating
PI − (1 + DD) controller under different scenarios. The outcome of the simulation reveals
that MBA:PI − (1 + DD) control strategy is much more effective to bring reduction in mag-
nitude of maximum frequency overshoot (+ MFO), undershoot (−MFU), stabilization time
(TST) and estimated figure of demerits (JFOD) index values. The analysis of the comparative
JFOD values shows the percentage improvement of JFOD with proposed PI − (1 + DD) con-
troller compared to traditional PI and CPID are 47.31% and 35.03% respectively. As an after
stage, MBA technique has applied and compared with other technique such as PSO and FF.
Further, a real-recorded wind data has been considered for real-time validation of the pro-
posed control strategy. It is inferred that this proposed controller with MBA optimization
technique is capable to improve the dynamic performance of the studied DHµG system.
Simulation results recognized that the proposed novel two level frequency controller can
be utilized in microgrids with high renewable energy penetration to keep frequency within
acceptable limits and drastically improve the frequency control. The proposed control
strategy performs better than other controller designs and optimization techniques.
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Appendix A

WPS: Recorded date: 1 July 2016, Minm flow of wind: 7.4804 (meter/s); Maxm flow of
wind: 14.08 m/s; Average flow of wind: 10.922 m/s; SD: 1.1895.

MBA: No search shrapnel pieces = 20, IM = 100, R4 = 297.17, design variable (NV) = 4.
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