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The Future 5G Network Based
Secondary Load Frequency Control in
Maritime Microgrids

Meysam Gheisarnejad, Mohammad-Hassan Khooban, Senior, IEEE, Tomislav Dragicevic, Senior Member

Abstract—This paper presents the applicability of the
future fifth generation (5G) network technology for a
marine vessel power system with the sea wave energy
(SWE), Photovoltaic (PV) and energy storage systems
(ESSs). In this study, a new optimal structured interval
type-2 fractional order fuzzy PD/fuzzy Pl (IT2FO-FPD/FPI)
controller is proposed for the secondary load frequency
control (LFC) of a networked shipboard multi-microgrid
(NSMMG). The effect of the various degradation factors
associated with the communication infrastructure such as
the time delay and packet loss is modeled and addressed
to assess the system performance in the networked
control system (NCS) operation. The parameters
embedded in the established structure are decisive
factors, which significantly affect the quality of control
output actions. Accordingly, by employing the concepts of
the black-hole optimization algorithm (BHA) and Lévy
flight, an enhanced JAYA (EJAYA) algorithm is proposed
to adjust the setting of the established structured
controller. Finally, comprehensive studies and hardware-
in-the-loop (HIL) real-time simulations are conducted to
appraise the acceptability of the suggested controller for a
secondary LFC problem in the face of the uncertain NCS.

Index Terms—Secondary load frequency control (LFC),
enhanced JAYA algorithm, networked shipboard multi-
microgrid (NSMMG), 5G network technology.

I. INTRODUCTION

UE to the fuel consumption and gas emission rates of

ships, which are extremely high; the integration of
renewable energy sources (RESS) in power marine systems, as
a special kind of the island microgrids (MGs), is constantly
expanding [1]. The solar and sea wave energy resources are
abundant on the oceans; as a result, the exploitation of RESs
penetration could help to reduce the effect to the environment,
increase energy conversion efficiency and fulfill other
conventional power supply constraints such as security and
reliability. However, some issues such as the intermittent and
weather-dependent nature of RESs must be considered before
RESs can become commonplace. Because of their stochastic
characteristics, these technologies introduce power dips and
power surges. A general shipboard microgrid can use energy
storage systems (ESSs) such Battery Energy Storage System
(BESS) and Flywheel Energy Storage System (FESS) to meet
the remaining demand, when the energy of RESs is not
sufficient [2-4].
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Technically, a microgrid (MG) based shipboard is a cluster of
distributed generators (DGs), ESSs and local loads, which are
optimally planned for the profit of the customers. In [5, 6] the
possible solutions of applying BESS in the marine industry are
analyzed. A novel strategy is developed in [7] to find the
optimal sizes for hybrid PV/diesel/ESS in a ship’s power
system. A critical literature review on the ship MGs has been
reported in [8], where the different types of ESSs and various
control methodologies have been studied. A hybrid non-
integer fuzzy PD+l controller is proposed in [9] for the
frequency fluctuation damping of an isolated shipboard MG.
Matching of demand and supply, referred as the load
frequency control (LFC), is vital to the reliable operation of
integrating DGs and ESSs in the islanded microgrid. Some
research works attempting to develop better the MG frequency
control based on intelligent control [10], sliding mode control
[11], model-predictive control [12], non-integer control [13]
and adaptive-neuro [14].

Recently, network control system (NCS) for transmitting
information among distributed system components (e.g. phasor
measurement units (PMUs), controllers and actuators) have
been increasingly used in the future microrids, since it exhibits
a variety of benefits such as low installation cost, high speed,
easy expansion and distributed management [15-17]. In the
context of networked microgrids, there has been a few work
devoted to this topic with various network technologies like
Can bus [18], Ethernet [15, 19], ZigBee (IEEE 802.15.4) [18,
20], WiMax (IEEE 802.16) [21] and Wi-Fi (IEEE 802.11)
[22], etc. Due to the bandwidth constraint in the
communication network, taking advantage of the technologies
is accompanied by network-induced delays and data packet
dropouts. This circumstance seriously deteriorates the system
performance and even threatens the reliability and stability if
these unreliable factors are not properly handled during the
control design. To deal with the challenges in the energy
management of microgrids coupled with communication
networks, there has been much less work research in the
literature. For example, a discrete control strategy is proposed
in [19] to compensate communication degradation and
uncertainty conditions for the LFC of an MG. The authors
have employed two communication architectures consist of
Ethernet and hybrid network (Ethernet and 802.11b/g) for the
integrated system and their performances are compared with a
perfect communication as a benchmark. An event-triggered
NCS scheme for robust L-infinity control is developed in [23]
for a hybrid battery/wind in the form of MG. On the other
hand, the application of Cellular Networks (e.g. CDMA,
WCMDA, GSM, GPRS, 3G, LTE, 5G, etc.) in renewable
energy solutions has become an emerging and highly
appealing trend due to some benefits such as high capacity,
low power usage, large information reliability, wide coverage
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area, less interference from other signals [24, 25]. In this
regard, the authors of [26] implemented the wireless internet
connectivity for a interacted RESs to sends MG control center
signals to PEV charge station. The application of the GPRS
(General Packet Radio Service) and EGPRS (enhanced GPRS)
standards is addressed in [27, 28] to send power reference
information from the central control to wind power systems in
a smart grid operation. The internet of things (1oT) based fifth
generation (5G) is adopted in [29] for transmitting the
observed information (measurement signals) of multiple-
DERs to a control center.

The current study aims the application of 5G standards for the
LFC of a shipboard unequal MMG considering the
communication degradation. To implement proper LFC
strategy in the NCS operation and for efficient utilization of
the available RESs, a new interval type-2 fractional order
fuzzy PD/fuzzy Pl (IT2FO-FPD/FPI) controller, in discrete
form, is employed for the aforesaid system. For this purpose,
the concepts of BHA and levy flight are followed to avoid the
weakness of falling into local optimum and to enhance the
global searching ability of a recently developed JAYA
algorithm [30]. Then, the enhanced JAYA (EJAYA) algorithm
is adopted to simultaneously adjust the decisive coefficients
embedded in the hybrid structure of the IT2FLC and FO
operators. The contributions of the suggested framework can
be listed as follows:

1. A new optimal based fuzzy controller with fractional order
gains is established for the secondary LFC in the networked
shipboard MMG,

2. Since the system performance depends on the fine-tuning of
controller parameters to function successfully, the parameters
of the suggested controller are adjusted by a new version of
JAY A algorithm to obtain an optimal performance,

3. In particular, the 5G network technology is employed as the
communication infrastructure in the concerned NCS system,

4. The effects of network degradations (i.e. time delay and

packet loss) are studied in the small-signal modelling of the
NCS system, as these degradations are occurred in the realistic
communication networks,

5. The suggested technique is implemented and validated in a
real-time NSMMG system testbed using hardware-in-the-loop
(HIL) simulator to investigate its testbed applicability from a
systemic perspective.

The remainder of this work is organized as follows: the model
of the NSMMG system with network communication
descriptions is presented in Section Il. The proposed
structured 1T2FO-FPD/FPI controller is also described in
Section Il. The enhanced version of the JAYA algorithm
(EJAYA) is developed in Section Ill. The contribution of the
suggested framework is elaborated in Section 1V. The
conclusion of this work is given in Section V. The simulation
results along with the related discussions are presented in
Section V. Lastly, the conclusion of this paper is drawn in
Section VI.

[I. STUDY SYSTEM AND MODELING

The structure of the concerned NSMMG system is illustrated
in Fig. 1, where 5G technology with the binary phase shift
keying (BPSK) is adopted as the networking infrastructure.
The data rate of the shared network is chosen as 2 Gbps. The
simulation of the MMG power system is carried out by
considering continuous time model while the controller is
discrete, since PMUs send periodically measured packets to
the control center. In the future shipboard power system, the
control center sends the control signals to diesel ship generator
(DSG) and energy storage units (BESS and FESS) wirelessly.
According to Fig. 1, there are three controllers, where area
control errors (ACE) and frequency grid deviation (Af) are
measured by PMUs each 0.01 s and transmitted to their
respective control center via the shared communication. The
parameters of the concerned MMG system, depicted in Fig. 1,
are listed in Table. I.
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Fig. 1. The overall shipboard multi microgrid scheme over 5G network.
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Table I: MMG power system’s parameters [9]

Symbol and Abbreviation Values Symbo_l af‘d Values
Abbreviation
T4 (governor time constant) 2.000s Tress 0.1s
T4 (diesel generator time constant) 1.000 s Tsess 0.1s
Ry, R: (DG speed regulations) 3.000 T 4s
By, Bz (frequency bias constant) 0.9 T: 05s
84g (ramp rate limits) 0.01 Te 05s
Mdg (power increment) 0.025 Th 4s
D (damping coefficient) 0.012 Trc 4.000s
2H (inertia constant) 0.2 Tar 05s
Krc 1/50 Tz 0.2
Kn 0.6 an -1

A. The shipboard MMG system

In the present work, a load frequency control in the shipboard
MMG is investigated, which consists of two MGs connected
by tie-lines as illustrated in Fig. 2. The MG-1 comprises of a
set of different Distributed Generations such as SWE, PV,
DSG, FC system and energy storage units like BESS and
FESS, while the only DSG unit is considered in the MG-2.
The PV, Fuel Cell (FC), BESS and FESS units are linked to
the AC MG via DC/AC interfacing inverters. The FC model is
described by a third-order transfer function [10, 31]. To
prevent the effects of disturbances or for maintaining control
objectives, a circuit breaker is employed to link micro sources
to the AC bus. The DSG power system is established for the
spinning reserve of the secondary frequency control.

‘WT Sea Wave Energy

N

y
@

3 o Sensitive AT
'ﬁgi N e ,—% -
ok ¥

Flwaeel Battery

Ship Diesel Generator

Fig. 2. The case study for the LFC in a shipboard MG.

B. Model of Unreliable Communication Network

Fig. 3 depicts a simplified representation of the NSMMG
system, which can be classified into the following five
components: the controlled MMG, the PMU, the actuator,
controller and the unreliable 5G communication network
under the network degradation factors.

ShipBoard Multi MicroGrid

Actuatur 1 » PMU 1
Tie-line
M’ BLJS BUS PMU r

f Unreliable 5G communication network
with random time delay and packet loss

H Discrete-time H
: controller :

e
Fig. 3. Structure of the 5G networked Shipboard MMG.

The specifications of the applied degradation factors (shown
in Fig. 3) are presented in the following.

The advent of the communication network in various
applications will inevitably lead to the time delay in sending
and receiving of data packets [32, 33]. Time delays in the NCS
operation can be classified into two types: data time delay
between PMU (sensor) to controller center ¢ and data time
delay between controller center to actuator 2. In the present
simulation, ¢ and z°® entered into the shared network.

The second source of disturbance that has a significant impact
on network degradation lies at the packet loss [19, 34]. The
degradation factor exists in the forward and feedback channel
of the wireless networks, which can be modeled as a binary
two-state switch. In this study, a Bernoulli distribution [19]
with the stochastic variable 6 is considered as:

Pr{f, =0} = A 1)

where 6,€{0,1}, 6, = 0 indicates the occurrence of packet
loss, 6, = 1 means there is no packet loss and 0 < a;, < 11is
the specified packet loss probability.

C. Discrete IT2FO-FPD/FPI controller

FO operators integration/differentiation have additional
freedom in control design, which this improves the efficiency
and robustness. The utilization of the operators is more
beneficial when they are combined with the FLCs in the
effective structures [35]. Fig. 4 shows a general structure of
IT2FO-FPD/FPI controller, inherited from IT2FO-FPD and
IT2FO-FPI controllers, which is comprehensively discussed in
[35]. In Fig. 4, GE®, GE7, GL°, ppp, GE', G&&, G, ppy and
Ap; are decisive parameters in the realization of a well-
behaved controller.

Here, the binomial expansion of the backward difference
method is used to approximate FO operators [36]. According
to Fig. 4, the control laws of the IT2FO-FPD and IT2FO-FPI
controllers are described in Egs. (2) and (3), respectively.

GEPe(nT) + G (DH*>(e(nT))) = GEPupp (nT) )

GE'y(T) + GEL (D#1 (y(T))) = GE' (D71 (dup (nT)))  (3)

Therefore, the output of an IT2FO-FPD/FPI controller is
obtained as:

UIT2FO-FPD /FPI (nT) =

GPPupp(nT) + GE! (D i (Aum(nT))) @

In the present study, due to a fact that triangular membership
functions (MFs) are very simple to apply in practical
hardware, this kind of MFs are chosen for IT2FLCs/T1FLCs
as implemented in [37]. The universe of discourse is
considered to be [-1 1] for error and fractional derivative of
error. The antecedent MFs for both input and output variables
are including, NL (negative large), NS (negative small), Z
(zero), PS (positive small) and PL (positive large). The
optimal executed IT2FLSs/T1FLCs rules are written in Table
Il. Moreover, the COS type reduction and centroid
defuzzification method are utilized for the IT2FLCs and the
T1FLCs, respectively, and product type operator is utilized for
implication in both FLCs.

2168-6777 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2019.2898854, IEEE Journal

of Emerging and Selected Topics in Power Electronics

Journal of Emerging and Selected Topics in Power Electronics

y(nT) G Vo
E
Interval Typ_e-2 D"lm Urr2ro-Fpi Measured y(nT)
Fuzzy Logic u
= +
CE

ShipBorad Multi
Interval Type-2 |, MicroGrid

Fuzzy Logic
ph-(aeH
CE

Fig. 4. The general scheme of IT2FO-FPD/FPI

Table II. The IT2FLCs/T1FLCs Rules Set
é

NL NS 4 PS PL
NL NL NL NL NS 4
NS NL NL NS z RS
4 NL NS z PS PL
RS NS 4 PS PL PL
PL z PS PL PL PL

D. Fractional order operator

Fractional calculus (FC) is the generalization of integer order
integration/differentiation to any arbitrary real number.
Among the various definitions found in literature, the
Grinwald-Letnikov (G-L) is frequently employed in realizing
the FC concepts in control theory [38]. The G-L definition is
written as:
1 7 a

DEFO) = timez > " () Fe—kn) ©)
where a, t is the bounds, « is the is the order of the operation

a (@)(a-1)(a-2).....(a—k+1)
and () = = :
To implement a discrete time version of the established
controller, a discrete definition of G-L is required. Utilizing
the backward difference method s = (1 —z™1) /T, where T is
sampling period, the FO operators can be discretized as
expressed in the following equation [36]:

fee)

DU =T ) difln =] ©)

where the coefficient dx can be expressed by the following
recursive algorithm.

de =1 = +a)/K)dg_;k =12, ..;dg =1 )

E. Basic concept of type-2 fuzzy sets
An interval type-2 fuzzy set (IT2FS) 4 is defined as [37, 39]:

A:LGXL 1/(x,v)=f L 1/(x,v)|/x (8)

xex|Mvelycron
where x denotes the primary variable and x € X; v denotes the
secondary variable, v eV which has a domain J, at each
x € X; ], represents the membership of x as described in Eq.
(12). The wunion of all the primary memberships (i.e.
Uncertainty about A) is known as the foot print of uncertainty
(FOU):

FOU (4) =

€Jxclo1]

U r=tvivercom ©

VxeX

The FOU of IT2FS is bonded by two type-1 MFs. The upper
bound of FOU (A) is represented as i ;(x) and lower bound of
FOU (A) is represented as p1;(x), ¥ x € X:

ﬁg(x)zm VxeX (10)
ui(x) =FOU (A) VxeX (11)
Note that J, is an interval set:

Je =G, v) v [palx), nz(01} (12)

F. Interval type-2 fuzzy logic system

The IT2FLC, as an extension of type-1 fuzzy logic controller
(T1FLC), is designed with the concept of type-2 fuzzy logic
sets (T2FLSs). The generic rule structure of IT2FLC with N
rule is as:

(13)
where n=1, 2, ... ,N, F,,(i=1,2,..1) are the antecedent
MFs, Y, = [ yn ¥n] represents the consequent MFs.

Suppose x" = (x, x3, ..., x;) is a crisp input vector. The steps
of the output calculations in an IT2FLS are as follows [37]:
Step 1: The antecedent IT2MFs can be defined in terms of
lower MF (uz,) and upper MF (4z,).

Ry:ifxy is Fy pand ... x; is Fi, ...andx; is £}, Then y is ¥,

Step 2: The total firing strength for the n™ rule is as:

Fa(e') = [tg, , 1) % o iy, O, T, (1) % o
i, GD| = [fuFu n =1 N (14

Step 3: Type-reduction is employed to combine F,(x") and
the related rule consequences.

Step 4: The defuzzified crisp output of an IT2FLS is obtained
asy = (v, +y;)/2. Where y, and y, are the end points of the
type reduced set which are computed as:

3 Y=t Xn]_cn + Xh=r+1Vnfn
" rLl:1]_cn + Zg:Lan

 Zhe1 Tufo + Tirer of
T f Sk

In above Eqgs. (15) and (16), the switching points (L, R) can
be calculated via the Karnik—Mendel (KM) type-reduction
method.

(15)

(16)

[ll. PROPOSED CONTROLLER AND OBJECTIVE FUNCTION

JAYA is a newly developed meta-heuristic algorithm, which
has shown excellent feasibility to solve engineering
optimization problems [30, 40] since it is free from any key
parameter settings. In the algorithm, the solutions are updated
through attaining the best solution and moving away from the
worst solution as formulated in Eq. (17).

v =yl +randQ(ys — [v¥]) —randO(vis - |¥f) (A7)

where Y is the modified solution of y} during kth iteration;
y& and ykX are the best and worst values achieved until the kth
iteration.
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A. Enhanced JAYA based BHA and Lévy flight

Owing to the original JAYA benefits the distance between
best and worst individuals to global search, the exploitation
outperforms exploration in the final generations, which this
increase the trapping into a local optimum. To overcome the
weakness, initially, the updating mechanism of original JAYA
is improved by black-hole algorithm concept. According to the
strategy, when the distance between a candidate's individual
and best solution is less than the radius of the event horizon
(R) during the updating process of JAYA, a new candidate is
randomly generated. The value R is calculated as [41]:

Vb
R=—

i‘{=1 Vi (18)
Moreover, to avoid diversity loss of JAYA, a novel updating
mechanism with Lévy-based motion, as another modification,
is proposed in Eq. (19).

v} =yl + randQ(vh — |yk|) - randO (w5 — |v¥])
+ rand() y¥ x Lévy(B)

where Lévy(p) generate a random walk, in which the random-

steps are generated based on the Lévy distribution [42].

Lévy(B)~u=tF (20)

The pseudo-code of the EJAY A is illustrated in Algorithm 1.

Algorithm 1: The pseudo-code of EJAYA algorithm.
l. Set the algorithm parameters, Initialize a random population
1. while gen=1 to Max-Gen do
1. for i=1 to Population size do

(19)

V. Identify the best and worst solutions in the population
V. If1 rand < 1/2 then
VL. Update the solutions by the original JAYA algorithm
VIIL. Calculate R using Eq. (18)
VI D=y = yp)? + o+ O = ¥)?
IX. I1f2 D; < R then
X. y; «— Randomly generate individual
XI. end if2
XII. elsel
XIII. Update the solutions by the Eq. (19)
XIV. end ifl
XV. end for
XVI. Check limitations and repair the solutions if they are violated
from boundary constraints
XVIL. for i=1to Population size do
XVIII. if f(Y;) < f(y;) then Replace y; with Y; end if
XIX. end for
XX. Report the optimum solution
XXI. end while

The LFC objectives in the NSMMG are fulfilled by measuring
Af and AP,;,. For the optimum setting of the LFC controller,
the objective function is chosen as defined in Eq. (21) [42].

90
J= f [B2Af2 + BIAS,? + APy?] (21)
0

IV. THE CONTRIBUTIONS OF THE PROPOSED STUDY

To sum up, the main novelties of the paper can be summarized

as follows:

1. The suggested novel control approach is easy to
implement and can be utilized for a reasonably wide class
of shipboard and other types of MGs.

2. For the first time, the 5G network technology is applied
for the secondary LFC in the shipboard MG.

3. The suggested novel control signals are based only on the
available plant input/output information and can be
calculated online.

4. Another advantage of the suggested control technique is
its light burden of computations, which is an important
feature in the practical implementation and online control
cases.

5. The OPAL-RT real-time simulator is applied to examine

the performance and robustness of the new suggested

controller over the time delay.

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, for the evaluation of the proposed control
strategy, the 5G wireless network applied to the shipboard
MMG (shown in Fig. 1) is simulated in MATLAB/Simulink
software. To verify the advantages of the suggested controller,
the case study is also examined with the T1IFO-FPD/FPI [35],
model-free SMC [43] and conventional PD/PI controllers.
Since the controller output depends on the design parameters,
the EJAYA is executed for optimal computation of the
parameters embedded into the different controllers. In order to
assess the performance of the proposed control strategy in the
context of the NSMMG depicted in Fig. 1, the Hardware-In-
the Loop (HIL) real time simulation approach is implemented.
The real time HIL method is used to emulate errors and delays
that do not exist in the classical off-line simulations. Fig. 5
sketches the HIL setup, and for more details about the
components of this setup: readers are referred to [44].

Real-Time Simulation of NSMMG and Controller in the RTS-lab

{ Proposed Controller J [Shipboard MuIti-MicroGricD

TZEIEEE

{ The Model of MicroGrid } o

‘ ] in MATLAB/Simulink | _ Subsystems for OPAL-RT |
-

Real-Time Simulation of
] MicroGrid Model in the
RTS-Lab Platform

Master, Slave and Console )

|
|
|
- ~ |
(" Converting Into “C” )
{ Program and Load Model |

into RTS-Lab !

Fig.5.The real-time experimental setup. (a) the real-time simulation of
NSMMG and controller in the RTS-LB, (b) the compilation process.

A. Specifications for the shiboared multi-microgrid

In the integrated system, the multi-step load variation is
considered as generic disturbances in both the MGs (See Fig.
6) simultaneously. Additionally, the stochastic power
fluctuations of the SWE (4Psy ) and PV (4P,,) is applied to
the LFC (See Fig. 7). The sea wave energy data, which is
extracted from the National Oceanographic Data Center [45]
is depicted in Fig. 7a, while Fig. 7b exhibits the solar radiation
data in Aberdeen (United Kingdom) [46].
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Fig. 6. Step changes of the load in the time interval of 90 seconds.
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Fig. 7. Power fluctuations, (a) SWE, (b)- PV.

B. Effect of time delay and packet loss

The effect of time delay in the interval [10ms 100ms] on the
concerned NSMMG system is investigated, when packet loss
is set to 15 %. Fig. 8 illustrates the performance comparison of
the designed controllers. As observed, IT2FO-FPD/FPI
controller provides a smaller fitness value (J(21)) in the
presence of different time delays than other controllers. Based
on [25], establishing 5G in the integrated power systems
demand a time delay in the order of 1-100 ms. Therefore, the
IT2FO-FPD/FPI controller is effective to restore system
frequency against different time delays in the NCS operation.
Next, the Bernoulli distribution with different loss probability
and time delay 50 ms is considered to evaluate the effect of
packet loss on the NSMMG system. The performance measure
values computed for the different controllers are presented in
Fig. 9. It is evident that the effect of packet loss on the
compared controllers is insignificant for aip < 0.25. The
fitness value of the different controllers are significantly
increased for ap > 0.3; however, they still provide a small
fitness value to ensure the efficient frequency deviation
damping. So, the designed controllers realize the LFC
requirements of networked integrated systems in the presence
of large packet losses. It is also observed that a minimum
fitness value is obtained by the IT2FO-FPD/FPI controller
than other controllers for different values of the packet losses.
Hence, it can be concluded that the suggested controller
improves the stability of LFC of the NSMMG system when
the packet losses are considered in the shared network.

PD/PI & Model-free SMC

T1FO-FPD / FPI IT2FO-FPD / FPI
0.006 .
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Fig. 8. Performance comparison with different time delays under ap =

0.15.
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Fig. 9. Performance comparison with various different packet loss
under time delay 50 ms.

C. Dynamic performances in the presence of RESs

To study the performance of the NSMMG system against the
communication degradation effects, the network delays (z*
and z®) are assumed to be 50 ms and the probability of the
packet loss in the network is a;,=0.15. Fig. 10 depicts the
output of the frequency deviation of MG-1 in the presence of
RESs. It is explicitly noted from Fig. 10 in spite of having
high system complexity, such as stochastic fluctuations of
RESs and the network communication degradation; all the
designed NSMMG secondary controllers are robust enough to
stabilize the system. It is also found that by adopting IT2FO-
FPD/FPI controller, the transient curves are settled down in a
less time with further diminished fluctuations in comparison to
the structured T1FO- FPD/FPI, model-free SMC and PD/PI
controllers. Thus, it can be inferred that the dynamic behavior
of the network control system is improved with the proposed
technique. The powers generated by the controlled FESS and
BESS are painted in Fig. 11. It is evident that with the IT2FO-
FPD/FPI controller, the response fluctuations of the energy
storage systems are further suppressed in comparison with
other three controllers. This implies that if the proposed
technique is used, there is less need for charging/discharging
the batteries to alleviate the grid frequency fluctuations which
leads to increase the lifetime of the ESSs. This makes the
NSMMG system more efficient from the health and
economics point of the view.
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Fig. 10. Frequency deviation in MG-1 in the presence of RESs.
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Fig. 11. The output power of storage energy systems in the presence
of RESs, (a) FESS, (b) BESS.

D. Dynamic performances in the presence of RESs and
load demand

In this section, the multi-step load variation is also considered
in the NSMMG system. The curves of frequency deviation in
the MG-1 for each controller are plotted in Fig. 12, where the
time delay and packet loss probability are set as 50ms and
0.15, respectively. It is observed that with the suggested
structured 1T2FO-FPD/FPI controller, the NCS system is
faster to restore the frequency oscillations in comparison with
the T1FO- FPD/FPI, model-free SMC and PD/PI controllers.
The outputs of the controllable storage devices (i.e. FESS and
BESS) are depicted in Fig. 13. The features of storage devices
outputs shown in Fig. 13 reveal that more desirable
qualification in the outputs is achievable by adopting the
suggested controller where the overshoots of the oscillations

are further restored than the other considered controllers.
0.02 T T T T

80 90
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Fig. 12. Frequency deviation in MG-1 in the presence of RESs and
load demand.
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Fig. 13. The output power of storage energy systems in the presence
of RESs and load demand, (a) FESS, (b) BESS.

L L
20 30 60 20

E. Robustness analysis

The robustness of the designed controller based LFC
operations subjected to both the physical parameters and
communication degradation factors is studied in this section.
The parameters variations of the scenario are as follows: Ty =
+30%: Tq = -25%; D = +20%: H = -30%; Tress = +25%; Tgess
= -35% (for physical parameters) and *° = 7** = -0.20%; a;,, =
+30% (for communication degradation factors). It is notable
that the parameters variations are much harder to handle and
each variation of them may cause system instability. Fig. 14
reveals the abilities of the concerned controllers for unknown
network configurations. It is viewed from Fig. 14 that the
suggested controller is high-performing and effectively
handles the aforesaid scenario and result in small frequency
fluctuations. Moreover, it is observed that the IT2FO-FPD/FPI
controller is less sensitivity dealing with a more severe
changing of the system parameters than the T1-FPD/FPI,
model-free SMC and PD/PI controllers. Thus, it can be
inferred that the proposed controller provides a higher degree
of robustness performance compared to the other considered
controllers.
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Fig. 14. Frequency deviation in MG-1 against parameters variations.

VL.

In particular, this framework focused on a networked
shipboard MMG, and allows investigating both aspects of
physical disturbances (i.e. load variation and intermittent
behavior of the SWE and PV) and network degradations (i.e.
time delay and packet loss). In the study, a novel intelligent
IT2FO-FPD/FPI controller based on an enhanced version of
the JAY A algorithm, named EJAYA, is proposed for the LFC
problem in a smart grid operation. The PMUs measurements
and control signals were transmitted via the shared
communication network by employing the future 5G
technology. The experimental simulation reveals that the
proposed technique improves the stability of the
interconnected microgrids and outperforms other comparative
techniques. Furthermore, to ascertain the efficiency and
robustness of the suggested framework, unknown
configurations of network degradation are accomplished. The
superiority of 1T2FO-FPD/FPI controller was confirmed as
compared to other techniques.
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