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This research studies the shipboard microgrid (MG) scheme's frequency
fluctuations problem contrary to the impulsiveness of renewable resources,
load instabilities, and the uncertainty of the parameters in the ship MG plant.
A shipboard MG system consists of some of the renewable energy resource s
(RESs) such as photovoltaic (PV), wind turbine generator (WTG), battery
energy storage system (BESS), ship diesel generator (DG), fuel cell (FC),
aqua electrolyzer (AE), and loads. A new fuzzy proportional integral
derivative (FPID) controller is established to attain the desired frequency
stability for the shipboard MG system. Additionally, various scenarios are
executed in this research to validate the robustness of the anticipated
controller to various load disturbances, parameter changes of plant, and
fluctuations of solar irradiance and wind speed. The numerical simulation
results obtained in three scenarios compared with those of the conventional
PID controller and the existing time-varying derivative fractional order PID

(TVD-FOPID) controller in literatures to validate the high usefulness and
applicability of the planned control strategy. In brief, the established load
frequency controller (LFC) based on FPID technique can improve frequency
deviation in shipboard MG plant effectively.
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1. INTRODUCTION

Maritime transport is one of the prominent ingredients of international business. World business and
economic maturation are profoundly supported by shipment. In the marine industry, because the amount of
conventional diesel generators (DGs) used is so large, emission of ships needs to be reduced by using
renewable energy resources (RESS). In recent years, scientists are increasingly focusing on developing
shipboard microgrid (MG) systems that use RESs such as wind, wave power, and solar. However, the
challenge of the frequency instability on the shipboard MG systems is the biggest concern today. The load
frequency control (LFC) of a electricity plant is a significant direction of electricity quality. The frequency
irregularity arrives zero in changed control region demarcated in power systems [1]-[3]. To improve the
maritime power system’s dependability and enhance the quality of the power, the energy storage systems
(ESSs) including batteries, flywheels, or aqua electrolyzer (AE) have been supplemented to shipboard MG
system. In addition, the LFC for the shipboard MGs is significant direction of power quality. Therefore, the
LFC problem of onboard MGs, along with other control systems, has received significant attention in
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numerous recent studies published in internationally well-known journals [4]-[12] and in the associated

references therein.

In practical shipboard MG systems, LFC is very important issue since it adjusts the balance between
creation of energy and load demand [13]. LFC includes controlling and monitoring to certify that the
frequency of the ship's MG structure is within a safe operating range [14]. Several control methods have been
proposed to establish a LFC with enhanced performance to possess the frequency within the values described
as [13], [15]-[20]. Double stage controller was utilized by combining the optimization algorithm with
proportional integral derivative (PID) in maritime MG plant based on hybrid wind-ocean wave power [13]. A
LFC based on a novel modified PID with filter was presented for marine MG system integrated with
renewable energy sources [15]. Based on the meta-heuristic optimization algorithms, researchers in [16]
developed a PID controller for regulating frequency in standalone marine MG system. A fractional-order
dynamic output feedback controller was established for shipboard MGs [17]. A robust fractional-order PID
controller was proposed to regulate frequency of islanded MG [18]. A new robust model predictive controller
was created by utilizing the linear matrix inequality (LMI) approarch for controlling a MG on the shipboard
in the presence of disturbances and the uncertainty of its parameters [19]. In order to optimize the fractional-
order LFC’s parameters for an isolated MGs, PI controller was developed based on modified sine cosine
algorithm in [20]. Nevertheless, the LMI controllers and fractional order controllers in the above studies have
very complex designs which lead to very large elapsed times and may not be feasible in practical control
systems. Since the operating conditions of LFC vary greatly, the traditional PID controller that is usually
tuned under nominal conditions cannot operate normally under other conditions. Therefore, to overcome the
shortcomings of these studies, fuzzy logic (FL) can optimally regulate the constraints of the PID controller.
The FL control technique is currently widely used in power systems [21]-[23]. Based on the advantages of
FL technique, in this study we use the FL approach to optimize the PID controller parameters, which means
that the PID structure is extended to the fuzzy-PID structure (FPID). Compared with PID technique, FPID
increases reliability and robustness. Based on FPID method, recent studies [10], [11], [24] have proposed
different controllers to solve the frequency control problem in shipboard MGs. A novel fuzzy fractional-order
P1 controller was investigated for the secondary LFC of the shipboard MG [10]. Grasshopper optimization
algorithm tuned fuzzy-based PID through filter control procedure was anticipated to explore the performance
of the LFC structure for the marine power systems [11]. Recently, the authors in [24] used the time-varying
fractional derivative technique to design a PID controller (TVD-FOPID) to achieve the desired frequency
stability in a shipboard MG system. This study considers the frequency oscillation problem of the shipboard
MG system against load uncertainty and variability of renewable energy sources. However, the overshoot and
frequency deviation amplitude are still quite large. So, the key improvements of this investigation are as
follows:

— An innovative FPID controller based on FL technique is anticipated as the secondary load frequency
regulation problem of the shipboard MG plant.

— The anticipated FPID controller is associated with the typical PID controller and the recent TVD-FOPID
controller in [24] considering different variations of renewable resources (wind power and solar power),
load disturbances, and the uncertainty of the parameters in the ship MG plant to demonstrate the
efficiency of the technique.

— Simulation and robustness analysis of the suggested FPID controller are performed via three numerical
scenarios of the shipboard MG system.

The rest of this creation is systematized as follows: section 2 handles modelling of shipboard MG
plant including ship DG, battery energy storage system (BESS), electrolyzer-based fuel cells (FCs), and
renewable energy sources such as photovoltaic (PV) and wind turbine generator (WTG). The main
achievements of the paper are represented in section 3, which the controller is designed and its performance
is also analyzed in detail. In section 4, the simulated responses of the LFC problem are inspected and
evaluated explicitly containing a comparison of the controller performances under different disturbance
conditions. Lastly, the ends of this study are offered in section 5.

2. MATHEMATICAL MODEL OF SHIPBOARD MICROGRID SYSTEM

A shipboard MG system is modeled in this section. Figure 1 displays the transfer function of the
modeling ship MG plant. The shipboard MG system includes PV, WTG, DG, FC, AE, and energy storage
elements [e.g., BESS]. These components can be particularly planned on-board a marine power vessel to
supply its local loads connected to the shipboard MG power bus. All components of the shipboard MG
system are assumed as linear models using the first-order transfer functions. The parameters of shipboard
MG system are described in [24].
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Figure 1. Mathematical model of investigated shipboard MG system

For the shipboard MG system to operate stably, the renewable energy sources supplying the MG
plant such as solar and wind sources must be effectively controlled to gratify the demand of the ship's MG
system.

So, some techniques for power control based on source power and load power are extensively used
and are shown in (1) [20]. From Figure 1, applying the energy conservation principle total energy is as (1):

AP oup = APpy + APy + APpg + APpc + APy + APgpgs. 1)

In shipboard MG system, due to the change of load and renewable energy sources, the grid
frequency deviation can be stated as (2):

1
Af = —M5+D (APPV + APWTG + APDG + APFC - APAE - APBESS - Bﬂf - APL)' (2)

Here M is the inertia constant with the value of 0.2 and D is the damping constant with the value of 0.12.

3. DESIGN OF THE FUZZY PROPORTIONAL INTEGRAL DERIVATIVE CONTROLLER

The main purpose of the research is to design a controller to stabilize the load frequency for the
shipboard MG system under load changes and uncertainties of renewable energy sources. In fact, PID
technique is quite popular and chosen by many control engineers because it has some advantages such as
good reliability and cost effective. The PID controller [25] is categorized by three constraints: K,,, K, and K;.
Arrogant that K;, and K; are always in the variety [K,min, Kpmax] a0 [Kgmin, Kamax] it is sensible to express
(3) and (4):

K(é = (Kd - Kdmin)/( Kamax — Kamin)» Kz; = (Kp - Kpmin)/( Kpmax - Kpmin)'
Ki =K,/aT, = K;?/("—’Td) 3

Kpmin = 0.32 Ky, Kgpmin = 0.08 Ky, Ty, Kpmax = 0-6 Ky, Kgmax = 0.15 K,,, Ty, (4)
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where T; = aTy, K,,, and T,, are, respectively, the gain and the period of the oscillation at the stability limit
under P-control. PID structure is extended to FPID structure due to its several benefits. The FPID can
enhance its reliability and robustness as compare to PID. The FPID controller uses a fuzzy system to
automatically adjust the parameters K,, K;, K, of the PID controller. The fuzzy system will generate
adjustment values K,;, K;, K;, which are then input into the PID formula to calculate the control signal.
Fuzzy variables of two inputs Af and Af* are negative big (NB), negative medium (NM), zero (ZO),
negative small (NS), positive small (PS), positive big (PB), and positive medium (PM). The fuzzy variables
of the two inputs Ké and K are S, M respectively for small and big, respectively. Fuzzy variables of o are
S, MS, MB, and B correspond small, medium small, medium big, and big. The structure of the FPID
controller is showed in Figure 2(a). In addition, the fuzzy controller premeditated with Af and Af*inputs has
the membership functions offered in Figure 2(b) and Tables 1-3. Figures 3(a) and (b) illustrates the
membership functions of the output scaling factors K, and K; and the coefficient a, respectively. The outputs
of the fuzzy set are K, K, and a.
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Figure 2. Fuzzy system: (a) structure of FPID controller and (b) the membership functions of Af and Af*

Table 1. Fuzzy rule for K, Table 2. Fuzzy rule for K,
Af ar of af
NB NM NS ZO PS PM PB NB NM NS ZO PS PM _PB
NB B B B B B B B NB B B B B B B S
NM S B B B B B S NM B B B B B B S
NS S S B B B S S NS S s B B B S S
20 S S S S S S S Zo s S S S S S S
PS S S B B B S S PS s S B B B S S
PMm S B B B B B S PM B B B B B B S
PB B B B B B B B PB B B B B B B B
Table 3. Fuzzy rule for a
Af ar
NB NM NS ZO PS PM _PB
NB S S S S S S s
NM MS MS MS MS MS MS S
NS M MS MS MS MS MS M
Z0 M M M M M M M
PS M MS MS MS MS MS M
PM MS MS MS MS MS MS MS
PB. S S S s s s s
From (3) and (4), (5) can be deduced:
Kp = (Kpmax - Kpmin)Kp + Kpmin:Ki: Kz?/aTd’ Ky = (Kdmax - Kdmin)Kd + Kamin, (5)

The above factors will be applied when running the PID-like FL controller in dealing with the LFC
of shipboard MG system. The flowchart of the FPID is presented in Figure 4. In the following section,
simulation results and discussions will be offered specifically under different operating conditions.
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Figure 4. Flowchart for proposed FPID method

4, CASE STUDIES AND RESULTS

In this section, the shipboard MG system is assessed based on FPID controller by using the
MATLAB/Simulink software. The feasibility of the suggested FPID controller will be tested through three
scenarios. The shipboard MG system’s parameters are gotten from [24]. The obtained simulation results will
be compared with those of the traditional PID controller and the existing LFC counterparts to prove the high
success and applicability of the anticipated control approach.

4.1. Scenario 1: performance analysis of the suggested controller with multi-step load perturbations

In this scenario, the performance of the suggested method is cautiously inspected considering multi-
step load and the simultaneous perturbations of wind and solar. We examine the load change in a multi-step
form and the power vacillations of PV and the wind turbine in Figure 5. Specifically, Figures 5(a), (b), and (c)
show the step changes of the load, the active power variations of the photovoltaic (PV) source, and the
fluctuating wind turbine power output due to wind speed variations, respectively. The output frequency and
controller output curves are displayed in Figures 6(a) and (b), respectively.
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Figure 5. Power fluctuations: (a) step changes of the load, (b) PV, and (c) wind turbines for first scenario
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Figure 6. Response of the first scenario: (a) the system frequency and (b) controller output amplitude

Remark 1: according to Figure 6(a), the FPID controller attains a lower maximum frequency
deviation (+£0.098 Hz) compared to the PID controller (+£0.105Hz), representing an improvement of
approximately 4-7%. The frequency deviation response shows that the FPID controller achieves faster
settling and significantly reduced oscillations compared to the conventional PID controller. Furthermore, as
shown in Figure 6(b), the FPID significantly reduces the peak controller output signal to approximately
+0.38 p.u., compared to +0.52 p.u. for the PID controller, corresponding to a reduction of about 27%. This
indicates that the FPID controller produces smoother and less oscillatory control signals, enhancing stability
and reducing control effort. Thus, we can see that compared with the TVD-FOPID controller in the case 1 of
paper [24], the proposed FPID controller offers superior transient performance and improved stability.

4.2. Scenario 2: sensitivity analysis of the FPID controller to parameter changes of ship MG system

To examine the robustness of the suggested FPID controller, the uncertainty of the parameters in the
ship MG plant are wide-ranging by some ranges as exposed in Table 4. The multi-step load and distributed
energy resources (wind turbine and PV) have been applied to the ship MG system according to Figure 5,
which is similar to the first scenario. Figures 7(a) and (b) depict the frequency and controller amplitude
responses of the ship MG system, respectively.

Table 4. The changes in the ship MG system parameters [24]
Parameters T, R Tress  Thess H D
Range of variation  +15%  +25% -15% +25% +45% -15%

Remark 2: as depicted in Figure 7(a), both controllers maintain the frequency deviation within a
very slight range under the second scenario. The FPID controller obtains a slightly lower maximum
frequency deviation of approximately +0.0098 Hz compared to +0.0105Hz for the PID controller,
corresponding to an improvement of about 6-7%. This indicate that the FPID controller achieves a faster
settling time and smaller oscillations. In Figure 7(b), the controller amplitude response for the FPID
technique is about +0.072 p.u., whereas for the PID approach it reaches approximately +0.095 p.u.,
representing a reduction of around 24%. This shows that the FPID generates more stable and less oscillatory
control actions. Compared with the case 3 in research [24], this smoother control effort contributes to
enhanced power system stability and reduces unnecessary actuator activity, which is beneficial for long-term
operational reliability.
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4.3. Scenario 3: investigation of the microgrid system under random load variation and complex
disturbance

This is the most complex scenario among the three simulation cases. The load is modeled randomly
with consideration of disturbances. In addition, the random load is inserted into the simulated plant along
with the variation of solar and wind as exposed in Figure 8. Specifically, Figures 8(a) to (c) present the
random step changes of the load, the active power variation of the photovoltaic (PV) unit, and the fluctuating
power of the wind turbine, respectively. The frequency and controller output responses of the ship MG plant
in terms of load disturbances are described in Figures 9(a) and (b), respectively.
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Figure 8. Power fluctuations: (a) step changes of the load, (b) PV, and (c) wind turbines for scenario 3

Remark 3: as illustrated in Figure 9(a), under the third scenario, both controllers maintain the
frequency aberration within +£0.00012 Hz. The FPID controller exhibits a slightly smaller maximum
deviation of about £0.00011 Hz compared to +0.00012 Hz for the PID controller, indicating a marginal
improvement in frequency regulation. In Figure 9(b), the controller output response shows that the FPID
produces slightly less oscillatory control actions during the transient phase, thereby maintaining system
stability while limiting unnecessary control effort. This overall improvement suggests that the FPID provides
enhanced dynamic performance and more stable operation.
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Figure 9. Response of the third scenario: (a) the system frequency and (b) controller output amplitude
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As can be seen in the above simulation results, the anticipated FPID controller in contrast with the
classic PID controller and TVD-FOPID controller [24] has a better response and lower fluctuation and is
more robust to parameter uncertainties and external disturbances. Additionally, for TVD-FOPID method, the
use of fractional and time-varying parameters increases the complexity of the control structure, which may
lead to unstable oscillations. In our paper, the FPID controller is used based on the use of advanced FL with
optimally designed membership functions and a high degree of overlap, which not only produces smoother
law surfaces than TVD-FOPID but also significantly advances plant stability and dynamic reply
characteristics. FPID excels in its ability to intelligently and flexibly adjust PID parameters, which
significantly reduces oscillations, shortens response time, and improves the controller performance at higher
perturbations. The self-tuning ability of FPID with the support of FL ensures superior performance in
maintaining frequency stability and improving system efficiency.

5. CONCLUSION

In this work, the endorsed FPID controller has planned for frequency regulation of the shipboard
MG plant in the presence of load fluctuations, the change of wind and solar power sources as well as energy
storage devices. In order to provide realistic results, the studied FPID controller has been validated on the
three scenarios for the shipboard MG system in which the unpredictability of renewable resources, complex
disturbances of the load, and the uncertainty of the parameters in the ship MG plant have also been taken into
the consideration. The results have confirmed that the suggested FPID controller is more impressive than
other controllers as it results in smaller amplitude and deviation of frequency. Based on the comparision of
obtained results between the traditional PID controller and the advanced FPID controller, it has been seen
that the suggested method has good performance for solving the stabilization problem of frequency in a ship
MG system. Therefore, the proposed technique can contribute to broaden the renewable resource
employment into a shipboard grid plant like isolated electricity systems. In future research, by using sliding
mode control technique, we will reestablish the shipboard electric grid model by integrating grid-forming
inverters together with additional nonlinear components such as saturation effects, switching dynamics, and
load-dependent variations. We will also introduce more realistic system constraints, including operational
limits of generation units, network stability margins, and safety-critical protection mechanisms. However,
incorporating such nonlinearities and constraints is expected to increase the mathematical complexity of the
problem. These enhancements aim to better capture the complex operating conditions of shipboard power
systems and provide a more accurate basis for optimization.
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