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Abstract: Due to the easiness of setup and great energy efficiency, direct current (DC) microgrids
(MGs) have become more common. Solar photovoltaic (PV) and fuel cell (FC) systems drive the DC
MG. Under varying irradiance and temperature, this work proposes a fuzzy logic controller (FLC)
based maximum power point tracking (MPPT) approach deployed to PV panel and FC generated
boost converter. PV panels must be operated at their maximum power point (MPP) to enhance
efficiency and shorten the system’s payback period. There are different kinds of MPPT approaches
for using PV panels at that moment. Still, the FLC-based MPPT approach was chosen in this study
because it responds instantaneously to environmental changes and is unaffected by circuit parameter
changes. Similarly, this research proposes a better design strategy for FLC systems. It will improve
the system reliability and stability of the response of the system. An FLC evaluates PV and FC via
DC–DC boost converters to obtain this enhanced response time and accuracy.

Keywords: microgrid (MG); fuzzy logic controller (FLC); solar photovoltaic (PV); energy storage
system (ESS); DC-link; maximum power point tracking (MPPT)

1. Introduction

Energy usage on a global scale is gradually increasing. Conventional energy sources
produce greenhouse gases. As a result, non-conventional energy sources like solar PV
were created since they are clean, abundant in nature, cost-effective, and widely used. The
majority of rural populations lack access to safe and reliable energy. Rural electrification
had a comparatively high initial investment cost. Installing DC MGs based on renewable
energy sources (RESs) such as solar PV and FC with ESS [1] is simple and cost-effective.
Due to their ease of interface with distribution generators (DG) without the requirement for
interlinking AC/DC and DC/AC transformation stages and the lack of reactive power and
problematic frequency considerations, DC MGs are becoming increasingly popular in the
current climate. For integrating DGs with DC MGs, DC/DC converters are essential. Buck
converters, boost converters, and buck–boost converters are the three types of DC/DC
converters commonly used. This DC MG also employs bi-directional DC/DC converters to
ensure high dependability and load power delivery.

The study of PV generation technologies has attracted an increasing number of aca-
demics [2,3]. As the DC power generated by PV cells must be transformed into AC power
before being used, an inverter is required. The transformerless inverter is frequently em-
ployed because of its lightweight, small size, and inexpensive cost [4,5]. MPPT is commonly
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performed in the DC–DC section to increase PV system efficiency, and in the DC–AC sec-
tion, DC power is converted to AC power for grid injection. Similarly, ultra-capacitors
are preferred with battery combinations [6,7] because low power density batteries cannot
adjust for rapid power fluctuations. This work uses a fuzzy-based MPPT [8,9] technique
to achieve MPPT [10] of solar PV and FC at the DC-link that includes all hybrid power
(PV–FC) with battery and ultra-capacitor power. A distributed RES, ESS, and DC load
with a voltage source converter connected to the grid is shown in Figure 1. DC MGs
provide several advantages over AC MGs, including increased efficiency, reliability, and
reduced pollution. They do not have to worry about frequency or reactive power, making
connecting to DC micro sources simple.
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DC loads are frequently connected to AC terminals because of the lack of independent
DC supply at the consumer’s site. Multiple conversions emerge from the customization of
AC power with converters for diverse DC load requirements [11]. The conversion losses
and harmonics created by converters are steadily increasing, contaminating the electrical
grid. The average power loss due to these conversion procedures is 10% to 30% [12].

The objective of the intelligent hybrid technique is to improve the system’s reliability
by managing unpredictability, intermittency, and inadequacy of RESs [13,14]. Utilization
and enhancement of RES are among the topics studied in renewable energy research.
Consumption and advancement of renewable energies are among the topics studied in
renewable energy research. PV, wind, FC, biomass, and small-scale hydraulic power
generations give the perfect developing importance in the systems for generating green
energy. An FC, which converts fuel directly into electricity via an electrochemical reac-
tion, is considered among the sustainable new energy sources with the most significant
growth potential.

Electrolysis is used in an electrolyzer in the FC to produce hydrogen gas [15]. Tanks
made of metal hydride are more expensive and bulkier than gas tanks. Still, they are safer
in the event of an accident, which is why they are so crucial for self-governing systems
in isolated locations. This will allow renewable energy to be used in complementing
settings with polybasic power adjustment capacity. The FC’s power output is not constant,
and it varies substantially depending on humidity and ambient temperature. In FC, the
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relationship between voltage and current is non-linear, so there is only one operating point
for an FC system that corresponds to maximum output in a certain condition. The MPP,
on the other hand, varies depending on temperature and membrane water level, making
it difficult to monitor the MPP. During various operational conditions, depending upon
stack current and fuel flow, the MPPT algorithm optimizes fuel usage and tracks the MPP
of an FC.

Hydrogen can be used as a transportation fuel [9] and medium to long-term energy
storage. Hydrogen sub-systems are being integrated with RESs in recent years. An elec-
trolyzer is a device that utilizes electrolysis to create hydrogen. Gas tanks and metal
hydride tanks are still the most prevalent methods for storing hydrogen for RESs [16,17].
Metal hydride tanks need a larger initial expenditure, but the benefits include increased
safety toward accidents, which is crucial for autonomous systems in remote regions. If
hydrogen is to be used as a transportation fuel, a refueling mechanism is required. An
FC is a device that uses hydrogen to generate power. The use of a hydrogen sub-system
provides significant benefits over huge battery banks in the view of energy density and
long-term storage.

The following is a breakdown of the structure of the study. Section 2 provides a full
overview of the DC MG, while Section 3 discusses solar PV and FC mathematical modeling.
The MPPT control technique of FLC to manage the DC bus voltage is explained in Section 4,
and the simulation results are shown in Section 5. Section 6 depicts the conclusion and
future scope of the research.

2. Literature Review

The DC MG [18] is viewed as a promising approach for synchronizing distributed
generators (DGs) because it can handle various loads. For a DC MG having multiple loads,
this research presents a source-side output impedance model and input impedance model
on the load-side. The resulting small-signal impedance models are then put through a
Nyquist principle on reliability analysis to see how load states affect the DC MG system’s
damping performance and reliability constraints.

Zhangjie Liu [19] suggested the presence and reliability equilibrium of a DC MG with
constant power loads (CPLs) and the necessary criteria. The proper requirements for a
system’s stable equilibrium are defined, and a stabilizing strategy is proposed. They show
that the presence of a stationary mapping increases and transforms the issue of non-linear
equations optimally. The adequate requirement is less cautious than the previous results.
By examining the eigenvalue of the Jacobian matrix, this method used the corresponding
linearized model surrounding the equilibrium to determine the locally robust reliability
criteria. These characteristics serve as a design guide for constructing dependable DC MGs.

Mahesh Srinivasan and Alexis Kwansinski [20] show how to build multilayer control
mechanisms for DC MGs using CPLs as a load using a conceptual approach. The issues of
connecting sources with a large voltage range, allowing any power source to be used, are
discussed in this work. There are two levels to the control strategy. Droop-based primary
controllers make up the lower level. This controller allows paralleled sources to share
current and dampens limit cycle oscillations caused by steady power loads. At a higher
level, a secondary controller compensates for voltage variations caused by the primary
controller and controls the MGs voltage. It also keeps the present share that was established
at the preliminary step. The equivalent circuit of converters is used to explain the stability
conditions. Stability conditions for MGs of any size and converter architecture may be
calculated using this method.

Using MPPT algorithms that are more widely used, these study models and evaluates
them [21]. As a result of these algorithms, PV systems can be compared in terms of sensor
count, execution ease, efficiency, and dynamic response to temperature and irradiance
variances. Adaptive neuro-fuzzy interference system (ANFIS) is used to develop a custom
artificial intelligence technique in this paper. The duty cycle of the DC–DC converter
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implemented in the circuit is predicted using solar irradiance and cell temperature. The
recommended method is a fast-tracking algorithm with good accuracy and stability.

There are numerous approaches for achieving MPP, as well as numerous review
publications. However, only a few articles had evaluated these methods from an economic
or practical standpoint. M.A. Danandeh and S.M. Mousavi G [22] provides a review of
MPPT strategies based on a complete and comparatively innovative grouping system,
with a focus on method comparison. The output power obtained by PV panels varies
with variations in temperature and radiation. Under varying temperature and radiation
circumstances, it is critical to maintain the PV panel’s output voltage at the MPP.

An MPPT approach was established by Unal Yilmaz [23], FLC block is for adjusting
the duty cycle of the DC–DC converter’s PWM applied switch (Mosfet). Under varied
atmospheric conditions, the Matlab/Simulink (2019a, The Mathwork, Inc., Natick, MA,
USA) application was utilized to compare the suggested method’s resilience to previous
techniques like Perturb and Observe (P&O), Incremental Conductance (Inc. Cond.), and
FLC approaches. When the test data are examined, it is discovered that the suggested MPPT
approach improves MPP tracking capability while also reducing steady-state oscillations.

Unal Yilmaz [24] makes a case for fuzzy logic. Under fluctuating temperature and
irradiance, the MPPT approach used a boost converter provided from a PV panel. The
buck converter was given PI control to act as a charge controller. The PV’s voltage and
current are non-linear, which are affected by factors such as temperature and irradiation.
Variable climatic circumstances influence the voltage and current of PV panels, as well as
the maximum possible power. PV panels must be operated at MPP to enhance efficiency
and shorten the system’s payback period. Although there are several MPPT methods in the
literature, the FLC MPPT methodology was adopted for this project since it reacts rapidly
to changing environmental conditions and is undisturbed by circuit parameter changes.

Based on the inversion method, this study discusses theory [25] and a new strategy for
fault detection and isolation (FDI) in DC–DC converters. The suggested technique consists
of inversion-based fault estimation and change detection algorithms that have been tailored
to the needs of power converters. Using the inverse model of a switched linear system,
we created a real-time FDI approach that identifies and separates unexpected fluctuations
at unexpected time moments. A smoothing process is implemented to lessen the impact
of unidentified disturbances at the inverse model’s outputs. Once the problem has been
identified, a particular FLC technique has been created for isolating the four categories of
faults: switch, voltage, and current sensor, and capacitor.

MG systems use a variety of energy sources [26], but the most common is PV, which
converts solar radiation into electrical energy. However, the PV system’s usage time is
restricted. Thus it requires a backup energy source to meet the load’s energy requirements
whenever the sun is not shining. Most PV systems employ MPPT, which employs an
algorithm to maximize PV power. The usage of MPPT in a PV system has a good influence
in that it can enhance power efficiency on MG. Still, it can also produce issues like variable
voltage and voltage exceeding the DC bus voltage. As a result, steady voltage control is
required to maintain a constant voltage on the DC bus at a particular step input. As a result,
FLC will be proposed in this research to keep the DC bus voltage constant.

RES has a finite amount of power and is therefore inconvenient. To prevent battery
depletion and maintain the state of charge (SOC) at acceptable levels, battery-based ESS [27]
have constraints in their charging and discharging capacities. The battery regulates the
power imbalance between RES and loads. Yet, in extreme stages at which SOC is low,
load shedding is essential. In this research, an FLC is developed to regulate the power
flow of the PV unit and the battery to fully utilize the available PV power to meet the
load fully. It regulates the PV’s power output and ensures that the battery’s SOC and
charging/discharging power remain within acceptable limits despite load fluctuations.
Whenever the batteries cannot control the MG power flow, load shedding of low priority
loads was also employed.
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Under different dynamic situations, the PV system is proposed in the MG system
with the FC and battery bank [28]. FLC is also recommended for maintaining grid sta-
bility and regulating bus voltage. To establish the effectiveness of the suggested control
mechanisms, the system was validated with multiple dynamic scenarios such as 50%
variations in irradiance, AC and DC loads, overloading conditions, and the battery bank
working whenever the variation in FC is noted. The modeling results suggest that the
recommended fuzzy-based strategy outperforms the proposed energy storage devices in
terms of dynamic performance.

To improve system efficiency and achieve the steady-state of power output, Meng
Hui Wang offers [29] an extended sliding mode controller (ESMC) for MPPT of FCs. In this
research, a 200-watt PEMFC serves as the experimental platform. The ESMC’s tracking
speed is 0.95 s, and the booster efficiency is 94.5 percent, although both are faster than other
standard MPPT systems. A variety of significant technologies for RESs are demonstrated
in this study.

The MG provides power, hydrogen as a transportation fuel, and potable water via
desalination to meet the needs of electricity, transportation, and water. Initially, the equip-
ment was managed and controlled using an ON/OFF strategy. A new approach [30] based
on fuzzy logic was developed and tested through simulation in this paper. The FC, desali-
nation unit, and electrolyzer unit are the instruments being managed. A design tool based
on TRNSYS 16, Matlab, GenOpt 2.0, and TRNOPT was built utilizing the particle swarm
optimization (PSO) approach. Two MGs were built using this tool in order to evaluate the
efficiency of FLEMS with the ON/OFF technique. The results show that FLEMS utilizes the
obtainable amount of energy in the system better and the sizes of the components are, thus,
significantly reduced. The comparative analysis of the literature study is shown in Table 1.
From this comparative analysis, the proposed fuzzy controller produces enhanced response
time and accuracy. It will improve the system reliability and stability of the response of
the system.

Table 1. Comparative analysis of the literature study.

Ref. No. Year of Publication Controller Proposed Contribution of the Work

[10] 2014 ANFIS controller • ANFIS controller shows better accuracy and
fast response.

[19] 2018 Tarski fixed-point theorem
• The presence and stability of equilibrium of DC MGs
with CPLs are investigated, as well as the necessary
circumstances for their existence.

[20] 2020 Droop Control
• This article discusses the challenges of connecting
sources with a wide voltage range, enabling any power
source to be used.

[21] 2016 ANFIS controller • Provides high accuracy, stability, and very
fast tracking.

[23] 2019 FLC • MPP’s tracking capacity has improved, while
steady-state oscillations have decreased.

[24] 2018 Fuzzy logic MPPT with PI
Controller

• Charges the battery with the proper current and
voltage, reducing losses and extending the battery’s
life cycle.

[25] 2020 FLC • Fault detection and isolation in DC–DC power
converter.

3. Mathematical Model of Solar PV and Fuel Cell

For PV and FC, the mathematical equations are developed and created using Mat-
lab/Simulink, as shown below:

3.1. Modelling of Solar PV

PV cells are electrical devices that transform solar energy into electrical power using a
semiconducting semiconductor that exhibits the photovoltaic effect.
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Photovoltaic cells are used to quantify electrical variables such as current, voltage,
and resistance as they change in response to sunlight. The analogous circuit of a solar cell
is shown in Figure 2. When an electron collides with another electron in its bound state,
electron conduction occurs, and these electrons are powered by the base energy generated
by the semiconductor’s bandgap. A diode, a light-generating source, and a resistor are
all linked in parallel in the equivalent circuit of the PV [31,32] modules. The following
Equations (1)–(3) explain the mathematical equations for modeling solar cells.

I = IL − ID

[
exp

(
qV

kbTA

)
− 1

]
(1)

Ish =
[V + (I ∗ Rs)]

Rp
(2)

IL = Irr
[
Isc + ki

(
Top − Tref

)]
(3)

where, IL = load current; ID = diode current; Irr = saturation current at Tref; Isc = short-
circuit current at reference condition; Tref = reference temperature; T = temperature (◦C);
q = electron charge; ki = short-circuit temperature coefficient; Ish = shunt resistance current;
Rsh = Shunt Resistance; kb = open-circuit voltage temperature coefficient.
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3.2. FC Mathematical Model

Proton exchange membrane (PEM) [33–35], catalytic layer (CL), gas diffusion layer
(GDL), gas channel (GC), and current collector (CC) of both anode and cathode make up
the FC. The proton exchange membrane fuel cell is depicted in Figure 3. (PEMFC).

Electronics 2021, 10, 2541 6 of 16 
 

 

3.1. Modelling of Solar PV 
PV cells are electrical devices that transform solar energy into electrical power using 

a semiconducting semiconductor that exhibits the photovoltaic effect. 
Photovoltaic cells are used to quantify electrical variables such as current, voltage, 

and resistance as they change in response to sunlight. The analogous circuit of a solar cell 
is shown in Figure 2. When an electron collides with another electron in its bound state, 
electron conduction occurs, and these electrons are powered by the base energy generated 
by the semiconductor’s bandgap. A diode, a light-generating source, and a resistor are all 
linked in parallel in the equivalent circuit of the PV [31] and [32] modules. The following 
Equations (1)–(3) explain the mathematical equations for modeling solar cells. I = I − I exp qVk TA − 1  (1)

 I = V + (I ∗ R )R   (2)I = I I + k (T − T )   (3)

where, IL = load current; ID = diode current; Irr = saturation current at Tref; Isc = short-circuit 
current at reference condition; Tref = reference temperature; T = temperature (°C); q = elec-
tron charge; ki = short-circuit temperature coefficient; Ish = shunt resistance current; Rsh = 
Shunt Resistance; kb = open-circuit voltage temperature coefficient. 

 
Figure 2. Solar cells equivalent circuit. 

3.2. FC Mathematical Model 
Proton exchange membrane (PEM) [33–35], catalytic layer (CL), gas diffusion layer 

(GDL), gas channel (GC), and current collector (CC) of both anode and cathode make up 
the FC. The proton exchange membrane fuel cell is depicted in Figure 3. (PEMFC). 

 
Figure 3. Schematic illustration of PEMFC. Figure 3. Schematic illustration of PEMFC.

3.2.1. Model Equations of FC

Mass, thermal energy, momentum, species, and charge are included in the FC basic
model. This FC model operates based on five equations. These equations are combined to
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produce an electrochemical process that expresses reaction kinetics and electro-osmotic
drag during the polymer electrolyte process. The equations express the FC model in vector
form as follows.

3.2.2. Continuity Equation

Carbon fiber or carbon cloth is used to make the electrodes in the FC. The reactant gases
are dispersed throughout the CL, and the electrodes are held in place by a porous material.
Equation (4) gives the continuity equation for porosity with the aid of electrodes (ε).(

∂ερ

∂t

)
+∇·(ερU) = 0 (4)

where ∇ = differential operator of a vector, ρ = liquid density, ε = porosity, U = floating
speed vector.

3.2.3. Momentum Conservation

Equation (5) shows the Navier–Stokes equation and is designed for a Newtonian fluid.(
∂(ερU)

∂t

)
+∇·

(
ερU2

)
= −ε∇p + εF +∇·(ετ)− ε

2µU
k

(5)

where ρ = pressure; τ = stress tensor; F = floating mass vector; µ = liquid viscidity degree;
k = permeate ratio of the liquid by porous medium.

4. Fuzzy Logic Controller

The linguistic variables and their ranges are identified using major control factors,
and the FLC [36–39] are then built using these control variables. For the impression to be
formed, a human’s specific mind and knowledge are necessary. The proposed circuit of the
DC MG with FLC is shown in Figure 4. An FLC-based MPPT controller and an FLC rule
viewer and surface viewer for both triangular and trapezoidal membership function (MF)
are depicted in Figures 5 and 6. Consider the input variables error E (k) and change in error
DE (k) while determining the fuzzy MFs (k). As a result of these input signals, linguistic
variables are obtained. Change of control (Duty cycle D (k)) is the output of the fuzzy MF.
With the usage of the intuition technique, a triangle MF was employed to determine the
membership values of E (k) and DE (k) and for the same trapezoidal membership, values
were also determined, which is shown in Figure 7. A triangular type membership function
(MF) is proposed for an individual dominating fuzzy subset to identify any unique input.
Seven fuzzy sets are measured for membership functions. Similarly, this triangular type
MF is compared with trapezoidal type MF for the same input of duty cycle for the DC–DC
boost converter. Table 2 proposes fuzzy rules for the hybrid (PV–FC) system. Figure 8
shows the Simulink model of Fuzzy logic MPPT controller.

Table 2. Rules of the FLC.

E(k)
NB NM NS ZE PS PM PB

∆E(k)

NB ZE ZE NS NM PM PM PB
NM ZE ZE ZE NS PS PM PB
NS ZE ZE ZE ZE PS PM PB
ZE NB NM NM ZE PS PM PB
PS PB NM NM ZE ZE ZE ZE
PM NB NM NM PS ZE ZE ZE
PB NB NM NM PM PS ZE ZE
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5. DC Microgrid Simulink Model

The hybrid DC MG Simulink model using MATLAB includes DC–DC boost converters,
PV, FC, FLC-based MPPT technique, and resistive load. The MATLAB simulation software
was used to create the suggested hybrid DC MG. Figure 9 depicts a MATLAB Simulink
model of a hybrid DC microgrid. In contrast, Figure 10 depicts solar PV irradiance of
1000 W/m2 for t = 1.5 s, 800 W/m2 for t = 2.5 s, and 400 W/m2 for t = 4 s at a constant
temperature of T = 25 ◦C.

The hybrid DC MG in this proposed methodology consists of solar PV and FC with a
boost converter, supercapacitor, and battery with bidirectional converter, as well as all of
the above simulations using FLC-based MPPT.

Figure 11 illustrates solar PV and fuel cell output voltage and current without MPPT.
Hence with the help of FLC (both triangular and trapezoidal MF) the maximum power
is obtained from solar PV and the fuel cell, which is shown in Figures 12 and 13. With
the usage of a bidirectional converter, Figures 14 and 15 demonstrate the voltage output,
current, and SOC of the battery and supercapacitor. Figure 16 shows the output voltage
and current for resistive load. Similarly, Figure 17 gives the better response of the system
and accuracy of the load power with the help of the FLC controller.
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The FLC-based MPPT method yields a number of advantages over existing MPPT
methods. The key benefit of the proposed MPPT method is that it can quickly pick up
rapidly changing external parameters (such as temperature and irradiance level) without
causing intrinsic steady-state oscillations around the MPP. The comparison table for with
and without MPPT of the DC MG is given in Table 3.

Table 3. Comparative analysis for with and without MPPT.

Sources

Voltage (V)

Without MPPT With MPPT
(Triangular MF)

With MPPT
(Trapezoidal MF)

PV 131.8 237.2 210.8
FC 40.08 80.80 78.64

6. Conclusions

An FLC—based MPPT for PV modules and FC is provided in this study. A dc-dc
boost converter is located between the PV module and the load to attain maximum power.
With the aid of the FLC reference model, the duty cycle of the DC–DC boost converter is
changed, allowing the maximum power to be transmitted to the DC bus. The fuzzy MPPT
technique enhances the response time and accuracy of the proposed hybrid DC MG. It
has a higher efficiency, and the results verify the fuzzy MPPT method’s excellent accuracy,
efficacy, and reliability in estimating the behavior of hybrid DC MGs in both grid and
stand-alone applications. In future work, we will look into the feasibility of applying the
necessary control methods to various types of DC–DC converters, as well as controlling a
DC MG with sophisticated DC–DC converter topologies.
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