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Abstract: Hybrid microgrids run by renewable energy sources are gaining popularity around the world.
Solar (PV) and permanent magnet synchronous generator (PMSG) based wind energy systems (WES) are
well-known and easy to install renewable energy options. Unfortunately, wind speeds and solar irradiance
levels fluctuate unpredictably. Energy generation from both WES and PV panels must therefore fluctuate.
Simultaneously, the load is fluctuating irregularly. Hence, storage devices must be incorporated into
hybrid systems in order to keep the generation and consumption of electricity in equilibrium. In addition,
for a fuel cell and electrolyzer that run on hydrogen, a tiny battery is added into the system to keep costs
down. In order to enhance power quality and reliability, all the components in a microgrid need to be
connected to an effective energy management system. For optimal use, renewable energy sources are
combined with maximum power point trackers. When there are sudden shifts in both the energy supply
and demand on a standalone microgrid, the energy balance and frequency response are crucial. In this
study, a Takagi Sugeno based innovative fuzzy controller is implemented for a system to manage energy
in order to achieve a precious and rapid reaction. The suggested system’s Hardware-In-the-Loop is built
using OPAL-RT modules in order to demonstrate detailed findings.
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1. Introduction

Everywhere in the world, the need for power is rising rapidly. Similarly, the world is searching for ways to
harness non-conventional energy resources to generate electricity in order to meet the demands of users
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and provide reliable power supplies [1]. In many areas, reducing power demand on utility networks can
be accomplished by the installation of renewable energy-based independent microgrids. However, due to
the intermittent behavior of renewable sources [2, 3], electrical power generation through a single source
cannot supply stable power to the system. Therefore, system reliability can be improved by combining
two or more non-conventional energy systems. Solar (PV) and wind energy systems (WES) are the best
renewable energy sources and can be found in most parts of the world. Because of its direct coupling to the
wind turbine, the PMSG is the best generator for moderate power applications [4]. Due to fluctuations in
PV irradiation and wind speed, energy storage devices are essential for ensuring a constant supply.

As a result, batteries are often used with non-conventional energy resources like PV panels and wind
turbines. Unfortunately, batteries have a short lifespan (they need to be replaced frequently) and require
a lot of upkeep, both of which can increase the long-term cost of operation. The use of an electrolyzer
and fuel cell (FC) set for continuous operation in a system with a small enough battery to handle transient
power demands is being studied as a solution to these problems. Since the electrolyzer and the fuel cell
operate at a relatively sluggish rate, a battery is required to keep the electrical power balance in check
and ensure system stability [4]. The system as a whole may be more efficient with such a configuration.
However, a robust coordination controller among all the components in a microgrid must be designed to
maintain optimal energy balance and power quality.

At some fixed point in time, the gains of the PI controller will be adjusted. For this reason, universal
benefits cannot be guaranteed, especially in the case of a microgrid that makes use of variable and
intermittent renewable energy sources, an electrolyzer, a fuel cell, a battery, and a load bank. Therefore,
Takagi Sugeno based fuzzy controllers are developed, which can have the capability of fine-tuning gains
in response to rapid changes happening in the system [5, 6]. Active power can be supplied to loads by
any combination of PV, wind, battery, electrolyzer, and batteries [7, 8], but the bulk of loads will require
reactive power due to their uses. Therefore, the inverter must correct reactive power via the proposed
controller in order to meet load demand. Microgrid frequency is controlled at the point of common coupling
(PCC), which also helps achieve active power balance.

The key objectives of this article are:

• A novel coordinated energy management solution was implemented across all microgrid-connected
devices.

• Battery, FC, and electrolyzer connections in a microgrid create a cost-effective solution.
• For PV and WES with a limited quantity of sensors, maximum power point tracking (MPPT) systems

are implemented.
• TSK-Fuzzy controllers were developed to facilitate quick reactions to unexpected events.
• Two OPAL RT devices were utilized to develop hardware-in-the-loop (HIL).
• The inverter handles both reactive power and frequency compensations.

The research article is structured so that Section 2 reports on the system description as well as an
important literature survey. In Section 3, a brief discussion of the design of the TSK-Fuzzy controller, PV
and wind MPPT, and inverter controllers of the microgrid is presented. Section 4 presents the HIL-based
OPAL-RT results, while Section 5 reports the conclusion.

2. System Description

Systems for generating renewable energy, such as wind and PV power, require MPPT devices with the
proper algorithms. As a result, in this study, we explore the step-up topologies for perturb and observe
(P&O) algorithms based on MPPT devices for both PV and wind systems. Both the step-up topologies
outputs are linked to the DC-link. Charge and discharge currents are controlled by a bidirectional DC-to-DC
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topology between the DC link and the battery. Hydrogen is produced according to the quantity of current
passing over the electrolyzer. Therefore, a buck converter is connected between the electrolyzer and the DC
link in order to boost the current flow. A boost converter is added between the FC and the DC link since the
FC operates at a lower voltage. The FC stores the hydrogen and oxygen produced by the electrolyzer in
the appropriate tank for use when those elements are required for power production. The AC loads are
employed on the DC-link via a three-phase, five-level configuration. To lessen harmonics, an LC filter is
attached between the PCC and the inverter. An overview of the microgrid is shown in Figure 1.

Figure 1. Renewable energy and Battery combined hybrid autonomous microgrid structure.

A few of the authors who have recently published work on similar types of systems are listed here.
However, researchers did not take electrolyzer and fuel cell under consideration when implementing new
methods for synchronized energy management amongst numerous non-conventional energy sources in the
smart grid in Ref [9]. The authors in Ref [10] implemented a synchronization energy supervision system
for a PV based hybrid autonomous energy generation system having a fuel cell and an electrolyzer, but
the system lacks a WES, and the researchers are more concerned with PV system MPPT than PCC power
quality. For an autonomous power generation unit using solar, wind, and batteries, the authors in Ref [11]
proposed a 7-level inverter; however, they did not address fuel cells and electrolyzers. Authors in Ref [12]
presented the use of batteries in standalone solar-wind hybrid structures, yet the structure is DC microgrid
and does not contain an electrolyzer or fuel cell.

The authors in Ref [13] have created a reliable control approach for a hybrid islanding microgrid based
on wind and solar energy, but they have left out the electrolyzer, fuel cell, and energy management systems.
The authors in Ref [14] discussed a grid-interactive hybrid PV and wind power generation system, although
the system is not stand-alone. The authors in Ref [15] created a smart method for energy organization of a
PV, battery and wind based DC microgrid; however, the authors do not consider fuel cells or electrolyzers,
and the system is not an AC microgrid. In Ref [16], authors offered a system for reactive power flow
planning in a hybrid system based on renewable energy sources; nevertheless, the system is deficient in a
fuel cell and an electrolyzer. The TSK-fuzzy controller could not be taken into consideration by the authors
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in [9]- [16] for quick response, and many of the articles did not use multilevel inverters to improve the
voltage profile.

3. Control strategy

3.1. TSK Fuzzy Controller

Due to fixed gains, the PI regulator may not immediately produce an exact reference signal during
abrupt changes. Adjusting the weights and gains in response to system changes, TSK-Fuzzy controllers are
explicable machine learning tools that are both flexible and powerful. As a result, the TSK-Fuzzy model
can reliably produce reference signals despite the presence of stochastic perturbations. ANN learning
algorithms are interfaced with the TSK-Fuzzy regulator to obtain frequent weight updates. Figure 2 depicts
the implemented block diagram of the TSK-Fuzzy system with an ANN interface, and Figure 3 depicts
the weights assigned to each TSK rule. Errors and changes in error rate will be inputs to the system. The
proposed TSK-Fuzzy method is defined as

f1 = p1X1 + q1X2 + r1, (1)

f2 = p2X1 + q2X2 + r2, (2)

Y = W1
n f1 + W2

n f2, (3)

where p1, p2; q1, q2; r1, r2 are constants which are tuned parameters.

Figure 2. Proposed ANN interfaced TSK-Fuzzy structure.

Figure 3. weights of proposed TSK-Fuzzy method.
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In order to get a quick reaction, a trained ANN system can adjust the necessary weights. The
microgrid’s converter controllers can benefit greatly from the TSK-Fuzzy model that has been developed
here. TSK-Fuzzy system may take the error signal of the appropriate controller as input and output the
useful reference e signal.

3.2. MPPT controllers

Both the wind turbine and PV power vs speed and power vs voltage curves exhibit nonlinearity.
Therefore, in order to maximize the potential of both energy sources, it is essential to employ MPPT
converters with controllers. The P&O method proves to be a straightforward implementation for a boost
converter in a PV system. Consequently, a basic boost converter is integrated into the PV system’s
connection to the DC-link. The MPPT controller utilizes the DC-link voltage instead of the voltage across
the PV structure to minimize the number of required voltage sensors. The simplified architecture of the
P&O algorithm for the MPPT controller in the PV arrangement is illustrated in Figure 4. For optimal power
output from the wind turbine, it must operate at a specific speed, necessitating regulation by a converter. As
the wind turbine’s shaft is directly interconnected to the PMSGs, adjusting the PMSG’s speed effectively
controls the rotational velocity of the wind turbine. Three-phase PMSG generation is converted to direct
current (DC) using a controlled rectifier, reducing the number of converters needed. The same rectifier
is employed to regulate the current of the PMSG, ensuring it operates at the optimal speed for maximum
power output, as the turbine speed depends on the current flow or load. Consequently, the DC current
injected into the DC-link from the PMSG serves as a reference for generating 6 pulses (i.e., Sw) using the
P&O algorithm, as depicted in Figure 4. The appropriate controller and P&O method for pulse generation
to a three-phase controlled rectifier are shown. Since the two MPPT converters may produce different
outputs, a diode can be utilized to supply the necessary current to the DC link.

Figure 4. P&O algorithm based MPPT techniques of PV and Wind systems.

The DC-link voltage must be maintained at a constant level. In most cases, DC-link will reflect the
energy imbalance between overall generation (including PV & wind power generation) and load. When
generation exceeds consumption, the DC-link voltage rises, and when the reverse is true, the DC-link
voltage falls. Because of this power disparity between the generator and the load, a battery is linked to the
DC-link via a bidirectional DC–DC configuration to control charging and discharging current. Therefore,
TSK-Fuzzy controller generates the reference battery current (Ibat*) signal by comparing the DC-link
voltage (Vdc) to its reference value (Vdc*). By comparing Ibat* and Ibat, the hysteresis regulator produces
the necessary pulses (i.e., Sb1, 2) for the bidirectional DC – DC configuration. In this study, however, we
focus on the use of a small battery size to react to transients. Therefore, the battery shouldn’t be discharged
as well as charged when in steady state operation. Depending on the imbalance between generation and
consumption, this may be accomplished with a fuel cell or electrolyzer to store the surplus power. Therefore,
pulses for the step-down topology (for electrolyzer) and the step-up topology (for FC) are generated by
comparing the Ibat with zero. If the current drawn from the battery is negative, then the production is



Transactions on Energy Systems and Engineering Applications, 4(2): 521, 2023 6 of 14

greater than the requirement, and if it is positive, then the requirement is greater than the production. By
comparing the zero reference signal to the real battery current, the TSK-Fuzzy system generates the duty
cycle reference signal for the corresponding converters. In contrast to PI, the proposed Fuzzy controller can
immediately account for both negative & positive signs in battery current. Figure 5 shows the corresponding
voltage controller for the DC link. When the steady-state current via the battery drops to zero, the FC
or electrolyzer can take over. The battery can respond instantly to any change in load, despite the slow
dynamics of the electrolyzer and FC.

Figure 5. DC-link voltage regulator.

3.3. Inverter controller

Total harmonic distortion can be decreased when an inverter’s switching technique is based on Space
Vector PWM (SVPWM). In addition, 5-level inverter may be the ideal option for moderate energy
applications that need high-quality power and can benefit from the new SVPWM technique [17]. Therefore,
this article implements an SVPWM technique based five-level H-Bridge converter to supply AC power
to all types of AC loads can be plugged in. Block diagrams of classic 5-level H-Bridge topologies are
illustrated in Figure 6.

Figure 6. Three-phase, five-level H-bridge configuration.

After the DC-link voltage has been stabilized, the PCC voltage can be maintained by altering the inverter.
However, the microgrid’s frequency is also crucial; changes in frequency at PCC might be triggered by
the active power required by the load. This means that the true part of the load current can be calculated
by comparing the reference frequency. Equally, controlling RMS voltage at PCC can compensate for
reactive power. In order to create the necessary voltage levels of DQ component via suitable proposed
fuzzy controllers, one must first get both real and reactive current component reference signals and then
compare these to the real DQ current component. Figure 7 displays the controller diagram in detail for
a 5-level inverter. The SVPWM generator will receive the direct and quadrature axis reference voltage
signals it needs to generate the correct pulse sequences for the inverter. The pulse sequence of a 5-level
configuration is depicted in Figure 8.
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Figure 7. Proposed inverter controller.

Figure 8. Proposed SVPWM for 5-level configuration.

4. Results and Discussion

In this research, real-time simulators (RTS) are used to enhance the system’s performance in a wide
range of scenarios. To get an HIL configuration in the lab, researchers use RTS modules like OPAL-RT
devices. Two OPAL-RT modules are used to set up HIL for testing proposed complicated controllers in
real time. The mass drive train and PMSG parameters are presented in Tables 1 and 2.

The PV array, converters, wind turbine, PMSG, FC, electrolyzer, and AC loads are all dumped into
OPAL-RT module 1. Module 2 of OPAL-RT (hence referred to as "OPAL RT-2") contains a dump of all
controllers. Through the use of data cards, the plant’s analogue signals are transformed to digital and fed
into the controller unit (in this case, the OPAL RT-2). The plant’s converters can be switched on and off
with switching pulses generated by the controller module, which works as intended. Input signals for the
plant will be created using analogue conversion of digital pulses from external data cards. To properly
present the results, they use a laptop computer instead of an oscilloscope. In Figure 9, we can see the
essential HIL configuration, which consists of two OPAL-RT modules. Using the appropriate color coding,
Figure 10 describes the laboratory setup for HIL of the proposed system. The designed parameters of
the PV and fuel cell systems are presented in Tables 3 and 4. The electrolyzer considered parameters are
presented in Table 5.
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Ksh 0.3 p.u./el.rad
Ht 4s
Dt 0.7 p.u.s/el.rad
Hg 0.1Ht

Table 1. Parameters of Two Mass Drive Train.

Rated torque 40 Nm
Number of poles 10
Magnetic flux linkage 0.433 Wb
Rated power 6 kW
Armature resistance (Rs) 0.425Ω
Rated speed 153 rad/s
Stator inductance (Ls) 8.4 mH

Table 2. Parameters of PMSG.

Figure 9. HIL setup with two OPAL-RT modules.

Figure 10. laboratory HIL setup of microgrid with proposed controllers.
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Number of modules connected in series/array 15
Short-circuit current (Isc)/module 8.01
Current at maximum power (Im p p)/module 7.10
Open circuit voltage (Voc)/module 36.90
Voltage at maximum power (Vm p p)/module 30.3
Number of arrays connected in parallel/system 2

Table 3. Parameters of PMSG.

Number of cells in series in stack (N0) 325
Valve molar constant for hydrogen ( [KH ]2 ) 8.43*10-4 (kmol/(s atm)
Ideal standard potential (E0) 1.18V
Faraday’s constant(F) 96487C/kmol
Universal gas constant (R) 8314J/(kmol K)
Valve molar constant for water (KH2O) 2.81*10-4 (kmol/(s atm)
Response time for water flow (H2O) 78.3 s
Constant, Kr=N0/4F 0.842*10-6 kmol/(s A)
Absolute temperature (T) 1273K
Response time for hydrogen flow (H2 ) 26.1 s
Ohmic loss/cell (r) 32813*10-8 Ω
Valve molar constant for oxygen ( KO2 ) 2.52*10-3 (kmol/(s atm)
Response time for oxygen flow (O2 ) 2.91 s

Table 4. Parameters of Fuel Cell.

N 64
A 873 cm2

Vrev 1.1647 V
r1 0.00015 Ω m2

s1 2.427 V
t1 0.214 A−1 m2

r2 -6.019*10−6 m2 0C−1
s2 -0.0307 V 0C−1
t2 -9.870 A−1 m2 0C
s3 3.90*10−4 V 0C−2

t3 119.1 A−1 m2 0C−2

T 70 0C

Table 5. Parameters of Electrolyzer.

4.1. Case-1: Load variations at PCC

In this example study, we retained the overall generation at 9kW and subjected the system to an AC
load variation of 200% at PCC. The following factors, including time and the initial assumption of a 4kW
load at PCC, are taken into account when calculating the final load:

First, at time t=3.0 seconds, an 8 kW 3 phase load was unexpectedly attached.
Second, at t=3.16 seconds, we abruptly cut off 8 kW of 3 phase load.
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Because of the above-mentioned imbalance between generation and load, the frequency at PCC drops
quickly whenever load is attached. The proposed controller quickly and reliably restores the original
frequency (in this case, 50 Hz). When the load was suddenly cut off from the PCC, though, the frequency
there shot up. Frequency response during the two transitions is shown in Figure 11. As can be seen in this
figure, the percentage of variation in frequency is always less than 1%. The frequency of the standalone
microgrid is fully stable thanks to the inverter controller that was proposed. Due to the lack of a power
grid, the frequency of a freestanding system is typically of paramount importance. By keeping the RMS
voltage at the PCC constant, the proposed inverter controller achieves active power balance by keeping the
frequency at its reference value. In addition, the inverter controller’s TSK-Fuzzy controllers get assistance
in achieving a quick response with a small dip/rise in frequency.

Figure 11. Frequency response with 200% load change.

4.2. Case-2: Irradiance, wind speed and load changes

Variations in solar irradiance, wind speed, and load at PCC are used to calculate the performance of
the proposed controllers. This section of the results investigates how the battery, FC, and electrolyzer
performed during these variations. At times t=1.5 and 3.0 sec, variations in solar irradiation and wind
velocity are taken into account. Power output from PMSG cannot drop precipitously in response to a
reduction in wind speed because of the turbine’s two-mass design. In Figure 12, we see all the different
ways in which the electricity in the standalone microgrid can shift. The events depicted in Figure 12 are as
follows:

Figure 12. Simulated powers in autonomous microgrid with changes.
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The assumed beginning load PCC is 1.5kW at 0.5 sec. It is assumed that PV and wind power are
operating at their peak efficiency. Since the generation is larger than the demand, the electrolyzer is using
extra electricity. In this case, the negative power indicates that surplus power is being used up. The load
has doubled from 1.5 kW to 5 kW in 1.0 seconds.

The battery begins discharging instantly, but the generation is still greater than the load. As a result,
electrolyzer power consumption is going down. When the load is suddenly increased, the electrolyzer’s
power fluctuates for a short period of time due to the battery is discharged even when the load is below the
entire power. The solar irradiation drops from 1000 to 700 W/m2 during time t=1.5 seconds.

Since the electrolyzer is slow to respond, the battery is discharging to try to keep the energy balance.
The electrolyzer’s electrical usage is lowered until there is an equilibrium between production and load.

Figure 13. Response of (a) DC-link voltage, (b) modulation indexes, (c) Phase RMS voltages at PCC.

A significant load change occurred at t=2.0 seconds, when the power consumption went from 5kW
to 12.5kW. As a result of the adjustment, the battery is reacting rapidly, and power output is falling short
of demand. As a result, the battery will try to deplete and the electrolyzer will not use any power at all.
However, in order to satisfy load demand, the controller must use FC. Unfortunately, the generation of
electricity via FC takes time. So, as shown in Figure 5, the controller gradually raised the electrolyzer’s
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power output until the battery discharged itself to zero. At t=3.0 seconds, we accounted for the wind’s
decrease from 12 to 5 m/s.

When wind speeds drop, PMSG’s power output falls gradually because of its two-mass drive
arrangement, as shown. During this procedure, FC’s power generation ramps up to prevent a drop
in the power supply.

At time t=4.0 seconds, the load was reduced from 12.5 kW to 7 kW. As soon as there is enough power to
go around, the FC stops producing energy, and the battery and electrolyzer take over from there. The DC-link
voltage, inverter modulation index, and PCC RMS voltage are all s hown in Figure 13(a), (b), and (c),
respectively.

4.3. Case-3: Proposed system response under several changes

Through Fast Fourier Transform (FFT) analysis, we may determine the line voltage and current’s total
harmonic distortion (THD). From what can be seen in Figure 14, the voltage THD is 3.66 percent. Similarly,
Figure 15 depicts the result of obtaining 2.75 percent of the total current. Both of the THD readings are
well within acceptable ranges.

Figure 14. Line voltage %THD.

Figure 15. THD of current.

5. Conclusion

For a freestanding microgrid powered by photovoltaics (PV), wind energy, batteries, fuel cells (FCs),
and electrolyzers, TSK-Fuzzy controllers are used to construct an efficient energy management system.
Proposed controllers are able to obtain a rapid frequency response. All the elements of the microgrid work
together as intended thanks to the well-coordinated energy management system. At PCC, the power quality
is stable across any transition. A 5-level SVPWM H-Bridge configuration is added to the arrangement to
enhance the voltage quality. In the steady-state condition, electrolyzer and FC are supposed to maintain
energy equilibrium between production and utility, while a small battery bank is attached to react for
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transient phases. Systems using this style of design can improve system dependability and efficiency. In
this study, we report HIL results based on OPAL-RT that validate the proposed system in a variety of use
cases.
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