
 

Industrial Engineering Journal 

ISSN: 0970-2555   

Volume: 54, Issue 1, January:2025 
 

UGC CARE Group-1                                                                                                      157 

DESIGN, REGULATION, AND ENERGY MANAGEMENT OF A HYBRID GRID-

CONNECTED SYSTEM THAT INCORPORATES AN ELECTROLYZER AND FUEL CELL  
 

Kandiboina Ravi Kiran 1, Yoshita Yajjarpurapu 2, Syed Fayaaz Ahamed 3 

 

1 B.Tech, Department Of Electrical And Electronics Engineering, 

Jntu-Gv College Of Engineering Vizianagaram (A) 

Jawaharlal Nehru Technological University Gurajada Vizianagaram 

Vizianagaram - 535003, Andhra Pradesh. 

Email: ravirock20032003@gmail.com 

 
2 B.Tech, Department Of Electrical And Electronics Engineering, 

Jntu-Gv College Of Engineering Vizianagaram (A) 

Jawaharlal Nehru Technological University Gurajada Vizianagaram 

Vizianagaram - 535003, Andhra Pradesh. 

Email: yoshitayajjapurapu18@gmail.com 

 
3 B.Tech, Department Of Electrical And Electronics Engineering, 

Jntu-Gv College Of Engineering Vizianagaram (A) 

Jawaharlal Nehru Technological University Gurajada Vizianagaram 

Vizianagaram - 535003, Andhra Pradesh. 

Email:syedfayaazahamed@gmail.com 

 

 

ABSTRACT 

 

The proposed work addresses the modelling, 

control, energy management and operation of 

hybrid grid connected system with wind-PV-

Battery Energy Storage System (BESS) 

integrated with Fuel Cell (FC) and Electrolyser. 

A hybrid PV-Wind-FC with electrolyser 

consisting of BESS with the least number of 

control loops and converters has been proposed. 

The proposed hybrid system presents a cost-

efficient solution for integrating PV into a 

hybrid system by eliminating the PV converter. 

This includes the design of controllers for grid-

connected hybrid systems with a renewable 

distributed generator (Wind and PV) as a 

primary source, BESS as a secondary source 

and FC with Electrolyser as a tertiary source. In 

addition, the lead compensator along with 

integrator is used for obtaining enough phase 

margin and removing steady state error 

completely. It increases the stability of the 

controller and adds phase shift ϕs at a cross gain 

frequency (ωcut). The Grid Side Controller 

(GSC) can provide frequency support to the 

utility grid, when it is linked to the grid. In the 

proposed configuration, PV power is maximized 

and injected into grid through GSC. Rotor Side 

Converter (RSC) and GSC ensure the support 

for sharing the burden of the grid station. 

Moreover, the proposed controller of BESS with 

coordination of FC eliminates the effect of 

intermittency of power generated from wind and 

PV. Excess power production by renewable 

distribution generation is used by Electrolyser to 

generate hydrogen. This hydrogen is further 

used by FC when there is not enough power 

generation due to unfavourable weather 

conditions. The energy management has been 

presented to fulfil the load profile, avoid BESS 

overcharging and to minimize the intermittency 

and fluctuation of Wind and PV sources. This 
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method guarantees steady power flow and 

service continuity. The Simulink model of the 

proposed system results validate the efficiency 

of the proposed hybrid system as compared to 

the conventional hybrid system reported in the 

literature. The modelling of the proposed system 

and analysis has been demonstrated using the 

MATLAB Simulink model. Lastly, the energy 

management of the system has also been 

examined and compared with the conventional 

power system.  

Keywords: Grid-connected system, energy 

management system, battery energy storage 

system, electrolyser, fuel cell, doubly fed 

induction motor, maximum power point 

tracking.  

1. INTRODUCTION 
 

 Due to the considerations of environment 

condition, applications of renewable energy 

sources (RESs) are more promising; that makes 

environment pollution free. Also, their 

availability is cost free and continuous [1], [2]. 

Numerous RESs consist of photovoltaic system 

(PV), wind turbine system (WT) and micro-

turbines, etc. which are considered as 

components of hybrid energy systems in the 

literature and also demonstrate applications of 

micro-grid [3], [4]. Due to the various seasonal 

and bad weather conditions such as temperature, 

wind speed, solar radiation and also 

geographical conditions, these structures are not 

worked properly. So, the solutions must be 

needed and find out. Hence, energy storage 

systems (ESSs) are suitable for the solution of 

the mitigation of wind effects, solar radiation 

fluctuations and also ESSs uphold the power 

and energy balance. Power quality also 

improves due to ESSs. Due to the fast variations 

of power, ESSs must contain a high power 

density as well as high energy density. So, it is 

required to keep more than one storage system 

for a hybrid energy storage system (HESS) [5]-

[7]. The ESSs and battery banks (BBs) are 

efficiently used in hybrid energy systems 

(HESs). But, lifetime of batteries decreases due 

to the charging and discharging cycles [8], [9]. 

A secondary energy sources is required to 

enhance the supply energy reliability of HESs. 

Hence, a fuel cell (FC) is required to combine 

with the electrolyzer by giving a continuous 

supply to the load [10], [11]. The strategies of 

energy management consist of combination of 

PV, WT and FC comprising with electrolyzer as 

well as battery storage. These are most effective 

practice for quality of higher energy 

requirement. Further, micro-grid comes into 

interface with the distributed generation and for 

the decentralized management, the grid is 

connected with this micro-grid [12]. Now a 

day’s DC loads are increasing in electric 

vehicles, residential, commercial and industrial 

buildings. So, the loads in power system might 

be DC dominated in the subsequent time. If AC 

grid supplies these type of DC loads, then 

AC/DC as well as DC/DC converters are 

required in near future. These converter 

equipments combine with the individual DC or 

AC grid, so the cost is increased as well as 

cause the additional losses. In the meantime the 

overall efficiency is reduced for the particular 

system. Numerous studies and configurations 

have been suggested in [13]-[16] for the 

application of the hybrid energy system. A HES 

normally consists of individual DC grid or AC 

grid that can beat the fact that DC loads connect 
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with the DC grid [17] and AC loads connect 

with the AC grid, also DC or AC grids are 

associated with the bidirectional converter [18].  

From [18], a hybrid system includes PV system, 

WT system as well as FC. So, the hybrid system 

reduced the power electronics equipments such 

as AC/DC or DC/AC converters in the separate 

DC or AC grid applications. Also, FC is 

operated separately without batteries. But, 

robustness, vector control, advantages of WT-

DFIG are not suggested, also their operations 

modes are not considered and further pitch 

angle control is not considered. Amongst other, 

Tamalouzt et al. [19] have discussed a direct 

torque and reactive power control of grid 

connected doubly fed induction generator for 

the wind energy conversion. Tazerart et al. [20] 

have described a direct torque control 

implementation method with losses 

minimization of induction motor for electric 

vehicle applications with high operating life of 

the battery. Bhende et al. [21] have designed a 

permanent magnet synchronous generator-based 

standalone wind energy supply system. Onar et 

al. [22] have described dynamic modeling, 

design and simulation of a wind/fuel cell/ultra-

capacitor-based hybrid power generation 

system. In HES though wind integration looks 

attractive in terms of requirement of active 

power still the cost and control technique are the 

major drawbacks of this technology in addition 

to noisy environment.  

The major contribution of this paper is modeling 

of a new configuration of grid connected HES 

consisting of PV, electrolyzer, storage tank and 

SOFC which are simulated together. 

Particularly, the detailed modeling of hydrogen 

flow from electrolyzer to SOFC through storage 

tank which is not available in the literature has 

also been provided in this paper. Advantage of 

this technology shows the accessibility of grid 

(AC and DC). Hence, hybrid system increases 

power management capability of the grid. This 

paper provides the overall description of the 

proposed methodology. Further, detailed 

modeling and control strategy of each 

equipment of the system is described. A 

supervisory control strategy and also a 

management strategy of the system are 

presented. Finally, the effectiveness of the 

proposed HES is confirmed through the 

simulation under several situations such as 

variation in power demand and various 

meteorological conditions.  

  

2. LITERATURE SURVEY 

 

1. Renewable Energy Systems and 

Storage Challenges 

Renewable energy systems, such as 

photovoltaic (PV) and wind turbine 

systems, have been extensively explored 

due to their environmentally friendly and 

cost-free nature. However, challenges 

like variability due to weather conditions 

necessitate energy storage solutions. 

Energy storage systems (ESS) and 

battery banks are commonly employed 

to balance power but suffer from 

reduced lifespan due to frequent charge-

discharge cycles. To enhance reliability, 

fuel cells (FC) combined with 

electrolyzers are proposed, ensuring 

continuous energy supply and 

environmental benefits. 
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2. Hybrid Energy Systems (HES) in 

Literature 

Numerous studies have focused on 

hybrid systems incorporating various 

combinations of PV, wind turbines, fuel 

cells, and electrolyzers. For instance: 

o Tamalouzt et al. demonstrated 

the performance of WT-DFIG 

integrated with PV and fuel cells. 

o Tazerart et al. explored the direct 

torque control of induction 

motors for EVs, emphasizing 

energy efficiency. 

o Onar et al. detailed wind/fuel 

cell/ultra-capacitor hybrid power 

systems, showcasing their 

dynamic capabilities. 

3. Key Contributions in Hybrid System 

Configurations 

Previous configurations highlighted the 

challenges of integrating multiple energy 

sources: 

o DC and AC grid combinations 

often involve higher costs due to 

the need for converters. 

o Systems with PV, WT, and FCs 

addressed robustness issues but 

lacked a detailed operational 

framework for integrating 

hydrogen storage. 

4. Advances in Modeling and Control 

o PV systems are commonly 

optimized using Maximum 

Power Point Tracking (MPPT) 

for efficiency. However, hybrid 

systems integrate MPPT with 

hydrogen generation through 

electrolyzers to manage excess 

energy effectively. 

o SOFCs have gained attention as 

clean alternatives to batteries. 

Their operation involves 

hydrogen produced by 

electrolyzers, with PID 

controllers ensuring optimal flow 

based on load demands. 

5. Grid Integration of HES 

Many studies underline the importance 

of interfacing hybrid systems with the 

grid to maintain voltage and frequency 

stability. Voltage Source Converters 

(VSC) play a pivotal role in 

synchronizing DC/AC converters for 

seamless grid integration. 

6. Proposed System Contributions 

The paper addresses gaps in previous 

research by: 

o Developing a detailed model for 

hydrogen flow between 

electrolyzers and SOFCs, 

ensuring efficient storage and 

utilization. 

o Implementing advanced power 

management strategies that 

dynamically balance load 

demands under varying 

meteorological conditions. 

o Demonstrating the system's 

effectiveness through 
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MATLAB/Simulink simulations, 

ensuring the proposed system's 

adaptability to real-world 

scenarios. 

Environmental and Economic Benefits 

The proposed HES provides clean, renewable 

energy solutions, reducing reliance on 

conventional batteries and minimizing 

environmental impact. Moreover, the system's 

modularity and efficiency promise cost-effective 

solutions for consumers. 

  

3. PROPOSED SYSTEM 

 
The proposed model is shown in Figure 1. In this 

model the PV system is regulated by the maximum 

power point tracking algorithm (MPPT) and it is 

also interfaced with the boost converter to boost up 

the DC voltage. Then this DC voltage (Vpv_boost) 

is applied to DC/AC converter to convert DC 

voltage to AC voltage. Solar energy depends upon 

the weather conditions; so when the solar radiation is 

weak or it is absence for sometimes, then the SOFC 

comes into interface because integration of the 

system with SOFC makes it more sustainable. 

Further, when power generation is more from Sun 

for a long period, then the electrolyzer takes part to 

consume the excess electric power and generate 

hydrogen. This hydrogen is stored in storage tank in 

compressed manner and further utilized as a fuel of 

the SOFC. Therefore, the power management 

strategy of this HES is developed to minimize the 

effect of daily as well as seasonal variations due to 

the conditions containing climatic and geographical. 

So, RES results a polished output power, also satisfy 

the power requirement. Operating performances of 

HES depend on stability of the voltage of DC bus 

when disturbances/faults occur or when power 

demand fluctuation is rapid. When, voltage 

fluctuations is more, then power converters show 

more power losses and more injection of harmonics 

towards the grid.  

 

Figure 1. Hybrid system connected to grid (Proposed 

Model)  

2.1. Modeling of photovoltaic (PV) system  

Mathematical model of the PV system is shown in 

[15], [16]. The power characteristic of the PV 

system is represented in [2]. To draw out the 

maximum power which is available in PV array, it is 

useful to operate the PV system at MPPT. Maximum 

power point tracking (MPPT) is a process where PV 

array, inverters which are connected to grid and 

other similar devices are employed to extract the 

maximum amount power. Hence, the PV module is 

designed with the help up MATLAB/SIMULINK by 

considering the following Equation (1). Also Table 1 

contains specifications of the photovoltaic (PV) 

array.  

 

Parameters considered to design the PV system such 

as I0 is the reverse saturation current of PV cell in 

[A], ISC is the short-circuit PV cell current in [A], 

IPV/Iph is the output current of PV cell in [A], k is 

the boltzmann’s constant in [J/oK], a is the 

completion or ideality factor, q is the electron charge 

in [C], RP is the PV cell containing parallel 

resistance in [Ω], RS is the PV cell containing series 

resistance in [Ω], NS is the no. of series cells in a 

string of the PV cell, NP is the No. of parallel 

strings, T is the temperature of the PV cell in [K], 

VPV is the PV cell terminal voltage in volt in 

[V],VMP is the voltage related to maximum power 
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of the PV cell in [V],VOC is the PV cell open-circuit 

voltage in volt in [V].  

Table 1 Specifications of Photovoltaic (PV) array  

 

2.2. Modeling of electrolyzer  

Electrolyzer is used to decompose the water (H2O) 

into two elements, first one is hydrogen and another 

one is oxygen by circulating the electric current in 

the electrolyzer containing two separate electrodes. 

The process is called electrolytic process or 

electrolysis [11].  

The electrolysis equation of water is shown below:  

 

Parameters used for modeling of an electrolyzer are 

ie is the current of an electrolyzer in [A], nc is the 

no. of series connected electrolyzer cells, nH2 is the 

amount of hydrogen generated in moles per second 

in [mol s−1], F is the faraday constant in [C 

kmol−1],ηF is the Faraday efficiency.  

Electrical current is directly related to the rate of 

production of hydrogen of the electrolyzer as shown 

in Faraday’s law given below [22].  

 

The ratio of the actual amount of hydrogen 

generated by the electrolyzer to the theoretical value 

is represented as Faraday efficiency.  

 

From the Equations (3) and (4), an electrolyzer 

model is designed through the help of Simulink that 

is shown in Figure 2.  

 

Figure 2. A brief model of electrolyzer using 

Simulink  

2.3. Modeling of storage tank  

Hydrogen is produced by the electrolyzer, then this 

generated hydrogen acts as fuel of the SOFC. 

According to the output power, SOFC consumed the 

required amount of hydrogen. The difference 

between the generated hydrogen and required 

amount of hydrogen is stored in the storage tank in 

storage tank.  

In the hydrogen storage tank, the hydrogen is stored 

in compressed liquid or gaseous form. The hydrogen 

storage tank is designed according to the Equation 

(5) and tank pressure is directly calculated by 

considering the difference amount of hydrogen flow 

to the storage tank [22]. Figure 3 shows the brief 

model of hydrogen storage tank using Simulink.  

 

Parameters used for modeling of the storage tank 

such as Z is the pressure compressibility factor, NH2 

is the amount of hydrogen stored in the storage tank 

in moles per second in [kmol s−1], MH2 is the 

hydrogen molar mass in [kg kmol−1], Tb is the 

operating temperature in [oK], Pbi is the storage 

tank pressure at initial stage, Pb in storage tank 

pressure, R is the rydberg/Universal gas constant in 

[J (kmol oK) −1], Vb is the storage tank volume in 

[m3].  
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Figure 3. A brief model of hydrogen storage tank 

using Simulink  

4. RESULTS 

 

In this paper, the FC and Electrolyser have been 

added to WTG-DFIG, PV and BESS systems 

connected in a hybrid grid system. The hybrid 

grid-connected system has been implemented 

and power management for the proposed system 

is performed in the Simulink environment of 

MATLAB. The entire system was simulated 

under different environmental conditions and 

variable loads. This emphasizes the impacts of 

this hybrid system on the efficiency and quality 

of the injected and/or necessary energy. 

 
FIGURE 60. Solar Irradiance (W/m2).  

The capacity of the DFIG is taken as 2 MW 

along with the solar system that has a capacity 

more than GSC rating. Generally, GSC and 

RSC ratings are supposed to be 24% to 31% of 

the rating of the generator. Thus, GSC and RSC 

ratings are taken as 340 kVA and 250 kVA, 

respectively. Contrarily, the PV system rating is 

taken as 1.1 MW. To emphasize the benefits of 

chosen system, the capacity of the system is 

considerably taken larger than its GSC rating. A 

100-Ah BESS is connected to this system to 

protect the GSC from overloads. FC of 50 kW 

and 625 V with an electrolyser of 35V is added 

to the system. The DFIG, WT and GSC 

parameters are given in Table 1.  

The proposed system is simulated under various 

scenarios and the results are provided and 

analysed in this section. Solar irradiance is 

considered to vary across a day as shown in Fig. 

60.  

The PV system is protected by using diode (D1) 

and circuit breaker (SP). The circuit breaker is 

initiated at t = 0. Till t = 2 sec, solar irradiance 

is 0 W/m 2, then it changes to 500 W/m 2 

during t = 2sec to 3 sec, 1000 W/m 2 during 3 to 

8 sec and come back to 500 W/m 2 for rest of 

the time. PV power depends upon the solar 

irradiance. Fig. 61 shows the PV array type 

current and power at MPPT. The PV, BESS,  

TABLE 1. DFIG, Wind turbine and GSC 

parameters.  
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FIGURE 61. Current and Power at MPPT for 

array type (temperature variation).  

FC and Electrolyser design parameters have 

been given in Table 2.  

PV generation during 3 to 8 sec is maximum 

and achieved its maximum power of 1.1 MW 

while operating at MPP. During this internal, 

PV is supposed to infuse energy into the bus 

(DC). At this stage, power from the PV and the 

rotor goes to GSC. This huge power should be 

utilized well to avoid GSC overheating. The 

output power of PV for the proposed system is 

presented in Fig. 62. Therefore, BESS continues 

to start charging and absorb the extra power 

until  

 
FIGURE 62. PV power (MW).  

 
FIGURE 63. DC Bus Voltage (V).  

its SOC goes greater than 80%. After 8 sec, 

solar irradiance drops due to which power 

generation from the PV goes down, BESS 

released stored energy to DC link in low solar 

irradiance condition. DC link waveform has 

been illustrated in Fig. 63. Before the operation 

of PV power generation, some initial transients 

occur but soon DC link voltage maintains at the 

value of 1000 V due to the BESS power supply. 

Between 3 to 8 sec, DC link voltage achieves its 

reference level of 1158 V due to injection of 

power by PV.  

The charging and discharging behaviour of 

BESS when PNET is positive at the DC link, 

has been demonstrated. Fig. 64 shows the BESS 

power when the DC link is not getting surplus 

power from PV. It depicts that BESS is fully 

discharged between 1 to 2 sec and after 8 sec. 

Negative power shows the charging behaviour 

of BESS when PV generation track MPP power 

between 3 to 8 sec. BESS SoC is limited 

between 20% and 80%. AT SoC ≥ 80%, the 
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purpose of BESS at this stage is to discharge the 

power to the DC link until its SoC comes to 

20%. During the initial transient behaviour of 

the system, the BESS is charged. During the 

second phase, the BESS started discharging till 

3 sec to support the power at the DC link and it 

gets charged when enough power from the PV 

side ensures the power demand at the DC link.  

When BESS is charged at 80% and there is still 

excess power at the DC link, Electrolyser starts 

dissipating power to produce and stored H2 in 

the hydrogen tank. When BESS is at 20%, FC 

gets connected to ensure system stability and 

service continuity. FC then used the stored H2 

from the hydrogen  

TABLE 2. PV, BESS, FC, and Electrolyser 

design parameters.  

 

 
FIGURE 64. BESS discharging power (kW).  

 

FIGURE 65. H2 production (litre).  

tank to generate power for the supply to the DC 

link. Figs. 65 and 66 show the H2 production 

and storage in hydrogen tank during charging 

phase of BESS. Fig. 67 illustrated H2 usage by 

Fuel Cell in discharging phase of BESS when 

SoC came down to 20%. Similarly, H2 

production by Electrolyser and consumption by 

FC when BESS starts charging are shown in 

Figs. 68 and 69.  

The plots of the rotor powers (Active Pr) and 

the (Reactive Qr) are presented in Figs. 70 and 

71. In the sub synchronous span, both powers 

are positive and these powers are being drawn 

from the RSC while in the super synchronous 

span, when both powers are negative, it supplies 

power to the DC links. Figs. 72 and 73 illustrate 

the behaviour of stator active and reactive 

powers respectively. Reactive power is 

negligible, equals to zero and the active power 

is positive and delivered to the grid.  

 
FIGURE 66. H2 storage (litre).  

 
FIGURE 67. H2 storage (litre) used in 

discharging case of BESS.  
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FIGURE 68. H2 production (litre) in charging 

state of BESS  

 
FIGURE 69. H2 consumption (Charging case).  

 
FIGURE 70. Rotor (Pr) power (W).  

 
FIGURE 71. Rotor (Qr power (W).  

 
FIGURE 72. Stator (Ps) power (W).  

 
FIGURE 73. Stator (Qs) power (W).  

 
Fig. 74 shows the GSC power waveform. Its 

value is smaller than its rated value in sub-

synchronous mode when PV irradiance or wind 

velocities are low. However, for proper control 

of BESS and GSC, its value is kept near to the 

value which is rated. The performance of this 

grid voltage is represented in Fig. 75. The main 

objective of the proposed system is to keep the 

system and its voltage stable, thus the zoom-in 

also shows the stable AC grid voltage. 

 
FIGURE 75. Grid Voltage (V).  

 
FIGURE 76. Comparative analysis of proposed 

hybrid and conventional power system.  
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Fig. 76 shows the output power response of the 

proposed hybrid system and the conventional 

system. In the proposed design fuel cell and PV 

contribute to achieving the reference target by 

meeting the energy 

 

5. CONCLUSION 

 

5.1 CONCLUSION 

In this paper, FC and Electrolyser as an energy 

source have been added to the PV-DFIG and 

BESS hybrid grid connected system with the 

least number of converter and control loops is 

proposed. The characteristics of all system 

components and main configuration of the 

proposed system are explained. This paper 

includes the design of controllers for grid-

connected hybrid systems with renewable 

distributed generators (Wind and PV) as a 

primary source, BESS as a secondary source 

and FC with Electrolyser as a tertiary source. 

The proposed hybrid system presents a cost-

efficient solution for integrating PV into a 

hybrid system by eliminating the converter of 

the PV. The system that is being proposed is 

controlled by introducing power management 

for better power sharing between proposed 

sources. PV power is maximized and injected 

into the grid through GSC. BESS with 

coordination of FC and Electrolyser eliminates 

the effect of intermittency of power generated 

from wind and PV. Excess power production by 

renewable distribution generation is used by 

Electrolyser to generate hydrogen. This 

hydrogen is further used by FC when there is 

not enough power generation due to 

unfavourable weather conditions. The power 

management is presented to fulfil the load 

profile, avoid BESS overcharging and to 

minimize the intermittency and fluctuation of 

Wind and PV sources. This method guarantees a 

steady power flow and service continuity. 

Significant improvement has been observed by 

introducing FC with Electrolyser to the 

Wind/PV/BESS-based hybrid grid connected 

system. Better power management, DC link 

voltage tracking and MPP of PV power from the 

GSC side have been observed.  

This work can be further improved by 

introducing non-linear controllers to better cater 

nonlinearities presented in Wind, Fuel Cell, 

Electrolyser and BESS for the proposed hybrid 

grid-connected system. Moreover, an Artificial 

intelligence-based algorithm can be 

implemented for Energy Management  
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