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Abstract- As an efficient alternative to fossil fuels, renewable energy sources have attained great attention due 

to their sustainable, cost-effective, and environmentally friendly characteristic. However, as a deficiency, 

renewable energy sources have low reliability because of their non-deterministic and stochastic generation 

pattern. The use of hybrid renewable generation systems along with the storage units can mitigate the reliability 

problem. Hence, in this paper, a grid connected hybrid micro-grid is presented, which includes wind and 

photovoltaic resources as the primary power sources and a hydrogen storage system (including fuel cell and 

electrolyzer) as a backup. A new power management strategy is proposed to perform a proper load sharing 

among the micro-grid units. Hybrid (distributed/central) control method is applied for the realization of the 

control objectives such as DC bus voltage regulation, power factor control, synchronous grid connection, and 

power fluctuation suppression. Distributed controllers have the task of fulfilling local control objectives such 

as MPPT implementation and storage unit control. On the other hand, the central control unit is mainly 

responsible for power management in the micro-grid. Performance and effectiveness of the proposed power 

management strategy for the presented micro-grid are verified using a simulation study. 
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1. INTRODUCTION 
The ever-increasing demand for energy, exhaustible 

nature of fossil fuels, and future progress of 

humankind are deriving the society toward the 

development of alternative green energy sources. In 

recent years, various types of renewable energy 

sources are utilized to produce green energy, among 

which  wind  and photovoltaic (PV) energy systems 

are well developed and widely used [1, 2]. However, 

they are highly dependent on the climate change that 

leads to non-deterministic power generation. 

Combining different types of renewable energy 

sources can mitigate the reliability problem [3]. Fuel 

cells (FC) have a great potential to turn into green 

power sources of the future because of the 

characteristics like high efficiency, low 

environmental emissions, high energy density, and 

rapid technological progress [4]. Hybrid renewable 

energy system (HRES) consisting of wind and 

photovoltaic as primary power sources and FC as a 

secondary (backup) source ensures high quality and 

reliable power for costumers [5-9]. In order to have 

more reliable and efficient HRESs, their structures are 

considered with various energy storage systems such 

as battery banks, superconducting magnetic energy 

storage, super capacitors, and hydrogen storage 

systems [10-15].In the last two decades, many hybrid 

systems with wind, PV, and FC units have been 

proposed in the related literature [13,14, 16-18]. 

Hirose et al. presented a standalone hybrid wind-solar 

power generation system by applying dump power 

control [17], which used battery bank and a diesel 

generator for providing continuous energy flow to the 

load. When the battery bank was fully charged and 

renewable power generation exceeded the demand, 

dump load was switched on to prevent the battery 

bank from overcharging, which resulted in improving 

the battery bank's performance and lifetime. 

However, using diesel generator increased the 

environmental emissions due to fossil fuel 

combustion. Moreover, dump loads caused the waste 

of some portion of the generated renewable energy. In 

[13], an overall power management strategy was used 

for an AC-linked standalone hybrid wind-PV-FC 

system to manage the power flow among different 

sources of HRES and storage utilities. Each 

renewable source used a separate DC/AC converter, 

which made the configuration economically 

undesirable. In Ref. [14], power management strategy 

was applied to the wind/PV/FC system in order for 

hydrogen production and, in Ref. [16], the control of 
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FC system mitigated the power fluctuation in hybrid 

wind/PV/FC system. Both [14] and [16] have only 

performed the instantaneous power management. In 

[19], a dynamic power management strategy applied 

for hybrid renewable energy system with flywheel 

storage system. Apart from the type of renewable 

sources, the configuration of HRES had a prominent 

effect on the number of power electronic converters 

used in the system and its overall control strategy. In 

[20], main possible topologies for an isolated and grid 

connected HRES were discussed. Three main 

configurations of HRES could be classified as: AC-

common bus system [21], DC-common bus system 

[21], and system with hybrid DC/AC bus [22]. 

Designing a reliable and efficient HRES depends on 

different aspects of a system such as type of 

renewable and storage systems, power management 

strategy, and system configuration. 

This paper presents a comprehensive study on 

designing, control, and power management of a grid 

connected hybrid (wind/PV/FC) generation system 

considering all the key aspects of HRES design. Wind 

and PV are chosen as the primary sources, because in 

long term consideration, wind and photovoltaic 

systems have  supplementary power profiles [23]. 

Common DC bus topology along with a central 

inverter is used for grid connection. Hybrid control of 

HRES (local and central) is applied to the system. 

Grid connected inverter is controlled using vector 

control scheme [24], which enables the system to 

have a rapid and flexible control on the active and 

reactive power generated by HRES. Finally, a novel 

power management strategy is proposed for handling 

the power flow through different components of 

HRES. The proper performance and effectiveness of 

the proposed HRES and control strategy are verified 

by conducting various simulations in 

MATLAB/SIMULINK. 

2. HRES CONFIGURATION AND UNIT 

MODELING 

2.1. HRES configuration 

Figure 1 shows the configuration of the proposed 

hybrid wind, PV, and FC system. All three sources are 

connected in parallel to a regulated common DC bus 

by means of three individual DC-DC boost converters 

[25]. The topology of regulated common DC bus 

makes it feasible to integrate different types of energy 

sources without any synchronization. The system is 

interfaced to the utility grid through a voltage source 

inverter (VSI) and controlled by sinusoidal pulse 

width modulation (SPWM). Two DC-DC converters 

related to the wind and PV systems are responsible 

for adjusting the operating point of subsystems to get 

maximum available power. On the other hand, the 

grid connected inverter is responsible for DC bus 

voltage regulation and independent control of active 

and reactive power generations of HRES. 

 

2.2. Unit modeling 

The structure of a wind energy conversion system 

(WECS) is illustrated in Fig. 1. The wind turbine 

absorbs wind energy, and permanent magnet 

synchronous generator (PMSG) converts it into 

electrical AC power. Compared with the other types 

of generators, PMSG is highly preferred over wind 

conversion system because of having higher 

reliability and efficiency [26]. Below, a three-phase 

diode rectifier converts the AC power into DC and 

feeds it to the subsequent DC-DC boost converter, 

which is responsible for tracking maximum power 

point (MPP). The mechanical power captured by 

wind turbine is given by [16]: 

 31
. ,

2
wind pP AV C    (1)  

Where,   is air density (kg/m), A is the rotor's 

swept area ( 2m ), and V is wind speed (m/s). Cp is the 

energy conversion efficiency of wind turbine which 

is the function of pitch angle of turbine blades (  ) 

and tip speed ratio  ( tip ). The value of tip speed ratio 

can be calculated by [16]: 

.
tip

wind

r
TSR

V


   (2) 

Where, r and are the radius and rotational speed 

(rad/sec) of wind turbine blades, respectively. Every 

wind turbine has a unique optimal tip speed ratio opt

, which makes the value of Cp maximum. In this 

paper, perturb and observation method (P&O) [27] is 

implemented for the DC-DC converter. This method 

is an iterative solution to find MPP. The algorithm 

perturbs the operating point of the system (for 

example, by increasing or decreasing the duty cycle 

of DC-DC converters) and, then, observes the 

direction of output power changes. If output power is 

increased, the perturbation is resumed in the same 

direction; otherwise, the direction of perturbation will 

change to impel the system's operating point toward 

MPP. 

 
Fig. 1. Block diagram of HRES configuration. 
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2.2.1 Photovoltaic system 

Photovoltaic cells are made of semiconductor 

materials and convert sunlight directly into electrical 

energy. The V-I characteristic equation for a PV cell 

with single diode model can be written as [28]: 

 exp 1PH s
c

s

p

q
I I I V RI

kT

V R I

R



  
     

   




 (3)  

where IPH is the photo current which is mainly the 

function of solar radiation and cell temperature [29]. 

TC is the cell's operating temperature in Kelvin (K), 

which is calculated from the cell's thermal model 

[29]. IS is the diode saturation current, k stands for  

Boltzmann's constant,   is an ideality factor of the 

diode q representing the single electron charge               

( 191.6 10 oC ), and Rp and RS describe the parallel 

and series resistances in PV cell model.   The process 

of generating electrical energy from solar radiation 

has low efficiency; therefore, it should be guaranteed 

that the maximum available power is captured by the 

photovoltaic system, which is done by adjusting the 

operating point of system through the MPPT 

controller as the climate or load change occurs. In this 

paper, the direct incremental conductance (IC) [30, 

31] method is used for MPPT implementation. 

2.2.2 Fuel cell  
Fuel cell is a static device that directly converts 

chemical energy into electrical energy. Compared 

with internal combustion generators, the efficiency of 

FC is high (up to 65 percent), which s because of 

direct energy conversion and presence of no moving 

parts [32]. Although there are many types of FCs, 

proton exchange membrane (PEM) fuel cell is the 

most promising type for hybrid generation system 

applications because of advantages such as high 

efficiency, high energy density, relatively long life, 

adjustability to changes in power demand, low 

working temperature (80-100oC), and fast start up 

[10, 33-35].  

For a PEMFC with N series cells, the output 

voltage can be written as: 

FC cell cell

cell act ohm mass

V N V

N E V V V

 

    
 (4)  

E is the open circuit voltage of fuel cell described 

by Nernst equation [34]. Vact is the activation loss 

related to the energy required by the catalyst to 

commence the chemical reaction [34]. The ohmic loss 

(Vohm), is the voltage drop related to the resistance of 

electrodes and electrolyte. Vmass is the voltage drop 

due to the difficulty in mass transportation at high 

currents. The mathematic description of activation, 

ohmic, and transmission loss can be stated as [34]: 

 

   . 298 . .lnactV a T T b I   
                

(5) 

 0ohm ohm RI RTV R I R K I K T I     
    

(6) 

limit

1
.ln 1

2
mass

RT
V

F I

 
   

                             

(7) 

Where R0, KRI, KRT, ,η, a, and b are empirical 

constants. Ilimit is the minimum current of FC. As can 

be obvious from the aforementioned equations, value 

of cell temperature is needed for FC modeling, which 

should be extracted from the thermal model of the 

fuel cell. In this paper, thermal modeling of FC is 

considered based on the model proposed in [34]. 

2.2.3 Electrolyzer 

FC stack needs pure hydrogen as a fuel to generate 

electric power. Hydrogen cannot be found freely at 

nature and should be generated by molecular 

decomposing which is an energy consuming process. 

An electrolyzer is a popular device to decompose 

water to its constituting elements (hydrogen and 

oxygen) by passing direct current through water [21]. 

The rate of hydrogen generation depends on the 

electrolyzer current; so, an electrolyzer can be 

considered a voltage-sensitive variable DC load. In 

this paper, electrolyzer is simulated based on the 

model developed in [13]. 

3. POWER MANAGEMENT OF HRES 
In order to design system controllers, it is essential to 

comprehend the HRES operation mechanism. The 

main goal of this system is to provide renewable 

energy to the locally connected AC loads while 

suppressing inherent power fluctuations of renewable 

sources. Although the average value of load demand 

is usually known, the instantaneous variation of 

demand and stochastic nature of renewable power 

make it impossible to have balanced generation and 

consumption. It may be assumed that the utility grid 

connected to the HRES can compensate for the power 

mismatch between renewable sources and load 

demand. This issue is true in theory; but, from the 

technical and economic points of view, it is an 

undesirable and somewhat unfeasible solution as 

explained below. The peak value of local load occurs 

at the peak time of the grid, at which the cost of 

energy is usually more expensive than the normal 

loading hours. On the other hand, the lowest demand 

of the local load occurs when the load demand is also 

low in the utility grid. Hence, the utility grid does not 

admit the excess power. Therefore, the surplus energy 

would be directed to the dump load to prevent the 

system from overloading. Wasting the surplus power 

at dump load is not an efficient solution; hence, in this 

paper, hydrogen-based storage system (FC and 

electrolyzer) is used to overcome power fluctuation 

problem in HRES. A power management strategy is 

proposed to control the charging and discharging 

process of hydrogen storage system, and control the 

power exchange between the system and main grid by 
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considering the system net power. The proposed 

power management strategy is depicted in Fig. 2 and 

system net power is calculated as follows: 

net PV wind LoadP P P P    (8) 

When the sum of generated power from renewable 

sources is higher than the load demand, the value of 

Pnet is positive and system works in excess power 

mode (EPM). In this mode, the preference is given to 

store the excess power as hydrogen, which is done by 

an electrolyzer. The algorithm checks the current 

charge level of hydrogen; if the hydrogen storage is 

not fully charged, the electrolyzer will be switched on 

to consume excess power for hydrogen generation. 

The electrolyzer stays on until reaching the full 

charge level or changing the sign of Pnet. At the 

second priority, whenever the excess power is not 

admitted by the storage system (state of full charge), 

power is injected into the main grid by the grid 

connected central inverter. In contrast to EPM, when 

Pnet is negative, the system goes to shortage power 

mode (SPM). In this mode, FC is first switched on to 

compensate for power shortage and stays on until the 

volume of hydrogen reaches below the permitted 

minimum level or the sign of Pnet is changed. At the 

second priority, whenever the FC cannot provide the 

unmet power, local load will be fed from the main 

grid. In brief, the proposed algorithm continually 

controls the power balance status in HRES and, then, 

determines the reference power for backup systems, 

i.e. fuel cell, electrolyzer, and utility grid. 

4. CONTROL OF HRES 
In a micro-grid with various types of energy and 

storage systems, each component should be 

controlled to enhance the system's operational goals. 

In this paper, this issue is done by employing local 

control scheme for each component. For renewable 

sources (wind and PV), the aim of local controller is 

to track MPP in any condition. For the storage system, 

local controller provides the reference power 

extracted from upstream controllers. Ata higher level, 

all the HRES units (sources and converters) have 

interacted relations with each other. Therefore, the 

supervisory or central control unit should acquire data 

from different parts of the system and make proper 

decision to maintain the stable operation of HRES. 

Actually, the main task of central controller is to 

continuously perform the proposed power 

management strategy (Fig. 2) based on the data 

coming from the measurement devices. Fig. 1 shows 

the schematic block diagram of the proposed local 

and central control system.  

4.1 Control of grid side converter 

Grid side converter is a VSI with sinusoidal pulse 

width modulation switching scheme, which controls 

the magnitude and frequency of the output voltage. In 

addition, in this paper, DC bus voltage regulation and 

power factor control of the HRES are executed by 

controlling grid side converter through a vector 

control scheme, which is a desirable method because 

of its fast dynamic response and ability of efficient 

decoupled control of active and reactive power [24]. 

The schematic block diagram of this method is shown 

in Fig. 3. According to this figure, instantaneous 

power equation in abc stationary frame is [36]: 

Where iabc and Vabc are the output currents and 

voltages of the inverter, respectively. Considering the 

voltage drop over the inductors of the passive filter 

(Lf), Vabc can be written as: 

 (10) 

1

2

3

a a a a

b f b f b b

c c c c

V i i V
d

V R i L i V
dt

V i i V

       
       

         
              

 

Where Lf and Rf are the inductors and resistors of the 

three phase passive filters, respectively. Also Va1, Vb1, 

and Vc1 are the inverter output voltages before passive 

filter. 

 
Fig. 2. Flowchart of the proposed power management 

strategy.  

 

Fig. 3. Vector control scheme applied to the grid side 

converter. 

 
t

a b a bc cP t V V V i i i        (9) 
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By employing the park transformation, the 

equations of instantaneous powers in d-q frame are as 

follows:    

(11)  3

2
d d q qP V i V i   

(12)  3

2
d q q dQ V i V i 

    For a balanced three phase signal in abc frame, the 

value of Vq at d-q frame will be equal to zero [36]. 

Therefore, the active and reactive power equations 

are simplified as: 

(13) 
3

2
dP V i  

(14) 
3

2
qQ V i

 
where V  is the magnitude of the inverter output 

voltage. Utilizing the inverter output currents in d-q 

frame makes it possible to control the active and 

reactive power independently. The d-axis current is 

chosen to regulate the DC bus voltage and q-axis 

current controls the reactive power. In this paper, the 

unity power factor is considered for HRES control, 

since the value of iq is set to zero. The phase angle  
is calculated from the three phase grid voltages by a 

phase-locked loop (PLL). 

5. SIMULATION RESULTS 

The SUNPOWER305 solar panel is used as the case 

study in this paper. The simulated P-V characteristic 

curve of the SUNPOWER305 module is shown in 

Fig. 4. 

 

Fig. 4. The p-v characteristic curve of SUNPOWER305. 

Figure 5 shows the P-TSR curves of the WECS. 

Obviously, the value of optimal TSR is independent 

from wind speed. Fig. 6 depicts the variation of Cp in 

terms of the rotor speed changes for different wind 

speeds. 

 
Fig. 5. Power-TSR curves of the simulated wind turbine. 

 

Fig. 6. Cp-rotor speed curves of the wind turbine. 

The V-I and P-I characteristic curves of the 

modeled PEMFC are shown in Figs.7 and 8, 

respectively. The V-I curve of the simulated 

electrolyzer is shown in Fig. 9. Following the model 

validation of HRES components, the overall system 

performance is studied by conducting two different 

simulation scenarios. In the first scenario, the 

behavior of the system for a short period of time 

(several seconds) is observed. The main goal of this 

scenario is to evaluate the system performance in 

fulfilling different control tasks such as DC bus 

voltage regulation, HRES power factor control, and 

MPPT control. In addition, the capability of backup 

units (hydrogen storage system and public grid) for 

suppressing renewable power fluctuations is studied 

by directing two separate simulations. In state one, it 

is assumed that only the public grid should suppress 

all power fluctuations. Instate two, it is considered 

that only the storage system is responsible for 

mitigating power mismatch problem. This situation 

verifies the effectivness of the peoposed hydrogen 

storage system forsupressing the renewable power 

fluctuations. The second senario will study the 

system'sperformance under variable loads for a 24-h 

period. 

Scenario 1: state one 

The hybrid energy system is supposed to provide 

fixed 9 KW power for the connected AC load at unity 

power factor despite wind and solar variations. PV 

array consists of 25 solar panels (5 strings in parallel, 

each including 5 panels in series, 5x5) with the 

nominal capacity of 7625 KW. WECS includes one 

wind turbine with the power curve presented in Fig. 

5. The stochastic insulation and wind speed profile, 

which are applied to the HRES are presented in Fig. 

9. 

The output power of the PV and WECS 

isdepictedinFigs.11 and 12, respectively. Total power 

from renewable sources and constant 9 KW load are 

illustrated in Fig. 13. It can be observed that the value 

of net power is more than the load demand in some 

intervals and less than that in others. Whenever the 

renewable power exceeds 9 KW, the extra power is 

fed to the public grid; therefore, the value of Pgrid is 

positive. Conversely, when there is power shortage in 

the system, power from grid is fed to the HRES to 

meet the 9 KW load; hence, the value of Pgrid is 

negative (the second curve in Fig.13).   
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Fig. 7. Fuel cell V-I curve. 

 
Fig. 8. Fuel cell P-V curve. 

 
Fig. 9. Electrolyzer V-I curve. 

 

Fig. 10. Insulation and wind speed profile versus time. 

 
Fig. 11. Generated power by WECS. 

 

 
Fig. 12. Generated power by PV system. 

Figure 14 shows the profile of active power fed to 

the load during the simulation period. The result 

reveals that the applied control is able to suppress 

renewable power fluctuations and provide fixed 

power to the load. Another objective of the control 

system is to regulate DC bus voltage at 500 volt. Fig. 

15 shows the profile of DC bus voltage during the 

system operation, which is fixed around the 

referenced value with the voltage ripple of less than 

0.5 volt. Therefore, it can be concluded that the vector 

control applied to the grid side converter and the d 

axis current control of the inverter in d-q frame 

efficiently make the voltage balance at DC bus by 

controlling the HRES active power flow.  

 

Fig. 13. Active power exchange between HRES and public 

grid. 

 
Fig.14. Power fed to the load during simulation period. 

 
Fig. 15. Profile of DC bus voltage during simulation period. 

The last objective of the control scheme is to 

maintain the active power at unity power factor by 

setting the value of q axis current (iq) equal to zero 

according to (18). The value of measured iq of the 

inverter is illustrated in Fig. 16. As expected, iq 

follows its reference value and remains at zero in the 

simulation period. Therefore, the value of reactive 

power of the inverter is equal to zero, which is shown 

by plotting the output power of the grid side converter 

in Fig. 17. 
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Fig. 16. Value of iq during the simulation period. 

 
Fig. 17. Active and reactive powers of inverter. 

Scenario 1: state two 

In this state, it is supposed that the storage system 

only handles the excess and shortage power problem 

in HRES.  The accomplishment of the control 

objectives isproved in the pervious section; therefore, 

they are not repeated in this section. Fig.18 shows the 

performance of the hydrogen storage system for the 

same insulation and wind speed profile. When the net 

power of HRES becomes positive, the electrolyzer 

starts to consum excess power by producing hydrogen 

and storing it in thehydrogen tank. Conversely, when 

the net power becomes negative, FC stack begins to 

compensate for the short power by consuming 

hydrogen.  

 
Fig.18. Generated and consumed power by FC and 

electrolyzer. 

Scenario 2: 

The second scenario corresponds to the 

performance of the proposed power management 

strategy for controlling the power flow between the 

different components of HRES. In this scenario, 

relatively long-term simulation is conducted, in 

which a stochastic load profile with the daily average 

of 11 kW and peak value of 19 kW is considered. An 

straightforward method for determining the size of 

renewable energy sources is to consider the energy 

balance between the demand and generated 

renewable energy for certain intervals [13]. It is 

assumed that the annual capacity factor of the 

installed wind and photovoltaic energy systems is 

0.25; then, the size of renewable sources is 

determined by the use of energy balance method 

considering the annual capacity factor. Therefore, a 

wind energy system with the nominal capacity of 25 

kW (for the rated 12 m/s wind speed) and a PV array 

with 15 kW rated power (for STC condition) is 

considered. The nominal capacity of FC stack is 20 

kW; so, it can provide the peak load, even when there 

is no generation from renewable sources. The 

literature review shows that, in an HRES, the amount 

of excess power is usually less than the half of total 

renewable power [37]; hence, an electrolyzer with the 

capacity of 20 kW is chosen. Fig. 19 shows the wind 

speed insulation (G) and load profile over one day 

period. The output power of renewable units for the 

given wind speed and radiation profile is shown in 

Fig. 20. 

 

Fig.19. Profile of the applied insulation, wind speed and 

load. 

In order to survey the performance of the central 

controller, the main outputs of HRES are illustrated 

in Fig. 21. At the beginning of the simulation, the 

value of Pnet is negative which means that the system 

is in SPM mode. Also, the volume of stored hydrogen 

energy is half of its maximum value (40 kwh). 

Therefore, FC stack is on and compensates for the 

shortage power until the hydrogen level reaches its 

minimum value. At this point, FC is switched off and 

public grid is responsible for compensating for the 

short age power, which is shown in the figure by 

negative value. Around 7.5t hrs , total renewable 

power exceeds the load power and the system goes to 

EPM. The primary preference is to convert the excess 

energy into hydrogen fuel by switching on the 

electrolyzer system and store it in the hydrogen tank. 

Around 15t hrs , hydrogen level reaches its 

maximum value and ,from this point on, the excess 

power will be fed to the grid to protect the system 

from overloading. It should be noted that, if the value 

of excess power becomes more than the electrolyzer's 

nominal power, the electrolyzer will be fixed at its 

maximum power and the remaining power will fed to 

the grid. The obtained results revel that the proposed 

power management strategy effectively chases the 

load and generation fluctuations and also properly 

handles the power mismatches in HRES, both in SPM 

and EPM. 
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Fig. 20. PV and WECS generated power

 
Fig.21. Performance of the proposed power management strategy in HRES control.

6. CONCLUSIONS 

In order to survey the performance of the central 

controller, the main outputs of HRES are illustrated 

in Fig. 21. At the beginning of the simulation, the 

value of Pnet is negative which means that the system 

is in SPM mode. Also, the volume of stored hydrogen 

energy is half of its maximum value (40 kwh). 

Therefore, FC stack is on and compensates for the 

shortage power until the hydrogen level reaches its 

minimum value. At this point, FC is switched off and 

public grid is responsible for compensating for the 

short age power, which is shown in the figure by 

negative value. Around 7.5t hrs , total renewable 

power exceeds the load power and the system goes to 

EPM. The primary preference is to convert the excess 

energy into hydrogen fuel by switching on the 

electrolyzer system and store it in the hydrogen tank. 

Around 15t hrs , hydrogen level reaches its 

maximum value and, from this point on, the excess 

power will be fed to the grid to protect the system 

from overloading. It should be noted that, if the value 

of excess power becomes more than the electrolyzer's 

nominal power, the electrolyzer will be fixed at its 

maximum power and the remaining power will fed to 

the grid. The obtained results revel that the proposed 

power management strategy effectively chases the 

load and generation fluctuations and also properly 

handles the power mismatches in HRES, both in SPM 

and EPM. 
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