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Abstract— Integrating photovoltaic source with fuel cells, 

as a torage device replacing the conventional huge batteries 

or super storage capacitors, leads to a non-polluting 

reliable energy source and reduces the total maintenance 

costs. This work is based on a hybrid system where a 

combination of a Photovoltaic (PV) array and a Proton 

exchange membrane fuel cell (PEMFC) are connected.  

The major problem with PV array  is that its output highly 

depends upon solar insolation and temperature hence even 

with maximum power point tracking technique  it is still a 

unreliable and uncontrollable energy source. Whereas with 

the combination of PEMFC with solar PV array, the 

hybrid system output power can be made controllable. 

This work suggests the use of two operation modes namely, 

the unit-power control mode(UPCM) and the feeder-flow 

control mode (FFCM), that can be applied to the hybrid 

system. Hence the coordination of the PV array and the 

PEMFC in the hybrid system, as well as the determination 

of reference parameters are presented. A new strategy with 

a flexible operation mode which operates the PV array at 

maximum output power and the PEMFC in its high 

efficiency results in improving the performance of system 

operation, en-hancing system stability and decreasing the 

number of operating mode changes. The complete matlab 

simulation of this work is presented with easily 

interpretable waveforms and required results. 

Index Terms—Distributed generation, fuel cell, hybrid 

system, microgrid, photovoltaic, power management. 

I. INTRODUCTION 

Small modular generation technologies interconnected 

to Low-Voltage (LV) distribution systems have the 

potential to form a new type of power system, the 

Micro-grid. Micro-scale Distributed Generators (DGs), 

or micro sources, are being considered increasingly to 

provide electricity for the expanding energy demands in 

the network. The concept of smart grid started with the 

notion of advanced metering infrastructure to improve 

demand-side management, energy efficiency, and a self-

healing electrical grid to improve supply reliability and 

respond to natural disasters or malicious sabotage. Here, 

this paper discusses a hybrid photovoltaic and fuel cell 

generating system. The photovoltaic is used as primary 

energy source, while the fuel cell is used as secondary or 

back-up energy source. The control principle applied to 

track maximum power point of the photovoltaic system 

is without sensing the irradiance level and temperature.  

The fuel cell is also controlled using a dc-dc converter to 

supply the deficit power when the primary energy 

sources cannot meet the load demandThe disadvantage 

of PV energy is that the PV output power de-pends on 

weather conditions and cell temperature, making it an 

uncontrollable source. Furthermore, it is not available 

during the night. This paper presents a hybrid solar PV 

and Proton Exchange Membrane (PEM) FC generating 

system [1],[2]. The PV is used as primary energy 

sources, while the FC is used as secondary or back-up 

energy source.  

The FC is added to the system for the purpose of 

ensuring continuous load power flow. Each system is 

combined with its individual dc–dc boost converter to 

control each of the two sources independently. 

The hybrid system can either be connected to the main 

grid or work autonomously with respect to the grid-

connected mode or islanded mode, respectively. In the 

grid-connected mode, the hybrid source is connected to 

the main grid at the point of common coupling (PCC) to 

deliver power to the load. When load demand changes, 

the power supplied by the main grid and hybrid system 

must be properly changed. The power delivered from the 

main grid and PV array as well as PEMFC must be co-

ordinated to meet load demand. The hybrid source has 

two control modes: 1) unit-power control mode (UPCM) 

mode and feeder-flow control mode (FFCM) mode. In 

the UPCM, variations of load demand are compensated 

by the main grid because the hybrid source output is 

regulated to reference power. Therefore, the reference 

value of the hybrid source output Pref must be 

determined. In the FFCM , the feeder flow is regulated 

to a constant, the extra load demand is picked up by the 

hybrid source, and, hence, the feeder reference power 

Pref must be known. The proposed operating strategy is 

to coordinate the two control modes and determine the 

reference values of the UPCM and FFCM so that all 

constraints are satisfied. This operating strategy will 

minimize the number of operating mode changes, 

improves performance of the system and improves its 

stability. 

II. STRUCTURE DESCRIPTION 

A. Grid-Connected Hybrid Power System-Description  

The system shown in fig. 1 consists of a PV-FC hybrid 

source with the main grid connecting to loads at the 

PCC. The photovoltaic and the PEMFC  are modelled as 

nonlinear voltage sources. These sources are connected 

to dc–dc converters which are coupled at the dc side of a 
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dc/ac inverter. The dc/dc connected to the PV array 

works as an MPPT controller. Many MPPT algorithms 

have been proposed in the literature, such as incremental 

conductance (INC), constant voltage (CV), and 

perturbation and observation (P&O). The P&O method 

has been widely used because of its simple feedback 

structure and fewer measured parameters. As PV voltage 

and current are determined, the power is calculated. At 

the maximum power point, the derivative dp/dv is equal 

to zero. The maximum power point can be achieved by 

changing the reference voltage by the amount of 
refV . 

B. Solar Photovoltaic Model 

The mathematical model can be expressed as 

         }1)](/{exp[  ssatph IRVAKTqIII  (1) 

Equation (1) shows that the output characteristic of a 

solar cell is which is not only nonlinear but also  vitally 

affected by solar radiation, temperature, and load 

condition also on weather conditions. Photocurrent Iph is 

directly proportional to solar radiation. Thus, depends on 

solar irradiance and cell temperature and also can be 

mathematically expressed for the sake of deriving 

suitable model for the simulation or even for real time 

applications.   

 

Fig. 1 Block diagram of the hybrid system connected to 

grid 

C. Permeable Membrane Fuel Cell  

The PEMFC steady-state feature of a PEMFC source is 

as-  sessed by means of a polarization curve, which 

shows the non-linear relationship between the voltage 

and current density. The PEMFC output voltage is as 

follows [5]: 

                             

(2) 

Where is the “thermodynamic potential” of Nerst, which 

represents the reversible (or open-circuit) voltage of the 

fuel cell Activation voltage drop Vact is given in the 

TAFEL equation as where  are the constant terms in 

the TAFEL equation (in volts per Kelvin)  

                            )]ln([ IbaTVact   (3) 

The overall ohmic voltage drop Vohm can be expressed 

as  

                                 ohmohm IRV    (4) 

The ohmic resistance ROhm of PEMFC consists of the 

resistance of the polymer membrane and electrodes, and 

the resistances of the electrodes. The concentration 

voltage drop Vconc  is expressed as 

             )/1ln(/ limitconc IIzFRTV   (5) 

D. MPPT Control 

The two algorithms often used to achieve maximum 

power point tracking are the P&O and INC methods[7].  

In order to achieve maximum power, two different 

applied control methods that are often chosen are 

voltage-feedback control and power-feedback control 

[8], [9]. The P&O MPPT algorithm with a power-

feedback control [9],[10]. As PV voltage and current are 

deter-mined, the power is calculated. At the maximum 

power point, the derivative ( ) is equal to zero. The 

maximum power point can be achieved by changing the 

reference voltage by the amount of .  

The PWM generates a gate signal to control the buck-

boost converter and, thus, maximum power is tracked 

and delivered to the ac side via a dc/ac inverter. 

III. CONTROL STARTEGY 

The control modes in the microgrid include unit power 

control model and feeder flow control mode. These two 

control modes were proposed by Lasserter [12]. 

In the UPCM mode, the distributed Generation sources 

regulate the voltage magnitude at the connection point . 

In this mode if a load increases anywhere in the 

microgrid, the extra power comes from the grid, since 

the hybrid source regulates to a constant power. In the 

FFCM mode, the DGs regulate the voltage magnitude at 

the connection point and the power that is flowing in the 

feeder at connection point Pfeed. With this control mode, 

extra load demands are picked up by the DGs, which 

maintain a constant load from the utility viewpoint, In 

other words, the mixed control mode is a coordination of 

the UPC mode and the FFC mode. 

Both of these concepts were considered in [13]–[16]. In 

this paper, a coordination of the UPCM mode and the 

FFCM  mode was investigated to determine when each 

of the two control modes was applied and to determine a 

reference value for each mode. Moreover, in the hybrid 

system, the PV and PEMFC sources have their 

constraints. Therefore, the reference power must be set 

at an appropriate value so that the constraints of these 

sources are satisfied. The proposed operation strategy 

presented in the next section is also based on the 

minimization of mode change. This proposed operating 

strategy will be able to improve performance of the 

system’s operation and enhance system stability. 

IV. OPERATING STRATEGY 

As mentioned before, the purpose of the operating 

algorithm is to determine the control mode of the hybrid 

concohmactNerstout VVVEV 
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source and the reference value for each control mode so 

that the PV is able to work at maximum output power 

and the constraints max
, F

up

FC

low

FC andPPP  are 

fulfilled. Once the constraints are known, the control 

mode of the hybrid source (UPC mode and FFC mode) 

depends on load variations and the PV output. The 

control mode is decided by the algorithm. In the UPC 

mode, the reference output power of the hybrid source 

depends on the PV output and the constraints of the FC 

output 

 

Fig 2. Operating strategy in UPCM 

A. Operating Strategy for the Hybrid System in the 

UPCM 

In this section, the algorithm presented as shown in fig 2 

determines the hybrid source works in the UPC mode. 

This algorithm allows the PV to work at its maximum 

power point, and the FC to work within its high 

efficiency band. In the UPC mode, the hybrid 

source ref

MSP    regulates the output to the reference 

value. Then 

ref

MSFCPV PPP      (6) 

Equation (6)  shows that the variations of the PV output 

will be compensated for by the FC power and, thus, the 

total power will be regulated to the reference value.  

However, the FC output must satisfy its constraints and, 

hence, ref

MSP must set at an appropriate value. Fig.2 

shows the operation strategy of the hybrid source in 

UPC mode to determine ref

MSP  . The algorithm 

includes two areas: Area 1 and Area 2. In Area 1, 
PVP is 

less than 
1PVP  , and then the reference Power ref

MSP 1
 

is set at up

FC
P   where 

                              
up

FC

ref

MS

low

FC

up

FCPV

PP

PPP





1

1
         (7),(8)   

If PV output is zero, then  PFC deduces to be equal to  
up

FCP . If the PV output increases to 1PVP , we obtain 

PFC equal to low

FCP  . In other words, when the PV 

output varies from zero to
1PVP , the FC output will 

change from 
up

FCP  to low

FCP . As a result, the 

constraints for the FC output always reach Area 1. It is 

noted that the reference power of the hybrid source 

during the UPC mode is fixed at a constant up

FCP  . Area 

2 is for the case in which PV output power is greater 

than 
1PVP  . As examined earlier, when the PV output 

increases to
1PVP , the FC output will decrease to its 

lower limit low

FCP . If PV output keeps increasing, the 

FC output will decrease below its limit low

FCP  .  

In this case, to operate the PV at its maximum power 

point and the FC within its limit, the reference power 

must be increased. As depicted in Fig. 2 if PV output is 

larger than 
1PVP  , the reference power will be increased 

by the amount of  
MSP  , and we obtain 

                          MS

ref

MS

ref

MS PPP  12  (9) 

Similarly, if PVP   is greater than 2PVP  , the FC output 

becomes less than its lower limit and the reference 

power will be thus increased by the amount of 
MSP  . 

In other words, the reference power remains unchanged 

and equal to ref

MSP 2
 if is less than 

2PVP  and greater 

than 1PVP  .Where,                 

MSPVPV PPP  12   (10) 

However, C should be small enough so that the 

frequency does not change over its limits 5%). In order 

to improve the performance of the algorithm, a 

hysteresis is included in the simulation model. The 

hysteresis is used to prevent oscillation of the setting 

value of the hybrid system reference power . At the 

boundary of change in , the reference value will be 

changed continuously due to the oscillations in PV 

maximum power tracking. To avoid the oscillations 

around the boundary, a hysteresis is included and its 

control scheme to control. 

V. OVERALL OPERATING STRATEGY 

In the aforementioned subsection, a method to determine 

in the UPCM mode is proposed. In this subsection, an 

operating strategy is presented to coordinate the two 

control modes.  
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The purpose of the algorithm is to decide when each 

control mode is applied and to determine the reference 

value of the feeder flow when the FFC mode is used. 

This operating strategy must enable the PV to work at its 

maximum power point, FC output, and feeder flow to 

satisfy their constraints. If the hybrid source works in 

the UPC mode, the hybrid output is regulated to a 

reference value and the variations in load are matched 

by feeder power. With the reference power proposed in 

Subsection A, the constraints of FC and PV are always 

satisfied. Therefore, only the constraint of feeder flow is 

considered.  

On the other hand, when the hybrid works in the FFC 

mode, the feeder flow is controlled to a reference value 

and, thus, the hybrid source will compensate for the load 

variations. In this case, all constraints must be 

considered in the operating algorithm. Based on those 

analyses, the operating strategy of the system is 

proposed as demonstrated in Fig.2.7. The operation 

algorithm in Fig. 2.6 involves two areas (Area I and 

Area II) and the control mode depends on the load 

power. If load is in Area I, the UPC mode is selected. 

Otherwise, the FFC mode is applied with respect to Area 

II. In the UPC area, the hybrid source output. 

If the load is lower than , the redundant power will be 

transmitted to the main grid. Otherwise, the main grid 

will send power to the load side to match load demand. 

When load increases, the feeder flow will increase 

correspondingly. If feeder flow increases to its 

maximum , then the feeder flow cannot meet load 

demand if the load keeps increasing. 

In order to compensate for the load demand, the control 

mode must be changed to FFC with respect to Area II. 

Thus, the boundary between Area I and Area II is 

   
ref

MSFeederLOAD PPP 
max

1                 (11) 

When the mode changes to FFC, the feeder flow 

reference must be determined. In order for the system 

operation to be seamless, the feeder flow should be 

unchanged during control mode transition. Accordingly, 

when the feeder flow reference is set at, then we have 

max

Feeder

ref

Feeder PP       (12) 

In the FFC area, the variation in load is matched by the 

hybrid source. In other words, the changes in load and 

PV output are compensated for by PEMFC power. If the 

FC output increases to its upper limit and the load is 

higher than the total generating power, then load 

shedding will occur. The limit that load shedding will be 

reached is 

PVFeeder

up

FCLoad PPPP 
max

2    (13) 

Equation  shows that is minimal when PV output is at 0 

kW. Then 

maxmin

2 Feeder

up

FCLOAD PPP      (14) 

Equation  means that if load demand is less than , load 

shedding will never occur. 

From the beginning, FC has always worked in the high 

efficiency band and FC output has been less than 

maximum load power. If the load is less than maximum 

load power, load shedding is ensured not to occur. 

However, in severe conditions, FC should mobilize its 

availability, to supply the load. Thus, the load can be 

higher and the largest load is 

maxmaxmax

FeederFCLOAD PPP      (15) 

If FC power and load demand satisfy, load shedding will 

never occur. Accordingly, based on load forecast, the 

installed power of FC can be determined by following to 

avoid load shedding. Corresponding to the FC installed 

power, the width of Area II is calculated as follows 

up

FCFCIIArea PPP 

max
    (16) 

In order for the system to work more stably, the number 

of mode changes should be decreased. As seen in Fig. 

2.6, the limit changing the mode from UPCM to FFCM 

is , which is calculated  depending on 
max

FeederP  and  

ref

MSP  . max

FeederP is a constant.  Area 2 depends on 

Pms 
ref

. Therefore, to decrease the number of mode 

changes, Pms 
ref 

changes must be reduced. Thus, must be 

increased. however
MSP   must satisfy condition and, 

thus, the minimized number of mode change is reached 

when 
MSP  is maximized. 

low

FC

up

FCMS PPP 
max

   (17)   

VI. SIMULATION AND RESULTS 

A simulation was carried out by using the system model  

to verify the operating strategies. In order to verify the 

operating strategy, the load demand and PV output were 

time varied in terms of step. According to the load 

demand and the change of PV output, the operating 

mode were determined by the proposed operating 

algorithm. Fig. 3 shows the simulation results of the 

system operating strategy. 

 

Figure 3 operating strategy of the hybrid source 
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From 0 s to 10 s, the PV operates at standard test 

conditions to generate constant power and thus hybrid 

system reference power is constant. From 10 s to 20 s, 

PV power changes step by step and, thus, is defined as 

the algorithm. The PEMFC ouput FC power as shown in 

Fig. 3, changes according to the change of PV power 

and hybrid system power Fig. 4 shows the system 

operating mode. The UPC mode and FFC mode 

correspond to values 0 and 1, respectively. It can be 

inferred from the figure 5. 

 

Figure 4 Operating strategy of the whole system 

 

Figure .5 Change of operating mode 

Fig. 6, 7, shows the simulation results when hysteresis 

was included with the proposed control scheme in fig 8 

From 12 s to 13 s and from 17 s to 18 s, the variations of 

hybrid system power, FC output, and feeder flow are 

eliminated and, thus, the system works more stably 

compared to a case without hysteresis Fig. 9 shows the 

frequency variations when load changes or when the 

hybrid source reference power changes. 

 

Figure 6 The operating strategy of the hybrid source 

with hysterisis 

 

Figure 7 Operating strategy of the whole system with 

hysteresis 

From the aforementioned discussions, it can be said that 

the proposed operating strategy is more applicable and 

meaningful to a real-world microgrid with multi DGs. 

VII. CONCLUSION 

This paper has presented an available method to operate 

a hybrid grid-connected system. The hybrid system, 

composed of a PV array and PEMFC, was considered. 

The operating strategy of the system is based on the 

UPCM mode and FFCM mode. The purposes of the 

proposed operating strategy presented in this paper are 

to determine the control mode, to minimize the number 

of mode changes, to operate PV at the maximum power 

point, and to operate the FC output in its high-efficiency 

performance band. 
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Figure 8 Change of operating modes with hysteresis 

 

Figure 9 frequency response 

With the proposed operating algorithm, the system 

works flexibly, exploiting maximum solar energy; 

PEMFC works within a high-efficiency band and, hence, 

improves the performance of the system’s operation. 

The system can maximize the generated power when 

load is heavy and minimizes the load shedding area. 

When load is light, the UPCM mode is selected and, 

thus, the hybrid source works more stably. 

The changes in operating mode only occur when the 

load demand is at the boundary of mode change  

; otherwise, the operating mode is either UPC mode or 

FFC mode. Besides, the variation of hybrid source 

reference power  is eliminated by means of 

hysteresis. In addition, the number of mode changes is 

reduced. As a consequence, the system works more 

stably due to the minimization of mode changes and 

reference value variation. 

In brief, the proposed operating algorithm is a simplified 

and flexible method to operate a hybrid source in a grid-

connected microgrid. It can improve the performance of 

the system’s operation; the system works more stably 

while maximizing the PV output power. 

For further research, the operating algorithm, taking the 

operation of the battery into account to enhance 

operation performance of the system, will be considered. 

Moreover, the application of the operating algorithm to a 

microgrid with multiple feeders and DGs will also be 

studied in detail. 
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