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Abstract:  Solar and wind energy as free and eco-friendly sources of energy have been considered a promising choice for 

remote (or rural) area electrification. While a fuel-cell system makes a clean backup available, incorporating both energy 

type and power type storage technologies, such as batteries, hydrogen-based storage systems, and supercapacitors, extends 

the energy sources/storage units useful lifespan and decreases the operation cost of the system. An energy control system is 

required to provide the load with reliable, continuous, high quality and economical energy. Considering PV/WT production 

uncertainty, load power variations and measurement imprecision, energy management system based on fuzzy logic tech-

nique serves an effective method to meet the design objectives, such as energy efficiency maximization, reliable and con-

tinuous energy supply, DC bus voltage stabilization etc. Aiming to optimize preferred aspects of the fuzzy controller, it 

should be combined with evolutionary algorithms, such as genetic. Therefore, this paper deals with the rule-based fuzzy 

logic energy control of an off-grid PV/WT/FC/UC hybrid renewable system. Applying the genetic algorithm, the ECMS 

and the EEMS) are utilized to tune off-line the fuzzy logic control, in order to the fuel consumption optimization.  To re-

duce computation time during the optimization process, the fuzzy rule set remains fixed. Employing a simulation model of 

the hybrid renewable system, multiple criteria such as the fuel efficiency, the fuel-cell stack efficiency, and the fuel con-

sumption are taken into account to evaluate the energy management strategy's performance. Simulation results show that 

The fuzzy-ECMS and the fuzzy-EEMS keeps the battery SOC around the “0.5 (SOCmax+ SOCmin)” and the  SOCmin, re-

spectively. As a result, better fuel economy and higher battery lifetime can be achieved via the fuzzy-EEMS and the fuzzy-

ECMS, respectively. 

 

Keywords: ECMS, Genetic algorithm, Optimization, EEMS, Fuel-cells, PV/WT system, energy management 

 

1. Introduction 

 

There are remote (or rural) areas all over the world, espe-

cially in developing countries, that do not have access to 

the main grid and still lack electricity power [1, 2]. To 

tackle the aforementioned challenge, one practical and cost 

effective solution to rural electrification is distributed gen-

eration [3, 4]. Renewable generation provides more effi-

cient and cost effective energy than their centralized fossil-

fuel based counterparts, since they can be installed near the 

load centers and do not require new transmission lines, 

which causes losses in the power system. [1, 3, 5]. Thus, to 

overcome energy production drawbacks using fossil fuels, 

which are expensive, environmentally hazardous and ex-

haustible, hybrid renewable energy systems have drawn 

increasing attention, as they are free, environmentally 
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friendly, and available [6,7, 8]. Taking into account ran-

dom and intermittent behavior of PV/WT systems, coordi-

nation of them with support sources, such as fuel- cells and 

storage units are necessary to satisfy the load requirements 

[3, 9, 10]. Fuel-cells play a backup role to meet the de-

manded energy when it is not supplied by the PV/WT sys-

tem [11]. Moreover, batteries, supercapacitors and electro-

lyzers (along with hydrogen tanks) are hybridized to store 

the PV/WT surplus generation and provide the load de-

mand when there is not enough power or the load is at its 

peak level [1,10-12]. Electrolyzers are used for long term 

storage due to limited capacity of batteries [13]. Frequency 

and charge/discharge rates, depth of discharge (DOD), and 

varying operating temperature affect the batteries lifespan 

and performance [14, 15]. Therefore, it is a common prac-

tice to include supercapacitors as high power storage units 

in off-grid hybrid systems [14]. Supercapasitors usually are 

applied to shave the demanded power peaks, protect the 

support system/storage units from overloading and avoid 

oversizing the battery bank or the backup system to meet 

the energy demand [16, 17,18]. Employing a smart energy 

control unit with the motivations of the fuel consumption 

minimization, the hybrid system efficiency maximization, 

control and protection, reducing the operation and mainte-

nance costs, and extending useful energy sources/storage 

banks lifespan is necessary in hybrid power systems [1,18, 

19]. Various algorithms are available for energy manage-

ment strategies, such as centralized and decentralized clas-

ses. Energy control strategies can also be divided into two 

groups:  

a) Online Energy Management Strategies: This group is 

based on real-time information of the hybrid renewable 

system, such as the renewable energy sources power, the 

battery power, the battery/supercapacitors state of charge, 

and etc.  

b) Off-line Energy Management Strategies: This group 

is practical if the future information of the hybrid renewa-

ble system, such as the load profile, is available in ad-

vance. Then optimization techniques such as the genetic 

algorithm or particle swarm optimization can be employed 

to optimize the operation of the hybrid renewable system 

[20]. Batteries usually require high initial investment and 

short lifetime [21]. As a result, the battery lifespan in re-

newable energy systems studies has attracted researchers’ 

attention [21]. Reviewing the literature, in long term analy-

sis, with a time scale of hour, the fuel consumption mini-

mization of a hybrid renewable system, consisting PV pan-

els, wind turbines, gas engine and combined heat and pow-

er (CHP) is discussed in [22]. Energy management of a 

PV/diesel hybrid system, considering the battery life time, 

was studied in [15], in which a combination of a diesel 

generator and a battery bank is considered as a support 

system. Two objectives, including minimization of the fuel 

consumption of the diesel generator and increasing the 

battery bank lifespan were taken into account. The opera-

tion optimization of a PV/WT/Diesel stand-alone mi-

crogrid, employing NSGA-II algorithm, was proposed in 

[21]. Giving the same weight to the objectives of minimiz-

ing the electricity cost and battery lifespan, the perfor-

mance of the proposed method was studied in two cases of 

shortage and abundance of the PV/WT power production. 

Nowadays hydrogen based support system replaces the 

diesel backup system [23, 24], because of low maintenance 

requirements, long lifespan, fuel availability and flexibil-

ity, and low-pollutant energy production [25]. As it is 

known, when it comes to the optimization of the Diesel 

generator based hybrid systems, factors such as the pollu-

tant emissions/maintenance costs minimizations and fuel 

consumption optimizations are used to optimize the control 

strategy. In the case of the fuel-cell, fuel consumption op-

timization has higher significance. As a result, the fuel-

consumption is selected as the main factor for optimiza-

tion. In short term analysis, the adaptive control of a fuel-

cell/ battery was presented in [26]. The control strategy 

was employed to regulate the fuel-cell reference current, 

considering the battery SOC. Among intelligent control 

strategies, the rule-based fuzzy logic control strategy has 

been presented by the authors in [27, 28]. The authors usu-

ally define the fuzzy rules such that the battery SOC is kept 

at a reasonable level, to increase battery useful lifespan. 

Increasing nonlinearity, uncertainty and complexity of 

smart power systems, necessitate designing a fuzzy logic 

based controller. This scheme requires only an approxi-

mate modeling of the hybrid system and is not sensitive to 

the inaccuracies of (the hybrid system parameters) meas-

urement [29]. Additionally, it provides more efficiency and 

robustness and moreover a faster response than conven-

tional state machine based controllers [30, 31]. But appre-

ciating the merits of this scheme, it is dependent on the 

expert prior experience and knowledge about the system 

[31]. Therefore, it is not an optimal strategy and has weak-

er performance in comparison to local and global optimiza-

tion algorithms [32]. To tackle this drawback, off-line op-

timization using evolutionary algorithms such as genetic 

leads to a more economical energy dispatch. Focusing on 

energy efficiency maximization, DC bus voltage stabiliza-

tion, reliable and continuous energy supply and fuel con-

sumption minimization, this paper presents the rule based 

fuzzy logic energy control strategy for a standalone mi-

crogrid comprising solar panels, wind turbines, PEMFCs, 

supercapasitors, batteries, an electrolyzer package and 

power electronic converters. The structure of the above 

discussed standalone microgrid is shown in Fig. 1. The 

main contribution of this paper is dealing with the optimi-

zation of the fuzzy logic energy control strategy with two 

different cost function, in order to minimize total fuel con-

sumption of the microgrid.  The ECMS is a well-known 

optimization concept that is popular in hybrid vehicle stud-

ies. PV/WT renewable resources are cost free. Then, this 

scheme aims to assign a reference power to the fuel-cell in 

a way that total fuel consumption of the support system 

and the energy storage units are minimized [31]. In other 

words, this strategy provides an economical demand short-

age dispatch between the fuel-cell stack and the bat-

tery/supercapacitor bank. Due to the dependency of the 

ECMS on the load profile, the authors in [33] introduced 

the external energy maximization strategy for energy man-

agement of a more electric aircraft. In this scheme maxim-

izing the energy of the storage banks, results in the total 
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fuel consumption minimization. Investigating [15, 21], it 

can be concluded that higher battery SOCs results in longer 

battery lifespan. Thus, the fuzzy rule set is determined such 

that it avoids employing the battery bank at low SOCs. In 

addition, charging the battery bank over the SOCmax , 

which causes charge loss increase is eluded.  Then, consid-

ering the rule set is known, the ECMS and the EEMS are 

utilized to tune the membership functions of the rule-based 

fuzzy logic control strategy off-line. In the following, the 

rule-based fuzzy logic control along with the off-line opti-

mized rule-based fuzzy logic control strategy is imple-

mented for the proposed PV/WT/FC/UC hybrid power 

system for residential application. Subsequently, their per-

formances are compared, considering indicators such as 

the hydrogen consumption, the fuel efficiency, and the 

fuel-cell efficiency. The performance assessment of the 

energy management strategies is presented for two scenar-

ios. In the short term analysis, the PV/WT production and 

the load power have step changes, while in the long term 

case; the PV/WT and load demand have random behavior. 

The hybrid renewable system components specification is 

presented in appendix. 

 

Fig. 1. Structure of the PV/FC/SC Standalone Microgrid.

2. Energy Management Strategies                                     
2.1. Rule- Based Fuzzy Logic Energy Control System

When it comes to complexity, nonlinearity or uncertainty, 

intelligent energy management strategies, such as fuzzy 

logic control, attract more attention [34] Random and un-

certain behaviors of the renewable energy sources leads 

toward the rule based fuzzy logic control strategy [35]. In 

this paper, the Mamdani type rule based energy control 

strategy with three inputs and one output is considered.  

Moreover, centroid method is employed for defuzzifica-

tion.  Fig. 2 shows the rule-based fuzzy logic control strat-

egy. The energy controller aims to provide the energy 

shortage, which is not supplied by the renewable energy 

sources, from the battery bank and the fuel-cell in order to 

improve the fuel economy, which subsequently avoids the 

storage units/energy sources from oversizing. While the 

renewable energy sources contributions, the load power 

along with the battery SOC are the controller inputs, the 

fuzzy decision maker determines the fuel-cell power as the 

output. The supercapacitor pack supplies the load power in 

transient time intervals.  In other words, the battery power 

equals the load power that is not supplied with the PV/WT 

and the fuel-cell, at the steady state. The distribution of the 

load power shortage between the support system and stor-

age units based on the designated membership functions 

and the rule set affects the hybrid renewable system effi-

ciency, the fuel consumption, the fuel efficiency, the stress 

on the hybrid renewable system components and other 

design requirements. The fuzzy rules and membership 

functions are derived based on the author’s knowledge and 

the hybrid renewable system components limitations [31]. 

As mentioned before, the battery lifespan degrades when it 

operates at low SOCs. In addition, charge losses increases 

at high SOCs [15, 16]. Then, following the manufacturer 

recommended minimum and maximum battery SOCs, the 

battery bank SOC is divided into three SOC areas, namely: 

low (SOC<60%), medium (60% < SOC< 90%), and high 

(SOC>90%).  Hence the rule sets are defined such that the 
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battery bank is charged entering the low area and is dis-

charged with almost 50 percent of its capacity at high 

SOCs. Aiming to maintain the battery bank at the medium 

SOC area, the battery either works with a discharge rate 

much lower than high SOCs area or it does not provide 

load power, in the medium SOC area. Therefore, the bat-

tery bank is recharged with the fuel-cell at low SOCs and 

with the renewable energy excess power at low and medi-

um SOCs. The electrolyzer turns on at high SOCs to ab-

sorb the renewable energy surplus energy, in other words, 

hydrogen production is prior to charging the battery bank 

at high SOCs. For low and medium battery SOCs, any ex-

cess renewable energy power more than the battery charg-

ing power (50% of the battery capacity) is directed to the 

electrolyzer. Then, the command signal of the electrolyzer 

switch is controlled as shown in Fig. 3.  Table 1 shows the 

fuzzy rule set. The membership functions of the 

PV/WT/FC/Load power, the battery SOC are depicted in 

Fig.4.

 

 

 

 

                                                                                    Pfcref
   ×       Ifcref

  +           Fc converter duty cycle 

                                                                                                                 SOC                
         PLoad       

                 (PPV + PWT)                                        ÷                ÷               −  

                                                                                      ƞfc V dc                Ifc  
    

       Fig. 2. Rule-based fuzzy logic control strategy. 

 
Fig. 3.  Electrolyzer switch controller.  

2.2. Optimization of the Rule Based Fuzzy Logic Energy 

Management Strategy 

As discussed before, the empirical nature of the fuzzy 

logic energy control strategy has an important role in the 

performance of the rule based fuzzy logic energy manage-

ment unit [36, 37]. In other words, design objectives such 

as the fuel consumption/pollutant emissions minimization, 

the battery lifetime/ the hybrid system efficiency maximi-

zation are affected by the membership functions parame-

ters and the rule set description. Then, designing a system 

that combines the rule-based fuzzy scheme with one of the 

evolutionary algorithms, such as genetic algorithm, to tune 

the performance of the fuzzy system, seems reasonable 

[34, 38]. Fig. 5(a) shows the flowchart of such an approach 

that is called genetic fuzzy system [38]. The genetic fuzzy 

system provides the user with global search capability of 

the genetic algorithm along with the robust and flexible 

modeling of the fuzzy logic that is beneficiary for uncer-

tainty or measurement imperfections [39]. The first step in 

designing a genetic fuzzy system is to choose the part of 

the system that is going to be tuned with the genetic algo-

rithm [40]. Three different conditions are possible [38, 40] 

as follows:  

 Definition of the Data Base based on the Genetic 

Algorithm: Optimization of the membership func-

tions while the fuzzy rules are designed based on the 

prior knowledge and experience of the expert.  

 Derivation of the Rule Base based on the Genetic 

Algorithm: Optimization of the fuzzy rule base while 

the membership functions are designed based on the 

prior knowledge and past experience of the expert.  

 Derivation of the Rule Base and definition of the 

Data Base based on the Genetic Algorithm: optimi-

zation of the membership functions and the fuzzy rule 

base simultaneously.  

The fuzzy rule set is determined based on the approach 

which is discussed in the previous section to provide the 

battery bank with a reasonable SOC. The second step is to 

prepare this part in the form of a chromosome, to be opti-

mized by the genetic algorithm [41]. As mentioned earlier, 

this paper deals with the genetic definition of the database, 

hence the membership function parameters must be coded 

into a chromosome, as shown in Fig. 6. To make the length 

of the chromosome shorter, some of the parameters, such 

as the boundary parameters are assumed fixed, which are 

determined based on the prior knowledge of the designer 

and the hybrid system components limitations. As ob-

served in Fig. 7, three trapezoidal Membership Functions 

(MFs) are assigned to the battery SOC, four trapezoidal 

MFs are designated to the PV/WT and the Load power, 

and finally five trapezoidal MFs fuzzify the fuel-cell pow-

er. Hence the first two parameters of all the VL functions 

in the case of the PV/WT and the Load power MFs, the last 

parameter of all the H functions, the first two parameters of 

L function in the case of the battery SOC MFs, and the first 

two parameters of all the VVL functions in the case of the  
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Table 1. The fuzzy rule set

                                  (a)               

 
                                 (b)                                      

                      
                                 (c)                                                          

 
                              (d) 

Fig. 4.  Membership functions of Sugeno type fuzzy logic 

control. (a) PV/WT power. (b) Load power. (c) Fuel-cell 

power. Battery SOC 

 

fuel-cell power MFs are considered constant, so that 

are not coded into the chromosome.  Consequently, con-

sidering 9 variables for the battery SOC, 13 variables for 

the PV/Load power, and 17 variables for the fuel-cell pow-

er, a chromosome with 52 genes represents the genetic 

fuzzy system. Besides, the battery SOC and the fuel-cell 

variables are limited to the ranges of [0,100] and [0, 

12544], respectively. Additionally, in order to achieve a 

trapezoidal geometric shape and to cover all operating 

states that the system may go through, some constraints are 

taken into consideration. The aforesaid constraints for the 

MFs parameters of the SOC, the PV/WT power, the de-

manded power, and the fuel-cell power are as follows: 

1) x (i) < x (i+1) ; i=1:9                                                                             

2) y (i) < y (i+1) ; i=1:13 

3) z (i) < z (i+1) ; i=1:13 

4) o (i) < o (i+1) ; i=1:17                                                                           

Where x (i)  ; i=1:9, y (i) ; i=1:13, z (i) ; i=1:13, and o (i) ;  

 

i=1:17 represent the battery SOC variables, the load power 

variables, the PV/WT power variables, and the fuel-cell 

power variables, respectively. Fig  . 8 presents the variables. 

Fig. 5(b) shows the genetic fuzzy algorithm. It is seen that 

an initial group of individuals is selected and crossover and 

mutation operators are applied to adapt them to the speci-

fied indicator, which is called the fitness function [38, 40].  

Moreover, two point crossover approach is selected, in this 

study. Receiving the PV/WT and the load power as the 

inputs and considering the tuned MFs parameters in each 

round, the fuzzy logic controller calculates the fitness func-

tion and then the optimization creations are checked. If the 

optimization creations are met, then the optimization pro-

cess is completed. In this study, the stop criterion is the 

minimum number of 30 iterations. Fig. 8 shows the opti-

mal rule based fuzzy logic energy management strategy. It 

is seen that the fuel-cell reference current is calculated 

considering fuzzy controller output, the fuel-cell voltage 

and efficiency. 

2.3. Fitness Function 

Two cost function optimization strategies that are used 

to optimize the membership functions are as below: 

2.3.1. ECMS 

PV/WT plant production is free of cost. The extra en-

ergy demand above the PV/WT production must be as-

signed to the backup system and the storage banks such 

that the total fuel consumption is minimized. The superca-

pacitors provide sudden increase or decrease in the load 

power. Thus, their contribution can be neglected [41]. Ad-

ditionally, the battery equivalent fuel-consumption can be 

calculated using an equivalent factor (ɑ) that is dependent 

on the battery SOC [31].  Since the fuel-cell hydrogen con-

sumption and the battery equivalent fuel consumption are 

related to the fuel-cell power and the battery power, re-

spectively, so that the fuel consumption related cost func-

tion (C1 ) can be written as [42]: 

C1 =  (Pfc +  ɑ. PBAT) .ΔT                                                 (1) 

 

SOC 

 

            Pload 
Ppv                

 

 

 

Pfcref
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2.3.1.1 Constraints 

 

 

 
(a) 

 
   

                                                 (b) 

Fig. 5.  (a) Genetic fuzzy system [33]. (b) Genetic fuzzy 

algorithm. 

 

Power balance constraint (between total power genera-

tion and consumption), that must be considered, is: 

 

 

 
Fig. 6. Chromosome Identification. 

 
                                      (a) 

 

                                      (b) 

 

                                           (c) 

 

                                           (d) 

Fig. 7. MFs parameters. (a) Battery SOC. (b) PV/WT pow-

er. (c) Fuel-cell power. (d) Load power 

 

Pnet=  Pload − Ppv −  PWT = Pfc+ Pbatt                              (2) (2) 
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The equivalent factor ɑ can be defined as [21, 28]: ɑ  = 1 − 2 ∗ µ ∗
(SOC−0.5(SOCmax+SOCmin)

SOCmax+SOCmin
                           (3)

 

 

 
                                                                                                PPV + PWT     SOC    PLoad 

                                                                           

   SOC                                                     Optimized                                           Pfcref
   ×    Ifcref

  +       Fc converter duty cycle 

                                                                                                                                                  

PLoad                                     Membership Functions                                        ÷                 ̲  

                                                                                                                        ƞfc V dc               Ifc 
PPV + PWT 

Fig. 8. Optimized Rule-based fuzzy logic Control Strategy.

Where µ is a constant that is called battery SOC coeffi-

cient, and assigned 0.6 to control the battery SOC, ΔT is 

the sampling time in which the optimization process is 

renewed. The boundary limits to the ECMS are as follows: 

Pfcmin < Pfc <  Pfcmax                                                      (4)                                                                                                                                                
Pcharg max <  Pbatt < Pdischarg max                                   (5)                                                                                                                                                                                                                                                                             
SOCmin< SOC <SOCmax                                                       (6)                                                                                                                                

0 < ɑ < 2                                                                         (7) 

 

2.3.2. EEMS  

By definition, the equivalent fuel consumption of the 

storage banks is the fuel amount that is utilized to keep the 

storage banks SOC within the desired limits, over the load 

profile. Thus, the ECMS is sensitive to the load profile. To 

improve the robustness, authors either found new ways to 

express the equivalent factors [43] or introduced new cost 

function optimization strategies [33]. The external energy 

maximization strategy has been presented by the authors in 

[33] to maximize the energy of the storage banks which 

subsequently reduces the fuel consumption.  The EEMS 

can be formulated as:   

F =EEMSfunction  =−Pbatt ∆T−0.5× C × ∆V2                  

(8)       

Where C, ∆ T  and ∆V  are the supercapacitor nominal 

capacity, sampling time and the supercapacitor 

charge/discharge voltage, respectively.  

The boundary conditions to the EEMS are as follows: 

Pcharg max <  Pbatt < Pdischarg max                                   (9)                                                                                                     

𝑉dcmin  <  𝑉dc  < 𝑉dcmax                                                  (10)                                                                                                                            

 The inequality constraint is: 

Pbatt ∆T

𝑉battnominalQ
≤SOC−SOCmin                                         (11)                                                                                                                                                                                                                                                                  

Where Q is the battery bank nominal capacity. The 

supercapacitor charge/discharge voltage (∆V) will be added 

to the DC bus voltage reference to force the 

supercapasitors to charge or discharge [33]. Table 2 shows 

a summary of the design requirements. 

 

4. Simulation Results  

4.1. Load 

A generic model is used to model the equivalent load 

as applied in [31], in which a controlled current source is 

employed. The demanded power is divided by the DC bus 

voltage to feed the current source. Moreover, in order to 

consider the random dynamic of the residential load, a ran-

dom power is added to the load power, as shown in Fig. 9 

(a). Subsequently, the dynamic response of the hybrid re-

newable system toward pulsed loads is considered as 

shown in Fig.9 (b).  

4.1.1. Long term Analysis  

Figs. 10 and 11 show the membership functions of the bat-

tery SOC, the load power and the PV/WT system contribu-

tion, in the case of the fuzzy-ECMS1 and fuzzy-EEMS2, 

respectively. Two scenarios are taken into account to eval-

uate the energy management unit performance under dif-

ferent operating conditions. In the first scenario, a variable 

load for a residential home with the peak of 10 KW and a 

PV/WT profile with the peak of 11 KW is taken into ac-

count, as shown in Fig. 9 (a). Additionally, a random pow-

er of 1000 W and 2000 W is added to the load demand and 

PV/WT power profiles, respectively. The implementation 

of the fuzzy logic energy control strategy and the opti-

mized fuzzy logic energy control strategy (fuzzy-ECMS, 

fuzzy-EEMS) for the initial battery SOCs of 30% and 100% 

is shown in Figs. 12-14.  The PV/WT system power gener-

ation has priority in meeting the energy demand, so that 

only the extra energy demand (Pload − (PPV + PWT) is sup-

plied with the fuel-cell/battery system.  The rule based 

fuzzy logic control strategy keeps the battery SOC in the 

medium range. Therefore, the fuel-cell takes the responsi-

bility of supplying the load demand, since the battery SOC 

is within the normal range and the fuzzy rules necessitate 

keeping the battery SOC around the initial value. Consider-

ing the equation (2), it can be concluded that the ECMS 

aims to employ the battery bank around “0.5 (SOCmax+ 

                                                 
1 The rule based fuzzy logic control that is optimized with the 

ECMS. 
2 The rule based fuzzy logic control that is optimized with the 

EEMS. 

Rule-based fuzzy 

logic strategy 
 Off-line 

optimization  
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SOCmin)”. Moreover, the equation (8) demonstrates that 

the EEMS tend to keep the battery SOC around 

the SOCmin.  Hence the fuzzy- ECMS and the fuzzy-EEMS 

show a similar performance, as seen in Figs. 12(a)- 14(a), 

maintaining the battery bank SOC around “0.5 (SOCmax+ 

SOCmin)” and the  SOCmin, respectively. Thus, it is obvi-

ous that the fuzzy-ECMS uses more fuel than the fuzzy-

EEMS. Therefore, the fuzzy logic control strategy, the 

fuzzy–ECMS, and the fuzzy-EEMS aim to 

charge/discharge the battery bank, to protect the battery 

bank against deep discharge/ overcharge, when the battery 

starts to work with a low and high initial SOC, respective-

ly, as seen in Figs. 12(b) and 14(b). As the load power 

/Renewable sources production decreases/ increases, the 

fuel-cell output power is decreased, as expected.  

            

                                                            (a) (b) 

                        Fig. 9.Power (PV/WT, Load) (W). (a) Random Load. (b) Pulsed Load. 

 

                                                          

                     )a)                                                                                                                 (a) 

                                                                    

(b)                                     (b) 

                                                                                  

                  )c)                                                                                                                      (c) 
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                               (d)                                                                                                                      (d)

Fig.10  Membership functions of fuzzy-ECMS. (a) Battery 

state of charge. (b) Load power. (c) PV/WT power (W). (d) 

Fuel-cell Power. 

Fig.11. Membership functions of fuzzy-EEMS. (a) Battery 

state of charge. (b) Load power. (c) PV/WT power (W). (d) 

Fuel-cell Power. 

        

  

 

(a)                                                     (a(

 

)b) 

Fig. 12. Long term analysis of the rule based fuzzy logic 

control strategy (Fuel-cell / battery power, battery SOC). (a) 

SOCini=100%. (b) SOCini=30%. 

 

 

 

(b) 

Fig. 13. Long term analysis of fuzzy-ECMS (Fuel-cell / 

battery power, battery SOC).  (a) SOCini=100%. (b) 

SOCini=30%.

Additionally, the excess PV/WT power is used to recharge 

the battery bank up to the SOCmax, as seen in Fig. 12(a)- 

14(a), for the time interval between 5:30h to7h.  In the fol-

lowing any remaining renewable energy is absorbed by the 

electrolyzer to produce hydrogen, when the battery bank 

reaches the SOCmax  (90%). Hydrogen production using 

PV/WT surplus power guarantees the fuel-cell desired op-

eration during 24 hours. Reduction of PV/WT contribution 

during the night, leads to increase in the fuel-cell power or 

the battery bank SOC decrease as seen in Fig. 12(a)-13(a). 

Additionally, the battery power, the fuel-cell power, and 

the electrolyzer power are depicted in Figs. 12-14. Table 3 

shows a summary of the results that are achieved by each 

strategy for one day operation. Indicators for comparison 

are as follows: Hydrogen consumption, Fuel efficiency, 

and Fuel-cell efficiency that can be formulated as: [31, 44]. 
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Hydrogen consumption = (
Nfc

F
) . ∫ ifc

𝑡cycle

0
dt                (12)                                                            

Fuel efficiency = 
∫ Pfc

𝑡cycle
0

dt

Hydrogen Consumption
                          (13)                                                                                                                                                                                            

Fuel-cell efficiency = 
Vfc

1.48.  Nfc
. (HHV. (%))                  (14)                                                                                                                                                                                    

Where 𝑡cycle is the simulation time, and HHV (%) is the 

hydrogen higher heating value. The fuel efficiency is de 

fined as the ratio between the fuel-cell output power and 

the fuel consumption. Table 3 demonstrates that the fuzzy- 

EEMS offers higher fuel (and fuel-cell) efficiency than the 

fuzzy-ECMS, of course at the expense of employing the 

battery bank at a wider range.  In other words, the fuzzy- 

ECMS offers a higher battery lifetime than the fuzzy-

EEMS since it utilizes the battery bank at higher SOCs.

  

4.1.2. Short term Analysis  

In the second case, the renewable system is simulated with 

pulsed PV/WT /load profiles, as observed in Fig. 17 (b). 

Therefore, the dynamic response of the hybrid system to 

 

 step changes is investigated in this section. Fig. 15 pre-

sents the simulation results for the fuzzy logic control 

strategy, the fuzzy-ECMS, and the fuzzy-EEMS with the 

initial battery SOC of the 75%. For the first 15s, the 

PV/WT generation is insufficient to provide the load pow-

er, and therefore the fuel-cell and the battery bank share 

the power shortage demand. Next, the renewable energy 

sources contribution increases such that it is sufficient to 

supply the load. Then, the fuel-cell output power decreases 

to almost the minimum amount. In the following, the sur-

plus power charges the battery bank.  

 

 

 

 

 

 

 

 

 

Table 3. Summary of results for long term analysis with initial SOC of 100%  

 

 

 

 

 

 
(a) 

 

 

 

 

 

 

 

 

 
 

(b

Fig. 14. Long term analysis of fuzzy-EEMS (Fuel-cell / battery power, battery SOC).  (a) SOCini=100%. (b) SOCini=30%.  
 

 

            Initial SOC                                                           100%  

                  Indicator 

EMS 

 
Pfc avreage Fuel (litre-

gram) 

Fuel-cell 

Efficiency 

(%) 

Fuel-cell Efficiency 

(joule/litre) 

Final 

SOC 

(%) 

Rule-based fuzzy logic  3001.8 43286-3848.4 51.43 5991.7 87.54 

       

Fuzzy-ECMS  2955.1 42907-3814.8 51.46 5950.6 76.06 

Fuzzy-EEMS  2869.2 41043-3649.1 51.6 6039.8 56.63 
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                                              (a) 

 
                                               (b) 

 
                                                  (c) 

Fig. 15. Simulation results for initial battery SOC of 75%. 

(Fuel-cell / battery power, battery SOC).  (a) Rule-based 

fuzzy logic control strategy. (b) Fuzzy-ECMS (c) Fuzzy-

EEMS 

 
 

 

 

 

 

Next, the PV/WT power reduction forces the fuel-cell and 

the battery bank to share the energy demand shortage. It is 

seen that to reach the SOCmin , the fuzzy-EEMS, as ex-

pected, discharges the bank faster for the last 30s.  Also, 

the fuzzy- ECMS has a slower rate of the battery discharge 

since the initial battery SOC is equal to the 0.5 (SOCmax+ 

SOCmin)  and the fuzzy-ECMS aims to keep the battery 

bank SOC around the 0.5 (SOCmax+ SOCmin)  (75% in this 

paper). 

5. Conclusion  

In this paper, the optimization of the fuzzy logic control 

strategy of a PV/WT//FC/SC hybrid power system has 

been discussed. Considering a trade-off between the com-

putation time of the genetic algorithm and the expert prior 

knowledge, the membership functions were optimized 

while the rules were known in advance. The ECMS and the 

EEMS are utilized to optimize the fuel consumption of the 

hybrid renewable system. Finally, the energy management 

strategies assessment has been presented, employing a 

simulation model of the system. The simulation study cov-

ered short term and long term implementation of all the  

 

 

energy management strategies.  Additionally, the fuel effi-

ciency, the fuel-cell average power, the fuel-cell efficiency, 

the battery SOC, and the fuel consumption are compared in 

the case of all the energy management strategies. The sim-

ulation results demonstrated the following results: 

 The fuzzy-ECMS and the fuzzy-EEMS keeps 

the battery SOC around the “0.5 (SOCmax+ 

SOCmin)” and the  SOCmin, respectively.  

 In this paper, the SOCmin  and the SOCmax 

have been selected as 60, and 90%, respec-

tively. Then, The fuzzy-ECMS and the 

fuzzy-EEMS kept the battery SOC around 

75% and 60%, respectively 

 It can be concluded that better fuel economy 

and higher battery lifetime can be achieved 

via the fuzzy-EEMS and the fuzzy-ECMS, 

respectively. 

 

Appendix 

 Paramitrization of the renewable system is available  

in Table 4. 

Table 4.  Hybrid System Parameters. 

PV System Supercapacitors Pack 

PV cell open-circuit voltage (V)                                                  21.3 Number of series supercapacitors                                   128 

PV cell Short-circuit current (A)                                                  3.11 Number of parallel supercapacitors                                   1 

Number of solar cells in series                                                       20 Total capacitance (F)                                                     23.5 

Number of solar cells in parallel                                                    3 Nominal Voltage (V)                                                      225 
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NOMENCLATURE 

PV 

 

Photovoltaic 

ECMS Equivalent Consumption Minimization Strategy   

EEMS External energy maximization strategy                   

Ref Reference 

SOC (Battery) State of charge                                              

SOCmax Maximum State of charge (%)                               

SOCmin Minimum State of charge (%) 

𝑉dc DC bus voltage (v) 

V dc ref
 DC bus reference voltage (V) 

𝑉dcmin Minimum DC bus voltage (V)  

𝑉dcmax Maximum DC bus voltage (V) 

Pload Load power (W)  

Pfcref
 Fuel-cell reference power(W) 

Pfc Fuel-cell  power(W)       

Pfcmin Minimum fuel-cell power (W)                               

Pfcmax Maximum fuel-cell power   (W)   

Ifc Fuel-cell current (A) 

ƞfc Fuel-cell converter efficiency (%) 

Ifcref
 Fuel-cell reference current (A)  

Pdischarg max  Maximum battery discharge power (W)          

Poptcharg Battery charge power (W) 

Pcharg max  Maximum battery charge power (W)                

Poptdischarg Battery discharge power (W)    

Pbatt Battery   power (W)                                             

PPV PV plant power (W)                                                                        

L Low 

VL Very low  

M Medium 

H High     

WT Wind turbine 

Pload Load power (W)                                                                        

PWT Wind turbine power (w) 


