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Abstract

:

An effective energy management strategy based on the mine-blast optimization (MBA) technique was proposed in this paper to optimally manage the energy in a hybrid power system. The hybrid system was composed of fuel cells, batteries, and supercapacitors. Such system was employed to supply highly fluctuated load. The results of the proposed strategy were compared with previously employed strategies such as fuzzy logic control (FLC), state machine control strategy (SMCS), and equivalent fuel consumption minimization strategy (ECMS). The comparison was carried out in terms of the hydrogen fuel economy and the overall efficiency as the key factors. The resulting responses of the proposed MBA-based management strategy indicate that its performance is the best among the other strategies of SMCS, FLC, and ECMS in both the hydrogen fuel economy and overall efficiency.
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1. Introduction


Every day, the need for alternative sources of energy, other than traditional fossil fuels, becomes clearer. Fossil fuels such as petroleum oil, coal, and natural gas proved that they have extreme and harmful effects on the health, as well as the environment. Carbon dioxide (CO2) gas, emitted from the combustion of these fuels, increases the air pollution. In addition, CO2 is unfortunately depleting the ozone layer that is protecting the earth from the ultraviolet (UV) radiations emitted from the sun. The depletion of ozone layer is the main cause of the notable increments in the universe’s temperature. Moreover, the reserved fossil fuel decreases as the world’s population increases. In a recent study, it was predicted that oil, gas, and coal would run out by 2052, 2060, and 2088, respectively [1]. For the above reasons, scientists are persuaded to look for alternative sources other than the fossil energy. However, in this case, the new sources should be environmentally friendly. Fuel cell (FC) is one of these new, environmentally friendly, and green sources of energy. FC is an electrochemical device that is able to convert the chemical potential into an equivalent electrical potential. One of the main advantages of using FC is that its reaction outputs are electricity, water, and heat, which makes it a completely pollution-free energy source. Furthermore, unlike the traditional combustion engines, it has no moving parts. FCs are found in many types: Proton exchange membrane FCs (PEMFCs), phosphoric acid FCs (PAFCs), solid acid FCs (SAFCs), alkaline FCs (AFCs), and high-temperature FCs such as solid oxide FCs (SOFCs) and molten carbonate FCs (MCFCs). PEMFCs are considered as the most commonly used FCs and were adopted in this work because of their ability to operate at lower temperatures [2,3]. This characteristic allows PEMFCs to reach from idle-state to full-load operation quickly. PEMFCs, like other FC types, use hydrogen (H2) gas as a fuel. In general, the FC’s power system is characterized by its slow response to a highly fluctuated demand. Therefore, a hybrid system composed of fuel cell (FC)/supercapacitor (SC)/batteries (BS) is highly recommended to solve the problem of this slow response. Such system requires an optimization of the FC’s power utility to obtain a better economical fuel consumption and performance when a part of the load power is handled by the BSs and/or SCs. Due to the importance of having a proper and efficient control system to switch between the three sources of energy, several energy management strategies (EMSs) were proposed in the literatures. An intensive literature review of the previous work, related to the EMSs, is presented as follows.



Sakhare et al. aimed to control the FC for a stand-alone, as well as for a network connection, by designing a power conditioning unit (PCU) to benefit from the FC raw power output. They used a DC/DC boost converter to control the DC power of the stand-alone portion. However, a boost converter and a DC/AC inverter were used to control the AC power in the grid interface portion. In both portions, a FLC approach was applied to design the control unit [4]. Tekin et al. introduced a FLC strategy to the energy management strategy (EMS) of a FC air-supply. They experimentally validated the models of a low power 5 kW PEMFC circuit based on a motor-compressor group. They proposed two FLCs for both internal air-supply control and the EMS [5,6]. Jeong et al. proposed the simulation and experimental results of using the FLC technique to obtain the FC generating power based on the load demanded power and the BS state of charge (SOC). This power sharing of hybrid power sources such as FC and BS improved the efficiency, as well as the battery life [7]. Gao et al. presented a FC hybrid bus that was composed of a FC system, a BS, and an ultracapacitor (UC). They employed a FLC to control the power stream of a train so as to determine the desired output power from the individual power source. Their results showed that the introduced EMS is efficient and its performance is highly acceptable [8]. Kisacikoglu et al. presented FC/UC hybrid power system using the FLC to control the required energy at different load circumstances of the urban dynamometer driving schedule (UDDS). Their control strategy was able to determine the required FC power while keeping the DC voltage within its significant level. The proposed hybrid power system, combined with the FLC algorithm, reduced the FC system size [9]. In Ref. [10], the equivalent factor of an ECMS were adapted optimally via dynamic programming to improve the fuel economy for FC hybrid electric vehicles. In Refs. [11,12,13,14], a model of hybrid FC/BS was built in Matlab and its Simulink toolbox to supply a tramway. The ECMS was used for managing the system energy optimally. For improving the conventional ECMS, the rule-base of the vehicles was presented in Ref. [15,16]. The approach is dependent on one design parameter and does not require a parameter tuning procedure. However, the presented model is very complicated and time-consuming. A comparison study between state machine control strategy (SMCS) and cascade control strategy for controlling the energy of FC/BS system, feeding a tramway, was carried out by Fernandez et al. [17]. The proposed SMCS was based on eight states to decide the operating point for each component of FC/BS system. Five operation modes were selected to represent the actual traction power profile. A real drive-cycle of the Metro Centro tramway was used to validate the proposed hybrid system and control strategies. The obtained results indicated that the SMCS has better performance with respect to the cascade control [17]. The power control of the FC/SC hybrid system used for the traction drive system was introduced by Attaianese et al. [18]. The proposed control algorithm, based on five operating modes, was introduced to achieve higher performances for the system without reaching the state of FC overloading. An SMCS based on droop control for controlling of FC/BS/SC that supply tramway as proposed by Li Q. et al. [19]. The proposed scheme was used for coordinating the power sources, avoiding the transients and fast changes of power demand. This was to achieve a higher efficiency, and at the same time, to keep the justified performance for the EMS of hybrid tramway. The proposed strategy also improved the H2 consumption of the whole hybrid system and the efficiencies of each individual system component. To obtain the desired voltages, the control strategy limited the currents from circulation and modifies the power injections or absorptions.



This work addressed a new EMS based on mine-blast optimization (MBA) in highly fluctuated load conditions for a hybrid energy system composed of FC, BS, and SC. The proposed strategy was compared to three previously employed strategies: Fuzzy logic control, state machine control, and equivalent fuel consumption minimization strategy. The comparison was carried out based on the fuel economy and the operation efficiency as performance indices. The main findings of using the MBA algorithm ensure that the introduced approach is valid and efficient. The current work is organized as follows: Section 2 is concerned with the system specification, Section 3 presents the popular EMSs, Section 4 illustrates the comparative results and their discussions, and conclusions are then described in Section 5.




2. System Description


2.1. Fuel Cell


Despite the advantages of using the FC, some disadvantages exist. The slow response related to the load variation, unstable output voltage, a short lifetime because of the increasing in current ripple, and relatively high cost are some for the drawbacks of using FC [20]. In the modeling of FC, there are losses that have to be considered such as the activation, the ohmic, and the concentration losses. More details of modeling and simulation of the FC can be found in [21]. In the following, the relations that represent the reactions at the anode and the cathode of the FC are presented.


   H 2  → 2  H +  + 2  e −         ( atanode )   



(1)






  2    H +  + 2    e +  +  1 2   O 2    →    H 2  O    (   at   cathode   )   



(2)






   H 2  +  1 2   O 2  →  H 2  O + e l e c t r i c a l     e n e r g y     + h e a t        ( Overall )   



(3)







The output voltage of fuel can be formulated based by the following:


   V  F C   =  E  N e r n e s t   −  V  a c t   −  V  o h m   −  V  c o n    



(4)




where Vact is the activation voltage loss, Vohm is the ohmic voltage loss, and Vcon is the concentration voltage loss


   E  N e r n e s t   = 1.229 − 0.85 ×   10   − 3   ⋅  (  T − 298.15  )  + 4.3085 ×   10   − 5   ⋅ T ⋅ ln  (   P  H 2      P  O 2      )   



(5)




where T denotes the cell temperature and PH2 and PO2 denote the partial pressures of the hydrogen and oxygen, respectively given by the following equations:


   P  H 2   = 0.5 ⋅ R  H a  ⋅  P  s a t      H 2 O   ⋅  (   1    R  H a  ⋅  P  s a t      H 2 O      P a    exp  (    1.635  (  I / A  )     T  1.334      )    − 1  )   



(6)






   P  O 2   = R  H c  ⋅  P  s a t      H 2 O   ⋅  (   1    R  H c  ⋅  P  s a t      H 2 O      P c    exp  (    4.192  (  I / A  )     T  1.334      )    − 1  )   



(7)




where RHa and RHc are the anode and cathode vapor relative humilities, respectively; Pa and Pc are the pressures of anode and cathode inlets, respectively; A is the area of electrode; I is the FC current; and PsatH2O is the saturation pressure of water vapor in atm which is given by:


     log  10    (   P  s a t      H 2 O    )  =   2.95 ×  10  − 2   ⋅  (  T − 273.15  )  − 9.19 ×  10  − 5   ⋅   (  T − 273.15  )  2       + 1.44 ×  10  − 7     (  T − 273.15  )  3  − 2.18    



(8)







The following relation can be used to represent the activation voltage loss [4]:


   V  a c t   = −  [   ξ 1  +  ξ 2  ⋅ T +  ξ 3  ⋅ T ⋅ ln  (   C  O 2    )  +  ξ 4  ⋅ T ⋅ ln  ( I )   ]   



(9)




where ξ1, ξ2, ξ3, and ξ4 are the FC model parametric coefficients and CO2 denotes oxygen concentration,


   C  O 2   =    P  O 2     5.08 ×   10  6  ⋅ exp  (    − 498  T   )     



(10)







The ohmic voltage loss can be estimated by the following equation:


   V  o h m   = I ⋅  (   R M  +  R C   )   



(11)




where RC is the contact to electron conduction equivalent resistance and RM denotes the membrane to proton resistance,


   R M  =    ρ M  ⋅ l  A   



(12)






   ρ M  =   181.6 ⋅  [  1 + 0.03 ⋅  (   i A   )  + 0.062 ⋅  (   T  303    )  ⋅    (   i A   )    2.5    ]     [  λ − 0.634 − 3 ⋅  (   i A   )   ]  ⋅ exp  [  4.18 ⋅  (    T − 303  T   )   ]     



(13)




where ρM is the membrane specific resistivity, l is the thickness of membrane, and λ is the water content of the membrane.



The concentration voltage drop is represented by the following relation:


   V  c o n   = − b ⋅ ln  (  1 −    I A     I  max      )   



(14)




where b denotes the concentration loss constant and Imax is the maximum current destiny.



The FC contains a number (n) of cells that are connected in series to increase the output voltage which can be estimated by the following equation:


   V  s t a c k   = n ⋅  V  F C   = n ⋅  (   E  N e r n e s t   −  V  a c t   −  V  o h m   −  V  c o n    )   



(15)







Figure 1 illustrates the output voltage at different current density of the cell.




2.2. Battery Model


The battery, as an energy storage device, can be used in a stand-alone power system as similar as the one that is found in transportation vehicles. Furthermore, it could also be used as an active component in the hybrid electrical power system by cooperating with the FC and the supercapacitor to produce a better overall performance of the power system. The Li-ion type was chosen because of its high capability to produce a high-energy density compared to the other lead-acids, NiMH and NiCd cells [22]. This makes Li-ion batteries the best choice for hybrid sources vehicles’ applications. To effectively take the BS SOC on the BS performance into consideration, voltage polarization was assumed to the BS discharging voltage formula. Also, to guarantee the simulation stability and to take the polarization resistance into consideration, a filtered BS was used current rather than the real BS current. The battery’s voltage of the Li-ion type is represented by Equation (16) as [23]:


   V  b a t t   =  E 0  − K  Q  Q − i t   i t −  R b  i +  A b   e  −  (  B . i t  )    − K  Q  Q − i t    i *   



(16)




where E0 is the BS constant voltage (V), Q is the BS capacity (Ah), K is the polarization constant V/(Ah), it is the actual BS charge (Ah), i* is the filtered battery current (A), Ab is the exponential zone amplitude (V), Rb is the battery internal resistance (Ω), and B is the exponential zone time constant inverse (Ah)−1.



In Equation (16), the polarization voltage is represented by “  K  Q  Q − i t   i t  ” and the term “  K  Q  Q − i t    ” is denoting the polarization resistance (Polres).



In the charging phase, the BS potential difference is suddenly increased after it is fully charged and, in this case, the polarization resistance is updated as in Equation (17):


  P o  l  r e s   = K  Q  i t − 0.1 Q    



(17)








2.3. Supercapacitor (SC) Model


The supercapacitor is used with the battery to decrease the peak current in the battery when the load is very highly fluctuated. It has a high-efficiency cycle (about 100%) and is more suitable for both frequent charge/discharge cycles and storage energy compared to the battery, which is used to supply only the average of the needed power. SC characteristics are the same as the traditional capacitors, but it has the advantage of storing or releasing more energy because of its high capacitance. The SC’s cell is composed of double porous-type of carbon dipped in an electrolyte [24,25]. The SC’s cell capacitance can be formulated as in the following equations:


  C =    [   1   C H    +  1   C  G C      ]    − 1    



(18)




with,


   C H  =    N e  ∈  ∈ 0   A i   d   



(19)






   C  G C   =   F  Q c    2  N e  R T    sinh   (     Q c     N e    2   A i    8 R T ∈  ∈ 0  c      )   



(20)




where CH is the Helmholtz capacitance (F), CGC is the Gouy-Chapman capacitance (F), Ne is the number of layers in the electrode, ∈ is the permittivity of the electrolyte material (F/m), and ∈0 is the permittivity of free space (F/m). Ai is the inter-facial area between electrodes and electrolyte (m2), d is the length of Helmholtz layer (m), Qc is the electric charge of the cell (C), and c is the molar concentration (mol m−3).



Considering the series and parallel cells of the supercapacitor, the total capacitance can be estimated by Equation (21):


   C T  =    N p     N s    C  



(21)







Equation (22) calculates the supercapacitor output voltage with taking the resistive loss into consideration:


   V  S C   =    Q T     C T    −  R  S C    i  S C    



(22)




with,


   Q T  =  N p   Q c  =  ∫   i  S C   d t  



(23)




where QT is the total charge (C), RSC is the SC module resistance (Ω), and iSC is the SC module current (A).





3. Energy Management Strategies


3.1. Fuzzy Logic Control (FLC)-Based EMS


Since several decades ago, FL has proved as an efficient tool in modeling and controlling many applications. FL usually includes three main sequential steps, beginning with the fuzzification step and ending with the defuzzification step. However, between both steps, there is the core of the fuzzy logic, which is the inference system [26]. This system always contains the fuzzy rules that are responsible for relating the system’s output to the system’s inputs. In the first step, the input variables have to be fuzzified by converting them from the crisp form to fuzzy form. This is usually done through a mapping process with the help of membership functions (MFs). The triangular and Gaussian are the two popular shapes of the MF. The defuzzification step is the inverse process to the fuzzification step. Two famous fuzzification methods are usually used: The center of gravity (COG) and the weighted average (Wavg). The “IF antecedent THEN consequence” is the structure of the fuzzy rule. The antecedent and the consequence represent the inputs’ logical combination and the output, respectively. Mamdani [27] and Takagi-Sugino-Kang (TSK) [28] are two well-known types of the fuzzy rule. In Mamdani-type, the consequence is in the fuzzy variable form. However, it takes the form of an input-output function in the TSK type. The rule’s shape of the fuzzy system can take the one of the following forms as shown below:




	
IF x1 is A1, …., and xn is An THEN y is B (Mamdani-type) (1)



	
IF x1 is A1, …., and xn is An THEN y = f(x1, …, xn) (TSK-type) (2)








where A1, …., An and B are the fuzzy MFs of the input variables and the output, respectively, while y = f(x1, …, xn) is either a linear or nonlinear crisp function of the input variables x1, …., and xn.



Eventually, for all fired rule’s output, these outputs are aggregated together to obtain the overall system’s output.



In this work, the load’s power and the BS SOC were taken as the inputs of the FLC, while its output was the FC’s power. Figure 2 illustrates the 3D surface of the MFs of the FLC of the FC system.



The MFs of the input variables, the load power, the SOC, and the FC power are illustrated in Figure 3. They are characterized by numbers of trapezoidal MFs of 5, 3, and 5, respectively. The fuzzy rules of Mamdani-type, used in this work, are constructed as listed in Table 1. The inference “max-min” and the defuzzification “COG” methods are utilized. The FC output current IFC can then be estimated in terms of the PFC resulted from the FLC and the FC voltage VFC.




3.2. Equivalent Consumption Minimization Strategy (ECMS)


This method aims to minimize the H2 consumption of the FC. In this study, a variable equivalence factor that depends on the battery SOC was employed. Additionally, to make this method less sensible to the SOC balancing coefficient (μ), the equivalence factor was added as a term in the objective function that needed to be optimized. Figure 4 shows the schematic of the ECMS. The optimization problem can be represented by the following equations:


      M i n i m i z e    F    =  (   P  f c   +  α p   P  b a t t    )  × Δ T  



(24)







The constraints are:


      P  l o a d   =  P  f c   +  P  b a t t          α p  = 1 − 2 μ   ( S O C − 0.5 ( S O  C  max   + S O  C  min   ) )   S O  C  max   + S O  C  min         



(25)







The boundary conditions are described as follows:


     P  f c      min   ≤  P  f c   ≤  P  f c      max        P  b a t t      min   ≤  P  b a t t   ≤  P  b a t t      max       0 ≤  α p  ≤ 2    



(26)




where Pfc, Pbatt, and Pload denote the FC power, the battery power, and the load demand, respectively. αp denotes the penalty coefficient. ΔT denotes the sampling time.    P  f c      min     and    P  f c      max     denote the min and max FC’s power.    P  b a t t      min     and    P  b a t t      max     denote the min and max BS power.   S O  C  min     and   S O  C  max     denote the min and max SOC of BS. μ denote the SOC balancing coefficient.



In ECMS, the BS converters are controlled by the DC bus voltage. Accordingly, in the optimization procedure, the SC’s power was omitted. In case of the discharging of the SC, it was recharged again via the battery. In this case, in each load cycle, the total load energy was only produced by the FC and the battery.




3.3. State Machine Control Strategy (SMCS)


Figure 5 illustrates the schematic diagram of the SMCS. More details about the states/decisions of SMCS can be found in [29]. From the figure, the FC power can clearly be estimated from the battery’s SOC and the load’s demand. Also, the output of the SMCS algorithm was the FC’s reference power. Therefore, to obtain the FC’s reference current, the response of the SMCS was then divided by both the FC voltage and the boost converter efficiency. The main disadvantage of this algorithm is the difficulty of switching between the different conditions. To overcome this problem, a hysteresis control is required. Consequently, this issue has an effect on the response of the EMS when the demand in the load changes.




3.4. Mine Blast Algorithm (MBA)


Sadollah et al. introduced an optimizer inspired from observing the explosion of mine bomb, known as the mine blast algorithm (MBA) [30]. More details about the MBA optimizer can be found in [30]. In case of exploding the mine bomb, pieces of shrapnel are scattered and combined with other mine bombs near the scene of the blast that causes exploration of other bombs. In the MBA, the main objective of this algorithm is to obtain the most explosive mine bomb that produces the maximum number of damages. Shot-point is the initial mine bomb in this algorithm, and it is represented by x0n, where n is the shot-points number. This point generates shrapnel pieces that representing the individuals of number Ns and saved in a population. The shrapnel pieces explore new position of the mine bomb as given by the following equation:


   x  ( t + 1 )     n  =  x e       ( t + 1 )    n  +  x t    n   e   (  −      m  ( t + 1 )     n     d  ( t + 1 )     n       )           t = 0 , 1 , 2 , … .      



(27)




where x(t+1)n denotes the exploding bomb position, xtn denotes shot point position, and m(t+1)n and d(t+1)n denote the direction and distance of shrapnel pieces. The new exploited location is estimated by the following equation:


   x e       ( t + 1 )    n  =  d t    n  × r a n d × cos  (    360    N s     )   



(28)







To explore a new position, an exploration coefficient μ was used to control the switch between the exploration and the exploitation processes. The optimizer was performing the optimization process as long as the value of μ was greater than the iteration number k. In the current study, μ was set to 20. The new position of mine bomb is calculated as follows:


   x e       ( t + 1 )    n  =  d t    n  ×    |  r a n d n  |   2  × cos  (    360    N s     )         t = 0 , 1 , 2 , …      



(29)







On the other hand, the optimizer was switched to the exploitation process when μ was less than k. Therefore, in this case, the initial distance was gradually decreased so as to guarantee a converging optimization process. A user defined parameter α must also be set to obtain a convergent optimized solution. The distance is governed using the following equation:


   d t    n  =    d  t − 1     n     e   (   k α   )       



(30)







In exploitation process, the direction and distance of the shrapnel pieces are calculated as follows:


   d  t + 1     n  =      (   x  t + 1     n  −  x t    n   )   2  +    (   F  t + 1     n  −  F t    n   )   2     



(31)






   m  t + 1     n  =    F  t + 1     n  −  F t    n     x  t + 1     n  −  x t    n     



(32)




where Ft+1n is the fitness function at location t + 1. The exploration and exploitation processes are shown in Figure 6. The steps of MBA are explained in the flowchart illustrated in Figure 7. In the current study, the controlling parameters of the MBA optimizer were selected as follows: The number of shrapnel pieces was set to 50 and the number of iterations was set to 100.



The hydrogen consumption was minimized through the MBA optimizer based on ECMS, which is explained in Section 3.2.



The main strength of the proposed work is applying a recent and efficient metaheuristic optimization algorithm of the MBA as an energy management tool of hybrid FC, battery, and SC system. This system was used as an emergency power source to supply aircrafts in different landing situations. The application of the MBA will significantly contribute in minimizing the amount of the consumed hydrogen gas of the hybrid system more than that of the other conventional management strategies. However, in the future, many other recent heuristic approaches will be applied, and a comparative study will be held to identify the best one in such hybrid energy management system.





4. Results and Discussion


The comparison between the performances of the studied EMSs was carried out using Matlab© simulations. Figure 8 illustrates the Simulink model of the proposed FC/BS/SC hybrid system. It consisted of the following: A 12.5 kW, 30–60 V PEMFC type; a 48 V, 40 Ah battery storage; six series-connected SC, each with a rating of 15.6 F and 291.6 V; and a 12.5 kW FC DC/DC boost converter. Two DC/DC converters were used to control the battery storage. The first converter had 4 kW boost type to discharge the battery and the second had a 1.2 kW buck type to charge it. A 15 kVA, 200 V AC, 400 Hz inverter was employed to feed the AC load demand. For fair assessment of the simulations, the initial conditions for the BS and SC system were set to the same values. The two key factors for comparing the performance were the H2 consumption and the system efficiency. The efficiency was calculated via dividing the average load demand power by the average power generated from the fuel cell/battery/supercapacitor system. The comparative study of the H2 consumption and the overall efficiency was obtained using the proposed MBA-based EMS strategy and the other studied strategies given in Figure 9. The H2 consumption in Figure 9 was computed as a tolerance w.r.t., the approach that gives the largest H2 consumption which, in this case, is the ECMS. From the obtained results, one can see that in terms of the H2 fuel economy and the efficiency, the best EMS strategy among all studied strategies is the MBA-based optimizer. Applying the MBA optimizer decreased the H2 consumption to 19.85 gm, which is around a 10.5% decrease compared to both FLC and SMCS, and a decrease of 44.8% compared to the ECMS strategy. Furthermore, the efficiency was increased by 8.8%, 3.6%, and 12.19% compared to FLC, SMCS, and ECMS, respectively. Similar work has previously been done by Njoya et al. in [29], where the values of the overall efficiency using PI control and ECMS were 80.28% and 80.47%, respectively. This proved that the efficiency obtained through the current proposed MBA optimizer was better than that obtained in [29], despite a slight difference. Therefore, the proposed MBA-based management strategy was found to be superior among the compared strategies of SMCS, FLC, and ECMS in both hydrogen fuel economy and overall efficiency.



Figure 10 and Figure 11 show the time responses of the hydrogen consumptions obtained by each management strategy.



Figure 12, Figure 13 and Figure 14 can help to explain and understand the modes of operation as follows: At t = 0, the load demand was zero, so the FC started to charge the BS. At t = 40 s, the hybrid FC/BS/SC system started to supply the power to the load, and the excess load demand was fed using SC since it has a fast response to the sudden power demand. At the same time, the FC power increased gradually. At t = 45 s, the SC voltage level decreased under the reference voltage level (270 V). Accordingly, the BS was used for regulating the SC voltage in order to reach to the reference value again. At t = 48.5 s, the SC voltage equaled the reference voltage, so the BS gradually decreased its power to zero. Hence, the FC supplied the total load demand and recharges the SC simultaneously. At t = 60 s, the SC fed the excess transient load demand, whereas the FC power increased gradually. At t = 61.5 s, the BS regulated the DC bus voltage to the reference level and supported the FC in order to supply the excess load demand. At t = 70 s, the FC output power reached its maximum and the load’s extra demand was fed by the BS. At t = 110 s, the BS also reached its maximum and, in this case, the SC handled the load’s extra power. At t = 125 s, the load power decreased to a value lower than the FC maximum power. Because the FC response is usually slow during transients, the extra FC energy was then shifted for charging the SC. At t = 126 s, the DC bus voltage reached 270 V. However, the BS discharged and dropped to zero. At t = 170 s, the load demand decreased to a value lower than the FC maximum power. Therefore, the extra FC power was then used to charge both the BS and SC. At t = 180 s, the load increased abruptly, so the SC responded quickly to this fast change and handled the extra load demand. At t = 185 s, to regulate the DC bus voltage, the BS discharged to help the FC in supplying the power to the extra load demand. At t = 235 s, the load power was suddenly decreased. Accordingly, the exceeded FC energy was then used to charge the BS and SC. At t = 250 s, the FC approximately supplied the total load power. At t = 330 s, the load demand was reduced to zero. Therefore, the FC gradually decreased its power to its optimal power and also recharged the BS.




5. Conclusions


An effective energy management strategy based on mine-blast optimization algorithm (MBA) for optimally sharing the demanded load-power among different generating sources in a hybrid system was proposed. This system was composed of FCs, battery storage, and SCs, and was used to supply a highly fluctuated load profile. In terms of the hydrogen consumption economy and overall efficiency, the proposed strategy was compared with three previously used and popular strategies: FLC, SMCS, and ECMS. The obtained results proved that the MBA-based strategy is the best compared to the others. It efficiently decreased the hydrogen consumption by about 10.5% compared to the FLC and SMCS strategies, while it decreased hydrogen consumption by 44.8% compared to the ECMS strategy. Furthermore, the efficiency was increased by 8.8%, 3.6%, and 12.19% compared to the FLC, SMCS, and ECMS strategies, respectively. In conclusion, the proposed strategy has an outstanding performance relative to the other strategies.
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Figure 1. Fuel cell output voltage versus current density. 
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Figure 2. The 3D surface of the fuel cell (FC) system input-output membership functions (MFs). 
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Figure 3. The input-output membership functions of the fuel cell–fuzzy logic control (FC–FLC). 
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Figure 4. The block diagram of the equivalent fuel consumption minimization strategy (ECMS). 
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Figure 5. State machine control. 
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Figure 6. Mine blast algorithm (MBA) exploration and exploitation processes. 
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Figure 7. Flowchart of MBA. 
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Figure 8. Simulink model of fuel cell (FC)/supercapacitor (SC)/batteries (BS) hybrid system. 
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Figure 9. Overall efficiency and saving percentage of hydrogen consumption. 
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Figure 10. H2 consumption variation for different considered methods. 
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Figure 11. H2 consumption variation in gm for different considered methods. 
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Figure 12. Variation of load and generation powers with time. 
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Figure 13. Time responses of the battery’s state of charge (SOC), current, and voltage. 
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Figure 14. Time responses of the battery’s SOC, current, and voltage. 
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Table 1. FC system fuzzy rules.
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