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Abstract

:

Developing an energy management strategy (EMS) is an important requirement to satisfy the load power demand for a proton-exchange membrane fuel cell (PEMFC) hybrid system under different working conditions. For this objective, this paper proposes an EMS to control the power distribution between the PEMFC, battery (BAT), and supercapacitor (SC) and regulate the DC bus voltage for matching the load power demand. In this strategy, fuzzy logic rules (FLRs) and low-pass filters (LPFs) are utilized to determine the reference currents for energy sources based on their dynamic response. In addition, current and voltage control loops are designed to provide the appropriate gains for compensators that can maintain a stable voltage on the DC bus. Finally, simulations are conducted in the MATLAB/Simulink environment to validate and compare the effectiveness of the proposed strategy with others. The simulation results present that the proposed EMS achieves the highest distributed power accuracy with an error of   ( − 2.1 → 2.6 )   W, while reducing the DC bus voltage ripple by 1% under various load working conditions in comparison to the other approaches.
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1. Introduction


The development of renewable energy sources is quickly becoming an indispensable solution for inhibiting environmental pollution caused by types of machines or power generation systems that consume fossil fuels [1,2]. As a result, power sources such as solar, wind, or fuel cell are regarded as economically feasible renewable sources for multiple applications. These energy sources are used as a primary source to serve the load power demand. Recently, the PEMFC has gained attention as a major and viable contender to take the place of traditional energy storage systems (ESSs) such as BAT or SC [3]. Moreover, it is also distinguished by its lower operating temperatures, better power density, and higher energy conversion compared to other types of fuel cells [4]. However, variable nature characteristics such as a slow response and inability to satisfy abrupt load demands and absorb regenerative energy are existing obstacles when employing standalone PEMFC. Hence, the PEMFC system is highly dependent on an ESS to provide power delivery to load continuity with a fluctuating power source. As a result, various researchers studied the combination of BAT-SC with PEMFC. The hybrid systems of PEMFC-BAT-SC have been used in a variety of research fields including DC microgrids [5,6,7], hybrid electric vehicles [8,9,10], construction machinery [11,12], hybrid tramway powertrains [13,14,15], and so on. The aforementioned literature showed that this hybrid configuration could yield an improved performance, decrease system size, address the issue of fuel economy, and increase device longevity. However, in order to achieve high operating effectiveness for a complicated hybrid power system (HPS), the EMS should be designed to properly manage power distribution from energy sources to the powertrain.



In the literature, many energy management methods have been reported to control the HPS. In [16], a distributed energy management system was constructed for the HPS based on a rule-based power distribution strategy. By using the charge and discharge limitations of power capability and residual capacity, the presented EMS might increase the lifespan and enhance the economics of the hybrid energy storage system. Similar to [17,18,19], rule-based EMSs were also developed for the fuel cell electric vehicle (FCEV) to determine the required power of electrical sources and obtain fuel economy by regulating the power distribution of BAT and SC through charge and discharge mechanisms. To minimize hydrogen consumption and extend the life of system components, Kaya et al. [20] proposed two control strategies based on the simplicity of their structure and characteristics, which may be readily applied to the many types of FCEVs. These strategies have only been verified in two separate road models, the “stop-go road model” and the “uphill-downhill road model”, and more complicated road models should be done for further research. For the fuel cell hybrid excavator, Do et al. presented an EMS in [21], to properly manage the power distribution of energy sources based on load power demand and increase the power performance under various operating scenarios. To improve the efficiency of a hybrid tramway system, Qi Li et al. [22,23] developed a state machine technique based on droop management to coordinate numerous power sources when load states changed. In [24], a simple control system was designed for a switcher locomotive-powered PEMFC-BAT-SC hybrid system to manage the power flows and load power demand levels while maintaining the proper state of charge (SOC) on the ESSs. In [25,26], Garcia et al. proposed an operational mode control and cascade control loop that could allocate the load power demand for each energy source, ensuring power performance and satisfying the hybrid tramway system’s drive cycle under varying operating circumstances. According to the results of the aforementioned studies, these EMSs could ensure the HPS’s overall efficiency and fulfill the load power demand. However, the switching modes of the rule-based mechanisms, which were frequently dependent on the on/off mechanism to control the specific working conditions, still remained the drawback of not offering a flexible operation and instability for the charge and discharge of ESSs.



By dealing with model uncertainty and complex decisions, FLRs have been applied in several studies for HPS’s control strategies and energy management to determine the power distribution between the primary source and the ESS, while guaranteeing the system operated in a high-efficiency or fuel economy mode. In [5], Fagundes et al. proposed a fuzzy controller for energy management in the hybrid system of fuel cells and energy storage units. This approach was suitable for compensating/absorbing power during load transients, minimizing fuel cell stack damages, and balancing the SoC status of ESS through the charging/discharging process. For FCEV, in [27,28], FLRs and flatness control were combined to split the energy flow between three electrical sources. This strategy gained high efficiency in power-sharing from energy sources to satisfy the load power demand in different operating modes. To protect BAT from overcharging, a real-time fuzzy logic was described by Hemi et al. in [29] for three configurations of FCEV. The simulation results confirmed that the proposed strategy could satisfy the load power demand with the unknown driving cycles and achieve power distribution among energy sources. In [30,31], fuzzy-based EMSs were exploited for integrated PEMFC-BATs-SCs to improve the hybrid vehicle behaviors, enhance system efficiency, and prolong the component lifespan. For the fuel cell excavator system, Truong et al. [32] used the fuzzy-based EMS to maintain the load power demand, minimize fuel economy, and ensure the SOC of ESS. Using the same object, Dao et al. [33] introduced a combination of fuzzy-based EMS and optimal techniques to update the fuzzy membership functions (MFs) to save fuel consumption while improving system performance. In addition, depending on the different characteristics of power sources, the frequency decomposition techniques were applied to regulate the dynamic response, improve the power-sharing accuracy, and extend the lifetime of devices. Based on the Ragone diagram, LPFs were used in [34,35] to decompose the frequency ranges allowed by each power source, and improve the power performance of HPS while reducing stress and power fluctuation on the PEMFC and ESS. To achieve the optimum distribution of energy between the sources, Snoussi et al. [36] proposed an adaptive filtering-based EMS for minimizing hydrogen consumption and maintaining the constraints of each device, such as the permissible limitation of storage system capacities and battery current variation. According to the presented studies, the fuzzy logic technique and frequency decomposition approach performed well for power distribution between the PEMFC and ESS in the hybrid system. In [37], an EMS with the combination of FLRs and the frequency decoupling method using FPFs was proposed for HPS to achieve the appropriate power distribution and maintain a stable DC output voltage. However, the controllers of DC-DC converters in HPS were designed by the trial and error method without investigating the dynamic characteristics of these converters. As a result, it is difficult to identify suitable compensator gains. This can result in a shortage of supplied power for the load, especially if the required power varies abruptly. Therefore, the development of an EMS considering the design of the controller gains for DC-DC converters is required to achieve the overall system qualification and improve the stable DC bus voltage delivered to the load under different working conditions.



Motivated by the above analyses and the significant extension of the conference paper [37], this paper proposed an energy control strategy to guarantee energy performance and fuel economy, and improve the stability of the DC bus voltage for an HPS. The main contributions of the proposed control strategy are as follows: Firstly, FLRs are designed to determine an appropriate reference PEMFC power to supply the traction load by using the SOC of BAT and the load power demand. Secondly, the combination of FLRs and filtering-based methods are mainly utilized to ensure the proper power distribution of each energy source based on their dynamic characteristics and operating frequency ranges. Thirdly, the dynamics and response of converters are analyzed using the Bode diagram to produce the correct gains for compensators of current and voltage control loops that maintain the stability of the DC bus voltage based on the BAT. Finally, comparison results between the proposed strategy and other approaches are discussed to evaluate the effectiveness.



The rest of this paper is organized as follows: the configuration of HPS is described in Section 2. In Section 3, the energy control strategy is introduced. Simulation results are given in Section 4 to validate the effectiveness of the proposed strategy. Finally, the conclusions of this paper are presented in Section 5.




2. Configuration of Hybrid Power System


2.1. System Configuration


The proposed hybrid power topology is described in Figure 1 [37]. This hybrid system consists of a PEMFC as the primary energy source and an ESS that composes the lithium-ion BAT and SC bank. Two bidirectional and one unidirectional boost DC-DC converters are implemented to connect three power sources and the DC bus in parallel. These devices can supply the energy to the traction motor through an inverter based on the discharge or charge modes during the load variations. In order to overcome the mentioned problems when using standalone PEMFC, the ESS, with a high energy density and high power density, is utilized to supplement the lacking power in the initial phase, the transient period, peak power demands, or regenerative energy. It can be seen that this configuration provides a flexible mechanism for controlling the DC bus voltage, enhancing working performance, and achieving fuel economy for the PEMFC system.




2.2. PEMFC Model


In this work, the PEMFC Horizon H-200 200 W/24 V is used as the main power source for the hybrid system. To reproduce its characteristics, a detailed model in [38] is applied to construct the simulation model for the PEMFC that composes a stack module, auxiliary components of hydrogen and air supplying, water-cooling circulation, humidification, while neglecting the reactant flow inside the electrode. In this model, system parameters can be easily set up from the datasheet or by using the simple polarization curve of the testing process. The equivalent circuit of the PEMFC stack is described in Figure 2.



The output voltage of the PEMFC stack can be expressed as follows [38]:


   V  F C   = E −  R i   I  F C    



(1)






  E =  E  o c   − F ( s ) N  T f  ( A ,  I  F C   ,  I o  ) =  E  o c   − N A ln  (     I  F C      I o     )   1     T d   3  s + 1    



(2)




where    V  F C     is the PEMFC stack voltage (V),  E  is the voltage source (V),    R i    denotes the internal resistance ( Ω ),    I  F C     describes the PEMFC stack current (A),    E  o c     is the open-circuit voltage (V), N is the number of cells, A is the Tafel slope (V),    I o    denotes the exchange current (A), and    T d    presents the response time (s).



In the detailed PEMFC model, the Tafel slope, exchange current, and open-circuit voltage parameters are determined based on the variations of the input pressures, gas compositions, stack temperature, and flow rate of fuel and air. The open-circuit voltage is described by Equation (3):


   E  o c   =  K c   E n   



(3)




where    K c    is the voltage constant at the nominal condition of operation and    E n    denotes the Nest voltage (V).



The Nest voltage is determined as follows:


   E n  =  {      1.229 + ( T − 298 )   − 44.43   z F   +   R T   z F   ln  (   P   H 2     P   O 2     1 2     )      , T ≤   273  °  K       1.229 + ( T − 298 )   − 44.43   z F   +   R T   z F   ln  (     P   H 2     P   O 2     1 2       P   H 2  O      )      , T >   273  °  K        



(4)




where T is the operation temperature (°K), z denotes the number of moving electrons,  R  is the ideal gas constant (J/(mol °K)), F is the Faraday constant (A s/mol),    P   H 2      is the partial pressure of hydrogen inside the stack (atm),    P   O 2      is the partial pressure of oxygen inside the stack (atm), and    P   H 2  O     is the partial pressure of water vapor (atm).



The partial pressure values are given by equations:


   P   H 2    =  (  1 −  U   f   H 2       )  x  P  f u e l    



(5)






   P   O 2    =  (  1 −  U   f   O 2       )  y  P  a i r    



(6)






   P   H 2  O   =  (  w + 2 y  U   f   O 2       )  y  P  a i r    



(7)




where    U   f   H 2        is the rate of hydrogen utilization,    U   f   O 2        denotes the rate of oxygen utilization, x is the percentage of hydrogen in the fuel (%), y is the percentage of oxygen in the oxidant (%), w is the percentage of water vapor in the oxidant (%),    P  a i r     is the absolute supply pressure of air (bar), and    P  f u e l     is the absolute supply pressure of fuel (bar). Herein, the terms of    U   f   H 2        and    U   f   O 2        are defined as follows:


   U   f   H 2      =   60000 R T  I  F C     z F  P  f u e l    V  f u e l   x    



(8)






   U   f   O 2      =   60000 R T  I  F C     2 z F  P  a i r    V  a i r   y    



(9)




where    V  f u e l     is the fuel flow rate (lpm) and    V  a i r     is the air flow rate (lpm).



In Equation (2), the Tafel slope and exchange current are described as follows:


   I 0  =   z F k  (   P   H 2    +  P   O 2     )    R h   exp  (    − Δ G   R T    )   



(10)






  A =   R T   z α F    



(11)




where k is the Boltzmann’s constant (J/°K),  α  is the charge transfer coefficient, h is the Planck’s constant (J s), and   Δ G   is the activation energy barrier (J/mol).



The output power of the PEMFC stack is formulated by:


   P  F C   = η  V  F C    I  F C    



(12)




where    P  F C     is the output power (W) and  η  denotes the efficiency of the PEMFC stack.



The PEMFC parameters are given in Table 1.



Based on the technical specification of the PEMFC stack, the predetermined polarization curves of power–current (P-I) and voltage–current (U-I) are shown in Figure 3.




2.3. Battery Model


Due to its high energy density, fast dynamic response, and low self-discharge rate, the lithium-ion battery is a promising device that can be used to compensate for the lack of PEMFC power and store regenerative energy in the hybrid system. To explore its behaviors, an equivalent circuit is employed to construct the simulation model for the BAT, as shown in Figure 4.



Depending on the discharge or charge mode, the nonlinear voltage is regulated to maintain the BAT’s capacity in a reasonable performance. The voltage in the discharge mode is calculated as follows [39]:


      E  d i s       =  f 1   (   I  B A T   t ,  I  B A T  *  ,  I  B A T    )         =  E 0  − K  Q  Q −    ∫ 0 t    I  B A T   d t      ·  I  B A T  *  − K  Q  Q −    ∫ 0 t    I  B A T   d t         ∫ 0 t    I  B A T   d t    +  A b  exp  (  − B ·    ∫ 0 t    I  B A T   d t     )     



(13)




where    E  d i s     is the nonlinear voltage in discharge mode (V),    E 0    is the BAT constant voltage (V),  Q  is the maximum BAT capacity (Ah),    I  B A T     is the BAT output current (A),    I  B A T  *    is the low-frequency current dynamics (A), K is the polarization constant (V/Ah),    A b    is the exponential voltage (V), and B is the exponential capacity (Ah−1).



For the charge mode, due to the fast increasing voltage of the BAT, the polarization resistance   K  (   Q /   (  Q −    ∫ 0 t    I  B A T   t     )     )    is regulated to depict the performance at the end of the charging process. Thus, the voltage is given by [39]:


     E  c h     =  f 2   (   I  B A T   t ,  I  B A T  *  ,  I  B A T    )        =  E 0  − K  Q     ∫ 0 t    I  B A T   d t      −   0.1 Q   ·  I  B A T  *  − K  Q  Q −    ∫ 0 t    I  B A T   d t         ∫ 0 t    I  B A T   d t    +  A b  exp  (  − B ·    ∫ 0 t    I  B A T   d t     )     



(14)




where    E  c h     is the nonlinear voltage in charge mode (V).



The output voltage of the BAT model is represented as follows:


   V  B A T   =  E b  −  R  int    I  B A T    



(15)




where    R  int     is the BAT internal resistance   ( Ω )  , and    E b    is the nonlinear voltage (V) that equals    E  d i s     in discharge mode and equals    E  c h     in charge mode, as defined in Equations (14) and (15).



In addition, the SOC of the BAT (  S O  C  B A T    ) can be obtained from the current charge and the maximum capacity by:


  S O  C  B A T    ( t )  = S O  C  B A T    (   t 0   )  −  1 Q     ∫   t 0   t    I  B A T   d t     



(16)




where   S O  C  B A T     is the SOC of the BAT (%), t is the instant time, and    t 0    is the initial time.



A pack of six series and four parallels Panasonic NCR18650BF to create a lithium-ion BAT 21.6 V/12.8 Ah is used for the hybrid system. Its parameters are given in Table 2.



From the input parameters, the polarization curves of the BAT model are shown in Figure 5.




2.4. Supercapacitor Model


The SC is known as an electronic component with a fast dynamic response and high power density. In the hybrid system, it can be used to store the regenerative energy or release more energy to compensate for the peak power during the abrupt load variation. In this work, an SC model is constructed by using the Stern model [40,41,42]. The equivalent circuit of the SC model is illustrated in Figure 6.



The SC output voltage can be given by:


   V  S C   =    N s   Q T     N p  C   −  R  S C    I  S C    



(17)




where    Q T    is the total electric charge (C),  C  is the capacitance of an electric double-layer capacitors cell (F),    N s    denotes the cells in series,    N p    presents cells in parallel,    I  S C     is the SC current (A), and    R  S C     is the internal resistance (Ω).



The capacitance of a cell can be expressed as


  C =    (   1   C H    +  1   C  G C      )    − 1    



(18)




with


   C H  =    N e  ε  ε 0   A i   d   



(19)






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



(20)




where    C H    is the Helmholtz capacitance (F),    C  G C     is the Gouy–Chapman capacitance (F),    N e    is the number of layers of electrodes,  ε  and    ε 0    are the permittivity of material and free space (F/m),    A i    is the interfacial area between electrodes and electrolyte (m2),  d  is the molecular radius (m),  F  is the Faraday constant (A s/mol),  R  is the ideal gas constant (J/(mol °K)),    Q c    is the cell electric charge (C),  T  is the operating temperature (°K), and  c  is the molar concentration (mol/m−3).



Next, the total electric charge is defined by:


   Q T  =    ∫   t 0   t    I  S C      d t  



(21)







In addition, the SOC of the SC can be estimated through the output current and maximum capacity as follows:


  S O  C  S C    ( t )  = S O  C  S C    (   t 0   )  −  1   Q  S C        ∫   t 0   t    I  S C   d t     



(22)




where   S O  C  S C     is the SOC of SC (%),    Q  S C     is the maximum SC capacity (Ah), t is the instant time, and    t 0    is the initial time.



In this work, a supercapacitor bank of nine series cells of the Maxwell 450 F/2.7 V is used. Its parameters are given in Table 3.




2.5. DC/DC Converter Models


In the hybrid power system, DC/DC converters are critical in controlling the required power from the energy sources for adapting to load power demand and keeping the DC bus voltage at the desired value. These converters are utilized in this study to connect the three energy sources of PEMFC, BAT, and SC with a DC bus that supplies voltage and current to the traction load. Depending on the role and function of each energy source, converters will operate to boost or buck the voltage that delivers to the DC bus through discharge or charge mechanisms. In detail, the boost converter is used to convert the lower voltage of the PEMFC to the higher voltage on the DC bus, whereas the buck–boost converters (bidirectional converters) are used to transform the voltage in two directions between BAT/SC and the DC bus, with the boost mode for discharging and the buck mode for charging. The structure of the DC/DC converters is described in Figure 7.



In Figure 7, the switching model is applied to build the structure of the DC/DC converters. The advantage of this model is that it can observe the switching actions, switching harmonics, and losses of switching components and investigate the converter dynamics. This model is mostly utilized for experimental applications, and an adaptive control loop is designed to generate the PWM signals for controlling the switching components.



Thus, the duty cycles are calculated to define the PWM signals for the DC/DC converters according to the reference current in the buck mode or boost mode. These duty cycles can be expressed as follows:


   D  b u c k   =    V  o u t      V  i n _ max    η  b u c k      



(23)






   D  b o o s t   = 1 −    V  i n _ min    η  b o o s t      V  o u t      



(24)




where    D  b u c k     is the duty cycle of the buck mode (%),    D  b o o s t     is the duty cycle of the boost mode (%),    V  i n _ min    ,    V  i n _ max    , and    V  o u t     are the minimum, maximum input voltage, and output voltage (V) of the converter, respectively.    η  b u c k     and    η  b o o s t     are the efficiencies of the converter which are estimated to equal 90% for buck mode and 80% for boost mode, respectively.





3. Energy Management Control Strategy


In this work, the proposed control strategy is designed to determine the power distribution of three electrical sources based on the load power demand and SOC of ESS. Additionally, the control scheme of the DC bus voltage regulation is considered to guarantee stable voltage during power fluctuation and track the speed limitation of the power converter. The block diagram of the proposed control strategy is described in Figure 8.



3.1. Control Strategy Description


In this hybrid system, the PEMFC is utilized as a primary source that not only supplies power for the traction load, but also ensures the SOC level of the BAT within the desired range. As a result, the load power demand   (  P  l o a d   )   and the   S O  C  B A T     are taken as two inputs for the FLRs [37] to generate the reference PEMFC power   (  P  F C r e f   )  . This power is divided by the measurement value of the PEMFC voltage to create the PEMFC current   (  I  F C   )  . This current is passed to the low-pass filter (LPF-1) to decompose into low- and high-frequency currents, and given as the reference current   (  I  F C r e f   )   and uncompensated current   (  I  F C u c   )   of the PEMFC. For the BAT, it is used to keep the DC bus voltage at the reference value through the voltage control loop. The reference   (  V  D C r e f   )   and measured   (  V  D C m e a   )   DC bus voltage are compared with each other, and the difference voltage then is provided to the PI controller (PI-2 control) to produce the DC bus current   (  I  B A T   )  . This current is decomposed by using the low-pass filter (LPF-2) into low- and high-frequency currents, which are then used as the BAT’s reference current   (  I  B A T r e f   )   and uncompensated current   (  I  B A T u c   )  . Due to the fast dynamic response, the SC will take care of the uncompensated current of the PEMFC and BAT. Thus, the SC reference current   (  I  S C r e f   )   consists of a high-frequency component and an error component of the PEMFC current and BAT current.



In this strategy, the FLRs are inherited from our previous papers in [15,37] to calculate the reference power of the PEMFC based on the load power demand and SOC level of BAT. These rules have two input variables   (  P  l o a d   , S O  C  B A T   )   and one output variable   (  P  F C r e f   )  . Seven membership functions (MFs) are used to characterize the input variable    P  l o a d     including NH (Negative High), NM (Negative Medium), NL (Negative Low), Z (Zero), PL (Positive Low), PM (Positive Medium), and PH (Positive High) within the range of (−1,1). For the input variable   S O  C  B A T    , five MFs divided into VL (Very Low), L (Low), M (Medium), H (high), and VH (Very High) with the scope as (0.4, 0.9). The output    P  F C r e f     is characterized by five MFs: Min (Minimum), ML (Medium-Low), M (Medium), MH (Medium-High), and Max (Maximum). The inhomogeneous MFs of the inputs and output are depicted in Figure 9 and the fuzzy rules are described in Table 4.



The suggested fuzzy rules distribute the needed power to the PEMFC source in order to not only supply the workload requirement, but also maintain the SOC supplement of the BAT. For instance, during the charging process, if the SOC of BAT is at a high level, the injected power is lower, and vice versa. Meanwhile, during the discharging process, if the SOC of BAT is at a high level, the BAT will release more output power and vice versa.



Furthermore, low-pass filters are applied to decompose the demand current that corresponds to the operating ranges and power changing rate of the PEMFC, BAT, and SC, using the Ragone diagram theory [35] and the dynamic features of energy sources. This approach is advantageous for experimental applications because of its rapid computation time and simple design. For the PEMFC, the low-frequency current is derived from the required PEMFC current as follows:


   I  F C l p f   =  f  L P F − 1   (  I  F C   )  



(25)




where    I  F C l p f     is the PEMFC low-frequency current (A),    I  F C     is the required PEMFC current (A),    f  L P F − 1   ( . )   is the function of the low pass filter (LPF-1).



To achieve the PEMFC reference current, a rate limiter is employed to limit the discharge rates of the PEMFC current as given.


   I  F C r e f   =  f  R 1   (  I  F C l p f   )  



(26)




where    I  F C r e f     is the PEMFC reference current (A), and    f  R 1   ( . )   is the function of the rate limiter for the PEMFC current.



This reference current and measured PEMFC current are compared with each other, and the different current is supplied to the PI-1 controller to generate the control signal (SW1) for the PEMFC converter. In addition, the uncompensated PEMFC current is given by


   I  F C u c   =  I  F C   −  I  F C m e a    



(27)




where    I  F C u c     is the uncompensated PEMFC current (A), and    I  F C m e a     is the measured PEMFC current (A).



Similarly, for the BAT, the reference and uncompensated currents can be defined by using the low-pass filter and a rate limiter as follows [43]:


   I  B A T l p f   =  f  L P F − 2   (  I  B A T   )  



(28)






   I  B A T r e f   =  f  R 2   (  I  B A T l p f   )  



(29)






   I  B A T u c   =  I  B A T   −  I  B A T m e a    



(30)




where    I  B A T l p f     is the BAT low-frequency current (A),    I  B A T     is the required BAT current (A),    f  L P F − 2   ( . )   is the function of the low pass filter (LPF-2),    f  R 2   ( . )   is the function of the rate limiter for the BAT current, and    I  B A T r e f    ,    I  B A T u c    , and    I  B A T m e a     are the reference, uncompensated, and measured current of the BAT, respectively (A).



From the above equations, the required BAT current   (  I  B A T   )   is the output of the DC bus voltage control. In the hybrid power system, this control plays an important role to guarantee the system’s stability because if the load power demand rises suddenly, the DC bus voltage drops, and vice versa. In order to control the output voltage of the DC bus, a PI-2 controller is designed, as shown in Figure 8. Herein, this controller will generate the current    I  B A T     based on the deviation between the measured DC output voltage   (  V  D C m e a   )   and a reference   (  V  D C r e f   )   as the input signal.



Due to the slow dynamics, the PEMFC and BAT cannot instantly adapt to high-frequency currents. Additionally, due to the presence of electrical inertia in DC/DC converters, the PEMFC converter and BAT converter may not quickly track the reference currents. Thus, the SC, with the high power density and fast dynamics response, is employed to compensate for the high-frequency component and the error due to the slow dynamics of the PEMFC and BAT currents. The required SC current is given by


     I  S C     =  I  F C u c   ·    V  F C m e a      V  S C m e a     +  I  B A T u c   ·    V  B A T m e a      V  S C m e a          =  (   I  F C   −  I  F C m e a   +  I  F C r e f   −  I  F C r e f    )  ·    V  F C m e a      V  S C m e a     +  (   I  B A T   −  I  B A T m e a   +  I  B A T r e f   −  I  B A T r e f    )  ·    V  B A T m e a      V  S C m e a          =  (   (   I  F C   −  I  F C r e f    )  +  (   I  F C r e f   −  I  F C m e a    )   )  ·    V  F C m e a      V  S C m e a     +  (   (   I  B A T   −  I  B A T r e f    )  +  (   I  B A T r e f   −  I  B A T m e a    )   )  ·    V  B A T m e a      V  S C m e a          =  (   I  F C h f   −  I  F C e r r    )  ·    V  F C m e a      V  S C m e a     +  (   I  B A T h f   −  I  B A T e r r    )  ·    V  B A T m e a      V  S C m e a        



(31)




where    I  F C h f       (  =  I  F C   −  I  F C r e f    )    and    I  B A T h f       (  =  I  B A T   −  I  B A T r e f    )    are the high-frequency current of    I  F C     and    I  B A T     (A), respectively;    I  F C e r r       (  =  I  F C r e f   −  I  F C m e a    )    and    I  B A T e r r       (  =  I  B A T r e f   −  I  B A T m e a    )    are the error of the PEMFC and BAT currents due to the slow dynamic of each source (A), respectively. Then, the SC references current is given as the output of the SOC regulator that guarantees the SOC of SC in the limited ranges as follows [37]:


   I  S C r e f   =  {      α  |   I  S C    |      i f     S O  C  S C   ≤ S O  C  S C min          I  S C       i f     S O  C  S C min   < S O  C  S C   < S O  C  S C max         β  |   I  S C    |      i f     S O  C  S C   ≥ S O  C  S C max          



(32)




where    I  S C r e f     is the reference current of the SC (A),    I  S C     is the required SC current (A),   S O  C  S C     is the SOC level of the SC,   S O  C  S C min     and   S O  C  S C max     are the minimum and maximum allowable of the   S O  C  S C    , respectively, and  α  and  β  are the tuning parameters, as referred to in [37].




3.2. PI Controller Design for the HPS


In this work, four PI controllers are designed to generate the duty cycle for the PWM generator of DC/DC converters and regulate the DC bus voltage. The current control loop of the PEMFC boost converter is controlled by the PI-1 controller. The PI-2 controller is the outer voltage control loop to maintain the DC bus voltage, while the PI-3 controller is the inner current control loop for the BAT’s bidirectional buck–boost converter. Meanwhile, the PI-4 controller is designed for use in the current control loop of the SC’s bidirectional buck–boost converter. In the bidirectional converter, because both buck (charge direction) and boost (discharge direction) modes employ a similar transfer function of the control loops, the operating characteristics of the boost mode are taken into account while designing the controller.



In the control parameters’ design process, the controller gains of the SC converter are designed first because the SC has a faster dynamic response than the BAT and PEMFC. In addition, the current control loop bandwidth (BW) of the PI-4 controller is selected as higher than the BW of other controllers. Similarly, the current control loop BW of the PI-3 controller is chosen as lesser than the PI-4 controller, but higher than the PI-1 controller because the BAT charge/discharge rates are slower than the SC, but faster than the PEMFC. Moreover, the BW of the BAT and PEMFC current controller is designed such that high-frequency components are transferred to the SC for power or current compensation. In this work, the current control loop BW of the PI-4, PI-3, and PI-1 controllers is limited to equal 1/6, 1/10, and 1/14 of the switching frequency   (  f  s w   )   of the DC/DC converter, respectively [43]. Furthermore, to regulate the DC bus voltage, the voltage control loop BW is chosen to be smaller than the current control loop of the BAT because the current control loop has a faster response than the voltage control loop.



3.2.1. Design of SC Current Controller (PI-4 Controller)


In the control strategy, SC is used as the ESS to compensate for the response of BAT and PEMFC. The controller of the SC converter is designed by using the reference and measured SC current. Thus, the characteristics of the current control loop are considered to guarantee the stability of the current controller. The block diagram of the SC current control loop is presented in Figure 10. The duty-cycle-to-current transfer function of the SC converter is given by [44].


   G  i d _ S C   ( s ) =   2  V o      ( 1 −  D  S C   )  2  R      (  1 +   R  C 2   2  s  )    1 +  L    ( 1 −  D  S C   )  2  R   s +   L  C 2      ( 1 −  D  S C   )  2     s 2     



(33)




where    V o    is the output voltage of the converter (V) and    D  S C     is the duty cycle of the SC converter (%).



To achieve the desired crossover frequency and stability margin of the transfer function (33), the PI compensator (PI-4 controller) is designed as follows:


   G  p i _ S C   ( s ) =  K  p _ S C   +  K  i _ S C    1 s   



(34)




where    K  p _ S C     and    K  i _ S C     are the PI compensator gains.



The transfer function of the compensated current control loop of the SC converter is defined as


   T  i _ S C   ( s ) =  G  p i _ S C   ( s ) ·  G  i d _ S C   ( s ) ·  H  I _ S C    



(35)




where    H  I _ S C     is the current sensor gain.



The parameters of electronic components used in the SC converter are given in Table 5. The Bode diagram of the SC current control loop with and without using the PI compensator is shown in Figure 11. As a result of using the PI compensator, the phase margin (PM) decreases from 90° to 60.1° at   2.09 ×   10  4    rad/s, ensuring the stability of the current control loop for the SC converter. The PI-4 controller parameters are    K  p _ S C   = 0.0257   and    K  i _ S C   = 307.3101  .




3.2.2. Design of BAT Current Controller (PI-3 Controller)


In the control strategy, the BAT is used to guarantee the DC bus voltage. Thus, two control loops are applied in which the inner loop is the current control and the outer loop is the voltage control. The block diagram of the BAT controllers is shown in Figure 12. The voltage control loop produces the reference current to the BAT   (  I  B A T r e f   )   that is then compared to the measured BAT current to generate the input signal in the current control loop. The transfer function of duty-cycle-to-current is described as follows [44].


   G  i d _ B A T   ( s ) =   2  V o      ( 1 −  D  B A T   )  2  R      (  1 +   R  C 2   2  s  )    1 +  L    ( 1 −  D  B A T   )  2  R   s +   L  C 2      ( 1 −  D  B A T   )  2     s 2     



(36)




where    V o    is the output voltage of the converter (V) and    D  B A T     is the duty cycle of the BAT converter (%).



The PI compensator of the BAT current control loop (PI-3 controller) is given as


   G  p i _ B A T   ( s ) =  K  p _ B A T   +  K  i _ B A T    1 s   



(37)




where    K  p _ B A T     and    K  i _ B A T     are the gains of the PI controller.



The transfer function of the current control loop is described as


   T  i _ B A T   ( s ) =  G  p i _ B A T   ( s ) ·  G  i d _ B A T   ( s ) ·  H  I _ B A T    



(38)




where    H  I _ B A T     is the current sensor gain.



The parameters of the BAT converter are given in Table 6. The Bode plot of the BAT current control loop with and without the PI compensator is shown in Figure 13. The PM with the PI compensator is 60°, which achieves the stability of the current control loop at   1.26 ×   10  4    rad/s. The PI-3 controller parameters are    K  p _ B A T   = 0.0153   and    K  i _ B A T   = 110.1810  .




3.2.3. Design of DC Bus Voltage Controller (PI-2 Controller)


In this work, the BAT is employed to keep the DC bus voltage at the desired value. As a result, the DC bus voltage controller is based on the outer voltage control loop of the BAT converter. The transfer function of the voltage control loop is given as [44].


   G  v i _ B A T   ( s ) =   R ( 1 −  D  B A T   )  (  1 −  L  R   ( 1 −  D  B A T   )  2    s  )    2 + R  C 2  s    



(39)







Due to the slower response than the inner current control loop, the outer voltage control loop has a lesser bandwidth than the current control loop. The PI compensator transfer function of the voltage control loop (PI-2 controller) is given as


   G  p i _ V   ( s ) =  K  p _ V   +  K  i _ V    1 s   



(40)




where    K  p _ V     and    K  i _ V     are the gains of the PI-2 controller.



The transfer function of the voltage control loop is described as


   T v  ( s ) =  G  p i _ V   ( s ) ·  G  v i _ B A T   ( s ) ·  H  V _ B A T    



(41)




where    H  V _ B A T     is the voltage sensor gain.



The Bode plot of the voltage control loop with and without the PI compensator is shown in Figure 14. The DC bus voltage controller is designed such that the PM of 59.4° is at   1.26 ×   10  4    rad/s. The PI-2 controller parameters are    K  p _ V   = 6.1436   and    K  i _ V   = 482.52  .




3.2.4. Design of PEMFC Current Controller (PI-1 Controller)


In this hybrid system, the PEMFC is used as the primary source to supply the power for the load power demand. The block diagram of the current controller for the PEMFC is presented in Figure 15. The duty-cycle-to-current transfer function of the PEMFC converter is given by [44].


   G  i d _ F C   ( s ) =   2  V o      ( 1 −  D  F C   )  2  R      (  1 +   R  C 2   2  s  )    1 +  L    ( 1 −  D  F C   )  2  R   s +   L  C 2      ( 1 −  D  F C   )  2     s 2     



(42)




where    V o    is the output voltage of the converter (V) and    D  F C     is the duty cycle of the FC converter (%).



The PI compensator (PI-1 controller) is designed as follows:


   G  p i _ F C   ( s ) =  K  p _ F C   +  K  i _ F C    1 s   



(43)




where    K  p _ F C     and    K  i _ F C     are the PI compensator gains.



The compensated current control loop of the PEMFC converter is given by


   T  i _ F C   ( s ) =  G  p i _ F C   ( s ) ·  G  i d _ F C   ( s ) ·  H  I _ F C    



(44)




where    H  I _ F C     is the current sensor gain.



The parameters of the PEMFC converter are given in Table 7. The Bode diagram of the SC current control loop with and without using the PI compensator is shown in Figure 16. The result of PM with a PI compensator is 60° at   8.98 ×   10  3    rad/s, which can achieve the stability of the current control loop for the PEMFC converter. The PI-1 controller parameters are    K  p _ F C   = 0.0104   and    K  i _ F C   = 23.3103  .






4. Simulation Results


In this section, simulation results are conducted with several levels of the load power profile in the form of power steps, such as acceleration and deceleration in practical applications. The proposed control strategy is compared with the other two strategies [37] consisting of RB-EMS and F-EMS to demonstrate the performance during the fluctuation of the load power demand. In addition, the modeling of the HPS is carried out in a MATLAB/Simulink environment, with a sampling time of 0.05 ms set up for displaying simulation results. The simulation model of the proposed EMS is presented in Figure 17. Specifications of energy sources and parameters of the proposed EMS are given in Table 8, Table 9, Table 10 and Table 11.



The hybrid system performance and control strategy effectiveness are described in Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22. First of all, Figure 18 depicts the adaptation of the load power using three EMSs, with a continuous black line representing the reference power of the load, a dashed-dot blue line indicating the power of the RB-EMS, a dashed-dot green line showing the power of the F-EMS, and a continuous red line displaying the output power of the proposed-EMS. As shown in Figure 18a, when the load power is abruptly changed at the time of the 5th, 10th, 15th, 20th, 25th, 30th, 40th, 45th, 50th, 55th, 60th, and 65th second, the released power of the proposed-EMS meets the load requirements better than the RB-EMS and F-EMS under operating circumstances. At the moment of transient peak power, although the PEMFC cannot instantaneously respond to load changes owing to the lowest dynamics, the load tracking effort may still be assured due to compensation from the BAT and SC. In addition, the power tracking error of three EMSs was presented in Figure 18b. The proposed EMS gets the optimum distributed accuracy with the error of   ( − 2.1 → 2.6 )   W, while the F-EMS has an inadequate power approximated   ( − 8.2 → 4.4 )   W, and the RB-EMS takes the inaccuracy power up to   ( − 11 → 19 )   W. Consequently, the proposed EMS has the lowest average insufficient power on the hybrid system’s load profile. This demonstrates that the proposed approach can absolutely assure the load power demand during different operational situations.



Next, based on the positive results of the proposed EMS, the power distributions of the PEMFC, BAT, and SC in the hybrid system are shown in Figure 19. Due to a primary power source, the PEMFC supplies the majority of the load power demand and has a power distribution higher than the BAT and SC. However, the released power of PEMFC cannot satisfy the required load power in the transient state. As a result, BAT offers uncompensated power that supports the PEMFC in a steady state to lessen the power fluctuation of the PEMFC. Conversely, the SC bank decreases the fluctuating power of the PEMFC and BAT by supplying the peak power that the PEMFC cannot provide in the transient state when the load changes quickly. The power compensation from the BAT and SC maintains the load tracking performance at each moment of transient peak power, even if the PEMFC, with the lowest dynamics, cannot react to the change in load right away.



The comparison of the DC bus voltage using three EMSs is depicted in Figure 20. The proposed EMS maintains the DC bus voltage stably at around 48 V with less fluctuation than the RB-EMS and F-EMS. In particular, the proposed EMS produces a DC bus peak voltage in the range of   ( 47.8 → 48.3 )   V, which is approximated by a 1% voltage ripple during the step-change interval of the load. Meanwhile, the fluctuation of the DC bus voltage under F-EMS has peak values within   ( 46.8 → 48.9 )   V by a 4.375% ripple. This result is better than the ones using the RB-EMS with the peak voltage in the range of   ( 46.5 → 49.5 )   V by 6.25% ripple.



Figure 21 depicts the simulation results for both BAT and SC SOC, which characterize the charge and discharge state at each timeline when the load changes. As shown in Figure 21a, the proposed EMS can hold the SOC BAT level better than the RB-EMS and F-EMS in the first 20 s of low load power demand. However, the proposed EMS shows faster SOC degradation than RB-EMS and F-EMS after 20 s under high load power consumption. In contrast, for the SC, the proposed EMS achieves a SOC varying range within   ( 83.85 → 84.05 )  % which is stable and lower than the RB-EMS with the range of   ( 82.15 → 84.05 )  %, while F-EMS has a large fluctuation in   ( 81.85 → 84.05 )  %, as presented in Figure 21b.



Finally, Figure 22 illustrates the hydrogen consumption of three EMSs. As a result, the proposed-EMS consumes less hydrogen fuel than the RB-EMS and F-EMS based on the amount of fuel consumption. The highest fuel economy of the RB-EMS and F-EMS in comparable operating conditions is 5 lpm, however, in the case of the proposed approach, hydrogen consumption is 4.8 lpm at the time of a maximum load power demand. With hydrogen consuming less than 0.2 lpm compared to other ways, it demonstrates that the proposed strategy delivers superior fuel efficiency.




5. Conclusions


This study proposed a new hierarchical approach-based EMS considering the DC bus voltage regulation to correctly distribute energy from the load power demand to the PEMFC, BAT, and SC, while also maintaining DC bus voltage stability. In detail, the FLRs and LPFs were used to determine the reference currents of power sources based on their dynamic response. In addition, the controller design approach for DC/DC converters was proposed based on the dynamic characteristics and response of converters to guarantee the system performance and maintain the stability of the DC bus voltage. Simulation results showed that the proposed technique achieved the highest accuracy in distributed power with an error of   ( − 2.1 → 2.6 )   W to satisfy the load power demand, maintain the stability of the DC bus voltage with the least voltage ripple of approximately 1%, and increase the efficiency of the PEMFC system during the step-change interval of the load in comparison to the other strategies. The issues of achieving optimum fuel economy and enhancing PEMFC efficiency, however, were not thoroughly covered in this study and need to be further investigated. In addition, the advanced configuration of the DC-DC converters and improved controllers should be considered to reduce the voltage ripple of the DC bus, which can increase the system performance, quickly adapt to the high peak power, and extend the lifetime of energy devices. As a result, this work served as a foundation for the future development of sophisticated EMSs for hybrid PEMFC applications.
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Figure 1. The PEMFC hybrid power system configuration [37]. 
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Figure 2. The detailed model of the PEMFC stack. 






Figure 2. The detailed model of the PEMFC stack.



[image: Electronics 11 02722 g002]







[image: Electronics 11 02722 g003 550] 





Figure 3. Polarization curves of the PEMFC stack. 
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Figure 4. BAT model. 
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Figure 5. Polarization curves of the BAT. (a) Nominal current discharge characteristics. (b) Discharge current. 
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Figure 6. SC model. 






Figure 6. SC model.



[image: Electronics 11 02722 g006]







[image: Electronics 11 02722 g007 550] 





Figure 7. Structure of DC/DC converters. (a) Boost converter. (b) Buck–boost converter. 
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Figure 8. Energy control strategy for the HPS. 
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Figure 9. Inputs and output membership functions of the FLRs [15,37]. (a) Input variable    P  l o a d    ; (b) Input variable   S O  C  B A T    ; (c) Output variable    P  F C r e f    . 
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Figure 10. Current controller diagram of the SC converter. 
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Figure 11. Bode diagram of the SC current control loop. 
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Figure 12. Block diagram of the controllers for BAT converter. 
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Figure 13. Bode diagram of the BAT current control loop. 
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Figure 14. Bode diagram of the DC bus voltage control loop. 
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Figure 15. Current controller diagram of the PEMFC converter. 
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Figure 16. Bode diagram of the PEMFC current control loop. 
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Figure 17. The simulation model of the proposed EMS. 
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Figure 18. The comparison power of three EMSs. (a) The adaptation of load power. (b) The tracking error power. 
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Figure 19. The power distribution from energy sources. 
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Figure 20. The comparison of the DC bus voltage. 
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Figure 21. The SOC comparison. (a) BAT. (b) SC. 
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Figure 22. The comparison of hydrogen consumption of PEMFC stack. 
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Table 1. Parameters of the PEMFC model.
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	Parameter
	Value
	Parameter
	Value





	N
	40
	w
	1%



	    R i    
	1.0375   ( Ω )  
	    P  a i r     
	2 (bar)



	    T d    
	7 s
	    P  f u e l     
	0.5 (bar)



	  R  
	  8.3145   (J/(mol °K))
	    V  a i r     
	2.6 (lpm)



	z
	2
	    V  f u e l     
	6.452 (lpm)



	  F  
	  96,485   (A s/mol)
	k
	  1.38 ×   10   − 23     (J/°K)



	T
	318 (°K)
	  α  
	1.2518



	x
	99.95 (%)
	h
	  6.626 ×   10   − 34     (J s)



	y
	50 (%)
	  η  
	40%
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Table 2. Parameters of the BAT model.
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	Parameter
	Value
	Parameter
	Value





	    E 0    
	23.4222 (V)
	    A b    
	1.8139 (V)



	  Q  
	13.4 (Ah)
	B
	4.7705 (Ah−1)



	K
	0.012642 (V/Ah)
	    R  int     
	   16.875   ( m Ω )   
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Table 3. Parameters of the SC model.
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	Parameter
	Value
	Parameter
	Value





	    N s    
	9
	    N e    
	1



	    N p    
	1
	  d  
	10−9 (m)



	    R  S C     
	2.8   ( m Ω )  
	  ε  
	  6.0208 ×   10   − 10     (F/m)



	T
	298 (°K)
	    ε 0    
	  8.85 ×   10   − 12    (F/m)



	  F  
	  96,485   (A s/mol)
	    Q c    
	9 (C)



	  R  
	  8.3145   (J/(mol °K))
	  c  
	208 (mol/m−3)
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Table 4. Fuzzy rules for the inputs and output membership functions [15].
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     P  F C r e f      

	
     P  l o a d      




	
NH

	
NM

	
NL

	
Z

	
PL

	
PM

	
PH






	
SOCBAT

	
VL

	
Min

	
Min

	
ML

	
M

	
M

	
MH

	
Max




	
L

	
Min

	
Min

	
Min

	
ML

	
ML

	
M

	
MH




	
M

	
Min

	
Min

	
Min

	
Min

	
ML

	
M

	
MH




	
H

	
Min

	
Min

	
Min

	
Min

	
Min

	
M

	
MH




	
VH

	
Min

	
Min

	
Min

	
Min

	
Min

	
ML

	
M
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Table 5. Parameters of the SC converter.
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	Parameter
	Value
	Parameter
	Value





	    V o    
	48 (V)
	C2
	2590 (uF)



	    V  i n _ S C     
	24 (V)
	    D  S C     
	0.5



	    H  I _ S C     
	1
	L
	68 (uH)



	  R  
	50   ( m Ω )  
	    f  s w     
	20 (kHz)
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Table 6. Parameters of the BAT converter.
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	Parameter
	Value
	Parameter
	Value





	    V o    
	48 (V)
	C2
	2590 (uF)



	    V  i n     
	21.6 (V)
	    D  B A T     
	0.55



	    H  I _ F C     
	1
	L
	68 (uH)



	  R  
	50   ( m Ω )  
	    f  s w     
	20 (kHz)
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Table 7. Parameters of the PEMFC converter.
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	Parameter
	Value
	Parameter
	Value





	    V o    
	48 (V)
	    C 2    
	2590 (uF)



	    V  i n _ F C     
	24 (V)
	    D  F C     
	0.5



	    H  I _ F C     
	1
	L
	68 (uH)



	  R  
	50   ( m Ω )  
	    f  s w     
	20 (kHz)
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Table 8. PEMFC specifications.
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	Parameter
	Value





	Nominal operation point   (  U  nom   ,  I  nom   )  
	(24 V, 8.3 A)



	Maximum operating point   (  U  max   ,  I  max   )  
	(20 V, 12 A)



	Number of cells
	40



	Nominal power
	200 W



	Nominal efficiency
	40%



	Nominal hydrogen pressure
	0.45–0.55 bar



	Nominal air pressure
	2 bar



	Nominal air flow rate
	2.6 lpm



	Maximum stack temperature
	65 °C



	Cooling
	Air
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Table 9. SC bank parameters.






Table 9. SC bank parameters.





	Parameter
	Value





	Number of series capacitor bank
	9



	Rated voltage
	24 V



	Capacitance
	50 F



	Operating temperature
	25 °C
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Table 10. BAT parameters.
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	Parameter
	Value





	Rated capacity
	12.8 Ah



	Nominal voltage
	21.6 V



	Number of cells
	6
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Table 11. Proposed control strategy parameters.
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	Parameter
	Value
	Parameter
	Value





	   S O  C  B A T _ min     
	0.6
	    η P    
	0.007



	   S O  C  B A T _ max     
	0.9
	    η I    
	0.05



	    f  L P F − 1     
	10 Hz
	    f  L P F − 2     
	32 Hz



	    V  D C r e f     
	48 (V)
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