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 This paper presents a comparative study of different energy management 

strategies and technologies of fuel-cell hybrid electric vehicles integrating a 

proton exchange membrane fuel cell device in addition to a lithium-ion battery 

as a secondary energy source. Therefore, an experimental analysis is carried 

out to seek the successful hybrid powertrains considering the hydrogen 

utilization in fuel cells and state-of-charge regulation in Li-ion batteries. 

Different approaches were simulated using a developed vehicle simulator in 

MATLAB/Simulink. The simulations were performed using three standard 

driving cycles in which a second study based on energy management 

strategies tested was presented and analyzed. Simulation’s results show the 

superiority and economic success of the proposed technology and method, 

especially the FSBS and MEPT management strategies due to the successful 

use of the sources and the significant optimization in terms of hydrogen 

consumption while maintaining optimal Li-ion battery usage. 
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NOMENCLATURE 

 

𝑃𝑙𝑜𝑎𝑑(𝑡) (W) : Load power 𝑓𝐶1(Hz) : The cut-off frequency of the first filter 

𝑃𝑏𝑎𝑡(𝑡) (W) : Battery power 𝑓𝐶2(Hz) : Cut-off frequency of the second filter 

𝑃𝐹𝐶(𝑡) (W) : Fuel cell power 𝑉𝑏𝑎𝑡 (V) : Voltage of battery 

𝑃𝐹𝐶_𝑚𝑎𝑥 (W) : Maximal fuel cell power 𝑄𝑏𝑎𝑡  (Ah) : Capacity of battery 

𝑃𝐹𝐶_𝑚𝑖𝑛 (W) : Minimal fuel cell power 𝐶𝑜𝑛𝑠𝐻2 (g) : Hydrogen consumption total 

𝑁𝑐𝑒𝑙𝑙  : Fuel cell number 𝐶𝑜𝑛𝑠𝐻2𝑏𝑎𝑡(g) : Hydrogen consumption of battery 

𝑃𝐹𝐶𝑎𝑣𝑒  (W) : Average fuel cell power 𝐶𝑜𝑛𝑠𝐻2𝑎𝑣𝑒(g) : Average hydrogen consumption 

𝑆𝑜𝐶(𝑡)(%) : State of charge of the battery 𝑓𝑆𝑜𝐶  : Weighting factor 

𝑆𝑜𝐶𝑚𝑖𝑛  (%) : Minimal state of charge of the 

battery 

𝑅𝑏𝑎𝑡 (Ω) : Battery internal resistance 

𝑆𝑜𝐶𝑚𝑎𝑥(%) : Maximal state of charge of the 

battery 
𝐿𝐻𝑉(Kj/g) : LHV is the hydrogen lower heating 

value (120 Kj/g) 

𝜂𝑏𝑎𝑡 : The charge and discharge efficiency 𝜂(𝑃𝐹𝐶(𝑡)) : Fuel cell efficiency 

𝐸0 (V) : Open circuit voltage 𝑉𝐹𝐶(𝑉) : Voltage of fuel cell 

 

 

https://creativecommons.org/licenses/by-sa/4.0/
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1. INTRODUCTION 

People need energy more and more on their daily basis due to increased technological advances and 

population growth. Using traditional energy sources in transportation and engines creates significant problems 

for the environment and society. These problems include air pollution, critical concerns today include 

diminishing energy resources and climate change. New, more environmentally, friendly, affordable, safe, and 

limitless energy sources are needed. Fuel cell technology uses a process called electrochemical oxidation to 

generate power. Its name is a popularized term for an environmentally sustainable energy source. It's a clean 

energy source classified as green in terms of durability and low emissions. 

A proton exchange membrane fuel cell (PEMFC) is a fuel cell powered by a membrane composed of 

a hydrogenated, protonated and pure fuel derived, as well as detailed in [1]–[3]. There are many issues with 

the use of lithium-ion batteries in many different industries, including automobile, aerospace, aviation, and 

energy storage. Car’s power sources come from the automotive industry; this includes the preference for 

traction engines and fuel requirements for manufacturing. PEMFCs engines have the most control over energy 

flow among all other FC systems in the industry. To meet a minimum required operating temperature, which 

necessitates a high density of electric power output. Higher costs, short lifespans, and slow-motion responses 

are also noteworthy in regard to PEMFCs. A vehicle that requires substantial electric power to start out can be 

considered also as a major drawback associated with this technology. Adding another power source benefits 

from their combined power advantages with minimal drawbacks. In addition to that, the hybridization of A FC 

stores its peak power, usually in the form of high frequency and amplitude. In some cases, these peaks are 

stored with a larger energy capacity. Lithium-ion batteries (LiBs) are frequently employed with huge capacities 

as exposed in [4], [5]. This necessitates a decrease in fluctuating rates, as stated by FC. Electric vehicles (EVs) 

have long life expectancies compared to other energy storage options. This makes them a great choice for 

battery power. Combining FC with LiB gives optimum results for this field [6], [7]. Furthermore, this 

combination provides the greatest power and charge density. Additional research is needed on the device's 

design and system management in order to realize an output power balanced by the ability to recover braking 

energy as well. This new innovation requires further investigation of its potential benefits, as well as additional 

improvements that are necessary to investigate all the positive results of this technology. 

This paper includes a hybrid vehicle equipped by a PEMFC power source and a secondary battery for 

maximum power, and fast driving with efficient regenerative braking power process. The main purpose of this 

paper is to select the optimal algorithm from the three analyzed approaches to economize the power flow and 

hydrogen consumption according to state-of-charge (SoC) manipulation. This system tries to explain and 

simulate a PEMFC source with a DC-DC converter [8], [9]. The main goal is to reproduce similar 

characteristics as in effective conditions in reality: temperature change, fuel pressure and water content of the 

membrane. The rest of the paper presents the powertrain architecture and its system model with the presentation 

of the different energy management strategies studied detailed in the second section. Finally, simulation results 

of these methods through different driving cycles are presented and analyzed in section 3. 
 
 

2. METHOD 

The energy management methods try to explain how energy is distributed between batteries and fuel 

cells following some rules and criteria determined and specified by the vehicle’s system as shown in [10]–[13]. 

They can optimize the fuel cell capacities and consumption depending on energy demands as described 

in [14], [15]. For this purpose, the model adopted is represented by four main blocks as shown in Figure 1. 

This article presents three energy management strategies and simulates them in MATLAB/Simulink 

using the model previously shown in Figure 1. These methods attempt to minimize hydrogen consumption by 

optimizing the use of the battery as secondary energy source (SSE) [16], [17]. The rationale for these methods 

and their goals are described later in this section. 
 

 

 
 

Figure 1. Representation of the fuel cell hybrid vehicle in Simulink 
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2.1.  Maximum efficiency strategy 

This process determines the best efficiency point for a given circuit. This method called maximum 

efficiency point tracking (MEPT) (uses the same method to define the maximum power point of wind turbines; 

commonly cited as maximum power point tracking (MPPT). This strategy uses data about FC efficiency maps 

to identify the best conditions for that particular circuit. The main function of this emergency message string 

is to display the cost-effective price of a limited time-frame usage of hydrogen. As the energy supply changes, 

the performance chart of the FC comes into view. Employee’s performance is impacted by the temperature in 

the surrounding environment. In order to counter this, this model proposes a load-follower method that takes 

advantage of high effectiveness while keeping workplaces regulated [18]–[20]. The Figure 2 shows the manner 

how the numbers of working points are determined by FC. 

 

 

 
 

Figure 2. Organigram of the MEPT calculation approach 

 

 

2.2.  Frequency separation-based strategy 

Functional capacitance is reduced by filtering the bus voltage as shown in Figure 3. Doing this 

produces the functional conduction mechanism that uses a low pass filter to relate functional charge. By 

separating the source’s power generation frequency, each component is assigned its frequency to handle the 

particular demands of each source. This electrical machine system provides a range of power supplies and 

addresses how sources are diverse in functionality. 

The frequency-specific power spectrum of the sources motivates a separation-based energy regulation 

method. Figure 3 gives also more details on how this system operates. Two different loads with variable power 

requirements help to determine the system’s necessary components. The two low-pass filters have respectively 

two cut-off frequencies 𝑓𝐶1  and 𝑓𝐶2 , with the first filter being used to generate frequency harmonics 𝑃𝐹𝐶𝑓𝑠𝑏𝑠 in 

the FC device less than the other filter's cut-off frequency. The next filter  is supplied by the variation value 

separating the component's FC and the load power, which creates moderate frequency power 𝑃𝑏𝑎𝑡𝑓𝑠𝑏𝑠 for use 

in battery sizing as developed in [21]–[23]. 
The mission is to find and identify the corresponding sets of each source and its size through the 

frequencies 𝑓𝐶1  and 𝑓𝐶2 . Two powers are derived from (1) and (2): 

 

𝑃𝐹𝐶𝑓𝑠𝑏𝑠 =
2𝜋𝑓𝐶1

2𝜋𝑓𝐶1+𝑠
𝑃𝑙𝑜𝑎𝑑 (1) 

 

𝑃𝑏𝑎𝑡𝑓𝑠𝑏𝑠 =
2𝜋𝑓𝐶2

2𝜋𝑓𝐶2+𝑠
(𝑃𝑙𝑜𝑎𝑑 − 𝑃𝐹𝐶𝑓𝑠𝑏𝑠) (2) 

 

The FC's lifetime is extended when it responds to low frequencies while the battery responds to high 

frequencies. The multi-level response filtering in the FC device is ordered by the tuning parameter. The T of a 

low-pass filter is 20 seconds. This step necessitates to be selected correctly regarding the FC’s reaction time. 
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Figure 3. Functional scheme of frequency separation method FSBS 
 

 

2.3.  An improved online optimal control strategy 

To properly manage power, hybrid electric vehicles (HEVs) costing functions need to be added and 

in the minimum values possible. Some of them are well specified, with a short timing, limited monitoring 

commitment, difference of state variables and others limitations. Additional control and cost features are 

necessary to properly manage power in HEVs. The (3) shows the cost function as a result of: 
 

𝐽 = ∫ 𝑓(𝑥(𝑡), 𝑢(𝑡), 𝑡)
𝑡𝑓
𝑡0

 (3) 

 

With: x(t) represents the state vector, u(t) refers to the input vector. 

LiB SoC stands for the state vector. It's the term used to describe system dynamics; it's a list of values 

given by the system. The input vector is u(t), the primary and finishing driving cycle times are 𝑡0 and 𝑡𝑓, and 

x(t) is the state vector. Using the power generated by FC as input and the state vector, the relation governing 

the system dynamics is described in [24]. 
 

𝑆𝑜𝐶 = −
𝑉𝑏𝑎𝑡−√𝑉𝑏𝑎𝑡

2 −4𝑅𝑏𝑎𝑡𝑃𝑏𝑎𝑡

2𝑄𝑏𝑎𝑡𝑅𝑏𝑎𝑡
 (4) 

 

The demand for power is met with a hybrid system that provides equal distribution as (5): 
 

𝑃𝑙𝑜𝑎𝑑(𝑡) = 𝑃𝐹𝐶(𝑡) + 𝑃𝑏𝑎𝑡(𝑡) (5) 
 

with the following constraints: 
 

𝑃𝐹𝐶_𝑚𝑖𝑛 ≤ 𝑃𝐹𝐶 ≤ 𝑃𝐹𝐶_𝑚𝑎𝑥 (6) 
 

𝑆𝑜𝐶𝑚𝑖𝑛 ≤ 𝑆𝑜𝐶(𝑡) ≤ 𝑆𝑜𝐶𝑚𝑎𝑥 (7) 
 

The constraints are presented in (6) and (7). Put restrictions to the FC and battery powers in (6) and 

(7) states the device’s power and fuel constraints in order to avoid damage. This strategy reduces fuel 

consumption at set intervals. Calculating the power consumption of a fuel tank in line with a car’s production 

potential and total fuel output via a fuel cell converter (FC) [25], [26], as in (8), which minimizes costs: 
 

𝐶𝑜𝑛𝑠𝐻2(𝑡) = ∫
𝑃𝐹𝐶(𝑡)

𝜂(𝑃𝐹𝐶(𝑡))∗𝐿𝐻𝑉
𝑑𝑡  (8) 

 

The correlation between the FC efficiency and its rated voltage is expressed by the (9): 
 

𝜂(𝑃𝐹𝐶(𝑡)) =
𝑉𝐹𝐶(𝑡)

1.48𝑁𝑐𝑒𝑙𝑙
 (9) 

 

To allow the process of charging the FC by the batteries and the problem optimization resulting from 

the ECMS, it is necessary to add a cost function to the system as the following: 

 

𝐶𝑜𝑛𝑠𝐻2𝑜𝑝𝑡(𝑡) = 𝐶𝑜𝑛𝑠𝐻2 + 𝑓𝑆𝑜𝐶𝐶𝑜𝑛𝑠𝐻2𝑏𝑎𝑡 (10) 

 

𝐶𝑜𝑛𝑠𝐻2𝑏𝑎𝑡 =
𝐶𝑜𝑛𝑠𝐻2𝑎𝑣𝑒𝑃𝑏𝑎𝑡

𝜂𝑏𝑎𝑡𝑃𝐹𝐶𝑎𝑣𝑒
  (11) 
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with: 
 

𝜂𝑏𝑎𝑡 =

{
 
 

 
 
3

2
+ √1 −

4𝑅𝑏𝑎𝑡𝑃𝑏𝑎𝑡

𝐸0
2 , 𝑃𝑏𝑎𝑡 ≥ 0

2

1+√1−
4𝑅𝑏𝑎𝑡𝑃𝑏𝑎𝑡

𝐸0
2

    ,       𝑃𝑏𝑎𝑡 < 0  (12) 

 

𝑓𝑆𝑜𝐶 = {
(1 −

2(𝑆𝑜𝐶−𝑆𝑜𝐶0)

𝑆𝑜𝐶𝑀𝐴𝑋−𝑆𝑜𝐶𝑀𝐼𝑁
)
4

  , 𝑆𝑜𝐶𝑀𝐼𝑁 ≤ 𝑆𝑜𝐶 ≤ 𝑆𝑜𝐶𝑀𝐴𝑋

(1 −
2(𝑆𝑜𝐶−𝑆𝑜𝐶0)

𝑆𝑜𝐶𝑀𝐴𝑋−𝑆𝑜𝐶𝑀𝐼𝑁
)
20

  , 𝑆𝑜𝐶𝑀𝐴𝑋 ≤ 𝑆𝑜𝐶   𝑆𝑜𝐶 ≤  𝑆𝑜𝐶𝑀𝐼𝑁

 (13) 

 
 

3. RESULTS AND DISCUSSION 

To highlight the performance of the suggested model, three standard driving cycles, namely: NEDC, 

FTP and WLTP were simulated and compared before and after the development and the application of the 

different energy management strategies. The three energy management methods simulated and analyzed are 

respectively FSBS, MEPT and IOOCS. Figures 4, 5 and 6 show the results of the simulations in the three-

driving cycle tested. 

These figures show the description of different driving cycles results, respectively the speed spectrum, 

the variation of the state of charge, the full cell power, and the battery power. Then will be presented the 

different results of the answer system with each management energy method applied. To facilitate the 

comparison of the results, we have drawn up a table of the values obtained in the various methods tested by 

focusing on two characteristic instants in each driving cycle by way of illustration and the average 

consumption. 
 
 

 
 

Figure 4. The results of the FTP driving cycle 
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Figure 5. The results of the WLTP driving cycle 

 

Figure 6. The results of the NEDC driving cycle 
 

 

Through the analysis of the results given by the different diagrams obtained in the simulation of the 

three methods chosen through the different driving cycles, the following emerges: 

− A significant stabilization of the power spectrum provided by the fuel cell and that of the battery in the three 

driving cycles due to a good complementary combination between the two energy sources in this model. 

− A marked improvement in the economy of hydrogen and consequently of energy in the hybrid vehicle as 

shown by the results given in the Table 1. 

− FBS management strategy, despite the delay at the starting phase, gave good results compared to normal 

and therefore considered the best optimal method with a saving rate in hydrogen consumption of around -

30% almost in the three cycles, followed by MEPT with -12% almost and IOOCS comes at the last place 

with the lowest yield rate.  

− The IOOCS management energy strategy is limited in repetitive peaks in reduction concerning the 

consumption of hydrogen during the three cycles, which participates in decreasing the effectiveness of this 

method that remains limited in terms of optimization compared to the others methods studied. 
 

 

Table 1. Table representing the consumption values using different management energy methods 
Strategic 

management  

energy method 

Driver Cycle 

NEDS  WLTP FTP 

Characteristic points Characteristic points Characteristic points 
In 6OO s In 1200 s mean In 9OO s In 1800 s mean In 6OO s In 1200 s mean 

FSBS (g) Before 10.3 63.5 19.1605 31.184 162.152 37.3012 34.2 51.32 27.1983 

 After 9.2 39.1 13.7682 20.2291 106.918 24.3598 24.15 46.23 19.9434 

 Difference -1.1 24.4 -5.3923 -10.955 -55.234 -12.9414 -10.05 -5.09 -7.2549 
MEPT (g) Before 10.3 63.5 19.1605 31.184 16.152 37.3012 34.5 51.32 27.1983 

 After 13.02 24.22 16.2722 43.7679 80.4156 36.4438 25.4 52.5 22.0291 

 Difference 2.72 -39.28 -2.8883 12.584 -81.736 -0.8574 -9.1 1.18 -5.1692 
IOOCS(g) Before 10.3 63.5 19.1605 31.184 162.152 37.3012 34.16 51.32 27.1983 

 After 15.2 68.1 19.8683 11.9 160.3 36.8519 38.2 53.7 27.0601 

  Difference 4.9 4.6 0.7078 -19.284 -1.852 -0.4493 4.04 2.38 -0.1382 
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4. CONCLUSION 

This paper combined new ideas about the hybrid system with PEMFC as its principal energy source 

in order to create a new approach that aims to optimize energy management systems (EMS). The main goal is 

to engage LiB and primary sources to form a more effective government approach. New concepts regarding 

the equivalent consumption minimization strategy (ECMS) were developed with a view to improve the overall 

performance. As demonstrated by simulation’s results on MATLAB/Simulink, the FBS energy management 

approach proved its effectiveness, reducing hydrogen consumption by a third compared to the other two 

approaches, MEPT and IOOS, which were shown to be less important Optimization. Furthermore, 

combinations between these simultaneously investigated methods were considered and studied, however, the 

results were not very significant in terms of achieved optimization rates. For that reason, the study was limited 

to developing each method separately. 

A DC/DC buck converter has been used with an FC emulator for several tests. They all showed that 

it had good results, as well as genuine FC that performs the same function and lower costs. The voltage and 

current adjustments are performed by the source. With a high degree of efficiency, multiple objectives are 

achieved with energy management techniques that aim to Minimize reliance on hydrogen as a resource. 

Future research and experiments need to keep this in mind as the most appropriate option in ensuring greater 

autonomy and rational use of clean energies. 
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