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Abstract 

This paper compares three optimal hybrid energy system configurations, namely full-active, semi-

active and passive, for the particular purpose of assessing the viability of utilizing the passive 

architecture in a three-wheel electric vehicle, composed of a fuel cell (FC) and a supercapacitor. In 

this respect, the characteristics of these configurations are investigated through three steps. Firstly, 

the mathematical model of each component is developed by employing experimental data. 

Subsequently, the optimal size of each topology is determined by a two-step optimization approach. 

This approach is based on the optimized sizing of power sources, employing a metaheuristic 

optimization algorithm, and optimal power flow sharing between the sources with the aim of 

satisfying the requested power while declining the fuel consumption and enhancing the system’s 

lifetime. Finally, the best-achieved size of each architecture is compared in terms of trip cost, capital 

cost, and the system weight. The obtained results show that passive topology can reduce the trip 

cost by 14.8% and 6.4% compared to full-active and semi-active ones, respectively. However, the 

active architecture results in less degradation in the FC compared to the other two topologies. 

Furthermore, a validation phase is done under a real driving profile and the results are further 

discussed. 
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1. Introduction 

The transportation sector is one of the main contributors to the emission of greenhouse gases owing 

to its dependency on fossil fuels [1, 2]. However, green vehicles and fuels are creating the necessary 

bases to decarbonize this sector while enhancing utilities to consumers and the broader economy 

[3]. The cleaner solutions are based on the electrification of the powertrain through mild/full/plug-

in hybrid electric vehicle (HEV), battery electric vehicle (BEV), and fuel cell electric vehicle 

(FCEV) technologies [4]. Among these solutions, FCEV is one of the most promising due to zero-

local emissions, long driving range, and fast refueling [5]. In the short term, the fuel cell (FC) 

technology will be expensive due to the high capital cost of refilling stations, tanks, and FC systems 

[6]. However, the FC cost is expected to become competitive with the internal combustion engine 

(ICE) by 2025, according to the performed study in [7]. One of the weaknesses of the FC systems 

is nonetheless their sensitivity to the abrupt load fluctuations which are common in vehicular 

application [8]. These rapid changes, which can be due to vehicle acceleration, lead to a marked 

decline in oxygen concentration and consequently a sharp power drop in the FC system [9, 10]. 

Consequently, they are unfavorable for the lifetime of the FC stack as they cause a reduction in the 

mass activity and an increment on the internal electrical resistance [11, 12]. To address these 

concerns, the hybridization of the FC system with an energy storage system (ESS), such as battery 

or supercapacitor (SC) has been broadly practiced [13]. This hybridization not only resolves the 

discussed issues, but also offers the ability to capture regenerative braking energy (since FC stack 

cannot absorb the energy), increase fuel economy, and deliver a more flexible operating strategy. 

Various architectures for hybridizing a FC system have been developed in the literature. These 

architectures fit into two categories of active and passive [14]. Active configuration is denoted by 

the association of the power source to the DC bus through a DC-DC converter. It is divided into 



two groups of semi-active, where only one of the sources is interfaced by a converter, and full-

active, where each of the sources has their own converters. Active topology is a common choice in 

the literature as it has the flexibility to actively control the power split between the FC stack and 

the ESS and enhance the lifetime of the system. This topology has been applied more in high-duty 

applications, such as tramway, hybrid bus, ships, and excavators [15-18]. In these applications, the 

voltage at the DC bus should be stable and within a specific range as the motor drive and the 

auxiliary systems are usually coupled directly to the DC bus. In the semi-active category, the FC is 

normally connected to the DC bus via a DC/DC converter while the ESS is directly connected there. 

This configuration is extensively used because the passive component absorbs the surplus energy 

in the bus, which facilitates the power split control over the FC. Its main application is in light-duty 

vehicles, such as Toyota Mirai, Honda Clarity, among others [19]. Regarding the passive 

configuration, all the components are directly connected to the DC bus in a parallel manner. 

Compared to the previous topologies, it benefits from a structure with fewer components and 

simpler implementation.  

Concerning the power split, in active topologies they are typically performed through the 

formulation of an energy management strategy (EMS) [20, 21]. In this respect, some works tend to 

operate the FC in a maximum efficiency region in order to improve the system performance and 

efficiency [22-24]. While an active configuration offers a well-defined power split among the 

sources, some studies have proposed the employment of passive architectures since they can 

decline the complexity, cost, and weight of the vehicle [25, 26]. Passive topology is highly 

straightforward and has a self-management due to the characteristics (different impedance) of the 

sources. In other words, it does not require an EMS to perform the power distribution between the 

sources [27]. However, this can lead to the presence of high power ripples at the FC side and 

consequently increase the degradation rate of the stack. 



In [28], a comparison of active and passive hybrid topologies for a FC-battery vehicle indicates that 

as long as the requested power does not contain high fluctuations, the passive topology has a 

superior performance. However, as the requested power starts having high-pulses, the FC stack 

operation is shifted to the low-efficiency regions. The active and passive topology selection 

between a SC and a battery pack, as the complementary power source in a FC hybrid electric vehicle 

(FCHEV), has been studied in [29]. This study shows that the use of an active topology with a 

battery results in noticeable power changes in the FC stack compared to the passive configuration 

of FC and SC. The use of a SC as the ESS stems from the fact that the passive coupling of a FC 

stack with a SC bank is more prevalent than a battery pack since the SC characteristics are more 

suitable for coping with the intermittency of behavior in a FCHEV with such a configuration. The 

passive topology with SC makes the drawn power from the FC smoother and leads to a higher 

energetic efficiency and longer lifetime of the FC. In addition, SC benefits from a high power 

density, high efficiency (in high voltage region), fast charge, wide operating temperature range, 

and excellent recyclability [30]. Regarding the FC-SC active configurations, several EMSs are 

proposed for distributing the power between the FC stack and the SC bank. The common concerns 

in all these works, using the full-active topology, are to compensate for the slow dynamic of the 

FC stack, minimize the hydrogen consumption, and increase the efficiency while taking care of the 

lifetime of the vehicle [31-33]. In [34, 35], two state machine controls based on equivalent 

consumption minimization for FC-SC full-active configuration are implemented to power up a 

tramway. Both methods identify the optimum FC operating range, and the optimization of the 

power distribution based on different situations at each timestep. In [36], a semi-active FC-SC 

topology is utilized in which the SC is directly connected to the DC bus and the FC is interfaced 

with a unidirectional converter. The SC supplies and passively absorbs the peak power, and the FC 

is regulated by an EMS based on game theory, which considers the controller and the future driving 

condition to reduce hydrogen consumption and avoid unnecessary on-off cycles. In [37, 38], the 

principal objective is the passive hybridization of a SC to a single FC. The attained experimental 



outcomes show that the passive topology avoids negative voltage, has self-protection in sudden 

power fluctuations, and improves the energetic performance as patented by NISSAN company [39]. 

In [40], a 9.5-kW proton exchange membrane FC (PEMFC) is connected to a SC bank by a passive 

architecture. This configuration has decreased the dynamic load, idling time, and rapid load 

changes in the FC without using a DC-DC converter.  

Based on the previously discussed articles, a SWOT analysis is performed to recognize the most 

suitable configuration for a hybrid FC recreational vehicle. In this respect, the internal origin factors 

are the ones that are part of the architecture, and the external origin factors are the ones that cannot 

be directly controlled. This decision-making tool, shown in Fig. 1, is represented in a matrix of four 

quadrants; Strengths, Weakness, Opportunities, and Threats. The strengths are the characteristics 

that pin out each configuration, the weaknesses are the inherent disadvantages, the opportunities 

are the elements in the environment that can give value to the configuration, and the threats are 

external circumstances that can cause problems for implementing a configuration [41]. 

 



Fig. 1. SWOT analysis of hybrid configurations 

After taking into consideration the previous literature study, the first hypothesis regarding the 

recreational vehicle case study of this work is that passive configuration is a suitable candidate 

solution. It stems from the fact that recreational vehicles are limited in terms of mass and volume. 

Moreover, these vehicles present more erratic and aggressive speed profiles. Under such a basis, a 

passive configuration is a more compact power supply system with the self-coordination of each 

component. The second hypothesis is that the configurations with an active coupling will have a 

longer operational time, because they avoid operating in high degradation conditions. The third 

hypothesis is the use of SC as an ESS. This is due to its resilience and high-power density. In this 

sense, the SC operates as a low-pass filter that leaves the main components of the requested power 

to the FC system to supply. In this respect, this work aims to investigate the applicability of hybrid 

passive FC configuration for a recreational vehicle.  

In view of the reviewed papers, some efforts have already been made concerning the use of active 

and passive FC-SC topologies in vehicular applications. However, so far, these configurations have 

not been benchmarked comprehensively. Most studies utilize the same size of FC-SC for active 

and passive configurations while a customized size is required for each of them to exploit their 

strengths and have a fair comparison. In addition to common concerns regarding the cost, hydrogen 

consumption, lifetime of the system, lightness, and compactness are also necessary considerations 

in the design of this sort of vehicle. In order to bridge the mentioned gaps and validate the 

hypothesis, this article presents a benchmark study of three FC-SC hybrid energy system 

configurations, namely full-active, semi-active, and passive. The main objective of this article is to 

comprehensively weigh up the pros and cons of each customized configuration, in terms of 

hydrogen consumption, FC degradation, and system weight. In order to reach a fair comparison, an 

optimal EMS based on dynamic programming (DP) is used because the sizing and the power split 

methods are intrinsically related to the performance and cost of the power supply system. The rest 



of this paper is organized as follows. In section 2, the modeling of the vehicle powertrain along 

with the SC and FC is presented using some semi-empirical equations. Section 3 deals with the 

component sizing by using genetic algorithm (GA) while applying DP to do the power split for the 

active topologies. Section 4 represents a rigorous comparison of the developed topologies under a 

standard and a real on-road driving profile. Finally, the conclusion is given in section 5. 

2. Hybrid electric vehicle modeling 

The investigated vehicle in this manuscript (e-TESC-3W platform) is a three-wheel pure electric 

vehicle specifically employed for recreational purposes, presented in Fig. 2(a). These types of 

vehicles are normally exposed to high dynamics and need to be light and compact. Given these 

characteristics, the sizing of the components becomes a critical stage that directly influences the 

performance, cost, and dimensions of the vehicle. The performed study in [42] shows that a FCHEV 

can have a similar weight to the commercially available motorcycles which are propelled by an 

ICE. Moreover, its tank-to-wheel consumed energy is less than an ICE. 

The studied e-TESC-3W  platform comprises a permanent magnet synchronous motor (28 kW and 

96 V) directly connected to the rear wheel and utilized as an experimental test rig in e-TESC 

laboratory at the University of Sherbrooke [43-45]. The motor speed is regulated with a three-phase 

power inverter that converts the direct current in the bus to alternate current. The main 

characteristics of this vehicle are summarized in Table 1 and explained thoroughly in [44]. 

Table 1: Vehicle specifications 

Variable Symbol Value Units 
Vehicle mass (w/o power source) 𝑚𝑚𝑒𝑒𝑒𝑒 350  kg 
Typical rolling resistance coefficient 𝜇𝜇𝑓𝑓𝑓𝑓 0.02 - 
Typical aerodynamic drag coefficient 𝐶𝐶𝑑𝑑 0.75 - 
Vehicle front area 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 1.25 m2 
Wheel radius 𝑟𝑟 0.305 m 
Belt transmission drive ratio 𝐺𝐺𝑔𝑔𝑔𝑔 5.033 (30:151) - 
Belt transmission drive efficiency 𝜂𝜂𝑔𝑔𝑔𝑔 95 % 



Maximum vehicle speed 𝑉𝑉𝐸𝐸𝐸𝐸,𝑚𝑚𝑚𝑚𝑚𝑚  140 km/ h-1 
Operating motor driver voltage 𝑢𝑢𝐷𝐷𝐷𝐷 80 - 120 V 

 

The focus of this work is to compare the performance of this platform for active, semi-active, and 

passive topologies of FC-SC. Hereinafter, the modeling process of active and passive 

configurations are discussed with the help of energetic macroscopic representation (EMR).  EMR 

is a graphical formalism of complex multiphysics systems that shows the energetic properties of 

the elements and their interactions [46]. In addition, a control loop can be easily deduced based on 

an inversion of the system model. 

2.1. Traction system 

The traction system of this vehicle is represented using a static model (efficiency map lookup table) 

of the electric machine and power electronics. This model is composed of different forces and 

Newton’s second law of motion. Fig. 2(b) shows the EMR of the traction system, in which the 

driving cycle is the reference variable of the control loop, and the torque of the electric motor is the 

control action [43]. The power source devices are represented as source elements, in which the 

requested current of the traction system is the input and the voltage on the DC bus is the output. 

The vehicle modeling is represented by the following equations (1-8): 



 

Fig. 2. e-TESC 3W electric vehicle platform, a) picture and, b) the traction system model 

𝑑𝑑𝑉𝑉𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑

= (𝐹𝐹𝑡𝑡𝑡𝑡−𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒)
𝑚𝑚𝑒𝑒𝑒𝑒

         (1) 

𝐹𝐹𝑡𝑡𝑡𝑡 = �𝐺𝐺𝑔𝑔𝑔𝑔 𝑟𝑟⁄ �𝑇𝑇𝑒𝑒𝑒𝑒𝜂𝜂𝑔𝑔𝑔𝑔
𝛽𝛽          (2) 

𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎        (3) 

𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑚𝑚𝑒𝑒𝑒𝑒𝑔𝑔𝜇𝜇𝑓𝑓𝑓𝑓 cos𝜃𝜃         (4) 

𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎 = 0.5𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑑𝑑𝑉𝑉𝐸𝐸𝐸𝐸2        (5) 

𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑚𝑚𝑒𝑒𝑒𝑒𝑔𝑔 sin𝜃𝜃         (6) 

Ω𝑚𝑚 = �𝐺𝐺𝑔𝑔𝑔𝑔 𝑟𝑟⁄ �𝑉𝑉𝐸𝐸𝐸𝐸         (7) 

where 𝐹𝐹𝑡𝑡𝑡𝑡  is the traction force, 𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 is the vehicle traction force resistance, 𝑚𝑚𝑒𝑒𝑒𝑒 is the vehicle mass, 

𝐺𝐺𝑔𝑔𝑔𝑔 is the gearbox transmission ratio, 𝑟𝑟 is the wheel radius, 𝑇𝑇𝑒𝑒𝑒𝑒 is the electric machine torque, 𝜂𝜂𝑔𝑔𝑔𝑔 

is the gearbox transmission efficiency, 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 is the air density (1.2 𝑘𝑘𝑘𝑘/𝑚𝑚3), 𝛽𝛽 is a discrete value that 

takes the value of -1 when the vehicle is in braking mode otherwise it is 1, and Ω𝑚𝑚 is the rotor 



rotation speed. It is assumed that the reference torque 𝑇𝑇𝑒𝑒𝑒𝑒,𝑟𝑟 is the same as the measured one. Where 

the employs coefficient, rolling resistance 𝜇𝜇𝑓𝑓𝑓𝑓 and aerodynamic drag 𝐶𝐶𝑑𝑑, are typical values. The 

vehicle's mathematical model has been validated with an on-road driving test carried out in the e-

TESC laboratory [45], which is considered adequate for the benchmark analysis purpose of this 

paper.. 

Therefore, the necessary current of the electric motor to achieve the reference torque 𝑇𝑇𝑒𝑒𝑒𝑒,𝑟𝑟 is then 

calculated by: 

𝑖𝑖𝑡𝑡𝑡𝑡 = �𝑇𝑇𝑒𝑒𝑒𝑒Ω𝑚𝑚𝜂𝜂𝑚𝑚
𝛽𝛽 � 𝑢𝑢𝐷𝐷𝐷𝐷�         (8) 

where 𝑢𝑢𝐷𝐷𝐷𝐷 is the voltage on the DC bus, and 𝜂𝜂𝑚𝑚 is the drive efficiency that considers the inverter 

and motor efficiency. This voltage corresponds to the voltage of the SC in the passive and semi-

active configurations. In the full-active configuration, it corresponds to the nominal voltage of the 

motor, which is the interconnection of the two DC-DC converters. 

2.2. Fuel cell system 

The FC system is represented by an electrochemical based PEMFC model proposed by Amphlett 

et al. studied in several works [47, 48]. This model represents the performance of the FC by a 

function that includes the reversible potential, which is the maximum possible voltage of the FC, 

and the irreversible voltage losses.  Moreover, this data-driven model has a low computational cost 

and a good interpolation an extrapolation approximation [49]. The selected FC system for this work 

is the FCvelocity-9SSL from Ballard Power Systems, whose size varies from 3.8 kW to 27.3kW 

[50]. The PEMFC voltage (𝑢𝑢𝐹𝐹𝐹𝐹) is approximated by the following equations (9-13):  

𝑢𝑢𝐹𝐹𝐹𝐹 = 𝑁𝑁𝐹𝐹𝐹𝐹(𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑢𝑢𝑜𝑜ℎ𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐)       (9) 

𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1.229 − 0.85 × 10−3(𝑇𝑇𝐹𝐹𝐹𝐹 − 298.15) + 4.3085 × 10−5𝑇𝑇𝐹𝐹𝐹𝐹[ln(𝑝𝑝𝐻𝐻2) + 0.5ln (𝑝𝑝𝑂𝑂2)]  (10) 



�
𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜉𝜉1 + 𝜉𝜉2𝑇𝑇𝐹𝐹𝐹𝐹 + 𝜉𝜉3𝑇𝑇𝐹𝐹𝐹𝐹𝑙𝑙𝑙𝑙(𝐶𝐶𝐶𝐶2) + 𝜉𝜉4𝑇𝑇𝐹𝐹𝐹𝐹𝑙𝑙𝑙𝑙(𝑖𝑖𝐹𝐹𝐹𝐹)

𝐶𝐶𝑂𝑂2
∗ = 𝑃𝑃𝑂𝑂2

5.08×106 exp(−498 𝑇𝑇𝐹𝐹𝐹𝐹⁄ )
                                  (11) 

𝑢𝑢𝑜𝑜ℎ𝑚𝑚𝑚𝑚𝑚𝑚 = −𝑖𝑖𝐹𝐹𝐹𝐹𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = −𝑖𝑖𝐹𝐹𝐹𝐹(𝜁𝜁1 + 𝜁𝜁2𝑇𝑇𝐹𝐹𝐹𝐹 + 𝜁𝜁3𝑖𝑖𝐹𝐹𝐹𝐹)      (12) 

𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛼𝛼𝛼𝛼𝛼𝛼(1 −  𝑖𝑖𝐹𝐹𝐹𝐹 𝑖𝑖𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚⁄ )         (13) 

where 𝑁𝑁𝐹𝐹𝐹𝐹 is the number of cells, 𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the reversible voltage, 𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎 is the activation loss, 

𝑢𝑢𝑜𝑜ℎ𝑚𝑚𝑚𝑚𝑚𝑚  is the ohmic loss, 𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐  is the concentration loss, 𝑇𝑇𝐹𝐹𝐹𝐹 is the stack temperature, 𝑝𝑝𝐻𝐻2 is the 

hydrogen partial pressure,  𝑝𝑝𝑂𝑂2 is the oxygen partial pressure, 𝜉𝜉𝑛𝑛 (n = 1 … 4) is the empirical 

coefficients, 𝐶𝐶𝑂𝑂2
∗  is the oxygen concentration, 𝑖𝑖𝐹𝐹𝐹𝐹 is the FC operating current, 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the 

internal resistor defined by the three parametric coefficients 𝜁𝜁𝑛𝑛  (n = 1 … 3), 𝛼𝛼 is a semi-empirical 

parameter related to the diffusion mechanism (0.3≤ 𝛼𝛼 ≤1.8), and 𝑖𝑖𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum current. 

The Amphlett voltage model is compared with the single cell voltage values reported in the Ballard 

datasheet, shown in Fig. 3(a). The polarization curve represents the FC voltage output for a given 

current load. 

The oxygen partial pressure is approximated as 21% of the cathode pressure since it is the 

percentage of oxygen in the air flowing to the cathode. Regarding the hydrogen partial pressure, it 

is approximated as 99% of the anode pressure. The cathode pressure is calculated by (14) in terms 

of current since the airflow mainly depends on the current.  This equation has been introduced in 

[51], as fitted to experimental data under different current levels, and the anode inlet pressure 𝑝𝑝𝑎𝑎𝑎𝑎 

has been maintained at 0.2 bar above the cathode pressure 𝑝𝑝𝑐𝑐𝑐𝑐. This is to reduce the nitrogen 

crossover, enhance the cell stability, and evacuate the hydrogen in form of water through the 

cathode in case of an internal leak. 

𝑝𝑝𝑐𝑐𝑐𝑐 = 𝑎𝑎1 + 𝑎𝑎2𝑖𝑖𝐹𝐹𝐹𝐹 + 𝑎𝑎3𝑖𝑖𝐹𝐹𝐹𝐹2 + 𝑎𝑎4𝑖𝑖𝐹𝐹𝐹𝐹3       (14) 



The thermal behavior of the FC is described by using the law of conservation of energy, as shown 

in the Fig. 3(b). The energy balance for describing the temperature dynamic of the FC system is 

explained in [52], by considering only the heat dissipated by the liquid cooling system. 

𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑁𝑁𝐹𝐹𝐹𝐹𝑖𝑖𝐹𝐹𝐹𝐹(1.254− 𝑢𝑢𝐹𝐹𝐹𝐹)        (15) 

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐻𝐻𝐹𝐹𝐹𝐹(𝑇𝑇𝐹𝐹𝐹𝐹 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)        (16) 

𝑑𝑑𝑇𝑇𝐹𝐹𝐹𝐹
𝑑𝑑𝑑𝑑

= 𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒−𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑀𝑀𝐶𝐶𝐹𝐹𝐹𝐹

         (17) 

where the generated heat in the FC 𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒  is the residual energy of the ideal potential minus the real 

potential, 𝐻𝐻𝐹𝐹𝐹𝐹  is the heat transfer coefficient under free convection defined experimentally in [53], 

the heat transfer coefficient is calculated by 𝑘𝑘𝑡𝑡1 and 𝑘𝑘𝑡𝑡2 which are empirical coefficients obtained 

experimentally in [52], 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 is the ambient temperature, 𝑇𝑇𝐹𝐹𝐹𝐹 is the stack temperature, 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the 

heat dissipated due to convection, and 𝑀𝑀𝐶𝐶𝐹𝐹𝐹𝐹  is the thermal capacity of the FC. After considering 

all the losses from the auxiliary systems, the power of the FC system is calculated as follow: 

𝑃𝑃𝐹𝐹𝐹𝐹,𝑎𝑎𝑢𝑢𝑢𝑢 =  𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓         (18) 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1
𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑝𝑝𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 �
𝑝𝑝𝑐𝑐𝑐𝑐
𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎

𝛾𝛾−1
𝛾𝛾� − 1�      (19) 

𝑃𝑃𝐹𝐹𝐹𝐹 = 𝑢𝑢𝐹𝐹𝐹𝐹𝑖𝑖𝐹𝐹𝐹𝐹          (20) 

𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜆𝜆𝑊𝑊𝑂𝑂2 𝑥𝑥𝑂𝑂2⁄          (21) 

𝑊𝑊𝑂𝑂2 = 𝑀𝑀𝑂𝑂2𝑁𝑁𝐹𝐹𝐹𝐹 𝑖𝑖𝐹𝐹𝐹𝐹 2𝐹𝐹⁄          (22) 

𝑃𝑃𝐹𝐹𝐹𝐹,𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑃𝑃𝐹𝐹𝐹𝐹 − 𝑃𝑃𝐹𝐹𝐹𝐹,𝑎𝑎𝑎𝑎𝑎𝑎         (23) 

where 𝑃𝑃𝐹𝐹𝐹𝐹,𝑎𝑎𝑎𝑎𝑎𝑎 is composed of the the cooling system losses which are the fan power (𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓) that is 

considered constant (200W) and the power of the compressor 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. The efficiency of the 



compressor 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is estimated as 70% [54], 𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎 represents the rate of the consumed air, 𝑐𝑐𝑝𝑝 is the 

specific heat capacity of air (1005 J/Kg), 𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 is the ambient pressure, 𝛾𝛾 is the specific heat ratio 

of the air (1.4), 𝜆𝜆 is the oxygen excess ratio constant (2), 𝑊𝑊𝑂𝑂2 is the rate of oxygen consumed 

through the cathode, 𝑥𝑥𝑂𝑂2 is the ideal oxygen mass fraction in the air (23.3%), 𝑀𝑀𝑂𝑂2 is the  oxygen 

molar mass (32 gr/mol), and 𝐹𝐹 is the Faraday constant. Finally, the  𝑃𝑃𝐹𝐹𝐹𝐹,𝑠𝑠𝑠𝑠𝑠𝑠 is the power of the FC 

system after the auxiliary losses. 

 

Fig. 3. Studied FC stack from Ballard Power Systems, a) FC voltage model comparison for a 

single cell, b) energy balance representation. 

The efficiency of the system is calculated considering the consumed energy by the liquid and air-

cooling system. 

𝜂𝜂𝐹𝐹𝐹𝐹 = �𝑖𝑖𝐹𝐹𝐹𝐹,𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢𝐹𝐹𝐹𝐹� �𝑊𝑊𝐻𝐻2 × 𝐻𝐻𝐻𝐻𝐻𝐻��        (23) 

𝑊𝑊𝐻𝐻2 = 0.00696𝑖𝑖𝐹𝐹𝐹𝐹𝑁𝑁𝐹𝐹𝐹𝐹         (24) 

where 𝐻𝐻𝐻𝐻𝐻𝐻 is the hydrogen high heating value [55], and 𝑊𝑊𝐻𝐻2 is the hydrogen flow consumed in 

terms of the current across the FC.  



2.3. Supercapacitor and DC-DC converter 

The SC is represented by an equivalent circuit model that corresponds to the electrical Faradic 

reaction that occurred in the electrode surface. In [56], a comparative study of five equivalent circuit 

models is performed under different operational temperatures. Based on the reported error and ease 

of implementation, a classical RC model has been selected. The electrical behavior is calculated as 

follow: 

𝑢𝑢𝑆𝑆𝑆𝑆(𝑡𝑡) = 𝑢𝑢𝑐𝑐(0) + 1
𝐶𝐶𝑆𝑆𝑆𝑆

∫ 𝑖𝑖𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑 − 𝑖𝑖𝑆𝑆𝑆𝑆𝑅𝑅𝑆𝑆𝑆𝑆       (25) 

where 𝑢𝑢𝑐𝑐(0) is the initial open-circuit voltage (OCV) of the capacitance element, 𝑖𝑖𝑆𝑆𝑆𝑆 is the current 

across the SC, 𝐶𝐶𝑆𝑆𝑆𝑆 is the equivalent capacitance value of the SC, and 𝑅𝑅𝑆𝑆𝑆𝑆 is the equivalent resistor 

value of the SC. The utilized SC of this work is based on Maxwell Technologies, and the equivalent 

capacitance and resistor for each model are provided in the manufacturer datasheet [57]. The 

validation of this equivalent circuit model has already been done in previous papers [58].  

The remaining energy in the SC is estimated by the formula of Coulomb counting [59]. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(0) + ∫ 𝑖𝑖𝑆𝑆𝑆𝑆 𝑑𝑑𝑑𝑑
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

       (26) 

where 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(0) represents the initial level of charge, and 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum available capacity. 

For the active coupling, a DC-DC converter is required to boost the voltage level of the FC or the 

SC. This is a common technique used in commercial vehicles, such as Toyota Mirai [60]. In the 

developed simulator, the DC-DC converter is considered as an efficiency ratio, which is multiplied 

by the power of the active device [61]. In the case of the FC system, its effective power in the DC 

bus is calculated as follow: 

𝑃𝑃𝐹𝐹𝐹𝐹,𝑏𝑏𝑏𝑏𝑏𝑏 =  𝑃𝑃𝐹𝐹𝐹𝐹,𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒         (27) 

3. Problem definition and two-level optimization 



In the literature, different types of FC hybrid architectures are proposed based on the selected 

application [62]. The hybrid configurations studied in this work are full-active, semi-active, and 

passive, as shown in Fig. 4. Fig.4(a) represents the full-active configuration. In this structure, the 

FC and SC are connected to the DC bus via a DC-DC converter. This configuration benefits from 

a flexible power control between the FC and SC, and a more stable voltage level in the DC bus. 

However, to provide the demanded power, complicated and strict control techniques are required. 

Fig.4(b) is the semi-active configuration, in which the FC is connected through a DC-DC converter 

to the DC bus and the SC is directly connected. In this configuration, the SC voltage represents the 

DC bus voltage, so the EMS must regulate the level of charge of the SC. The last structure, passive 

configuration, is shown in Fig.4(c). In this topology, FC and SC are directly connected to the DC 

bus. To avoid reverse current inside the FC, a diode is placed in series with it. This configuration 

does not require an EMS, and the power splitting depends on the natural behavior of each 

component. Most of the performed studies on this structure have concentrated on the sizing method 

because it is the principal factor that influences the performance of the system. The FC current is 

always positive and is defined as follows: 

𝑖𝑖𝐹𝐹𝐹𝐹 = 𝑢𝑢𝐹𝐹𝐹𝐹−𝑢𝑢𝑆𝑆𝑆𝑆
𝑅𝑅𝐷𝐷

          (27) 

where 𝑅𝑅𝐷𝐷 is the equivalent diode resistance. It can be implied from the passive structure that the 

voltage of the FC tends to have the same level as the SC voltage, and the requested current is equal 

to the sum of FC and SC currents. 



 

Fig. 4. Studied configurations, a) full-active, b) semi-active, and c) passive. 

In the case of full-active and semi-active configurations, a two-step optimization method is used to 

define the best system size and power split [63, 64]. The simultaneous optimization-based energy 

management and component sizing methods have been successfully implemented in previous 

works [65, 66]. This is a plant/controller iterative optimization that consists of two nested 

optimization loops. The first step optimizes the cost function by searching the plant variables that 

are the set of parameters for the system size. The second step is in charge of the optimization of the 

controller design for each proposed plant [67]. As shown in Fig. 5, the first step is a metaheuristic 

method used to define the FC and SC sizes. The second step is an inner loop, where DP splits the 

power between the components while minimizing a cost function. In the passive configuration, 

only the metaheuristic method is applied since there is no control over the sources.  



 

Fig. 5. The framework of the two-step optimization for sizing and EMS 

3.1. System cost and durability 

Although cost is a major obstacle for the commercialization of fuel-cell vehicles, most of the 

existing EMSs have only focused on the minimization of the hydrogen consumption [68, 69]. Only 

a few papers have tried to maximize the overall FC system efficiency while extending its lifetime 

and avoiding harmful FC conditions [65, 70-72]. In this respect, in this work, a multi-objective 

optimization problem is utilized to minimize hydrogen consumption as well as the system 

degradation. This problem is solved by using a weighted-sum approach, in which the importance 

of each objective is defined by a cost factor [73]. In the market, the price of the components varies 

based on the number of units to buy and manufacturer. For this reason, the standard price proposed 

by the US Department of Energy (DoE) is used in this work and summarized in Table 2. 

Table 2: System cost breakdown 

Component Cost Variable Ref. 
FC system 40 $ 𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛⁄  $𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠 [74] 
SC 15 $/Wh $𝑆𝑆𝑆𝑆 [75] 
DC-DC converter 50 $ 𝑘𝑘𝑘𝑘⁄  $𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [76] 
Hydrogen 2.3 $ 𝑘𝑘𝑘𝑘 𝐻𝐻2⁄  $𝐻𝐻2 [77] 



The trip cost is in terms of USD and is composed of the consumed hydrogen and a fraction of the 

system cost. The FC cost is linked to the system degradation, which is considered as the percentage 

of reduction in the maximum power. The US DoE has defined the FC end of life (EOL) as a 10% 

drop in the maximum power, and an operational objective of 5000 hours [74]. However, the SC 

and DC-DC converter in normal conditions have an expected lifetime in terms of thousands of 

cycles [78]. To increase the importance of the SC and DC-DC converter in the optimization process, 

their costs are linked to the trip time. The proposed trip cost used in the optimization process is 

calculated as follow: 

$𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = $𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠∆𝐹𝐹𝐹𝐹 + $𝐻𝐻2 ∫𝑊𝑊𝐻𝐻2dt + $𝑆𝑆𝑆𝑆∆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + $𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡   (28) 

where ∆𝐹𝐹𝐹𝐹 represents the percentage of degradation in the FC system along the trip, the total 

consumed hydrogen is calculated by the integration of the hydrogen flow (𝑊𝑊𝐻𝐻2), and  ∆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the 

trip time divided by the operational objective of 5000 hours. 

The major causes of degradation in a FC system are the high and low power, the start-stop cycles, 

the fast-dynamic loads, and the natural decay [79]. Table 3 summarizes the empirical coefficients 

of FC performance degradation in terms of percentage [80]. 

Table 3: Coefficients of FC performance degradation. 

Variable Coefficient 
𝑘𝑘1 0.00126 (%/h) 
𝑘𝑘2 0.00196  (%/cycle) 
𝑘𝑘3 5.93 × 10−5 

(%/cycle) 
𝑘𝑘4 0.00147 (%/h) 
𝑘𝑘5 0.002 (%/h) 

 

The percentage of FC degradation is calculated as the sum of FC degradation under each condition. 

∆𝐹𝐹𝐹𝐹= 𝑘𝑘1𝑡𝑡1 + 𝑘𝑘2𝑛𝑛1 + 𝑘𝑘3𝑛𝑛2 + 𝑘𝑘4𝑡𝑡2 + 𝑘𝑘5𝑡𝑡𝐹𝐹𝐹𝐹𝑂𝑂𝑂𝑂       (29) 



where 𝑘𝑘1 is the low power coefficient (less than 5% of maximum power), 𝑘𝑘2 represents one start-

stop coefficient, 𝑘𝑘3 is the fast-dynamics coefficient (absolute value of power variations larger than 

10% of maximum power per second), 𝑘𝑘4 is the high power coefficient (more than 90% of maximum 

power), 𝑘𝑘5 is the natural decay rate ( the time that FC is under operation), 𝑡𝑡𝑖𝑖 (1,2,𝐹𝐹𝐹𝐹𝑂𝑂𝑂𝑂) are the 

operational time in their corresponding conditions. In addition, system constrains are implemented 

to guarantee that the system works within the defined operating conditions. 

3.2. Dynamic programming 

The new unified DP model and its solution method (SJTU DP), proposed in [81, 82], is 

implemented in this work to do the energy management of the full-active and semi-active 

configurations. This method solves the main four problems of DP, namely the dimension disaster, 

standardization, Markov problem, and interpolation leakage. The main characteristics of this 

method are the state-space model with four state variables, the multi-objective cost function 

formulation, the dimension reduction calculation method, and the forward-backward calculation 

sequence. Compared with Basic DP and Level-Set DP, the utilized method shows less 

computational time and better calculation accuracy. 

The unified state-space equation of DP model for full-active and semi-active configurations is 

represented by four states.  

⎩
⎪
⎨

⎪
⎧ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑘𝑘 + 1) = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑘𝑘) + ∫ 𝑖𝑖𝑆𝑆𝑆𝑆(𝑘𝑘) 𝑑𝑑𝑑𝑑

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

𝑢𝑢𝑆𝑆𝑆𝑆(𝑘𝑘 + 1) = 𝑢𝑢𝑐𝑐(𝑘𝑘) + 1
𝐶𝐶𝑆𝑆𝑆𝑆

∫ 𝑖𝑖𝑆𝑆𝑆𝑆(𝑘𝑘)𝑑𝑑𝑑𝑑 − 𝑖𝑖𝑆𝑆𝑆𝑆(𝑘𝑘)𝑅𝑅𝑆𝑆𝑆𝑆
𝑃𝑃𝐹𝐹𝐹𝐹,𝑠𝑠(𝑘𝑘 + 1) = 𝑢𝑢𝐹𝐹𝐹𝐹(𝑘𝑘) ∗ 𝑖𝑖𝐹𝐹𝐹𝐹(𝑘𝑘)
𝑀𝑀(𝑘𝑘 + 1) = 𝜓𝜓�𝑃𝑃𝐹𝐹𝐹𝐹,𝑠𝑠,𝐹𝐹𝐹𝐹𝑠𝑠,𝑘𝑘�

     (30) 

where the state variable vector is 𝑥𝑥 = �𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ,𝑢𝑢𝑆𝑆𝑆𝑆 ,𝑃𝑃𝐹𝐹𝐹𝐹,𝑠𝑠,𝑀𝑀�, 𝑃𝑃𝐹𝐹𝐹𝐹,𝑠𝑠 represents the power of the FC 

as a state variable while 𝑖𝑖𝐹𝐹𝐹𝐹 is the current of the FC as a control variable. In addition, an operational 

work mode 𝑀𝑀 is included in the states to reduce the extra calculation that will end in infeasible 



conditions. This work mode is defined by the function 𝜓𝜓�𝑃𝑃𝐹𝐹𝐹𝐹,𝑠𝑠,𝐹𝐹𝐹𝐹𝑠𝑠,𝑘𝑘� that creates a relationship 

between the work mode, the control variable, and the FC state 𝐹𝐹𝐹𝐹𝑠𝑠. The work mode can take four 

discrete values: SC mode (SCM), Start mode (SM), Normal work mode (NWM), Shutdown mode 

(SDM). The SCM is defined as the stage when the FC is off and all the requested power is supplied 

by the SC. SM represents the turning on the procedure of the FC until the FC reaches the minimum 

idle current level (𝑖𝑖𝐹𝐹𝐶𝐶,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖). During the NWM, the requested power is supplied by both FC and SC, 

which are active, and OM is the turn-off procedure of the FC. The system can change from one 

mode to another by respecting a fixed order (SCM-SM-NWM-SDM-SCM). That means the FC 

cannot switch-off while it is starting up. By doing so, the number of unnecessary turn-on cycles is 

reduced.  

In order to assure that the system operates in the desired conditions, some limitations need to be 

satisfied. They are represented by the following constraints. 

⎩
⎪
⎨

⎪
⎧
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚

𝑖𝑖𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑖𝑖𝐹𝐹𝐹𝐹 ≤ 𝑖𝑖𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚
𝑖𝑖𝑆𝑆𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑖𝑖𝑆𝑆𝑆𝑆 ≤ 𝑖𝑖𝑆𝑆𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚
𝑢𝑢𝐷𝐷𝐷𝐷,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑢𝑢𝐷𝐷𝐷𝐷 ≤ 𝑢𝑢𝐷𝐷𝐷𝐷,𝑚𝑚𝑚𝑚𝑚𝑚

∆𝑃𝑃𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ ∆𝑃𝑃𝐹𝐹𝐹𝐹 ≤ ∆𝑃𝑃𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚

       (31) 

where the 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 range is selected based on typical values found in the literature, the current limits 

are established by the manufacturer, the 𝑢𝑢𝐷𝐷𝐷𝐷 range is determined based on the motor driver 

operating voltage, and the ∆𝑃𝑃𝐹𝐹𝐹𝐹 is the slew rate of the FC power and can be calculated by: 

∆𝑃𝑃𝐹𝐹𝐹𝐹 = 𝑃𝑃𝐹𝐹𝐹𝐹(𝑘𝑘) − 𝑃𝑃𝐹𝐹𝐹𝐹,𝑠𝑠(𝑘𝑘)        (32) 

The main objective of DP is to minimize the trip cost specified in (28) by finding the right FC 

current while respecting the constraints in (31). The trip cost equation is a function that only 

depends on the current state and the control variable at that step 𝑘𝑘𝑡𝑡ℎ. This proves that the DP model 

fulfills the requirement of the Markov characteristics of DP. The SJTU DP solution method consists 

mainly in three steps: first, calculating the boundary range of the state variable with the maximum 



and minimum power for each 𝑘𝑘𝑡𝑡ℎ step. Secondly, a forward calculation to determine the minimum 

cost of each grid point while respecting the constraints. Lastly, defining the optimal control 

sequence backward. 

Table 4 summarizes the constraints utilized in this work in order to warranty that the proposed 

plants will meet the system requirements. Moreover, these parameters have been selected to reduce 

the degradation, and maximize the performance of the power sources [83-87].  

Table 4: Optimization parameters and constrains of DP method 

Parameter Min Max 
𝑖𝑖𝐹𝐹𝐹𝐹 0 A 300 A 
𝑖𝑖𝑆𝑆𝑆𝑆 -300 A 300 A 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 50 % 90 % 
𝑢𝑢𝐷𝐷𝐷𝐷 80 V 120 V 

∆𝑃𝑃𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚 −0.1𝑃𝑃𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚 0.1𝑃𝑃𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚 
 

3.3. Metaheuristic sizing 

The optimization of the sizing process in hybrid systems implies non-monotonic effects on 

objectives and constraints to be reached, while it tries not to get trapped in local optimums [88]. As 

shown in Fig. 5, GA is implemented to define the optimal size of the power sources in a way to 

minimize the trip cost. GA is a derivative-free metaheuristic method capable of solving the non-

linear constrained optimization problem of the energy system component design. GA is inspired 

by the process of natural selection described in Darwin’s theory of evolution. This optimization 

technique operates by encoding potential solutions as simple chromosome-like data structures and 

then applies genetic operators to those structures, such as mutation, crossover, and survival of the 

fittest. Over many iterations, its population of chromosomes evolves toward better solutions. The 

algorithm typically terminates when the diversity of its population reaches a predetermined 

minimum, or a maximum number of iterations [89]. 



The parameters to be optimized by GA in this work are defined as 𝑥𝑥 = �𝑁𝑁𝐹𝐹𝐹𝐹 ,𝐶𝐶𝑆𝑆𝑆𝑆,𝑢𝑢,𝑁𝑁𝑆𝑆𝑆𝑆,𝑠𝑠,𝑁𝑁𝑆𝑆𝑆𝑆,𝑝𝑝� 

where 𝑥𝑥 is the optimized vector, 𝑁𝑁𝐹𝐹𝐹𝐹 represents the number of cells of the FC stack, 𝐶𝐶𝑆𝑆𝑆𝑆,𝑢𝑢 is the 

capacitance of a single SC, 𝑁𝑁𝑆𝑆𝑆𝑆,𝑠𝑠 indicates the number of SC connected in series, and 𝑁𝑁𝑆𝑆𝑆𝑆,𝑝𝑝 specifies 

the number of parallel series banks of SC. The number of generations is set to 100, the population 

size is 150, the elite count is 10, and the crossover fraction is 0.8. These settings cause GA to use a 

larger population, to expect the best solution to be close in the initial random population, and to 

keep searching in the design space until its best member fitness changes by a small amount. 

The targeted parameters for optimization by GA are defined as discrete values based on the 

commercial capacitance of Maxwell SC and the size of the Ballard FC [50, 57]. Table 5 summarizes 

the optimization space of the plant. 

 

 

Table 5: The range of the targeted parameters for optimization  

Variable Bounded range 
𝑁𝑁𝐹𝐹𝐹𝐹 [55,71,75,80,90,110,115,135] 
𝐶𝐶𝑆𝑆𝑆𝑆,𝑢𝑢 [100,150,310,325,350,360,450,650,1200,1500,2000,3000,3400] 
𝑁𝑁𝑆𝑆𝑆𝑆,𝑠𝑠 ∈ 𝑍𝑍 ≥ 1,≤ 60 
𝑁𝑁𝑆𝑆𝑆𝑆,𝑝𝑝 ∈ 𝑍𝑍 ≥ 1,≤ 60 

 

4. Results analysis 

In this work, the standard World Motorcycle Test Cycle (WMTC) is utilized for the optimal sizing 

procedure. WMTC represents the collection and analysis of daily motorcycle driving behavior in 

Europe, Japan, and the USA [90]. It is composed of three regimes: urban traffic, slow country-road, 

and fast country-roads. The fitness function convergence trend of the optimal based sizing method 

for the three FC-SC configurations is shown in Fig. 6. The trend of mean value alteration represents 



all different sizes that fulfil the system requirement, and the combination with the lowest cost 

function value of each population is recorded in the best fitness curve. The minimization trend of 

the best fitness value has become almost stable after 20 iterations in the full-active, and after 50 

iterations in semi-active and passive configurations. Moreover, the mean value trend converges for 

all the configurations at the end, showing that the best fitness value is the global/near-global optimal 

result. 

 

Fig. 6. Fitness function minimization trend for: a) full-active, b) semi-active, and c) passive 

configurations. 

The results of the optimization process are summarized in Table 6, where the FC and SC size, mass 

and cost are reported. It should be noted that the system mass and volume are obtained from the 

datasheets and it shows an approximated value of the power supply system. The full-active 

configuration is the one with the smallest capacitance value, followed by the semi-active. The 

passive configuration is the one with the biggest FC size and higher SC capacity. On the other hand, 

passive configuration, which does not use any DC-DC converters, benefits from a light mass and 

low volume. 

Table 6. Obtained results by the two-step optimization method 



Configuration 𝐶𝐶𝑆𝑆𝑆𝑆,𝑢𝑢 𝑅𝑅𝑆𝑆𝑆𝑆,𝑢𝑢 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 𝑁𝑁𝑆𝑆𝑆𝑆,𝑠𝑠 𝑁𝑁𝑆𝑆𝑆𝑆,𝑝𝑝 𝑃𝑃𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚 System 
mass 

Capital 
cost 

Full-active 310 F 2.2 mΩ 202 Wh 43 15 22.2 kW 77.9 kg $ 6424.00 
Semi-active 310 F 2.2 mΩ 230 Wh 49 15 22.2 kW 72.3 kg $ 5598.00 

Passive 450 F 2.8 mΩ 241 Wh 59 9 27.3 kW 59.3 kg $ 4721.00 
 

The requested power (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟), the effective power of the FC system in the DC bus (𝑃𝑃𝐹𝐹𝐹𝐹,𝑏𝑏𝑏𝑏𝑏𝑏), and the 

power in the SC (𝑃𝑃𝑆𝑆𝑆𝑆) for the FC-SC configurations are shown in Fig. 7. As shown in Fig. 7(a), the 

first part of the WMTC profile starts with a cold start and consists of eight micro-trips with a 

maximum speed of 60 km/h. The second part contains two micro-trips with a maximum speed of 

95 km/h. The third part is one micro-trip with the top speed at 110 km/h. As presented in Fig. 7(c), 

semi-active configuration operates the FC in more stable steps, but the SC manages to absorb all 

the power peaks. Therefore, the regulation of active configuration reduces those peaks and makes 

the operation possible with a smaller number of SCs. Also, it is observed that semi-active and full-

active configurations operate in SCM around 50 seconds in the beginning. Regarding the passive 

configuration shown in Fig. 5(d), the SC works as a low pass filter, and the FC follows the low 

frequency and main components of the requested power. In addition, it is observed that the FC 

voltage tends to follow the SC voltage level, as described in equation (27), until it reaches its OCV. 



 

Fig. 7. Power split of WMTC profile by the two-step optimization method, a) utilized WMTC 

driving cycle, b) full-active, c) semi-active, d) passive configuration. 

The results of the best fitness function are presented in Table 7. According to Table 7, the passive 

configuration has achieved the lowest value in terms of trip cost compared to other configurations. 

However, full-active, and semi-active operate the FC in a way to minimize its degradation. This 

superior performance of the passive configuration is achieved mainly due to not using a DC-DC 

converter. This reduces the cost and energy losses and generates a lower hydrogen consumption. 

Table 7. Breakdown of the trip cost for WMTC profile 

Configuration H2 cons. FC deg. SC cost Conv. cost $𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 
Full-active $ 0.45 $ 0.25 $ 0.30 $ 0.24 $ 1.24 
Semi-active $ 0.43 $ 0.26 $ 0.35 $ 0.12 $ 1.15 

Passive $ 0.38 $ 0.34 $ 0.36 - $ 1.08 
 



The current distribution analysis is shown in Fig. 8. Fig. 8(a) represents how the full-active and 

semi-active configurations tend to operate more in the maximum efficiency point. Meanwhile, the 

current of the passive configuration is distributed over the whole range. Fig. 8(b) illustrates the 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 evolution along with the driving profile. In the passive configuration, the SOC is more stable 

due to self-management which determines the FC current as opposed to other configurations that 

operate in a wider range. 

 

Fig. 8. WMTC test results; a) Current distribution comparison and FC efficiency curve, and b) 

SOC evolution of the three FC-SC configurations. 

The results of component sizing have a strong dependency on the selected driving cycle. In this 

respect, the optimal size of each configuration is evaluated with a real driving profile. Real driving 

patterns differ significantly from standard cycles. These profiles might operate in a specific speed 

range and may not be suitable for design purposes [91]. The real on-road driving cycle presented 

in Fig. 9(a) has a maximum speed of 110 km/h and a duration of 49 minutes. During this driving 

profile, the vehicle operates mostly in the high-speed region. Fig. 9 shows the power split after 

using the real driving cycle. The FC power for all the configuration tends to operate with the same 



trend due to the high level of the requested power. Looking at Fig. 9(c), the FC operates more stably 

in the semi-active configuration. As mentioned earlier, FC normally works in a more distributed 

way and avoids unnecessary on-off cycles (SDM-SCM-SM modes) as is seen in the second 1452 

of active configuration. 

 

Fig. 9. Power split for the real driving cycle by the optimal size; a) on-road driving cycle b) full-

active, c) semi-active, d) passive configuration. 

The breakdown of the trip cost obtained from the optimal size for the real driving profile is shown 

in Table 8. According to this table, the passive configuration has reached the lowest value in terms 

of trip cost although it has the most expensive FC cost. As previously discussed, the main advantage 

of the passive configuration resides in the absence of the DC-DC converter. 

Table 8. Breakdown of the trip cost for real driving profile 



Configuration H2 cons. FC deg. SC cost Conv. cost $𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 
Full-active $ 0.81 $ 0.32 $ 0.49 $ 0.41 $ 2.03 
Semi-active $ 0.78 $ 0.48 $ 0.57 $ 0.20 $ 2.03 

Passive $ 0.70 $ 0.62 $ 0.59 - $ 1.91 
 

The current distribution study presented in Fig. 10(a) shows that the operation of full-active and 

passive configurations covers most of the FC operating current region while the semi-active 

configuration has mainly three peaks. The SOC evolution of SC is shown in Fig. 10(b). The full-

active configuration can operate in the complete range compared to the other cases because the DC 

bus voltage value is not related to the SC SOC. 

  

Fig. 10. Real driving cycle test results; a) current distribution comparison and FC efficiency 

curve, and b) SOC evolution of the three FC-SC configurations. 

In order to study the impact of FC degradation, the WMTC profile has been continuously 

repeated until the FC reaches the EOL. Table 9 summarizes the total travel distance, the total cost 

of the consumed hydrogen, fuel economy, capital cost of the power supply system, and the 

equivalent cost per km. It is shown that the full-active configuration has the longest range, 



reaching 4% more than semi-active and 10% more than passive configuration. This is due to 

better management of the FC system that makes it run for a longer time. However, passive 

configuration has less efficiency losses in the electric conversion that result in an improvement on 

the fuel economy. Moreover, active configuration is the most expensive in terms of cost per km 

that is mainly attributed to the high capital cost. The full-active is 20% more expensive than 

passive, and semi-active is 11% more expensive than passive. 

Table 9. Breakdown of the trip cost for the long test profile 

Configuration Eq. range H2 cons. Fuel Econ. Capital cost Total cost Cost per km 
Full-active 98088 km $ 1598 141.1 km/kg $ 6424 $ 8022 $ 0.082 
Semi-active 94315 km $ 1468 147.7 km/kg $ 5598 $ 7066 $ 0.075 

Passive 88692 km $ 1220 167.2 km/kg $ 4721 $ 5941 $ 0.067 
 

5. Conclusions 

This paper investigates the performance of three optimized FC-SC configurations, namely: full-

active, semi-active, and passive. In this regard, a standard driving cycle is utilized to define the size 

of the power sources by using a two-step optimization method. A trip cost is defined as the fitness 

function, which is composed of the FC degradation, consumed hydrogen, and a fraction of the 

capital cost of the SC and DC-DC converter. Subsequently, the obtained optimal size from the 

standard driving profile is evaluated based on a real driving profile of the e-TESC 3W electric 

vehicle. The performed analyses indicate that the trip cost of the proposed passive connection is 

14.8% less than the full-active configuration and 6.4% less than the semi-active configuration for 

the standard driving profile of WMTC. In the case of the real driving cycle, the passive 

configuration presents 6.3% less cost than the other configurations. It is worth reminding that the 

passive configuration has a more expensive cost in terms of FC degradation compared to other case 

studies. However, this cost is compensated by other aspects, such as lower hydrogen consumption 

and DC-DC converter related prices. In conclusion, based on the presented benchmark study and 



simulation test, the passive configuration seems to be the most suitable power source for the Spyder 

recreational vehicle. As this work has highlighted the potential of the passive topology in a 

vehicular application, the implementation of this topology on a real test bench should be practiced 

in future studies. 
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Nomenclatures 

Abbreviations 

BEV Battery electric vehicle 

DC Direct current 

DoE US Department of Energy 

DP Dynamic programming 

EMR Energetic macroscopic representation 

EMS Energy management strategy 

EOL End of life 

ESS Energy storage system 

FC Fuel cell 

FCEV Fuel cell electric vehicle 

FCHEV Fuel cell hybrid electric vehicle 

GA Genetic algorithm 

HEV Hybrid electric vehicle 

ICE Internal combustion engine 



NWM Normal work mode 

OCV Open circuit voltage 

PEMFC Proton exchange membrane fuel cell 

SC Supercapacitor 

SCM Supercapacitor mode 

SDM Shutdown mode 

SM Start mode 

WMTC World Motorcycle Test Cycle 

 

Variables 

$𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 DC converter cost 

$𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠 FC system cost 

$𝐻𝐻2 Hydrogen cost 

$𝑆𝑆𝑆𝑆 SC cost 

$𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 Trip cost 

∆𝐹𝐹𝐹𝐹 FC degradation percentage 

∆𝑃𝑃𝐹𝐹𝐹𝐹 FC slew rate 

∆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 Normalized trip time 

Ω𝑚𝑚 Rotor rotation speed 

𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 Vehicle front area 

𝐶𝐶𝑂𝑂2
∗  Oxygen concentration 

𝐶𝐶𝑆𝑆𝑆𝑆,𝑢𝑢 Single SC capacitance 

𝐶𝐶𝑆𝑆𝑆𝑆 SC equivalent capacitance 

𝐶𝐶𝑑𝑑 Typical aerodynamic drag coefficient 

𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 Reversible voltage 

𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 Vehicle traction force resistance 

𝐹𝐹𝑡𝑡𝑡𝑡 Traction force 



𝐺𝐺𝑔𝑔𝑔𝑔 Belt transmission drive ratio 

𝐻𝐻𝐹𝐹𝐹𝐹  Heat transfer coefficient 

𝑀𝑀𝑂𝑂2 Oxygen molar mass 

𝑁𝑁𝐹𝐹𝐹𝐹 Number of cell FC stacks 

𝑁𝑁𝑆𝑆𝑆𝑆,𝑝𝑝 SC parallel branches 

𝑁𝑁𝑆𝑆𝑆𝑆,𝑠𝑠 SC connected in series 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 Compressor power 

𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓 Fan electric power 

𝑃𝑃𝐹𝐹𝐹𝐹 Fuel cell power 

𝑃𝑃𝐹𝐹𝐹𝐹,𝑠𝑠𝑠𝑠𝑠𝑠 Fuel cell system power 

𝑃𝑃𝐹𝐹𝐹𝐹,𝑏𝑏𝑏𝑏𝑏𝑏 Effective FC power in the DC bus 

𝑃𝑃𝑆𝑆𝑆𝑆 Supercapacitor power 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 Requested power 

𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒  Residual energy 

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 Heat dissipated due to convection 

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 SC maximum capacity 

𝑅𝑅𝐷𝐷 Equivalent diode resistance 

𝑅𝑅𝑆𝑆𝑆𝑆 SC equivalent resistor 

𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 Internal PEMFC resistor 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 SC level of charge 

𝑇𝑇𝐹𝐹𝐹𝐹 PEMFC stack temperature 

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 Ambient temperature 

𝑇𝑇𝑒𝑒𝑒𝑒,𝑟𝑟 Reference torque 

𝑇𝑇𝑒𝑒𝑒𝑒 Electric machine torque 

𝑉𝑉𝐸𝐸𝐸𝐸,𝑚𝑚𝑚𝑚𝑚𝑚  Maximum vehicle speed 

𝑊𝑊𝐻𝐻2 Consumed hydrogen flow  

𝑊𝑊𝑂𝑂2 Oxygen consumed rate 

𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎 Consumed air rate 



𝑐𝑐𝑝𝑝 Specific heat capacity of air 

𝑖𝑖𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚 Maximum PEMFC current 

𝑖𝑖𝑆𝑆𝑆𝑆 SC current 

𝑖𝑖𝑡𝑡𝑡𝑡 Traction system current 

𝑘𝑘𝑖𝑖 FC degradation coefficient 

𝑘𝑘𝑡𝑡𝑡𝑡 Empirical coefficients 

𝑚𝑚𝑒𝑒𝑒𝑒 Vehicle mass 

𝑝𝑝𝐻𝐻2 Hydrogen partial pressure 

𝑝𝑝𝑂𝑂2 Oxygen partial pressure 

𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 Ambient pressure 

𝑝𝑝𝑎𝑎𝑎𝑎 Anode inlet pressure 

𝑝𝑝𝑐𝑐𝑐𝑐 Cathode pressure 

𝑡𝑡𝑖𝑖 Operational time 

𝑢𝑢𝐷𝐷𝐷𝐷 DC bus voltage 

𝑢𝑢𝐹𝐹𝐹𝐹 PEMFC voltage 

𝑢𝑢𝑆𝑆𝑆𝑆 Supercapacitor voltage 

𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎 Activation loss 

𝑢𝑢𝑐𝑐 Capacitance element OCV 

𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐 Concentration loss 

𝑢𝑢𝑜𝑜ℎ𝑚𝑚𝑚𝑚𝑚𝑚 Ohmic loss 

𝑥𝑥𝑂𝑂2 Ideal oxygen mass fraction in the air 

𝜁𝜁𝑛𝑛 Semi-empirical PEMFC resistor parameters 

𝜂𝜂𝐹𝐹𝐹𝐹 System efficiency 

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 Compressor efficiency 

𝜂𝜂𝑔𝑔𝑔𝑔 Belt transmission drive efficiency 

𝜂𝜂𝑚𝑚 motor efficiency 

𝜇𝜇𝑓𝑓𝑓𝑓 Typical rolling resistance coefficient 

𝜉𝜉𝑛𝑛 Semi-empirical activation coefficients 

𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 Air density 



𝐹𝐹 Faraday constant 

𝐻𝐻𝐻𝐻𝐻𝐻 Hydrogen high heating value 

𝑀𝑀 DP system work mode 

𝑀𝑀𝐶𝐶𝐹𝐹𝐹𝐹  Thermal capacity of the FC 

𝑟𝑟 Wheel radius 

𝑥𝑥 DP state variable 

𝛼𝛼 Semi-empirical diffusion mechanism parameter 

𝛽𝛽 Discrete braking mode value 

𝛾𝛾 Specific heat ratio of the air 

𝜆𝜆 Oxygen excess ratio constant 
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