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Abstract: This paper presents a new Fuel Cell Fuel Consumption Minimization Strategy (FCFCMS)
for Hybrid Electric Vehicles (HEVs) powered by a fuel cell and an energy storage system, in order
to minimize as much as possible the consumption of hydrogen while maintaining the State Of
Charge (SOC) of the battery. Compared to existing Energy Management Strategies (EMSs) (such as
the well-known State Machine Strategy (SMC), Fuzzy Logic Control (FLC), Frequency Decoupling
and FLC (FDFLC), and the Equivalent Consumption Minimization Strategy (ECMS)), the proposed
strategy increases the overall vehicle energy efficiency and, therefore, minimizes the total hydrogen
consumption while respecting the constraints of each energy and power element. A model of a hybrid
vehicle has been built using the TruckMaker/MATLAB software. Using the Urban Dynamometer
Driving Schedule (UDDS), which includes several stops and accelerations, the performance of the
proposed strategy has been compared with these different approaches (SMC, FLC, FDFLC, and
ECMS) through several simulations.

Keywords: HEV; electromobility; hybrid drive; fuel cell; energy consumption; optimization process

1. Introduction

Currently, as the levels of air pollution caused by the consumption of fossil fuels
reach alarming levels, a less polluting fuel source is being considered. Hydrogen has good
characteristics to become the fuel of the future such as a high calorific value and clean
combustion without producing pollutants, but hydrogen fuel cell technology has not yet
been mastered. In 2014, although hydrogen-powered cars and buses began to hit the streets,
the technology is not yet fully controlled [1].

A Hydrogen-powered Fuel Cell (HFC) is a non-polluting energy source that generates
electricity through the chemical reaction of hydrogen and oxygen. These must be continu-
ously fed to the Fuel Cell (FC) so that it can provide the electricity requirements of the load.
In on-board applications, the hydrogen is usually stored in the system, while the oxygen is
obtained from the atmosphere by a compressor. Due to the mechanical time constant of the
compressor, the HFC system is characterized by a slow response time to load changes, and
an auxiliary energy source, such as batteries or supercapacitors, is used to support it in the
energy requirements of the load [2,3].

In the last few decades, there has been much research on new transport solutions due
to the emission reduction objectives, among which Hybrid Electric Vehicles (HEVs) based
on FCs are becoming an attractive technology. Energy management in these vehicles allows
for improved fuel economy (hydrogen in this case), which is a very promising solution
due to its high mass and volume energy density compared to other polluting sources such
as gasoline and diesel. Hydrogen represents a non-toxic, non-polluting fuel with zero
emissions, where the combustion only releases water [4].
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The future of sustainable transportation is closely linked to the development of these
vehicles. Indeed, these vehicles are much quieter, non-polluting, and more efficient than
vehicles based on Internal Combustion Engines (ICEs) [5]. However, the use of hydrogen
in a running vehicle poses problems: the need for a storage system, the power electronics
converters, the choice of the traction motor, and finally, the management of the energy
flows. This latter corresponds to the subject of study proposed in this paper, which aims
to improve the consumption of the fuel while respecting the constraints imposed by the
sources. The FCs are high-current and low-voltage sources. In order to use them in electric
vehicle powertrains, it is necessary to use adapted static converters in order to increase the
operating voltage. The global optimization of these powertrains requires the hybridization
of the battery using an Energy Storage System (ESS) [6].

A control strategy, in the field of hybrid vehicles, is an algorithm whose objective is to
regulate the power distribution coming from the different propulsion parts. The considered
input data are the operating conditions of the vehicle such as the speed, acceleration,
or torque requested by the driver. The output data recovered can be the activation or
non-activation of certain components, the increase or reduction of the power output, or
the modification of the operating ranges [7]. An energy management strategy can be
implemented to satisfy different demands. The most common ones are to ensure the
driver’s power demand, to maintain the State Of Charge (SOC) of the battery, to reduce the
number of starts, to optimize the efficiency of the drive train, or to reduce fuel consumption
and pollutant emissions. In general, a compromise must be found to achieve several of
these objectives simultaneously [8,9]. The strategy varies according to the type of vehicle
and the type of engine. Indeed, if we consider Hybrid Electric Vehicles (HEVs), the objective
is to have a final SOC equal to the initial SOC. If we consider a Plug-in-HEV (PHEV), it is
preferable to recharge the battery from the grid rather than from the engine. Therefore, the
final SOC should be as close as possible to the minimum tolerated threshold. A typical
method is to run the vehicle in full electric mode until the minimum threshold is reached
and then maintain the SOC. This method is called Charge Depleting/Charge Sustaining
(CD/CS). However, it is not the most suitable method [10–12]. To obtain an optimal
solution, the principle consists of progressively discharging the battery and reaching the
minimum at the end of the trip [11]. This method is often found in the literature under
the term blended mode. C. Silva et al. [13] studied the factors of PHEVs affecting the fuel
consumption and emissions of this type of vehicle. Recently, with the development of
on-board systems in cars, it is possible to access many other parameters. Technologies such
as GPS, the Geographical Information System (GIS), and the Intelligent Transport System
(ITS) make it possible to define a route and observe the traffic conditions in real time [11].
Several strategies need to know the cycle to work, but some can be used without prior
knowledge. In general, these strategies have been parameterized on a predefined cycle,
and their efficiency is better on this one. Based on this observation, several works have set
up cycle recognition strategies, which use data from the present and the past to determine
the appropriate strategy [14–16]. Some studies have also been interested in cycle prediction,
using for example Markov chains [17–20]. In this case, the efficiency of the strategy
will depend directly on its ability to predict future events. The integration of available
information while using new technologies therefore appears to be an interesting way of
reducing emissions and consumption [21,22]. Management strategies can be broken down
into two main families, rule-based methods and optimization methods. There are many
studies that have been conducted on each of these two families. Reference [23] provided
an overview of the existing control strategies. This allows us to have an indication of the
methods that have been studied. In [24,25], the EMS based on deterministic rules or based
on fuzzy logic or Neural Networks (NNs) was detailed. Similarly, the optimization methods
based on Model Predictive Control (MPC) to solve the energy management problem online
were presented in [26]. An EMS based on the Pontryagin Minimum Principle (PMP) was
introduced as an optimal control solution [27,28]. The global optimization requires the
driving profile to be known a priori. Therefore, the results are only valid in the laboratory,
but they can be used as a basis for comparison with other real-time strategies. A real-time
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optimization algorithm called the Equivalent Consumption Minimization Strategy (ECMS)
was also developed in [29–35]. It introduces the concept of equivalent consumption. A
MATLAB model was implemented for the study of this algorithm, which was subsequently
developed using Stateflow on the hybrid vehicle model.

In this paper, a new Fuel Cell Fuel Consumption Minimization Strategy (FCFCMS)
is proposed and compared with existing EMSs (such as the well-known State Machine
Strategy (SMC), Fuzzy Logic Control (FLC), Frequency Decoupling and FLC (FDFLC), and
the Equivalent Consumption Minimization Strategy (ECMS)). The proposed strategy is to
minimize the hydrogen consumption of the fuel cell during a vehicle run, while respecting
the constraints of the power of the fuel cell and the SOC of the ESS. The model of a hybrid
vehicle and the performance of the proposed strategy is compared with these different
approaches (SMC, FLC, FDFLC, and ECMS) through TruckMaker/MATLAB software

This paper is organized as follows: In Section 2, the problem formulation of multi-
source energy management is presented. In Section 3, the modeling of the hydrogen fuel
cell/battery hybrid vehicle is presented. Section 4 presents the proposed hybrid EMS.
Finally, Section 5 presents the results on different driving cycles by applying the different
methods. Conclusions and future prospects are presented in Section 6.

2. Formulation of the Optimization Problem

The problem of energy management consists of finding the best distribution of power
among the energy sources of the system. The presence of the ESS introduces additional
degrees of freedom in the supply of the required power. However, this distribution must
satisfy the power demand of the Electric Motor (EM) and respect the operating constraints
(power of the FC, define the SOC of the battery). The HEV considered in this paper has
three energy sources, as illustrated in Figure 1. The energy management problem can
be formulated as a dynamic optimization problem in which the system, represented as a
dynamic Equation (1), is controlled in order to minimize a cost criterion (2) by respecting
equality constraints (3) and inequality constraints (4) [36].

ẋ(t) = f (x(t), u(t), t) (1)∫ t f
to

Ψ(x(t), u(t), t)dt (2)

ϕ(x(t), u(t), t) = 0 (3)

φ(x(t), u(t), t) ≤ 0 (4)

where x(t) represents the state variables and u(t) the control variables.

2.1. Overall Multi-Criteria Optimization Formulation

The overall objective of the developed algorithms is to optimize the energy distribution
among the energy sources in order to minimize the fuel cell hydrogen consumption, while
respecting the constraints of the power limits of the fuel cell and the SOC of the ESS. The
most used criterion is the fuel consumption (fuel for thermal engines, hydrogen for FCs,
etc.). This criterion is also called the cost function and is expressed as (2) [6]. In our study,
we consider that the state variable is the SOC of the battery, and by choosing the power
supplied by the FC as the control variable, the equation governing the dynamics of the
system is in this case [37–39]:

SȮC = −i
Qbat

, ibat =
Vbat−

√
V2

bat−4RbatPbat

2Rbat
, (5)

where Qbat, Pbat, Vbat, and Rbat are the capacity, power, voltage, and resistance of the battery,
respectively. On the other hand, the hybrid system must ensure the instantaneous power
demand, which results in the following equality constraint [40]:

Pdemand = PFC + Pbat (6)



Energies 2022, 15, 738 4 of 20

where Pdemand is the power demanded and PFC is the fuel cell power.

2.2. The Constraints

The design of the hybrid system’s components imposes maximum and minimum
limits on the power exchanged and the energy levels that can be reached. These limits form
the inequality constraints (4), expressed as follows [41]:

PFC,min ≤ PFC(k) ≤ PFC,max (7)

∆PFC,drop ≤
dPFC(k)

dt ≤ ∆PFC,rise (8)

SOCmin ≤ SOC ≤ SOCmax (9)

where PFC,max and PFC,min are respectively the maximum and minimum power supplied by
the FC and SOCmax and SOCmin the maximum and minimum SOC that can be reached by
the battery. Knowing that the response time of the FC is large compared to other energy
sources, the HEV will not be able to withstand certain slopes of charge power (accelerations).
To remedy this problem, the battery will provide a power whose maximum slope will not
exceed a value to be determined (at the rise rate ∆PFC,rise and at the drop rate ∆PFC,drop of
the FC power slope). Finally, an additional condition is imposed on the system in order
to guarantee the maintenance of the battery’s SOC. In this respect, we considered that the
SOC of this element at the end of the studied time horizon is equal to its initial state [41]:

SOC(to) = SOC(t f ) (10)

where SOC(to) and SOC(t f ) are the initial value and the final value of the SOC.

2.3. The Optimization Criteria

The objective of optimal control applied to energy management is the minimization
of fuel consumption in a time interval [to;t f ] on a given mission profile. This amounts to
finding at each instant the power to be requested from the FC, in order to minimize the
energy consumed from the fuel tank in this interval while verifying the constraints (7)–(10).
The energy consumed from the fuel tank can be expressed as a function of the net power
delivered by the cell and its total effort, so the cost function to be minimized is expressed
by the following equation [42]:

Ψ(x(t), u(t), t) = PFC
ηFC(PFC)

+ (SOC(to)− SOC(t f ))
2 (11)

Thus:
J =

∫ t f
to

PFC
ηFC(PFC)

+ (SOC(to)− SOC(t f ))
2 (12)

The FC efficiency (ηFC) can be determined by [41]:

ηFC = −2Vbat F
Ncell∆h (13)

where F is the Faraday constant (in As/mol) and Ncell is the number of fuel cells. Let us
introduce the Hamiltonian applied to the system defined by the following equation:

H(x(t), u(t), t) = Ψ(x(t), u(t), t) + λ(x(t), u(t), t) (14)

with,
λ̇(t) = ∂H(x∗(t),u∗(t),λ(t))

∂x = −2(x(t)− x(to)) (15)

where ∗ means the optimal Hamiltonian solution.

λ(t) = λo − 2
∫ t f

to
(x(t)− x(to))dt (16)
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where λo is the initial value of λ. Therefore, the optimization problem consists of finding the
values of the power demanded at the FC that allows respecting the condition of maintaining
the SOC with the minimization of the Hamiltonian function, as indicated by the following
equation:

P∗FC = arg minH(x∗(t), u∗(t), λ(t)) (17)

For the implementation of the algorithm, the driving cycle is known a priori, which
gives us the values of the final time, as well as the values of the initial and final load states;
what remains to be found is the initial value of the adjoint state (the Lagrangian multiplier),
since we have a unique value that is suitable for an optimal trajectory to maintain the SOC
inside the required constraints. A search was performed by implementing a dichotomy
algorithm using a graphical approach. Nevertheless, this value is not totally exact, and it
changes with the driving cycle and the initial SOC of the storage element.

2.4. Hydrogen Consumption and Overall Efficiency

To present the optimization-based energy management strategies, first, the equation
that defines the hydrogen consumption must be determined. The energy consumed from
the fuel tank can be expressed as a function of the net power delivered by the cell (PFC) and
the total efficiency of the generator set (ηoverall), according to the following equation.

WH2[g/s] =
PFC

ηFC∆H (18)

where the calorific value ∆ is a property of the fuels whose value depends on the state
of the water produced in the chemical reaction (liquid or gas). Then, if we perform the
numerical integration, the hydrogen consumption results are given by:

ConsH2[g/s] =
∫ t f

to
PFC

ηFC∆H (19)

The overall efficiency (ηoverall) is given by [43]:

ηoverall =
Pdemand

Pin
FC+Pin

bat+Pin
SC

(20)

where Pin
FC, Pin

bat, and Pin
SC are the fuel cell power (input of the DC/DC converter), battery

power (input of the DC/DC converters), and supercapacitor power, respectively.

2.5. Global Optimization

If the driving profile is known a priori, a global optimization method can be used to
determine the optimum of (20). Thus, the minimization of the consumption is equivalent to
determining the power profile of the FC that produces the minimum hydrogen consumption
to achieve the driving profile. The objective function to be optimized is therefore:

ConsH2[min] = Min ∑
t f
0 PFC(tk)∆tk = Min(PFC(t0)∆t0 + · · ·+ PFC(t f )∆t f ) (21)

with the constraints given in (7) and (9) and:

∆SOC = SOC(t f )− SOC(to) = ∑
t f
0 PSC(tk).∆tk = 0 (22)

Therefore, Equation (6) gives the power balance, but (7) and (9) limit the power of the
FC and the SOC of the battery, while (22) indicates that the energy balance of the ES must
be zero at the end of the drive cycle to ensure that the final SOC of the battery is equal to
the initial SOC.

3. Modeling of the Hydrogen Fuel Cell/Battery Hybrid Vehicle

The studied vehicle structure (cf. Figure 1) consists of Proton Exchange Membrane
Fuel Cells (PEMFC) as the main energy source connected to a step-up DC/DC converter
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and the ESS connected to a bi-directional step-down DC/DC converter, a DC bus connected
via a DC/AC converter that supplies the mechanical traction. The power converters of
the chopper type or direct current (DC/DC) and inverter or DC/AC converter types are
used to connect the vehicle’s electrical power devices, namely the electrical machinery,
the FC, and the ES. The vehicle’s electrical architecture specifies how the connection is
made. The DC/AC converter transforms the power in the DC buses into AC power to the
Electric Motor (EM) and controls the traction torque of the motor. In addition, it must be
reversible to allow energy recovery during braking. The DC/DC converters control the
power distribution between the FC and the ES. They allow adapting the voltages of the FC
and the ES to the DC bus and limiting their currents. The structure of the studied hybrid
fuel cell vehicle is shown in Figure 1. SimPowerSystems includes already built models of
the FC, battery, and supercapacitor, and the formulas determined for these components
help in understanding them.

Figure 1. Hybrid system configuration and the powertrain power flows (ICE: Internal Combustion
Engine, HP: Hydraulic Pump, HM: Hydraulic Motor, EM: Electric Motor).

3.1. The Static Model of PEMFC

Many works, such as [44–49], have proposed a static model describing the polarization
curve of the PEM cell (cf. Figure 2) [50] as the sum of four terms: the theoretical open-circuit
voltage E, the activation surge voltage VFC (or activation drop: Region 1 in Figure 2), the
ohmic surge voltage Vohm (or ohmic drop: Region 2), and the concentration surge voltage
(or concentration drop: Region 3) [48].
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Figure 2. A typical PEMFC voltage–current curve.

This voltage–current characteristic fuel cell comportment can be defined as follows [51]:

VFC = E− A log( IFC+in
io )− Rm(IFC + in) + B log(1− IFC+in

iL
) (23)

where E is the reversible no loss voltage of the fuel cell; IFC the delivered current; io the
exchange current; A the slope of the Tafel line; iL the limiting current; B the constant in the
mass transfer term; in the internal current; Rm the membrane and contact resistances.

3.2. The Energy Storage Element

Two types of ESs are considered in the hybridization of vehicles: batteries and su-
percapacitors. Figure 3 shows the differences in the power and energy of some types of
capacitors and batteries. The specific energy represents how much electrical energy per
unit of mass can be stored by an energy source, while the specific power represents how
much power per unit mass can be supplied by an energy source. The specific power also
represents the ability of the source to provide or recover energy. The higher the specific
power, the faster the source will supply or recover energy.

Figure 3. Power vs. energy density [52].

3.2.1. The Battery Model

Several battery models found in the literature use a simple model (cf. Figure 4a). This
includes an electromotive force modeling the open circuit voltage of the battery, a capacitor
modeling the internal capacity of the battery, and an internal resistance.
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Figure 4. Electrical model of: (a) the battery, (b) the supercapacitor.

Thus, we have:
Vbat = Eo − Rbat Ibat −Vc (24)

The SOC is defined as the ratio of the charge stored in the battery to the maximum
charge capacity Qbat:

d(SOC)
dt = − Ibat

Qbat
(25)

In order to express Ibat, it should be noted that the instantaneous power delivered by
the battery at load is:

Pbat = IbatVbat (26)

We also determine the SOC of the battery by:

SOC = SOC(0)− 1
Cbat

∫
Ibatdt (27)

The SOC can be expressed according to the following equation:

d(SOC)
dt = −

Vbat−
√

V2
bat−4RbatPbat

2RbatQbat
(28)

3.2.2. The Supercapacitor

Unlike the battery, the SC is mainly a power source with a low energy capacity. The
energy stored in the SC is given by the following equation:

ESC = 1
2 CSCE2

o (29)

where Eo is the voltage behind the impedance RSC in the electrical diagram of the SC
(cf. Figure 4b) and CSC is the capacitance of the SC in Farads (F).

3.3. DC/AC and DC/DC Converter Models

The power converters allow adapting the currents and voltages between two electrical
devices. The different types of converters are classified according to the type (AC or DC)
and the characteristics of the electrical energy. Moreover, depending on the direction of the
currents and voltages, the converters can have one or four according to the required current
and voltage reversibilities. Finally, the converters have a local control, which generally
integrates the current, voltage, and/or power current limitations, thus ensuring partial
protection of the devices to which it is connected. The DC/DC converter and DC/DC
converter are represented by an average-value model.

4. Hybrid System Energy Management Algorithms

This section presents the strategies and corresponding algorithms for the energy
management of an HEV. The goal of power management in a hybrid FC HEV (FCHEV) is
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to determine the optimal power flow between the FC generator and the storage element in
order to provide the power demanded by the load within the operating constraints and low
hydrogen consumption, as well as providing high overall system efficiency. The energy
management algorithms or strategies for a hybrid vehicle can be classified as given in [41].
Thus, we can divide the algorithms based on deterministic rules, based on fuzzy rules,
real-time online optimization, and offline global optimization.

In this section, we develop rule-based algorithms, as well as an EMS based on opti-
mization. The desired characteristic of the algorithms is the minimization of the hydrogen
consumption during a given cycle. Moreover, the final SOC of the battery and superca-
pacitor should be equal to its initial SOC, which means that the balance of energy that
the ES has gained or lost during the driving cycle must be zero at the end of the driving
cycle. Thus, each of the algorithms to be performed will determine the reference current
of the FC converter in the vehicle diagram shown in Figure 1, which minimizes the fuel
consumption while respecting the operating constraints. In the case that the algorithm
calculates a reference power, this will be transformed into a reference current. The proposed
FC/battery/supercapacitor hybrid vehicular system shown in Figure 1 was implemented
in MATLAB and SimPowerSystems software packages.

4.1. EMS Based on the State Machine Strategy

An EMS based on the State Machine Strategy (SMC) is based on [24] to distribute the
required power between the fuel cell and the battery in order to maximize the efficiency of
the system. It is a deterministic method based on rules that can contain many operating
states to control the flow of energy between the different components of a hybrid fuel cell
system [53]. Its implementation consists of eight states, as presented in Table 1. These rules
are derived using the approach proposed in [54] and are based on the operational limits of
the fuel cell and the battery in the system, the power demanded (Pdemand) by the vehicle,
and the SOC of the battery, where PFC,max, PFC,min, PFC[req]], and PFC[opt] are respectively the
maximum, minimum, requested, and optimal power supplied by the FC and Pbat,min is the
minimum power of the battery.

Table 1. Power distribution among the different sources of the system for an EMS based on an SMS.

SOC Pdemand PFC[req]

High Pdemand < PFC,min PFC[req] = PFC,min
High Pdemand ∈ [PFC,min, PFC,max] PFC[req] = Pdemand
High Pdemand ≥ PFC,max PFC[req] = PFC,max

Normal Pdemand < PFC[opt] PFC[req] = PFC[opt]
Normal Pdemand ∈ [PFC[opt], PFC,max] PFC[req] = Pdemand
Normal Pdemand ≥ PFC,max PFC[req] = PFC,max

Low Pdemand < PFC,max PFC[req] = Pdemand− Pbat,min
Low Pdemand ≥ PFC,max PFC[req] = PFC,max

The power of the fuel cell is determined based on the SOC range of the battery and the
load power. The implementation scheme is shown in Figure 5. Among the main drawbacks
of this method is the need to take into account the control of the hysteresis (cf. Figure 6)
during the switch between states, which affects the response of the EMS to change it in
power demand. As shown in Figure 5, the output of the SMC algorithm is the reference
power of the fuel cell, which is obtained by dividing the power determined by the algorithm
by the efficiency of the converter, and the inputs are the SOC of the battery and the power
demand. From all these data, the hydrogen consumption of the system is evaluated, and
and this can be seen by the efficiency curve of the FC. The purpose of this implementation
is to verify the guidelines set in the development of the strategy. The aim of the SMC is to
decide the FC reference power with the state change. According to the hysteresis cycles for
the SOC levels of battery and SCs, as shown in Figure 6, four states designed by the SMC
were defined to obtain FC reference power PFC[req].
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The simulation and validation results are shown in Section 5.

Figure 5. Representation of the implementation of the energy management strategy (SMC: State Ma-
chine Strategy, FLC: Fuzzy Logic Control, FDFLC: Frequency Decoupling and FLC, ECMS: Equivalent
Consumption Minimization Strategy, FCFCMS: FC Fuel Consumption Minimization Strategy).

Figure 6. Hysteresis control.

4.2. EMS Based on Fuzzy Logic Rules

Based on the Fuzzy Logic Control (FLC) strategy presented in [25], an EMS was devel-
oped. This strategy presents a fast response to changes in the power demand compared to
the SMC strategy due to the optimization procedure by adjusting the variation range of
membership functions in order to reduce the consumption of hydrogen. The power of the
fuel cell was obtained from the membership functions of the requested power and the SOC
of the battery, as well as from the set of “if–then” rules. The diagram of EMS based on the
FLC strategy is presented in Figure 5.

Trapezoidal membership functions were used, as shown in Figure 7, to design this
approach. The rules derived from the decisions of the state machine are shown in Table 2,
where H is High, M is Medium, L is Low, and VL is Very Low. Mamdani’s fuzzy inference
approach was used with the centroid method for defuzzification [55].

Figure 7. Membership functions for power demand, SOC, and battery power.
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Table 2. Fuzzy logic rules assigned to the stack.

SOC Pdemand PFC[req]

H VL VL
H L L
H M ML
H H H
M VL VL
M L L
M M M
M H H
L VL L
L L M
L M H
L H H

4.3. Strategy Based on Frequency Decoupling and Fuzzy Logic Control

Based on the wavelet transform-FLC strategy [56], the Frequency Decoupling (FD)
and FLC (FDFLC) is proposed for power splitting in the studied hybrid HEV. The FDFLC
scheme was designed as the rule-based FLC, with the exception of a low-pass filter to
cutout the high-frequency component of the power demand. The schematic of this strategy
is shown in Figure 5. The FLC was developed based on [25]. This strategy presents
better results than the FLC strategy (cf. Section 4.2), because here, the FC is not constantly
subjected to variations coming from the power demand. This is due to the low-pass filter,
which plays the role of rejecting all the high-frequency signals that could disturb the FC.
This strategy, as the FLC strategy (cf. Section 4.2), is very useful in maintaining the SOC, but
also ensures that the FC is moderately loaded. When evaluating the hydrogen consumption,
both strategies consume almost the same amount of hydrogen.

4.4. Strategy Based in the Minimization of the Equivalent Consumption

This strategy is one of the real-time optimization approach control methods that is
based on cost functions and used by many authors [29–34]. The objective is to reduce the
hydrogen consumption by minimizing the hydrogen consumed by the fuel cell and the
equivalent energy required for the final SOC to be equal to the initial SOC of the battery.
The equivalent scheme is presented in Figure 5. The optimization problem to determine
the equivalent hydrogen consumption can be formulated as follows:

Find the optimal solution:

x = [PFC, αp, Pbat] (30)

where Pbat and PFC are the power of the battery and the FC, respectively. αp is the penalty
coefficient and is given in (32), which minimizes:

F = [PFC + αpPbat]∆T (31)

where ∆T is the sampling time, under the constraints of the equalities (6), with:

αp = 1− 2µ
(SOC−0.5(SOCmax+SOCmin))

SOCmax+SOCmin
(32)

where µ is the SOC balance coefficient, with the limitations (7) and (9),

0 ≤ αp ≤ 100 (33)

4.5. Proposed FC Fuel Consumption Minimization Strategy

In what follows, an online EMS is proposed. It aims at optimizing the equivalent
hydrogen consumption in real time. To do so, we used a real-time optimization technique



Energies 2022, 15, 738 12 of 20

based on the ECMS. Still having the same objective, which is to minimize the hydrogen
consumption in the system, a new optimization concept is introduced based on the maxi-
mization of the battery and supercapacitor energies at any given instant, while keeping the
battery SOC and DC bus voltage (or supercapacitor SOC) within their operating limits, in-
stead of minimizing the fuel consumption, which requires the evaluation of the equivalent
fuel consumption. This strategy is called the FC Fuel Consumption Minimization Strategy
(FCFCMS). As shown in Figure 8, the outputs of the FCFCMS algorithm are the battery
reference power and the supercapacitor charge/discharge voltage.

Figure 8. FC Fuel Consumption Minimization Strategy (FCFCMS).

The optimization problem to determine the equivalent hydrogen consumption can be
formulated as follows:

Find the optimal solution:
x = [Pbat, ∆V] (34)

that minimizes:
F = −(Pbat∆T + 1

2 CSC∆V2) (35)

where ∆V is the supercapacitor charge/discharge voltage and CSC is the rated capacitance
of the supercapacitor, with the following constraints:

Pbat∆T ≤ (SOC− SOCmin)VbatQ (36)

within the boundary conditions:

Pbat,min ≤ Pbat ≤ Pbat,max
VDC,min −VDC ≤ ∆V ≤ VDC,max −VDC

(37)

where VDC,min and VDC,max are the minimum and maximum DC bus voltage (VDC) and
Pbat,max and Pbat,min are maximum and minimum power of the battery.

4.6. FC Fuel Consumption Minimization Based on Offline Optimization

If the driving profile is known, (16) must be optimized at each time to achieve the
minimum fuel consumption. The optimization problem is defined as follows: The optimal
solution is given by:

x = [PFC(1), PFC(2), PFC(3), . . . , PFC(n)] (38)

with (k = 1, 2, 3, . . . , n) and n is the number of samples (n = Tp/∆T), with Tp being the
load profile duration. This minimizes the total fuel cell energy required for the whole
power demand profile (Fp):

Fp = ∑n
k=1 PFC(k)∆T (39)

Minimizing Fp means minimizing the net fuel cell capacity (in Ampere-hours), hence
H2 consumption, with the following constraints:
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y(k + 1) ≤ (SOC(to)− SOCmin)VbatQ (40)

∑n
k=1 PFC(k) ≥ n× PFC,min (41)

with:
y(k + 1) = y(k) + (Pdemand(k)− PFC(k))∆T (42)

within the boundary conditions (7), where y(k) is the battery energy after k samples. The
minimum fuel consumption is obtained from the nominal fuel consumption (ConsH2[nom])
as:

ConsH2[opt] =
F[opt]ConsH2[nom]

∑n
k=1 PFC[nom]∆T

(43)

where PFC[nom] is the nominal fuel cell power.

5. Simulation and Validation Results

To evaluate the developed strategy, a simulation using MATLAB software for the
simulation of hybrid vehicles on standard cycles was implemented. For comparison
purposes, all the EMSs were designed based on the same requirements given in Table 3 with
the same initial conditions (SOC initial value is SOC(to) = [65%], battery, supercapacitor,
and FC temperature are 30 ◦C, 25 ◦C and 40 ◦C, respectively). The supercapacitor and
FC voltage are 270 V and 52 V, respectively, and were maintained for both cases. In this
section, a precise comparative study of the performance of each EMS presented in Section 4
(namely the State Machine Control (SMC), EMS based on FLC, EMS based on Frequency
Decoupling and Fuzzy Logic (FDFLC), EMS based on ECMS, and EMS based on FCFCMS),
is made. The evaluation of each of the above EMSs was made on an appropriate and long
standard driving profile. It corresponds to the Urban Dynamometer Driving Schedule
(UDDS), which includes several stops and accelerations. Figure 9 shows this driving profile.

Figures 10–14 show the FC power, battery power, and supercapacitor power on the
UDDS profile for the EMS based on SMC, FLC, FDFLC, ECMS, and FCFCMS, respectively.
The SOC, H2 consumption, and overall efficiency on the UDDS profile achieved with the
HEV are presented in Figures 15–19 for the EMS based on SMC, FLC, FDFLC, ECMS, and
FCFCMS, respectively.

Table 3. Energy management design requirements.

Design Requirements Value

FC power [PFC,min − PFC,max] (kW) [1–10]
Energy power [Pbat,min − Pbat,max] (kW) [−1.2–4]

Energy SOC [SOCmin − SOCmax] [%] [60–90]
DC bus voltage [VDC,min −VDC,max] (kW) [250–280]

Figure 9. Speed profile of the UDDS standard velocity profile.
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Figure 10. Power demand (Pdemand), FC power (PFC), battery power (Pbat), and supercapacitor power
(PSC) for the EMS based on SMC.

Figure 11. Power demand (Pdemand), FC power (PFC), battery power (Pbat), and supercapacitor power
(PSC) for the EMS based on FLC.

Figure 12. Power demand (Pdemand), FC power (PFC), battery power (Pbat), and supercapacitor power
(PSC) for the EMS based on FDFLC.

Figure 13. Power demand (Pdemand), FC power (PFC), battery power (Pbat), and supercapacitor power
(PSC) for the EMS based on the ECMS.



Energies 2022, 15, 738 15 of 20

Figure 14. Power demand (Pdemand), FC power (PFC), battery power (Pbat), and supercapacitor power
(PSC) for the EMS based on the FCFCMS.

Figure 15. SOC, H2 consumption, and overall efficiency for the EMS based on SMC.

Figure 16. SOC, H2 consumption, and overall efficiency for the EMS based on FLC.
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Figure 17. SOC, H2 consumption, and overall efficiency for the EMS based on FDFLC.

Figure 18. SOC, H2 consumption, and overall efficiency for the EMS based on the ECMS.

Figure 19. SOC, H2 consumption, and overall efficiency for the EMS based on the FCFCMS.

Discussion

This paper tested the performance of the energy management strategies (ECMS and
FCFCMS) based on optimal control compared to three other strategies (SMC, FLC, and
FDFLC) while highlighting the results w.r.t. the fuel consumption, SOC, and overall
efficiency. These strategies were examined on the UDDS driving profile. The results of this
comparison are shown in Table 4.
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Table 4. Overall performance obtained for the different studied energy management strategies. SMC:
State Machine Strategy, FLC: Fuzzy Logic Control, FDFLC: Frequency Decoupling and FLC, ECMS:
Equivalent Consumption Minimization Strategy, FCFCMS: FC Fuel Consumption Minimization
Strategy; the initial value is SOC(to) = [65%].

EMS Strategies SOC(t f ) (%) H2 Consumption (g) Overall Efficiency (%)

SMC 59.10 59.10 85.20
FLC 62.01 60.92 84.93

FDFLC 62.50 61.50 84.09
ECMS 66.65 61.01 84.88

ECMS (offline) 66.65 58.20 . . .
FCFCMS 58.57 58.40 85.01

FCFCMS (offline) 58.57 57.90 . . .

The main criteria for the performance comparison were: H2 consumption (g), the SOC
(%) of the batteries/supercapacitors, and the overall efficiency (%). From the obtained
results, it can be seen that energy management based on optimal control led to a good
reduction of the hydrogen consumption while respecting the limits imposed by the sources,
a good control of the SOC, and the stability of the FC during its operation. The FLC
strategy presented a fast response to changes in the power demand compared to the
SMC strategy. FLC provided a quite suitable structure compared to conventional control
methods, especially for the systems composed of nonlinear behaviors, where an overall
mathematical model is difficult to obtain. As expected, the lowest use of the battery energy
was achieved with the frequency decoupling and fuzzy logic scheme, but at the expense of
more fuel consumption and lower overall efficiency. In all the considered cases, optimal
control-based management had the best performance and did not require a large amount of
computation time. The FCFCMS performed slightly better compared to the ECMS in terms
of efficiency and fuel consumption. The fact that it is an offline management strategy makes
it less feasible except in applications where the driving path is known a priori such as street
cars and high-speed roads. The following Table 5 compares the characteristics of the EMS
algorithms, where H is High, DM is Difficulty Medium, L is Low, Imp is Implementation,
ER is Easy to Realize, Comp is Complicated, and ET is the Execution time.

Table 5. Comparative table of the characteristics of the SMC, FLC, FDFLC, ECMS, and FCFCMS
algorithms.

EMS Strategies Imp Setting ET SOC(t f ) H2 Consumption

SMC simple ER L not satisfied M
FLC DM Comp M satisfied M

FDFLC DM Comp M satisfied The largest
ECMS complex DM H satisfied M

FCFCMS complex DM H satisfied The least

6. Conclusions

The paper presented a new Fuel Cell Fuel Consumption Minimization Strategy (FCFCMS)
for Hybrid Electric Vehicles (HEVs). This strategy depends on the driving path and takes
into account several performance criteria such as the slow dynamics of the FC, the reduction
of fuel consumption, and good control of the storage element. In order to properly carry
out this task, the work was divided into the following steps: (i) the definition of the main
formulas that govern the operation of the system components, namely: the FC, the ES
(the supercapacitor and the battery), the vehicle and its powertrain; (ii) the modeling of the
hybrid vehicle; (iii) the implementation of the control strategies. A model of a hybrid vehicle
was built using the TruckMaker/MATLAB software. Using the Urban Dynamometer
Driving Schedule (UDDS), which includes several stops and accelerations, the performance
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of the proposed strategy was compared with these different approaches (SMC, FLC, FDFLC,
and ECMS) through simulations. The results of this paper support that the proposed
strategy: (i) is simple and more robust to changes of the power demand; (ii) increases
the overall vehicle energy efficiency; (iii) minimizes the total hydrogen consumption and
respects the constraints of each energy and power elements compared to the strategies
based on SMC, FLC, FDFLC, and the ECMS. In a future work, it will be possible to set up
an intelligent energy management strategy which will determine in a first step the priority
of operation of the batteries and, in a second step, the type of strategies to adopt. This
strategy will be further developed around a learning system in order to allow the system to
make decisions according to the actual behavior of the system.

Author Contributions: Conceptualization, E.K. and L.A.; methodology, E.K. and L.A.; software, E.K.
and L.A.; validation, E.K. and L.A.; formal analysis, E.K. and L.A.; investigation, E.K. and L.A.;
resources, E.K. and L.A.; data curation, E.K. and L.A.; writing—original draft preparation, E.K. and
L.A.; writing—review and editing, E.K. and L.A.; visualization, E.K. and L.A.; supervision, E.K. and
L.A.; project administration, E.K. and L.A.; funding acquisition, E.K. and L.A. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

HFC Hydrogen-powered Fuel Cell
FC Fuel Cell
HEVs Hybrid Electric Vehicles
ICE Internal Combustion Engine
ESS Energy Storage System
SOC State Of Charge
CD/CS Charge Depleting/Charge Sustaining
GIS Geographical Information System
EMS Energy Management Strategy
NN Neural Network
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