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Abstract: Due to its high efficiency and reduced emissions, new zero-emission hybrid electric vehicles
have been selected as an attractive challenge for future transport applications. New zero -emission
hybrid electric, on the other hand, has some major drawbacks from the complicated charging
process. The hybrid electrical fuel cell system is introduced as the main source to intelligently control
multi-source activities. An ultra-capacitor system is selected as the energy recovery assistance to
monitor the fuel cell’s fast transient and peak power during critical periods. To regulate energy
demand and supply, an intelligent energy management system is proposed and tested through several
constraints. The proposed approach system aims to act quickly against sudden circumstances related
to hydrogen depletion in the prediction of the required fuel consumption basis. The proposed strategy
tends to define the proper operating system according to energy demand and supply. The obtained
results show that the designed system meets the targets set for the energy management unit by
referring to an experimental velocity database.

Keywords: battery; PEMFC; ultra-capacitor; multi-input single-output; energy management
unit; simulation

1. Introduction

Today, fuel cell (FC) vehicles powered by hydrogen are becoming an alternative potential source
for transport applications. Uninterrupted power can be provided by proton exchange membrane
fuel cell (PEMFC)-vehicles (FCVs) [1,2]. As a result, PEMFC powered by hydrogen becomes an
energy carrier of interest to replace traditional fuels. Indeed, PEMFC is emerging as one of the most
promising transport applications candidates [3,4]. Because of its lower power and lower starting
density, however, as well as its slower response power, PEMFC is still unable to provide ongoing
energy to meet demand and is unable to regenerate the required power [5–7]. Nevertheless, it is
possible to solve the PEMFC drawbacks by adding a secondary energy source such as batteries or
ultra-capacitor (UC) or a combination of both [8]. Batteries (BTs) devices are generally characterized
by their higher specific energy compared to UCs. In fact, BTs can provide additional power for
a long time [9]. However, UCs are inserted to control transient power compared to BTs due to their
high power, higher efficiency and longer charging/discharging cycles [10]. Ultra-capacitor is an
electrochemical condenser device chosen to deliver average peak power for short durations [11].
The electrical feature of the UC is the same as that of the condensers. The included UC consists of
an electrical double layer of non-porous materials containing transition metal oxides, nitrides and
polymers (such as pseudo-capacitors). The electronic power interface is the integration of the power
source with the power converter motor. The power converters are actually similar to a DC–DC

Energies 2019, 12, 1272; doi:10.3390/en12071272 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/1996-1073/12/7/1272?type=check_update&version=1
http://dx.doi.org/10.3390/en12071272
http://www.mdpi.com/journal/energies


Energies 2019, 12, 1272 2 of 19

converter (such as a chopper) [12]. Methanol and propane supply hydrogen gas from a biological
process and a reform of hydrocarbons [13]. The fuel cell was selected as a potential candidate for
converting hydrogen into electricity. However, it may raise concerns (such as efficiency, costs and
constraints). The efficiency of hydrogen may depend on system configuration, design and selection
of components [14]. The main concerns are reconsidered in the cooperation between sources and
in the optimization of energy demand. To do this, the energy management unit is included as
a solution of interest to control the demand for the required average power. The main concerns about
the energy management unit, however, are the efficacy of using the control method. In addition,
in its configuration and application, EMS in Hybrid Electrical System (HES) faces some challenges.
The HES challenges are discussed in different works to provide the community as a whole with
knowledge and information. The authors, for example, proposed a hybrid energy management
unit (PEMFC–BT). In order to compensate for power fluctuations, the proposed system uses energy
storage to supply an electric vehicle. Whereas, Azib et al. [15] suggested a hybrid electric vehicle
(PEMFC–BT–UC) that tends to inter-source cooperation. To manage and supply the required energy,
an efficient energy management unit has been proposed. The presented EMS is aimed at providing
and optimizing electrical load [16,17]. Zhan et al. [18] discuss an energy management unit selected for
a grid-applied PEMFC/Ultra hybrid condenser. Whereas in [19,20] a hybrid energy management unit
(PEMFC–BT–UC) was proposed by Odeim, Thounthong et al. to optimize and control the average
power demand. Since we are convinced that the approach systems presented still do not allow the units
to be properly monitored and managed, this document expands the previous studies on disadvantages
by developing and designing a zero-emission hybrid electric vehicle unit using an energy management
unit. To provide an efficient flow of power distribution, the proposed approach is used. We are
developing an effective real-time energy management platform for smart to deliver and control energy
demand. Indeed, a given real load profile is used to evaluate and investigate the developed design,
integration, PEMFC, BT and UC dedicated to transport application. A multi-input single-output model
is prosed and discussed. Briefly, the contribution of this work is gathered in the presence of an accurate
management strategy in the evaluation and modeling of a new zero-emission hybrid electric vehicle.

The rest of this article is organized as follows: Review and literature contributions; the section
on new zero-emissions hybrid electrical system (HES) focuses on fuel cell–BT–UC systems and
equipment design; the section on energy management describes the proposed energy management
unit; the finding and results section is devoted to the analysis of simulation results as well as the
system cost study and the concluding remarks are discussed in the conclusion and future work section.

2. Literature Review and Contributions

Several works have been presented in the literature using multiple energy sources, using various
new zero-emission hybrid electric vehicles. The proposed configurations were reviewed to demonstrate
that the energy supplied to the electric charge is sufficient depending on the demand or load power.
In other cases, the fuel cell and the battery or the battery and UC consume the required energy.
Indeed, HES operating conditions can be linked to the average power required, such as start –stop
and cruise–acceleration.

2.1. PEMFC–Ultra-Capacitor HES EMS Summary

The UC was introduced in several applications due to its higher density power, fast recharged in
a short time and transient response. An alternative (such as improving the efficiency and performance
of new zero-emission hybrid electric vehicles) was considered for the purpose of combining the rapid
UC transient response with a slow fuel cell transient response. These advantages make the UC suitable
as a power source for transport applications. As a result, other studies of PEMFC–UC were conducted.
In the following paragraphs, some previous work is reviewed and summarized. For example,
Reddy et al. [21] presented a (PEMFC–UC) hybrid system for an electric vehicle. The PEMFC–UC
performance was demonstrated through a differential flatness controls. Indeed, the PEMFC fast
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transition was proved and discussed. The interleaving switching technique included two DC–DC
boost converts to minimize the output current ripple. A hybrid system (PEMFC–UC) was suggested
by Horrein et al. [22]. A precise EMS was developed to optimize energy demand and control the
required average power according to the European drive cycle (NEDC) concept. The proposed strategy
was based on a bidirectional load sharing power concept based on a polynomial control technique.
The proposed control was compared with a Proportional Integral (PI) controller. The EMS has been
shown to be able to control the average power. The results indicated that the PEMFC provides constant
DC voltage and current. Furthermore, the proposed system had some drawbacks proven by the
resulting graphical fluctuations attributable to the sensors of data acquisition. Meanwhile, a hybrid
electric vehicle system (PEMFC–UC) was presented by Karunarathne, Alloui et al. [23,24]. An efficient
EMS with a variable transmission gearbox was proposed and discussed in order to optimize and
control the average power required. Indeed, the proposed EMS uses two fuzzy logic controllers (FLCs)
to cooperate with the included sources. Four inputs such as the hydrogen level, the required speed,
the FC–UC required power, and the UC charge state were included in the main FLC. The second FLC,
used three input variables, namely the hydrogen level of hydrogen, the fuel cell required current and
the UC charging status. Table 1 discusses the purpose studies on the EMS that combine the PEMFC–UC.

Table 1. Summary of Energy Management System (EMS) applied for PEMFC–UC Hybrid Electrical
System (HES).

Method/Control Strategy References Advantage Drawbacks

Polynomial-Control
Technique (PCT) [21]

� The obtained results
showed that the PEMFC
supplies constant DC
voltage and current

� Experimental results have
shown that UC ensures
dynamic transient current

� Fluctuations resulting in
graphs that can be
assigned to data
acquisition sensors

Two-Fuzzy-Logic Controllers (FLCs)
were applied to govern gear box
prototype

[23,24]

� The obtained results
showed that
Continuously-Variable
Transmission (CVT)
showed less than 5 percent
hydrogen use than
Constant Gear (CG)

� Only the performance
gearbox system was
detailed and studied

Differential Flatness Controls (DFC) [22]

� convergence of DC bus
voltage from flatness
control according to the
given voltage

� Did not detailed
and discussed

2.2. PEMFC–BT HES EMS Summary

Various studies on PEMFC-BT HES have been conducted for several reasons, for example, to allow
an engine to start with high current, or to allow operation with low power PEMFC or to achieve high
power. by limiting the load. For example, a dedicated PMU (PEMFC–BT) hybrid system was presented
by Xiao, Sundstrom et al. [25,26]. The proposed EMS allows the charging between these two sources
of energy to be shared. Subsequently, the qualified energy is used on a DC bus. An inverter is
developed to convert the DC voltage into AC voltage. Whereas, Hannan et al. [27] proposed a hybrid
system (PEMFC–BT) in [27]. The Fuzzy control approach was proposed and discussed. The proposed
control deals with monitoring system behavior using four modes of operation. Furthermore, the main
target control is to calculate the total power required, taking into account the negative braking
power through the accelerator positions, pedal brake. The Fuzzy control generally includes the rules
of if–then, but the rules are not visible in the report, and the performance results have not been
clear. Meanwhile, the authors reported on the hybrid system (PEMFC–BT) dedicated to the EMS
in [28]. The presented control uses dynamic deterministic programming to divide the optimum



Energies 2019, 12, 1272 4 of 19

PEMFC–BT power to minimize a cost function. Depending on the control’s optimal performance,
the obtained results focus on the effects of the battery size. Table 2 discusses the purpose studies on
EMSs involving FC–UC.

Table 2. Summary of EMS dedicated for PEMFC–Battery Hybrid Electric System.

Method/Control Strategy References Advantage Drawbacks

Operational Mode Strategy
(OMS) based on 4 modes [27] Achieve the braking

energy regeneration
The Obtained results showed
only a mathematical Simulation

• Frequency Separation
Method (FSM) using
PI Regulator

• Anticipatory Power
Splitting
Algorithm (APSA)

[25,26] An EMS was effective
proven and justified

The results obtained showed
a poorly implemented
mathematical simulation tool

Optimal Control Strategy (OCS)
using Deterministic Dynamic
Programming (DDP)

[28]

PEMFC–BT
Hybridization system is
beneficial for mild
driving cycles

The results showed only the
performance of the battery size

2.3. PEMFC–BT–Ultra-Capacitor HES Summary

To solve the average power required in HES, the BT combined with a UC was considered as
energy storage. Indeed, the combination BT–UC was chosen to provide the required power for short
periods of maximum power demand, e.g., during acceleration, requiring both high power density.
Because the SC is characterized by high power density and low energy density, the idea of adding
a battery with the SC is essential, while the battery has low power density and high energy density.
For example, Bauman et al. [29] presented a light electric vehicle (PEMFC–BT–UC) hybrid system.
An energy management unit using PI regulator was presented and discussed in order to control the
average power required. The presented transportation application has been classified in seven logic
states. These states are treated through the power duration load, a BT capacity and a three input pedal
offset conditions. The obtained control results were compared with the BT source, PEMFC–UC–BT
sources, and the drive cycle (ECE-47 test). Only the BT, UC charging, and discharging performances
was tested and treated. Martinez et al. [30], proposed a new zero-emission hybrid electric vehicle
(PEMFC–BT–UC) hybrid system. The high-power strategies presented were developed and compared.
In fact, these control strategies included fuzzy logic control, analyzed predictive control strategy
control of equivalent consumption minimization, and control of operating mode. By comparing
their performance to 400 kW, the controls presented were processed and discussed. In the meantime,
Fathabadi, Jia et al. [31,32] proposed a hybrid system (PEMFC–BT–UC) dedicated to hybrid electric
vehicles. An EMS was developed using a Fuzzy Logic (FL) to manage and control the average
required power. Indeed, the slow dynamics of the PEMFC and the charging status of the UC were
considered. The results obtained show that when the charging status of the BT exceeds the reference
value, the PEMFC and UC will provide less power and the reverse. Table 3 discusses the purpose
studies on EMSs involving PEMFC–BT–UC Table 3.
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Table 3. Summary of the PEMFC–EMS–BT–UC new zero-emission hybrid electric vehicles.

Method/Control Strategy References Advantage Drawbacks

Operational Mode Control
(OMC) based on 7states [29] During the acceleration mode,

a better performance is obtained

The obtained results showed
only a mathematical Simulation

for short duration

Five control strategies were used
like Fuzzy Logic Controller

(FLC), Predictive Control (PC),
etc . . .

[30]
The compared results show the

lowest hydrogen
mass consumption

The obtained results Focused
only on FLC.

Fuzzy Logic Controller (FLC). [31,32]
The proposed system was
modelled using Energetic

Macroscopic Representation

The obtained results Focused
only on the material

2.4. Contributions

Compared to the aforementioned works, we proposed an accurate energy management unit based
on decision-making aimed at controlling the energy demand. The proposed EMS aims to distribute
the energy flow (PEMFC–BT–UC) among three sources. In fact, this work presents some challenges
related to new zero-emission hybrid electric vehicle performance improvement through:

• The presence of an accurate energy equipment control considering the energy demand.
• Rationalizing energy consumption by controlling the operation of new zero-emission hybrid

electric vehicles.
• Developing accurate algorithms that reflect the behavior of new zero-emission hybrid electric

vehicles against critical transition states such as energy storage and recovery.
• The presence of specific energy equipment was controlled by energy demand.
• New zero-emission hybrid electric vehicle operations tested based on an experiments database.
• Reduction of the fuel consumption rate.

3. System Design

The new zero-emission hybrid electric vehicle powered by PEMFC is investigating a new energy
supply consisting of a PEMFC, BT and UC [31]. The PEMFC is used as the primary power supply,
and UC and BT are used as backup energy. The exchange power of the PEMFC, BT and UC via
a DC bus. To connect the PEMFC to the EMS, a one-way boost converter is included. Although the
UC requires a bidirectional amplifier converter to provide the required power when the PEMFC is
switched off [33,34]. The included UC is suitable for instant correction and control of the requirements
for transient peak power. In particular, the BT serves to boost electrical energy. In addition,
during permanent phases such as lack of hydrogen fuel and energy braking, the BT can provide
the required power. Two operating modes (PEMFC–UC mode and UC–BT mode are proposed to
regulate the distribution power between PEMFC, BT and UC. A new control algorithm for EMS is
being developed to achieve high efficiency and optimize the demand for electrical power. Indeed,
this algorithm tends to manage and supply load demand through UC charging status and vehicle
speed, respectively. A multi-input single-output state space (MISO) is proposed for modeling the
HES. Figure 1, which is developed and processed using MATLAB, Simulink, illustrates the presented
design. The dynamic HES model consisting of two subsystems are presented. The subsystem-A aims to
supply the electrical load and to supervise the power flow distributions without BT. The electrical load
receives the required power from both the PEMFC and the UC. In this case, the UC tends to maintain
the proper system operation due to its fast and high charging/discharging current. Subsystem B
addresses optimizing energy demand when powering off PEMFC. In this case, both the UC and the BT
supply the electrical load. This latter was intended to provide efficient functioning under different
conditions, respectively controlled by internal resistance and open circuit voltage (VoCV) responsible
for identifying variations in the BT state.



Energies 2019, 12, 1272 6 of 19Energies 2018, 11, x FOR PEER REVIEW  6 of 20 

 

Ca

Ere v

DFC

LFC

QFC

Ra

CC

RC

VFC

Rohm

Fuel cell Stack DC-DC converter

P
IIFC*

IFC

Limi ter PWMIFCREG

-
+

Control Block

DUC

LUC

QUCVUC

RS

Ultra-capacitor Stack DC-DC Converter

ENERGY 
MANAGEMENT

UNIT

Load

U
BSC

UBB

UBFC

VOC

DB

LB

QB

CB

RBp

VB

RB

Battery Stack DC-DC converter

P
IIB*

IB

Limiter PWMIBREG

-
+

Control Block

IB

VB

U
Load

KpIUC*

IUC

Limiter PWMIUCREG

Control Block

PI
-

+
-

+

UUC

UUC*

 
(a) 

 
(b) 
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Figure 1. Design of HES. (a) Dynamic model of new zero-emission hybrid electric vehicles.; (b)
Matlab–Simulink Model of new zero-emission hybrid electric vehicles.

The PEMFC mathematical model can be deduced from the electrical circuit equivalent of
PEMFC. The FC voltage can therefore be obtained by combining open circuit voltage with activation,
ohmic resistance and concentration voltages (Equation (1)) effects [35].

VFC = Erev −Ua −Uc − Rohm.IFC (1)

As a function of speed fluctuation as [36], the actual vehicle power demand/the total cost are
calculated as

PDEMAND = PR + PAR + PA + PGwhere


PR = CR.Mhev.g. cos(α).Vhev

PAR = 0.5.ρ.CAR.Av.V3
hev

PA = Mhev.Ahev.Vhev
PG = Mhev.g. sin(α).Vhev

(2)
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CHES = CFC.NFC + CBT.NBT + CUC.NUCWhere


NFC = PFC

PFCn

NBT = PBT
PBTn

NUC = PUC
PUCn

(3)



X =
[

Ua Uc IFC UUC IUC UCBT IBT ULoad

]T

A =



− εa
Ra

0 εa 0 0 0 0 0
0 − εc

Rc
εc 0 0 0 0 0

−α −α −αRohm 0 0 0 0 −α(1− αBFC)

0 0 0 0 − 1
CUC

0 0 0

0 0 0 1
LLUC

−RUC
LLUC

0 0 (1−αBUC)
LLUC

0 0 0 0 0 1
CBT RBTp

1
CBT

0

0 0 0 0 0 −1
LLBT

−2RBT
LLBT

−(1−αBBT)
LLBT

0 0 (1−αBFC)
CL

0 (1−αBUC)
CL

0 (1−αBBT)
CL

0


B =

 0 0 αULoad 0 0 0 0 IFC
CL

0 0 0 0 ULoad
LUC

0 0 IUC
CL

0 0 0 0 0 0 ULoad
LLBT

IBT
CL


U =

 αBFC
αBUC
αBBT


Where :

C =
[

0 0 0 0 0 0 0 κ
]
‖ κ = 1

RL

(4)

The proposed system is developed as a multi-input single-output system (MISO) (Equation (4))
according to all equations (see Appendix A). Then the HES state space is shown as follows:

4. Energy Management Unit

The proposed hybrid electric vehicle scheme provides a flexible and new management system
that is controlled by various parameters such as load demand and BT–UC State of charge (SOC).
The proposed EMS aims to maintain the system’s proper functioning by properly distributing the
flows of energy between the system components. To do this, the proposed control strategy acts to
achieve a continuous load under different conditions, based on two operation modes, PEMFC–UC and
BT–UC. The PEMFC and BT have both selective sources in this context to ensure the load demand.
Indeed, the required energy can be fully realized from the energy emitted by at least one source.
The EMS therefore chooses the appropriate component to supply the load demand based on its
constraints during the power fluctuation during the basic decision. The system is therefore based on
the interaction of all constituent elements by exchanging messages for checking status and activation
order. Figure 2 describes the EMS according to the control algorithm with the different operating mode.
Through its operational state, the EMS tends to define system performance.
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As illustrated in Figures 3 and 4, the EMS uses both the PEMFC and the BT charging state (SoC) to
oversee the mode of operation. The hydrogen fuel SOCH2 is used in the proposed algorithm to control
the PEMFC state (on/off). In fact, when SOCH2 > SOCnesH2 activates the FC and otherwise turns off.
The BT, however, acts as a backup energy unit that holds the charge power when the FC operation
appears to be inappropriate due to lack of hydrogen. Even the BT operations are controlled by their
state of charges and they are still activated for SOCBT > SOCnesBT and if not, they are OFF. Due to its
rapid response, the UC is used to compensate for power demand in transient events. Moreover, in peak
power transitions, the UC reacts faster than FC and BT, making the UC activated during all load
fluctuation periods. The control algorithm discused begins by checking the load demand while
monitoring the effects and constraints of this requirement on the system’s components. The control
principle dedicated to the configuration of the Fuel Cell- Battery-Ultra Capacitor (FC-BT-UC) system is
given by the Table 4.
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Table 4. Control principle devoted for FC–BT–UC system configuration.

State Transition Transition Description Previous State Description

Idle No transition System Startup

S1
No transition

Transition event
detection

Idle
Activation of UCT1 S1

T6 S2

S2
T2 Sufficient hydrogen fuel S1 Activation of

PEMFCT3 Insufficient battery
power S3

S3
T4 Insufficient hydrogen

fuel S2
Activation of BT

T5
Sufficient battery power

and insufficient
hydrogen fuel

S1

The overall efficiency of the system is evaluated from the selected operating mode based on
each component’s activation status. The efficiency of the system is defined as the product of each
participating element (the activated element). Table 5 presents the truth table, according to the
activation status of each component, of the assumed system efficiency. The control algorithm is
described in Figure 5 compared to another system configuration as BT–UC. The control is therefore
based on the checking of the status of the charge. The control principle dedicated to the configuration
of the Battery-Ultra Capacitor (BT-UC) system is given by the Table 6.

Table 5. The truth table for assuming system efficiency.

BT FC UC System Efficiency

0 0 1 ηS = ηUC
0 1 0 ηS = ηFC
0 1 1 ηS = ηFC × ηUC
1 0 0 ηS = ηBT
1 0 1 ηS = ηBT × ηUC
1 1 1 ηS = ηBT × ηFC × ηUC
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Figure 5. BT–UC EMS Algorithm.

Table 6. Control principle devoted for BT–UC system configuration.

Condition Decision Description

SOCBT > SOCrefBT BT ON Load feeded by BT

SOCBT < SOCrefBT
SOCBT = 0

SOCUC > SOCrefUC

BT OFF
UC ON Load feeded by UC

SOCBT < SOCrefBT
SOCBT > 0

SOCUC > SOCrefUC

BT ON
UC ON Load feeded by both BT and UC

5. System Sizing and Cost Analysis

An accurate sizing system is proposed to carry out the power distribution process and ensure
the reliability of the energy management unit. Therefore, to maintain the load requirement, it is
a matter of fixing the exact power to be supplied by each source. Thus, the demand for vehicle
power is calculated based on the actual velocity value that changes (acceleration, breakdown,
and deceleration). However, the power declarations of the components depending on the demand for
vehicle power to meet the demand for energy to be in front of any unexpected fluctuation or change.
Furthermore, the sizing of the system components is necessary to perform a good techno-economic
analysis of the system including the total cost of the system and the components used (see Figure 6).
Table 7 below defines the power component required that refers to the average power demand and the
power rate of the component (PFCn, PBTn and PUCn).
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Table 7. Average power demand.

PDEMAND = 40 kW Power Sizing (W) Cost ($/kWh) per Module

PFCn 500
3000NFC 80

PBTn 900
900NBT 44

PUCn 5600
2400NUC 8

6. Results and Findings

The PEMFC–BT–UC hybrid electrical system’s reliability and efficiency assessment is
verified and demonstrated. We have compared our proposed configuration with other BT–UC.
Indeed, the Matlab–Simulink environment achieves many simulation results. A two-system
configuration is simulated in this section. The parameters of the proposed design for input simulation
are given in Table 8. Thus, each of them analyzes and discusses the results obtained separately.
Finally, a comparison is developed between the performances of the two proposed configurations.
The obtained results by simulating the hybrid electrical system FC–T–UC are shown in the Figure 6.
Figure 7 shows the profile of the input load and the affected currents of FC, BT and UC respectively.
As seen, during their operation, both FC and BT undergo variations. They change the behavior
(ON/OFF) of the system constraint in specific times while the UC is always ready during the transient
events to offset the load demand. Therefore, the EMS’s decisions are illustrated in Figure 8. The UC is
kept active throughout the simulation test period. Alternatively, however, the FC and BT are activated.
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Table 8. Input Simulation parameters of the proposed design.

Parameters Values

Hybrid Electric System (HES)

The load resistance: RL 0.024 Ω
The Ohmic resistance: Rohm 1.2798 mΩ

The load inductance: CL 50 µF
The UC inductance: LUC 50 Mh

The UC voltage: UUC 14.7 V
Anodic and cathodic capacitances: Ca=Cc 2.1989F

Anode indictance: εa 0.45 F−1
Anode indictance: εc 0.45 F−1

The UC series resistance: Rs 0.019 Ω
The UC parallel resistance: Rp 2.0396 × 10−8 Ω

The PEMFC inductance: Lfc 50 µH
The PEMFC resistance: Rfc Rfc = 10 mΩ

UC duty cycle: αBUC 0.39
BT duty cycle: αBBT 0.39

Fuel cell duty cycle: αBFC 0.48
The anodic and cathodic resistance: Ra, Rc 1.3 mΩ

The BT inductance: LUC 50 Mh
The BT voltage: UBT 16 V
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The main parameters considered for controlling the HES system are the consumption rate of
hydrogen and BT and UC state of charges. Figure 9 thus describes the fluctuating parameters
quoted which may affect the behavior of the system. Therefore, as seen, during the simulation
time, all subsystems (PEMFC, BT and UC) were operated alternately. Figure 10 provides the overall
efficiency of the HES system. Thus, the maximum value of system efficiency is assumed by 68% with
a mean efficiency value of about 54% for FC, 98.85% for BT and 35% for UC. Thus, the maximum
value of system efficiency is assumed by 68% with a mean efficiency value of about 54% for FC, 98.85%
for BT and 35% for UC. Figure 11 describes the BT and UC currents generated by the given profile.
The behaviors of BT and UC are undergoing different changes. In fact, the UC is kept activated
throughout the simulation time while the BT operation is fluctuated from ON to OFF based on its
constraints essentially related to the system requirements and the state of the fluctuation of electrical
load. In this case, the EMS responses are described in Figure 12 from which, respectively, we can
deduce the BT and UC activation periods. In this case, of the study, the parameters of HES control
are the charging states of BT and UC. Thus, Figure 13 shows the simulated BT–UC state of charges.
As noted, the BT state (SOCB) is deeply degraded from 82% to 0.2% while the UC state remains variable
from 90% to 10%. The performance of the BT–UC system is described in Figure 14. We can see the mean
value of BT efficiency in this system configuration case, about 69.5%, which is lower than the obtained
results from the FC–BT–UC configuration. On the contrary, the UC efficiency, presents a significant
value compared to the mentioned above configuration. Finally, the obtained results can be seen that
the FC–BT–UC system configuration demonstrates its reliability and efficiency in relation to the other
configuration. Therefore, if the FC is unable to operate due to lack of hydrogen, the presence of the BT
may alleviate the problem of power demand discontinuity.
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We can confirm that the current curves PEMFC, BT and UC meet the previous equations
(Appendix A) based on the results obtained previously. As stated in the previous paragraphs,
PEMFC’s excess power was used to charge the BT and UC as recovery energy. The EMS is chosen to
control and optimize the average power in the electrical storage system between the UC and the BT
depending on the UC current value. Thus, to ensure the output DC converter power stability and
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precision, a pulse-width modulation (PWM) technique is used for regulation. The EMS is chosen to
control and optimize the average power between the UC and the BT depending on the UC current
value in the electrical storage system. The PEMFC, UC and BT must be done to control energy demand.
Furthermore, a PI controller is selected to control and optimize the average power required by the
PEMFC, BT and UC. In Figure 15a–c respectively, the effects of integrating the PI controller into PEMFC,
BT and UC are shown. The included PI controller therefore deals to avoid the load level fluctuations of
PEMFC. Indeed, the PI provides the average power required by both PEMFC, BT and UC. The FC can
generate its maximum power, as shown, and the BT–UC supplements the rest to PEMFC. The UC can
provide the average power required because of the BT current limitation. In fact, the average power
required is the sum of the load required, the BT supplied and the PEMFC current.Energies 2018, 11, x FOR PEER REVIEW  15 of 20 
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Finally, referring to a few literature works that study the configuration of fuel
cell/battery/ultra-capacitor hybrid electric vehicles as [19,36], our work provides an improvement
in system management as its components are operated alternately and in coordination to meet the
demand for load. On the other hand, the originality of the presented work is manifested as a prospect
of being more effective in real-time implementation in the actual system treatment and management.

7. Conclusions

Since the start of the automobile, electric vehicles have been created. The internal combustion
engine, however, quickly became the best car power system. Although in many different aspects the
electrical energy was superior, the battery is easy to handle and supply cheap and abundant petroleum
engine fuel. The trend is towards the PEMFC-powered hybrid electric vehicle (HEV), which combines
the energy storage system with the fuel-related energy source. In this paper, PEMFC, BT and UC are
involved in a dynamic hybrid electrical system. We used PEMFC as a major source of energy that
tends to supply the system and the BT–UC as a backup energy system. In their stability, cost and
durability respectively, the sustainability challenge of PEMFC components remains. This is the main
reason why the BT and UC should be included as an energy backup. Indeed, when the PEMFC was
switched off, the backup energy was added to control the power shortage during critical constraints
and to optimize energy demand. Two modes, PEMFC–UC mode and BT–UC mode, treat and evaluate
the proposed system. The PEMFC–UC mode demonstrated the synchronization between PEMFC and
UC to meet the energy demand efficiently. We have shown the UC’s great function during the peak
power transition, depending on our results. Therefore, with a fast dynamic response, the UC can offer
an efficient power, making it suitable for the load. While the PEMFC is kept off during the (BT–UC)
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mode due to the lack of hydrogen fuel. In this case, the UC is involved in the load requirements with
the battery (BT). Lastly, HES system performance enhancements are demonstrated through numerous
simulation tests. Future work is aimed at using a Raspberry Pi with RT-Preempt card to implement
our proposed approach in an embedded system. This card can provide the delay of variation with
a deterministic limit. It also has many interesting features for sensor and actuator interface and is
considered a good platform.

Funding: The author would like to thank the Deanship of Scientific Research (DSR), King Abdulaziz
University, and Jeddah, who supported this work under grant No. (D1439-105-156). The authors, therefore,
gratefully acknowledge the DSR for their technical and financial support.

Conflicts of Interest: The author declares no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

Nomenclature

VFC Voltage of PEMFC Stack (V) SOCrefH2 Referential hydrogen fuel State (%)
Erev Reversible voltage (V) SOCUC UC State of Charge (%)
Ua Activation overvoltage (V) SOCrefUC Referential UC State of Charge (%)
Uohm Ohmic voltage (V) SOCBT BT State of Charge (%)
Uc Concentration overvoltage (V) SOCrefBT Referential BT State of Charge (%)
IFC Cell Current of PEMFC (A) SOCH2 Hydrogen fuel State (%)
Rohm Ohmicresistance (Ω) LFC PEMFC Inductance (H)
Ra Anodicresistance (Ω) αBFC PEMFC BoostDuty Cycle
Rc Cathodicresistance (Ω) ULoad Load Voltage (V)
Ca Anodic capacitance (Ω) UUC Voltage of UC (V)
Cc Cathodic capacitance (Ω) ULUC Inductance UCVoltage (V)
UFC Dynamic PEMFC Voltage (V) αBUC UCBoostDuty Cycle
ULFC Inductance PEMFC Voltage (V) IUC Current of UC (A)
UBT Voltage of BT (V) ηFC PEMFC efficiency (%)
ULBT Inductance BTVoltage (V) ηBT BTefficiency (%)
αBBT BT BoostDuty Cycle ηUC UCefficiency (%)
UBBT BT output boost Voltage (V) ηS Overall Systemefficiency (%)
UBFC PEMFC boost output voltage (V) UBUC UC boost output voltage (V)
LBT BT Inductance (H) LUC UC Inductance (H)
CBT BT Capacitance (F) CUC UC Capacitance (F)

Appendix A

Firstly, the anode voltage is given by Equation (A1){
d(U a)

dt = ma.( I FC−
Ua
Ra
)

ma = 1
Ca

(A1)

Secondly, the cathode over potential is governed by the following expression (A2).{
d(U c )

dt = mc.( I FC−
Uc
Rc
)

mc =
1

Cc

(A2)

The PEMFC and the DC-DC boost converter voltages can be deduced as follow.
UFC = UL f c + UBF

UL f c = L f c
dIFC

dt
UBF = (1− αBF).ULoad

(A3)

According to the previous equations (Equations (A1)–(A3)) the dynamic equation of IFC current can be
expressed as: {

dIFC
dt = α(Erev −Ua −Uc − Rohm.IFC − (1− αBF).ULoad

α = 1
L f c

(A4)
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Thus, the first-order model for a UC is given by Equation (A5)

d(UUC)

dt
=

1
CUC

.IUC (A5)

The relationship between each voltage can be extracted as follows:
UUC + UBUC + ULUC + Rs IUC = 0
UBUC = LUC. d(IUC)

dt
UBUC = (1− αBUC).ULoad

(A6)

The PEEMFC and UC duty cycles expression expressed as follows: KFC
P = 1

ULoad
(

6L f c
τs
− R f c)

KFC
I =

R f c
L f c

(A7)

The Proportional Integral (PI) controller of the UC component are given by (A8)
KUC

P = 1
UUC

(Cξvωnv − 1
RL

)

KUC
I =

ω2
nv C

2KUC
P .UUC

KP =
ωni LUC−RUC

ULoad

(A8)

The state space model is then described as follows:{ .
X1 = A1X1 + B1U1
y1 = C1X1 + D1U1

(A9)

The relationship between the IFC current is expressed as follows:



X1 = [ Ua Uc IFC IUC UUC ULoad ]
T

A1 =



− εa
Ra

0 εa 0 0 0
0 − εc

Rc
εc 0 0 0

−α −α −αRohm 0 0 −α(1− αBFC)
0 0 0 − Rs

LUC

1
LUC

−(1− αBUC)

0 0 0 − 1
CUC

0 0
0 0 1

CL
(1− αBFC)

1
CL

(1− αBUC) 0 0


B1 =

[
0 0 αULoad 0 0 1

CL
IFC

0 0 0 1
LUC

ULoad 0 1
CL

IUC

]
U1 =

[
αBF
αBUC

]
With
C1 = [ 0 0 0 0 0 κ ] ‖ κ = 1

RL

(A10)

Referring to the electric model, the battery state equation is defined as:{ .
X1 = A1X1 + B1U1
y1 = C1X1 + D1U1

(A11)

The BT subsystem output voltages can be deduced from the below following equation.{ .
X1 = A1X1 + B1U1
y1 = C1X1 + D1U1

(A12)

The BT duty cycle expression expressed as follows:{
KBT

P = 1
ULoad

( 6LBT
τs
− RBT)

KBT
I = RBT

LBT

(A13)
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Then the state space of the BT/UC subsystem is presented as follows:{ .
X2 = A2X2 + B2U2
y2 = C2X2 + D2U2

(A14)



X2 = [ IBT UCBT IUC UUC ULoad ]
T

A2 =



−2RBT
LLBT

−1
LLBT

0 0 −(1−αBBT)
LLBT

1
CBT

1
CBT RBTp

0 0 0

0 0 −RUC
LLUC

1
LLUC

(1−αBUC)
LLUC

0 0 − 1
CUC

0 0
(1−αBBT)

CL
0 (1−αBUC)

CL
0 0


B2 =

[
1

LLBT
ULoad 0 0 0 IBT

CL

0 0 1
LLUC

ULoad 0 IUC
CL

]
U2 =

[
αBBT
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]
Where :
C2 = [ 0 0 0 0 κ ] ‖ κ = 1
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(A15)
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