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ABSTRACT-This paper investigates the hybrid power source (HPS) for vehicular applications and presents a new
configuration combining a fuel cell (FC), a battery pack and an ultracapacitor (UC) bank to create a HPS. Although many
researchers have studied various powertrain topologies, component sizes, and control strategies in Hybrid electric vehicles
(HEVSs), but it is necessary to perform a detailed nonlinear study of the HEV. The dynamic models of system and subsystems is
considered to simulate and analyse the long-term behavior of the vehicle. The purpose of the model is to provide an in-depth
analysis of sublevel components in the vehicle and loss analysis in power electronics devices in converters associated with
these sublevel components. An advanced control strategy is used to manage the power flows of the proposed system.
Simulation results of vehicle configuration are discussed. The simulation results show that the presented method is both
satisfactory and consistent with expectation.
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1 INTRODUCTION

The world’s petroleum resources is estimated to be used up
till 2060, if the consumption rates be as present. Besides,
environmental and economic concerns are the other
convincing motivation to develop clean, efficient, and
sustainable vehicles for urban transportation [1].

Since the hybrid vehicles consumes different types of fuel,
there are many profits for them such as emission reduction,
performance improvements and efficiency increases. All
features of hybrid electric vehicles (HEVS) depend on the
capability of their energy storage system (ESS), which not
only is utilized to store large amounts of energy but also
should be able to release it quickly according to load
demands [2].

The development of hybrid electric vehicles (HEV) which
utilize electrical power to drive automotive subsystems has
taken on an accelerated pace [3-4]. Recent progresses in the
areas of power electronics, electric motor drives, and control
systems provides a motivation to improve the performance of
electrical traction systems and their reliability [5].

Fuel cells (FCs) have significant features in generating
reliable and efficient electrical power at steady state
condition. Proton exchange membrane FCs (PEMFCs) with
higher power density and low operation temperature are
considered as the prime candidate for vehicle applications
compared to other types of FCs [6-7].

Utilization of battery or ultracapacitor (UC) as energy storage
can reduce the cost and improve the efficiency and
performance of a FCHEV. UCs can store and deliver energy
almost instantaneously. Therefore UCs are suitable in
transient conditions such as startup, acceleration, sudden load
changes and regenerative braking In contrast, batteries will
experience high internal losses if they are discharged too
quickly [8-9].

The voltage level and dynamic characteristic of the energy
storage components are generally different from the desired
energy sources, therefore the Power converters are needed to
surmount the system improprieties [10-13]. The system is a
multiconverter ~ structure  which shall be controlled
simultaneously.

The optimal sizing and control strategies for FC/battery [14-
17], FC/UC [16-19] and FC/battery/UC [20-21] vehicles have
been studied. Most studies analyzed the component sizes and
some also designed controller for HEV system.

In this paper, a dynamic model for a HEV with FC, battery
and UC is developed and analyzed. It will provide a
significant contribution to the field of the multisource system,
particularly in nonlinear power electronics applications. In
Section II, the structure and energy management of hybrid
power source for vehicular applications are presented in
detail. The dynamic system and subsystem modeling will be
explained in detail in Section Il1l. The simulation results and
long term analysis for various conditions are presented in
Section 1V. The simulation results will show the system
performance during a specific driving cycles. The waveforms
that are obtained during the motor-drive cycle have shown
the possibility of improving the performance of the whole
system and validated the proposed control algorithms.
Hybrid Power Source

The energy density, power density, lifetime, cost, and
maintenance are the significant characteristics of ESSs.
Batteries usually have high energy density and are capable of
storing the mass of electric energy. However, UCs have high
power density and fast response for charging/discharging
during a long life cycle [22]. The FC is another clean and
efficient power source; however, the slow dynamic of the FC
limits its performance on transient conditions. At present,
none of the mentioned devices could meet all requirements of
HEVs [23].

Source of the HPD

Various topologies can be utilized for HPS by combining
various energy sources with different features. The main
objectives of these combinations is to make HPS with high
power and energy density. Bidirectional DC/DC converters
are generally utilized for interface between battery/UC
systems and DC bus, which enables both flow directions for
charge and discharge [24]. Khaligh and et al has summarized
structures, characteristics, and costs of ESS topologies for
HEV, as well as comparisons of ESSs of typical market-
available HEVs [25].

Principally, FC electrical characteristics need low-voltage
high-current structures. A classical boost converter is a prime
candidate for interface between FC and dc-link because it
operates in the current control mode in a continuous
condition. [26].

The FC operating constraints must be taken into
consideration while controlling the boost converter to ensure
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minor impact to the FC. The FC power must be retained
within specific intervals. The FC current slope must be
limited to avoid starvation phenomenon. The ripple of FC
current must be limited to 5% of the nominal current and the
switching frequency of the FC current must be greater than
1.25 kHz [27].

Bidirectional buck-boost converter enables the UC to store
energy regenerative braking and release it transient condition
such as startup, acceleration and hill climbing. The
regenerative brake energy is to be captured without
considering the efficiency, as this energy would otherwise
spoiled and lost as heat in the friction brakes [28]. However,
we are seeking for efficient EMS which leads to improved
fuel efficiency for transient drive cycles.

The Proposed structure of FC/Battery/UC Hybrid Power
Sources is shown in Fig. 1. The battery actual voltage curve
is almost linear over its working range. There is no battery
converter in this structure in order to improve system
efficiency and converter cost. Then, this system will be
operated based on unregulated dc bus voltage, in which the
dc bus voltage is equal to the battery voltage.

DC/DC
Fuel Cell Converter
\ e MainDC
— Bus Tract
DC/AC Traction
- Motor
= Inverter
= e
Battery =23 — ™
Unit .' M
Bidirectional
Ultra Capacitor DC/DC Converter Other
- ) = Electrical
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Fig. 1. Proposed structure of FC/Battery/UC HPS

Energy management of the HPS

Energy management in HEVs allows the system to store the
extra and reversible energy to ESS and deliver the energy to
load at a different load condition. There are energy losses in
Power converters and storage systems which an energy
management system (EMS) should improve the fuel
efficiency of the HEV. This will be done by shifting the
operation of the fuel converter to an improved efficiency load
condition by an amount sufficient to offset the losses of the
energy storage and discharge processes.

The EMS of HPSs has already been investigated recently and
some control strategies was presented. The problem of
conventional controllers can be summarized as follows: Most
of the conventional controllers are designed based on linear
control theory and operates during a specific operating point
so the definition of system states will be important. Transient
and undefined conditions may lead to a phenomenon of
chattering [29]. The control system proposed here is based on
nonlinear control theory, thus, naturally, the problem of
chattering would not happen here.

System and Subsytum Modeling

The HEV system is modeled dynamically based on each
component dynamic model. Therefore the dynamic model of
HPS and multiconverter structure is presented in this section.

Fuel Cell Modeling

PEMFCs are the best candidate for vehicular application
based on its specific features. Fig. 2 shows the cross section
of a typical PEMFC. The hydrogen from the fuel source
inters from the left side of the cell and while atmospheric
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oxygen inters from the right side. On the left side of the cell,
hydrogen converts to electrons and hydrogen ions in the
presence of a catalyst. Combination of oxygen, electrons, and
hydrogen ions on the right side of the cell, produce water and
energy. The hydrogen side of catalyst is anode and the air
side will be cathode. Thus, the definitions of the anode and
cathode are reversed from the perspective of the electrical
load, as positive electrical current flows from the cathode of
the FC to the anode [30].

2e~

Fuel
Side

H>
T~ mo

Anode
Catalyst

Cathode

Electrolyte Catalyst

Membrane

Fig. 2. Conceptual diagram of PEM hydrogen/oxygen FC

The produced voltage inside the cell (E) known as Nernst’s
instantaneous voltage may be expressed as follows:

E =Ny g+ RL jog| 22y PO, @)
2F PH,0
Where;
E Nernst instantaneous voltage [V];
Eo Standard no load voltage [V];
No number of series FCs in the stack;
F Faraday’s constant [C/kmol];
R universal gas constant [(1 atm)/(kmol.K)];
T Absolute temperature [K];

Ph2 Hydrogen partial pressure [atm];

Puo  Water partial pressure [atm];

Po> Oxygen partial pressure [atm];

The output voltage of cell is smaller than the inside voltage
and there are activation and ohmic voltage drops. The
following equations may defines the output voltage of cell:

Vcell =E ~Mact — Tohm 2
Tt =B INCl ) @3)
Mohm = Rmtlf'c 4)
Where;
Veell DC output voltage of FC system [V];

Nact Activation voltage drop [V];

Nonmic ~ Ohmic voltage drop [V];

B,C Constants;

I FC system feedback current [A];
R™ FC internal resistance[Q];

Batter Modeling

At present, the battery is still the most reliable and also
expensive energy storage device for HPS. A pack of lithium-
ion battery is considered for the HEV. In order to analyze the
behavior of battery a dynamic model is required. The model
is originated from experimental tests, where open circuit
voltage (OCV) tests are performed on continuous discharge
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of the battery, by the application of periodic current
discharge. Therefore, the nonlinear RC models are developed
to model nonlinear OCV characteristics of the battery [31].
The proposed nonlinear model is shown in Fig. 3.

Fig. 3. Battery dynamic model structure

The terminal voltage equation is given as

Vi =IR; +1,R, +V (5)
Vi =IR +1,Ry +Voc (2) (6)
Where;
Vi Terminal voltage [V];
Voc (Z) Nonlinear voltage source [V];
Z(t) Battery state of charge (SOC);
Co Capacitance for polarization effect modeling [F];
Ry Propagation resistor [Q];
Rp Diffusion resistor [€];
R: Ohmic resistance [Q];

I Instantaneous current  (positive for

negative for discharging) [A].
The SOC is described as a proportion of the remaining
capacity to the nominal capacity of the cell. The remaining
capacity is equal to the number of ampere-hours that can be
drawn from the cell at room temperature with the C/30 rate
before it is fully discharged [32]. Therefore, the SOC can be
defined as follows;

charging,

t
Z(t)=2(0)+jMdr @
0 Cn
Where C, is the nominal capacitance of the cell.
Ultracapacttor Modeling
UCs can deliver and store energy almost instantaneously. The
stored energy can be delivered to the DC-bus at nearly any
discharge rate. The dynamic model of UC unit can be
extracted from the RC equivalent circuit shown in Fig. 4. The
model is consist of an ideal capacitor (C) connecting to the
dielectric leakage resistance (Rp) in parallel and the whole
circuit is connected in series to the equivalent series
resistance (Rs) [33].
The terminal voltage of the UC cell (V) can be calculated via
Kirchhoff’s voltage and current laws as follows

t . t —t
0

The UC bank is composed of seven Modules based on
Maxwell TECHNOLOGIES UCs BMODO0165 P048 BXX
model in series. Each module is consisting of 18 UC cells
connected in series.
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Fig. 4. Classical equivalent model for the UC unit

Buck-Boost Converter (F Converter) Modeling

A unidirectional DC/DC boost converter is utilized to adjust
the low DC voltage of the FC to rated DC-link voltage and
avoid the reverse current back to the FC. The power circuit of
boost converter is shown in Fig. 5. The boost converter is
consisted of a high frequency inductor L,, equivalent series
resistances Ry, an IGBT switch S,, a diode D; and a capacitor
Cq as an output filter. In order to protect the FC against
overvoltage in transient condition an input capacitor Cg is
added. A PWM controls the IGBT switch using d; signal
which is one or zero. The converter model can be defined as
the following state equation:

di¢, ' Ryt Vi

e __(1_¢.yode _Ralfe | Ve

a4 L L L ©

Moe _ gy e lre (10)
dt Ci Cu

Where i¢, and i’ are the output current of FC circuit and
converter respectively. Vi and Vg are the FC and DC-link
voltage respectively. Note that the battery voltage V,, is equal
to DC-link voltage Vg. (Vg = Vb).

Fuel Cell Circuit DC/DC Boost Converter

l‘ﬁ: L;,R,' DI I-ﬂ-; iL
|
S 8\ h -
.
Ve —— s, | p— .
_ C}z— Cdc

Fig. 5. Power circuit of boost converter

Buck-Boost Converter (C Converter) Modeling
The UC bank is connected to the DC-link using a
bidirectional converter to ensure the charge and discharge of
the electric power storage devices. Fig. 6 shows the power
circuit of buck-boost converter. The converter is consisted of
a high frequency inductor L,, equivalent series resistances R,,
two IGBT switch S, and S;. The IGBT switches are
controlled by two binary signals d, and ds. During boost
operating mode (discharge mode), S, is on, and S; is off, and
the UC module provides energy to the DC-link (i, > 0).
Contrary to boost mode, in buck operating mode, S;is on, and
S, is off, and the UC module will be charged (i, < 0). The
buck-boost converter model can be given by the following
differential equations:
0|Ii=—[k(1—o|2)+(1—k)ds]VLi—M (11)
2

iy =[k (1—dy)+(A—k)d3 Jiy (12)
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Where k=1 in boost mode and k=0 in buck mode. A new
parameter d,; can be defined as virtual control signal for
buck-boost converter as bellow:

d,s :[k (1—d2)+(l—k)d3]

Ultracapacitor

(13)
Buck-Boost Converter

Tye L2.Rz \' Tye
=t

+ +
I SJ
Vie s: | Vie
—|_ Cuc

Fig. 6. Power circuit of buck-boost converter

Overall System Modeling

The following equation achieves by exerting Kirchhoff’s

current law at DC bus node.
e iy +ip =i (14)
iflc =i —ip =yl (15)

Where i, and i_ are the battery and load currents respectively.

The overall system differential equations will be arisen from

(9), (10), (11) and (15) as follows:

dife Vb _Rilge Vi
—_ - _(1-d,)2>_——=2T¢c ,"Tc
a4 L L L (16)
di V, R,. V

=—d,, 2 ——<j 4_uU
dt 23 L2 L2 uc L2 (17)
dVb :(1—d1) It +d23|uc + I _ I (18)

dt Cdc Cdc Cdc Cdc
The main objective is to establish the dynamic control
strategy of the DC/DC converters for energy management
between the batteries and UCs. This dynamic control strategy
is based on current control because the DC-link voltage level
is imposed by the battery module.

SIMULATION RESULTS AND ANALYSIS

The dynamic model of an HEV system has been implemented
in the MATLAB/Simulink environment. The performance of
the proposed energy management and control system is
demonstrated by means of numerical simulations. The
specifications of a sample vehicle and all the individual
components are summarized in Table 1.

The FCEV is simulated under a driving cycle which is shown
in Fig. 7. The vehicle must track the driving cycle. It is
assumed that the efficiency of power inverter is equal to 75%
and the value of DC bus voltage is 300 V.

The simulation results focus on the dynamic behavior of
HEV system and the losses in the subsystems. The HPS is
combination of FC, battery and UC. The behavior of the HEV
traction system and induction motor are given in Fig. 7. It
shows vehicle speed; gear setting; the rotational speed of the
induction motor; the actual induction motor torque and the
load current respectively. Here shifting of gears is clearly
visible in motor speed by short-term accelerations and
decelerations and again is obvious as large spikes in the
torque.

The time constants associated with the FC are much slower
than those of the traction system. Thus, the behavior of most
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of the FC signals will be slower and closer to an average
value.

Fig. 8 shows a collection of graphs from the HEV
subsystems. The output current of the FC going into the dc/dc
boost converter, where the transients of this current are slow
compared to the induction machine load current, giving an
average of the required load current.

Table 1. Specifications of vehicle and the components

Subject Quantity
Overall Vehicle Mass 1922 kg
® Maximum Speed 120 km/h
) Acceleration 0-100 km/h 12.5sec
é Rolling Resistance Coefficient 0.01
Aerodynamic Drag Coefficient 0.3
Front Area 25m
Se Nominal Power 37 kW
‘5= | Peak Power 46.25 kW
2 8 | Maximum Speed 120 rpm
== ["Maximum Torque 255 Nm
) Nominal Voltage 42V
E Nominal Current 520 A
w Maximum Power 22 kw
e Output Capacitor Cy 1.66 mF
> Capacity 28.26 MJ
£ | Resistance (ESR) R, 33 mQ
m Nominal Voltage Uy 300 V
Equivalent Capacity Cyc 50 F (3.2 MJ)
S [ Resistance (ESR) R 44.1 mQ
Nominal Voltage Uy 250 V
e Inductance, L; and L, 3.3mH
5 Inductances ESR, Ry and R, 20 mQ
§ DC-Link Filtering Capacitor Cy 1.66 mF
o Switching Frequency, fs 15 kHz

The evolution of the battery charge SOC and the UC SOC
during the drive cycle can also be seen in Fig. 8. It can be
noticed that the fluctuations of UC charge is more than the
battery charge due to its smaller capacity. Thus, with an UC,
the system is significantly more efficient. The battery
capacity is larger than needed for this cycle, thus the short-
term changes in the battery charge are only a few percent.
The associated battery and dc-bus voltage are also shown in
Fig. 8. Notice that the battery voltage range is narrow because
the SOC is changing only slightly. However, the bus voltage
drops significantly every time the vehicle accelerates and
increases when the vehicle regenerates. This is related to
battery resistance and the small bus capacitance. It is evident
that the buck-boost converter between the UC and the dc-bus
can enforce near-constant bus voltage.

In general, the battery/FC/UC hybrid has better performance
than the other hybrid sources, because the UC can more
effectively assist the FC to meet the transient power demand
where high-current charges and discharges from the battery
will reduce its lifetime as well.

Load or regeneration spikes translate into fast discharges of
the battery and result in substantial loss. Although there is
some uncertainty due to the low UC ESR, the losses in the
UC module are more than in the battery module. But when
power is cycled quickly, the battery experiences high losses,
while the losses in the UC are much lower.

The simulation can be checked with a power balance. The
values of the average power production and consumption in
the HEV with the FC, battery and UC are given in Table 2.
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Table 2. Power Balance of HEV Model

Power Battery | UC FC Vehicle Total
w) w) (W) | system (W) | (W)

produced 2608 28 1266 3902

consumed 1431 235 99 2094 3859
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Fig. 7. Vehicle speed; gear setting; the induction motor speed;
the actual induction motor torque and the dc-bus load current.

Average power produced in the system must equal consumed
average power plus any change in stored energy. The average
power produced by the FC for this test run is 1266 W. The
battery is discharged by 4.7%, corresponding to an average
power of 2.608 kW. The 0.72% charge decrease in the UC
corresponds to an average power production of 28 W,
resulting in a total average power production of 3.9 kW. The
average power consumption of the traction system is 2.094
kW, and the average losses in the battery and the FC dc/dc
converter are 1431 W and 99 W, respectively. The losses in
the UC module are 235 W, considerably lower than the
battery losses. The total average power consumption is about
3.859 kW very close to the average power production.

The small difference between production and consumption is
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a computational limit consisted of uncertainties in the model
and parameters. Some of the uncertainty factors in this
simulation are the FC model, its parameters and the battery
parameters, which were approximated from actual
measurements.
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Fig. 8. FC current; SOC of battery and UC; dc-bus voltage

CONCLUSION

Many works have been developed in recent years in the field
of design and analysis of hybrid electric vehicles and support
comparisons over long drive cycles. In the past, dynamic
simulation models have focused mainly on the analysis of
control strategies. In this paper, HPS for HEVs is investigated
by considering the characteristics of the components. The
HPS is consisted of FC, UC bank and battery pack to achieve
both high power density and high energy density which
means the combination of fast response sources and slow
dynamic sources. The advantages of HPS could include
improved vehicle performance and fuel economy and lower
system cost. A boost dc/dc converter and a buck-boost
converter are utilized to connect the HPS to dc bus. This
paper presents a dynamic model for HEV system consisting
of the dynamic model of HPS components and multiconverter
structure. The proposed dynamic simulation system for an
HEYV is implemented in Matlab/Simulink. The purpose of the
model is to provide an in-depth analysis of sublevel
components in the wvehicle and loss analysis in power
electronics devices in converters associated with these
sublevel components. The focus of the model is a detailed
assessment of different subsystem components. Simulation
results of vehicle configuration are discussed.

The simulation results show that the presented method is both
satisfactory and consistent with expectation.
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