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Abstract

In this paper, an extended analysis of the performance of different hybrid Rechargeable Energy
Storage Systems (RESS) for use in Plug-in Hybrid Electric Vehicle (PHEV) with a series drivetrain
topology is analyzed, based on simulations with three different driving cycles. The investigated
hybrid energy storage topologies are an energy optimized lithium-ion battery (HE) in combination
with an Electrical Double-Layer Capacitor (EDLC) system, in combination with a power optimized
lithium-ion battery (HP) system or in combination with a Lithium-ion Capacitor (LiCap) system,
that act as a Peak Power System. From the simulation results it was observed that hybridization of
the HE lithium-ion based energy storage system resulted from the three topologies in an increased
overall energy efficiency of the RESS, in an extended all electric range of the PHEV and in a reduced
average current through the HE battery. The lowest consumption during the three driving cycles
was obtained for the HE-LiCap topology, where fuel savings of respectively 6.0%, 10.3% and 6.8%
compared with the battery stand-alone system were achieved. The largest extension of the range
was achieved for the HE-HP configuration (17% based on FTP-75 driving cycle). HP batteries how-
ever have a large internal resistance in comparison to EDLC and LiCap systems, which resulted in a
reduced overall energy efficiency of the hybrid RESS. Additionally, it was observed that the HP and
LiCap systems both offer significant benefits for the integration of a peak power system in the dri-
vetrain of a Plug-in Hybrid Electric Vehicle due to their low volume and weight in comparison to
that of the EDLC system.
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1. Introduction

The generation of energy in the society today is unsustainable from an environmental and economic point of
view. The global economy is subjected to an increased price of fossil fuels and the public has shown a growing
concern about environmental aspects. In the transport sector in particular, which accounts for 19% of the global
energy use and 23% of the energy related CO, emissions [1], internal combustion engines (ICE) based on fossil
fuels dominate the market. Recent research in the automobile industry however has spurred the development of
cleaner and more efficient technologies. Its main result is the increased use of (partially) electrically propelled
vehicles such as Battery Electric Vehicles (BEVS), Hybrid Electric Vehicles (HEVs) and Plug-in Hybrid Electric
Vehicles (PHEVs) [1]-[5]. PHEVs combine a Rechargeable Energy Storage System (RESS) with an ICE such
that they can drive a certain distance purely electrical without being subjected to the drawback of a limited range.
The future development of the various types of electric vehicles will however be highly dependent on the per-
formance of the RESS [3] [5]-[7].

Currently, lithium-ion batteries are the preferred type of RESS for BEV and PHEV applications due to their
high energy and power densities. They encompass a variety of technologies based on the materials that are used
as anode, cathode and electrolyte. According to [4] [7]-[11], Lithium nickel cobalt aluminum oxide (NCA), Li-
thium iron phosphate (LFP), Lithium nickel manganese cobalt oxide (NMC) and Lithium manganese spinel
oxide (LMO) show the highest potential for large scale application in BEVs and PHEVs (see Table 1). However,
Burke and Omar et al. concluded respectively in [6] and [10] that none of the current batteries can yet fulfill the
performance criteria proposed by the United States Advanced Battery Consortium (USABC). Critical aspects
hereby are the cost, the lifetime and the energy content (thus the range of the electric vehicle). Moreover, battery
design inherently incorporates trade-offs between these characteristics: for example, optimizing a battery for
high power density results in the use of thin electrodes with a large surface area in order to make fast intercala-
tion possible, while energy optimized batteries need thick electrodes in order to store the ions [5]-[11].

A number of hybrid RESS topologies have been proposed in the last decade in order to improve the perfor-
mance of the RESS [12]-[19]. The most known dual source RESS combines an energy optimized (HE) battery
with an Electrical Double-Layer Capacitor (EDLC) system. EDLC cells are characterized by a very high power
density but have a low energy density. Their non-faradaic mechanism results in a low internal resistance, a high
efficiency (95% - 98%) and a lifetime up to one million cycles [20] [21]. These characteristics make them an in-
teresting candidate for use as Peak Power System (PPS) in a hybrid RESS. It is reported in [13]-[15] that the ad-
dition of an EDLC system to a Valve Regulated Lead-Acid (VRLA) battery results in an extension of the life-
time of the HE battery and enhances the power capabilities and energy efficiency of the RESS.

However, due to the superior energy density of lithium-ion batteries, most of the research for BEV and PHEV
applications has focused on the combination of an energy optimized lithium-ion battery (HE) with an EDLC
system. In [15]-[17], the authors found that the addition of an EDLC system in parallel to a lithium-ion battery
results in an improvement in power capability of the hybrid RESS, in energy efficiency of the RESS and in
cycle life of the HE battery. The low energy density and cell voltage of EDLCs however oblige the use of large
amounts of cells connected in series, thus resulting in a large volume, weight and cost of the module.

The performance of the dual source RESS containing a HE battery and a power optimized (HP) lithium-ion
battery is currently the subject of the European FP7 SuperLIB project [18] [19]. Its advantage over the HE-
EDLC topology is the higher cell voltage and higher energy content of the HP battery, what can result in a
smaller and lighter PPS module. However, the cycle life of HP batteries is significantly lower than that of EDLC
cells.

The recent commercialization of Lithium-ion Capacitors (LiCaps) also introduces the need for its investiga-
tion as PPS in a hybrid RESS. LiCap cells contain a porous activated carbon positive electrode, as conventional
EDLCs, and a negative carbon electrode that contains pre-doped lithium ions, as lithium ion batteries (see
Figure 1) [22]-[26]. The result is a hybrid storage device with characteristics in between lithium-ion batteries
and EDLCs. Its main advantages with respect to EDLCs are its higher energy density (10 - 15 Wh/kg versus 5 -
7 Wh/kg) and higher operating voltage (3.8 V versus 2.7 V), meaning that it is possible to reduce the amount of
cells connected in series for certain high power applications [27]-[30].

In this paper, a model of a PHEV with series hybrid drivetrain topology is proposed in Matlab/Simulink en-
vironment. This model is used to analyze and compare the performance of different RESS architectures: the HE
(non hybrid) battery stand-alone system, HE-EDLC, HE-HP and HE-LiCap. The focus of the RESS perfor-
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Table 1. Comparison of different lithium-ion technologies [11].

Chemistry: Cell Voltage (V)  Capacity (mAh/g) Energy Density Cycle Life (Deep) Ther.n]al
Neg/Pos Electrode Max/Nom Neg/Pos Electrode (Wh/kg) Stability
NMC Graphite/NiCoMnO, 4.2/3.6 360/180 100 - 170 2000 - 3000 Fairly stable
LMO Graphite/Mn Spinel 4.0/3.6 360/110 100 - 120 1000 Fairly stable
NCA Graphite/NiCoAlO, 4.2/3.6 360/180 100 - 150 2000 - 3000 Least stable
LFP Graphite/lron Phosphate 3.65/3.25 360/160 90 - 115 >3000 Stable
LTO  Lithium Titanate/Graphite 2.8/2.4 180/110 60 - 75 >5000 Most stable

Lithium-ion Battery

—— ) Activated Electrolyte Activated
Graphite Electrolyte LiCoO, Carbon Carbo

Li-doped Electrolyte Activated
carbon Carbon

Figure 1. Mechanism of LiCaps [30].

mance analysis lies on the energy content, power capacity, energy efficiency, cycle life, volume and weight of
the RESS. The case study and the proposed model of the Series PHEV are highlighted respectively in Section 2
and Section 3, while special attention to the modeling of the RESS is given in Section 4. The control strategy is
explained in Section 5 and Section 6 contains the results and discussion of the simulations. The conclusions of
the research are provided in Section 7.

2. Case Study

The performance of the different RESS is analyzed for a PHEV with a series drivetrain topology shown in
Figure 2(a). The PHEV drives in all electric Charge Depletion (CD) mode as long as the State of Charge (SoC)
of the battery is high enough, after which the ICE starts and the vehicle runs in Charge Sustaining (CS) mode.
The advantage of the series hybrid configuration is the decoupling of the ICE from the wheels, meaning that it
can run constantly in its most efficient operating area. The extra energy conversion of the mechanical power
from the ICE to electrical power at the DC-bus however reduces the drivetrain efficiency [2].

The drivetrain of a Series PHEV with a hybrid RESS is shown in Figure 2(b).While driving in CD mode, the
HE battery will act as the main energy source while the PPS provides/absorbs power during accelerations/ dece-
lerations. The DC/DC converter in between the DC-bus and the PPS is introduced in order to allow controlling
the power flows inside the hybrid RESS by regulating the power/current of the PPS with respect to the DC-bus
voltage [16].

The considered vehicle in this study is the Chevrolet Volt. The specifications of this vehicle are shown in
Table 2, where m is the mass of the vehicle (kg), C, the drag coefficient (-), A, the frontal surface (m?), C,
the rolling resistance coefficient (-), J; the rotational inertia coefficient (%), 7, the efficiency of the transmis-
sion (%), P,, the mechanical auxiliary power (W) and P,,. the power of the heating, ventilation and air

conditioning (W).
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Table 2. Specification Chevrolet Volt [31].

Parameter Chevrolet Volt

Published Data

m 1715 kg
c, 0.287
A, 2.16 m?

Assumed Data

C, 0.010
3, 1.08
7, 95%
P 700 W
P 1857 W
baTtEry PPS || 88/ baTtEery

9
m
i

I

AC/ DC/[Electric

u ICE+ HAC/ DC/
ank enerat{DC AC H motor

enerati{DC AC

I
TTT

Electric Gear
motor box

(® (b)
Figure 2. Drivetrain Series PHEV. a) Drivetrain Series PHEV [32]; b) Drivetrain Series PHEV with hybrid RESS.

3. Series PHEV Model

Regarding the modeling of vehicles, two different approaches can be distinguished in literature according to the
direction of calculation of the power: the backwards or effect-cause method calculates the power in the direction
opposite to the physical direction of the traction power. It starts by following the velocity profile of a specific
driving cycle and computes the power that has to be delivered by the energy sources backwards through each
component of the drivetrain. The main advantage of the backwards approach is its simplicity and fast computation
time. The forward or cause-effect method computes the power according to the physical direction of the power
flow, starting from the energy source through the drivetrain to the wheels. It uses a controller (cf. driver) that tries
to follow a driving cycle and is preferred for real-time simulations as it allows obtaining best effort performances
[32]-[35].

For this analysis, an efficient combined backward-forward model is designed to simulate the above-mentioned
Series PHEV (see Figure 3). The main part of the program is written according to the backwards approach —
starting from the driving cycle (green) through the drivetrain (blue) to the energy sources (yellow) and controlled
by the control strategy (red) - for reasons of simplicity and computation time [34]. The longitudinal dynamics are
used to compute the wheel velocity and torque. Constant efficiencies for the transmission and converters and effi-
ciency maps for the electrical motor, generator and ICE are used to characterize the components of the drivetrain.
A forward model (purple) is introduced in order to take the maximum performance of the components into ac-
count. The forward subsystem is only activated at those moments that the performance of one of the components
in the drivetrain is restricted, such that its effect on the computation time is limited.

An example of the influence of the forward part of the simulation is presented in Figure 4. Around timestamp
1110s, the battery stand-alone system cannot provide adequate power to reach the velocity of the driving cycle.
The maximum achievable velocity of the PHEV is calculated. Starting around 1120s, the real achieved velocity of
the vehicle is higher than that of the driving cycle in order to catch up the non-driven distance during the period
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Figure 3. Combined backward/forward model of Series PHEV with hybrid RESS.
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Figure 4. Influence forward approach.
that the driving cycle could not be followed.

4. RESS Models
4.1. HE and HP Battery

To model the batteries, the Rint-model with varying internal resistance in function of state of charge (SoC) and
current demand is chosen (see Figure 5(a)). The main parameters of the HE and HP battery system are hig-
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Figure 5. RESS models. a) Rint battery model; b) EDLC model; c) LiCap
model [30].

hlighted in Table 3. Both the high energy (HE) and high power (HP) battery are lithium iron phosphate (LFP)
batteries. The energy optimized LFP battery has a capacity of 45 Ah and an energy density of 138 Wh/kg. The
power capability of the HE battery is limited by the maximum charge and discharge current rates of respectively
2C and 3C. The power optimized cell is characterized by a much lower reference capacity (7 Ah) but higher
charge and discharge current rate up to 20C. The HE and HP battery systems contain both one string of 100 cells
connected in series, resulting in a system voltage level of 330V and an energy content of 14.8 kwh for the HE
battery system and 2.3 kWh for the HP battery system, of which respectively 10.4 kWh and 1.8 kWh are usable
due to the limitation of maximum Depth of Discharge (DoD).

4.2. EDLC Model

The equivalent circuit presented in Figure 5(b) describes the behavior of the EDLC cells and the parameters of
the EDLC system are presented in Table 4. The Equivalent Series Resistance (ESR) denotes the ohmic resis-
tance of the EDLC system, while the Equivalent Parallel Resistance (EPR) takes the static losses due to
self-discharge into account.

The dimensioning of the EDLC system is based on the strategy proposed in [16] and shown in Figure 6. It is
based on the Maxwell 125V heavy transport module [36]. The EDLC system is sized such that the Kinetic ener-
gy of a full brake from 120 km/h to 0 km/h can be stored in the PPS, taking into account the losses in the drive-

train:
2

Eot = 2max *T *Mem * Mocyac * Moc/pe 1)
The EDLC cells are controlled such that their voltage can vary from their maximum voltage U, ¢ . 0

U eoic,max/2 » Meaning that the EDLC cells can release or store 75% of their total energy content during operation:
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Table 3. HE and HP battery parameters.

Parameter HE Battery HP Battery
M, (kg) 171.8 44.4
V,, (dmd 109 26
Uy (V) 330 330
Couer  (Ah) 45 7
Max C-Rate (dis/ch) 3/2 20/20

Table 4. EDLC module characteristics [36].

Parameter EDLC
m  (kg) 121
vV (dm?) 1.02
c (F 315
u, (V) 250
U= Uy (V) 136 - 272
ESR (mQ) 36

2 2
Cepic *(U EDLC,max _UEDLC,min)

EEDLC = 2 2

The required total capacitance of the EDLC system can be calculated from Equation (2). Ideally, the cell ca-
pacitances are all identical such that

U
N . — —max 3
cell Unvceu ( )
and
Nseries
Coan = N *Cepic 4)

par

If the cell cannot provide the required current, the methodology should be performed again with an extra stack
in parallel. Following the explained methodology resulted in the connection of two 125V modules in series.

4.3. LiCap Model

The model used to describe the behavior of the LiCap system is presented in Figure 5(c) and was proposed by
Omar et al. in [30]. They presented a modified Freedom CAR first order model specifically designed for the
3300F prismatic LiCap cells of JSR Micro [37]. The hysteresis has been taken into account by separating the
charge and discharge ohmic resistances and polarization circuits.

In order to allow comparing the performance of the HE-LiCap and HE-EDLC configurations in the Series
PHEV, the LiCap system is sized such that its energy content is the same as that of the EDLC system:

2 * EEDLC,sys

2

n,LiCap

®)

Niicap =
P Cn,LiCap
Equation (5) resulted in the use of 59 LiCap cells in series. To obtain the mass and volume of the LiCap mod-
ule, a packing factor of respectively 0.63 and 0.37 are used based on data released for one cell and for a module
of 15 cells. The parameters of the LiCap system are shown in Table 5.
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Figure 6. Dimensioning strategy EDLC system
[16].

Table 5. LiCap parameters [37].

Parameter LiCap
m (kg) 121
Vo (dm®) 1.02
CcC (F) 315
u, v) 250
Upo = Upe (V) 136 - 272
Ry (ML) 36

5.2. Hybrid RESS Control
5.2.1. Hybrid RESS Control

The idea behind hybridization of the RESS is to reduce the stress on the HE battery by adding an energy storage
system that can provide the power peaks during acceleration. This distinction between peak power provided by
the PPS and the moving average power supplied by the HE battery is made by the low pass filter (LPF) (see
Figure 7). The LPF blocks the high frequency component of P, , resulting in the moving average power, which
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Figure 7. Control strategy hybrid RESS [14].

is provided by the HE battery:

1
I:,movmg r#s+1 * Pdc ( )
where 7 denotes the time constant (s) of the LPF. The peak power is defined as the difference between the re-
quired and the moving average power:

Ppeak = Pdc - Pmoving (7)

The high level controller regulates the SoC of the PPS in function of the speed of the vehicle in order to en-
sure efficient operation of the PPS. The SoC of the PPS must for example be low at high velocities of the PHEV
in order to allow absorbing all the regenerative braking energy during a possible brake event, while it must be
high at low velocities in order to provide power during the next acceleration. A proportional controller compares
the reference SoC with the actual SoC of the PPS and produces a power difference that needs to be supplied/
absorbed by the PPS. The SoC controller is slightly adjusted for the HE-HP hybrid architecture as the energy
content of the HP battery is significantly higher than that of the EDLC and LiCap system (2.3 kWh versus re-
spectively 292 and 294 Wh). It was opted to not relate the SoC of the HP with the velocity of the PHEV for this
reason, but instead partially deplete the HP battery during CD mode in order to extend the AER of the vehicle.
This practically means that the controller only becomes active if the SoC of the HP dropped below 30% or rose
above 90%. This limitation is implemented in order to ensure safe operation of the battery and enlarge its cycle
life.

5.2.2. Optimization Time Constant
The main design parameter of the control strategy is the time constant of the LPF. Implementing a large time
constant results in a reduced HE battery stress but also requires a larger PPS. For the HE-EDLC case a time
constant of 11s has been chosen. It allows full usage of the EDLC system within its voltage limits as can be seen
in Figure 9 and is consistent with the time constant of 8s used by Cheng et al. in [14] for a similar configuration.
The same time constant of 11s is also used for the HE-LiCap configuration as the LiCap system is dimensioned
such that it contains the same amount of energy as the EDLC system.

The optimal time constant of the HE-HP configuration is obtained by analyzing the AER in function of the
time constant. It is shown in Figure 8 that the time constant of 46s resulted in the maximum AER of 47.9 km for
the simulated PHEV during the NEDC.

6. Results and Discussion

Simulations with three different driving cycles have been performed: the New European Driving Cycle (NEDC),
the Federal Test Procedure Driving Cycle (FTP-75) and the Highway Fuel Economy Driving Schedule
(HWFET). The FTP-75 driving cycle represents typical urban driving behavior with a lot of accelerations up to
a low velocity, while the HWFET describes highway driving conditions. The NEDC combines both driving con-
ditions by implementing four repetitions of the ECE-15 Urban Driving Cycles with an Extra-Urban driving
cycle. The simulation results are presented in Table 6 and Figure 9 illustrates the SoC level of the PPS and the
distribution of the power flows over the different energy sources in the considered hybrid RESS during the NEDC.

It can be observed in Figure 9(a) and Figure 9(b) that the behavior of the HE-EDLC and HE-LiCap RESS
are similar due to the use of the same time constant. The power provided by the HE battery is the moving aver-
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age of the required power, while respectively the EDLC system and the LiCap system provide the peak power.
The effect of a larger time constant is illustrated in Figure 9(c) that represents the HE-HP RESS configuration.
It is clearly visible that the power provided by the HE battery changes smoother over time, while the HP must
provide the peak power during longer periods.

It is observed in Table 6 that the consumption of the PHEV is reduced due to hybridization of the RESS. The
best result was obtained for the HE-LiCap system, where fuel savings of 6.0%, 10.3% and 6.8% were achieved
for respectively the NEDC, the FPT-75 and the HWFET driving cycle. This result can be explained by the high
energy efficiency of the HE-LiCap configuration and the low weight of the LiCap system. It can remarked that
the energy efficiency of the HE-EDLC system is higher than that of the HE-LiCap system, but the final con-
sumption of the PHEV is larger in the first case due to the higher mass of the EDLC system.

AER in function of time constant
48 T T
47.9

47.5 .

AER (km)

46.5 1

1

0 4650 100 150
Time constant (s)

45.5

Figure 8. Optimization time constant HE-HP configuration.

Table 6. Simulation results.

w, (kW) w, (Vookm) ~ AER - Extension o tgp

(km)  AER (%) (A Voewo, V) AV, (V)

HE ,RMS

NEDC
HE 2.63 2.70 425 / 86.5 38.9 322.3 55.1
HE-EDLC 2.50 2.57 45.2 6 92.7 32.6 322.4 44.7
HE-HP 2.52 2.59 47.9 13 90.3 26.7 322.6 24.6
HE-LiCap 2.47 2.54 45.4 7 92.1 32.6 322.4 443

FTP-75
HE 4.17 2.64 43.8 / 84.2 41.3 322.9 49.3
HE-EDLC 3.82 241 48.6 11 90.3 30.0 322.8 40.8
HE-HP 391 2.47 51.3 17 86.5 22.4 322.7 16.4
HE-LiCap 3.74 2.36 49 12 90.4 29.4 322.8 47.6

HWFET
HE 2.77 1.88 61.1 / 88.7 53.9 318.8 56.9
HE-EDLC 2.61 177 66.2 8 91.3 43.1 318.7 31.7
HE-HP 2.65 1.80 70.0 15 88.3 354 318.7 17.0
HE-LiCap 2.58 1.75 66.5 9 90.7 42.9 318.7 32.2
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Figure 9. Power flows in the investigated

configuration; c¢) Hybrid HE-HP configuration.

6.1. Energy Content

hybrid RESS. a) Hybrid HE-EDLC configuration; b) Hybrid HE-LiCap

The AER of an electrically propelled vehicle is mainly linked to the energy content of its RESS. As mentioned
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in Section 4.1, the implemented HE battery system contains 14.8 kWh of which 10.4 kWh is usable. The ob-
tained AER of the simulated series PHEV with this battery stand-alone system was 42.5 km for the NEDC. The
increase in AER observed for the PHEVs with a hybrid RESS is mainly due to the increase in energy efficiency
of the RESS (see Section 6.3). The 6.3% extension in AER obtained in this research for the case study of the
NEDC is in accordance with an extension of the AER of 7% found in [16] for the same driving cycle. The sig-
nificant increase in AER obtained for the HE-HP configuration is due to the (partial) depletion of the HP battery
during CD driving mode (see Section 5.2.1). For example, during repeatedly driving of the NEDC, it was ob-
served that the SoC of the HP battery dropped from 80% down to 45% at the moment that the ICE was started.
The HP battery thus provided 0,8kWh of additional energy during CD mode. The largest extension of the AER
was 17% obtained for the FTP-75 driving cycle, supporting the premise that peak shaving is more advantageous
during urban driving.

6.2. Power Capability

The power capabilities of the proposed HE battery stand-alone system is limited by a 3C maximum discharge
current rate, which results in a maximum discharge power of 44 kW:

PHE,max :UHE,n * IHE,max :UHE,n *3CHE,ref 8

It was already presented in Figure 4 that the simulated Series PHEV could not always follow the velocity
profile of the NEDC. The reasons are the limitation on the maximum available power as mentioned above and
the implemented restriction on the maximum current slope of the HE battery (1/10 1, ). Simulations with the
FTP-75 and HWFET showed the same performance restriction, which were mostly retrieved for the FTP-75 due
to its frequent accelerations. The introduction of a PPS improved largely the power performance of the PHEV.
The maximum available power of the different PPS can be estimated by:

2

U
PEDLC,max = ﬁ =434 kW )
PHP,max = UHP,max * 2OCHP,ref =46 kW (10)
uz,.
Peoic max = 4& =232 kW (11)

o,LiCap

The restrictions found for the battery stand-alone system were not observed anymore after the implementation
of the PPS.

6.3. Energy Efficiency

The energy efficiency of an energy storage system is normally defined as the ratio of the energy provided by the
source during discharge over the energy required to charge the source up to the same SoC:

tend
I U gess,ais * I ress ais * At

77 — tbegin (12)

€ tend
It ) URESS,Ch * IRESS,ch * dt
begin

In order to allow a fair comparison between the battery stand-alone system and the hybrid RESS, that also
contains a PPS and a DC/DC converter in between the PPS and DC-bus, Equation (13) has been used in this re-
search to denote the energy efficiency of the RESS:

:nd Ptot *dt— :nd PDC *dt
— tart n tart (13)

end
P, *dt

tarr

e

where B, represents the total power delivered by the different energy sources (kW) and P,. denotes the
power demand at the DC-bus (kW). Figure 10 shows the decrease of the energy efficiency for the HE battery
stand-alone system in function of the applied current. The course of the plotted curve can be explained by the
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Figure 10. Energy efficiency of HE battery in function of current.

quadratic increase of the losses in function of the current.
Pdis = RO,HE *1 ? (14)

Hybridization of the RESS has thus the advantage that the HE battery, which is characterized by a relatively
large internal resistance in comparison to the PPS, is subjected to less peak powers (see the RMS current of the
HE battery in Table 6). The consequence is a significant reduction of the losses in the HE battery and the ap-
pearance of losses in the DC/DC converter and the PPS.

It was observed that the obtained energy efficiencies of the hybrid RESS for the different driving cycles were
higher than those of the battery stand-alone system for all three driving cycles, except in case of the HE-HP con-
figuration during the HWFET cycle. The HE-EDLC topology reached the highest energy efficiency of the stu-
died configurations due to their low ESR. For the NEDC, FTP-75 and HWFET, an improvement of respectively
7%, 7% and 3% over the battery stand-alone system was observed. The slightly higher internal resistance of the
LiCap compared to EDLCs system caused a small reduction in energy efficiency for the HE-LiCap configura-
tion, while the larger internal resistance of the HP battery system resulted in a further decrease of the energy ef-
ficiency for the HE-HP topology. It was observed that the energy efficiency of the HE-HP dual source RESS
even dropped below that of the battery stand-alone system in the case the HWFET cycle that is characterized by
a relatively high and constant velocity. The beneficial effect of peak power shaving with the HP battery is thus
limited and the added weight and extra losses in the DC/DC converter and the HP battery resulted in a higher
consumption.

6.4. Cycle Life

One of the main benefits of hybridization of the RESS is the reduction of the HE battery stress, which results in
an extension of the lifetime. An accurate theoretical analysis of the cycle life of the HE battery system however
is very complex. The ageing of a battery system is affected by a number of parameters, such as temperature,
DoD, charge and discharge current, etc. Some of these parameters cause temporary performance losses, while
others can reduce the capacity of the battery permanently or even damage the cell. In order to make a statement
on the magnitude of the life cycle extension, dedicated experiments should be performed. The simulation results
showed the decrease in RMS current of the HE battery in the studied hybrid RESS topologies. For city driving
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behavior simulated with the FTP-75, the addition of the EDLC, HP and LiCap system resulted respectively in a
reduction of the HE battery RMS current with 27%, 46% and 29%. The large time constant used in the HE-HP
configuration resulted in a stronger filtering of the power peaks and thus further reduction of the RMS current.

Du Pasquier et al. compared in [38] the lifetime of an EDLC cell, a lithium ion battery cell and a lithium ion
capacitor cell with LTO as negative electrode. The devices were subjected to cycles of a 3C charge rate and a
constant power discharge of 675W/kg until the stored energy reached 80% of its initial value. It is observed that
the cycle life of the components using an activated carbon cathode is at least one or two orders of magnitude
larger than that of the lithium ion battery. However, it has to be remarked that this study already dates from 2003
and that the LiCap cells used in this research contain a different negative electrode, making it impossible to draw
conclusions based on the cited research.

The datasheet of the 125V Maxwell module [36] mentions that one million cycles can be reached before the
capacity dropped below 80% of its initial capacity when charging and discharging the module at a current of
100A. The data released for the 3300F LiCap cells in [37] show that the capacity did not decrease below 90% of
the initial capacity after 200000 cycles when cycling at a charge and discharge current of 200A. No specific data
regarding cycle life of the used HP battery were available, but different studies confirmed that the cycle life of
LFP batteries do net yet reach the target of the USABC of 5000 cycles until 100% DoD [11] [38]. The cycle life
of the battery can be enlarged by reducing the DoD. It was for example observed in [39] that the studied LFP
battery reached 2600 cycles at 100% DoD and 34957 cycles at 20% DoD.

It can thus be concluded from the reasoning above that the cycle life of HP lithium ion battery cells is signifi-
cantly lower than that of EDLC and LiCap cells. However, an accurate comparison of the lifetime of the three
considered PPSs for this usage in this specific application was not possible due to the gap in literature regarding
the ageing of advanced energy storage components.

6.5. Volume and Weight

The volume and weight of the RESS are considered as key issues in the design of PHEVs and are shown in
Figure 11 for the different hybrid topologies. The disadvantage of the HE-EDLC topology from the point of
view of weight (EDLC system adds 120 kg) and volume (1.02 dm®) is clearly observable. The low nominal vol-
tage of EDLC cells resulted in the requirement of a large amount of cells in series in order to reach the required
energy content. Here, it should be noted that the nominal voltages of the EDLC system is 250V in comparison to
330V for the HP battery system and 195V for the LiCap system. Moreover, the assembly of the cylindrical
EDLC cells is not as efficient as the assembly of pouch cells (HP battery) or prismatic cells (LiCap).

It can thus be concluded from Figure 11 that the weight and volume of the HP battery system and of the Li-
Cap system offer significant advantages over the EDLC system from the integration point of view.

6.6. DC-Bus Voltage

Hybridization of the RESS also benefits the stability of the DC-bus voltage as demonstrated in Figure 12 and
Table 6. It was observed that the average DC-bus voltage of the different systems was not affected significantly
by hybridization of the energy storage system, while the variations of the DC-bus voltage were drastically re-
duced due to the implementation of a PPS. The DC-bus voltage for the HE battery stand-alone system varied
with 55.1V, 49.3V and 56.9V for the NEDC, FTP-75 and HWFET cycle respectively. This difference was re-
duced to 24,6V, 16,4V and 17,0V for the HE-HP configuration during the same driving cycles. The same effect
was noticed in smaller magnitudes for the HE-EDLC and HE-LiCap topologies due to smaller time constant of
the LPF. The lower voltage drop over the HE battery results in a higher energy efficiency of the HE battery, a
reduction of the heat development due to filtering of the peak currents and in a higher efficiency of the complete
drivetrain.

7. Conclusion

In this paper, a comparative analysis of the performance of a HE battery stand-alone system with that of a
HE-EDLC system, a HE-HP system and a HE-LiCap hybrid RESS is presented for a PHEV with series hybrid
drivetrain topology. Therefore, a combined backwards-forward simulation model in Matlab Simulink was de-
veloped in order to assess the performance of the considered RESS at different driving behaviors.
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Figure 11. Volume and weight comparison of different RESS topologies.
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Figure 12. DC-bus voltage for different RESSS topologies.

It was found that the HE-HP configuration showed the highest potential with regard to AER extension. For
the FTP-75 driving cycle, an increase of the AER with 17% was obtained. Moreover, the possibility of using a
large time constant in the HE-HP configuration also resulted in a significant reduction of the HE battery RMS
current and in a more stabilized the DC-bus voltage. The HE-EDLC topology proved to be the most beneficial
topology from energy efficiency point of view with 92.7%, 90.3% and 91.3% for the NEDC, FTP-75 and
HWEFET respectively. The obtained energy efficiencies of the HE-LiCap system were 92.1%, 90.3% and 90.7%,
but a significantly lower weight of the LiCap system resulted in an overall lower consumption of the series
PHEV with the HE-LiCap system. Moreover, the LiCap system showed its advantage for usage in this applica-
tion also from the point of view of the volume of the LiCap system, which can be considered as a key parameter
in transport application. This advantage was also retrieved for the HE-HP hybrid configuration. Finally, a gap in
literature with regard to cycle life analysis of different advanced energy storage systems was identified. Based
on the datasheets of the different components, it was observed that the cycle life of the HP lithium ion battery is
significantly lower than that of the EDLC and LiCap system, but performing an accurate lifetime analysis of the
different components for use in this specific application was not possible.

It can thus be concluded that hybridization of the RESS resulted in an improved performance in terms of
power capability, energy efficiency, all electric range and of battery stress. The different hybrid RESS all have
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their specific advantages, but the HE-LiCap topology resulted in the lowest consumption during the different
simulated drive cycles due to their high energy efficiency and low weight.
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