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a b s t r a c t

In this paper, a methodology is proposed that aims at selecting the most suitable energy storage system
(ESS) for a targeted application. Specifically, the focus is on electrified military vehicles for the wide range
of load requirements, driving missions and operating conditions call for such a cohesive framework. The
method uses the Enhanced-Ragone plot (ERp) as a guiding tool to map the performance of different
lithium-ion batteries, as a function of C-rate and temperature, and supercapacitors, on the specific power
and specific energy log-log plane. A frequency-based segmentation strategy is employed to assign the
requested power to the powertrain actuators. Both full-electric battery-powered and hybrid electric
vehicle (including an internal combustion engine, battery and supercapacitors) configurations are
considered. Using the ERp, ESSs that are able to match the C-rate corresponding to the power-to-energy
ratio calculated from the load are selected. Moreover, weight, volume, number of cells and pack energy of
the selected ESSs are also returned from the design framework. The algorithm is tested over three vehicle
powertrains which strongly differ in load requirements - Tesla Model S, Tesla Semi truck and high-
mobility multipurpose wheeled vehicle.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Advancements in energy storage systems (ESSs), such as
lithium-ion batteries (LIBs), are enabling the wide spread of elec-
trified vehicles on the road [1]. The deployment of electric vehicles
(EVs) and hybrid electric vehicles (HEVs) has seen a significant rise
over the past decade [2].

In military applications, hybridization and/or electrification of
the powertrain can provide increased tactical capability of military
vehicles by increasing the available on-board power, along with
reducing the battlefield fuel costs [3]. Past data and future pro-
jections point out the constantly increasing battlefield fuel cost that
can be as high as 100$=L due to higher cost of the power propulsion
systems, new on-board monitoring equipment and large fuel con-
voys. The adoption of electrified drivetrains would result in the
optimization of fuel consumption based on the optimal operation
of the engine and ESS along with benefits derived from brake en-
ergy recovery. Furthermore, during the electric-only mode, noise
enaro), denise.m.rizzo2.civ@
and thermal signatures can be significantly reduced [3]. Finally,
reducing reliance on fuel would limit the transport of fuel from
refinery sites to the locations where troops operate, thus lessening
hazardous exposure to enemy ambushes which could cost human
lives [4].

Electrification of the military vehicle fleet calls for a design
strategy geared towards the optimal sizing of powertrain compo-
nents while accounting for diverse load requirements, driving cycle
missions, operating and geographical conditions.

Several works have addressed the optimal design of ESS (i.e.
battery) in standalone and hybrid configuration - i.e. combined
with supercapacitors (SCs)- for vehicle applications ranging from
light-duty to heavy-duty trucks. Proposed approaches can be
classified into sequential, alternating and simultaneous methods.
Sequential strategies are also referred to as a design-first-then-
control methodologies [5] where the ESS is designed first and the
energy management problem is solved afterwards. Alternating
strategies do not consider themutual dependence between ESS and
energy management strategy (EMS) design and they use an itera-
tive process that optimizes ESS for a defined EMS, and then opti-
mize the EMS for a given ESS [5].

Finally, the simultaneous methods acknowledge the strong
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Acronyms and Symbols

ARTS All-purpose remote transport system
BMS Battery management system
CV Conventional vehicle
EMS Energy management system
ERp Enhanced-Ragone plot
ESS Energy storage system
EV Electric vehicle
FMTV Family medium tactical vehicle
HEMTT Heavy expanded mobility tactical truck
HESS Hybrid energy storage system
HEV Hybrid-electric vehicle
HMMWV High mobility multipurpose wheeled vehicle

ICE Internal combustion engine
LFP Iron-phosphate
LIB Lithium-ion batteries
M-ATV Mine-resistant ambush protected all-terrain vehicle
MV Military vehicle
NCA Nickel-cobalt-aluminum-oxide
NMC Nickel-manganese-cobalt-oxide
P=E Power-to-energy
Rp Ragone plot
SC Supercapacitor
TMS Tesla Model S
TST Tesla Semi truck
TUGV Tactical unmanned ground vehicle
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coupling between the ESS design and EMS optimization. Examples
are found in Refs. [6,7] for the military series-hybrid electric truck
equipped with battery pack only and battery pack and SCs,
respectively.

In [8], the sizing of the powertrain components for a Plug-in
Series-HEV battery-powered vehicle is optimized using convex
optimization along with cost considerations. In Refs. [9,10] a series-
parallel vehicle and plug-in series-HEV, respectively, equippedwith
three different storage systems, namely battery pack, SC pack and
the combination of the two, were optimized using convex
optimization.

Ragone plot (Rp) [11] has been exploited as a tool for the optimal
selection of storage devices. In Ref. [12], the energy storage
component, in the form of standalone battery, SC or combination of
the two, is optimized for a mid-size fuel cell SUV. In Ref. [13], au-
thors outlined an optimization routine, based on Rp, to choose
between a lead-acid battery and SC. Rp is also used to select the ESS
in awind power farm [14]. In Ref. [15], Rp is used for storage system
optimization based on technical and economic information.

The above studies propose an ad-hoc design solution based on
an a-priori ESS or hybrid ESS (HESS) configuration without
addressing the scalability aspect of the methodology. When the
application under study is characterized by a wide range of load
requirements or diverse missions or operating conditions, such an
approach fails to provide a proper solution. This is the case of
military vehicle (MV) applications. The strong variation in load
requirements and functions experienced by MVs makes the energy
storage selection a challenging task [3]. Moreover, the wide span of
Fig. 1. Spectrum of available vehicle technologies and corresponding P= E ratio
required to the ESS. The range of values is from battery specifications used in EV (i.e.
Tesla Model S, Chevrolet Bolt, BMW i3 [16]), plug-in HEV (i.e. Audi A3, Chevrolet Volt,
BMW i8 [16]), full hybrid (i.e. Toyota Prius3, Ford Fusion [17]), mild hybrid (i.e. Audi A8
[18], Chevrolet Malibu [19], BMW ED [17]) and micro hybrid (i.e. Citroen C3, Smart
[17]).
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available electrified technologies (Fig. 1) shows that many are the
ways to electrify the powertrain - frommicro hybrid to full electric -
and therefore the ESS. For instance, LIBs are the best storage
technology for a plug-in hybrid vehicle whereas a lead-acid battery
is the way to go for a micro hybrid [16]. Moreover, not only do MVs
vary in weight, ranging from few kilograms up to few tons, as
shown in Fig. 2, but they also experience very diverse environ-
mental conditions/loads in terms of duty cycles, transient opera-
tion, road grade and ground unevenness.

The research presented in this paper aims to develop a scalable
methodology to match vehicle load characteristics/requirements
with the most suitable ESS e either in the form of standalone
technology or hybrid configuration (for example, using LIBs
together with SCs) - for improved performance across usage.

The Enhanced-Ragone plot (ERp), developed in Ref. [27], displays
the performance of a set of LIBs in terms of their specific energy and
specific power and as a function of C-rate and temP=Eperature of
operation, across several cell samples. The time taken by the device
to be discharged, from a fully charged state, is learned from the ERp
and is proportional to the power to energy (P=E) ratio of the ESS (in
the log-log plane this corresponds to diagonal lines).

In [27], the ERp is experimentally populated with data from
18650 nickel-cobalt-aluminum-oxide (NCA), 21700 nickel-
manganese-cobalt-oxide (NMC) and 26650 iron-phosphate (LFP)
LIB tested over a wide range of C-rate and various temperatures.
Along with LIBs, the ERp also includes the performance of the
Fig. 2. Different classes of MVs by gross weight. From the left (lighter) to the right
(heavier): packbot small-class robotics, tactical unmanned ground vehicle (TUGV) [20],
all-purpose remote transport system (ARTS) [21], high mobility multipurpose wheeled
vehicle (HMMWV) [22], mine-resistant ambush protected all-terrain vehicle (M-ATV)
[23], family medium tactical vehicle (FMTV) [24], heavy expanded mobility tactical
truck (HEMTT) [25] and line haul tractor M9315A5 [26].
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BCAP0350Mx SC [28].
In this work, we propose a design framework that employs the ERp

as a basis to match given vehicle load characteristics with the best
suitable energy storage solution (either in its standalone or hybrid
configuration). The proposed design framework involves a first part
where the vehicle is analyzed from a power requirement
perspective (from the wheel to each actuator in the powertrain)
and a second part related to the ESS selection using the ERp.

We consider a hybrid powertrain equipped with an internal
combustion engine (ICE), a battery pack and SCs.

Using a vehicle backward model and starting from a known
driving cycle (vehicle trace over time) and road grade profile, the
power at the wheel is first calculated and then subjected to a
frequency-based segmentation [29]. Low frequencies - computed
by filtering the power at the wheel with a low-pass filter - are
assigned to the ICE, whereas the remaining power is supplied by
battery and SC. Medium frequencies are assigned to the battery
whereas the high frequency power is taken up by the SC. The P= E
ratio of each storage device is then calculated. To meet the power
and energy requirements of the vehicle, the energy storage device
must handle the C-rate corresponding to the P=E ratio calculated
from the load. The matching operation returns a candidate storage
technology along with the initial sizing - in terms of weight, vol-
ume, number of cells and pack energy. We validate the matching
design algorithm on three vehicle powertrains, namely, Tesla
Model S (TMS), Tesla Semi truck (TST) and high mobility multi-
purpose wheeled vehicle (HMMWV). These vehicles, which differ
in load requirements, have been tested over energy (constant speed
over a fixed range) and power (constant acceleration) tests, US06
and UDDS driving cycles [30], and the distance dependent grade
Harford military cycle [7].

Themain contributions of this paper are summarized as follows:

� Use of ERp as a design tool coupled with the frequency seg-
mentation strategy;

� Match the P=E ratio of the powertrain components with the C-
rate of operation of the storage device(s);

� Agnostic-based selection of the most suitable energy storage,
along with its weight, volume, energy and number of cells;

� Test the ERp-basedmethodology over three vehicles - ranging in
weight and mission - TMS, TST and HMMWV under different
driving scenarios.

Moreover, a sensitivity analysis of keymodel parameters used in
the matching design framework is presented.

The paper is organized as follows. A summary of the ERp is re-
ported in Section 2. In Section 3, the overall design framework is
described step-by-step. Section 4 shows the methodology applied
to multiple simulation scenarios across three vehicle powertrains.
Section 5 provides a brief description about safety performance.
Finally, Section 6 gathers the conclusions of the proposed study.

2. Enhanced-Ragone plot

The experimental design of the ERp conducted in Ref. [27] is
briefly summarized in this section. The LIBs tested to populate the
ERp are1: 18650 LiNiCoAlO2/graphite [31], 21700
LiNiMnCoO2/graphite [32] and 26650 LiFePO4/graphite [33],
referred to as NCA, NMC and LFP, respectively. Measurements were
taken over six cell samples for each chemistry. Galvanostatic
discharge experiments were conducted at controlled temperature
1 The nomenclature Cc=Ca refers to the anode, Cc , and cathode, Ca , composition,
respectively.
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of 5+C, 25+C and 35+C starting from fully charged condition, i.e.
100% state-of-charge, until the cut-off voltage was reached at
discharge rate x equal to:

- C=20, 1C, 2C, 3C, 5C for NCA and NMC,
- C=20, 1C, 2C, 3C, 5C, 10C, 15C, 20C for LFP.

The experimental dataset is available in Ref. [34]. Gravimetric
energy density (or specific energy) and gravimetric power density
(or specific power), wb

s ðx; TambÞ and pbs ðx; TambÞ, respectively, and
volumetric energy density (or energy density) and volumetric po-
wer density (or power density), wb

dðx; TambÞ and pbdðx; TambÞ,
respectively, were calculated and averaged across six cell samples
for each battery chemistry b, b ¼ fNCA, NMC, LFPg, undergoing to a
discharge rate x, and controlled at temperature Tamb. The grav-
imentric ERp is shown in Fig. 3a and the volumetric ERp is shown in
Fig. 3b. The specific energy (specific power) and the energy density
(power density) are related through the following relationship

wb
s ðx; TambÞ¼

Vcell;B

Mcell;B
wb

dðx; TambÞ; (1)

pbs ðx; TambÞ¼
Vcell;B

Mcell;B
pbdðx; TambÞ; (2)

where Vcell;B and Mcell;B are the battery cell nominal volume and
weight, respectively.

The C-rate of operation is shown, on both ERps, by diagonal
lines. In the rest of the paper, the gravimetric ERp, also inclusive of
the BCAP0350Mx SC [28], is used to develop the ESS selection
strategy.

3. Energy storage selection methodology

The proposed design framework, depicted in the flow diagram
in Fig. 4, first analyzes the load characteristics from the driving
cycles, and then identifies the ESS device(s) through the ERp that
best matches the vehicle requirements.

3.1. Step 1 - vehicle requirements

Given a specified vehicle application and desired speed profile,
_xðtÞ, and road grade, dðtÞ, a backward simulator based on the vehicle
longitudinal dynamics is used [35] to compute the power deman-
ded at the wheel, PW , as

PW ¼ _x
�
Mveh€xþMvehgsinðdÞþMvehgfrcosðdÞþ

1
2
rairAf Cd _x

2
�
;

(3)

and, by time integration, the respective energy, EW

EW ¼
ðtf
0

PW dt: (4)

In Eq. (3), Mveh is the vehicle curb weight,2 g is the gravitational
time constant (9.81m/s2), fr is the rolling friction coefficient
(assumed to be constant), rair is the air density (equal to 1 kg/m3),
Af is the vehicle frontal area, Cd is the drag coefficient and in Eq. (4),
2 Whole vehicle weight excluding passengers.



Fig. 3. Specific power versus specific energy ERp (a) and power density versus energy density ERp (b) for NCA, NMC and LFP batteries at various reference temperatures and
discharge rates.
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and tf is the time duration of the driving cycle.3 To improve equa-
tions readability, time-dependency is omitted.

A frequency-based segmentation method [29] is applied to
allocate power at thewheel power, PW , to the powertrain actuators.
In particular, low frequency components are assigned to the ICE,
medium frequencies to the battery and high frequencies to the SC,
according to the power-split block scheme shown in Fig. 5.

Specifically, the low frequency portion of the power signal, PW;l,
is computed by filtering the power at the wheel, PW , with a second-
order low-pass filter, F1ðsÞ, with cutoff frequency fcut;1

F1ðsÞ¼
1 

1þ s
2pfcut;1

!2: (5)

The “intermediate” power, PW;int - characterized bymedium and
high frequencies - is supplied by the battery and SC (i.e., HESS).
Here, the medium frequency power component, PW ;m, is obtained
by filtering PW;int with a second-order low-pass filter, F2ðsÞ, with
cutoff frequency fcut;2

F2ðsÞ¼
1 

1þ s
2pfcut;2

!2: (6)

The PW ;m is assumed to be provided by the battery, whereas the
high frequency signal, PW;h, by the SC (see, Fig. 5).

The cutoff frequencies fcut;1 and fcut;2 are tunable parameters
that determine the load on each actuator, hence defining their
sizing. The cutoff frequency fcut;1 affects the degree of vehicle
electrification in that an increase of fcut;1 leads to a larger ICE load,
and consequently, a decrease of the degree of vehicle electrification
3 The initial time is always assumed equal to 0.
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whereas a decrease of fcut;1 imposes a higher load on the HESS (i.e.
battery (B) þSC) components. Asymptotically, this is summarized
as follows

�
if fcut;1/∞0CV ðonly ICEÞ
if fcut;1/00EV ðB þ SCÞ (7)

where CV indicates “conventional vehicle”.The cutoff frequency,
fcut;2, instead deals with the power split between the battery and
SC. An increase of fcut;2 yields to an increase of the battery load, with
consequently reduction of SC load.

Table 1 reports possible vehicle configurations based on the
asymptotic values of fcut;1 and fcut;2.

The segmented power profiles are then used to characterize the
power and energy of each actuator. The battery-to-wheel power-
train efficiency for both EVs and HEVs (series and parallel config-
urations) - taking into account mechanical and electrical losses
occurring in the battery, DC/DC converter, inverter, electric motor,
transmission and differential - is approximated to 80% [36]. SCs are
connected to the battery through a semi-active or fully-active
configuration which introduces an electrical conversion efficiency
that can be bounded to sufficiently high values [7]. Hence, we as-
sume a fixed HESS-to-wheel powertrain efficiency, h. The power to
the battery and the SC, PB and PSC , respectively, are computed as
follows

PB ¼
1
h
PW;m; (8)

PSC ¼
1
h
PW;h: (9)

where positive power corresponds to discharge. For the purpose of
calculating the P=E ratio during discharge, the amount of energy
required to each storage device k is obtained as



Fig. 4. Flow diagram describing the design framework composed of 1) Vehicle re-
quirements analysis and 2) energy storage characteristics for matching strategy.

Fig. 5. Frequency-based segmentation scheme. The total power at the wheel, PW , is
segmented into low, medium and high frequency components, PW ;l , PW ;m and PW ;h ,
respectively.

Table 1
Possible vehicle configurations - EV, HEV or CV - according to the choice of cutoff
frequencies fcut;1 and fcut;2.

fcut;1

0 (0∞) ∞

fcut;2 0 EV (SC) HEV (ICE þ SC) CV
(0∞) EV (BþSC) HEV (ICE þ B þ SC) CV
∞ EV (B) HEV (ICE þ B) CV

Fig. 6. (a) Demanded battery power profile and (b) respective time histogram for the
TMS vehicle tested over the US06 cycle.
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Ek¼
ðtf
0

Pk dt if Pk � 0; with k ¼ fB; SCg: (10)

Finally, the P=E ratio associated to each storage device k is given
as

ðP=EÞk ¼
aP*k
Ek

with k¼fB; SCg; (11)

where P*k is the maximum discharge power of the storage device k
5

and a is a weigh coefficient, assumed to be the same for the battery
and SC, ranging between 0.5 and 1.

When a ¼ 1, the power requirements for each device corre-
spond to their peak value, whereas, when a is modulated to assume
values less than one, then the lower P=E ratio will limit the design
requirements on the devices.

The upper plot of Fig. 6 shows the battery power profile for the
TMS - in the battery alone configuration - over the US06 driving
cycle. The time histogram of the power profile over the total driving
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cycle duration expressed in percentage, is shown in the bottom plot
of the same figure. As one can see, the battery power peak, P*B,
whose value is 125.6 kW, only occurs for 0:16% of the total cycle
duration. If, on one hand, sizing the battery upon the peak power
value will satisfy the power demand throughout the entire cycle
duration, on the other hand, it would lead to an oversized system.

By reducing a by half, the corresponding power requirement is
62.8 kW, which covers almost 95% of the total power request over
the cycle duration.

The parameter a and the cutoff frequencies, fcut;1 and fcut;2 are
being assessed through a sensitivity analysis for different driving
cycles. It is worth to remark that the variation of these three pa-
rameters yields to a different sizing of the storage units, yet always
satisfying the performance expected by the vehicle, both in terms
of delivered power and stored energy.

The P=E ratio, computedwith Eq. (11), has the unit of [1/h] and is
expressed in the ERp log-log plane via the specific energy, ek, and
specific power, pk as

pk ¼ðP=EÞk ek; k¼fB; SCg: (12)

Taking the logarithm of both sides of Eq. (12) and using Eq. (11)
one gets

logðpkÞ¼ logðaÞþ log
�
P*k
Ek

�
þ logðekÞ; k¼fB; SCg: (13)

Thus, the P=E ratio is represented in the ERp diagram with a
series of diagonal lines, whose position in the log-log plane is
shifted upward or downward according to the value assigned to a,
and the ratio between power and energy requirements.

3.2. Step 2 - energy storage system characteristics

The ERp diagram is used as a tool to match the vehicle re-
quirements with the most suitable energy storage device(s). In the
ERp, the ESS performance is parametrized as a function of C-rate of
discharge which is the P=E ratio of the storage device. Thus, vehicle
requirements are being translated into required P= E ratios, which
in turn are equivalent to the C-rates at which the device should
operate to satisfy such requirements.The matching operation then
consists in intersecting the characteristic curves of the devices
(mapped on the ERp) and the P=E ratio lines from the vehicle and
generate the point of coordinates (ekpk).

The coordinates of the selected ESS candidates are used to
calculate the required mass4 of the k device as

Mpack;k ¼max

8><
>:
aP*k
pk

;
Ek
ek

9>=
>;; k¼fB; SCg: (14)

From the calculated mass of the ESSs, one can also compute the
corresponding occupied volume, Vpack;k, number of cells Npack;k and
the overall energy of the pack, Epack;k.

Specifically,

Vpack;k ¼Mpack;k
Vcell;k

Mcell;k
; k¼fB; SCg; (15)

where Vcell;k is the cell nominal volume and Mcell;k is the cell
nominal weight (as given by the manufacturer). From the cell
4 The computed ESS masses and volumes only consider the weight and volume of
the storage devices and do not include the pack housing and other components of
the pack.
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nominal mass, the corresponding number of cells needed in a pack
is calculated as

Npack;k ¼
Mpack;k

Mcell;k
; k¼fB; SCg; (16)

where Npack;k is the number of cells for device k.Furthermore, from
the required mass and given the cell nominal specific energy from
the manufacturer specifications, ecell;k, the overall energy of device
k, Epack;k, is calculated as

Epack;k ¼Mpack;k ecell;k; k¼fB; SCg: (17)
4. Case studies and simulation results

In this paper, three vehicles are considered (Fig. 7). The first two,
manufactured by Tesla, are the TMS and the TST. The TMS has been
on the market since 2012 [37], while the starting of TST production
is planned by the end of 2021 [38]. These two full-electric battery-
powered vehicles - whose energy storage size is known (TMS) or
claimed (TST) - are used to test the proposed design framework. A
comparison between the actual TMS battery pack sizing and the
one returned by our framework is conducted. The analysis is then
extended to the TST. Lastly, the HMMWV is considered as a test case
to provide ESS design specifications.

Table 2 reports the values used for the vehicle parameters for
each application. The Mveh, Af and Cd for TMS are taken from
Ref. [39], and for HMMWV from Ref. [22]. The TST is not on the
market yet and accurate parameter values are not known. Yet, Tesla
has claimed the excellent TST aerodynamic feature, in terms of drag
coefficient, compared to other trucks [40] and provides a value of
0.36 for Cd. As for the vehicle mass, Mveh, in this paper, we consider
the worst case scenario where the vehicle is in fully loaded con-
dition [41]. Finally, for Af we use the same value used for a set of
commercialized trucks (e.g., Mercedes Actros Air, Volvo FH) [42].
Parameters fr and h are assumed to be the same for all vehicles,
whose values are taken from Refs. [35,43].

The driving profiles used in this study consist of constant speed
tests over a fixed mile range (referred to as Range tests), constant
acceleration tests (referred to as Acc test) and realistic driving cycle
tests. For the Range tests, three constant speeds are used, 20, 45 and
70mph, referred to as Range1, Range2 and Range3, respectively, over
a fixed mile range of 370 miles for the TMS and HMMWV, and 500
miles for the TST. The Acc test is a constant acceleration from sta-
tionary condition to 60 mph over 3.7s for TMS and HMMWV, and
20s for TST. The range and acceleration performance specifications
used for the TMS and TST are the ones claimed by Tesla [40,44],
whereas for the HMMWV we assume the same values as for the
TMS.

The US06 and UDDS (Fig. 8) are the realistic driving cycles used
for the evaluation of the TMS and TST. As suggested in Ref. [16], the
strict energy and power requirements derived from the US06 drive
profile can be used to obtain an upper bound for battery size.
Conversely, urban drive cycle - such as UDDS - can be used as a
lower bound for vehicle requirements and battery sizing [45]. To
provide an appropriate estimation of the size of the energy storage
device for the HMMWV used in military application, the Harford
cycle with distance dependent grade characteristics is used in this
work (Fig. 9), [46]. The driving tests are summarized in Table 3 and
the characteristics, in terms their average speed, maximum speed,
average acceleration, and maximum acceleration, average road
grade and maximum road grade are described in Table 4.

In the following, the case of full-electric battery-powered



Fig. 7. Vehicle considered in this work: (a) Tesla model S long range plus (TMS), (b) Tesla Semi truck (TST) and (c) military high mobility multipurpose wheeled vehicle (HMMWV).

Table 2
Vehicle parameter values for each application.

TMS HMMWV TST

Mveh½kg� 2087 5112 36287.39

Af ½m2� 2.34 3.58 9.7

Cd [�] 0.24 0.7 0.36
fr [�] 0.012 0.012 0.012
h [�] 0.8 0.8 0.8

Fig. 8. US06 (red) and UDDS (blue) driving cycles. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Speed and road grade profile of the military Harford driving cycle.
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configuration for the three vehicle applications is discussed. The
hybrid configuration case follows after that.

4.1. Full-electric battery-powered configuration

In the full-electric battery-powered configuration the overall
traction power comes from the battery.5We refer to the required
5 Such a configuration is obtained by properly set the frequency-segmentation
algorithm, as indicated in Table 1.

7

P=E ratio through the notation ðP=EÞB(d,v), where d indicates the
driving profile and v the type of vehicle application. Fig. 10 shows
the ERp diagram with the ðP=EÞBð , ; TMSÞ ratios computed for the
TMS vehicle and for all driving scenarios.

The diagonal lines on the ERp provide information on the C-rate
requested to the battery, i.e. ðP=EÞB. As shown in Fig. 10, the less
demanding cycles are, in order, Range1, Range2, and Range3, whose
discharge rates can be handled by the three LIB chemistry. It is easy
to show that, in the case of constant speed, the ðP=EÞB only depends
on a and the duration of the cycle and not on other vehicle pa-
rameters. As the severity of the driving scenarios increases, the
ðP=EÞB diagonal lines move upwards. All chemistry can still satisfy
the specific energy and power requirements imposed by the cycles.
In particular, the rates of discharge for UDDS and US06 are of
60min and 36min, respectively.

Driving scenarios such as the Harford driving cycle and Acc test
show the limitations of NMC battery to operate at such high C-rates,
given the more demanding ðP=EÞB requirements. The rate of
discharge for the Harford and Acc test is in the order of 4 and 3min,
respectively. NCA can handle these rates of discharge at the price of
a significant decrease of specific energy. From Fig. 3a one can
calculate that the specific energy of NCA cells decreases has the C-
rate goes from C/20 to 5C. In particular, there is a drop in specific
energy from C/20 (256.6 ½Wh=kg�) to 5C (18.2 ½Wh=kg�) of about 90%
at 25 �C. Conversely, LFP can be discharged under these high C-rates
without showing a significant reduction in the retained specific
energy. Under Acc test, NCA cells can only provide two-thirds of
specific energy and specific power when compared to the LFP
cells.A significant cell surface temperature increase occurs when
the cells sustain higher C-rate cycles. As observed in Ref. [27], LFP
cells have higher temperature robustness across all C-rates, as
opposed to NCA and NMC, which, on the other hand, have an in-
crease of internal heat loss proportional to the C-rate at which they
are operated. A possible way to alleviate the electrical and the
thermal stresses on the batteries when operated at high C-rate is to
resort to HESS, where the SCs can handle the high peaks of current.

In the analysis that follows, we compute the overall mass,
Fig. 11a, and energy, Fig. 11b, of the battery pack required to satisfy
different load requirements. We compare the NCA and LFP batteries
over Range2, UDDS, US06, Harford and Acc tests for a ¼ 1. As a
varies between 0.5 and 1, variations in the calculated mass and
energy are also provided. Strong dependency of battery sizing with
respect to vehicle application clearly emerges. The increase in
vehicle weight - from TMS to TST - is reflected on greater mass and
energy requirements to the battery pack, independently of the
selected driving scenario and energy storage type. Moreover, as the
P=E ratio increases - going from Range2 to Acc test - battery sizing
turns out to be more sensitive to variation of a.

Fig. 11a shows that to minimize the required pack weight



Table 3
Driving cycle scenarios - Range tests at different speeds, Acc test, UDDS, US06 and Harford - for each vehicle application.

Driving cycle scenarios TMS HMMWV TST

Constant speed over fixed mile range (Range test) Range1: 20 mph
Range2: 45 mph
Range3: 70 mph

370 miles 370 miles 500 miles

Acceleration 0e60 mph
(Acc test)

3.7 s 3.7 s 20 s

UDDS
US06
Harford

Repeated until 200 miles range reached

Table 4
Driving characteristics of the UDDS, US06 and Harford cycles.

UDDS US06 Harford

Average speed [mph] 19.27 47.4 36.62
Maximum speed [mph] 56.7 80.2 49.9
Average acceleration [m/s2] 0.31 0.65 0.38
Maximum acceleration [m/s2] 1.46 3.24 10.9
Average road grade [%] 0 0 0.14
Maximum road grade [%] 0 0 33.82
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needed to satisfy high energy demanding cycles - Range test, UDDS
and US06 - cell chemistry with improved specific energy perfor-
mance, like NCA, are preferred over LFP, with a resulting weight for
NCA battery pack half of that from LFP pack (for all the three ve-
hicles). Conversely, when higher C-rates of operation are required,
the high specific power chemistry is preferred, both in terms of
overall mass and energy requirements.

As an exception, our analysis shows that for the military Harford
cycle, the NCA and LFP pack design returns the same mass value.
Finally, for the Acc: test, which is on the right hand spectrum of the
cycle aggressiveness scale, LFP is always a better choice than NCA
chemistry across all vehicles.

Simulations conducted over UDDS and US06 are used to pro-
duce bounds on the battery pack sizing. Ranges of estimated NCA
battery pack weight, volume, number of cells and energy for each
vehicle are shown in Table 5.

The actual battery pack of TMS is composed of 7104 NCA cells
(corresponding to a mass of 337.3 kg and volume of 12m3),
544.2 kg total pack weight (including all the pack components) and
Fig. 10. ERp populated with data from NCA, NMC and LFP batteries and SC at 25+C. The ðP=
scenarios for a set to 1. Light blue and green circle markers indicate the intersections of ðP=
references to colour in this figure legend, the reader is referred to the Web version of this
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stores 85 kWh energy [47]. Those numbers are consistent with the
estimated bounds established in this paper and shown in Table 5.
Similar outcome is obtained for TST vehicle, whose actual battery
pack energy is claimed to be approximately 1MWh [48].
4.2. Hybrid configuration

In this section, we analyze the case of hybrid powertrain con-
taining an ICE, a battery pack and a SC pack for the (i) TMS tested
over US06, referred to as Scenario1 and (ii) Military HMMWV tested
over Harford, referred to as Scenario2. The baseline case of each
scenario is given when setting the tunable parameters, fcut;1, fcut;2
and a, as

fcut;1 ¼0:025 Hz ; fcut;2 ¼1 Hz and a¼1; (18)

The corresponding battery and SC pack energy returned from
the segmentation process is indicated with Epack;B and Epack;SC ,
respectively.Fig. 12a and b show the power at the wheel and the
segmented power among the ICE, battery and SC with respect to
time, whereas Figs. 12c and d display the segmented power ob-
tained through fast Fourier transform for Scenario1 and Scenario2,
respectively.

The P=E ratios computed for each storage device and scenarios
are listed in Table 6.

In the case of Scenario1, the calculated ðP=EÞSC value is much
lower - in the order of hours-than the standard SC characteristics
indicating an operating rate significantly longer than what one
EÞB diagonal lines are calculated for the case of TMS vehicle tested over all the driving
EÞB diagonal lines with the NCA and LFP curves, respectively. (For interpretation of the
article.)



Fig. 11. Comparison between NCA and LFP battery pack sizing - in terms of (a) overall weight and (b) energy - for all vehicle applications tested over Range2, UDDS, US06, Harford
and Acc driving scenarios. Each bar is obtained for a ¼ 1 and the variation of mass and energy as a varies from 0.5 to 1 is described by the black error bar. For ease of graphical
representation, the results related to the Harford driving scenario performed with TST are not shown but only summarized here for a ¼ 1: 13:32,103 kg, 3:39, 103 kWh when using
NCA, and 12:89,103 kg and 2:24,103 kWh when using LFP chemistry instead.

Table 5
Range of estimated battery pack weight and volume (when no wiring, sensors and external case are considered), number of cells and energy for each vehicle application using
NCA. The lower bounds are computed by running the UDDS cycle for a ¼ 0:5 and the upper bounds are calculated from the US06 for a ¼ 1.

Vehicle Weight [kg] Volume [m3] Number of cells [�] Energy [kWh]

TMS 273.4e406.4 9.7 , 10�3 - 14.5 , 10�3 5756e8554 69.3e103.2
HMMWV 703.6e1122 24.9 , 10�3 - 39.9 , 10�3 14812e23615 178.6e284.8
TST 4014e5596 155.2 , 10�3 - 211.6 , 10�3 84505e117810 1019e1421
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would typically expect from a SC (in the order of seconds to mi-
nutes). Such a low ðP=EÞSC ratio value is related to the simulation
scenario. In facts, the peaks of power required at the wheel always
occur at low or medium frequencies (up to 0.08 Hz).

On the other hand, under Scenario2 there is a noticeable dif-
ference between ðP=EÞB and ðP=EÞSC . The high frequency content
found in Scenario2 is due to the heavy vehicle weight (almost two
and a half times heavier than TMS) and the aggressive accelerations
on a non-negligible road grade cycle. The high harmonics found in
the power spectrummake the SC the perfect device tomatch such a
ðP=EÞSC . In the ERp of Fig.13a and b, we include a sensitivity analysis
of the P=E ratio for the battery and SC with respect to the cutoff
frequencies, fcut;1 and fcut;2, under Scenario1 and Scenario2. The
ðP=EÞB and ðP=EÞSC are varied from their baseline values - the yellow
and light blue solid diagonal lines, respectively - upon changes to
the segmentation cutoff frequencies between the values of 5, 10�7

Hz and 5,10�1 Hz for fcut;1, and 5,10�3 and 5 Hz for fcut;2.
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As shown in Fig. 13a, the variation in the cutoff frequencies still
show that the ðP=EÞSC from Scenario1 is inconsistent with SC
characteristics. For Scenario2, the values of ðP=EÞB and ðP=EÞSC ob-
tained from the sensitivities analysis (Fig. 13b) show that NCA and
SC characteristics can always match such requirements.

For Scenario1, the low demanded ðP=EÞB ratio calls for a LIB
systemwith high specific energy, such as NMC, Fig. 13awhich holds
a minimum weight battery pack. However, to compare the design
results between the hybrid and the full-electric configuration pre-
sented in the previous section, we consider a battery pack made of
NCA cells. Fig. 14a shows the NCA battery pack energy as a function
of the cutoff frequency fcut;1, for values of a ranging between 0.5 and
1. As described in Table 1, the variation of fcut;1 has an impact on the
degree of vehicle electrification. Reducing fcut;1 yields to a larger
energy pack, whereas for larger fcut;1 the vehicle “approaches” to a
CV configuration. Moreover, a low a corresponds to small pack
energy, resulting in up to 13.5% reduction of the pack energy with



Fig. 12. Power load profile, PW , and its segmentation in low, PW;l , medium, PW;m , and high, PW ;h , frequency components corresponding to ICE, battery and SC, for Scenario1 (a) and
Scenario2 (b), and the corresponding frequency-domain components (c) and (d), respectively.

Table 6
ðP=EÞB and ðP=EÞSC computed for the battery and SC in each scenarios in the hybrid
powertrain case.

Scenario1 Scenario2

US06 TMS Harford, HMMWV

ðP=EÞB [1/h] 2.86 17.43
ðP=EÞSC [1/h] 2.63 54.21

Fig. 13. ERp showing the variation of ðP=EÞB as function of fcut;1 and fcut;2, indicated with a re
to depict the variation of ðP=EÞSC as function of fcut;1 and fcut;2, respectively, for Scenario2. (Fo
the Web version of this article.)
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respect to the baseline case when a ¼ 0:5. For Scenario 2, the sizing
of both battery and SC is addressed. Fig. 14b shows the required
battery and SC pack energy as a function of the cutoff frequency
fcut;1, for a between 0.5 and 1 while fcut;2 is set to its baseline value.
Differently from Scenario1, the P=E ratio is much higher making the
Epack;B strongly dependent on a at low frequencies (up to 35.6%
reduction compared to the baseline value). However, such a
d and orange error bars, respectively, for Scenario1. Blue and purple error bars are used
r interpretation of the references to colour in this figure legend, the reader is referred to



Fig. 14. (a) Scenario1: battery pack energy, Epack;B , as a function of the cutoff frequency
fcut;1. The square gray marker - at fcut;1 ¼ 0 - corresponds to the battery size in the EV
configuration. Scenario2: battery and SC pack energy, Epack;B and Epack;SC , as a function
of the cutoff frequency fcut;1 (b) and fcut;2 (c). Results are showed for a ranging from 0.5
to 1. The battery and SC pack sizes, Epack;B and Epack;SC highlighted with circle yellow
markers.are given for the baseline conditions - fcut;1 ¼ fcut;1, fcut;2 ¼ fcut;2 and a ¼ a.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

6 When fcut;2 tends to zero the storage system is composed by the SC pack in
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dependency is attenuated at higher fcut;1 values. The size of SC is
found to be weakly dependent on fcut;1 (Epack;SC stays bounded
between 9.01 and 9.57 kWh) and a (the variation of Epack;SC with
respect to a never exceeds 6.1%, for all fcut;1 values).

Fig. 14b shows the required battery and SC pack energy as a
function of fcut;2 and a ranging from 0.5 to 1, while fcut;1 is set to its
baseline value. The larger fcut;2, the larger is the battery. The Epack;B
is more sensitive to a for higher fcut;2 (up to 47.2% variation),
conversely, Epack;SC is not sensitive to a as fcut;2 varies (its variation is
limited to 6.25%).

One of the main disadvantages of SCs, besides the high cost, is
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their low volumetric energy. These are the two main factors that
make them a not-market ready solution at large [49]. In the
following analysis, we assess the volume occupied by each device
for the case of Scenario2. We define the percentage relative volume,
h, as the volume of the SC relative to the volume occupied by the
HESS

h¼
 

Vpack;SC

Vpack;B þ Vpack;SC

!
,100: (19)

For the baseline case, SCs account for 17.52% of the overall HESS
volume.

We analyze the volume to each device and the relative volume,
h, as a function of the cutoff frequency fcut;1, Fig. 15a and c, and fcut;2,
Fig. 15b and d. The volume required to each device shows the same
dependence on a that was previously established for the pack en-
ergy, for both cutoff frequencies. Consequently, the relative percent
ratio h decreases as a increases (throughout the whole cutoff fre-
quency range). From Fig. 15c one can see that the SC volume is
increasing for higher values of fcut;1, making up to 60% of the overall
HESS volume for the lowest value of a. From Fig. 15d, strong de-
pendency between the SC volume requirement and fcut;2 is found at
low frequency. Low values of fcut;2 lead to an HESS mostly made
with SCs.6 Conversely, by increasing fcut;2 the value of h decreases
up to 10%.
5. Safety considerations

Battery packs are required to meet several automotive technical
requirements, in addition to satisfy the vehicle power and energy
demand [16]. The battery management system (BMS) controls and
monitors the performance (temperature, current, voltage, isolation,
etc.) of the battery cells during use to guarantee that the battery is
working within its predetermined safety operating region. The
housing of the battery pack is properly designed to be robust to
mechanical stress. The thermal cooling is specifically designed with
a great deal of attention to allow the battery to never experience
high temperature of operation which could lead to thermal
runaway. The battery pack geometry, structural design and position
within the vehicle are all relevant design parameters when inte-
grating the battery pack in the vehicle to ensure safety. Those
design and control decisions that will result in a given battery to-
pology and a properly crafted BMS are taken and developed once
the cell chemistry is chosen [16], as done, for example in Ref. [50]
for an eBus application. Once the chemistry is selected, the pack is
design to meet packaging space constraints, and operating and
safety requirements. For the three LIBs employed in this work,
classification in terms of their specific energy, specific power,
safety, life span and performance, can be provided [51]. For
example, NCA battery is the less safe among the three. Thus, if one
wants to use this chemistry - owing its higher specific energy-
particular attention and care needs to be paid to design a robust
thermal control management unit around it. This is the case of Tesla
Model S, for instance. In our paper, we are proposing a method to
assess what chemistry or device (among LIB and SC) is most suit-
able for a given applications in terms of energy and power char-
acteristics. Then, guaranteeing safety performance as well as
ensuring longer life span of the selected device need to be
accounted for in a later design stage [52e54].
standalone configuration, as previously indicated in Table 1.



Fig. 15. The required volume of each device and the percent relative volume h are represented as a function of the cutoff frequency fcut;1, (a) and (c) and fcut;2, (b) and (d),
respectively, as a ranges from 0.5 to 1. The yellow circle markers indicate the points related to the baseline condition. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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6. Conclusions

The paper presented an integrated design framework intended
for the selection of the most suitable ESS for a targeted vehicle
application, which relies upon the ERp to match vehicle re-
quirements - based on vehicle characteristics and known driving
cycle - with the best suitable storage technology (either in its battery
standalone configuration or HESS). The framework elaborates
vehicle requirements according to the P=E ratio of each powertrain
actuator found using a frequency-based segmentation strategy. The
matching procedure returns not only the chemistry but also the
weight, volume, number of cells and energy of the device. We tested
the proposed framework for full-electric battery-powered and
hybrid vehicle configurations.We found that to minimize the energy
storage sizing requirements needed to satisfy high energy cycles -
Range test, UDDS and US06 - cell with higher specific energy, like
NCA, are preferred over LFP. Simulation results show a pack weight
reduction of 50% when NCA is used as opposed to LFP, irrespective of
the vehicle type. Future investigations aim at expanding the ERp to
account degradation-dependent performance to be used in the
storage design and energy management studies [55,56].
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