%) CHALMERS

UNIVERSITY OF TECHNOLOGY

Battery Cell

il

Connection
between cells

Structural Battery Composites in
Electric Vehicle Design

A Feasibility study

Master’s thesis in Applied Mechanics

Rishab Rangarajan

Department of Industrial and Materials Science
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2018






MASTER’S THESIS 2018:06

Structural Battery Composites in Electric Vehicle
Design

Master Thesis Report

Rishab Rangarajan

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Industrial and Materials Science
Division of Material and Computational Mechanics
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2018



Structural Battery Composites in Electric Vehicle Design
Master Thesis Report
Rishab Rangarajan

© Rishab Rangarajan, 2018.

Supervisor: David Carlstedt, Department of Industrial and Materials Science
Examiner: Leif Asp, Department of Industrial and Materials Science

Master’s Thesis 2018:06

Department of Industrial and Materials Science
Division of Material and Computational Mechanics
Chalmers University of Technology

SE-412 96 Gothenburg

Telephone +46 31 772 1000

Cover: Structural battery composite setup in a vehicle’s structural component
Typeset in IATEX

Printed by [Name of printing company]
Gothenburg, Sweden 2018

iv



Structural Battery Composites in Electric Vehicle Design
Rishab Rangarajan

Department of Industrial and Materials Science

Division of Material and Computational Mechanics
Chalmers University of Technology

Abstract

Multi-functional materials is the new venture for the automotive industry in terms
of light-weighting. However, due to the infancy of this technology the adoption
of these materials still has to be evaluated. A holistic design must be adopted
to e [edtively utilise the multi-functional capabilities of the material unlike current
design methodologies. Currently, the structural and electrical requirements for an
electric vehicle are outlined and evaluated individually. In this research, a framework
for evaluating the feasibility on a holistic level is built. The feasibility is based on the
total driving range of the vehicle as well as the ability to contribute to the structural
integrity of a vehicle.

Keywords:Carbon fibre reinforced plastics, Multifunctional materials, Structural
battery composites, Energy storage, Structural e [ciehcy, Electrical e [ciehcy
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1

Introduction

Industrialisation and urbanisation are key drivers for the automotive market. Due
to the increasing demand for transportation and the increased awareness of the
environmental impact of current technical solutions, there is an increasing concern on
emission levels and carbon footprint. Various strategies are currently being explored
to meet future requirements on environmental impact including alternative fuels,
lighter materials, more e cient vehicles, etc. Two of the most implemented strategies
are electric vehicles and using lighter materials. By reducing the weight of the
structural architecture of the vehicle by using lighter material, it is possible to
further downsize the vehicle components, motors, transmission components, etc.
following the light-weighting spiral illustrated in Figure 1.1

Figure 1.1: Lightweighting spiral for electric vehicles

The potential weight savings are evident in Figure 1.1. Multi-functional materials is
a viable option to gain further momentum on this front. As the name suggests these
materials perform more than a one function. One such category is the structural
power composites. These materials provide structural as well as electrical perfor-
mance. Incorporating these materials in an electric vehicle o ers the possibility to
signi cantly reduce the total weight of the vehicle due to the added functionality
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1. Introduction

of mass less energy storage. Especially when incorporated into the Body-in-white
(BIW) of vehicles.

The structural power composites can be considered equivalent to batteries or capac-
itors. There are various types of structural power composites based on the funtion-
ality of the constituents and the architecture of the composite. The research in this
study focuses only on structural battery composites.

Following the work done by Scholz [1] and Asp and Greenhalgh [2] the current
study evaluates the feasibility and potential bene ts in incorporating structural
battery composites in electric vehicles. In this study this material is perceived to be
incorporated within various components in the structural architecture of the vehicle.

By predicting the weight of the vehicle and the perceived battery capacity the to-
tal vehicle range can be estimated. This gives an insight into adopting a holistic
vehicle design with a constraint on the total vehicle weight as well as the amount
of structural battery composite required to meet a required range. The following
structural analysis gives an overall picture of the structural properties of the vehicle,
the battery distribution and the potential weight savings.

1.1 Structural power composites

This chapter gives a brief overview of the architecture of structural battery com-
posites as discussed by Asp and Greenhalgh [2]. Carbon bre reinforced polymer
(CFRP) composites are mainly used in structural battery composites due to the
high mechanical and electrical capacities of the carbon bres [3]. For the matrix in
the structural battery composite, a bi-continous polymer system is often used where
a liquid electrolyte is combined with a thermoset porous matrix [4]. This combined
solid and liquid polymer matrix is used to provide high structural and electrical per-
formance. The concept of replacing battery constituents with structural components
in structural battery composites is illustrated in Figure 1.2.

There are two concept designs for the structural battery composite, namely:
3D design
2-D laminate design

N



1. Introduction

Figure 1.2: lllustration of the concept of replacing battery constituents with struc-
tural components in structural battery composites [5]

1.1.1 3-D battery design

The 3-D structural battery composite was developed by Asp and co-workers [6, 7,
8, 9]. In the 3D design, the bres act as negative electrodes in the battery cell.
Each of these bres are coated with a thin polymer coating acting as a combined
electrolyte and separator layer. The surrounding polymer matrix is doped with
positive electrode materials (egLiFeP O,4) which acts as the positive electrode in
the battery cell. The setup of a typical 3-D battery is depicted in Figure 1.3.

Figure 1.3: Schematic illustration of the 3-D structural battery composite [2]
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The analysis in this study is performed only for 2-D laminate design which is dis-
cussed in the following section.

1.1.2 2-D Laminate battery design

The 2-D laminated battery concept was rst proposed by Wetzel et.al [10, 11] and
later demonstrated by Ekstedt et al. [12] and Carlstedt et al. [13]. In this archi-
tecture each laminae has a separate function in the battery cell and works as an
electrode, separator, reinforcement, etc. The active materials in the negative elec-
trode lamina in the carbon bres. The bres in the lamina which acts as the positive
electrode is coated with a binder containing positive electrode material, generally
lithium metal oxide (eg.LiFePO,). The coating also contains carbon black particles
to increase conductivity. The separator is added to prevent the electrode to come in
contact and the reinforcement plies are added for protection and increases the me-
chanical performance. The packaging material prevents any moisture from di using
into the battery. This is depicted in Figure 1.4.

Figure 1.4: 2-D laminate layout cross sectional view

1.2 Multi-functional performance

The metrics to determine the performance of multi-functional materials have to be
based on the multiple properties built into the material. For structural battery
composites it has to be a combination of the load bearing capabilities as well as
the battery capacity to store electrical energy. As discussed by O'Brien et. al.
[14], to measure the performance or maturity of a multi-functional material, one
would have to consider the mass of the total system, the electrical e ciency and the

4



1. Introduction

structural e ciency. This is crucial to develop a sound methodology for evaluating
the feasibility of using structural battery composites in electric vehicles.

1.3 Aim and approach

The aim of the study is to evaluate the feasibility and potential bene ts of adopting
structural battery composites in electrical vehicles. To benchmark the performance,
a predictive range model is developed to estimate the range of an electric vehicle
using traditional mono-functional batteries. Then, the range of the same vehicle
Is estimated when the existing mono-functional batteries are replace with compo-
nent made of structural battery composites. By matching the total range of the
benchmark the needed mass of structural battery composite can be estimated. Fol-
lowing this, a structural analysis is performed for a structural component within the
vehicle to determine the structural e ciency of the material.Finally the feasibility

of replacing existing vehicle components with components made out of structural
battery composites is discussed and potential weight savings are estimated.

1.4 Limitations and scope

The electric performance is based on the energy storage capabilities and not the
power delivering capability. Additionally, the internal resistance, discharge charac-
teristics and the Peukert's coe cient are assumed to be similar to that of Li-ion
batteries.

The structural performance is evaluated on a component level rather than for the
whole vehicle. The structural performance is evaluated only for oil canning and no
other loading case.

While there is a need for a holistic vehicle design to e ectively utilise structural
battery composite, the research conducted is based on substituting the materials in
existing components with structural battery composites.

This study does not look at feasibility from a manufacturing perspective.
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Theory

The multi-functional nature of the material requires high interdependence between
the properties in concern. This chapter discusses the background theory used in thr
current study.

The theory discussed draws parallel to the fundamental principles required to analyse
the electrical performance as well as the structural performance. For the electrical
performance, we discuss the requirements from the vehicle and simulate it in real
world situations using a standardised drive cycle. The structural performance de-
pends on the component studied along with the appropriate elastic characteristic
required. Finally, the interaction between the individual performance is linked to
determine the maturity of the structural battery composite presented.

2.1 Range modelling

The range that is predicted is the total distance the vehicle can drive given a total
battery capacity. The range predicted is based on the range model (including the
battery model) and assumed drive cycle. In this the 'New European Drive Cycle'
(NEDC) is used. The drive cycle simulate typical driving characteristics or usage of
a vehicle in Europe.

Based on the drive cycle the tractional power, the depth of discharge (DOD) and
the corresponding distance travelled is calculated.

2.1.1 NEDC drive cycle

The NEDC cycle can be divided into two main parts. The rst being the Urban
drive cycle or 'UDC' (0 1500steps) and the second being the Extra-Urban drive
cycle (1500 2300 depicted in Figure 2.1. The UDC phase simulates typical driving
conditions in European cites. The Extra urban phase simulates a more aggressive
driving style with high speed driving. The overall distance travelled in one drive
cycle is approximatelyl0 km in a total of 1180s with the maximum speed in both
phases beind0 and 120 km/h respectively.



2. Theory

Figure 2.1: NEDC cycle with velocity on the Y-axis and number of time steps (1
step=0.5 s) on the X-axis.

2.1.2 Tractional power

Based on the driving cycle, one can calculate the acceleration of the vehicle. Given
the acceleration and mass of a vehicle, the tractional forc&) can be calculated.
The tractional force is the force applied on the vehicle to accelerate over the given
period of time. This is based on the aerodynamic drad={q), hill climbing force
(Fne), rolling resistance €, ), the force required for linear accelerationK),) and
angular acceleration E ).

Figure 2.2: Tractional force in a moving vehicle

The aerodynamic drag is based on the coe cient of drag of the vehicl€§) and the
frontal area. The hill climbing force is zero as for the the NEDC cycle, as the vehicle
is assumed to travel on a at surface. The rolling resistance is based on the mass
of the vehicle and the coe cient of friction or rolling resistance C,.). To account

for the angular acceleration, a mass factor,) is introduced [16]. Based on the

8



2. Theory

velocity, the vehicle will be accelerating or decelerating. Hence the tractional force,
while decelerating will be the braking force. This force gives the velocity and the
corresponding tractional power P). This is the power delivered to the wheels by
the transmission. This is elaborated in Equations 2.1-2.5.

The aerodynamic drag force is de ned as:

Fad = = Atront  Cy (V VW); (2-1)

where, is the density of air,Asont IS the frontal area,V the vehicle velocity of the
vehicle andV,, is the wind velocity (= 0 for NEDC cycle).

The rolling resistance is de ned as:
Fr =M g Cy cos; (2.2)

where, M is the mass of the vehicle ang is the acceleration due to gravity and
the angle of inclination & 0 for NEDC cycle). The total force due to acceleration
is de ned as:

Fat+Fa=Fn M Acc; (2.3)

whereAcc is the acceleration. Finally, the traction power are de ned as:

Fie = Fag+ Fr + Fpe + Fia + Fia (2-4)
Pe = Fe Vi (2.5)

2.2 Electrical performance

The electrical performance is crucial for determining the feasibility of the structural
battery composite. It is based on the mechanical power required to drive the vehicle.
This mechanical requirement is translated to the electrical energy that has to be
provided by the battery. This is then linked to the battery capacity and the mass of
the battery. There are various factors that need to be considered to determine the
total capacity of the structural battery composite and how this capacity changes as
the vehicle progresses in the NEDC cycle.

2.2.1 Nominal capacity and speci c capacity

The speci ¢ capacity (Ah=kg) of a battery links the total nominal capacity to its
weight. The battery capacity is calculated for one cell and depending on the battery
arrangement the total capacity of the battery pack is determined.

The battery capacity was calculated as in Equation 2.6
Capacity = Neet  (Wee  cen) (2.6)

Where N is the number of cells.



2. Theory

2.2.2 Peukert's law

While the nominal battery capacity indicates the total energy stored in the battery,
the total usable energy is not the same. This depends on the discharge rate of the
battery. For this purpose, the Peukert's law determines the actual capacity of the
battery based on the discharge rate. The relation based on the law is de ned as:

Co=(1% T (2.7)
_ Capacity

|
’ T ’

(2.8)

In Equations 2.7 and 2.8C,, is the Peukert Capacity, T the time for discharge and
k the Peukert coe cient. The Peukert coe cient is specic to battery type. In
general, for Li-ion batteries it is taken as 1 due to the inherent nature of the battery
to heat up during rapid discharge. However, in the research by Omar et. al. [15] it
varies betweenl 1:1.

2.2.3 DOD vs Open circuit voltage

The open circuit voltage €) depends to a high degree on the DOD. The discharge
characteristic of a battery depends on the type of battery [16]. The DOD varies from

0 0:9whereO corresponds to a completely charged battery ar@l9 to a battery that

is 90%discharged. No battery is ever completely discharged especially in automotive
usage. Based on the depth of discharge the open circuit voltage changes. the open
circuit voltage of the structural battery composite battery cell is assumed to be

E=Ns (4 DOD (4 3) (2.9)

Here it is seen that the open circuit voltage ) varies from 4 to 3 as the depth of
discharge varies fronD to 1. In Equation ??, N¢e, is the number of cells connected
in series. This dependency varies for di erent types of batteries.

The typical discharge characteristics for a Li-ion battery used in automotive vehicles
in this research was based on the work done by Omar et al. [15]. The typical
discharge characteristics for a Li-ion battery varying fronB8:7 to 2 for varying rate

of discharge and is depicted in Figure 2.3. This is the characteristics for a battery
with high energy capabilities.

10



2. Theory

Figure 2.3: Discharge characteristics for high energy Li-ion batteries [15]

2.2.4 Charge removed and DOD

The charge removed from the battery is determined by the current provided to drive
the motor of the vehicle. The current () depends on the power provided by the
battery (Ppat), the internal resistance of the battery Ri,) and the open circuit
voltage (E). From the mechanical power, the power that needs to be provided by
the battery can be determined. This power is determined as:

P=V I =(E | Rp) ! Px=E | R I% (2.10)

To meet the power requirements from the motor the power delivered by the battery
needs to be equal to the power required to move the vehicle.

I:)bat = Pte (2 . 11)

On rearranging and solving the quadratic equation 2.10, the current provided by
the battery can be determined as:

p
| = : 2.12
2 Rint ( )

In the case ofE?2 4 Ryx Pe 0, the battery pack is not able to provide the
power required for the vehicle. Based on the current from Equation 2.12, the charge
removed CR) from the battery (for the given change in velocity) and hence the

11



2. Theory

depth of discharge POD) can be calculated as depicted in equations 2.13 and 2.14

t 1k

R = 3600 (2.13)
;DOD = ﬁ: (2.14)
Cp

In Equation 2.13 and 2.14CR is the charge removed for the given current delivered
by the battery and t is the time in which the current is provided. The corresponding
depth of dischargeDOD is based on the charge removed from the peukert capacity
C, [16].

As explained theDOD is the extent to which the battery has been discharge, hence
it is evident that the ratio of the charge removed to the total working capacity
will determine the depth of discharge. When the analysis is performed, this is a
cumulative process. Hence the total charge removed is a summation from previous
time-steps.

2.3 Structural performance

The structural performance of the composite is assessed by estimating the sti-
ness determined based on classical laminate theory (CLT). The composite layup is
assumed to consist of uni-direction laminae stacked on top of each other. The elas-
tic properties of the individual lamina are determined using the micro-mechanical
model's rule of mixtures ROM) and Halpin-Tsai model [17].

The longitudinal Young's modulus E11) and the major Poisson's ratio () is de-
termined by ROM while the transversal Young's modulusg,;) and the longitudinal
shear modulus G;,) is de ned as:

Eu=V' EL+Vv™ EM (2.15)
=V prvmo (2.16)
. !
(Exp= E" w (2.17)
!
1+ Vi
Gp=G6" — ' 2.18
12 1V, (2.18)
0 1
me1
‘with = @Mm___ A (2.19)
M¢ +
Mm

with =1 and 2, and M

In Equations 2.15 - 2.19,Vf and V™ are the volume fractions of the bres and
matrix respectively. Similarly, E™, ™ and G™ are the Young's modulus, Poisson's
ratio and Shear modulus of the matrix. The factor is a factor that depends on the
bre geometry.

E or G for E,, and G;, respectively.

12



2. Theory

While the micro-mechanics is determined, the macro-mechanics of the structural
battery composite is determined using the classical laminate theory. Following the
CLT, the sti ness matrix Q is dependant on the thickness and orientation of each
lamina. For the laminate we have uniform and unidirectional laminae. Following
CLT the sti ness matrix is de ned in Equation 2.20, assuming transverse isotropy
and plane stress

2 3

Eq 12E22 0
1 21 1 E12 21 g
Q = 91 21121121 1 1222 21 0 (220)
0 0 Gio
h i _ .
Aj = (Qy) (he hea) 1=1:26; ] =1;2,6
k=1
(2.21)
1 h_ i
By =5  (Q) (hk hiy) i=1,26 j=1;26
k=1
(2.22)
peh i |
Dy =3 (Q), (e My 1=1,26 =126
k=1
(2.23)

From Equations 2.21-2.23 the A, B and D components depend on the sti ness matrix
de ned with the directional properties of the individual lamina in the co-ordinate
system of the laminate Q = T, 'Q T )Q and the thickness of the laminae . In the
case of a balanced and symmetric laminate B and D components, gives zero. Hence
only the A matrix exists. This is how the mechanical properties of the structural
battery composite is determined.

2.4 Multi-functional performance

The total mass reduction according to O'Brien's model states that:

M M =1 ¢ %) mg. Where ¢+ $>1 (2.24)
Where € is the electrical e ciency and ? is the summation of the structural ef-
ciency of each individual structural component. The e ciencies as mentioned in
the previous section depend on the vehicle range, mass of the vehicle, total capacity
and mass saved. The electrical e ciency is linked to the energy used vs. the energy
available originally. The Equation 2.25 determines the electrical e ciency.

Rsbe M
e — Cshe
o (2.25)
Chat

Where Rgy. and Ry, are the driving range using the corresponding power source
while, Cq,c and Cpy; are the battery capacities.

13



2. Theory

To determine the exact maturity of the material, from a structural perspective,
we determine how much of the material is utilised in the structural architecture of
the vehicle. There will be cases where the total structural battery composite will
be substituted in the components as well as vice versa where we might not have
enough structural battery composite available. Hence, it is important to evaluate
the structural e ciency based on usage. This utilitarian e ciency (Equation 2.26)
will depict the multi-functional utility of the structural battery composite.

: X'm m,

= e 2.26
i=1 Mspc ( )

Hence the total multi-functional performance is the sum of the electrical and the
structural performance de ned as seen in Equation 2.27.

= %+ ° (2.27)

This sum of the e ciencies should be greater than one for the maturity of the
structural battery composite as given by the O'Brien's Model.

14



3

Methodology

The range is predicted using MATLAB. The algorithm and code was compiled based
on the available code developed by Larmine and Lowry [16]. The model calculates
the total range of the vehicle based on assumptions regarding the vehicle mass,
battery characteristics, drive cycle, etc.

3.1 Procedure

The predictive model is initially con gured for the given vehicle using mono-functional
batteries. This helps xing the parameters speci c to the vehicle, namely total depth
of discharge, the power to auxiliary systems, the regenerative ratio, etc. Once the
range is predicted, the con gured model with the same parameters is used to predict
the range for the revised mass of the vehicle and the total capacity on substituting
with structural battery composite. This process is repeated for the various case
studies.

3.2 Algorithm

The predictive model runs a nested loop where the distance travelled is calculated
for every step of the NEDC cycle. This is repeated until the maximum allowed depth
of discharge is reached as depicted in Figure 3.1 (in this study, the maximum DOD
is 0.9). To do this, the data of the drive cycle is loaded and the assumed parameters
for the vehicle and battery are given as inputs speci ¢ for a given model. Following
this, the nested loop runs calculating the tractional power and hence the battery
power. When calculating the battery power, the corresponding current required is
determined. Based on the current, the charge removed for the current time step is
added to the sum total of charge removed from previous time steps giving the total
charge removed. Finally, this translates to the depth of discharge. If the battery
has not reached the maximum allowed depth of discharge the distance travelled is
calculated and the procedure inside the nested loop is repeated for the next velocity
cycle.

15
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