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ABSTRACT

Formula SAE (FSAE) vehicle systems are very complex. Understanding how subsystems effect the
overall vehicle is essential for making design trade-offs. FSAE is a competitive environment. Teams need
to have reliable and high performing vehicles to do well in competition. The Virginia Tech (VT) FSAE
team has produced a prototype electric powertrain (EPT) vehicle, VTM16e, and will take their first EPT
vehicle, VTM17e, to competition in 2017.

The use of model-based design (MBD) for an EPT FSAE vehicle is investigated through this thesis. The
goal of the research is to build the framework of a full vehicle simulation to take knowledge gained from
the VTM16e prototype vehicle, and apply it to the VTM17e competition vehicle.

A top-down, bottom-up approach is taken to build a full vehicle model of an EPT FSAE vehicle. A full
vehicle simulation is built with subsystems to establish an overall structure and subsystem interactions.
Individual subsystems are then focused on for testing and validation. Breaking the vehicle down into
subsystems allows the overall model to be incrementally improved.

The battery subsystem is focused on in this thesis. Extensive testing is performed on the batteries to
characterize their performance. Empirical computer models are generated from data through parameter
estimation techniques. Validation of the battery models is performed and the resulting model is
incorporated into the overall vehicle model. Performance limits of the vehicle are determined through
model exploration, and design modifications to increase the reliability and performance for the VTM17e
vehicle are proposed.
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overall vehicle is essential for making design trade-offs. FSAE is a competitive environment. Teams need
to have reliable and high performing vehicles to do well in competition. The Virginia Tech (VT) FSAE
team has produced a prototype electric powertrain (EPT) vehicle, VTM16e, and will take their first EPT
vehicle, VTM17e, to competition in 2017.

The use of model-based design (MBD) for an EPT FSAE vehicle is investigated through this thesis. The
goal of the research is to build the framework of a full vehicle simulation to take knowledge gained from
the VTM16e prototype vehicle, and apply it to the VTM17e competition vehicle.

A top-down, bottom-up approach is taken to build a full vehicle model of an EPT FSAE vehicle. A full
vehicle simulation is built with subsystems to establish an overall structure and subsystem interactions.
Individual subsystems are then focused on for testing and validation. Breaking the vehicle down into
subsystems allows the overall model to be incrementally improved.

The battery subsystem is focused on in this thesis. Extensive testing is performed on the batteries to
characterize their performance. Empirical computer models are generated from data through parameter
estimation techniques. Validation of the battery models is performed and the resulting model is
incorporated into the overall vehicle model. Performance limits of the vehicle are determined through
model exploration, and design modifications to increase the reliability and performance for the VTM17e
vehicle are proposed.
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1. Introduction

1.1 Research Motivation
Formula SAE (FSAE) is a collegiate design competition sanctioned by the Society of Automotive
Engineers (SAE) International. The objective of the competition is to design and manufacture a single
seat, open-wheel race car, to a set of rules outlined by the SAE. There are many complex interactions to
consider through the development of a vehicle system. The Virginia Tech (VT) FSAE team is developing
an electric powertrain (EPT) vehicle to compete with for the first time in 2017. Many subsystem
interactions and design trade-offs are difficult to understand in the early stages of development. The use
of computer modeling within the FSAE competition is important to boost development time. [1] There is
a large upfront development cost to build a representative model of the vehicle system. However, through
the proper use of model-based design (MBD), once a model is developed, design time, and cost can be
reduced, and overall vehicle performance can be predicted. Model-based design allows the vehicle
designer to efficiently and effectively manipulate and tune parameters of a vehicle and understand how
the overall vehicle system responds.

The endurance event at the FSAE competition is very important. A significant factor to completing and
excelling at the endurance event is having sufficient energy, power, and response. Batteries are the energy
storage system for the VT EPT vehicle. To understand how the batteries will perform on the vehicle, and
to properly size the battery pack, the development of a representative mathematical model of the batteries
is very important. [2]

1.2 Research Hypothesis
This thesis investigates a technique of top-down, bottom-up MBD of a FSAE EPT vehicle. First, the
overall vehicle system is designed and connections between subsystems are established, looking at the
system from the top and creating an overall structure. Independent component level testing and validation
then takes place to improve the accuracy of the overall model. Breaking the system down into its smaller
subsystems allows for easier testing and validation, working at the bottom, fundamental level. The tested
and validated subsystem model is then updated in the overall vehicle model to improve the accuracy. This
method can be continually updated with various subsystem models.

The use of model-based design allows for the overall effects of different variables to be understood. The
construction of a full vehicle model will allow the VT FSAE team to make design decisions for the
development of a competition EPT vehicle. The battery subsystem is believed to be one of the most
important subsystems for the performance and reliability of the FSAE EPT vehicle. The creation of a
representative battery subsystem model will allow for battery design decisions to be made based upon the
effect on the overall vehicle. The use of physical-based modeling of an equivalent electrical circuit will
allow for an effective battery model to be created. Batteries can be characterized through testing the
projected operating range. Parameter estimation of the empirical data will allow for the battery model to
accurately represent the physical batteries. Implementation of the validated battery subsystem model back
into the overall vehicle model will better represent the critical energy response of the electric powertrain
and allow for better informed design decisions of the overall vehicle to be made.

1.3 Goals and Objectives
The overall goal of this thesis is to put in place the framework of an overall vehicle simulation to be used
to make design decisions for the Virginia Tech FSAE team. Specifically, using the knowledge learned
from the VTM16e prototype vehicle to make design decisions about the VTM17e competition vehicle.



The specific objectives of this thesis are outlined below:

1. Generate competitive, yet achievable performance goals for the EPT FSAE vehicle.

2. Create a vehicle model representing the longitudinal dynamics and energy flow of the EPT
FSAE vehicle.

3. Develop a test program for battery characterization. Implement the testing program and
conduct the testing on the actual batteries used under the test program.

4. Characterize the batteries over their projected operating range, to integrate the battery model
into the full-vehicle model.

5. Predict the battery response under projected operating conditions.

6. Make vehicle design recommendations based on the model and the program goals.

1.4 Scope

As there are many different subsystems within a vehicle system, this thesis is limited to focusing on the
battery subsystem. The battery subsystem is, potentially, one of the limiting factors for the performance
and reliability of the FSAE EPT vehicle and therefore was chosen for examination through this thesis.
The VTM16e prototype vehicle was successfully assembled and driven. However, a quantifiable testing
program was not carried out prior to the writing of this thesis. Therefore, all full vehicle conclusions are
strictly based off of simulation results.

1.5 Organization of thesis
This thesis takes the reader through the process of model-based design of an EPT vehicle for FSAE. First,
background information on some of the techniques and important factors discussed in this thesis are laid
out. Secondly, the method for developing the overall vehicle goals is discussed. Next, the overall vehicle
simulation is discussed in moderate detail, outlining some of the important factors of the model.
Component level testing of the battery subsystem is then outlined, including the methodology and setup
used. The method of implementing the empirical data back into the component level model is shown.
Following, the validation of the component level model is presented. Finally, the component model is
integrated back into the overall vehicle system model to understand its effects on the vehicle system as a
whole and design decisions are proposed.



2. Background

The following sections are the basis of what is developed through this thesis and are important to
understand the underlining concepts presented.

2.1 Formula SAE
Formula SAE (FSAE) is a collegiate competition sanctioned by the Society of Automotive Engineers
(SAE) International. The annual FSAE Michigan competition is met with competitors from 120 schools
all across the United States and many other countries around the world. The objective of the competition
is to design and manufacture a single seat, open-wheel race car, to a set of outlined rules by the SAE. At
competition, students are tasked with both static and dynamic events. The competitors are challenged to
“sell” the vehicles to a non-professional weekend racer, justify all the design elements of the vehicle, and
race the vehicle against the other schools in a series of dynamic events. The dynamic events include a
straight-line acceleration event of 75 m, a skid-pad event of approximately 20 m diameter circles, an
autocross event of approximately 1 km, and an endurance and efficiency event of 22 km. The FSAE
vehicles are capable of approximately 1.5 g’s of longitudinal acceleration and 2 g’s of lateral acceleration,
with top speeds around 140 kph. Teams are then awarded points for each of the events and the team with
the most points at the end wins. [3]

The Virginia Tech Motorsports (VTM) team has been competing in the FSAE competition with an
internal combustion engine powered vehicle since 1990. Due to the increase in commercial electric
vehicles, as well as many of the other top tier teams in Europe developing electric vehicles, in 2013
Formula SAE opened up the competition and allowed electrified vehicles to compete. The VT team has
been developing an Electric Powertrain (EPT) race vehicle for three years now. The team is repurposing
the 2012 FSAE combustion vehicle chassis as a platform for the development of a prototype vehicle,
VTM16e. With the successful completion of the VTM16e prototype vehicle, the VT team plans to design
and manufacture both an internal combustion, and an electric vehicle to compete in 2017.

The overall development time of the internal combustion engine vehicle for the VT team has historically
been a two-academic-year cycle; the first of which, is spent researching and designing, and the second is
focused on manufacturing and testing. An accelerated design timeline is necessary due to the inclusion of
a second competition vehicle. Understanding the overall vehicle interactions is necessary for the VT team
to design a reliable and competitive FSAE vehicle. The need for an overall vehicle model, the convenient
scaling, and the availability are the reasons the VTM16e prototype is used as the platform for this thesis.

2.2 Model-Based Design
Model-based design (MBD) encompasses the use of computer models to make design decisions. While
the name may suggest MBD is complicated, engineers have been using MBD for many years even before
the use of Computer Aided Design (CAD) models. These computer models allow the designers to
visualize components in 3D before they are physically created. More importantly, multiple CAD models
can be used in conjunction with each other to see the interactions between parts. The interaction between
different subsystems of a larger overall system is where MBD becomes very advantageous.
Understanding how a single variable may effect a small subsystem can be easy for engineers. The
reaction of the overall system becomes more difficult to be determined if the same subsystem is integrated
into a larger system. Consider for example a spring-mass-damper system, if the damping of the system
was increased by 10%, the response to an input could be easily calculated for the overall system. If
instead, the spring-mass-damper system represented the suspension corner of a vehicle, the response of
the overall vehicle system would be much more difficult to calculate. Model-based design allows for
more efficient and effective use of knowledge and expertise by leveraging other design/modeling efforts
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to explore and improve designs in a shorter time. According to Aarenstrup, [4] Model-Based Design is
founded on eight core concepts;

Executable specification
System-level simulation

What-if analysis

Model elaboration

Virtual prototyping

Continuous test and verification
Automation

Knowledge capture and management.

CONo~wWD PR

Model-based design utilizes a lot of effort up front, but allows for quicker, more informed decisions to be
made.

2.2.2 Physical Modeling
In order for MBD to be effective, a representative model of the system must be created. The main
modeling technigue this thesis focuses on is the use of physical-based modeling. According to Smith [5],
Physical-based modeling derives its roots from bond graphs, and is conducted through the use of physics
equations to model components at their most elementary level. Components are connected together using
lines to transmit power, energy per unit time. This approach allows coupling of physics from multiple
domains, and easier visualization and manipulation of a system level design. Physical components can be
connected in a network rather than a transfer function being derived and represented for the entire system.
Each component is constructed having through and across variables. Through and across variables when
multiplied together develop units of power. The through and across variables are transmitted between
components, where across variables are equivalent in parallel and through variables are equivalent in
series. For example, in the electrical domain, voltage is the across variable and current is the through
variable. Components in parallel have the same voltage across them, while components in series have the
same current through them. Physical-based modeling is especially useful for the models developed in this
thesis because of the ability to easily link multiple domains, such as mechanical, electrical, and thermal.

Throughout this thesis, the models are developed using the Simscape physical-based modeling tools.
Simscape is built on top of Simulink, which is a product of The MathWorks Inc. [6]. Simscape tools have
several elementary components in different domains, which are predefined within the program
parameters. Additionally, Simscape offers its users the option to create custom components. Combining
the use of standard and custom components allows for quick development for the full vehicle, while
allowing the freedom of generating more specific components for more refined models.

2.3 Vehicle Modeling
Vehicles are complicated systems, the correct level of fidelity must be utilized when building a vehicle
model. The correct level of complexity ensures the model solves in a reasonable amount of time while
still capturing the dominant mechanics of the system. Formula SAE teams have limited resources in time,
money, and team members. Additionally, because FSAE is a student project, team member turnaround is
very quick. Therefore, it is necessary simulation models are:

1. Low cost or made in-house.
2. Representative of longitudinal dynamics.

3. Simple to learn and use.



Item 3 is very important. Formula SAE teams are made up of incredibly busy students. A very accurate
simulation needing 4 years of experience to learn and use is of little or no help to the team. By creating in-
house simulations the necessary level of complexity can be implemented.

2.3.1 Track Simulation
To understand the loading of the vehicle, the speed and accelerations experienced by the vehicle need to
be determined. Many commercial automotive simulations are based off of set driving cycles. Common
driving cycles in the automotive industry include specific velocity-time traces, which the Environmental
Protection Agency (EPA) uses to evaluate a vehicle for emissions [7] or the Federal Test Procedure
(FTP75) [8]. The scaling of the commonly used driving cycles is more appropriate for passenger cars, not
a Formula SAE vehicle. To generate representative performance goals for the FSAE vehicle, velocity-
time traces with the correct scaling have to be generated.

Lap-time track simulations are used in all levels of motorsports, from FSAE to Formula 1 [9]. Many
commercial track simulation programs are available on the market with varying degrees of complication
[9]. Due to the three criteria outlined above, a simple simulation model capturing the dominant mechanics
of the vehicle is desired.

The quasi-steady-state (QSS) approach allows for acceptable levels of accuracy while keeping simulation
times down [10]. While other approaches, such as transient models [11] or multi-body dynamics models
[12], may provide more accurate results, the added complexity of the different methods is more difficult
for students to fully use and understand the capabilities of the simulation.

The QSS approach assumes at each time step the forces and moments of the vehicle are balanced, and the
acceleration is constant between each time step. Transient behavior is not taken into account with the QSS
method. The main error occurring between a QSS approach and a transient approach is on corner entry
and exit, where significant transients are present [13].

Track-lap time simulations are good at determining overall vehicle dynamics; however, for the purpose of
simulation time, subsystems are simplified and lumped into forces on the overall vehicle. To fully
evaluate the vehicle, more detailed subsystem models are desired.

2.3.2 Vehicle Subsystem Modeling
The Track Simulation depends heavily on how the track is defined in a given model. To understand the
limiting factors of the vehicle, the energy flow through the vehicle needs to be understood. Having
sufficient energy, as well as keeping components below their maximum operating temperatures is
imperative to finishing the endurance race.

Detailed subsystem models are needed to understand how important states of the vehicle change
throughout the endurance race. The use of subsystems lends itself to a large, multi-disciplinary team such
as the FSAE team. Different team members can work on their respective subsystems independently.

2.4 Battery Modeling
A significant factor to completing and excelling at the endurance run is having sufficient energy, power,
and response from the batteries. To understand how the batteries in the vehicle react throughout an
endurance run, a representative battery model must be constructed. Due to the increase in lithium-ion
battery usage in everything from cell phones to vehicles, many different battery models have been
developed for different applications, from the simplest models of a constant voltage source and internal
resistance, to very complex electrochemical models. For the simulation of a FSAE vehicle a model
meeting the following requirements is desired:



Capable of representing transients.

Capable of representing non-linear effects of battery at different states.
Accurately represents the physical batteries.

Simple in design

APowbdpeE

The batteries interact with the motor and inverter subsystem, to properly capture the dynamics and pulse
power capabilities of the batteries transients are required. Batteries exhibit non-linear behavior at high and
low states-of-charge, to accurately represent the physical batteries, the non-linear behavior of the batteries
needs to be captured. In order to make design decisions about the current vehicle design, an accurate
model of the batteries is necessary.

To meet the requirements listed an equivalent electric model was chosen. Due to the complex nature and
long solving time an electrochemical model was not used [14]. A simple voltage source and internal
resistance model is unable meet requirement 1. An equivalent circuit model using a voltage source, series
resistance and RC branches meets all requirements. [2, 15-17] The equivalent electrical model of a
lithium-ion battery is depicted in Figure 2.1.

R1 R2 Rn
RO
e
Em (_) o c2 Cn

Figure 2.1 Equivalent electrical circuit of a lithium-ion battery.
The equivalent model consists of an open-loop voltage, Em, a series resistance, Roand n RC branches.

2.4.2 Battery Testing
Battery parameters are shown to vary with State-of-Charge (SOC), temperature, and current [2, 14-18].
To understand the effects of all three independent variables, batteries must be tested at various states-of-
charge, temperatures and currents. Typically, to extract the effects of each independent variable
individually the SOC is varied while temperature and current for each test is held constant. [2, 15-17]

To meet requirement 1 of the battery model, transients are required be modeled. When a step input of
current is drawn from the battery the voltage across the battery terminals appears similar to Figure 2.2.
Note, current drawn out of the battery is negative. From this pulse response the dominant mechanics of
the battery can be deduced.



To meet requirement 2, representing the nonlinear effects of a battery, many tests have to be conducted. A
typical plot of open-loop voltage versus State-of-Charge, percentage of charge left in the battery, is shown

in Figure 2.3.
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To represent the curve, sufficient data points have to be taken. Near the top and bottom of SOC of the
battery the behavior is much more nonlinear than in the middle SOC. To properly capture the higher
nonlinearity, test data points are typically biased toward high and low states-of-charge to provide data to
capture the nonlinear response. [15, 16]

2.4.3 Parameter Estimation
Parameter estimation in this research refers to the process of using nonlinear optimization techniques to
estimate the physics-based model parameters to realize a representative semi-empirical model of a
system. A physics-based problem is formed and a nonlinear programing (NLP) optimization formulation
is used to minimize the error between a simulated model and test data. The parameters in the simulation
model are used as the design variables in the optimization, and the error between the simulation and
measured values are used in the objective function.

Parameter estimation is a commonly performed technique to extract important characteristics of test data
to a known model. Typically, the optimization problem is set to minimize sum-squared error (SSE) [19].
Normalization of design variables is good practice for optimizations. Battery parameters are on large
ranging scales, where battery resistances are on the order of 0.001 Q and battery capacitance values are on
the order of 10000 F. By normalizing variables the scales can be brought to values around 1. [20]

The use of parameter estimation for battery model fitting is common [2, 15-17]. Different approaches are
recommended through the literature. Ceraolo [2] uses the parameter estimation approach to populate
polynomial equations describing the battery parameter values as a function of SOC. In a later study Huria
and Ceraolo [17] utilize lookup tables to describe battery parameters as functions of SOC and
temperature. Ahmed [15] and Jackey [16] break the process down into a layered approach. The layered
approach breaks the data into smaller overlapping sections. The estimation process exercises parameter
values at all data surrounding a certain SOC. Both papers, Ahmed and Jackey, begin the optimization
process by estimating parameter values from known test data measurements. Good initial guesses
facilitate faster convergence for optimization algorithms. Ahmed [15] utilizes 1-D lookup tables of
parameter values as a function of SOC. Jackey [16] utilizes 2-D lookup tables of parameter values as a
function of SOC and current.



3. Track Simulation

A representative velocity-time trace is developed for the simulation of the FSAE electric vehicle, to
understand how the vehicle performs under realistic conditions. The Track Simulation, previously
developed for the Formula SAE combustion vehicle, was modified to represent the EPT vehicle.

3.1Inputs
The inputs to the Track Simulation are parameters for the vehicle and a specified track.

3.1.1 Vehicle Parameters
A full list of the vehicle parameters defined in the simulation are tabulated in Table A.1 in Appendix A.
Vehicle parameters are determined four different ways; designed values, measured values, values
estimated from models, or assumed values. Designed values include front and rear track width (Trron,
Trear), and wheel base (L). Measured values include rolling radius of the tires (rrir), and mass of the
vehicle (mcar). Values estimated from models include the vehicle aerodynamic drag coefficient (Cp), and
center-of-gravity height (CG,). Finally, assumed values include the ambient temperature (Tams), and
driveline efficiency (noriveline). The parameter values defined are necessary to represent the dominant
mechanics of the vehicle.

3.1.2 Track Parameters
The track is modeled by a series of straight sections and constant radius corners. Figure 3.1 depicts a
representation of the 2015 Formula SAE Michigan autocross track. The red circles denote the start and
ending points of each straight section. The green square is the starting point, and the red square is the
track finish. The FSAE 2015 Michigan autocross track is 0.81 km. The values of each of the sections are
tabulated in Table A.2 in Appendix A and are mathematically represented by Equation 3.1.

x(s) =x0+dxx*s
y(s) =y0+dyx*s

Equation 3.1 Mathematical representation of the track layout.

3.1)

Figure 3.1 Formula SAE Michigan 2015 autocross track represented for MATLAB simulation.

Figure 3.2 shows a magnified version of the portion of the track in the green ellipse in Figure 3.1,
displaying how complex curvature can be represented with a series of straight sections and constant
radius sections.



Figure 3.2 Magnified image of Formula SAE Michigan 2015 autocross track displaying track construction with the use of
straight sections and constant radius corners.

3.2 Process
The Track Simulation is written in MATLAB code. To determine the dynamics of the vehicle driving
around the track, a quasi-steady-state (QSS) [11] approach is taken. The QSS approach assumes at each
time step the forces and moments of the vehicle are statically balanced and the acceleration is constant
over a time step. The QSS method does not take into account transient behavior.

All simulations are based on the SAE coordinate system with the origin at the center of gravity (CG), seen
in Figure 3.3. The x-direction is the longitudinal direction of the vehicle with positive pointing forward,
the y-direction is the lateral direction of the vehicle with positive pointing to the right, and the z-direction
is the vertical direction with positive pointing down.

Figure 3.3 SAE coordinate system displayed on the Formula SAE vehicle.
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The Track Simulation uses a particle dynamics representation of the vehicle to estimate the position,
velocity and acceleration of the vehicle around the track. At each time step the torque generated by the
motor is determined from a motor torque versus angular velocity curve, as tabulated in Table A.4 and

seen in Figure 3.4
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Figure 3.4 Motor torque and power versus angular velocity.

The motor torque is converted to a wheel torque (Tyneer) USING Equation 3.2.

Twheel = TMotor * GFD * NDriveline

Equation 3.2 Wheel torque calculation.

(3.2)

where Tyot0r 1S the motor torque, {gp is the final drive ratio, and 1piverine 1S the driveline efficiency.

Vehicle drive force (Forive) is then calculated by dividing the wheel torgque by the tire rolling radius
(r¢ire) Using Equation 3.3 which is based on Figure 3.5.

TWheel
E Drive —

Ttire

Equation 3.3 Drive force calculation.

I:XAxIe

Drive
Normal

Figure 3.5 Free-body diagram of a wheel.
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The total force on the vehicle (Fvenicie) is computed by summing the forces in the longitudinal direction
acting on the CG of the vehicle shown in Figure 3.6 resulting in Equation 3.4. Where Fprag and
Froliingresistance re the aerodynamic drag and tire rolling resistance force.

FVehicle = FDrive - FDrag - FRollingResistance (3-4)

Equation 3.4 Vehicle force calculation.

X
FDrive FD"ag ’ 7
== =)
&= =)
Vehicle FRoIIingResistance

Figure 3.6 Free-body diagram of summation of forces in the x-direction of the vehicle.
The longitudinal acceleration of the vehicle is solved for using Newton’s second law, Equation 3.5.

ax = Fyenicle/Mcar (3-5)

Equation 3.5 Longitudinal acceleration calculation.

where mc,, IS the effective mass of the vehicle including the contributions due to rotational inertia of the
driveline.

The longitudinal acceleration of the vehicle is constant over the time step, and is used to calculate the
speed and position of the vehicle as shown in Equation 3.6 and Equation 3.7, respectively.

Vi(m) =Ve(n— 1) + ay(n) = At (3.6)
Equation 3.6 Vehicle speed calculation.
*At2
x(n) =x(n—1) + V,(n) At + % (3.7)
Equation 3.7 Vehicle position calculation.

The vehicle behavior is broken down into rectilinear motion and rotation about a fixed axis. Figure 3.7
shows the particle representation of the vehicle with resultant forces in each direction.
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Figure 3.7 Particle representation of vehicle with resultant forces.
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3.2.1 Rectilinear Motion
The Track Simulator utilizes particle dynamics when calculating the rectilinear motion.

The acceleration limits of the straight-line dynamics are calculated through a rigid body static analysis at
each time step. All forces are assumed to be statically balanced, and the moment around point P in Figure
3.8 is taken to calculate the normal force on the rear tires.

X

Fin ’ Z
m_ *a
car x
*
M 8
CGz
P FVehicIe
¥
F o s® ;
NFront |}« L ||  NRear

Figure 3.8 Free-body diagram for static normal force calculation for vehicle in rectilinear motion.

«

By summing the forces in the Z-direction and taking the moment around P, Equation 3.8 is formed for the

normal force on each of the rear tires.
Mear*Ayx*CGz g*¥Mear*CGy

FL'f
Fyrear = 2ol + > + ; . (3.8)

Equation 3.8 Rear tire normal force calculation under longitudinal acceleration.

where CG is the height of the center of gravity measured from point P, directly below the CG on the
ground. L is the wheel base of the vehicle, g is the acceleration due to gravity, m.,,- is the mass of the
overall vehicle, CG, is the axial location of the center of gravity in terms of percent of wheel base, also
known as the mass distribution, and Fy;. is the overall downforce on the vehicle.

The normal force on the tires is used to calculate the maximum force the driven rear wheels can achieve.
The Track Simulation assumes no slip, if the drive force is greater than the product of the normal force on
the rear tires and the coefficient of friction between the tire tires and the road surface, the drive force is set
to equal the product as shown in Equation 3.9.

(FDrive =2 FNRear * UTire FDrive =2x FNRear * /"Tire) (3 9)
FDrive <2 FNRear * UTire FDrive = FDrL've

Equation 3.9 Drive force limitation calculation.

The drive force is used in Equation 3.4 above to calculate the overall vehicle force.
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3.2.2 Rotation about a Fixed Axis
The Track Simulator utilizes rotation about a fixed axis when calculating the cornering dynamics.

The limits of the vehicle cornering dynamics are calculated through rigid body static analysis at each time
step. All forces are assumed to be balanced, and the moment around point P in Figure 3.9 is taken to
calculate the normal force on the inside and outside tires.

FLift z

m *
C

ar

&=
m_*8 _T

F P F
YOutside ‘ y Yinside

< T >

FNOutside I:Nlnside

Figure 3.9 Free-body diagram for normal force calculation in rotation about a fixed axis.

An iterative process is taken to determine the maximum cornering speed of the vehicle. First, a
conservative speed is assumed and the lateral acceleration is calculated based on the longitudinal speed
and the radius of the corner on the track with Equation 3.10.

Vy?

a, = (3.10)

Tcorner

Equation 3.10 Lateral acceleration calculation.

The normal force on each of the four tires is calculated by assuming all of the moments and forces of the
vehicle are balanced and solving for the reactions at each tire. The calculation for the normal forces on
each tire is given by Equation 3.11- Equation 3.14.
car*(1—CGy)*a,*CG *Meqr*(1—CGy i
Fypy = — Deart7C00)1ay €07 | grmoqy(12CGy) | Frife (3.11)

Trront 2 4

Equation 3.11 Front inside tire normal force calculation under lateral acceleration.

mcar*(l_CGx)*ay*CGZ + g*mcar*(l_CGx) FLift'

F, = 3.12
NFO — . " (3.12)
Equation 3.12 Front outside tire normal force calculation under lateral acceleration.

FNRI _ _ Mear*CGx*ay*CGz + g*Meqr*CGy n FLift (3.13)

TRear 2 4

Equation 3.13 Rear inside tire normal force calculation under lateral acceleration.
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Meqr*CGy*ay*CGz *Meqr*CG FlLift
y + g*Mear*Chy + f (314)
Trear 2 4

Fyro =
Equation 3.14 Rear outside tire normal force calculation under lateral acceleration.

where Tgpone and Treqr are the front and rear track widths.
The speed is iteratively increased until one of two things occur:

1. The normal force on one of the tires becomes less than or equal to 0
2. The maximum lateral force calculated with Equation 3.15 is less than a,, * m

E, = prire * (Fyrr + Fyro + Fyri + Fygro) (3.15)

Equation 3.15 Maximum lateral force calculation.

The speed at which one of the two criteria are met determines the maximum cornering speed. The
maximum cornering speed is set as the vehicle speed for the distance of the corner.

3.3 Assumptions
Assumptions made in the track simulation are developed to keep the basic model representative while
simplifying the calculations and making a more usable tool. The assumptions are as follows:

1. QSS, the vehicle dynamics are calculated as steady-state values, no transients are calculated

2. Constant coefficient of friction, ur;-., of 1.5 between the tires and the ground based on the
assumption of a maximum of 1.5g’s of lateral acceleration.

3. The tires are always in full contact with the ground and are not slipping.

4. If the longitudinal force at the wheels is greater than the normal force multiplied by the
coefficient of friction, then the resulting longitudinal force is taken as the normal force multiplied
by the coefficient of friction.

5. The vehicle can achieve lateral forces as well as longitudinal forces while cornering. This
assumption takes the “traction circle” and makes a “traction square”. This assumption is due to
lack of data to predict the “traction circle”. [21]

6. When the vehicle is in a straight, the driver uses a “bang-bang” control law [22]. The accelerator
is either fully pressed or the brake is fully pressed.

7. When the vehicle is in a corner, where there is a maximum steady-state velocity the vehicle can
achieve, the driver will accelerate until the maximum cornering velocity is achieved and held
constant until the exit of the corner or it is necessary to brake to achieve the maximum velocity of
the next corner.

This simulation takes into account only the dynamics of the vehicle and does not take into account the
energy or power limits due to the batteries. The Simscape Vehicle model, as discussed in Chapter 4, was
developed to refine the model and understand the limitations of the vehicle due to energy and power
capabilities.

3.4 Output
The track simulation outputs the velocity as a function of time seen in Figure 3.10.

15



ED T T T T T T T
18 Iu] i
er | | ."|| |
14 j Ii|| | I.'Il I{ 1 ,1 I.!I | Inl—
W I | | 1 | [ U f | f f 'I I f [
% 12r lllh 1 |J| |1 f 1 ||1| |I | | I'r'-1' | || d L || f | |I |1 'I] 'Jl |1 |I 1
= | |I . 'I |I | | |I f | II| |I 'I | |I |I 'I 'I ! J\II
gor [P L R W
2 4l | |.1 [ UYL it / .
= ¢ |I Uy . Lll d |I 'IJI I_'
6| : :
4t -
2 ?' T
D 1 1 1 i i i i
0 10 20 30 40 50 G0 7o 80
Time (s)

Figure 3.10 Velocity as a function of time for one lap of the 2015 Formula SAE Michigan autocross track, output from the Track
Simulation.

The velocity-time trace generated by the Track Simulation is input into the Simscape Vehicle model. A
flow diagram in Figure 3.11 describes the process.

?j‘ Vehicle Parameters
Driver Simscape

sn;rj S;or V(t) Controls V(t) D(t) Vehicle

Code Model

Figure 3.11 Data flow diagram of vehicle simulations.

The Track Simulator takes a track and vehicle parameters as inputs and outputs velocity as a function of
time. The Driver Controls Code takes the velocity-time data and creates corresponding driver controls as
a function of time (D(t)). The velocity and driver controls, both as a function of time, are input into the

Simscape Vehicle model.

3.5 Driver Controls Code
The velocity-time trace output from the Track Simulation is input into the Driver Controls Code. The

driver controls are created based on an event. Due to the QSS, and bang-bang assumptions, there are no
transients, and the car changes from full acceleration to full deceleration over one time step. Events are
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determined from acceleration changes. If the acceleration changes from a positive value or zero to a
negative value, a brake event is recorded. If the acceleration changes from a negative or zero value to a
positive value, an acceleration event is recorded. Finally, if the acceleration changes from a positive or

negative value to a value of zero, a cornering event is recorded. Event changes are marked with red circles
in Figure 3.12.
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Figure 3.12 Velocity as a function of time for beginning of Formula SAE Michigan 2015 autocross Track with event changes
marked in red circles.

1. Green line: Full acceleration.

From the three different events, three different driver controls are determined and shown in Figure 3.13.
2. Red line: Full braking.

3. Yellow Line: Constant velocity cornering.
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Figure 3.13 Velocity as a function of time for beginning of Formula SAE Michigan 2015 autocross Track colored to identify
different driver control sections.

Accelerator and brake pedal driver controls are created corresponding to each of the three sections,
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acceleration, braking, and constant velocity seen in Figure 3.14.
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Figure 3.14 Driver control signals for beginning of Formula SAE Michigan 2015 autocross Track.
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The driver controls created in the Driver Controls Code are input to the Simscape Vehicle simulation. The
driver control signals are created as a starting point for the driver controller in the Simscape Vehicle
model and are adjusted throughout the simulation, as discussed in section 4.2. The Track Simulation
assumes the tires do not slip, the Simscape Vehicle model allows for tire slip. Due to the lack of a traction
control system, considerations are taken to ensure the Simscape Vehicle model does not spin or lock the
tires. During acceleration events the driver acceleration pedal signal is set to 80% of the full pedal
depression. The value of 80% allows the vehicle to start accelerating without spinning the tires. During
braking events the brake pedal signal is set to 90% of the full pedal depression. The value of 90% allows
the vehicle to start decelerating without locking the brakes. Finally, during constant velocity cornering
events the acceleration pedal signal is set to 18%. The Track Simulation assumes the vehicle force is zero
while cornering, allowing for a constant velocity. To overcome the forces of aerodynamic drag and
rolling resistance, as shown in Equation 3.3 above, the drive force must be a positive value. The velocity
and driver signals as a function of time are output from the Driver Controls Code and input into the
Simscape Vehicle model.
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4. Simscape Vehicle Model

The Simscape Vehicle model was built using physical-based modeling. The use of physical-based
modeling is inherently based in energy, modeling the vehicle system to understand the power flow
throughout the vehicle naturally lends itself to physics modeling. Physical-based modeling is intuitive to
learn because modeling involves connecting physical components within a network. The model
developed in this thesis will be further developed by the undergraduate students working on the VT FSAE
team. The use of physical-based modeling is much easier for students to conceptualize rather than looking
at transfer functions and mathematics. Understanding of the electric powertrain vehicle is only possible if
multiple domains are connected together. Physical-based modeling allows for easy interaction between
electrical, thermal and mechanical systems.

A simple conceptual diagram of the Simscape Vehicle model is displayed in Figure 4.1. The inputs to the
Simscape Vehicle model are tabulated in Table 4.1. The inputs include a goal velocity from the Track
Simulation, and driver controls corresponding to the goal velocity. The parameters used in the Simscape
Vehicle model are broken down by subsystem, as shown in Appendix B. The outputs from the model are
the state variables, including simulated vehicle velocity, battery State-of-Charge, battery temperature, etc.

Table 4.1 Simscape Vehicle model inputs.

Input | Units | Source Description

tsV m/s Track Simulation Goal vehicle velocity

tsG 1 Driver Controls Code | Driver Accelerator Signal

tsB 1 Driver Controls Code | Driver Brake Signal

tsS 1 Driver Controls Code | Driver Steering Signal

Vehicle Parameters
@ (m, CG. Batterv Parameters)

Inputs: from Track Simulation Outputs: State Variables
(Vgoa, Driver Signals) Simscape Vehicle (Vsm, SOC, T)

—) Model —)

Figure 4.1 Conceptual diagram of Simscape model showing inputs, and examples of outputs and parameters.

The overall Simscape Vehicle model is shown in Figure 4.2 and is broken down into subsystems for
organization and modularity. Subsystems allow for multiple components to be worked on simultaneously
without interfering with each other. Additionally, subsystems can be independently tested and validated
then implemented back into the overall vehicle model.
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Figure 4.2 Overall Simscape Vehicle model.

4.1 Track Subsystem
The Track Subsystem is used as the input to the simulation. The structure of the subsystem can be seen in
Figure 4.3. The values of tsV, tsG, tsB, and tsS, taken from the MATLAB base workspace, are time-series
data types generated from the Driver Controls Code described in Chapter 3. The signal tsV is the goal
vehicle velocity over time throughout the track in m/s. The signal tsG is the accelerator pedal driver
signal, which is a value from 0 to 1, representing the amount the accelerator pedal is depressed.
Subsequently, tsB is the Brake pedal driver signal, which is also a value from 0 to 1, representing the
amount the brake pedal is depressed. Finally, tsS is the steering driver signal, currently with this version
of the Simscape Vehicle model only longitudinal dynamics are modeled, this signal is O at all time, and is
included in the model for future development. For more understanding of how the input signals are
generated, refer to Chapter 3.
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Figure 4.3 Track Subsystem: Track velocity and driver control signals input into the Simscape Vehicle model.

4.2 Driver Subsystem
The driver subsystem is structured to allow for future overall vehicle validation. The structure allows for
test data from recorded driver controls and vehicle velocity to be implemented into the model to compare
test data to the simulation data. Figure 4.4 shows the overall structure of the subsystem, the driver signals
and track velocity are currently from simulation models, but can be substituted with vehicle test data.

Accelerator

Driver Signal ————{_ 1 )
@ W Brake Driver Signal

Driver Signals

Steering Angle
L1} I Vehicle Velooty
Vehicle Velodty Square Error f—— | I:l
(2} p{ Track Velocity Error

Track Velocity

Diriver Correction

Figure 4.4 Driver Subsystem: Driver signals, track velocity and simulated vehicle velocity input. Adjusted driver signals, and
square error output.

Figure 4.5 shows how the driver subsystem “drives,” or controls, the longitudinal dynamics of the vehicle
and is constructed with two proportional integral (PI) controllers, one for acceleration and one for
braking.

The input into the driver is the desired vehicle velocity based on the overall vehicle goals for a certain
track, and the current simulated vehicle velocity. The error between the desired velocity and the current
velocity are computed and input into the PI controllers. Based on the derivative of the goal velocity,
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whether greater or less than -0.2 m/s”2 either the accelerator or brake PI controller will be activated. The -
0.2 m/s"2 value is because the vehicle may be decelerating slightly in a corner, but the driver still needs to
be on the accelerator pedal.
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Figure 4.5 Driver Model: Two PI controllers control accelerator and brake pedal driver controls.

When the vehicle is accelerating, the accelerator pedal signal is initial set at 80% from the Driver Controls
Code. The accelerator controller adjusts the pedal percentage to attempt to achieve the desired vehicle
velocity. If the accelerator pedal is initially set to 100% the vehicle has a chance of spinning the tires. The
Simscape Vehicle model lacks traction control logic. If the tires of the vehicle were to spin, the driver
controller would only attempt to increase the pedal depression. Setting the initial pedal depression below
100% helps keep the tires from spinning. When the vehicle is driving through a corner at constant
velocity, the accelerator is initially set to 30% to overcome drag forces. Similarly to the accelerator pedal,
while the vehicle is decelerating the brake signal is initially set at 90%. If the brake pedal is initially set to
100% the vehicle has a chance of locking the wheels, and subsequently attempts to increase the brake
pedal depression. Wheel lock and tire spin are described further in section 4.3. Saturation blocks are
implemented in the simulation to only allow brake and accelerator pedals to be values from 0 to 1. The
driver model has an assertion block implemented in it. The assertion block is included to evaluate the
design against the goal. If the square error becomes larger than the allowable square error at any point
throughout a simulation run, an error occurs. The assertion is included to more efficiently allow for an
optimization loop was to be placed around the Simscape Vehicle model. The assertion will evaluate a
design throughout a simulation run and stop the simulation from completing if a design does not meet the
goal.

4.3 Tires
The tires convert the rotational motion from the powertrain to translational motion of the vehicle. The tire
models are important because the reference of the simulation is the translational velocity of the vehicle.
The tire models in the Simscape Vehicle model are standard Simscape blocks, which employ the Pacejka
magic formula as seen in Figure 4.6.
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Figure 4.6 Tire Subsystem: Standard SimDriveline component, normal force and torque input, slip and translational force
output.

The Simscape block takes in the normal force on the tire and calculates the longitudinal force using the
magic formula Equation 4.1 [23].

E. = Fy*D % sin(C * arctan(B xk —FE x (B *k —arctan(B * k)))) 4.1
Equation 4.1 Pacejka magic formula for longitudinal force of a tire.

where Fx is the longitudinal force of the tire, Fyis the normal force on the tire, B, C, D and E are the
magic formula coefficients and k is the slip ratio calculated by Equation 4.2 [6].

_ TTire*w—Vx
k= T (4.2)

Equation 4.2 Slip ratio calculation.

where rrire is the rolling radius of the tire, w is the angular velocity of the tire, and Vy is the longitudinal
velocity of the vehicle. If the tire is in perfect contact with the ground resulting in no slipping, rrie * @ =
Vy therefore, the slip ratio, k = 0. Wheel spin occurs when the torque applied is greater than the maximum
longitudinal force the tire is capable of sustaining, causing rr;. * w > Vy, and k > 0. Wheel lock
occurs when the brake force causes w = 0, therefore k = -1.

The VT FSAE team uses 6.0/18.0-10 LCO Hoosier 41100 tires. The VT FSAE team is part of a tire test
consortium, through this partnership, Calspan has tested the tires on their test machine. Data from
Calspan was used to develop the magic formula coefficients, B, C, and E. Due to the privacy agreement
between the Virginia Tech Motorsports team and Calspan, no results are displayed in this thesis. The tires
are tested at many different inflation pressures, inclination angles, and normal loading. For the purpose of
this simulation, the inflation pressure is constant at 83 kPa (12 psi) and the inclination angle is 0°. To
obtain a single value for each of the coefficients, test data from normal loading of 667 to 1110 N (150 to
250 lbs) was normalized by the respective normal loading and coefficient of friction [24] using Equation
4.3.

Fo— fx
Fy = (4.3)

Equation 4.3 Normalized longitudinal force calculation.

Three datasets, with normal force of 667 N, 890 N and 1110 N were normalized and combined resulting
in Figure 4.7.
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Figure 4.7 Normalized longitudinal force as a function of slip ratio.

Curve fitting on the normalized data using Equation 4.4 was performed to obtain the B, C, and E
coefficients of the magic formula.

y = sin(C * arctan(B xx — E * (B * x — arctan(B * x)))) (4.4)
Equation 4.4 Equation used to determine magic formula coefficients of empirical data.

The resulting curve fit is shown in Figure 4.8. The fit shows a negative bias in the residuals. The negative
bias is due to the tire having a larger peak longitudinal force for braking than for acceleration. The model
applied to the tire data assumes the tire has symmetric performance under braking and acceleration. The
Signal-to-Noise Ratio (SNR) for the data is 22. The large amount of noise in the data is due to the
variation in normal load when testing. Future refinement of the tire model is needed.
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Normalized Data
== lagic Formula

Figure 4.8 Normalized longitudinal force as a function of slip ratio and Pacejka magic formula curve fit.

The D coefficient relates to the peak of the longitudinal force curve and depends on the coefficient of
friction between the tires and the road. The coefficient of friction varies from surface to surface and is
currently unknown to the VT team. A value of 1.5 was assumed for D.

The tire model was evaluated against different datasets, as seen in Figure 4.9.
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Figure 4.9 Longitudinal force as a function of slip ratio for three normal loadings, and Pacejka magic formula fit.
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The tire longitudinal force can be represented as a surface versus normal force and slip ratio as seen in
Figure 4.10.

Figure 4.10 Tire longitudinal force versus normal loading and slip ratio.

The coefficient of friction of the tires should be tested to improve the accuracy of the overall model.
Having coefficient of friction data for the tires will allow the team to understand maximum accelerations
the vehicle can achieve.
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4.4 Brakes

The brake subsystem converts the brake driver control into a braking force on the vehicle and is seen in
Figure 4.11.
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Figure 4.11 Brake Subsystem: Driver controls converted into a force on the brake rotor and heat is generated from brakes.

The signal from the driver is input into the subsystem and converted to a physical signal. The brake signal
is a value from 0 to 1 corresponding to 0 to 100% pedal depression. Inside the custom made brake
Simscape block, the percent of pedal pressed is converted linearly into an amount of force on the brake
rotor from the caliper with Equation 4.5.

FFCaliper = tSB * Fpmaxprake (4.5)

Equation 4.5 Front brake caliper clamping force calculation.

where tsB is the brake signal, and Femaxsrake is the maximum force of the front caliper. The front brake
torque is calculated by Equation 4.6.
TFBrake = _FFCaliper * UFBrake * TFBrake * Sign(wFBrake) (4-6)

Equation 4.6 Front brake torque calculation.
where upgrake 1S the coefficient of friction between the front brake pads and rotors, rrg,qke 1S the
effective radius of the front brakes, and sign(w) is the direction of angular velocity. The coefficient of

friction between the brake pad and the brake rotor, as well as the effective radius where the force acts are
parameters obtained from specifications of the 2012 VT FSAE combustion vehicle, VTM12c.

The brake model allows for heat generation from the brakes. The kinetic energy of the vehicle is turned
into heat energy, as described through Equation 4.7.
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QrBrake = Prerake = TFBrake WFBrake (4-7)

Equation 4.7 Front brake temperature calculation.

The heat generated from the brakes is input into a lumped capacity thermal model of the brakes, as seen in
Figure 4.12 and Equation 4.8.
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Figure 4.12 Brake Thermal Model: Heat input from brake model temperature calculated from lumped capacity model.

AdTFBrake — QFBrake—MBrake *AFRotor(TFBrake _TAmb)
dt

(4.8)

MpRotor*CPRotor
Equation 4.8 Brake temperature calculation.
The brake temperature is important because the coefficient of friction between the rotors and the brake
pads change with temperature. Brake pads are most effective at designed operating temperatures. In future

iterations of the Simscape Vehicle model the temperature calculated could be input back into the brake
model to understand how braking performance changes throughout a race.
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4.5 Aero
The aero subsystem calculates the aerodynamic forces on the vehicle. The layout of the aero subsystem is
shown in Figure 4.13.
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Figure 4.13 Aero Subsystem: Aerodynamic forces calculated and applied to the chassis.
The lift and drag forces are calculated with Equation 4.9 and Equation 4.10.
_1 2
Frire = 2>t<CL * Ap % p* Vy (4.9)
Equation 4.9 Aerodynamic lift force calculation.
Forag =5 % Co * Ap = p x Vy’ (4.10)
2
Equation 4.10 Aerodynamic drag force calculation.

where CLand Cp are aerodynamic lift and drag coefficients, respectively, At is the frontal area of the
vehicle, p is the density of air, and Vx is the longitudinal velocity of the vehicle. The aerodynamic
coefficients and frontal area are estimated values based on a computational fluid dynamics model of the
2016 VT combustion car, VTM16c, without any wings or diffuser on the vehicle.
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4.6 Chassis
The chassis subsystem connects the other subsystems together and calculates the normal force on each
tire. The chassis subsystem layout is shown in Figure 4.14. The top-left section is connecting the
mechanical rotation components for each corner to the chassis, for example the brakes. The top-right
section is connecting the mechanical translation components to the chassis. The lower section is
calculating the longitudinal load transfer.
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!

Longitudinal Load Transfer

Figure 4.14 Chassis Subsystem: Connects vehicle subsytems and calculates tire normal force from longitudinal weight transfer.

The normal force on each rear tire is calculated with Equation 4.11. Derived from Figure 3.8.

_ (FLift/Z+mTotal*g*CGX+mTotal*ax*CGz/L)

Furear = . (4.11)

Equation 4.11 Rear tire normal force calculation.

where Fi is the aerodynamic lift on the overall vehicle, mrow is the total mass of the vehicle, g is the
gravitational constant, CGx is the proportion of the weight from front to rear, ax is the longitudinal
acceleration, CG; is the center of gravity height, and L is the wheel base.

The assumptions associated with this calculation are:

1. The aerodynamic lift acts equally on each tire
2. The center of gravity does not move with weight transfer
3. The total mass of the vehicle is involved in weight transfer
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4.7 Powertrain subsystem
The powertrain subsystem was developed as a variant subsystem. A variant subsystem in Simulink allows
multiple subsystems to be interchanged by just changing a single variable. The powertrain subsystem was
chosen to be a variant subsystem due to two car the structure of the VT FSAE team. The VT FSAE team
has both combustion and electric powered vehicles. Despite having different components, the interaction
of the powertrains with the other subsystems are identical as seen in Figure 4.15. Due to the focus of
thesis on the electric vehicle, the combustion powertrain subsystem variant is not to be described in detail
and is only shown for completeness.

Cr ) | o
Driver Driveline
! 4
Driver Driveline p
{20 Chassis Ambient p (3 >
Chassis EPT Ambient

Figure 4.15 Powertrain Variant Subsystem: Combustion engine and electric powertrain subsystem variants showing a similar
structure.

The electric powertrain consists of a battery subsystem, a battery management system (BMS), a master
controller subsystem, low voltage subsystem, and a motor and inverter subsystem as seen in Figure 4.16.
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Figure 4.16 Electric Powertrain Subsystem: Includes Battery Management System, Battery, Master Controller, Low Voltage, and
Invertor and Motor Subsystems.

Due to the focus of this thesis, Section 4.8 will be dedicated to the development of the battery subsystem.
Currently the low voltage subsystem only serves a place holder, but will be updated once the prototype
car is running and the power draw of the low voltage system is tested and understood.
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4.7.1 Battery Management System
The Battery Management System (BMS) monitors, and sets limits to protect the batteries. The BMS
measures the voltage of batteries and sends a current limit to the master controller as seen in Figure 4.17.
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Figure 4.17 Battery Management System: Measurements from battery subsystem input and current limits output to the master
controller.
The BMS restricts the closed loop voltage of each battery cell to 2.5 V. The current is calculated by
equation.

V(t)-2.5%S

Injax(t) = +I(t) (4.12)

Rint
Equation 4.12 BMS maximum discharge current calculation.
where V is the pack voltage, S is the number of battery cells in series, Rin is the internal resistance of the

battery pack, and I is the battery current. The value of Ivax is output to the master controller. The BMS
also calculates the charge limits, where limits are set to keep the voltage of each cell below 4.2 V.

The BMS subsystem includes an assertion for the battery temperature. Similar to the assertion used in the
driver subsystem, if the temperature of the battery exceeds 50 °C an error occurs which stops the

simulation.
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4.7.2 Master Controller
The Master Controller is used to take in the inputs from the driver and the BMS and send a command to
the inverter, as seen in Figure 4.18.
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Figure 4.18 Master Controller Subsystem: Inputs driver signals, current limits. Outputs current commanded to inverter.

The master controller linearly converts the input from the driver controller into a current command from O
to 550 amps, which is the current limit of the inverter. The controller compares the driver commanded
signal to the BMS current limit. If the commanded signal is greater than the BMS current limit, the
Master Controller outputs the current limited signal to the inverter as seen in Equation 4.13.

(ICommand = ILimit ICommand = ILimit ) (4_ 13)

ICommand < ILimit ICommand = ICommand

Equation 4.13 Master controller current limit logic.

The master controller follows a calculation similar to Equation 4.13 with charge limits as well. Due to the
lack of data on charging the batteries, and the team’s lack of regenerative braking algorithms, the model
does not simulate regenerative braking.

Battery State-of-Charge (SOC), battery temperature, steering signal, motor speed and motor temperature
are also inputs into the master controller, and currently do not affect the output. These inputs are included
for future development of the model. The master controller on the actual vehicle has the capability to
make changes due to these factors. The current iteration of the controller code does not utilize these
capabilities.

4.7.3 Motor and Inverter Subsystem
Due to the scaling of the Simscape Vehicle model the motor and inverter are modeled together. The
physical motor on the FSAE vehicle is a three-phase AC motor. Due to the lack of data on the motor, the
complex nature of the inverter algorithms, and the high frequency switching of the inverter, the system is
modeled as a DC motor. Figure 4.19 shows the overall Motor Inverter subsystem.
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Figure 4.19 Motor/Inverter Subsystem: Acts as a DC motor and current source.
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Maotor Temp

Figure 4.20 is the subsystem inside the red box of Figure 4.19 and shows the architecture inside the
inverter. The commanded current from the master controller is input to the motor power.
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Figure 4.20 Inverter subsystem: Current command input, motor power, and battery current calculated.

To Workspace Conversions

The subsystem in the red box in Figure 4.20 is expanded in Figure 4.21. To power the motor, the
commanded current from the controller is the input to a current source. The voltage from the battery is
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used as the input to a voltage source. The motor voltage, which changes with motor speed, is measured
and output to calculate motor power.
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Figure 4.21 Motor Power: Commanded current and battery voltage input, motor voltage output.

The inverter subsystem simulates a pulse width modulated signal. To obtain the current drawn from the
battery, and assuming no energy is stored in the inverter, conservation of energy is utilized. Equation 4.14
is used to calculate the current drawn from the batteries and is representative of the subsystem in the blue
box in Figure 4.20.

_ Vimotor*Imotor
Ipattery = v N (4.14)
Battery *€Inverter

Equation 4.14 Battery current calculation, used to convert motor power to battery current draw.

Where Iggitery IS the current drawn from the battery, ep,percer IS the inverter efficiency, Vioror IS the
motor voltage, I,o¢or is the commanded current to the motor, and Vigq.cery IS the battery voltage. The
value of g;,,erter 1S 1, and is in place for when testing on the inverter is completed.

The value of Igg¢tery is input into the battery current draw subsystem seen in Figure 4.22 which is the
subsystem in the green box in Figure 4.20.
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The motor Simscape block, as seen in Figure 4.23 is a custom made block.
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Figure 4.23 Motor custom Simscape block: Simulates a DC motor with heat generation and efficiency.

The motor was created to simulate a simplified version of the motor the FSAE team is using outlined by
Equation 4.15 and Equation 4.16.

Tmotor = K * Imotor * EMotor (4.15)
Equation 4.15 Motor torque calculation.

Wyotor = K * Vmotor (4’-16)

Equation 4.16 Motor rotational velocity calculation.

where 7 is the motor torque, o is the angular velocity, K is the motor constant, and ¢ is the motor
efficiency. The parameters for the motor, shown in Appendix B are from the data sheet on the motor as
seen in Appendix D. The motor efficiency is based on the rotational speed and torque. The energy from
the efficiency loss is heat generation based on Equation 4.17.

Qmotor = Prossmotor = Imotor * Vmotor * (1 - gMotor) (4'-17)

Equation 4.17 Motor heat generation calculation.
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The motor thermal subsystem is shown in Figure 4.24.
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Figure 4.24 Motor Thermal Model: Power from efficiency loss is input as heat. Temperatures measured at various points.

Power from the efficiency loss from the motor is input into the subsystem as a heat source. Simple
lumped mass systems are used to represent the heat flow through the motor. An assertion is placed on the
internal temperature of the motor. This assertion block is put in place to evaluate the design. If the internal
temperature of the motor becomes larger than the allowable maximum temperature at any point
throughout a simulation run, an error occurs stopping the simulation. The assertion will stop the
simulation from completing when exceeding a constraint, and the design will be rejected. All parameters
in the motor thermal subsystem model are assumed values from [25] or estimated from motor CAD

models.

As described in the future considerations section in Chapter 9, once overall system data is obtained, the
decision of modeling the inverter and motor together will be reevaluated.

4.8 Battery
The batteries modeled in this thesis are based on AESC E5 batteries from a first generation Nissan Leaf.
The batteries are LiMn,O4 cells with 33.1 Ah capacity and nominal voltage of 3.8 V [26]. When a step
input of current is drawn from the battery, the voltage across the battery terminals looks similar to Figure
4.25. From this pulse response the dominant mechanics of the battery can be deduced.
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Figure 4.25 Typical battery voltage reaction to current input.

4.8.1 Equivalent Circuit
The equivalent electrical model of a lithium-ion battery is depicted in Figure 4.26.

R1 R2 Rn

Em

(D
U

C1 c2 Cn

Figure 4.26 Equivalent electrical circuit of a lithium-ion battery.

The equivalent model consists of an open-loop voltage, Em, a series resistance, Roand n RC branches.
[2,15-17]
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4.8.2 Mathematical Representation
From the electrical equivalent circuit the mathematical representation of the battery can be written.
Equation 4.18 is the generic equation for a circuit with n RC branches. [27]

2 qe

adVen
dt

av
Vbattery(t) =Em+ 74 % + 7

P wt Ty

+1(t) * R, (4.18)
Equation 4.18 Generic differential equation for lithium-ion battery with n RC branches.

where Vhatery is the terminal voltage of the battery. Em is the open-loop voltage. The quantity dVen/dt is
the change in voltage across capacitor Cn. I(t) is the current as a function of time, and Ry is the series
resistance. z, is the time constant determined by Equation 4.19.

Tn = Ry *xCy (4.19)

Equation 4.19 Time constant calculation.

4.8.3 RC branch determination
To determine the number of RC branches to capture the necessary dynamics Equation 4.18 was solved for
I =0 and is shown in Equation 4.20.

-t -t -t
Vbattery = Em — V1 x et —V2j*x ez ...—Vng x e™ (4.20)

Equation 4.20 Solution to Equation 4.2 when | = 0.

Curve fitting on the relaxation phase of the pulsed battery when | = 0 with Equation 4.20 was performed.
Both high and low states-of-charge were examined as seen in Figure 4.27 and Figure 4.28, respectively.

At high SOC all models give a good fit of the data, but as outlined in red the addition of the RC branches
allows for quicker dynamics to be captured.
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Figure 4.27 High State-of-Charge RC branch curve fit comparison.
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Figure 4.28 Low State-of-Charge RC branch curve fit comparison.

1 RC branch does not sufficiently represent the curve at both high and low states-of-charge. The solution
between 3 and 2 RC branches are very similar with R? values of 0.9943 and 0.9997 for 3 RC branches at
high and low states-of-charge and 0.9935 and 0.9995 for 2 RC branches at high and low states-of-charge,
respectively. The solutions to the time constant values for high and low states-of-charge are shown in
Table 4.2 and Table 4.3.

Table 4.2 High State-of-Charge time constants for different RC branch curve fits.

RC Branches | Time Constant 1 (s) | Time Constant 2 (s) | Time Constant 3 ()
1 100 N/A N/A
2 33 161 N/A
3 9 72 336

Table 4.3 Low State-of-Charge time constants for different RC branch curve fits.

RC Branches | Time Constant 1 (s) | Time Constant 2 (s) | Time Constant 3 (S)
1 518 N/A N/A
2 96 1072 N/A
3 43 181 1569

The addition of the third time constant increases the complexity of the battery model. The third time
constant does not significantly increase the fit to the data (R?increase of 0.008). Therefore, 2 RC branches
sufficiently represent the battery data without adding the extra complexity of additional parameters.
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4.8.4 Modeling detail
The battery model implemented in the overall vehicle model is shown in Figure 4.29. Voltage, current,
SOC and battery temperature are all output to the BMS.
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Figure 4.29 Battery Subsystem: Outputs voltage, current, SOC, and battery temperature to BMS.

The VTM16e vehicle has a nominal battery pack voltage of 91.2 V, with 24 battery cells in series. In the
Simscape Vehicle model the battery subsystem is modeled as a single cell with nominally 91.2 V and
66.2 Ah. The battery subsystem is modeled as a single cell, rather than 24 cells, to simplify the
simulation.

A single representative model of the battery cells is created through this thesis. Connecting 24 separate,
but “identical” cells in series, is electrically equivalent to 1 cell with 24 times the voltage. By
approximating the battery pack as one higher voltage cell the simulation is simplified. The model with 1
cell takes approximately 11 minutes to simulate a full endurance run, where the model with 24 cells takes
approximately 38 minutes. The analysis with 24 cells can be seen in Appendix C. The two models yield
the similar results due to all 24 cells having the same battery parameter values. If variation between the
cells was modeled, the two methods would yield different results.

To obtain the overall parameters of the pack, the cell voltages and resistances were multiplied by 24 and
the capacitances were divided by 24.

The battery was modeled with an open-loop voltage, two RC branches, and a series resistance as seen in
Figure 4.30. The parameter values for Em vary only with SOC, the parameter values for Rq vary with SOC
and temperature, and the parameter values for Ri, Rz, C1, and C; all change with SOC, temperature and
current. [2,15-17]
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Figure 4.30 Single Cell of battery subsystem, components parameters are functions of SOC, temperature, and current.

Each component is created with custom Simscape blocks. The Simscape custom blocks model the basic
electrical equations of the components and have inputs of SOC, temperature, and current. The capacitors,
C; and C; are represented by Equation 4.21.

_ 1
V() = cooctn [1(t) dt (4.21)

Equation 4.21 Voltage across a capacitor with capacitance as a function of State-of-Charge, temperature, and current.
The resistors Ry and R are represented by Equation 4.22.
V(t) = 1(t) * R(SOC,T,I) (4.22)
Equation 4.22 Voltage across a resistor with resistance as a function of State-of-Charge, temperature, and current.
The resistor Ry is represented by Equation 4.23.
V(t) = I1(t) * Ry(SOC,T) (4.23)
Equation 4.23 Voltage across a resistor with resistance as a function of State-of-Charge, and temperature.

The components utilize 3-D lookup tables to determine the C and R parameters because they are a
function of SOC, temperature and current. A 3D lookup table for each of the components was developed
through extensive testing of the batteries as seen in Chapter 5. The resistor components also output a
power value calculated by Equation 4.24.

P(t) =1(t)* *R(SOC,T,<1>) (4.24)
Equation 4.24 Power calculation, used to calculate heat generated from resistance.

The power loss from the resistor components is input into a thermal model of the battery, seen in Figure
4.31.
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Figure 4.31 Battery thermal model: Heat flow from resistance.

The thermal model is a lumped capacity model of the entire 24-cell battery pack. On the VTM16e
prototype vehicle the batteries are packaged in two battery boxes. The battery thermal model is created to
estimate the temperature of a single battery box. The specific heat of the batteries was estimated from
[18].

Additionally, the current used in the parameter look up tables is the previous current drawn from the
overall battery. This assumption is used because the current is switched off to determine the transient
parameters, therefore the current is zero when the parameters are being determined, but the current
previously drawn from the battery classifies the parameters. A triggered subsystem holds the last nonzero
current value before the current drops to zero is used in the Simscape Vehicle model.
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5. Battery Test
Batteries parameters are a function of temperature, current draw, and SOC. [16]. To fully encapsulate the
performance of the batteries under working conditions, a series of tests was conducted to extract the
parameters of the equivalent circuit model. Each test had a fixed temperature and load, allowing two of
the three independent variables to be held constant. The batteries were discharged throughout each test;
therefore, the SOC was changing. Fixing two independent variables and changing one changes the
problem from a three-factor design to a one-factor design.

5.1 Battery Test setup
The test setup was restricted by two main factors.

1. The batteries being tested were housed in modules of two batteries in series and two batteries in
parallel as seen in Figure 5.1.

)

Figure 5.1 Electrical schematic of battery layout inside battery module. Two batteries in parallel and two in series.

With two cells in parallel, the capacity of each cell effectively doubles from a 33.1 Ah battery to a 66.2
Ah battery. Each cell is modeled as a single 66.2 Ah battery. Approximating the two parallel cells to be
one cell with higher capacity does not allow for the current between the two parallel cells to be known.
Considering how the battery modules are packaged, this approximation is necessary to complete the
testing without disassembling the batteries. The choice to not disassemble the batteries is attributed to the
necessity of the Virginia Tech FSAE team using the batteries on the VTM16e prototype vehicle and
possibly the VTM17e competition vehicle.

2. The BMS was used to monitor and log the temperature, voltage and current of the batteries. In
order to operate, the BMS needs to monitor a minimum of 4 cells in series.

45



Due to restrictions 1 and 2, each test was conducted with two modules connected in series seen in Figure
5.2.

Figure 5.2 Battery configuration of physical batteries.

The test setup configuration equates to two batteries in parallel and 4 batteries in series.

Due to restriction 1, only the batteries in series could be monitored and characterized. Each cell discussed
throughout the remainder of this thesis is in reference to one 66.2 Ah cell. In the real battery pack the one
66.2 Ah cell modeled is two 33.1 Ah cells in parallel. This is depicted in Figure 5.3 and Figure 5.4.
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Figure 5.3 Battery model representation of physical batteries with two 33.1 Ah batteries in parallel and four in series.
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Figure 5.4 Battery model representation of simulation model and measurable quantities with four 66.2 Ah batteries in series.

Cells in the battery pack were charged to approximately 4.2 VV making an overall pack voltage of
approximately 16.8 V for each test. During testing, cells were discharged until an individual cell voltage
reached 2.5 V closed loop.

Through the tests, 5 different values of current, 35, 100, 200, 300, and 400 A were tested at three different
temperatures, 22, 30 and 40 °C. Tests were initially conducted at 22°C and 35A to confirm the procedure,
then were progressively increased to higher amperages and temperatures.

In order to obtain parameter estimations at various states-of-charge current through the batteries was
pulsed. According to Ahmed [15] and Jackey [16], due to the non-linearity of the batteries near 100%
SOC and 0% SOC, shorter pulses are necessary in these regions to obtain a good approximation of the
battery parameters. For the top and bottom 20% of SOC 5% of the cell capacity was discharged in each
pulse. From 80% to 20% SOC, 10% of the cell capacity was discharged in each pulse. Figure 5.5 displays
the uneven distribution of pulses.
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Figure 5.5 Voltage over time of a full discharge test displaying different pulse lengths.

Each test had to be completed in its entirety once the test was started, each pulse varied in time by the
amount of current being drawn and calculated by Equation 5.1.

Capacity ASOC
t = * —— 5.1
pulse I 3600 ( )

Equation 5.1 Pulse time calculation.

where tpyise IS the pulse time in seconds, Capacity is the battery capacity in Ah, | is the nominal test
current in Amps, and 4SOC is the percent change of SOC. The amount of capacity varied between tests
due to different batteries being tested, as well as variation in usable capacity with different testing
conditions. For 400A tests a usable capacity of 50 Ah was used in the calculation, for 35A tests a usable
capacity of 55 Ah was used in the calculation.

Batteries were charged after each test and allowed to rest for a minimum of 12 hours before the next
discharge test was completed.

The relaxation time, defined as the time when no current is drawn from the battery after each current
pulse, was the majority of the testing time. The relaxation phase was held until any cell voltage was not
rising more than 0.001 V/min, this voltage reading was determined to be the open-loop voltage as seen in
Figure 5.6.
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Figure 5.6 Voltage over time of relaxation phase to determine when to start next pulse.

The tests were run with the approximated capacity, and were stopped only when the 2.5V limit was
achieved. If a single cell closed-loop voltage reached 2.5 V before the specified time was up, the test was
stopped. If a single cell closed-loop voltage did not reach 2.5 V with all of the regularly scheduled pulses,
5% SOC pulses were continued until the 2.5 V limit was reached. The 2.5 V limit was chosen as the
lowest voltage state to ensure not damaging the batteries [26].

Due to the methodology of testing, using resistors to draw current from the batteries, the load was
constant through each test but the current was not. The voltage of the batteries decreased as the test was
conducted causing the current to also decrease. All current values were recorded throughout each test.
The methodology of using resistors to draw current is less than ideal, but due to the lack of resources, was

the best method available.

5.2 Instrumentation
The main data acquisition system used for this test was the “Standard Size,” Orion Battery Management
System. The BMS communicates with a computer through a CAN signal. The CAN messaging produces
asymmetric sampling. The signal was sampled around 8 Hz. The data was down-sampled to 1 Hz due to
the resolution of the CAN messages time scale being only 1 second. There were multiple samples per
second, but the time stamps were the same integer value. Due to the dynamics of the fastest transients
seen being on the order of a time constant of 30 seconds this was not of concern.

The BMS monitored the voltage across each parallel set of the cells at the terminals as seen in Figure 5.7
and Figure 5.8.
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Figure 5.8 Physical battery test with voltage taps on the terminals.

The BMS data sheet, Appendix D, states the voltage measurements have a resolution of 0.002V sampled
at 33 Hz. The range of the sensors are 0.5 V to 5.0V with an error of <0.25% of full scale.

The BMS also monitors the current of the 2 modules in series with the use of a LEM DHAB S/33 current
sensor. This current sensor utilizes two Hall Effect sensors inside of it, one is used for low amperage
while the other is used for higher amperage. The current sensor, data sheet shown in Appendix D, at low
currents (below 75 A) has a resolution of 0.1 A and an accuracy of +- 0.8 A and at higher amperages has
a resolution of 1 A and a minimum accuracy of +-13 A based on the current. The current sensor is
sampled by the BMS at a frequency of 125 Hz.

To measure temperature, 4 thermistors are connected to the BMS. The BMS outputs the temperature
values with a 1 °C resolution. The thermistors were mounted between the two modules and on the outside
of the modules as seen in Figure 5.9.
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Figure 5.9 Battery thermistor layout.

Thermistors 1 and 2 were affixed to the negative terminals of the battery modules. Thermistors 3 and 4
were in between the two modules centered vertically and offset to the front and back as shown.
Unfortunately, there was no data on the thermistor accuracy. Therefore, the 4 thermistors were tested in
an ice water bath and found to have an error of +1/-0 °C, temperature results for the thermistor are also
available in Appendix D.

The tests were broken down into two sections:

1. Low amperage test: 35 A
2. High amperage test: 100 A, 200 A, 300A, 400 A

5.3 Low Amperage Test

The low amperage test consisted of a setup of 10 resistors nominally rated at 1 Q and 100 W. The
resistors were assembled in a test bank with two in parallel and five in series, shown in Figure 5.10. The
measured resistance of the resistor bank was 0.43 Q.
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Figure 5.10 Low amperage resistor setup. Five parallel branches of two, 1 © 100 W resistors.

The nominal current drawn from the batteries through the resistor test bank is 35 A calculated with
Equation 5.2.
vV 3.8%4

| =<=
R 0.43

=354 (5.2)
Equation 5.2 Current calculation for low amperage test.

5.4 High Amperage Tests
The high amperage test consisted of 10 resistors rated at 0.3 Q and 1 KW. The resistors were all
assembled in parallel as seen in Figure 5.11.
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Figure 5.11 High amperage test resistor bank: Ten 0.3 © 1kW resistors in parallel.

The high amperage test setup allowed for different values of current to be drawn from the batteries from
500 A to 50 A in ~ 50 A increments depending on the number of resistors connected in parallel (n),
calculated by Equation 5.3.

V _ (3.8%4)
R ()

Equation 5.3 Current calculation for high amperage test.

I =

(5.3)

The high amperage battery characterization tests started at 100 A, and were increased by 100 A to ensure
the batteries were not damaged. 400 A was held as the upper limit of testing the batteries the temperature
could no longer be kept within a 2 °C range of the test temperature.
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5.5 Temperature variation
The batteries were tested at three different temperatures, 22 °C, 30 °C, and 40 °C. The temperatures were
chosen to represent the operating conditions of the vehicle.

The lowest value, 22 °C, is around the lowest value the batteries should see during competition, at the
beginning of the race. The highest value of 40 °C is the highest the bulk temperature of the batteries
should see during competition. Due to the rules of the competition, a battery cell cannot be above 60 °C
measured at the negative terminal [3].

Through testing, the negative terminal was seen to heat up much quicker and higher than the bulk battery
temperature. The terminal temperatures were monitored, but not taken as the bulk temperature of the
battery. The temperatures of the terminals were not easy to control, and did not represent the overall
battery temperature.

Throughout the tests the temperature between the cells was kept within +/-2 °C of the specified
temperature for each test. The modules were placed inside Styrofoam containers to help control the
temperature. A heater and fan were used to modulate the battery temperature. The overall test setup is
shown in Figure 5.12.

Figure 5.12 Full high amperage test setup. Styrofoam insulating box around batteries to help with temperature control.

Each cell temperature was not being measured directly due to the positioning of the thermistors being on
the outside of the module. The monitoring locations allow for actual, on vehicle, test data to be
implemented back into the model.
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6. Parameter Estimation
Parameter estimation is used to obtain the values to satisfy the electrical equivalent circuit for the battery

subsystem. Parameter estimation is accomplished using an optimization process implemented in
MATLAB.

6.1 Battery Virtual Test
The process of parameter estimation is carried out through the comparison between test data and a
computer model. A virtual battery test on a Simscape model representing a single cell of the overall
battery pack is performed. The test setup, as seen in Figure 6.1, represents the physical test performed.

flx)=0 - > .

Solver Voltage In Terminator
Configuration +
Battery
Controlled Current /f ) » vout
Source | \_'/ T o
| (V) Voltage Sensor To Workspace
A ‘ 4
®—>3sz T >{PS S > 1)
Current_In  — . w— Voltage_Out
Simulink-PS —— Electrical Reference P S-Simulink
Converter - Converter

Figure 6.1 Virtual battery test setup in Simscape.

The measured current from the physical test is the input into a controlled current source in the virtual test
and the voltage across the simulated cell is measured. For the parameter estimation, the simulated voltage
is compared to the test voltage. The Simulink Design Optimization toolbox is utilized to set up the
optimization process. A function generated to automatically run the Simscape model with the desired
design variables, scaling, and tolerances is used.

6.2 Data Breakdown and Initial Conditions
Understanding the underlining fundamental physics behind the problem is essential to solving the
optimization problem. First, to simplify the problem, each test is broken down from Figure 6.2 into
individual pulses as seen in Figure 6.3.
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Figure 6.2 Voltage over time of a full discharge test.
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Figure 6.3 Voltage over time of a single discharge pulse.

By breaking down the data into single pulses, there becomes only two states-of-charge to be solved for,
before the pulse and after the pulse. The parameter values are linearly interpolated between the two SOC
values. Each pulse is broken down into 3 sections. Each of the sections provide information about the
equivalent circuit.

The first parameter estimated is the open-loop voltage, Em. The open-loop voltage is the steady-state
voltage, therefore, the first value before the pulse and the final voltage value before the next pulse are the
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best estimates of the open-loop voltage. The estimates for the open-loop voltages are highlighted by red
circles in Figure 6.4. In some pulses the true steady-state response was not reached, these values are only
used as estimates to obtain an initial solution.
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Figure 6.4 Single discharge pulse with open-loop voltage estimates highlighted in red circles.

The second parameter estimated is the series resistance, Ro. The series resistance is found by examining
the instant voltage drop when the current is switched on or off, represented by the green lines in Figure
6.5.
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Figure 6.5 Single discharge pulse, voltage drop over the green lines used to estimate series resistance, open-loop voltage
estimates highlighted in red circles.

From Equation 6.1 an estimate of Ro is achieved by dividing the change in voltage by the change in
current.

Ry = AV /AI (6.1)
Equation 6.1 Ohms Law, used to find the series resistance Ro.

The voltage relaxation section is analyzed next. The physics model created follows Equation 4.18. As
seen in Chapter 4, two RC branches sufficiently represent the measured battery response. The solution to
Equation 4.18 when the current | = 0 A is represented by Equation 6.2. By curve fitting the red section of
the curve in Figure 6.6 the two time constants 11 and 1, are estimated.

-t -t

Viattery = Em —V1g x et — V2, x ew2 (6.2)
Equation 6.2 Solution to Equation 4.2 when I=0, used to curve fit transient section to get estimates of 71 and z.

where V1, and V2, are the initial voltages across capacitors, C; and C; in Figure 4.26, respectively.
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Figure 6.6 Single discharge pulse, broken into three sections: The red line represents transient relaxation section used to curve
fit for estimates of 71 and 7. Green lines represent voltage drop used in estimating series resistance Ro. Red circles represent
open-loop voltage, Em, estimates.

Finally, the remaining blue section of Figure 6.6 represents the transient section while current is drawn
from the battery. The solution to Equation 4.18 when the current | is constant is represented by

t t
_L _L T1*<1—€_H> T2*<1—€_E>
Vbattery = Em —V1gxe ©1 —V25*e 72 —[*| Ry +x o + - (6.3)

Equation 6.3 Solution to Equation 4.2 when current is constant.

The SOC is not constant over the discharge, and the solution parameter values vary with SOC. Therefore,
Equation 6.3 is not used to obtain the initial values for C; and C, for each of the discharge pulses. The
estimated values of Em, Ry, 71, and =z are input into the initial parameter estimation to determine a first
solution.

Due to the interdependence between R; and C;, and Rz and C», only the values of 71, and > can be
estimated the individual values of R1, C1, Rz, and C; cannot. Using Equation 4.19 the capacitance value
can be solved for resulting in Equation 6.4.

C, =1,/Rn (6.4)
Equation 6.4 Capacitance as a function of resistance and time constant .

By replacing Ci and C; in the simulation model with 7, 72, Ry, and Rz values, two of the design variables
are removed and estimated z; and 7, values can be implemented.
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6.3 Optimization setup overview
There are 2 different stages of the parameter estimation to promote convergence to a global optimal

solution. Table 6.1 describes the stages.

Table 6.1 Optimization settings for two progressive stages.

Stage Objective Design Fixed Parameters | Objective | Approximate | Scaling/
Function Variables Function | Solving Time | Initial

Tolerance | min/cell conditions

1 Initial Min f(x) =e*(x) | Ri, Rz Em, Ro, 71, 72 = le-4 30 R; =0.0004

Pulse Values estimated Rz = 0.0008

Optimization V1o, V20=0

2 Final Min f(x) =e%(x) | Em, Ro, Ry, | V1o, V2,=0 le-4 120 Solution

Optimization Ro, 71, T2 from Stage

1

The objective function for all of the optimizations is minimizing the Sum-Squared Error (SSE) between
the test voltage and the simulated voltage squared as seen in Equation 6.5.

Min f(X) = eZ(x) = (Vtest(t) - Vsim(t' x))z

Equation 6.5 Objective function minimizing square error between test and simulated voltages.

(6.5)

where X represents the design variables of the simulation shown for each case in Table 6.1.

To solve the optimization problem, the trust region reflective algorithm in MATLAB is used. This
method is similar to the trust region algorithm, but is modified for computational speed. In both methods
a region around the current design point is approximated. In the standard trust region algorithm the first
two terms of the Taylor series expansion are used. In the trust region reflective algorithm a 2D
approximation of the neighbor region is obtained through preconditioned conjugate gradients. The trust
region reflective method creates a two dimensional space defined by the direction of the gradient, and an
approximate Gauss-Newton direction, or the direction of negative curvature. This method leverages the
quicker convergence of steepest decent when further away from minima, and the quicker convergence of
the Modified Newton method when closer to minima. The trust region reflective method tends to
converge on local minima, therefore to obtain the best solution to the optimization problem, the multi-
stage approach is used. [19]

To encourage the simulation to converge to a global minima, the solutions from the previous stage are
used as scaling and initial conditions. The initial stage uses fewer design variables to obtain good first
estimates in less time. The final stage uses all parameter values as design variables. The inclusion of more
design variables complicates the optimization problem. The stage-based process allows for more directed
convergence to a global minima. The different stages of the solution are described in detail in the next
sections.

6.4 Initial Pulse Optimization
For the initial pulse optimization (IPO) the design variables are R; and Ry, all other parameters are
estimated and used as fixed values as seen in Table 6.2.
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Table 6.2 Parameter settings for initial pulse optimization.

Parameter Type Initial value/Scaling
Em Fixed Estimated Value

Ro Fixed Estimated Value

R1 Design Variable | 0.0004

R2 Design Variable | 0.0008

(51 Fixed Estimated Value

(5 Fixed Estimated Value
V1o Fixed 0

Voo Fixed 0

This methodology allows the IPO process to complete approximately 3 times faster than including the C4
and C; values. The solution is reached quicker because of better initial conditions and the removal of half

of the design variables.

The IPO resulted in solutions similar to Figure 6.7 which displays a solution at 30 C, 300 A and 65%

SOC.
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Figure 6.7 Voltage over time sample solution of initial pulse optimization.

The error between the test and simulated is shown in Figure 6.8. The square error is recorded for each of
the pulses and divided by the time as defined by Equation 6.6.

Ve )2
e = Z(VTest VSlm) (66)

tpulse

Equation 6.6 Error calculation.

where Vr.. is the tested battery voltage, Vs;,, is the simulated battery voltage, and t,,,s. is the total pulse
time. The error was divided by the total pulse time to allow for the error of pulses of different length to be
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examined. The mean square error for all the IPO solutions is 1.9e-4 and the median square error is 1.8e-5,
the mean SNR for the solutions is 1110.
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Figure 6.8 Percent error between test and simulated voltages from initial pulse optimization solution.
The IPO solution gives a good first estimate. Due to assuming the voltage across each capacitor, V1, and
V2o, are equal to zero for each pulse, the estimates of Em, R, 72 and = may not be accurate. The

assumption of each pulse reaching steady-state causes the error to be negatively biased. Figure 6.9 shows
the solution to the IPO for the full battery discharge at 30 °C and 300 A.
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Figure 6.9 Voltage over time of initial pulse solution and test voltage.

Figure 6.10 shows the mean error over time between the simulated battery voltage and the test data.
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Figure 6.10 Mean error over time of initial pulse simulation voltage and four test battery voltages.
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6.5 Other Methods Tested
Many different methods for parameter estimation were investigated. The final methods were chosen for
accuracy of the solution as well as efficiency. This section discusses the methods investigated, but not
used in the final solution, for insight into the problem. The error for each of the methods compared to
the IPO are tabulated in Table 6.6 at the end of this section.

6.5.1 Final Pulse Optimization
A final pulse optimization (FPO) was attempted. For the FPO solution the design space included all
variables; Em, Ro, R1, Ry, 71, and 72, as design variables. All of the design variables were scaled by their
respective solutions and estimates from the IPO as seen in Table 6.3.

Table 6.3 Parameter settings for final pulse optimization.

Parameter Type Initial value/Scaling

Em Design Variable | From IPO

Ro Design Variable | From IPO

R: Design Variable | From IPO

R> Design Variable | From IPO

T Design Variable | From IPO

2 Design Variable | From IPO

Vio Fixed Solved from previous section
V2o Fixed Solved from previous section

The values of V1, and V2, were solved for from the results of the previous pulse by simulating the
solutions from the previous pulse. By simulating the previous pulse and obtaining the initial conditions
for the voltage across each capacitor a better estimate for each individual pulse was obtained.

The FPO solution resulted in solutions similar to Figure 6.11 which is the same pulse as Figure 6.7 of 30
°C 300 A and 65% SOC.
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Figure 6.11 Voltage over time sample solution of final optimization process.
The mean sum of square error for all the tests was 1.3e-4 and the median sum of square error was 6.8e-6.

Although the FPO solutions to the individual optimization pulses reduced the error between the test and
simulation compared to the IPO solutions, the overall battery solutions showed more error. Figure 6.12
shows an example of an overall discharge.
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Figure 6.12 Full battery test voltage versus simulated battery voltage for final pulse optimization shows large spikes in error.

The error near the beginning of the test is very low, with peaks around 1% error. Additionally, when the
battery cell is approaching steady state in the relaxation phase the error is very low, showing the open-
loop voltage approximation is very good. At lower SOC the error increases. The increasing error is due to
how the optimization is setup and how the overall battery model is created from the results.

The way the optimization process was run, the ending parameter values on one pulse were also the
starting parameter values on the next pulse due to the SOC being the same as seen in Figure 6.13.

The pulses were decoupled for the optimization processes, causing the parameter values to be separately
approximated twice for each cell. Once the solution to each individual pulse is obtained, the two values at
each respective SOC for an individual cell are averaged.
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Figure 6.13 Voltage over time of discharge curve with points of similar parameter values highlighted.

Error occurs when the parameter values did not match as highlighted in Figure 6.14.
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Figure 6.14 Error between two values estimated at the same SOC cause large errors in overall battery model.
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6.5.2 Layered Approach
Due to the drastic changes between the parameter values a layered approach, as discussed in [15, 16], was
investigated.

The layered approach breaks the discharge pulses down into sections so all of the information at a certain
SOC is used for the optimization. The layered approach removes the discontinuities caused by the pulsed
optimization solutions because only one value was estimated per SOC. Adversely, the layered approach
complicated the optimization process. First, there is no natural breaking point for the data. Sections
contain partial segments of data from the following pulse. Secondly, there are three different SOC points
per section with the layered approach as seen in Figure 6.15.
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Figure 6.15 Voltage over time of discharge section used in layered approach optimization.

For each section, the values for SOC2 were estimated, using all test data at and around SOC2. The
parameter values at SOC1 and SOC3 were fixed by the previously estimated results.

Two levels of the layered optimization solution were attempted, initial and final layered optimizations.
For the initial layered optimization (ILO) R1, Rz, 71, and > were used as design variables as seen in Table
6.4.

Table 6.4 Parameter settings for initial layered optimization.

Parameter Type Initial value/Scaling
Em Fixed From FPO
Ro Fixed From FPO
R; Design Variable | From FPO
R> Design Variable | From FPO
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51 Design Variable | From FPO
%) Design Variable | From FPO
V1o Fixed Solved from previous section
V2o Fixed Solved from previous section

A solution to the initial layered optimization at 30 °C, 300 A and 65% SOC is shown in Figure 6.16.
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Figure 6.16 Voltage over time sample solution of initial layered optimization.

The mean square error divided by time for all the layered sections was 1.5e-3 and the median square error
was 6.5e-4. The error increased from the FPO because the optimization was constrained to choosing only
one value per parameter. Figure 6.14 shows a situation where the FPO converged on two different values
ata SOC of around 25%. The FLO is constrained to only one value per SOC. Therefore, the single
solution found by the ILO in some cases has more error than each individual solution to the FPO.

For the final layered optimization (FLO) all of the parameters were design variables and are shown in
Table 6.5.

Table 6.5 Parameter settings for final layered optimization.

Parameter Type Initial value/Scaling

Em Design Variable | From ILO

Ro Design Variable | From ILO

R1 Design Variable | From ILO

R> Design Variable | From ILO

51 Design Variable | From ILO

() Design Variable | From ILO

V1o Fixed Solved from previous section
V2o Fixed Solved from previous section
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A solution to the FLO at 30 °C, 300 A and 65% SOC is shown in Figure 6.17.
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Figure 6.17 Voltage over time sample solution of final layered optimization.

The mean square error for each of layered sections was 6.5e-5 and the median square error was 6.7e-6.
Table 6.6 tabulates the error for the methods discussed.

Table 6.6 Error statistics for optimization solutions.

Stage Mean SSE Median SSE SNR
IPO 1.9e-4 1.5e-5 1110
FPO 1.3e-4 6.8e-6 1451
ILO 1.5e-3 6.5e-4 608
FLO 6.5e-5 6.7e-6 924

The main flaw with the methods tested is due to the imperfect testing procedure. The four cells for each
test had different starting voltages, causing the pulses to be at slightly different states-of-charge. The
parameter values were estimated for each of the cells, and the solutions are then linearly interpolated to
set SOC breakpoints. Therefore the solution values are good approximations of the individual pulses, but
when interpolated and used to model overall battery performance the solutions result in larger error,
especially at low SOC. Figure 6.18 shows the overall battery model obtained from the FLO for 30 °C and
300 A. As the SOC becomes lower, where battery behavior is less linear, the error increases. By breaking
the data down into pulses error from each estimation is propagated through.

70



4.5 T T
4 -
Z 35 -
k]
)]
o
5 3 Test -
- Test2
Test3
2571 Testd .
Simulated
2 1 1
0 5000 10000 15000
3 T T

5000
Time (s)

10000

15000

Figure 6.18 Full battery test voltage versus simulated battery voltage for final layered optimization solution.

If the battery tests were completed with shorter pulses at low SOC as well as having all of the batteries at
the same SOCs and at exactly the SOC break points desired, the attempted methods would have yielded
better results. To overcome the faults in the methods discussed the full battery test data was used to obtain

the best results.

6.6 Final Full Optimization
For the Final Full Optimization (FFO) a parameter estimation with the full battery test is performed. All
the parameters are design variables, as seen in Table 6.7.

Table 6.7 Parameter settings for the final optimization.

Parameter Type Initial value/Scaling
Em Design Variable | Solution from IPO
Ro Design Variable | Solution from IPO
R1 Design Variable | Solution from IPO
R2 Design Variable | Solution from IPO
7 Design Variable | Solution from IPO
) Design Variable | Solution from IPO
V1o Fixed 0

Voo Fixed 0
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The initial voltages across the capacitors was assumed to be 0 V. This assumption is justified because the
batteries were allowed to rest for at least 12 hours before the test was conducted.

The solution from the IPO was used as the initial conditions and scaling for all the design variables in the
FFO. By using the solution from the IPO as the initial conditions for the FFO, global convergence was
obtained.

The solution to one of the battery cells at 30 °C and 300 A is shown in Figure 6.19.
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Figure 6.19 Voltage over time sample solution final optimization.

By plotting the voltage as a function of SOC the discharge sections can be more easily visualized as seen
in Figure 6.20 which is at 30 °C and 300 A.
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Figure 6.20 Voltage as a function of SOC sample solution final optimization

The overall error between the simulated and test voltages are shown in Figure 6.21.
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Figure 6.21 Percent error over time between test and simulated voltages from final optimization solution.
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The results of the FFO with the same pulse of 30 °C, 300 A and 65% SOC is shown in Figure 6.22.
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Figure 6.22 Voltage over time of a magnified solution to the final full optimization.

Highlighted in red is the error due to the model choice of 2 RC branches rather than 3 RC branches. The
error of the magnified solution to the FFO is shown in Figure 6.23.
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Figure 6.23 Error over time of magnified solution to the final full optimization.
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The overall square error was recorded for each of the tests and divided by the amount of time. The mean
square error for all of the FFO solutions is 6.3e-6 and the median square error is 4.5e-6. The error for the
FFO is determined to be a good fit, as the uncertainty in the measurement is a maximum of 0.25%.

Table 6.8 Error statistics of optimization solutions.

Stage Mean SSE Median SSE SNR Used In Final Model
IPO 1.9e-4 1.5e-5 1110 Yes (Stage 1)
FPO 1.3e-4 6.8e-6 1451 No
ILO 1.5e-3 6.5e-4 608 No
FLO 6.5e-5 6.7e-6 924 No
FFO 6.3e-6 4.5e-6 1834 Yes (Stage 2)

By using the staged approach of the IPO to solve for a first solution and FFO to obtain the final solution,
the battery cells were able to be characterized with mean SSE of 6.3e-6.

6.7 Results
For each of the fifteen tests, (3 temperatures at 5 currents), four battery cells were discharged. Parameter
estimation was performed on each of the cells for all SOC breakpoints. Each cell did not start at the same
open-loop voltage, therefore they did not start at the same SOC. Additionally, each cell does not have the
same usable capacity. The capacity of the battery cannot be measured directly, the SOC has to be
referenced from the voltage of the battery.

An open-loop voltage of 4.165 V was chosen to be defined as 100% SOC of the batteries. This value was
chosen to prevent damage from over charging the batteries, as well as for the purpose of time. All
batteries were charged and left to relax for at least 12 hours before being discharged, this allowed ample
time for any time constants to be dissipated.

An open-loop voltage of 3.000 V was chosen as 0% SOC. Again this value was chosen for safety
purposes, the value of 3.000 V allowed for the batteries to be around 2.5 V closed-loop under testing
conditions.

A curve fit on the results from three 35 A 22 °C discharges was performed resulting in Equation 6.7
shown in Figure 6.24. The results from this curve fit are utilized to determine the beginning and ending
SOCs of all of the tests.

Voc = 0.8850C° — 6.79S0C* + 15.250C3 — 14.1S0C? + 5.9850C + 3.00 (6.7)

Equation 6.7 Open circuit voltage as a function of State-of-Charge used to determine initial conditions.
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Figure 6.24 Open circuit as a function of State-of-Charge at 22 °C and 35 A used to determine initial conditions.

The used capacity of the test is calculated by coulomb counting as seen in Equation 6.8.

Capacityyseq = $fl(t)dt (6.8)

Equation 6.8 Capacity used throughout the test by integrating current over time.
Because all of the cells did not start and end at the same open-loop voltage, the full capacity of the cell

had to be determined. Equation 6.9 determined the total capacity by taking into account the starting and
ending SOCs found from using the curve generated.

Capacityysed

Ca aCit =
PACLY = S0Cerare—S0Cena

(6.9)

Equation 6.9 Total capacity of the battery calculation.

The initial charge deficit, Qo, was determined by Equation 6.10, by taking the product of the capacity and
the difference between 100% SOC and the SOC at the beginning of the test. A negative Qo means the
battery had an initial SOC of over 100%.

Qo = Capacity * (1 — SOCgqrt) (6.10)
Equation 6.10 Initial charge deficit on the battery.

Once the SOCs for each cell are determined, the parameter values are linearly interpolated to set lookup
table values of SOC seen in Table 6.9.

Table 6.9 State-of-Charge lookup table values.

1

095 [09 [085]08 |07 [06 |05 [04 |03 [025]02 [0.15 0.1 [0.05]0.001 |
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The interpolated values for each of the four cells at each SOC are averaged to obtain one value for each
parameter at each SOC. The resulting parameters are input into a three-dimensional lookup table based on
SOC, current, and temperature.

The results for each parameter at a temperature of 30 °C are shown in Figure 6.25 —Figure 6.30 and
discussed further in Chapter 7. The parameter values are highly dependent on SOC while not as
dependent on temperature and current.
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Figure 6.25 Open-loop voltage, Em at 30 °C as a function of current and SOC.
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Figure 6.26 Series resistance, Ro at 30 °C as a function of current and SOC.
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Figure 6.27 RCL1 resistance, R1 at 30 °C as a function of current and SOC.
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Figure 6.28 RC2 resistance, Rz at 30 °C as a function of current and SOC.
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Figure 6.29 Time constant, 71 at 30 °C as a function of current and SOC.
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Figure 6.30 Time constant, 72 at 30 °C as a function of current and SOC.
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7. Battery Model Validation

The optimization solutions were first derived using only individual pulses allowing for easier
convergence because there were smaller number of design variables. Optimization solutions were then
derived for each full battery test. Each cell did not have the same starting point and capacity, so each cell
had to be optimized separately. To obtain a representative model of the battery pack, the solutions for
each cell were to be combined. The overall battery model was validated in stages to understand where
error was introduced into the model.

7.1 State-of-Charge
The first step in validating the model was to put the solutions from each cell together. A one-dimensional
lookup table was created based on the results of all the cells. Parameter values of Em, Ry, R1, Rz, C1 and
C, only are a function of SOC. As the State-of-Charge changes throughout the simulation, parameter
values are linearly interpolated from 1-D lookup tables. The SOC validation was performed for each of
the battery tests. Figure 7.1 shows the 300 A and 30 °C SOC validation test.
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Figure 7.1 Voltage over time for full battery test with constant current and temperature.

By plotting the voltage as a function of SOC the discharge sections are easier to visualize as seen in
Figure 7.2.
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Figure 7.2 Voltage vs. SOC for full battery test with constant current and temperature.

The mean error between the four tests over time is shown in Figure 7.3. The root-mean-square error for
all the battery tests is 0.015V. The maximum uncertainty in the measurement is 0.25% which is 0.011V.
Therefore the fit is very good.
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Figure 7.3 Mean error over time for full battery test with constant current and temperature.
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Figure 7.3 shows the mean error between the four test cell values, and the simulated battery. The spikes in
error occur at the transition between the discharge and relaxation phases of the test. Due to the large
“jump” in the data at these sections, a small difference in the model results in a large error. Similar results
with spikes in error at the transition sections are seen in literature. [15, 16]

7.2 Current

The second validation step taken was to analyze the battery model against a variable discharge current. A
variable current validation test was conducted. The test was conducted utilizing the high amperage
resistor test bank. The temperature was kept constant at 30 °C and the current drawn from the batteries
was determined by randomly selecting a number between 1 and 8, corresponding to the number of
resistors connected to the resistor test bank. With the value of 1 corresponding to 1 resistor, or a load of
0.3 Q. In between each pulse, the battery was allowed to rest for 2.5 min. This value is based off of the
amount of time taken to connect 6 resistors. The time was attempted to be kept at a minimum, because in
the actual vehicle the values will have very limited time with zero current. The physical setup of the
resistance test bed did not allow for safe variation of current without switching to 0 A in-between each
pulse, suggestions for improvements are outlined in the recommendation section of Chapter 9. The
randomized values were restricted to not having a difference of 7 resistors between each pulse to ensure
the allotted resting time between the pulses was not violated. Additionally, the randomized values were
not allowed to have two of the same values in a row.

The results of this validation test are shown in Figure 7.4, with the mean error between all of the signals
over time.
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Figure 7.4 Results from variable current and constant temperature discharge validation test.
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The RMS error of the model is 0.0328 V. Peaks of error in around 1% near the transients occur near
higher SOC. As the SOC becomes lower than 20%, the error increases roughly linearly. The linear growth
in error was investigated.

7.2.1 Constant Current
The test methodology kept a constant load on the batteries for each of the different conditions. The
assumption made is current is also constant. Due to the load staying constant and the voltage dropping
throughout the test, the current also decreased. The constant current assumption is valid when the battery
has higher SOC due to the flat voltage curve, but once the SOC becomes lower than 40% the voltage
drops quickly. Figure 7.5 plots the results of a 300 A test, the current is around 300 A for the first 60% of
the battery charge, but after 40% SOC the current decreases, by the end of the test the current is roughly
250 A. This assumption does not affect the constant current validation because the SOC was the only
independent variable.
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Figure 7.5 Current over time for 300 A battery test.

The constant current assumption was investigated by looking at the change in the parameter values with
current. Each parameter value was plotted varying with current and SOC while holding temperature
constant. The parameters were determined with the original assumption of constant current. When

examining the surfaces of Figure 7.6 - Figure 7.11, the parameter values do not change quickly with
current.
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Figure 7.7 Series Resistance, Ro as a function of current and SOC, minimal change with current
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Figure 7.8 RC1 Resistance, R1 as a function of current and SOC, minimal change with current
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Figure 7.9 RC2 Resistance, Rz as a function of current and SOC, minimal change with current
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Figure 7.11 RC2 Time constant, zz as a function of current and SOC, minimal change with current
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After observing the minimal effect current has on parameter values, model simplification was
investigated.

7.2.2 Model Simplification
The sensitivity to current is calculated with Equation 7.1. Sensitivity of each parameter at each SOC and

temperature is calculated, averaged, and normalized by the average parameter value at the respective SOC
and temperature.

1¢Ax(SOC, T)
dx 4~ AI(SOC,T)
_—= —— % .
ar = xocr 100 (7.1)

Equation 7.1 Sensitivity of parameters to current calculation

Table 7.1 shows the resulting sensitivities. None of the battery model parameter values are very sensitive
to current. The parameter values of Em, Ry, and Rz are shown to be much less sensitive to current than the
other parameters.

Table 7.1 Parameter sensitivity to current

X dx/dl (%/A)
-9.90e-4

N -0.034
-0.21
-0.0019
-0.23

ET
E2 027

The initial and end SOCs are determined by the initial and final open loop voltage values. Due to this
definition, the open loop voltage initial and final values are fixed. When plotting open-loop voltage values
as only a function of SOC, no discernable dependence on current appears. Figure 7.12 shows the open-
loop voltage as a function of SOC only with the current values highlighted.
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Figure 7.12 Open loop voltages, Em, as a function of State-of-Charge for various currents.

The variable current and constant temperature validation was run again with the current dependence
removed from the Em parameter to understand the effects. The results look very similar to Figure 7.4 and

the RMS error is reduced from 0.0328 V to 0.0309 V.
Figure 7.13 shows Ry as a function of SOC only with different current values highlighted.
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Figure 7.13 Series resistance, Ro, as a function of State-of-Charge for various currents.
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The variable current and constant temperature validation was run again with the current dependence
removed from the Ro parameter to understand the effects. The results look very similar to Figure 7.4 and
the RMS error is reduced from 0.0328 V to 0.0325 V. The parameters, R1, 71, and 7, show some
dependence on current, and are therefore not reduced. The model of R, was not reduced, but due to the
lack of sensitivity of the model to current the results were not affected. The final result of the variable
current and constant temperature test with the dependence of current on open-loop voltage and series
resistance removed is Figure 7.14. The RMS error for the reduced model is 0.0305 V.
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Figure 7.14 Results from variable current and constant temperature discharge validation test with reduced Em and Ro.

While error was reduced slightly, and the model was reduced, error still occurs near low SOC due to

inaccurate modeling of the capacity of the battery.

7.2.3 Capacity

The SOC as seen in [2] is usually calculated by Equation 7.2. Note discharge current is negative.

soc(t) =Soc(0) +

[1(t)at
Capacity

(7.2)

Equation 7.2 Typical State-of-Charge calculation.

This model for calculating SOC assumes the capacity is a constant value. Huria [17] and Park [28]
suggest the usable capacity increases with temperature and decreases with current. A more accurate
representation of the SOC is given by Equation 7.3 where the battery capacity is a function of current and

temperature.
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_ _ 1(k)At
SOC(k) = SOC(k = 1) + oo oess (7.3)

Equation 7.3 State-of-Charge calculation with variable capacity.

Figure 7.15 is a surface plot of the mean capacity of each cell as a function of current and temperature.
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Figure 7.15 Capacity surface as a function of current and temperature.

A trend is unable to be determined from the data as the SNR using Equation 7.4 is too low to make any
conclusion from the data.

SNR = max(capacity)—min(capacity) —929

Oerror

(7.4)
Equation 7.4 Signal-Noise ratio for capacity

A single cell should be discharged at each of the temperatures and currents to determine the effect of each
variable without adding the additional uncertainty due to the variance of different cell capacities.

Equation 7.3 takes into account this effect of capacity changing with current and temperature.
Unfortunately, due to the variance between each cell, implementing Equation 7.3 into the battery model
using results from testing produces unreliable results.

The solution is very sensitive to capacity, as shown in section 7.4. If the capacity is reduced by 0.72 Ah,
which is half a standard deviation, the RMS error is reduced from 0.0305 V to 0.0157 V and results in
Figure 7.16.
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Figure 7.16 Results from variable current and constant temperature discharge validation test with capacity adjusted.

7.3 Temperature

The final validation step was to repeat the random resistor test from section 7.2 but allowing the
temperature to vary. The temperature rise in the battery is from heat generation of the battery. This test
serves as a platform for understanding and creating a thermal model for the batteries for the future. A
simple model was created to understand limitations of the batteries due to heat and is discussed in the next
section. The resistors were chosen in the same order as with the constant temperature version of this test.

The temperature and current inputs are shown in Figure 7.17 for the variable temperature and variable
current validation test.
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Figure 7.17 Temperature and current inputs for variable current and temperature validation test.
The results of the variable current and variable temperature discharge validation test are shown in Figure
7.18. As with the variable current and constant temperature results, error increases near low SOC. The

RMS error for the variable current and variable temperature test is 0.0646 V compared to 0.0157 V of the
final variable current constant temperature results. The increase in error at low SOC was investigated.
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Figure 7.18 Results from variable current and variable temperature validation test.

7.3.1 Model Simplification
The observation for parameters sensitivity to temperature was investigated. The sensitivity to temperature
is calculated with Equation 7.5. Sensitivity of each parameter at each SOC and current is calculated,
averaged, and normalized by the average parameter value at the respective SOC and current.

ZAx(SOC n
d_x AT(SOC,I)
di x(S0C,I) * 100 (7.5)

Equation 7.5 Sensitivity of parameters to current calculation

Table 7.2 shows the resulting sensitivities. The parameter Emis shown to be much less sensitive to
temperature than the other parameters.

Table 7.2 Parameter sensitivity to temperature

m -0.012
-1.4
-1.9
-1.4
-1.4
-1.2
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Figure 7.19 shows the open-loop voltage as a function of only SOC with the different temperature values

highlighted.
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Figure 7.19 Open loop voltages, Em, as a function of State-of-Charge for various temperatures.

When the dependence of temperature on Em is removed from the model the RMS error drops from 0.0646
V t0 0.0601 V. When examining Ro, parameter values are clearly dependent on temperature, as seen in

Figure 7.20.
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Figure 7.20 Series resistance, Ro, as a function of State-of-Charge for various temperatures.

The parameters, R, Ry, 71, and ,, show dependence on temperature, and are therefore not reduced.
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7.3.2 Capacity

As with the variable current and constant temperature test, the model shows error due to capacity. If the
capacity is increased by 1.2 Ah, approximately one standard deviation, RMS error drops from 0.0601 V to
0.0192 V resulting in Figure 7.21.
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Figure 7.21 Results from variable current and variable temperature validation test with capacity adjusted.

7.4 Sensitivity Analysis
After the model was validated against the test cases, the sensitivity of the model to each parameter was
examined. To determine the sensitivity, each parameter value in the lookup table was increased by 1%
and decreased by 1%. The battery model was simulated and compared to the variable current and
temperature discharge test with the capacity adjustment. The error between the perturbed tests was
compared to the nominal parameter values. The RMS error is shown in Table 7.3.

Table 7.3 Sensitivity analysis results RMS error in V for change in parameter values.

Parameter +5% change | +1% change Nominal -1 % change -5% change
Em 0.1928 0.0420 0.0192 0.0442 0.1952
Ro 0.0191 0.0191 0.0192 0.0193 0.0198
R1 0.0192 0.0192 0.0192 0.0192 0.0191
R2 0.0192 0.0192 0.0192 0.0192 0.0192
C, 0.0192 0.0192 0.0192 0.0192 0.0192
C> 0.0191 0.0192 0.0192 0.0192 0.0192
Initial SOC 0.1012 0.0281 0.0192 0.0349 0.1351
Capacity 0.0912 0.0265 0.0192 0.0334 0.1275
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Figure 7.22 S Sensitivity analysis plot, RMS error vs. percent change in parameter values.

The sensitivity analysis illustrates the solution is most sensitive to the Em parameter. The Em parameter
effects steady-state error resulting in the high sensitivity. The R and C values effect the transient sections,
which are for short periods of time. The solution is also sensitive to the initial SOC and capacity because
the other parameters are dependent on the SOC.

7.5Thermal Model
A simple thermal model of the battery was created. The test setup with two batteries in relative isolation
was modeled and compared to the temperature values from the variable temperature test. The results are
shown in Figure 7.23. The ambient temperature in orange is the temperature measured on the inside of the
Styrofoam box throughout the test and used as the ambient temperature in the simulation model. As the
test is conducted, the battery temperature rises due to the internal resistance of the battery. The
temperature rise through the variable current variable temperature test is similar to what will be seen on
the vehicle. The model matches the test data well at the beginning of the test where heat generation
dominates.
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Figure 7.23 Temperature over time of variable current variable temperature test comparing test and simulation.

The thermal model assumes power lost from Ro, R1, and R» resistances in the battery model contribute to
heating of the battery with the Equation 7.6.

P =1I%R (7.6)
Equation 7.6 Resistor heat power equation.
This power is input into the lumped capacity model Equation 7.7.

d_T _ P_hBatteryABattery(T_TAmbient)

(7.7)

dt Mpattery CpBattery

Equation 7.7 Battery temperature calculation.

where hpgqtery IS @ convection coefficient, chosen to be 5 W/m?/K, which is a reasonable value for free
convection of a vertical plate [25]. Agqtery IS the surface area of the battery modules exposed to
convection. Since there are two battery modules next to each other, only the outside walls are exposed to
convection. The mass of the battery, mpg¢¢ery , includes the module housing. The specific heat capacity
of the battery, Cppqttery . is Was obtained from [18]. The parameter values for this model are shown in
Table B.6.

The battery thermal model is shown in Figure 7.24. The thermal model is laid out in this configuration to

mimic the test configuration shown in Figure 5.9 as close as possible. The two modules are together with
the thermistor in between.
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Figure 7.24 Battery thermal validation model.

Although the configuration on the vehicle will be different than the tested configuration, with only one
test conducted without controlling the temperature, the results will be examined to determine if further
analysis is needed.
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8. System Level Analysis
The complete battery model was integrated back into the full vehicle model. Only the battery system was
validated through this thesis, therefore conclusions made through the overall vehicle simulation need to
be further validated through full-vehicle testing. Conclusions made in this chapter are starting points for
investigation on areas of improvement. As more subsystems are tested, validated, and fed back into the
overall vehicle model, conclusions can be made with more confidence.

The results in this chapter are based off of the VTM16e vehicle parameters. Table 8.1 highlights the
important parameters specific to the VTM16e vehicle.

Table 8.1 VTM16e vehicle parameters used for nominal system level analysis.

Variable Parameter Value Unit
UrBrake Front Brake Coefficient of Friction 0.55 1
URBrake Rear Brake Coefficient of Friction 0.45 1
I'tBrake Effective Radius of front brakes 0.081 m
I'RBrake Effective Radius of rear brakes 0.056 m

Frmaxarake Maximum Front Caliper Force 5000 N

Frmaxgrake Maximum Rear Caliper Force 4100 N
Mvehicle Vehicle Mass 243 kg

CG; Z location of CG 0.33 m
CGx X location of CG ratio from front 0.52 1
L Wheelbase 1.54 m
Trront Rear Track 1.19 m
Trear Front Track 1.18 m
Tame Ambient Temperature 300 K
Cep Final Drive Ratio 32/12 1
Capacity Battery Capacity 55.2 Ah
S Battery Cells in Series 24 Cells

8.1 Endurance Run
The most important aspect of the FSAE competition is finishing the endurance event. The VT FSAE team
puts reliability as the most important criteria when evaluating a design because of the endurance event.
The team cannot do well at the competition without finishing the endurance event.

Two different endurance courses were simulated for evaluation of the vehicle. The endurance courses are
based off of autocross tracks from the FSAE competition in Michigan in 2014 and 2015. The autocross
track layouts are shown in Figure 8.1 and Figure 8.2.
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Figure 8.1 Formula SAE Michigan 2014 autocross track represented for MATLAB simulation.

Figure 8.2 Formula SAE Michigan 2015 autocross track represented for MATLAB simulation.

At the Formula SAE Michigan competition, the endurance and autocross tracks are very similar. Data was
not available for the endurance tracks, therefore the autocross tracks were used for the simulation. The
autocross course is shorter than the endurance course because the end does not connect back around to
make a full circuit. Twenty-seven laps of the 2015 autocross and twenty-nine laps of the 2014 autocross,
representing the 22km distance of the endurance events were simulated consecutively. The end of the
track, represented with a red square, is connected back to the start of the track, represented with a green
square for the simulation. The vehicle has a required pit stop after 11 km of driving, where a driver
change occurs during the endurance event at competition. The driver change is not simulated in this
thesis. The driver change should be modeled in the future to obtain more accurate temperature estimates
of the vehicle. Additionally, the VTMZ17e vehicle will be competing at the event held in Lincoln,
Nebraska, a representative track should be developed for the Lincoln event. Unfortunately, a track map
was not available at the time of this development.

8.1.1 Nominal Results
Two endurance runs with the VTM16e setup, Table 8.1, were performed. Vehicle parameters were input
into the Track Simulation, to obtain the vehicle maximum performance capability. The Track Simulation
assumes the vehicle always has the necessary energy and power to accelerate at the vehicle maximum
potential. The vehicle is assumed to accelerate, brake, and corner at the limit of the vehicle capability.
The velocity profile generated from the Track Simulator is input into the Simscape Vehicle model. The
Simscape vehicle model is used to determine the states of the battery throughout the endurance run.
Nominal results are shown in Table 8.2.
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Table 8.2 Nominal results for endurance two endurance runs.

Max Battery . Max Min Ma}X
Simulation End SOC Temperature Total Time Battery Battery Vehlc_le
(%) °C) (s) Current (A) Voltage | Velocity
(V) (m/s)
Nominal 2014 31.6 40 1875.5 242 84.6 20.4
Nominal 2015 28.0 39 2072.4 224 84.4 18.8

The nominal results show an endurance run can be successfully completed with an end SOC of
approximately 30%. The SOC remaining is higher than necessary. The high end SOC is due to the
performance of the overall vehicle. The performance limitations were investigated to determine where the
largest performance gains can be made and how battery performance is affected.

8.1.2 Limitations
The utility of model-based design is to understand tradeoffs between variables. Understanding the most
influential limiting factors of the vehicle is important. For example, the battery capacity should not be
increased, if the vehicle performance is limited by the motor power. The vehicle parameters investigated
are; final drive ratio, brake force, and weight. These parameters are examined as they are believed to have
the largest effect on the performance and are able to be changed for the VTM17e design. Results are
shown in Table 8.3.

The parameter values chosen are based on realistic targets for the VTM17e competition vehicle. The
prototype vehicle created was overdesigned as a first iteration vehicle. By changing the battery box design
and mounting location a 10% reduction in mass is achievable from 243 kg to 219 kg. A design change of
the final drive ratio from a 32/12 to a 33/12 ratio is feasible. The brakes used on the prototype vehicle
were originally designed for a car weighing 23% less than the current vehicle. The brakes for the
VTM17e vehicle will have greater braking capability designed specifically for the VTM17e vehicle.

Table 8.3 Results from varying vehicle parameter values.

End | Max Battery | Total Time Max Battery | Min Battery | Max Vehicle
Simulation SOC | Temperature | Time Change Current Voltage Velocity
(%) (W) () (%) (A) ) (m/s)
Nominal
oo1a 31.6 40 1875.5 . 242 84.6 20.4
_ 2
103% Fal Drive | 30,0 i 18756 |  +0 254 84.1 20.5
0,
HoBreke | 205 40 1870.8 | -0.25 244 84.3 20.6
R
90% Weight | 55 40 1860.0 |  -0.83 249 84.4 20.9
2014
Nominal
o 28.0 39 2072.4 . 224 84.4 18.8
_ Db
103% 5(')”1%' Drive | 263 40 20631 | -0.45 236 83.7 19.1
0,
Ho Breke | 267 40 2059.2 | -0.64 229 84.0 19.2
LS.
0 /;gqg'ght 28.1 42 2058.4 | -0.68 231 84.3 19.2
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The battery usage over the endurance run increases when performance of the vehicle increases through
the final drive ratio or brakes. The battery usage decreases with a decrease in weight, despite the
performance increase, because less power is needed to achieve the same and/or better performance. The
current drawn from the battery increases with increased performance. As the current drawn from the
battery increases, the temperature rises.

8.1.3 Capacity Variance

The effects of battery capacity are investigated. The usable capacity varies between cells and operating
conditions as seen in Chapter 7. The mean capacity was used for the nominal results. Cells are limited to a
closed-loop voltage of 2.5 V, therefore the real battery pack is limited by the cell with the lowest capacity.
A simulation with the minimum capacity seen through testing is examined. A capacity value one standard
deviation lower than the minimum recorded through testing is also investigated to further understand how
the capacity may affect the overall vehicle. A single cell could have a capacity lower than minimum seen
through testing because not all cells were tested under all conditions. The results are shown in Table 8.4.

Table 8.4 Results from varying battery capacity.

. Max Battery Max Battery Min Battery
Simulation Ca(lfﬁ)'ty En((jo/“j )O c Temperature Current Voltage
| (°C) (A) V)
Nomina
2014 55.2 31.6 40 242 84.6
Minimum
Capacity 53.4 29.3 40 243 84.2
2014
Minimum -
1STD 52.2 276 40 244 83.8
Capacity
2014
Nominal
2015 55.2 28.0 39 224 84.4
Minimum
Capacity 53.4 25.6 39 226 83.8
2015
Minimum -
1STD 52.2 23.8 39 227 83.5
Capacity
2015

The battery capacity study, under the given simulation conditions, estimates the VTM17e vehicle
designed with a single battery with lower capacity will be able to finish the endurance run with
approximately 25% remaining.

8.1.4 Battery Thermal Considerations
A simple first-order thermal model of the battery was developed to understand the temperature of the
battery over the endurance run. Each battery box was approximated as one lumped capacity model, in the
actual battery box, the temperatures of each individual cell will vary based on their location in the battery
box. Further testing and analysis should be explored regarding the thermal environment of the battery
boxes. The current prototype battery boxes use passive cooling for the batteries.
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The VT team plans to compete with the VTMZ17e vehicle in Lincoln Nebraska in June 2017. Lincoln
Nebraska can have ambient temperatures of 30 °C. Understanding how the ambient temperature can
affect the performance and reliability of the vehicle is important. A simulation run with the higher
ambient temperatures allows for exploration of how sensitive the battery system thermal response is to the
environment temperature. The effects of the higher ambient temperature can be reduced if the initial
battery temperature is lower than the ambient temperature. The results are shown in Table 8.5.

Table 8.5 Results from varying ambient temperature.

Initial Ambient End Max Battery
Simulation Temperature | Temperature | SOC Temperature
Q) (°C) (%) (°C)
Nominal
2014 27 27 31.6 40
T30°C
2014 30 30 31.6 43
Tini 27 OC
Tamp 30 °C 27 30 31.6 42
2014
T33°C
2014 33 33 31.6 46
Tini 27 OC
Tamp 33 °C 27 33 31.6 44
2014
Nominal
2015 27 27 28.0 39
T30°C
2015 30 30 28.0 42
Tini 27 °C
Tamn 30 °C 27 30 28.0 41
2015
T33°C
2015 33 33 28.0 45
Tini 27
Tamb 33 27 33 28.0 43
2015

Battery temperature for different ambient and initial temperatures over the 2015 endurance runs are
shown in Figure 8.3. The battery temperature linearly increases by the increase in ambient temperature
but by reducing the initial battery temperature the effects of the higher ambient temperature can be
reduced. The battery temperature has the potential to rise higher than originally projected, and tested.
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Figure 8.3 Battery temperature over time for 2015 endurance event for different ambient temperatures.

8.2 Balancing Performance and Reliability
While reliability is very important for the vehicle to finish near the top at competition, performance is also
a large contributing factor. The nominal results estimate a final SOC of around 30%. As the performance
of the vehicle is increased through future design iterations, more energy will be needed. With the
VTM16e iteration of the vehicle, the batteries are not being used to their full potential. Each battery
module has a mass of 3.8 kg and a volume of 1.2e-3 m?. By removing even one module from the vehicle
there are significant packaging improvements. Different configurations with less batteries in series is
investigated. By removing battery modules, the overall system voltage is decreased, requiring higher
current to be drawn from the batteries. Figure 8.4 shows the current drawn from the batteries over time for
the 2014 nominal case.
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Figure 8.4 Battery current over time for 2014 endurance event.
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The maximum current drawn from the batteries is only 242 A. The batteries have a potential of drawing
400 A. The low current draw is due to a low top speed of the vehicle, due to the vehicle performance.
Weight can be reduced by removing battery modules, but voltage is also reduced. Decreasing the battery
voltage increases the battery current as seen in Equation 8.1.

Vimotor*Imotor (81)

I =
Batter:
Y Emverter*VBattery

Equation 8.1 Battery current calculation.
By increasing the current drawn from the batteries, the heat produced is increased. The removal of battery
modules was investigated and is shown in Table 8.6. Each module consists of 2 cells and are constrained

together by the battery housing. Only the Simscape Vehicle model was simulated, with the same velocity
profile, to view effects on the battery subsystem, not the performance gains from mass reduction.

Table 8.6 Results from varying number of battery cells in series.

End Max Battery Max Battery | Min Battery
Simulation SOC Temperature Current Voltage

Nominal 24 Cells o8) ) A )
5014 31.6 40 242 84.6
222519‘1'5 24.7 42 271 755
2%001?5 16.1 46 324 66.4
Nominal 24 Cells | 280 39 224 84.4
22200165”5 20.7 41 251 75.6

20 ol 11.6 44 295 64.4

Removing modules from the battery pack causes the voltage to decrease, causing an increase in current to
supply the same power to the motors. The simulation results estimate successfully completing the
endurance run a final SOC of around 23% when removing one module and around 14% SOC when
removing two. When removing two battery modules the DC voltage drops significantly, the reduction in
voltage can cause a performance decrease of the overall vehicle near the end of the race. To ensure the
VTM17e vehicle can perform at competitive levels, it is only proposed to remove one module.

8.3 Overall System Recommendation
A proposed design for the VTM17e competition vehicle was generated through simulation of the
VTM16e nominal vehicle with variations. Table 8.7 shows the parameter values of the proposed VTM17e
design.
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Table 8.7 VTM16e vehicle parameters used for nominal system level analysis.

Variable Parameter Value Unit
UrBrake Front Brake Coefficient of Friction 0.55 1
URBrake Rear Brake Coefficient of Friction 0.45 1
I'Brake Effective Radius of front brakes 0.081 m
I'RBrake Effective Radius of rear brakes 0.056 m

Frmaxarake Maximum Front Caliper Force 5500 N

FrmaxBrake Maximum Rear Caliper Force 4510 N
Mveticle Vehicle Mass 219 kg

CG; Z location of CG 0.33 m
CGx X location of CG ratio from front 0.52 1
L Wheelbase 1.54 m
Trront Rear Track 1.19 m
TRear Front Track 1.18 m
Tame Ambient Temperature 300 K
Cep Final Drive Ratio 33/12 1
Capacity Battery Capacity 55.2 Ah
S Battery Cells in Series 22 Cells

A battery subsystem with 11 battery modules is proposed. The 11 battery module design allows for easier
packaging of the batteries, and reduced weight, while still supplying sufficient energy, and power for the
vehicle to finish the endurance event. The changes investigated; 10% reduction in mass, and 10% increase
in brake force can be achieved for the VTM17e competition vehicle.

As the performance of the vehicle increases, the energy and power required also increase. Table 8.8
shows results of simulations with the design improvements and 22 battery cells. Also investigated are
simulations with minimum battery capacity, and an ambient temperature of 30 °C. The additional
simulations were run to understand the bounds of the design. Due to only the battery model being
validated through this research, the estimated results listed are only preliminary and full vehicle data
needs to be integrated into the simulation to gain confidence in the results.

With the proposed design, simulation results estimate successfully finishing the endurance run with a
final SOC of around 20%. By simulating the endurance run with the minimum capacity, the sensitivity of
the solution can be understood, a final SOC of around 17% is seen. A temperature of around 44 °C is
estimated, due to the elevated performance of the proposed VTM17e design. Battery temperature
considerations, such as pre-cooling the battery pack, need to be taken for the VTM17e competition
vehicle.

107



Table 8.8 Results of design recommendation and variations.

Max

End Max Battery Total Battery Min Battery | Max Vehicle
Simulation SOC | Temperature Time current Voltage Velocity
(%) °C) () A) V) (m/s)
Nominal
2014 31.6 40 1875.5 242 84.6 20.4
Design
2014 22.0 44 1846.4 297 74.5 21.2
Design Min
Capacity 19.3 44 1846.4 298 74.2 21.2
2014
Design 30 °C
Ambient 22.0 47 1846.4 297 74.5 21.2
2014
Nominal
2015 28.0 39 2072.4 224 84.4 18.8
Design
2015 17.1 43 2044.9 272 74.4 19.4
Design Min
Capacity 14.2 43 2044.9 275 73.7 194
2015
Design 30 °C
Ambient 17.1 46 2044.9 272 74.4 19.4
2015
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9. Conclusions and Recommendations

9.1 Summary
A process for the model-based design (MBD) of an electric powertrain Formula SAE (FSAE) vehicle is
developed through this thesis. The many interactions between subsystems of a vehicle are difficult to
understand. The use of MBD allows for design trade-offs to be made quickly, and “what-if” analysis to be
executed. First, a lap-time simulation is implemented and utilized to generate a velocity profile of the
vehicle performance capability as a performance goal. An overall vehicle model is created using the
Simscape physical-based modeling environment. The Simscape Vehicle model is structured with
subsystems representing the various subsystems on the vehicle. The use of a subsystem based model
allows for individual portions of the overall vehicle to be tested and validated independently. The battery
subsystem is focused on for the development of this research. A test program was developed to
characterize the battery cells across their projected operating range and the battery tests were conducted.
Parameter estimation techniques are used to create a representative battery model from the empirical data.
Battery models are validated over their projected operating ranges of State-of-Charge (SOC), temperature,
and current. The validated battery model is implemented back into the Simscape Vehicle model, and
design recommendations are made based off of the simulation results.

9.2 Conclusions
The proper use of model-based design allows for insight to be gained on a complex problem. MBD was
used as a design/analysis tool to evaluate the Virginia Tech Motorsports electric powertrain competition
vehicle, VTM17e. The objectives of the thesis produced the following conclusions:

1. The quasi-steady-state (QSS) method for lap-time simulation generates representative
performance goals for the Formula SAE vehicle. The QSS method does not account for the
transients of the vehicle entering and exiting corners, but still captures the dominant dynamics of
the vehicle around a given track. The Track Simulator was used to determine the performance
capabilities of the vehicle for a given track. Velocity profiles were generated based on vehicle and
track parameters and input into the overall vehicle model.

2. The use of physical-based modeling allows for effective representation of the energy flow
through Formula SAE vehicle. A full vehicle model was developed in the Simscape physical-
based modeling environment to represent the longitudinal dynamics, and corresponding driver
controls of the FSAE vehicle. The vehicle model was structured with individual subsystem
models to facilitate incremental subsystem development and validation of the simulation model.
The Simscape Vehicle model was used in combination with the Track Simulator to understand
the reliability of the vehicle. The Simscape Vehicle model is developed as a standalone tool using
vehicle test data in place of the Track Simulator data.

3. The literature review verified simple battery models are functions of the independent variables;
SOC, temperature, and current. A battery test schedule was created to test the batteries over the
projected operating ranges. Fifteen tests at five currents (35A, 100A, 200A, 300A, 400A) and
three temperatures (22 °C, 30 °C, 40 °C) were conducted. By holding temperature and current
constant throughout each test, the effects of each independent variable could be extracted. Pulsed
battery testing at 16 SOC breakpoints (1, 0.95, 0.9, 0.85, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.25, 0.2,
0.15, 0.1, 0.05, 0.001) allowed for transients of the batteries to be observed.
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4. An equivalent electrical battery model with two RC branches, an open-loop voltage, and a series
resistance allowed for transients to be modeled. Parameter estimation allowed for empirical data
to be used to determine battery parameters of the equivalent electrical circuit. Initial conditions
were first developed from known physical measurement in the battery test data. An optimization
loop to minimize the sum-squared error between test and simulated voltage was used to estimate
battery parameter values. Two stages of the optimization were used to converge on a global
minima. First, an initial pulse optimization using only R; and R; as design variables was
conducted to obtain a first approximation. Second, a final full optimization using Em, Ro, Ry, Ry,
71, and 72 as design variables was conducted to obtain a final overall solution. The final
optimization resulted in a mean sum-squared error of 6.3e-6, with maximum spikes of error <2%
at the transition sections. The battery tests allowed for lookup tables to be generated for each of
the parameters varying with SOC, temperature, and current. Sensitivity analysis determined
temperature has a larger effect on the estimates of parameter values than the current.

5. Battery parameter results are validated with variable temperature and current tests. Under test
conditions of 22-40 °C and 35-400 A the battery model is able to predict the battery voltage with
RMS error of 0.0192 V. At low SOC the 5% pulses are not small enough to properly represent the
non-linearity of the parameter values. Smaller pulses below 10% SOC are necessary to obtain
more accurate results. Accuracy at low SOC will allow the team gain confidence to discharge the
batteries to lower states-of-charge allowing for possible increased performance. Sensitivity
analysis shows Em, initial SOC and capacity have a large effect on the overall battery model
accuracy. Em causes an offset error in the voltage. Initial SOC causes an offset error in the SOC
and capacity causes a scaling error in SOC. A preliminary 1-D lumped capacity thermal model of
the batteries is developed to understand possible thermal issues. A thermal model is correlated
with error of 1.4 °C to understand how the batteries may heat up on the vehicle.

6. Two different endurance events based on the 2014 and 2015 FSAE Michigan autocross tracks
were simulated to explore the battery model with the overall vehicle simulation. Using the
VTM16e prototype vehicle setup shown in Table 9.1, an endurance event could be completed
with an estimated 30% battery state-of-charge remaining.

Table 9.1 VTM16e vehicle parameters used for nominal system level analysis.

Variable Parameter Value Unit
Frmaxarake Maximum Front Caliper Force 5000 N
FrmaxBrake Maximum Rear Caliper Force 4100 N
MVveice Vehicle Mass 243 kg
CG; Z location of CG 0.33 m
CGx X location of CG ratio from front 0.52 1
L Wheelbase 1.54 m
Teront Rear Track 1.19 m
Trear Front Track 1.18 m
Tamb Ambient Temperature 300 K
§FD Final Drive Ratio 32/12 1
Capacity Battery Capacity 55.2 Ah

S Battery Cells in Series 24 Cells
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FSAE is a competitive environment, to finish at the top at competition a vehicle must have good
reliability and performance. Simulations with the minimum capacity tested, 53.4 Ah, and one
standard deviation lower, 52.2 Ah, were conducted to understand the sensitivity to the battery
model. The final States-of-Charge for the minimum and one standard deviation lower capacities
were around 28% and 26%, respectively. Performance increases of 10% increase in brake force,
33/12 final drive ratio, and 10% mass reduction were investigated. Lap-time reductions of up to
0.83% were seen from the changes. The nominal results were based on the VTM16e prototype
vehicle. The VTM16e prototype vehicle is a first iteration design, therefore there is much room
for performance improvement. Increasing the performance of the vehicle also increases the
energy usage of the vehicle. Removing a battery module from the battery pack was investigated
due to the significant amount of charge left in the batteries. The overall system voltage drops by
removing battery modules, by lowering the voltage, the current increases to maintain the same
power. The current limits of the batteries are 400 A, after removing a battery module the
maximum battery current seen through the endurance run is 260 A. A battery module can be
removed and the vehicle still successfully complete the endurance event with around 23% SOC
remaining. Each battery module has a mass of 3.6 kg, and removing one battery module allows
for easier packaging of the battery box. A final design for the VTM17e competition vehicle is
proposed and shown in Table 9.2.

Table 9.2 VTM17e proposed vehicle parameters.

Variable Parameter Value Unit
Frmaxarake Maximum Front Caliper Force 5500 N
FrmaxBrake Maximum Rear Caliper Force 4510 N
MVvehicle Vehicle Mass 219 kg
CG; Z location of CG 0.33 m
CGyx X location of CG ratio from front 0.52 1
L Wheelbase 1.54 m
Teront Rear Track 1.19 m
Trear Front Track 1.18 m
ZFD Final Drive Ratio 33/12 1
Capacity Battery Capacity 55.2 Ah

S Battery Cells in Series 22 Cells

The VTM17e proposed design includes 10% increase in brake force, 33/12 final drive ratio, 10%
reduction in mass, and 11 battery modules (22 battery cells). Simulating the VTM17e proposed
design yielded a final SOC of around 20%. The sensitivity to capacity was investigated and
estimated a final SOC of around 17% for a capacity value of 53.4 Ah. Lincoln, Nebraska during
the time of the FSAE competition, can have ambient temperatures of 30 °C. With the possibility
of elevated ambient temperatures, pre-cooling the batteries should be explored for the VTM17e
competition vehicle.

9.3 Future Recommendations
The scope of this thesis was to develop a model-based design framework for a full vehicle simulation
with an emphasis on the battery subsystem. The full vehicle simulation model was developed including
the integration of the battery subsystem. The battery subsystem model was tested and validated. There
are many areas of improvement and refinement to this initial development of overall vehicle model not

111



pursued within the scope of this research. Some of the more important issues to investigate are outlined
here.

9.3.1 Full Vehicle Test Data
Improving the overall vehicle model and the confidence in the various subsystem results, requires a full
testing program with data from the bench-top, lab and overall vehicle system levels. Examination of the
component as well as the overall system is important. Validation of the different subsystems begins at the
bench-top level testing. The hierarchical integration of lower level subsystems into and higher level
subsystems must be carried out on the bench-top and at the laboratory testing levels. Full vehicle test data
is required and maybe performed in the lab but much of the full-vehicle testing must be carried out as on-
track testing. Validation of the overall system level model, the complete vehicle can only be
accomplished by a series of tests which accentuate specific behavior over the operational range of the
vehicle. The overall vehicle test data will expose interactions between subsystems unable to be seen with
only subsystem testing.

9.3.2 Motor and Inverter Modeling
The motor needs to be better understood to identify the critical reliability and performance design trade-
offs needed for the race car to achieve peak performance. The motor model used in this thesis is
developed from the data sheet for the motor provided from the motor developer. Testing needs to be run
to experimentally verify the motor performance and to develop a representative motor model. The
combination of motor and overall vehicle testing will allow for the assumption of modeling the inverter
and motor together to be reevaluated. A static efficiency value is used for the current Simscape Vehicle
motor model, in reality, the efficiency of the motor is based on the speed and load on the motor. As the
DC bus voltage drops the point at which the motor reaches constant power is reduced. To more accurately
represent the system the drop in power should be included in the Track Simulator when simulating lower
DC bus voltages. A more representative model of the motor should be created using maximum torque at
the motor base speed. The maximum torque of the motor is a function of the maximum current supplied
to it, and the motor base speed is a function of the DC bus voltage.

9.3.3 Charging and Regenerative Braking
The batteries were unable to be tested for charging characteristics due to the resources available. Battery
parameters vary with charge current as well as discharge current. An initial charge model should be
developed with parameter values symmetric to the discharge parameter values. Understanding the
charging characteristics of the batteries will be very important in the future when designs for regenerative
braking on the vehicle are explored. The full-vehicle simulation and subsystem models will allow
different regeneration algorithms to be tested safely and efficiently. When cycling between discharging
and charging, hysteresis occurs [29]. If the battery subsystem model is to be extended to include charging,
accounting for hysteresis effects should be examined. The hysteresis may affect the accuracy of the
model.

9.3.4 Battery Thermal Testing
An initial thermal model of the battery was developed in this thesis. The thermal model developed as part
of the battery subsystem model requires more detailed testing. The initial model over a full endurance run
showed battery heating up to 47 °C under elevated ambient temperatures. To ensure the batteries do not
overheat under operational racing conditions, a more accurate thermal model should be developed. An
accurate thermal model will help in designing the battery box, contributing to driver safety, and
improving battery life. Additionally, an improved battery thermal model should be able to relate battery
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temperature to terminal temperature, to ensure the terminals stay within the 60 °C limit of the competition

rules.

9.3.5 Battery Test Recommendations

The battery tests run for this thesis were a good first start, but improvements could be made.

1.

As the voltage of the batteries decreased through the test, the current also decreased because of
the test setup of using a resistive bank. If a varying load was developed, the test would be able to
be conducted at a constant current allowing for more consistent results. Although results show
parameter values are not very sensitive to current.

A varying load can more accurately represent a typical driving cycle. The present test setup does
not allow rapid variation in the current, which is common for a racecar.

Temperature has a greater effect than current as seen through sensitivity analysis. A temperature
test at 45 °C should be conducted to expand the operational temperature range of the model.
Additionally, if tests are conducted for different battery modules, less current tests are necessary.
As discussed in Section 7.2.3 the usable battery capacity varies with temperature and current.
Static discharge tests with the same cell should be conducted to quantify the effects of
temperature and current on capacity. The static discharge test does not need to be pulsed as only
the overall usable capacity is desired.

Static discharge tests at a constant current and temperature should be conducted to understand the
variance between different battery cells. The results will allow for more confidence in the battery
model.

Shorter pulses at low SOC are necessary to capture the non-linearity of the battery parameters.
Through this thesis batteries were tested with pulses of 5% SOC at high and low states-of-charge
and 10% in the middle. Through parameter estimation error at a low SOC ensued due to the large
non-linearity. By taking smaller pulses at lower SOC the parameters can more accurately be
modeled. The better accuracy at low SOC will allow the VT team to more confidently discharge
the batteries to lower states-of-charge allowing for possible increased performance.

9.3.6 Track Simulation Improvements

In order to better represent the reliability and performance of the electric powertrain vehicle at
competition events, the track simulation needs to be modified.

1.

The track data available for simulation was based on the track layout of the FSAE Michigan
competition autocross event. The VTM17e vehicle will be competing at a different event, in
Lincoln, Nebraska. While the tracks are expected to be designed to have similar velocities and
distances, by simulating a Lincoln track layout the model can be more representative of what will
be seen in competition.

After halfway through the endurance event there is a 3 minute driver change. Currently the track
simulation does not include this portion of the event. The driver change will affect the thermal
loading on the vehicle. During the 3 minutes the car will be sitting still, the batteries will be able
to cool down slightly.

9.3.7 Simscape Vehicle Model Improvements

The Simscape Vehicle Model is developed to allow for incremental improvements through individual
subsystem testing and validation. This section briefly describes the possible improvements to each
subsystem.
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Lateral Dynamics — Currently the Simscape Vehicle model only represents the longitudinal
dynamics of the vehicle. The modeling choice was made as the energy usage is not significantly
affected by the lateral dynamics. By adding lateral dynamics the model becomes much more
complex in nature. The inclusion of lateral dynamics would be necessary if torque vectoring is
investigated.

Tires — The tire subsystem implemented in the Simscape Vehicle model currently is only a
function of normal force and slip ratio, and assumes a constant coefficient of friction. Through
testing and further model development a more accurate tire model can be developed. With the
inclusion of lateral dynamics an improved tire model is necessary to capture lateral forces.
Brakes — The brake subsystem in the Simscape Vehicle model assumes a linear brake force with
pedal force. In actuality the brake force is not linear and changes with temperature. The brake
subsystem should be improved to understand how the temperatures effect the braking
performance. Additionally, when regenerative braking is implemented into the model an accurate
braking model will help with tuning of control parameters.

Aero — Currently the VTM16e vehicle does not have wings on the car. The Simscape Vehicle
model assumes all lift forces act evenly on each tire. As the VT team develops an aerodynamic
package for the EPT car, the aerodynamic forces should be changed to act at their respective
centers of pressure. The improvement of the aerodynamic subsystem will allow for tuning of
front and rear wings.

Chassis — Currently the chassis and suspension subsystems are rigid and used to connect the
vehicle together as well as calculating longitudinal load transfer. Lateral load transfer as well as
steering will be necessary to model with the inclusion of lateral dynamics. The addition of more
degrees of freedom in the suspension model will allow for more accurate results, but will also
complicate the model significantly.

Low Voltage — The low voltage system in the Simscape Vehicle model is currently only a
placeholder. The low voltage subsystem should be updated as full car data is taken and the power
draw is measured and understood.

Differential — Currently in the Simscape Vehicle model the differential is modeled as a closed
differential. The closed differential causes both wheels to spin at the same speed regardless of
grip levels. For pure longitudinal dynamics the method chosen for differential modeling does not
affect the results. A more accurate model of the differential used on the vehicle, a limited-slip
differential, should be modeled if lateral dynamics are included in the model.
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Appendix A — Track Simulator Parameters
Appendix A encompasses vehicle parameters and track dimensions used in the Track Simulation.

Table A.1 Vehicle parameters used in the Track Simulation.

Variable Parameter Value Unit Source
Trear Rear Track 1.19 m Designed value
Teront Front Track 1.18 m Designed value
CG; CG Height 0.33 m Estimated from model
Urire Tire to Road Friction Coefficient 1.5 1 Estimated value
L Wheelbase 1.54 m Designed value
Itire Tire Rolling Radius 0.22 m Measured value
Cr Coefficient of Rolling Resistance 0.01 1 Estimated from testing
Weriver Driver Weight 756 N Assumed value
Wear Car Weight 2335 N Estimated from model
CGx Car Weight Distribution Rear 0.52 1 Designed value
Ipriveiine Driveline Inertia 6.20 N*m? | Estimated from models
Noriveline Driveline Efficiency 0.8 1 Assumed value
Mcar Full Mass 315.25 kg Estimated from model
L Final Drive Ratio 2.67 1 Designed value
g Gravity 9.81 m/s? Assumed value
Co Drag Coefficient 3.1 1 Estimated from model
G Lift Coefficient 0.014 1 Estimated from model
Af Frontal Area 0.12 m? Estimated from model
Tamb Ambient Temperature 300 K Assumed value
Dair Air Density 1.225 kg/m? Assumed value
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Table A.2 Numerical values defining straight and corner sections of the 2015 Formula SAE Michigan autocross track.

Feature Number | Straight Length (m) Corner Radius (m) Corner Angle (rad)
1 5.9 9.4 0.28
2 16.4 7.0 -0.61
3 10.5 8.2 0.61
4 9.4 3.5 -2.02
5 5.9 3.5 1.88
6 23.4 7.0 -0.47
7 14.0 4.1 0.73
8 21.1 4.7 -1.41
9 9.4 2.9 1.40
10 4.7 7.0 0.94
11 2.9 3.5 -0.54
12 2.3 2.9 -1.66
13 11.7 9.4 1.08
14 10.5 7.0 -0.72
15 17.0 6.4 0.45
16 2.3 8.2 -0.40
17 18.7 9.9 0.33
18 26.9 11.1 -0.33
19 8.2 3.5 0.70
20 5.3 3.5 -0.99
21 5.9 5.9 1.01
22 3.5 3.5 -1.08
23 16.4 10.5 0.87
24 5.9 9.4 -0.89
25 7.0 8.2 0.63
26 16.4 11.7 0.51
27 19.9 10.5 -0.52
28 8.2 7.0 0.65
29 4.7 7.0 1.52
30 4.7 11.1 1.27
31 3.5 9.4 -0.59
32 16.4 9.4 0.35
33 15.2 7.0 -0.73
34 18.7 9.9 0.94
35 18.7 5.9 -0.72
36 5.3 5.9 -0.77
37 2.3 4.7 1.10
38 8.8 8.2 0.44
39 4.7 5.9 -0.40
40 38.6 24.6 0.35
41 17.6 5.9 -0.84
42 4.1 5.9 1.13
43 13.5 7.0 -0.86
44 15.2 6.4 0.84
45 16.4 5.3 -0.91
46 15.2 5.9 0.87
47 8.2 7.0 -0.51
48 21.1 292.6 0.00
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Table A.3 Numerical values defining straight and corner sections of the 2014 Formula SAE Michigan autocross track.

Feature Number | Straight Length (m) Corner Radius (m) Corner Angle (rad)
1 16.3 8.0 0.64
2 4.0 4.7 -1.59
3 2.7 9.7 0.67
4 32.0 12.0 0.86
5 11.3 5.7 -0.85
6 2.6 8.3 0.40
7 10.7 8.0 0.51
8 17.7 12.7 -0.48
9 3.7 22.3 -0.38
10 4.7 22.0 -0.40
11 4.7 13.3 0.66
12 15.3 4.3 -0.87
13 4.0 6.7 0.72
14 4.7 8.3 0.65
15 5.0 8.0 -0.51
16 8.0 9.3 0.58
17 3.0 7.7 -0.48
18 12.0 10.0 0.61
19 7.0 7.0 -0.73
20 6.3 11.3 -0.54
21 17.3 7.3 0.84
22 26.6 9.3 1.26
23 2.7 5.3 -0.64
24 6.3 6.0 1.11
25 8.7 5.0 0.97
26 21.3 12.3 0.66
27 4.7 6.7 -0.72
28 1.0 3.0 0.61
29 25.3 11.3 -0.92
30 2.3 9.7 0.93
31 2.0 7.7 -0.48
32 1.3 5.7 0.41
33 2.7 7.7 -0.48
34 20.0 13.7 0.37
35 13.0 27.3 -0.58
36 30.6 5.7 0.91
37 3.0 3.7 -1.77
38 4.7 8.3 0.91
39 24.3 7.3 0.84
40 2.7 7.7 -0.76
41 3.7 6.7 0.77
42 2.3 8.0 0.68
43 3.0 12.0 -1.08
44 7.3 14.7 -1.00
45 7.3 22.6 0.57
46 4.3 8.3 -0.36
47 2.7 10.3 0.76
48 11.0 76.2 0.00
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Table A.4 Motor torque and power as a function of angular velocity.

Angular Velocity (RPM) | Torque (N*m) Power (kW)
0 82.0 0
500 81.8 4.3
1000 81.5 8.5
1500 81.3 12.8
2000 81.0 17.0
2500 80.8 21.1
3000 80.5 25.3
3500 80.3 29.4
4000 80.0 335
4500 79.0 37.2
5000 74.0 38.7
5500 68.8 39.6
6000 63.0 39.6
6500 58.2 39.6
7000 54.0 39.6
7500 50.4 39.6
8000 47.2 39.6
8500 44.4 39.6
9000 42.0 39.6

9010 0 0
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Appendix B — Simscape Vehicle Model Parameters

Appendix B tabulates parameters used in the overall Simscape Vehicle model.

Table B.1 Aerodynamic related parameters for Simscape Vehicle Model.

Variable Parameter Value Unit Source
Co Drag Coefficient 3.1 1 Estimated from model
G Lift Coefficient 0.014 1 Estimated from model
Dair Air Density 1.225 | kg/m? Assumed value
As Frontal Area 0.12 m? Estimated from model
Table B.2 Brake related parameters for Simscape Vehicle Model.

Variable Parameter Value Unit Source
UrBrake Front Brake Coefficient of Friction 0.55 1 Tested value
URBrake Rear Brake Coefficient of Friction 0.45 1 Tested value
I'tBrake Effective Radius of front brakes 0.081 m Designed value
I'RBrake Effective Radius of rear brakes 0.056 m Designed value

FrmaxBrake Maximum Front Caliper Force 5000 N Designed value

FrmaxBrake Maximum Rear Caliper Force 4100 N Designed value
MeRotor Front Rotor Mass 0.346 kg Designed value
MgRotor Rear Rotor Mass 0.217 kg Designed value
CoRotor Specific Heat of rotor material 507 J/kg/K Appendix D
Arrotor Front Rotor Area 0.2 m? Designed value
ARerotor Rear Rotor Area 0.2 m? Designed value
hsrake Brake Convection Coefficient 80 W/mA2/K | Estimated value

Table B.3 Chassis related parameters for Simscape Vehicle model.

Variable Parameter Value | Unit Source
Myehicle Vehicle Mass 243 kg Estimated from model
Mopriver Driver Mass 72 kg Assumed value

Motal Full Mass 315 kg Calculated value
CG; Z location of CG 0.33 m Estimated from model
CGx X location of CG ratio from front 0.52 1 Designed value

L Wheelbase 1.54 m Designed value

Table B.4 Environment related parameters for Simscape Vehicle model.

Variable Parameter Value | Unit Source
Tamb Ambient Temperature 300 K Assumed value
g Gravity 9.81 m/s? | Assumed value

121




Table B.5 Inverter and Motor related parameters for Simscape Vehicle model.

Variable Parameter Value Unit Source
Elnverter Inverter Efficiency 1 1 Assumed value
Linvertermax Maximum Inverter Current 550 A Data Sheet
htotor Motor Convection Coefficient 25 W/m?/K Assumed value
SAwotor Surface Area of Motor 0.14 m? Estimated from model
K Motor Constant 0.15 N*m/A,rad/s/V | Estimated from data sheet
Rwotor Motor Winding Resistance 0.0063 Q Manufacturer test data
Mcopper Motor Mass of Copper 6 kg Estimated value
Msteel Motor Mass of Steel 7 kg Estimated value
M aluminum Motor Mass of Aluminum 2 kg Estimated value
EMotor Motor Efficiency 0.9 1 Appendix D
Cocopper Specific Heat of Copper 390 J/kg/K [25]
Costeel Specific Heat of Steel 470 J/kg/K [25]
Coatuminum Specific Heat of Aluminum 910 J/kg/K [25]
A nsulation Insulation Conduction Area 0.1 m? Estimated value
Asteel Steel Conduction Area 0.1 m? Estimated value
Aatuminum Aluminum Conduction Area 0.1 m? Estimated value
tinsulation Insulation thickness 0.001 m Estimated value
tsteel Steel Conduction Area 0.0034 m Estimated value
taruminum Aluminum thickness 0.0032 m Estimated value
Kinsuiation | Insulation Conduction Coefficient | 0.072 W/m/K Estimated value
Ksteel Steel Conduction Coefficient 40 W/m/k [25]
Katuminam Aluminum Sonduction 205 w/m/k [25]
Table B.6 Battery thermal related parameters for Simscape Vehicle model.
Variable Parameter Value Unit Source
taattery Battery Thickness 0.018 m Measured value
Hgattery Battery Height 0.30 m Measured value
Waattery Battery Width 0.22 m Measured value
Agattery Battery Surface Area 0.152 m? Calculated value
Magattery Battery Mass 1.9 kg Measured value
Cosattery Battery Heat Capacity 747 J/kg/K [18]
hgattery Battery Convection Coefficient 5 W/m?/K | Estimated value
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Table B.7 Tire related parameters for Simscape Vehicle model.

Variable Parameter Value Unit Source
ITire Tire Radius 0.22225 m Measured value
B Pacejka B coefficient 11.0947 1 Estimated from model
C Pacejka C coefficient 1.5221 1 Estimated from model
D Pacejka D coefficient 1.5 1 Estimated value
E Pacejka E coefficient -0.0511 1 Estimated from model
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Appendix C — 24 Cell Analysis

Appendix C shows the comparison of the Simscape vehicle model with 24 cells and 1 cell. To justify the
approximation of 1 representative cell, representing all 24 cells, a model with 24 cells was created. The
battery subsystem was broken down into two battery boxes with 12 cells in each as seen in Figure C.1 and
Figure C.2, respectively.
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Figure C.1 Overall battery model with two battery boxes representing the system on the prototype vehicle.
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Figure C.2 Battery box subsystem with 12 battery cells modeled.

The model was run with 24 individual cells to compare to the model with only 1 cell. The voltage over
the entire endurance run of 24 and 1 cell representation is shown in Figure C.3. From the naked eye there
is no discernable difference between the two voltages. A zoomed in version, Figure C.4, shows small
error between the two in some transition sections.

124



Voltage (V)

84 1 1 1 1 1 1 1 1 1

1} 200 400 600 B00 1000 1200 1400 1600 1800 2000
Time (s)
Figure C.3 Voltage over time of 24 and 1 cell models.
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Figure C.4 Voltage over time zoomed in to see error in some transient sections between 24 and 1 cell models.

When the error over time is plotted, Figure C.5, spikes in error can be seen from this difference. The
mean error is -2.7e-4 V and SNR of the data is 706. The error may be due to numerical error in the solver.
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Woltage Error (V)

1227.4

Battery parameter values vary with SOC, and many conclusions are made from the SOC. Figure C.6
shows the error between the SOC in the two models. The SOC error negatively increases throughout the
simulation, but the maximum error seen of -1.41e-5 at the end of the simulation is 0.0045% of the SOC

and is not significant.
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Appendix D — Data Sheets
Appendix D shows data sheets used throughout the development of this thesis. A data sheet was not
available for the thermistors used in battery testing, therefor an ice bath test was conducted to determine
accuracy of the thermistors.

Table D.1 Results of thermistor ice bath test.

Thermistor 1 Thermistor 2 Thermistor 3 | Thermistor 4 Ambient
Test | Temperature | Temperature Temperature | Temperature | Temperature
(°Q) (°Q) (°Q) (°C) (°C)
1 1 0 1 19
0 0 0 0 19
1 0 0 0 20

Data sheets attached to Appendix D are as follows

Page 128 — BMS datasheet [30]

Pages 129-131 — Current sensor datasheet [31]

Page 132 — Motor Datasheet [32]

Page 133 — Dura-bar 80-55-06 ductile iron brake rotor material datasheet
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Cell Voltage Monitoring Specs

e Cell voltage resolution of about 1.5mV

e Maximum individual cell voltage rating: 0.5v to 5v per cell tap.

e Cell voltage measurement total error <0.25% across full tem-
perature range.

e Total pack voltages from 13v up to 850v (max.)

e Supports from 4 to 180 cells per BMS (more if units in series.)

Reliability & EMI Immunity (Rev E)

e Operates through the highest class passenger vehicle load dump
ISO 7637 Class IV (87V, 400mS, 0.5 ohm source.)

e Operates through ISO 7637 “cold crank” brownouts down to 5v
on 12v supply rail and can operate > 100mS with no power
(with initial voltage of 12v.)

e Meets EN 50498: 2010 EMC Aftermarket Vehicle Directive

e Meets 2004 /104 /EC EMC Road Vehicle Directive last revised
as 2009/19/EC

Product Dimensions

e Standard Enclosure: 9.45 in (W) x 6.85in (L) x 3.23 in (H)
e Extended Enclosure: 15.98 in (W) x 6.85 (L) x 3.23 in (H)
e Weight (Standard Enclosure): 5.35 Ibs

e Weight (Extended Enclosure): 8.85 lbs

Isolation

e Cell taps isolated from 12v supply, chassis and 1/O

e 2.5kV isolation between each connector of cell taps

e Isolation allows for use of in-pack safety disconnects and fuses

e High voltage isolation fault detection circuit to monitor the
breakdown of wire insulation

1/O Interfaces

e 2 Digital signal outputs for enabling charge and discharge.

¢ 1 Digital signal output to control a battery charger

e 2 Digital programmable CANBUS (CAN2.0B) interfaces.

e 4 Analog 0-5v outputs that represent the following signals:
Charge Current Limit (CCL), Discharge Current Limit

e 1 PWM fan output and fan speed feedback monitor (external
switch and relay required.)

e 4 thermistor inputs (Can support up to 800 thermistors through
external thermistor expansion modules (expansion modules sold
separately)

¢ 1 Dual range current sensor input (measures pack current)

Power Supply

e 3 redundant 12V DC power supplies for reliability
e BMS retains data without power (rev D and newer)
e Low power sleep mode

Specification Item Min | Typ | Max | Units

Supply Voltage 8 16 Vdc

Supply Current—Active 250 mA

Supply Current—Sleep (Rev. D & E) UA

Operating Temperature -40 80 G

Sampling Rate for Current Sensor 8 m$S

Sampling Rate for Cell Voltages 30 50 m$S

Isolation Between Cell Taps and Chassis / 12v Supply 2.5 kVrms — .
Isolation Between Cells 36-37,72-73, 108-109, & 144-145| 2.5 kVrms é»’ﬁ‘:) _";" ';L :
Digital Output Voltage (Open Drain) 30 \% \ A\) \ / '/‘
Digital Output Sink Current (Rev. D & newer) 175 mA

Cell Voltage Measurement Range 0.5 5 \

Cell Voltage Measurement Error (over 1-5v range) 0.25 % - —
Cell Balancing Current 200 | mA Nl
Cell Current (Operating) 5 mA I

Cell Current (Sleep)

Thermistor Accuracy @ :

Cell Voltage Reporting Resolution 1.5 mV

Optional Specifications

CAN bus speed 125, 250, 500, or 1000 Kbps peeandioliot BAS wility

Current Sensor Values +/- 200A, 500A, 750A, 1000A Available

120 Easy Street, Suite 14

Carol Stream, IL 60188

Phone: (630) 868-3173
Fax: (866) 657-5667

www.orionbms.com
www.ewertenergy.com
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Absolute maximum ratings

DHAB S/33

Parametar Symbel Winit - Ll E_iﬁmtinn Conditions
Min | yp Max
Ebectrical Data
Supply voltags 8.5
Cwer voltage V. v 14 1 min
Reverss voliage -14 1min @ T, =25°C
Output voltage (Analog) v W 8.5
Cutput over voltage (Analog) w W 14 1min @ T, =25°C
Continucus output current L mA =10 10
Cuitpat shor=circuit duration T min 2
Ambient storags lamparature T, “C =40 125
Operating characteristics
Paramater Symbol Linit Specification Conditions
Mim Tvp Max
Ebkectrical Data
Supply voltage V. W 4.5 5 55
Output current {Analog) L. ma =1 1
Current consumplion 15 20
L méA
Power up inrush current -’ 40 & ‘.": <35V
Load resistance R KO 10
Capacitive boading [+ nF 1 100
=1 65 High accuracy
Ambient oparating temperatura T, "C - -
A1 125 Roduced acturacy
Channel 1
Parametar Symboel Unit Specification Conditions
Mim | Typ M
Electrical Data
Frimary current | S— A =75 75
Calibration currant L. &0 60 @T,=25C
Offset voltage v, W 2.5 @V =5V
Sensitivity " mia 26,7 @v, =5V
Resalition m 2.5 @V, =5V
Culput damping voltage min ™ v y 0.24 0.25 0.26 @V, =5V
Cutput damping voltage max " e 4.74 4.75 4.76 @V =5V
Ouiput internal resistance Rn-r ¥] 1 10
Freguency bandwidtn BwW Hz B0 =3 dB
Power up tima ms 25 10
Setting time after over [cad ms 25
Channel 2
Parameter Symbol |  Unit Spacification Conditions
Min | Typ Max
Electrical Data
Primary current L. S A =750 75O
Calibration currant L. =500 500 @T,=25C
Offaet veltage v, W 2.5 @v. =5V
Sonsitivity 1 G Wi a7 @V, =5V
Resolution my 2.5 @V, =5V
Cuitput damping voltage min ' 0.24 0,25 0.26 @V, =5V
Oulput dlamping veltage max " Var v 4.74 4756 4,76 @M. =5V
Culput intermal resistance R, 0 1 10
Fragquency bandwidth BwW Hz 8o @ -3d2
Power up time me 25 110
Setting time after over load ms 25

MNote: " The cutput vokltage V

our

is fully ratiometric (concerning offset, sensitivity and clamping) and is dependent on the supply
voltage Vc relative to the following formula:

rs
|,_| W —

with Gin (V/A)
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DHAB S/33
ACCURACY
Channel 1
Parameter Symbol Unit Specifisation Conditions
Min | Typ | Max
Electrical Data
Electrical offset current | Fp— ma, + 100 @T,=25°C
Magnetc offset current | — mi, + 100 @T,=25C
- 350 350 @ T,=25°C
Global offsat current | F— m#a =550 550 @=10"C < T" < 85°C
=850 B850 @ =40°C = T° = 125°C
0.5 @T,=25C
Sensitivity arror £, By +2 @=-10°C = T° =65°C
+ 3.5 @ =40°C < T" = 125°C
Linearity error £ % +0.5 off full range

Global Absolute Error (A)

Channel 1 Global Absolute Error (A)

Temperature =40 =20 0 25 65 125
Global Offset Error + 068 + 0.58 + 048 +0.35 + 055 + 0,85
Global Error @204 1 2.40 1 1.9 +1.42 + 0280 + 1.56 £2.70
Global Error @+ 754 + 4.50 + 3.45 + 241 +1.10 + 266 + 5,00

DHAB S33 Channel 1 : Global Absolute Error

+6.00

+5.00 e

+4.00 \\
N\ /
______..--""

+3.00 /
~ \\ pd

+2.00 x\ \\/ ; =
+1.00 <~

__________-__________.______—-—-'

Global absolute error (A)

+0.00
-40 -20 0 20 40 60 80 100 120 140
Temperature (°C)
e (Global Offset Error = (Global Error @+40A m—— Global Error @+75A
Page 46
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DHAB S/33
ACCURACY
Channel 2
Specification
Paramater Symbol Unit Conditions
Ml | Typ | Max
Elactrical Data
Electrical offset current | A 1 @T,=25°C
Magnatic offset current | F— A +28 @ T, =25C
=562 5.2 @T,=25"C
Glabal offset current 1, J— A =57 5.7 @ =-10°C = T° < B5°C
=6.5 6.5 @ =40°C <« T = 125°C
+ 0.5 @T,=25"C
Sensitivity errar £, %, +2 @=10°C « T* < B5°C
£3.5 @ -40°C = T* € 125°C
+ 0.5 Ip = £ 6GOOA, % of full range
Linearity error £ k0
’ +2 Ip = £ 7504, % of full range
Global Absolute Error (A)
Channel 2 Global Absolute Error (A)
Temperature =40 =20 0 25 65 126
Global Offset Error +B.05 + 5,79 + 5,53 + 5,70 + 5,77 + B.50
Global Error @+5004 + 24,0 + 20,6 +17.2 +13.0 + 20.8 + 32,5
Global Error @+7504A +42.0 + 36.5 + 30.9 + 24,0 + 33.6 + 48,0
DHAB S$33 Channel 2 : Global Absolute Error
+ 50.00
/ g
[ ]
. 14000
& -~ —
o P
£ +30.00 \\/ — —
=2 /
[=]
]
@ \h—- /
@+ 20.00 —h.,\__\‘
F
Lu
+10.00
+ 0.00
-40 =20 0 20 40 60 a0 100 120 140
Temperature (°C)
— 5lobal Offset Error — (5|obal Error 25004 — (5lobal Error @750
Page 56
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BHEMMO 300 West Valley View Road, Talent, OR 97540, USA
v “ +1 541) 4940823 T / +1 (G41) 535-3916 F

OIGITAL DRNVETRAIN ™ www.brammo.com

GVM Traction Motor

» Internally cooled IPMAC motor system

« High performance cooling system with
low pumping requirements

» Light weight system meets APEEM 2015
performance targets

Performance Specification® Cooling
Peak Power/Torque 42 kW / 90Nm Cooling Working Fluid 50% Aqueous Ethylene
col
Continuous Power 29 kW &
Rated Flowrate/Pressure 10 lom @ 0.05 bar
Voltage Range 48-450 Vdc
= Min/Max Inlet Temperature 10°C/90°C
Maximum Input Current 600 Arms
Maximum Gage Fluid Pressure 1.6 bar
Base Speed 4,200 RPM
= Coolant Fittings 3/4" Barbed Hose,
Maximum Speed 9,000 RPM 90" & 10" Positions
Peak Efficiency >95%
Pole Pairs 6
Weight 16 kg [complete motor)
Volume 4.5L {complete motor) T
(3
Protection Rating IPS5 {25 per DIN 40050-9) 3
-
3
e

“Al performance spechcations are rated at coolant it of 60°C @ 10 L/min

(B —
3
| e
: ” P RAR TR LR
it e T—T Y
L |
11. _! PaY
I
‘;:i_ - no- s jﬁ':-!w DEN
‘ ] X I- - -
B R L - 2 :
A
- " = S J
=% = Seace it "
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% Dura-Bar:

Carrrivows Sast oo Bar Slock

Dura-Bar Mechanical Property Comparisons

Material Property Ductile lron Gray Iron
65-45-12 80-55-06 100-70-03
Tensile Strength{psi) 65,000 80,000 100,000 40,000 20,000
Yield Strength{psi) 45,000 55,000 70,000 - -
Elongation %) 12 & 3 - -
Machinability Rating* 150% 125% T5% 125% 126%
Fatigue Strength{psi) 40,000 40,000 40,000 20,000 10,000
Endurance Ratio 06 0.5 04 04 0.5
Shear Strength(psi) 54,000 72,000 40,000 58,000 29,000
Compressive Strength (psi) 110,000 115,000 120,000 120,000 90,000
Torsion Strength{psi) 54,000 72,000 90,000 60,000 20,000
Impact Strength®* (ftdbs) (ftdbs) 10 15 20 - -
Density (Ibs/in’) 0255 0255 0.255 0.260 0.260
Hardness (EHN) [(AVG.) 180 229 279 241 160
Modulus of Elasticity (psi) 23,000,000 25,000,000 25,000,000 20,000,000 20,000,000
Relative Wear Resistance Fair Good Excellent Excellent Fair
Coeff of Thermal
Expansion {infin/F) 6.4 X 10 6.4 X 1074 6.0 X 107 55X 107 55X 10%Y
(Range - T0-212°F)
Themal
Conductivity[Biu/hrfti”F) 18.68 1868 1868 3084 3084
[Range - Room Temp -212°F)
Relative Damping Capacity*** 20 20 20 250 250
Heat-Treat Response(Rc) 6560 5560 5560 5560 5560
Electrical Resistivity 75 75 75 110 110
(Microhms x Cm)

" Based on 1212 = 100%
** W-notched Charpy room femp.
"**Natural log of rabe of successie ampliiude

[Fior maore Information contact Dura-Bar | 1800 W. Lake Shore Drive, Woodsinek, IL 60058 zaro
BO0-BAR-MILL{227-8455) | B15-338-TE00 | Fax: B15-338-1540 | www.dura-bar.com | sales@dura-bar.com | 1 ﬂgggg
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Appendix E — Parameter Plots
Appendix E encompasses battery parameter surfaces and final reduced models.
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Figure E.1 Open-loop voltage, Em, versus SOC and Current for 22 °C.
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Figure E.2 Open-loop voltage, Em, versus SOC and Current for 30 °C.
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Figure E.3 Open-loop voltage, Em, versus SOC and Current for 40 °C.
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Figure E.4 Series resistance, R0, versus SOC and Current for 22 °C.

135



RO (Ohms)

%1073
2-..

400

200

0.2
0.4
0.6

0.8
0
S0C 1 Current (A)

Figure E.5 Series resistance, RO, versus SOC and Current for 30 °C.
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Figure E.6 Series resistance, R0, versus SOC and Current for 40 °C.
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Figure E.7 RC1 resistance, R1, versus SOC and Current for 22 °C.
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Figure E.8 RCL1 resistance, Ri,versus SOC and Current for 30 °C.
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Figure E.9 RC1 resistance, Ry,versus SOC and Current for 40 °C.
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Figure E.10 RC2 resistance, Rz,versus SOC and Current for 22 °C.
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Figure E.11 RC2 resistance, Rz,versus SOC and Current for 30 °C.
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Figure E.12 RC2 resistance, Rz,versus SOC and Current for 40 °C.
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Figure E.13 RC1 time constant, z1,versus SOC and Current for 22 °C.
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Figure E.14 RC1 time constant, z1,versus SOC and Current for 30 °C.
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Figure E.15 RCL1 time constant, z1,versus SOC and Current for 40 °C.
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Figure E.16 RC2 time constant, z2,versus SOC and Current for 22 °C.
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Figure E.17 RC2 time constant, zz,versus SOC and Current for 30 °C.
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Figure E.18 RC2 time constant, z2,versus SOC and Current for 40 °C.
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