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Development of this book began in 1997, afier the 1997 Sunrayce event, 1
had then been involved in designing and building three solar cars that partici-
pated in the 1993, 1995, and 1997 Sunrayce events, respectively. As the coach
and advisor for a university solar car team, I had the problem of losing some
key students with each project. The new students joining the team had the
same design misconceptions that the veteran students had when they began
and would want to make the same desigh mistakes that had been made on
previous cars. Making the same design mistakes again provides a good edu-
cational experience for the students but does not further knowledge of solar
car design. To make progress and continually improve our design efforts, I
developed a course on solar car design and wrote notes to support the course.
The putpose of the cotrse was to get the new students up to speed, and the
course focused on what is important in designing a competitive solar car.
The notes became a little more formal each time I offered the course, and
evolved into this book on solar car design.

The material in this book is based on my experiences designing and building
five solar cars over the last twelve years. I have tried to keep the book gen-
eral and offer design options so that it is not just about how the University of
Missouri-Rolla team designs solar cars, but there is a certain amount of bias
in our design philosophy. The book was designed to be used in a course that
is open to upper-level students majoring in any field of engineering, math-
ematics, or science. Solar car design is an interdisciplinary topic, and the
book was written to be suitable for the junior, senior, and graduate students
who would be responsible for designing the car. Students entering the course
are assumed to have a fundamental understanding of calculus, differential
equations, physics, and ¢hemistry. The book provides an introduction to all
aspects of designing, manufacturing, and racing solar cars but does not pro-
vide all of the details on any topic. Design groups will have to go deeper than
what is provided in thiis book to design any of the systems on the car. Every-
one on the team needs to have a fundamental understanding of what is
involved in designing, building, and racing the car. Understanding the “big
picture” will help team members make design and manufacturing trade-offs
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to stay on schedule and allow time to test and practice racing the car. Testing
and practice are an important part of being successful in the competition.

To do well in a solar car race, the team must have a good car, good drivers,
good weather information, good strategy, and a well-trained support team,
Doing a poor job on any of these elements will hurt the performance of the
team in the race. The main focus of this book is on designing the car because
that is the most difficult and time-consuming part of the project, but the
team needs to recognize that the car is not the whole project. Driver train-
ing, accurate weather forecasting, race strategy, and practice in driving the
race route make a huge difference in how well the team performs in the
competition,

The first two chapters in the book are on energy management, and the infor-
mation in these chapters is helpful when doing design trade-offs and devel-
oping a strategy for racing the car. Chapter 2 includes information on how to
drive the car efficiently and is helpful in driver training. Clapter 3 focuses

- on design methodology and project management and provides an introduc-

tion to the general design process. The remaining chapters are about design-
ing the different subsystetns of the car. In each chapter, I have referred the
reader to books and articles that T have found helpful on designing and build-
ing solar cars. The goal of the book is to provide an introduction to all aspects
of designing, building, and racing solar cars.
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A. Identification of the Problem

The first step in the design process is to define the problem as clearly as
possible. There is an iterative process to design, and the design team may not
understand the problem well enough at first to give a clear definition. In this
case, the problem should be defined as clearly as possible. The definition
will be refined as the team works through the design process. Design meth-
odology is discussed in more detail in Chapter 3.

As an example of a race car design problem, circle track racing is more famil-
iar than solar carracing [1-1]. The problem to be solved is to get the car to go
around the track as quickly as possible, as illustrated in Fig. 1.1. Speed in the
corners is limited primarily by the amount of traction between the tires and
the road. Acceleration is limited by the power the engine can provide, the

/
=

Fig. 1.1 Circle track racing.
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efficiency and inertia of the drivetrain, the weight of the car, the aerody-
namic drag, and traction between the tires and the road. Braking is limited
by the performance of the braking system and traction between the tires and
the road. The strategy for circle track racing is as follows:

1. Go around the corner as fast as possible without sliding maﬁwﬁﬁ off the
track.

2. Accelerate out of the comer as quickly as possible and continue accelerat-
ing down the straightaway.

3. At the last possible minute, hit the brakes to slow down Just .oﬂoﬁmr to
keep from sliding off the track in the next corner.

From the race strategy, it appears that the most important design aspects for
the car are cornering, acceleration, and braking. The next step in problem
definition is to determine what aspects of the car contribute most to corner-
ing, acceleration, and braking. ,

Cornering Performance

1. The tires should be selected so they have a high coefficient of friction
between the rubber and the track.

2. Adownward aerodynamic force makes a higher normal force on the tires,
which makes a higher friction force between the rubber and track, A
downward aerodynamic force will improve comering.

3. The suspension must keep the tires on the road and prevent excessive

body roll.

Acceleration Performance

1. Power at the wheels is what provides the acceleration. A high-power

onmimgmmooa&<ombommmowoun%oouﬁgnﬁo getting power to the
wheels, .

Introduction

2. Low acrodynamic drag allows the car to accelerate faster and have a
higher top speed.

3. The rear tires must have a high coefficient of friction, or 93.4&& lose
traction and cause the car to spin out of control during acceleration out of
the corner.

4. A downward aerodynamic force on the rear tires will help Wmmw... rear tires
from losing traction. This is why many race cars have a spoiler on the
rear.

5. Keeping the car light in weight and minimizing the rotational inertia of
the engine and drive system will allow the car to accelerate faster.

Braking Performance

1. The brakes must be capable of slowing the car quickly and smoothly.
They must not overheat.

2. The tires must ?mzm high coefficient of friction to prevent the car from
going out of control when the brakes are applied.

3. Proper suspension and balance are necessary to ﬁn.%o&om braking load
" front and rear, and to prevent nosedive when braking.

Relizbility, safety, and ergonomics are also important issues. .WE from a
performance standpoint most of the effort should be spent on tires, woao.mws
namnics, horsepower, brakes, weight reduction, suspension, E&. handling,
Recognizing that there are limited resources, the team must decide how to
divide up the resources to build the best overall car.

B. Solar Car Racing

Solar car racing is very different from circle track EnEm. The reason for
starting the chapter with a discussion of circle track racing was to contrast
the two problem statements. Performance of the car in comering, monnHm.Hm-
tion, and braking is not as important in solar car racing. The primary design



The Winning Solar Car

objectives are to make a reliable and energy-efficient car [1-2 to 1-4]. Cor-
nering, acceleration, and braking are secondary issues for solar car design.
There are three different types of solar car races, and there are minor varia-

tions in the problem statement depending on which type of race the team is

fast and use very little energy. The cars must be large-to accommodate the
8 m* solar array. A typical caris 1.8 m wide and 5 m long, which is approxi-
mately the same footprint as a fuli-sized automobile. To be competitive the
car must be able to travel at 90 kmv/h (55 mph) using only 1500 W power
(2.0 hp). This is a very low power consurption for such a large vehicle, and
achieving this level of energy efficiency is the primary design o.E%ﬁé.

The World Solar Challenge is a 3000-km cross-country race _:w.E. in Austra~
lia. This was the first large solar car race. It was first held in 1987, and is still

regarded as the world championship event. Teams are allowed to drive from -

8:00 A M. to 5:00 PM. during the day, and there is no maximunr %_mma limit
for most of the race, The race is run on the Stewart highway from Darwin to
Adelaide. This is an excellent route for solar cars because there is not much
traffic. The cars can get up to speed and cruise for hundreds of kilometers
without interruption. The World Solar Challenge is an open competition.
Teams may use the best technology available for solar cells, batteries, and
other systems, regardless of cost. It is very expensive to build a competi-
tive car for this race. The top teams typically travel at an average speed
of 90 km/h on the open road. The goal is to drive the 3000 km distance as
quickly as possible, and top teams typically travel more than 650 km/day. Tn
the World Solar Challenge teams drive as far as possible during the allotted
time each day, and then pull off the road and set up camp for the evening,

The American Solar Challenge is similar to the World Solar Challenge, except
that the route, from Chicago to Los Angeles, is longer and more difficult,
There is a lot of traffic and many stoplights on this route. It typically takkes 2 h
to get out of the Chicago area where the race starts, The roads are rough and
have lots of potholes, and teamns must cross the Rocky Mountains as they go
west. The American Solar Challenge is approximately 3700 ki (2300 mi} in
length. The race is divided into three segments to keep the cars from getting
too strung out along the race route. The last leg is very short, so that virtually
all of the cars will finish the race within a 2-h period on the last day. This
allows for a good publicity opportunity at the finish line. In the World Solar
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prepating for. In any solar car race, a team must design a car that can gavel
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Challenge there will be several days between the first and last place cars,
which makes it more difficult for the press to cover the event. In the Ameri-
can Solar Challenge tearms are allowed to drive from 8:00 AM. to 6:00 PM.
each day. Top teams typically travel at 90 kam/h (55 mph) on the open road,
but the average speed is lower than in the World Solar Challenge because of
the many stops and speed zones on the route. The goal is to get to the end of
each segment as quickly as possible and then charge the batteries off the
solar array while waiting for the slower teams to arrive. The race is then
restarted on the next segment. Top teams will have a full battery pack to start
the next segment, while the slower teams will probably have to start with a
partial charge in their batteries. The team with the least total time on the
three segments is the winner.

Sunrayce was a cross-coundry race of 1900~2400 km (12001500 m) held in
the United States. The rules for the race were modeled after the Tour de
France bicycle race. Terrestrial-grade solar cells were required and there
were limits on the battery technology that teams could use. Limiting the
technology that can be used for the solar cells and batteries makes it much
less expensive to build a competitive car, Sunrayce was a better engineering
competition than the World Solar Challenge or the American Solar Chal-
lenge because of the technology limits, but cars that performed well in
Sunrayce were not competitive in the world competition, and that hurt the
prestige of the event. There were set starting and stopping points for each
day of the race, and a typical race day was 250-325 km (150200 mi). The
goal was to drive the distance each day as quickly as possible. Knowing
where the teams will start and stop each day makes it much easier to plan the
logistics of the race, but it requires more human resources to start and stop
the race each day. A Sunrayce-type race is much more expensive to organize
than the World Solar Challenge or American Solar Challenge. Sunrayce rules
limited the maximum speed to 88 km/h (55 mph), even if the posted speed

* limit was higher. The top cars had to be energy-efficient enough to travel at

88 km/h or the speed limit under sunny conditions. The last Sunrayce was
run in 1999 and it looks like there may not be any more races like this,
primarily because of the expense of conducting such an event.

Solar car racing is also conducted on closed tracks. The World Solar Rallye
and Dream Cup are probably the best known events. The United States has a
race of this type (Formula Sun Grand Prix) which is held in May each year,
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In this type of event the cars are allowed to travel as far as possible each day
around the track. The allowable driving period is typically from 8:00 AM.
to 5:00 P.M., and the goal is to travel as far as possible during the 3- or 4-day
event. The team that travels the farthest is the winner, Conducting the race
on a closed track makes it a much safer event, and makes it easier to plan the
logistics. Speeds for these races depend on the track, If the track does not
have sharp comers, then the cars will get up to speed and cruise at a steady
speed all day. Strategy is similar to the road races for solar cars,

The Formula Sun Grand Prix event is held on the Heartland Park track near
Topeka, Kansas, The track has very sharp corners. The thin-walled high-
efficiency tires that solar cars use are not very durable in hard cornering.
Solar cars must slow down to 40 km/k (25 mph) for some of the comners to
protect the tires. Even at this rate the tires will last only 3 or 4 k, so pit stops
need to be scheduled to change the tires before they blow out, Ifthe car has
a flat on the track it will take 30 min for the team to get permission to go out
on the track and get it changed. It is difficult to obtain an average speed of
56 kmvh (35 mph) on this track. Formula Sun Grand Prix is one of the few
solar car events where comering and handling of the vekicle are important in
winning the race. In particular, the tires that are best in the road races tnay
not be best for the Formula Sun event. Giving up some energy efficiency in
the tires in exchange for being able to corner faster is an advantage in this
race. Maneuverability is important too because there are-many vehicles an
the track. . '

In all solar car racing, the cars start the race with a fully charged battery pack.
Once the race begins, the batteries can only be charged off the solar array on
the car. Charging takes place in the morming before the cars are allowed to
begin driving, and in the evening after they are required to stop driving, -Teams
canrot plug into a generator or power outlet and charge the batteries at night.
A good solar race competition should last at least a few days to test the ability
of the team and their car in efficiently using solar energy.

Solar cars must run on the very limited amount of energy that the solar acray
produces. This is what makes solar car racing much different than circle
track racing. The design problers for solar car racing is much more focused
on energy efficiency goals for the car than performance in acceleration, cor-
nering, and braking. The car must be erergy efficient enough to be able to
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travel at speeds of 90 km/h (55 mph) on a very limited amount of power. In
solar car racing, the following three aspects of the car are focused on:

1. The solar array should gather as much energy as possible. Because the
array size is limited to approximately 8 m2, the aray should be as effi-
cient as possible in converting sunlight to eleciric power. Efficient cells
and power point trackers should be used and the array should be wired to
get the best overall efficiency from the cells. _

2. The car must efficiently use the energy gathered. An energy-efficient car
displays the following design features: :

a. The tires musthave low rolling resistance.

b. The vehicle must be lightweight, to reduce rolling resistance.
c. The car must have low acrodynamic drag.

d. The motor drive system must be energy efficient.

e. All of the minor subsystems must consume very little energy. This
means using low-resistance wires and connectors and low-power lights
and electronics. :

3. The car should have energy-efficient batteries. Energy is always flowing
into and out of the batteries as the car speeds up and slows down and
goes up and:-down hills. Energy is also stored in the batteries by using
the solar array to charge thern during the charging periods in the morm-
ings and evenings. Batteries are not 100% efficient. A portion of the
energy will be lost as heat every time the battery pack is charged or dis-
charged. Batteries with high efficiency will provide more usable energy
to the car because they will generate less heat. As a general rule, if the
battery manmufacturer suggests a cooling system be used for the batteries,
then the batteries are probably not a good choice for solar car racing,

The three performance aspects covered above are most important from the
standpoint of the solar car’s performance. However, all systems in the car must
- be well designed and reliable. Reliability is more important than performance.
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The team will not win the race if the car breaks down frequently. The phi-

losophy is to first have a well-designed and reliable car, and then to focus on
the performance issues.

C. Energy Available and Distances Traveled
in Solar Car Racing _ _

The different solar car races we have discussed all allow for approximately
5 kW-h of battery capacity and 8 m? of solar array area. It is difficult to
measure battery capacity during the scrutineering period before a race, 50
battery limitations are usually stated in allowable weight, and the allowable
weight varies depending on the type of batteties used. Most races now allow
for any type of solar cells or batteries to be used in the open class. The
competitions usually have a stock class that limits the types of solar cells and
batteries that can be used so that a team that cannot afford expensive technol-
ogy can still be competitive in their class. Stock-class.rules usually require
that lead-acid batteries and common terrestrial-grade silicon cells be used. A
team can spend a great deal of money on two components — solar cells and
batteries — and get technology that is considerably better than what is
allowed in the stock class. Teams can also spend large amounts of money on
expensive composites, titanium chassis and suspension, ultrahigh-efficiency
motors, and other components. These items will improve the performance of
the car in comparison to more commonly used materials and equipment, but
such improvements are small. High-efficiency solar cells and lichtweight
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high-efficiency batteries are the components that make a large difference in

the performance of the oar.

Whatever the race and class in which the team may be competing, solar cars
have a very limited amount of energy to use, and the team must use this
energy carefully to get the best performance from their car. The following
analysis is an attempt at understanding quantitatively how energy efficient
the car must be to be competitive. To achieve this understanding, it is impor-

tant to consider the energy available and how far the car st travel on that
energy.

1. Barteries. Battery capacity of 5 kW-h is allowed by the rules. Because the
batteries cannot run until they are completely dead without damaging
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themn, there is about 4.5 kW-h of usable energy in the battery pack. Most
races limit the weight of batteries rather than their capacity, because it is
easier to weigh the battery than to measure its energy storage capacity.
The weight limits are set for the different types of batteries so that the
allowable capacity will be approximately 5 kW-h.

Solar Array. 1f a stock-class car is being designed, then terrestrial-grade
silicon solar cells must be used and the solar array will deliver an aver-
age of approximately 800 W on a sunny day while driving. Higher-
efficiency (space-grade) cells are available which can deliver 1200-
1800 W average power, depending on the efficiency (and usually cost) of
the cells. A terrestrial-grade array will deliver 1000 W on the array stand
while charging, and a space-grade array will deliver 1.5-2.5 times that
much power. These estimates are for a sunny day. The solar array power
will be much less on a cloudy day.

The cars will have a certain period during the day to drive, usually either
$:00 A.M. to 5:00 PM. or 8:00 A.M. to 6:00 PM. The goal is to go as far
as possible during the driving time. There will be one or two required
media stops during the day, so the allowable driving time is likely to be 8
or 9 h, assuming a stock-class car that begins the day’s driving with fully
charged batteries. For the purposes of this discussion, it is also assumed
that the day is sunny, so that the terrestrial-grade solar array produces
800 W average power, and the race is from 8:00 A M. to 5:00 PM. Equa-
tion 1.1 shows the energy available for driving during such a day.

Energy available 4.5 kW-h+ (0.8 kW)(9 L)
Battery + Solar Armray .1
11.7 kXW-h total energy available for the day

Tn an open-class car with 2 space-grade solar array that produces an aver-
age of 1200 W, there will be a total of 15.3 kW-h energy available, 31%
more than in a stock-class car. The open-class car will have 31% more
power available and, other things equal, will be able to go much faster
than the stock-class car.




The Winning Solar Car

4. The average power consumption of the car increases as it goes faster. A

well-designed stock-class car consumes more power than a well-designed
open-class car, primarily because of the weight of the batteries: Stock-
class cars require lead-acid batteries, which are much heavier than the
high-performance batteries. For the exercises in this oﬁm?m_ﬁ Egs. 1.2—
1.5 will be assumed to be correct. Details of how the equations were
developed will be explained in Chapter 2. These equations correspond
. to well-designed stock and open-class cars. For events outside the United
States, speeds are measured in kilometers per hour, and it is convenient
to work with a power equation with the speed in kilometers per hour as
in Egs. 1.2 and 1.3,

Stock-class power = [(0.00163)V? + (0.0336)V2 + (5.41)V + 30] W
(1.2)

Open-class power = {(0.00163)V? + (0.0231}V? + (3.72)V +30] W
(1.3)
where V is the speed in kilometers per hour.

For races in the United States speedd are measured in tniles per hour, and
it is convenient to work with a power equation with the speed in miles
per hour as in Eqs. 1.4 and 1.5, This set of equations represents the same
cary the only difference is the change in units.

Stock-class power = ?o.oommoj\u + (0.087 C<m +(B7V+30]W
, (1.4)

Open-class power = ﬁo.oommoj\m + Ao.omwwu/\m +(5.99)V+30]W
(1.5)

where V is the speed in miles per hour.

Throughout this book the equations will be given using metric units, and
where it makes sense alternative equations will be given for U.S. common
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units, as was the case in the preceding discussion. During a road race,
speed limits in the United States are posted in miles per hour. In most of
the rest of the world, speed limits are posted in kilometers per hour
Because the driver must tespond to the speed limit signs, it makes sénse
to measure speed in miles per hour for U.S. races, and in kilometers per
hour for races held elsewhere in the world.

If all the energy in the batteries is used, there may not be enough time to
recharge them in the evening and moming. For the exercises in this
chapter, it will be assumed that the batteries must be restored to their full
charge during the evening and morning charge petiods. Tt will be assumed
that there is a total of 4 h of charging time. A terrestrial-grade solar array
will produce an average of 1000 W during this period in good sunlight, or
atotal of 4 kW-h of energy. So a stock-class car can only use 4 kW-h of
energy from the batteries and have time to get them fully charged for the
next day. A space~grade array will produce quite a bit more power and
would be able to use the full amount of energy in the batteries. In cloudy
conditions neither array will permit the batteries to be fully charged, so
the amount of battery power available decreases during cloudy days.

We will now provide an example problem similar to the homework assign-
ment. Assume that a team is driving an open-class car and the array pro-
duces 9500 W average power while driving and 1100 W while the car js
on the array stand. Race time is from 8:00 A.M. to 5:00 P.M. with two
required 30-min media stops,

a. During the 4-h charge period the solar array will be able to put (1100 W)
{4 h) energy back into the batteries, so the car can use only 4400 W-h
energy from the batteries during the day.

b. While driving, the solar array ﬁdwﬁomﬁm an average of 900 W for
the 9 h of race time (from 8:00 A.M. to 5:00 PM.). Tke total energy
available for the car to use is shown in Eq. 1.6.

It

Total energy = (900 W)(® h) + 4400 W-h

12,500 W-h (1.6)

1l
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c. The actual allowable driving time is 8 & because of the two required
30-min media stops. Equation 1.7 must be solved for the speed of the
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and moming charging session. The space-grade array produces 400 W
average power while driving and 400 W on the array stand during the

vehicle. charging period [359 km (223 m), 467 km (290 m)].

12,500 W-h = [(0.00163)V? +(0.0231)V? -+ (3.72)V +30] W (8 Iy
(1.7
'The equation must be solved numerically. The answer is that the car will

be able to drive at 86.1 kin/h (53.5 mph) during the 8 h it dtives, and will
be able to travel 689 km (428 m) during the day.
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A class car. Assume that the car can drive from 8:00 A.M. to 5:00 P.M. and that
_ there will be two required 30-min media stops during the day, so the actual
1 driving time is only 8 h. Assume that there are 4 h of charging time in the
evening and morning to get the batteries back up to full charge, and that the
batteries must be fully charged after the charging period. There is a maxi-
b mum of 5 kW-h of available energy in the batteries. Calculate the distance
’ that a stock-class and open-class car can travel for a bright sunny day, a mod-
erately cloudy day, and a very cloudy day with the parameters listed below.

L. D. Homework Assignment
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1. Sunny Day. The terrestrial-grade array produces 800 W average power
while driving and 1000 W on the array stand during the evening and
morning chasging session. The space-grade array produces 1200 W aver-
age power while driving and 1500 W on the array stand during the charg-
ing period [618 km (384 m), 758 km (471 m)].

2. Partly to Mostly Cloudy Day. The terrestrial-grade array produces

600 W average power while driving and 800 W on the array stand during
: the evening and morning charging session. The space-grade array pro-
L duces 900 W average power while driving and 1100 W on the array stand 4 \
during the charging period [545 ki (339 m), 689 km (428 m)].

3. Very Cloudy Day. The terrestrial-grade array produces 300 W average ;
power while driving and 300 W on the array stand during the evening r
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Chapter 2

Energy Management Modeling
of Solar Car Performance

Y]
B3
\V..A

A. Purpose of gommmﬁm

Modeling allows us to understand quantitatively where the energy is con-
sumed [2-1 to 2-7]. Tt allows us to focus our effort on the most important
aspects when designing the car. After the car is built, modeling allows us to
* interpret test data and design tests to see which systems are limiting perfor-
+ mance of the car. Modeling also allows us to plan race strategy. The goalis
 to use all the available energy to go as fast as possible, but not run out of
: energy before getting to the destination. The model developed in this chapter
, includes Aerodynamics, Rolling Resistance, Solar Array Power, Battery Effi-

ciency, Motor-Drive Systern Efficiency, Parasitic Losses, Gravitational Energy,
- and Kinetic Energy.

‘B. Aerodynamics

- Aerodynamic drag accounts for a large portion of the total resistive force

- when the car is traveling fast. It is less important at slow speeds, but is a
significant power loss at any speed above 40 km/h (25 mph). Equation 2.1 is
the fundamental equation for acrodynamic drag [2-8].

D =(0.5pV2AC, | 2.1

where D is the aerodynamic drag force, p is the density of air, V is the speed
of the car, A is a characteristic area for the body of the car (often the pro-
jected cross-sectional area when viewed from the front of the car), and Cy is
the drag coefficient (a nondimensional quantity related to the shape of the
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car body). Typical drag coefficients are Cy = 2.0 for a flat plate perpendicu-
lar to the airflow, Cyq= 0.05 for a smocth teardrop shape, and Cy= 0.1 for a
well-designed solar car, based on frontal area.

Drag arca is defined as AC4. The best solar cars have ACy = 0.1-0.15 m?.
The drag force is usually measured in newtons, the speed of the car in kilo-

meters per hour, and the frontal area in square meters. Assuming the sum- .

mertime density of air is 1.17 kg/m3, the drag force equation can be written
ag shown in Eq. 2.2,

D, =(0.0451)V2AC, S22
where D is the drag force in N, V is the speed of the car in kilometers per
hour, and ACy is the drag area in square meters. The power consumed by

aerodynamics (P, ) is the drag force multiplied by the velocity of the car as
shown in Eq. 2.3.

P =(0.5)pV3AC, 23)

Most of the modeling in this chapter involves balancing the power used by
the car with the power provided to the car, and it is helpful to have power
equations using both metric and U.S. customary sets of units as shown in
Eqgs. 2.4 and 2.5.

P, =(0.0125)V>AC, (2.4)

where P, is the aerodynamic power in W, V is the velocity in kilometers per
housz, and AC, is the drag area in square meters.

B, = (0.0523)V3ACy (2.5)

where P, is the aerodynamic power in W, V is the velocity in miles per hour,
and AC, is the drag area in square meters,

Energy Management Modeling of Solar Car Performance

Another useful term in modeling energy balance is the energy used per kilo-
meter (EPK). The efficiency of the car is commenly measured in watt-hours
per kilometer traveled, as shown in Eq. 2.6.

EPK , =(0.0125)V2AC, (2.6)

The density of air varies with altitude. The above equations for asrodynamic
drag were derived assuming a density of 1.17 kg/m>. The actual density of
air varies with altitude approximately according to Eq. 2.7 [2-8].

?ﬂTm.%xs-;vww%.mmxséi|?_;xséwi.: @7

where p is the density of air in kilograms per cubic meter and h is the height
above sea level in meters. The drag force Dy, power Py, and energy per
kilometer EPK , all vary linearly with the density of air, so corrections can be
made for altitude in the above equations by multiplying by the ratio of the
actual density to the 1.17 used in deriving the equations, that is, multiplying

by (p/1.17). @
C. Rolling Resistance

Rolling resistance accounts for most of the resistive drag force on the car at
low speeds and a significant portion at high speeds. Rolling resistance is

‘directly proportional to the weight of the .car, and increases linearly with

velocity. The rolling resistance is also dependent on the pavement condition,
with rough pavernent vielding significantly higher roliing resistance than
smooth pavement. Rolling resistance is highly dependent on the tires selected.
The energy is dissipated primarily by flexing the sidewalls and treads of the
tires as they roll. Thin, high-pressure tires have lower rolling resistance than
thick, low-pressure tires. The two companies that have designed tires spe-
cifically for selar car racing are Michelin and Bridgestone.

There is no standard test method used by tite manufacturers for measuring
rolling resistance, and it is difficult to get information on how the roiling
resistance varies with velocity of the car. The following model was based on

,,“ wﬁ \ e
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empirical tests on passenger tires [2-9]. Equation 2.8 is an empirical mﬁ_?.oﬁ,
mation of how rolling resistance varies with speed of the vehicle.

<
wuoilé N.m
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where D, is the drag force in N, C; is the rolling resistance coefficient, V is
the velocity in kilometers per hour, and W is the weight of the car in N.
Similar results were obtained by the General Motors (GM) Sunraycer team
in testing bicycle tires [2-10].

The speed dependence is largely dependent on the aerodynamics of the wheel
and Eq. 2.8 overestimates the drag for aerodynamic wheel designs, Making
the wheel more aerodynamic can reduce the rolling resistance significantly
at high speeds. Tire pressure is generally 550850 KPa (80—120 psi). If the
Bridgestone or Michelin tires are used, then it is reasonable to assume that
the rolling resistance coefficient is approximately 0.005 on sthooth roads and
0.006 on rough roads. For road racing, the author’s experience-is that an
average value of C.= 0.0055 has worked well in modeling the performance
of the solar cars. Lower values for the rolling resistance coefficients have
been reported when testing the tires rolling on smooth steel drums, but those
are probably unrealistic for tires rolling on the road. A rough road causes
more flexing of the rubber than a smooth road, which increases _.,omEm resis-
tance. On a hot summer day the asphalt can stick to the tires And further
increase the rolling resistance. The power consumed by rolling wmmumﬁmuom is
given by Eq. 2.9.

) Vlew L
Pg =(0.278)C, T + HETE S Q9
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and Vis the %omn in kilometers per hour. In U.S. oﬁﬁoﬁﬁw E:ﬁ the power
equation is given by Eq. 2.10,

- v : ;
wwua.@@uonTJrsoTé N (2.10)
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where Py, is the rolling resistance power in W, W is the weight in pounds, and
V is the speed in miles per hour. The rolling resistance energy used per kilo-

meter traveled is given by Eq. 2.11. J
/A@ 2787

mwmorff M.
R ﬁ ;L @10

where EPKp is the watt-hours of energy used per kilometer traveled, V is the
speed in kilometers per hour, and W is the weight in newtons.

D. Homework Assignment

Assume that the array provides 700 W average power while driving (i.e., do
not take into account that the solar energy varies with time of day). There are
4500 W-h of energy available in the battery pack, and no power is lost in the
mechanical and electrical systems. Assume that the car weighs 3790 N
(850 Ib), that the low-speed rolling resistance coefficient of the tires is 0.0055,
and that the drag area of the car is 0.2 m2. These model parameters corre-
spond to an average stock-class car,

1, Ifthe car travels at 90 kan/h (55.9 mph), how long will it take before it
runs out of energy, and how far will it be able to go at this speed before
- running out of energy? [2.4 h, 215 km (130 mi)]

2. Ifthe car travels at 70 knvh, how long and how far can it go? [6.38 h,
447 kam (264 mi)]

3. Ifthe distance to be traveled for the day is 300 km, what speed should

“be selected to get there as fast as possible without running out of
energy and how long will it take for the car to travel the 300 mi dis-
tance? [3.79 b, 79.2 km/h (47.4 mph)]

4. The calculations above were based on an average stock-class car and
performance can be improved by getting better solar cells and batteries,
or by improving other aspects of the car. Assume that the car fs to drive
for 8 h/day and the goal is to go as far as possible on the available encrgy.

- Change only one parameter at a time in the analysis. (Explanation: This
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is an important exercise. The goal for most solar car races is to go as far
as possible each day. The purpose of this exercise is to begin to under-
stand quantitatively how changing car parameters such as solar array
power or aerodynamic drag affects the performance of the car in a race.
There are many cases where this type of analysis will be used in evaluat-
ing design trade-offs. For example, one body design may produce more
solar array power, while a different design has a lower acrodynamic drag,
The bedy design that makes the car perform better, i.¢., able to go further
in a day, should be selected. There are many other cases where adding
weight to the car can improve aerodynamics, increase solar atray power,
increase battery capacity, or reduce parasitic losses, Cost and mamufac-
turing can also be issues in selecting the design, but in many cases the
primary consideration is performance of the car.)

a. Calculate how far the stock-class car above can go in a day, [528 kin
(328 mi)]

b. Decrease drag area to 0.1 m2. [624 km (387 mi), A = 96 km (39 mi))
¢. Increase array power by 40%. [577 km (358 mi), A= 49 km (30 mi)]

d. High-performance batteries increase battery capacity to 5000 W-h and
decrease the weight of the vehicle by 1115 N (250 Ib). [570 km (354 mi),
A =42 km (26 mi)]

“e. Decrease weight by 250 N (56 Ib). [535 km (333 mi), A =7 kra (5 mi)]

f. Decrease rolling resistance coefficient to 0.005. [538 km (334 mi), A=
10 km (6 mi)]

5. Thought Question: Decreasing aerodynamic drag is labor intensive, but
requires very little money. The same is true of reducing the weight of the
car by lightening the body, chassis, and other components. Solar cells
that are 30% more powerful than the terrestrial-grade cells will cost an
extra $30,000, cells that are 50% better than terrestrial-grade will cost an
extra $75,000, cells that are 80% better will cost an extra $200,600, and
cells that are twice as good will cost an exfra $1,000,000. The high-
performance batteries will cost about $10,000. Recognizing the resources
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and fund-raising ability of the team, where should the effort be focused?
What class should the team compete in, stock or open?

A8
E. Solar Array Power

For most races the maximum allowable size for the array is approximately
8 m? of solar array area. Terrestrial-grade silicon cells are about 14.5% effi-
cient at converting sunlight to electricity and space-grade cells can be as high
a3 28% efficient as of the writing of this document. Solar cell efficiency
seems to increase every year. At midday in the summer the sunlight intensity
is about 1000 W/m? at'sea level. The maximum solar array power varies
from 1160 W for the terrestrial-grade cells to 2240 W for the best space-
grade cells. Alpha Centauri, the solar car team from Holland, had a solar
array that produced 2200 W peak power in the 2001 World Solar Challenge.
Many teams have made terrestrial-grade silicon amays that produced over
1100 W peak power. As a first approximation, multiplying the 8300 W of
power striking the solar array by the efficiency of the solar cells yields a
good approximation of the peak power the solar array can produce.

Sunlight intensity increases with altitude. There have been several races
across the United States, and all teams noticed a 30% improvement in solar
array power (over what the array would produce at sea level) when the car
was at an altitude of 1800-2100 m (60007000 ft) above sea level. Solar
mtensity does increase with altitude, but it does not increase by 30%. How-
ever, in Sunrayces 1995 and 1997, as teams went across Kansas and the alti-
tude increased from about 300 m on the eastern side to 1200 m on the western
side, all teams experienced a marked increase in the power of their solar
array. Solar arrays that produced 1000 W in eastern Kansas were producing
over 1200 W in western Kansas. This was noticed again in the American
Solar Challenge 2001 as teams went across Oklahoma, Texas, New Mexico,
and Arizona. The power of the solar array would increase and decrease sig-
nificantly as the altitade changed.

As a first attempt to explain the increase in solar array power with altitude, a
model was developed by assuming that the sunlight intensity varied linearly’
according to the amount of aimosphere it had to travel through. The solar
intensity above the atmosphere and at sea level is known, and it was assumed
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that the intensity would vary linearly between these values according to the
petcentage of atmosphere above the altitude in question. The equation for
density of air was integrated to develop an expression for the percentage of

the atmosphere above any altitude, and an expression was developed to predict

the solar intensity. Unfortunately this model predicts only a few percent
increase in solar array power at 2000 m altitude. This approach does not
yield a model that accurately predicts what is observed, so the model was
discarded. Without more information to make a better model, the best assump-
tion at this point in time is that the amray power increases about 5% with
every 300 m (1000 ft) increase in altitude. Intensity also ﬂEmm with clouds
and haze.

Solar cell efficiency varies with temperature. It is desirable to keep the cells
cool. For silicon cells a rule of thumb is that the power of the array increases
0.5% for every 1°C decrease in temperature. Teams usually spray a distilled
water mist on the array to cool the silicon cells. The water slightly attenuates
the intensity of the sunlight striking the cells, but the cooling is a larger effect.
For silicon cells the water mist will increase the array power by 20% on a hot

sunny day. Gallium arsenide (GaAs) cells are not as sensitive to temperature
increase, which is one of their advantages. The general consensus is that
there is nio net benefit to spraying a GaAs array with distiiled water, but this
has not been thoroughly tested.

The first part of the model development for the solar array is to study how the

atray power varies with respect to the angle between the array and the sun—

light. For angles of misalignment with the sun, the power varies with cos 9
of the angle of misalignment, as illustrated in Fig. 2.1. This approximation
works well up to angles near 90°, at which point the approximation under
predicts array output. For large angles of inclination, the light that is reflected
off of mcﬁ@u&bm objects caooﬁmm amE.momE For 8 = 90°, the array may

PArcay = Paxcos () @12

where Py, 15 the power produced by the solar array and P, is the power
the array produces when aligned with the sun. The power the solar array can
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Fig. 2.1 Variation of solar
array power with alignment
angle.

produce also varies with the time of day. Solar energy is absorbed by the
atmosphere, and the further the sunlight must travel through the atmosphere,
the more energy is absorbed. Early theories used by solar car teams were that
the intensity of the sunlight was proportional to the distance the light tray-
eled through the atmosphere, but testing has shown that this is not a good
approximation. When the sun is at an angle of 30° with the horizon, the
sunlight must pass through-twice as much atmosphere as when it is straight
ovethead. Testing has shown that the solar array will produce almost as
much power with the sun at 30° to the horizon as it does when the sun is
straight overhead, provided the array is aligned with the sunlight. Early in
the morning, as the sun peeks over the horizon the solar array will not pro-
duce nearly as much power as at midday, but the power comes up quickly as
the sun rises. An empirical model was developed from testing a nine-cell
terrestrial-grade silicon array panel at the University of Missouri-Rolla. This
model is probably a good estimate for solar cars with terrestrial-grade silicon
arrays. It may be a good estimate for other types of solar arrays, but more
testing needs to be done to be sure. If ¢ is the angle between the sunlight
and normal to the ground, as illustrated in Fig, 2.2, then the power that the
solar array will produce when aligned with the sun is given approximately
by Eq. 2.13.
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Fig. 2.2 Sunlight latitude angle.

Power = P« _Hoam 2&5 (2.13)

P oy 18 defined as the power the solar array produces at high noon, so an
array will have a slightly different P, at different times of the year. The
angle ¢ depends on the time of year, time of day, and the latitude of the race.
The next step in the modeling effort is to develop an approximate relation for
the value of ¢. The high noon value of ¢ depends only on the time of year

and the latitude location of the car. On June 22 the sun is directly over the
Tropic of Cancer, 23.5° north, and on December 21 it is directly over the
Tropic of Capricorn, 23.5° south. The location of the sun varies approxi-

mately according to a sine function between the two tropic lines as shown in
Eq.2.14. .

Sun latitude location'=23.5 sin mgw (2.14)
182.5

where D is the day of the year. A positive angle means the sun is in the
Northern Hemisphere and a negative angle means it is in the Southern
Hemisphere. The difference between the latitude location of the car and
the location of the sun is the high noon sun angle. As an example suppose
that the car is at latitude 37° north. The high noon sun angle on June 22
(day 173) is 13.5°, on May 20 it is 17.2°, and on December 5 it is 59.5°.

Aentont ofnbn Elyped BT 20

The angle ¢ varies with the time of day. It is possible to develop a geocentric
relationship for ¢ based on the latitude and longitude location, day of the
year, and time zone, but this relationship is difficult to work with because
sunrise and sunset times vary by about an hour within a time zone. A better

approach is to find the high noon sun angle and the sunrise and sunset times

for the location of the race. If the race does not start and end in the same
place, find the sunrise time for where the race starts and the sunset time for
where the race ends and use an average high noon sun angle for the day. The
angle ¢ can then be determined from Eq. 2.15.

Hmoﬁlme 215

$=90°—(90° uaz?pﬁ =

where ¢ is the high noon sun angle, T is the time of day in military digital,
SR is the sunrise time in military digital, and DL is the day length in military
digital time. For computation purposes all of the times in the equations are
defined in military digital, so that 1:30 P.M. = 13.5, for example. Combining
the ideas of the sun being misaligned with the solar array by an angle 6 and the
sun being at an angle ¢ with a normal vector to the ground, the power that the

“solar array will produce is given by Eq. 2.16.

Py = Pruaecos(8)[ cos(9) " 2.16)

When driving it is best to assume that the array is parallel to the ground so
that @ = ¢. On the array stand the solar array is aligned with the sun such
that 8 = 0. The Py, term in the equation is the power the solar array would
produce at high noon with the array perfectly aligned with the sun.

As an example, assume that the test is performed at a latitude of 36° north in
late June so that the sun is near the Tropic of Cancer at 23.5° north. Assume
that the solar array would produce 1000 W power when aimed directly at the
sun at the high noon sun time. Assume that sunrise is at 5:23 A M. and sunset
is 8:47 PM. Develop a model for the power the solar array would produce
while driving and charging on the array stand.
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1. The high noon sun angle is 36° ~ 23.5° = 12.5°.
2. Prax=1000 W,
3. SR=15.3833 and DL = 20.7833 —5.3833=154h.

Equation 2.17 shows how the angle between the sun and the ground varies
with time of day. Equations 2.18 and 2.19 show how the array power varies
with time of day while driving or on the charging stand. The solar array will
produce more power on the charging stand because it will be aligned with the

sun. The difference is a factor of cos (¢). Figure 2.3 shows how the solar

amray power varies throughout the day for the example above,

0=90°~(77.5%) mah;oﬁmwmmma w 2.17)
Driving power = (1000 W) cos(¢)]"* @.18)
Charging power = (1000 W){ cos(6) (2.19)

Around midday the difference between driving and charging on the array
stand is less than 50 W or 5%. At 8:00 A.M. or 6:00 P.M. the difference is
approximately 300 W or 30%. Early in the morning and late in the evening
the difference is even greater, but the races are usually run between 8:00 A.M.
and 6:00 PM. The example is for a very long day, 15.4 h. There are examples
of short days where it may appear to be advantageous to start late and finish
early, reducing the driving time over what is allowed. In such cases, the solar
array will gather more solar energy, but the car will have to drive faster to
cover the same distance, which causes it to use more energy per kilometer
(EPK) traveled. .In general, it is best to use the full allowable driving time
and go slower, but there are exceptions to this rule, especially when the day
length is 12 b or less. ,

]
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Fig. 2.3 Solar array power and charging on the array stand,

E. Battery Efficiency

In general, batteries ars significantly less than 100% efficient in storing
energy. Batteries heat up when charging and discharging, converting a sig-
nificant portion of the energy to heat. As a “rule of thumb.” if there is less
than 25% difference in array power between putting the array on the charg-
ing stand and driving, then it is more energy efficient to be driving. When
driving, the power is used directly from the array, avoiding the penalty of
storing and retrieving from the batteries.

Most solar cars are equipped with a regenerative braking system thai uses the
motor to convert the kinetic energy of the car into electric energy, which is
then stored in the batteries. Regenerative braking is considerably less than
100% efficient at converting kinetic energy to electrical energy. The energy
from regenerative braking is stored in the batteries, which are inefficient.

Regenerative braking is usually a power drain on the open road. It is more
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energy efficient to coast down the hills and use the gravitational energy
directly. Regenerative braking is a benefit in town where the car must stop.
At least some of the energy is recovered in the batteries rather than convert-
ing it all to heat in the brake disks.

A typical solar car battery pack can deliver 4500 W-h of useful energy at a
rate of 1500 W. If the power is drawn out more slowly than this, the batteries
can provide more total energy (more than 4560 ‘W-h), and if the power is drawn
out faster they provide less total energy (less than 4500 W-h)._All battery
systems are most efficient when the power is drawn out slowly. Most of the
modeling and work has been done on lead-acid batteries and it is not known
at this time if the same types of models will work well for the lithium-ion or
lithium-polymer batteries that are currently being used on the fastest cars. The
Peukert equation, shown in Eq. 2.20, was developed for lead-acid batteries.

. C
Energy capacity = @D (2.20)

where C is a constant proportional to the size of the battery, I is the current
draw, and n is the Peukert number for the battery, For lead-acid batteries it
has been shown that the Peukert number is approximately 1.2 for the most
efficient models. The ideal battery would have a Peukert number of 1.0,
which would mean that the battery capacity is the same at any current draw.

- The lithium-ion batteries have a Peukert munber between 1.05 and 1.1; which

makes them more efficient than the lead-acid batteries. Nickel-metal-hydride
batteries are less efficient than lead-acid batteries. Nickel-metal-hydride
batteries are lighter in weight, which makes the car use less energy in rolling
resistance, but the batteries consume more energy.

In the power management model being developed in this chapter it is more
convenient to work with the power being drawn out of the batteries (P) than
with the current. System voltage is approximately constant, so the curent
draw is approximately proportional to the power draw. Equation 2.21 i5 an
approximately equivalent expression of the Peukert equation.

C
pla-1)

Energy capacity = 2.21)
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where C is a constant proportional to the size of the battery, P is the power
draw, and n is the Peukert number for the battery. If the battery capacity is

known for two different power draws, then the Peukert model can be fit to

/the battery system. The Peukert model is best when estimating battery effi-

ciency between the two power draws used in developing the model. Itisless
accurate when extrapolating outside of the data points, so it is best to use a
H&.m%% low and high power draw in developing the model. Data for a set
of Delphi lead-acid batteries that many teams have used in the past showed
that a typical battery pack has 4500 W-h capacity when providing 1500 W
power, and has 3300 W-h capacity when providing 6600 W power. Using
these values, the Peukert mode] for the battery pack is shown in Eq. 2.22.

23,100

iz W (2.22)

Typical lead-acid capacity =

The-Peukert model is a respected way to model battery efficiency, but it is
accurate only over a range. The equation greatly overestimates the battery
capacity for low power draws. As an example, for 2 1-W power draw the
equation estimates the battery capacity as 23,100 W-h, which is ridiculous.
An estimate will need to be made of the actual low-power battery capacity,
which might be 6000 W-h for this example, and place 2 cap on how high the
Peukert equation can estimate battery capacity. .

The lithium-ion batteries will have a lower Peukert number. Suppose the
battery capacity is 4500 W-h at 1500 W power draw and the Peukert number
is 1.08. The model of battery capacity for the lithium-ion batteries is shown
in Eq. 2.23.

. 8078
Typical lithium-ion capacity = FE0ET) W-h (2.23)

The battery capacity equation will be useful when modeling a constant power
draw on the battery pack, because it allows for caleulation of the total amount
of energy available from the pack. The equation will also be used in model-
- ing the car traveling through hilly terrain. For hilly terrain it will be assumed

the power draw is constant over a small time period T and the percent decrease
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in battery capacity will be calculated for the smail time interval, The battery
pack starts with 100% capacity, and at 0% capacity the batteries are dead.
Figure 2.4 illustrates how battery capacity varies with power draw for the
typical lead-acid and lithium-jon battery packs. For both battery gsystems it
was assumed that the maximum capacity for low power usage was 6000 W-h.

Capacity (W-h)

T T

0 2000 4000 6000 8000 10000 12000
Power Draw (W)’

~—lithium-ion ~=—lead-acid |

Fig. 2.4 Battery capacity versus power draw.

At high power draws, the lithium-ion batteries will have more usable capac-
ity Eﬁ,_..ﬁn lead-acid batteries. Lithium-ion batteries are also considerably
lighter in Weight and reduce the rolling resistance of the car, 5o it is difficult
to imagine: aisittiation where the lead-acid batteries are an advantage. The
lead-acidbay tovide more energy than lithium-ion batteries for low
current draws il ghit happen during 2 cloudy, rainy race, and it is pos-
sible that un;
lead-acid b

If a power P is. dray o&ﬁmrm&nﬁam for a time T, then the percentage of the
total battery pack that was tisedup during that period (%C) is given by Eq. 2.24.
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PT
C
pla-1)

The denominator in Eq. 2.24 is the total battery capacity at the power draw P

%C= x100% (2.24)

and the numerator is the energy used during the time period. This equationis

useful when the power draw is not constant, as would be the case for virtu-
ally all races. Power is assumed to be constant over a small time period, and

ditions there might be an advantage to using the

the percentage of the battery pack is added up for all the time periods. Once
100% of the battery capacity has been used, the batteries are dead and the car
must stop.

G. Motor-Drive System

Solar cars use direct current (dc) brushless electric motors. They are the
most efficient motors for the power range required for solar cars. A properly
sized motor can be 95% efficient when operating at its maximum revolutions
per minute (RPM), and at two-thirds of its rated output. The efficiency
decreases at lower revolutions per minute and for very low power outputs. It
is very important to match motor output and revolutions per minute to the
requirements of the car. An improperly sized motor will be inefficient.

With hills and stops the motor is not always operating at maximum effi-
ciency. The average efficiency of the motor is likely to be in the 90-95%

—

range, depending on how good the motor is and how well it 1s matched to the

power requirements of the car. A single reduction belt or chain drive will
take an additional 3-5% of the power, making the maotor-drive efficiency in the
85-92% range. For modeling purposes, reasonable assumptions are 94% effi-
ciency for a hub motor and 90% efficiency for a single reduction drive.

H. Parasitic Losses

There are many electrical parasitic losses. The major ones are the battery fan
and power converters, which must be on when charging the batteries or driv-
ing, that is, all the time. The motor fan must be on when driving, and the fum
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signals and brake lights must be used when a&ﬁ.ﬁm. There are a multitude of
connectors, wires, and so forth that alf absorb some power.

Mechanical systems absorb power too, even when properly designed, Shock
absorbers are an example. Improper design of any system can rob a lot of
power from the car in parasitic losses. For modeling purposes, a reasonable

agsumption for a well-designed car is 10 W of power loss when charging and .

30 W when driving.

I. Gravitational Energy

When going uphill, the gravitational resistive force is increased, and when

moﬁmmosqu:mmmaoammmmm..Hwomnmiﬁmnob&woudnou&onm:m given by
Eg. 2.25. :

H....Q =W sin ﬁva ’ AMNMV

where F is the resistive force on the car, W is the weight of the car, and 05
is the angle of the hili. If the batteries and the regenerative braking systems
were 100% efficient, then hills would have only a minor effect on the effi-
ciency of the car. When going uphill, the car draws large currents from the
battery, which causes the batteries to operate at a lower efficiency, and
reduces the energy efficiency of the car. When going down a steep hill, the
car will probably have to use the regenerative braking system to keep the car
from exceeding the speed limit. Regenerative braking is better than hitting
the brakes, but because the regenerative braking system is inefficient, and
the energy generated is stored in the batteries which are inefficient, the car is
inefficient when going downhill. ¢ Usually the best strategy is to coast down-

" Energy Management Modeling of Solar Car Hund.na,ﬁ:aa%

‘hill as much as possible, but the race rules or speed zones may limit the top

EEE .

speed of the car,_ The gravitational power is given by Eq. 2.26.
Pg = (0.278)WV sin(6g) @26

where P is the gravitational power in W, W is the vehicle weight in newtons,
Vis the speed in kilometers per hour, and 8 s the angle of the road. In U.S.
customary units, the gravitational power is given by Eq. 2.27.

B =(LIYWV sin(8g) e

where P is the gravitational power in W, W is the vehicle weight in pounds,
V is the speed in miles per hour and O is the angle of the road. The energy
used per kilometer (EPK) traveled is given by Eg. 2.28,

EPKg = W sin(8g) (2.28)

J. Kinetic Energy

A good strategy for driving in hilly terrain is to m.co.m,N the car to slow ..moﬁﬂn
when going uphill, and speed up when going aoéﬁ. mou:.w of w&a H.numso
mn.mﬂm% of the car s used to overcome the gravitational energy in climbing the
hill, which reduces the power draw from the batteries and allows them to
operate at a higher efficiency. Some of the m?i&ﬁoaﬂ energy is con-
verted to kinetic energy when going downhill to avoid using the regenera-
tive braking, which is inefficient. Energy can be converted from mp,.mﬁﬁnom&
to kinetic and back with near 100% efficiency, so this sirategy works well
in hilly terrain.

Kinetic energy can become very important in track racing too, if .Eomm are
corners on the track that require the car to slow down. The car might have
adequate energy and efficiency to cruise at 40 mph, but there may cm.. comers
on the track that are so sharp that the car must slow to 235 mph to avoid going
out of control. Track racing with sharp comers is a difficult problem to solve.
Siowing for the corners and accelerating out of Eo. corners force the cat to
operate in an inefficient mode. High-speed cornering increases the rolling
resistance of the car, and the thin-walled solar car tires will not stand up to
high-speed comering very well. Track racing 5 discussed later in .Em chapter.

K. Modeling: Summary

1. Power/energy to push the car down the road is provided by the solar
array and the batteries.
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2. Power/energy is consumed by aerodynamic drag, rolling resistance, motor-
drive efficiency, and parasitic losses,

3. Gravitational and kinetic power/energy can either provide or consume

power, depending on whether the car is traveling uphill or downhill and

whether it is speeding up or slowing down.

"An energy balance approach is used in developing the model. The power
provided by the solar array and batteries must equal the power consumed by
aerodynamic drag, rolling resistance, motor-drive system, parasitic losses,

first calculate the required power to overcome the aerodynamic drag, rolling
tesistance, motor-drive efficiency, and parasitic losses. Subtract the power
provided by the solar array. Add or subtract the power because of gravita-
tional energy and kinetic energy, depending on whether the car is going uphill
or downhill, slowing down or speeding up. The balance of the power must
come from the batteties. This is illustrated in the following example.

Example: Assume the car is to run around a flat oval track at 80 kam/ti and go
as far as possible in an 8-h period. Assume that the curves are wide and there
is no reason to slow down and that the car never stops, Assume the car travels
at 80 km/h until the batteries are dead or until the 8-h peried is up. Assumea
drag area of 0.12 m?, a weight of 2700 N, a rolling resistance coefficient of
0.0055, a motor-drive efficiency of 94%, and parasitic losses of 30 W, Assume
that the solar array produces a maximum power of 1300 W when directed at
the sun and that the batteries used are lithium-ion with a capacity determined
by Eq. 2.23. Use the model to calculate how far the car can go in an 8-h
period. The power consumed by aerodynamics is given in Eq. 2.29,

Py =(0.0125)(80)°(0.12) = 768 W (2.29)

The best cars have a drag area ACy in the range of 0.10-0.15 m?, so this

would be a typical acrodynamic drag loss for a competitive car. The power
consumned by rolling resistance is given by Eq. 2.30.

wwu 8.888.8&% +ML®.8338 u@ia (2.30)
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gravitational energy, and kinetic energy. The best way to approach this is to’
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The hest open-class cars weigh between 2400 and 2900 N, so once again this
is a competitive weight fora car. The motor-drive efficiency is assumed to
be 94%, which is typical for-a hub motor design. Parasitic Iosses are assumed
to be 30 W while driving, which is a typical value for a well-designed car.
There is no gravitational power associated with this example because the
track is assumed to be flat. There is no kinetic power because the car travels
at constant speed.

The power to overcome aerodynamic drag and rolling resistance must go

through the motor, so those powers must be divided by the motor-drive

lnmme.muo&immnwmﬁo losses do not go through the motor. The total power
required to push the car along at 80 km/h is given by Eq. 2.31.

Prow = e +30=1373 W @51)

To caleulate the pdwer produced by the solar array it is necessary to know the
time of day the race starts, the sunrise and sunset times, the high noon sun
angle, the maximum power the solar array can produce, the elevation above
sea level, and the atmospheric conditions. For this example, assume that the
8 h of driving starts at 9:00 A.M. and stops at 5:00 M. Assume a sunny day,
and that the track is at sea level. Assume sunrise is at 6:37 A.M. and sunset is
at 7:14 P.M., that the high noon sun angle is 22° and the maximum solar array
power is 1300 W. A maximum output of 1300 W is typical for a low-cost
space-grade solar array with approximately 18% efficient cells. Exquations
2.17 and 2,13 can be used to estimate the power produced by the solar array
at different times during the day, as shown in Egs. 2.32 and 2.33.

o reqor o 180T —6.6167) _
0 =90 émvmsﬁiazils.mg u (2.32)
Parcay = (1300 W) {cos(®))™ (2.33)

For this example the battery pack is assumed to be lithium-ion, which has a
Peukert number of 1.08 and a capacity of 4500 W-h when the power is drawn
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out at 1500 W. The constant C in the Peukert equation is 8078, as was illus-
trated in Eq. 2.23.

The best way to approach this problem is to set up a spreadsheet for the race.
At the top of the spreadsheet define the parameters used in the model in such
a way that they can be varied. This allows the parameters to be varied in a
convenient manaer to study the “what if” questions that inevitably come up
with a modeling exercise. Table 2.1 shows the left half of the spreadsheet.
The spreadsheet is too wide to fit on one page. Explanations for each column
in the spreadsheet follow,

Columns 1 and 2, The day is divided into time periods of 30 min in the
example. Solar array power varies with time of day, but it does not vary
greatly during a 30-min period. The military digital time in the center.of the
time period is used to calculate the average solar array power for the time
period.

Columns 3 and 4. The angle ¢ is calculated using the sunrise and supset
times and the high noon sun angle of 22°, This represents the angle between
the sunlight and normal to the ground, and is used to caloulate the solar array

power. Because the car will be driving around the track, it was assumed that

the solaz array is parallel to the ground, so the angle of misalignment between
the solar array and the sun is 6. ‘

Columns 3 and 6. The equations for calculating aerodynamic and rolling
resistance are used to fill these columns. Because the values are the same for
all times during the day, it is tempting to put these values at the top of the
spreadsheet and not make a column for them. In later examples, as the mod-
els become more sophisticated, the speed will vary with time of day and the
aerodynamic and rolling resistance vatues will not be constant.
"

Columns 7 and 8. The total power required to push the car along at 80 kim/h
is 1372.9 W for this car. Some of the power is provided by the solar array
and the rest must be provided by the batteries. The power being drawn out of
the batteries gradually runs them down, and when the batteries are dead the
car must stop.
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TABLE 21
EXAMPLE SPREADSHEET
Speed (km/h) g0 Sunrise €.8167 nwcwmn 1.08
Weight (N} 2700 Day Length | 12,8187 Battery C 8078
ACq (m2) 0.12 Noon Angle 22
Cu 0.0055 Prax 1300
Moter Eff. 0.94
Parasitic 30 !
Loss
Column 1 Column 2 | Column 3 | Column4 | Column 5 | Column 6 | Column 7 } Column &

Time Mitltary Sun Array Aero Rolling Total Battery

Peried Time Angle 9 Power Power Power Power Power
£:00-8:30 m.mm 48.54 760.6 768.0 484.4 13729 8123
8:30-10:00 9.7 4217 BBO.7 768.0 494.4 1372.9 492.2
10:00—-10:30 10.25 36.54 978.2 768.0 484.,4 13729 284.8
10:30—-11:00 10.75 31.73 1053.53 7688.0 494.4 1372.9 319.7
11:00—11:30 11,28 27.83 1108.0 76B8.0 494.4 13728 264.9
11:30-12:00 1175 24.89 11483 768.0 434.4 13728 227.7
12:00~12:30 12,25 22.86 1167.8 768.0 484.4 1372.9 205.2
12:30-1:00 12.76 22,08 1177.6 768.0 494 4 1372.8 185.3
1:00-1:30 13.25 2222 11759 768.0 494.4 13729 197.1
1:50-2:00 1375 | 2343 1162.4 768.0 4944 1372.9 210.5
2:00-2:30 14.25. 25,67 1135.8 768.0 494.4 1372.9 237.2
2:30-3:00 14,75 28.90 1083.6 768.0 484.4 1372.9 2794
3:00-3:30 15.25 3308 1033.0 768.0 494.4 1372.9 340.0
3:30-4:00 15.75 38.14 951.4 768.0 494.4 13728 421.6
4.00-4:30 16.25 44,00 B47.1 768.0 434.4 1372.8 525.9
4:30-5:00 16.75 50.58 720.4 7€8.0 484.4 1372.8 652.6

4.5
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The remainder of the spreadsheet is presented in Table 2.2. The ,cmnm@ power
column from Table 2.1 is repeated because the remaining columns track the
battery capacity.
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TABLE 2.2
REMAINDER OF THE EXAMPLE SPREADSHEET
Column 8 Column 9 Column 10 Column 19 Column 12

Battery Battery Batiery Battery % Total %

Pawer Capacity 1 Capacity 2 Charge * Charge
612.3 4834.4 48344 633 - 6.33
492.2 4919.6 4919.6 5.00 11.34
394.8 5007.2 5007.2 3.94 - 16.28
9.7 5002.4 5082.4 3.14 18.42
264.8 5189.6 5169.8 2.56 20,98
2217 B232.6 52326 2.18 23,16
205.2 . 5276.3 5276.3 1.94 2510
196.3 B2gr.t 6297.1 1.84 26.94
1871 5283.4 5283.4 1.88 28.80
210.6 5285.5 5265.5 200 ¢ 30.80
@2 5215.5 52155 227 33,08
2794 51477 51477 2.7 35.79
340.0 5067.5 5067.5 3.35 - 39,15
. 4218 4881.0 4981.0 423 | 43.38
526.9 4883,6 4B893,6 5.37 ) 48.75
8828 4809.9 4808.2 6.78 - 65,53

Column 9. The second column in Table 2.2 is the ninth column in the spread-
shect table. This column uses the Peukert equation to calculate the battery
capacity at the power draw from the battery in coluran 8.

Column 19. The Peukert equation overestimates the battery capacity at low
power draws. This column was made using a logic statement (if-then) to
limit the battery capacity to 6000 W-h. In this example the Peukert equation
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never estimated battery o‘wwmowq above 6000 W-h, so the column is identical
to column 9. If lead-acid batteries numbers are used with Peukert numbers of
1.22 and 23100, then this column becomes active most of the day.

Columns 1I and 12. In colummn 11 the power drawn out of the batteries in
column 8 is multiplied by the half-hour time period to yield the energy drawn
out of the batteries, This energy is divided by the battery capacity at that
power draw in column 10 and multiplied by 100% to yield the percentage of
the battery pack used during each time period. Column 12 totals the per-
centage of the battery pack used during the day. In this example 55.53% of
the battery pack was used dusing the day and the car traveled 640 km (8 h at
30 km/h). .

Once the spreadsheet is built it is possible to study how changing different
things about the car affects the overall results. If this example is a I-day race,
then the team did not use good strategy because they ended up with quite a
bit of charge left in the batteries at the end of the day. The speed value in the

spreadsheet can be changed until 100% of the battery pack is used by the end

of the day. The solution technique is to guess speed values until the desired
objective is obtained. For this example 86 km/h uses 100% of the battery
capacity by the end of the day. Ifitis a 1-day race, the best strategy would be
to run 86 kmh, which would allow the team to go 688 km during the day and
completely use ali of the battery capacity.

If this were a multiday race, as most solar car races are, then there are cases
when it is a better strategy not to run the batteries all the way down the first
day. It is often best to reserve some battery capacity if the evening or next
day is going to be cloudy. There will be a time period to charge the batteries
with the array on the charging stand after the race period is over, which is
5:00 P.ML for this example. There will be more time to charge the next morm-
ing before the race starts at 9:00 AM. Ifitis sunny, then the solar array will
be able to completely recharge the batteries during the charging periods, and
the best strategy is to run the batteries all the way down. Ifit s to be cloudy,
then it may be advantageous to reserve some energy in the battery to have
more for the next day. The tearn must try to use the best strategy for the
entire race, not just for 1 day.
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The spreadsheet can be used to analyze other issues about the race too. What
if' the team chooses to use lead-acid batteries that increase the weight by 1100 N
and change the battery numbers to 1.22 and 231007 [82.7 km/h, 661.6 km]
What if lead-acid batteries and a silicon atray of 1000 W maximum power
were used? [77.3 kin/h, 618.4 kan] What if the lithiwun-ion batteries are used
with a 1600-W solar array? [91.1 km/h, 728.8 km] Many other issues can be
addressed. The spreadsheet allows the team to study quantitatively how chang-
ing performance parameters of the car affects the overall performance, This
allows the team to make informed decisions as to where to best focus the
resources and human resources available to the team to create the best solar
car possible with the resources available,

A problem will develop if too low a speed is chosen in the spreadsheet. In
such cases, the solar array will produce more power than is required to push
the solar car along, which means it is actually charging the batteries. This
causes a negative number to be taken to a fractional power in the Peukert
equation, which is not possible mathematically. It is possible to build more
logic columns in the spreadshect to fix this problem. The energy put back
into the batteries is the product of power and time, but some of this energy
will be converted to heat and lost, so a reasonable assumption must be made
as to how much usable energy is put back into the batteries. This problem is
amplified when driving in more realistic terrain, which is the topic of the
next section. A slight downhill grade will almost always reduce the power
consumption to the point that the solar array is charging the batteries, and a
steep hill will put the car into regenerative braking mode, which also charges
the batteries.

L. Homework Assignment

Develop the spreadsheet in the preceding example.

1. Suppose, using all the same assumptions as in the example that the car
starts out going 105 kim/h. What time of day and how far will the car
go before the batteries are dead? [Batteries are dead a little past 11:30,
270 ¥ (167.8 mi) if linear interpolation is used.]

2. Assume a partly to mostly cloudy day so that the car receives less than
100% of the power from the array that it would receive on a bright sunny
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day. Add a “cloudiness factor” to the spreadsheet and adjust the solar
array power column. What speed should be selected to go as far as pos-
sible during the 8-h period for a 70% factor? [78.7 ken/h] 50% factor?
£73.0 kkm/h] 30% factor? [66.5 km/h]

3. Suppose there was essentially no energy in the battery pack at the start of
the day, and the car had to run on solar power alone. How far could it go
in the 8-h period, and what would the speed be in each time increment?
[559 kam total, speed for first 30-min interval is 60.96 kmvh]

M. Hilly, More Realistic Terrain

To study hilly terrain, a data file must be developed that approximates the
slope of the road (8) along the race route. A data file was developed for this
section of the book, and all of the examples and homework solutions are
based on this data file, which can be obtained from the author. The data are
modeled on the stretch of Highway 63 south from Rolla, Missouri, to Lick-
ing, Missouri, approximately 35 mi of data, and the sample can be repeated
to achieve the desired distance of data, This is a relatively clean data set and
is useful in illustrating the process of modeling a race along hilly terrain.

For aroad race it is necessary to drive the race route and take global position-

ing system (GPS) readings, feeding them into a computer file. The latitude

and longitude readings from the GPS are generally stable enough to be used

to track distance along the race route. The altitude readings are generally

unstable and must be filtered before they can be used. Just averaging blocks

of 10, or even 20 data points is not enough to smooth the altitude data and

make them representative of the road. The smoothing program needs to

include logic statements that limit the grade of the road to a maximum value -
reasonable for the road. Interstate highways are usually limited to 4% grade,

except in the mountains where the grades may be 6 or 7%. Secondary road

grades are usually limited to 6%, with slightly higher grades in mountainous

regions. GPS data are often used in developing a strategy model for the car

driving along the race route, but the altitude data from GPS have a lot of
noise in them. Ifthe grades are not properly smoothed, the model will greatly

overestimate the power consumption of the car in the hilly terrain. The pro-

cedure for developing this spreadsheet is as follows:
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Start with the two columns of nurmbers in the spreadsheet representing
the distance along the route and the grade of the road. In the third col-
umn put the speed in miles per hour that the car is to be traveling. In
developing the spreadsheet and for initial testing it is best to set a con-
stant speed along the route. This is not the most mumamw.mm.w&mﬁ way to
drive the route. An algorithm can be developed that allows the car to
speed up or slow down an amount each step, depending on the grade of
the road, and that limits the top and minimum speeds of the car, Devel-
oping this algorithm is a difficult process, and it is bestto work with
constant speed until the remainder of the spreadsheet is debugged.

Calculate the gravitational power in the fourth column using Eq. 2.26. (It
will be necessary to convert the grade to an angle.)

Calculate the kinetic power in the fifth column. If the speed is assumed
to be constant, then the kinetic power is always zero and this column can
be ignored. If the velocity changes, then calculate the kinetic power as
the change in kinetic energy over the time period. If the 4&0.05‘. s V;
and Vj_; at the distances D; and D;_; along the route, respectively, the
kinetic power Pyg (in watts) is given by Eq. 2.34.

2 2 v _
P = (5.46x10~7) YL VEDOI Vi) 2.34)
Di-Diy

where W is the weight in newtons, V is the speed in kilometers per hour,
and D is distance along the route in kilometers.

Calculate the aerodynamic power in the sixth column using Eq. 2.4.

OE@E y oEbm resistance power in the seventh noMEEn using Eq. 2.9.

ixth, and seventh columns in the eighth column to

ush the car down the road. Divide this num-
iciency and add the parasitic losses so column
that fust be provided to the motor.
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10.

11.

Calculate the time period between poiats (in hours). Divide the distance
between points (D; ~D;_;) by the average speed between the two points
(Vi+V;.1)/2 to get the time between points in hours.

In column 10, choose a starting time in muilitary digital time, and add col-
umn 9 in to get a column that has the time of day in military digital time.

Calculate the array power in column 11 using Egs. 2.15 and 2.16.

In column 12, subtract the array power (column 11) from the total required
power (column 8) to get the power that must be drawn from the batteries,

In column 13, calculate the percent decrease in the battery pack from
Eq. 2.24. A problem will emerge. When going down a steep hill the
array power will be more than is required to power the car, and there will
be a negative power draw from the batteries. This means the motor has
kicked into regenerative braking mode and is charging the batteries. But
a negative value for P in the battery equation requires that a negative
number be raised to a fractional power, a quantity that is not defined.
The spreadsheet returns an error everywhere there is regenerative brak-
ing. The battery equation is only valid for drawing power out of the
batteties. It is not valid for charging the batteries.

The easiest method to resolve the problem is to use a logic statement so that
the energy drawn out of the batteries is zero everywhere there is negative
power. This is the same as neglecting the energy saved by regenerative brak-
ing. Regenerative braking is not a major source of energy, so this is a reason-
ably good approximation. To include regenerative braking it is necessary to
assume an efficiency (50% is a realistic number), The regenerative braking
energy should be added to the battery capacity rather than subtracted from it.
In practice, it takes several columns to perform the function of keeping track
of the energy used from the batteries.

N. Homework Assignment=..

1.

\

Develop a spreadsheet for modeling a car traveling on hilly terrain, using
the hilly terrain data file. Assume the following properties for the car:
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.Drag area = 0.125 m?

Velocity = 90 knvh (constant speed)
Rolling resistance coefficient = 0.0055
Weight = 2500 N

Motor-drive efficiency = 94%
Parasitic losses =30 W

Regenerative braking efficiency factor = 0.5
Peukert number = 1.08

Peukert constant = 8078

High noon sun angle = 14°

Sunrise = 6:45 A.M.

Length of day=14h

Maximum array power = 1400 W
Starting time for race = 8:00 A.M.

2. Do a comparison with the model for traveling on flat terrain by calculat-
ing the following:

a.

How far can the car travel in the hilly terrain before running out of
energy? [445 km, runs out of power at about 12:57 P.M.]

How far could the car travel on flat terrain? (Set the grade to zero in
the model.) [597 km, runs out of power at 2:38 P.M.]

‘What is the ideal speed to run out of power at 5:00 PM.7 How far

~ will the car go before running cut of power? [83.13 km/h, 748 km]

3. Themnext step is to do a parametric study using the hilly terrain model,
and rate the importance of the different parameters in the model, on a
Hommwﬁwo_wﬁmo i+ This is very important for design because we need to
know whith m%moﬁ of the car have E@ largest 1 E%mnﬁ on oadnm: petfor-

the car.
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. It is possible 8 achieve a drag area of (.30 m? without too much

effort, assuming a body that encloses the driver and chassis. (An
open design would be higher.) The top cars have a drag area in the
0.1-0.15 m? range. Plot this chart with a range on drag area from 0.1~
0.30 m2.

. Claims for rolling resistance coefficients vary a lot because there is

no standard method of measuring it. Honda claimed 0.0036 for iis
Dream Il solar car. Passenger car tires typically have a 0.015 rolling
resistanice coefficient, and that can be reduced to near 0.01 by overin-
flating the tires. It is unlikely that the car would have a rolling resis-
tance coefficient higher than 0.01 » assutning the wheels are property
aligned and the brakes do not %mm_ so plot this chart for a range of
rolling resistance coefficients between 0.0036 and 0.01.

. Ewmmmgmﬁ of the wheels or dragging brakes can significantly

increase the rolling resistance, with poorly aligned wheels being the
worst offender. Rolling resistance could increase to about 3% of the
weight of the car for poorly aligned wheels. Plot a chart allowing
rolling resistance to vary from 0.0036 to 0.03, and label the higher
rolling resistance as poor wheel alignment, to signify that this can
only happen if the team does a poor job in suspension design.

d. Allow the weight of the car o vary between S00 and 1000 1b. The

500-Th value is approximately the lightest-weight solar car ever built.
Cars have been built that weigh more than 1000 lb, but at this point
any reasonable effort in weight control should keep the weight to less
than 1000 Ib.

¢. An older motor with a single reduction belt or chain drive should be

at least §5% efficient, even if the belt or chain is not perfectly aligned,
or if a tensioner is used. The best hub motors are 98% efficient. Plot
a chart varying motor-drive efficiency from 85 to 98% efficient.

f. Parasitic losses in the electrical system can be very low for a good

design to several hundred watts for a poor design, Vary the parasitic
losses from-zero to 300 W, but label the parasitic losses above 50 W
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as poor electrical design to signify that a reasonably good car will not
have losses that high.

g. A mediocre array will produce 750 W peak power. High-efficiency
cells can be used to make an array that produces Mwoo.é power. Vary
array power from 750 to 2200 W. Please note that this ”Em.@mm does
not account for the fact that a higher powered array will o.EH.mm the
batteries up faster in the evening and morning, which is a Emmzmomsﬂ
advantage, Array powet is more important than indicated 8\ ﬁfm graph
because the array is used to charge the batteries in the morning and
evening.

h. Race rules place limits on the weight of the battery pack to r“.B: the
battery capacity to 5 kW-h. Teams can test and screen batteries, and
find a set of exceptional batteries of the particular type, and have
more than the § kW-h of capacity. Adjfust the battery capacity formula
so that the capacity at a 1500-W power draw varies from 3 to 6 .wﬁﬁF
using a Peulert number of 1.08. On the same chart draw a H.Em for
lead-acid batteries, using a Peukert number of 1.22 and varying the
capacity at 1500 W power draw from 3000 to 6000 W-h.

4, Trom the charts created, write a summary of what aspects of the car have
the largest impact on the overall performance. This is one of Em most
important excrcises in the book. To do design trade-offs and build the
best car possible with the available resources, it is necessary to under-
stand quantitatively how the different performance parameters of the car
affect the overall result,

O. Extra Credit Homework: Milford Track
(Study of:How Hills Affect Solar Car

start each lap .m.o”
, stant speed aroun

d finish by going uphill. Traveling at con-
itthe most efficient way to drive the course.
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The driver must allow the car to speed up going down the hill and slow down
when coming back up the hill. The Milford track spreadsheet gives elevation
data for the 2.1-mi track. This data file is also available from the author. Itis
possible to use the model developed in this unit to find the ideal velocity
profile of the car going around the track to use the minimum amount of
energy per lap, and maintain a given average speed per lap. The driver can
study the ideal velocity profile and practice to drive the track in the most
energy efficient manner possible. The homework assignment is to use the
elevation data for the track and develop the ideal velocity profile for average
speeds of 30, 40, and 50 mph. Studying these results will help in understand-
ing the philosophy of driving the car in hilly terrain,

P. Extra Credit Homework: Heartland Park Track

(Study of How Sharp Corners Affect Solar Car
Efficiency)

‘The Formula Sun event was held on the Heartland Park track, near Topeka,

Kansas, in May of 2000, 2001, and 2002, The goal for this event is to have
the solar cars travel as many laps as possible in a 3-day period. The Heart-
land Park track has several sharp corners and a few significant hills. In sunny
conditions, the better solar cars have adequate energy to go 50+ mph average
speed, but some of the comers are sharp enough that the cars must slow
down to below 25 mph. Slowing down for and accelerating out of the cor-
ners forces the car to operate in an inefficient manner, and reduces the dis-
tance the cars can travel each day. Turn three is aparticularly difficult problem
because the cars go down a significant grade to the corner, and then must
climb a significant grade coming out of the corner.

The Heartland Park spreadsheet, also available from the author, gives eleva-
tion and radius of curvature data for the track. The straightaway portions of
the track were assigned a radius of curvature of 50,000 ft, since that is essen-
tially straight. The goal is to develop a strategy so that the car consumes as
little energy as possible per lap for a given average speed. The strategist will
quickly realize that traveling fast in the corners is the most energy-efficient

way to drive the track, because it requires less slowing down and accelerat-
ing out of the comers,



ditional challenge in this event over the Milford track is that there is a
tohow fast the cars can travel in the corners. The team must decide the
oading the car can withstand in the corners. Solar cars have thin tires, and
¢ the car can withstand a 0.5-g cornering load, the tires may not last very
‘long when comnering this hard. Blowouts will slow the team down a lot more
“than driving slower and allowing the tires to last longer. Testing must be
conducted to find a reliable comering g load for the car. Once an allowable g
loading is established, the strategist can use the model to find the Eo,ﬂ effi-
cient way to drive the track for a given average speed.
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Chapter 3

Design Methodology
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A. Introduction

Design methodology is the application of project management principles to
an engineering design project. When deadlines are imposed on a large, com-
plex, multidisciplinary project like a solar car, the process must be broken
into smaller and more manageable tasks, and the resulting designs must work
together as a system. Design methodology, systerns engineering, and project
management are all closely related topics. A large engineering design project
requires that basic project management techniques be employed to ensure

that the project is completed on time and on budget, and that it rakes the best
possible use of the available resources,

There are some generic principles of design methodology that apply to all
design projects. The designer must consider the time available to develop
the product and the resources available to design, manufacture, and test the
product, The designer must consider the history of the product being developed
and similar products to gain insight and ideas into how the product should be
designed. A process should be put in place to generate ideas for the design
and then evaluate and select the best ideas. Some components will be designed
and built in-house, while others will be outsourced. Communication between
the design groups is required to be sure that the components will work together
as a system. It is the performance of the system that must be optimized, not
the performance of components or subsystems. Design is an iterative pro-
cess and the plan should allow for the inevitable testing and redesign.

There are many books available on the subjects of design methodology and
systems engineering, and to cover these topics in detail in one chapter is not
possible. The goal of this chapter is to cover the most important aspects of
design methodology and systems engineering as applied to solar car design.
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he major solar car races in the world are held every 2 years, so most solar
car teams operate on a 2-year schedule. Anew car is designed and _UE.# gvery
.2 years. There have been cases where a team took 3 or 4 years to %mﬁp and
build a car, but the most commeon time period is 2 years. The schédule and
time allocations for designing, building, testing, redesign, and racing the car
must fit into a 2-yeat period. It must also be recognized that the races are
very intense periods that take a lot out of the team Emﬁ_uo.ﬁm, and there is a
recovery lime after the race is over where not much is going to get mopm. .Hm a
team participates in more than one race per project, then Emwm 15 quite a bit of
racing and recovery time, which takes away from the design of Em next car.
Teams typically have about 18 months available to momwma.p and _UE_E the car
and get it ready to race. From a top-down view, the project can be broken
into five phases as described below. A schedule should be developed for the
project.

a. Phase 1. The first phase of the project involves the generation of ideas
of how the car will be designed and built. Many ideas will be mnmﬂmﬁm
for all aspects of the car. Among the most important are the decisions
about what solar cells, batteries, and electric motor and controiler the car
will use. These are expensive components that have a long H.omm time.
The general shape of the car and driver placement must be decided. The
team should also be looking at options of tires and wheels, brakes, steer-
ing, suspension components, chassis materials, body Hmﬁo.,n&m, powet
point trackers, rear vision system, turn signals and ‘Emw@.rmﬁmu mhﬁa
conirols and interface, and other design options. The culmination of ﬁ.Em
phase is a decision of how the car will be designed and what materials
and compenents will be used.

b. Phase 2. The second phase is the detailed design of the car. The details
of how the systems will be designed and built are worked out and mate-
rials are ordered. Some of the decisions from the first phase will have
to be rehashed. These ideas looked good conceptually, but it was not
possible to work out the details to a suitable design. This phase ends
when there is a detailed design for all aspects of the car.
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c. Phase 3. The third phase is manufacturing of the designs. Some desigas
will have to be modified in order to manufacture them, and some may
have to be discarded. Components and subsystems will be bench-tested
and modified as necessary to ensure a reliable design. This phase ends
when the car is assembled and prepared for testing.

d. Phase 4. The fourth phase is testing of the car. Problems that could not
be anticipated will surface. These problems will seem obvious and avoid-
able when they surface, and there will be a temptation to point fingers,
but placing blame should be avoided. Al cars require some redesign to
work out the bugs. This phase ends when the car runs reliably.

e. Phase 5. The fifth phase is race preparation. The team should develop
race simulations and practice as if running in a race. The drivers will
gain experience in driving the car in a race situation and the remainder of
the team will gain experience in supporting the car. Specialized tools will
be developed to speed up changing tires or performing other routine main-
tenance or common car problems. This phase ends when the race begins.

Recognizing that the tearn has approximately 18 months to finish the project,
the first pkase should be completed in the first 6 months. Some subsystams
will be selected much sooner, and once a design concept is selected that
particular subsystem can proceed to the detailed design phase. There is over-
lap in all of these phases. There is no exact time when one phase ends and
another begins. Phase three takes about 6 months. If there is only 6 months
until the race begins and the team has not started manufacturing the car, then
there will be very little testing or race preparation, and the team will almost
certainly do poorly in the race. Three months is adequate time to test and
redesign and prepare for the race, phases 4 and 5 of the project. This leaves
about 3 months for detailed design of the car. Table 3.1 is a GANTT chart
showing the recommended time allowances for the five phases of the project.

The project manager must keep the team on schedule, but must also recog-
nize that the schedule is a tool to assist in managing the project. The sched-
ule exists to help the project; the project does not exist to satisfy the schedule.
There comes a time when compromises must be made to stay on schedule,
and the project manager must be able to convince the designers to make these
compromises. It must be a team decision to compromise in the early phases
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TABLE 3.1
PROJECT GANTT CHART

Project Month
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to allow time for the later phases of the project. The most common mistake
in any engineering design project is to spend too Bﬁow time in .Hurmmom 1 and
2. Spending more time researching design concepts will nom.Eﬂ in better con-
cepts. Spending more time detailing the designs will result in batter @mmpmjm.
Spending more time on manufacturing, testing, or race preparation will
improve the results in those areas. If more time were available, m:.w team
could develop a better car. The project manager should be an experienced
person with a strong and persuasive personality. It 15 a good management
principle for the project manager nof to be the principal designer for any
subsystem of the car. It is difficult for any person to avoid giving his or her
subsystem undue priority and resources. ,

2. Resources

The team will have access to resources to complete the project, and it is
important to make the best possible use of the resources available. The most
important resource is the time and dedication of the members on the team.
The available human resources will be used to raise funds, get material dona-
tions and use of facilities, design, build, and test the car, and plan for the
publicity events and the race. The more dedicated team members will be
willing to use their time to do whatever the team needs most, which is often

54

Design Methodology

fund-raising and keeping the project sponsors informed of team progress,
Some team members will only be willing to work on certain aspects of the

project, usually their specialty or major interest. The team must find resources
for all aspects of the project.

To be successful, all aspects of the project must be done well. A car with
great electrical systems and poor mechanical systems will perform poorly in
the competition. Great design work with a poor manufacturing effort, or vice
versa, does not result in 4 good car, The team can choose to Tun in the stock
class to reduce the cost of building the car, but there must be enough funds to
buy the stock-class components. To be successful the car must be well
designed and manufactured and bave the right technology in the components,
and it must be completed early enough to allow the team to practice and
prepare for the competition. The project manager needs to remind the team
regularly that all aspects of the project are important, including fund-raising,
publicity, logistics planning, and practice runs. These things are just as impor-
tant as design and manufacturing of the car.

Money is an important resource because some components of the car will
have to be purchased. ‘The solar cells are one of the more expensive items,
Standard 100-mm? single-crystal silicon solar cells cost about $7.00 U.S.
each at the time of this printing, and the team will need to buy about 1000 of
them to build a solar array and have some spare parts. The cells will have to
be strung together and encapsulated. Some teams do this in-house, while
others contract it out at a cost of $5,000 to $10,000 U.S. There seems to be
no limit as to what can be spent on the high-efficiency space-grade solar
cells. Cost goes up exponentially with the efficiency of the cells. The space-
grade cells are smaller in size and require a bypass diode for each cell, so the
cost of stringing and encapsulating these cells will be much higher than for
the silicon cells. Power point trackers will have to be purchased to wire the
solar array into the power system, at a cost of a few thousand dollazs. It is
very difficult to get components for the solar array donated, so the team will
need to raise about $20,000 cash for a stock-class solar array. If the team has
the funding, getting a more powerful space-grade solar array is one way to
significantly improve the performance of the car, and there seems to be no
limit as to how much money can be spent in the pursuit of more efficient
solar cells,
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The other major costs for the project are the motor, batteries, and the logis-
tics costs of participating in the race. A hub motor offers the best overall
efficiency. The most economical hub motor system at the time of this print-
ing is the New Getleration hub motor and conireller, which currently costs
about $15,000 U.S. Because of the low production volume, there is a long
lead time to get one of these motors. If possible the team sheuld have a spare
motor in case of a failure. The spare motor/controller system could be a
different, much less expensive system since it will probably not need to be
used. A good set of lithium-ion or lithium-polymer batteries will cost from
$10,000 to $25,000 U.S. depending on the type and manufacturer. Lead-acid
batteries are much less expensive and it may be possible to get them donated.
The logistics cost for a U.S. team to participate in the American Solar Chal-
Jenge is about $15,000 U.S. for food, lodging, and renting the vehicles. It
would be about the same cost for an Australian team to participate in the
Wotld Solar Challenge. Taking the car overseas greatly increases the logis-
tics cost.

The rest of the car is made from more common and standard materials and
components. Included in this category are tires, wheels, brake components,
steering components, composites, steel aluminum, wiring, switches, connec-
tors, do—de converters, and other electronic components. It would cost
approximately $20,000 U.S, to purchase these components, but with some
effort, it will be possible to get a substantial amount of them donated. Anew
team starting with nothing should budget about $75,000 U.S. in cash and
donations to build a good stock-class car with a hub motor and to participate
in one major event.

Facilities are necessary to build the car and conduct the team business. The
teamn will need office space for planning and management, and shop facilities
to manufacture the car. Very few teams will have all of the facilities neces-
sary for manufacturing, so there will be outsourcing for some of the compo-
nents. No team has ever made their own tires. Even if the team has the
facilities, it may be a good decision to contract out certain aspects of the
projects. Wheels, brake components, bearings, motor and controller, solar
cells and encapsulation, power point trackers, batteries, taillights, horn, and
some of the electronics boxes are all examples of components that would be
outsourced by most teams. In addition to the facilities the team must have
the expertise to manufacture the car.
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To practice for and participate in the race, the team will need access to two
vans to serve as the lead and chase vehicles, and either a large truck or a truck
and trailer to transport the solar car to the event (or to move the car when it
breaks down). If the team has a competitive car, the support vehicles need to
be fast or they will have difficulty keeping up with the solar car. The support
vehicles need to have large fuel tanks, especially for the World Solar Chal-
lenge where it is a long way between fuel stations. Many teams have run out
of gas trying to keep up with the solar car. A lead and chase van and a truck
are the minimum contingent of vehicles for the race. Teams may also have a
weather vehicle or scout vehicle which stays 30 km or so ahead of the solar
car and radios back detailed information about the road conditions and cloud
cover ahead, A separate vehicle may also be used to haul the solar array
stand and get things ready for the team when they airive at the media stops on
the race, The array vehicle must be very fast because it will have to pack up
the argay stand after the solar car leaves the stop, pass the solar car, and arrive
at the next media stop at least 15 or 20 min ahead of the solar car to getthings
ready. There may be other vehicles to haul team gear, pick up wc.mﬁ:mmv or
prepare food for the team. There is a large amount of logistics planning
required to run a cross-country race.

C. Study History

Many solar cars have now been built and raced. Some of these have per-
formed very well and others have not. One of the most important parts of
design is to study similar products to see what has worked well and what has
not worked well in the past. Studying the successful cars will provide some
good design altemnatives for the system because not all of the good cars are
designed the same way. The successful cars do not all have the same body
shape. There are several different ways of approaching the body shape that
all seem to yield a low aerodynamic drag. There are good design options for
almost every system on the car. The important point here is that most of the

good design ideas will come from studying the way the top teams have
designed and built their cars.

ﬁ is also important to study the designs that did not work out well, especially
ifthe team is proposing anew and innovative approach to a particular system
of the car. It is important to realize that in many cases there was a group of
people who belteved that they had a great idea, and it was not until they
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started testing it that they realized the “fatal .mm‘..a.: mo._mn car nmmwmﬁ isa
mature subject, and it is very likely thata nms.mﬁ innovative m%womow to the
design is actually an approach that has been Ewm in Eo‘@mmﬁ. and &mommmmm. It
is amazing how many poor design ideas continue mo be tried, especially by
new teams. As an example, teams should have R&.ﬁmm mm..ww the 1987 World
Solar Challenge that an open-wheeled or open-cockpit vehicle has such ,.ooom
aerodynamics that msmmﬂm%wmmwm,m s no chance ofswianing the race.. No suc

¢Ar Bas ever won a major race. Yet every event sesins to have a few of these

designs entered, usually by a new team.

D. Control Innovation

Innovation has advantages and disadvantages. Innovation is necessary for
improvement. If the team were to build exactly mum. same car, .E&oﬁ mMmH
project, the car would become less mﬁ.m less 88@&5« over time mﬂcﬂ er
teams improve. An innovative design is much more likely to cause problems
than a more traditional design. A tearn that B.om a lot of new innovative
designs for subsystems on the car is almost onﬁ.ﬁmE.ﬁo.wE\o enough H.B.oEmBm
to keep them from winning the race. Innovation is necessary for improve-
ment, but it needs to be controlled. There needs to be a balance between
innovation and the risk of failure, :

The riskiest type of innovation occurs when a wheole new Ebo<m.&<w approach
1s tried in designing the system. Before accepting m.dow a design m@?...ommF
the team needs to be sure that the new approach will make the car m.HmnEm,
cantly faster, cheaper, or easier to manufacture than Em more .Hm&.&oﬁ&
approach. If there is not a significant benefit, then taking the risk is mooM
management of the project. There will be namoﬁm.og.,mmoﬁmﬂm S.cm s0lve
when following a traditional approach. Hgnoﬁﬂﬁ.m solutions will &EEQ
lead to many more unforeseen problems, and there is a chance that they QE
not work at all. Innovative solutions need to be completed and tested early in
the project in case they fail.

The more practical innovations are usually mﬂmﬂ changes-to an existing
design, or finding better, faster, or less expensive ways 6 Emﬁ.ﬂmmoga the
system. Such small changes might be a small Hm.azncow in weight through
better analysis of the design or a better manufacturing process. m,cnw achange
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might be simply finding a lighter-weight component, such as a shock absorber
or brake caliper that will work in place of what has been used in the past. The
teamn may find a standard electronics component to replace a component that
the team has been designing and building. The standard components tend to
be more reliable and less likely to cause problems. Every project seems to
bring opportunities to find better batteries and solar cells,

E. Design Process

The process described in this section is a generic six-step method, which is
similar to published methods [3-1 to 3-3]. Tomanage the design of a system,
a manager needs a tool that allows projects to be looked at in an objective
manner. Design process is a tool that allows the manager to assess how far
along the design has progressed and what is likely to be the next step. The
manager needs to recognize that this is a tool to assist with the design, and
that there are cases where it makes sense to skip steps in the process or to not
complete a step before progressing to the next ste
For most design projects, products already exist. The design process begins
with some general statements of the needs or desires of what the product
should do, and an evaluation of the existing products to see how well they
meet the current needs. From these general statements, specifications are
developed for the product. The design team will generate ideas and concepts
that satisfy the specifications. Many concepts will be generated, and the
team will select the concepts that appear to best satisfy the needs.and speci-
fications of the product. Detailed designs will bé developed for manufactur-
ing the product, The product will then be built and tested, Figare 3.1is a
block diagram of the six-step process,

1. State Product Needs and Evaluate Existing Solutions. If there are exist-
ing solutions to the problem, the most important part of this step is to
evaluate how well those solutions satisfy the needs of the device being
designed. The existing solutions may satisfy some needs very well, and
there may be a lot of room for improvement with other needs. Some
needs may not be addressed at all, It s important to identify the needs
and desires that the product is to fulfill. There will probably be some rules
or constraints for the product that must be addressed. Tt is important to
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State Product Needs Define Product Create Desi
and Evaluate Specifications y Create Design

Existing Solutions Concepts
Manufacture | Detailed Select Design

and Test Design [ Design Concepts

Fig. 3.1 Six-step design hSd_nma.

carefully study the rules at this point in the design process. The result of
this step is a list of statements of what the product should do along with
certain rules and constraints, The statements should be nontechnical in
nature, and in many ways form a mission statement for the development
of the product.

Define Product Specifications. In this step the goal is to take the non-
technical statements of needs for the product and develop technical
design specifications for it. Some of the specifications will be functional
requirements, which are functions that the device must perform. In most
cases there is a minimum or desirable performance level for device func-
tions that should be part of the specifications. There may be safety or
environmental requirements, and specifications need to be developed for
those requirements. The primary difference between a statement of need
and a specification is that the specification is a quantitative statement.

Create Design Concepts, The purpose of this step is to create several
different design concepts that have the potential of meeting the design
specifications. If there are existing products, those products should be
included as design concepts. In addition to existing solutions, there may
be completely new innovative concepts developed for the product. It is
important at this stage to consider a new technology or technologies that
has not been used for this product in the past. Useful innovative solutions
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usually involve applying new technology to the product. Judgment of
whether a design concept is feasible or not should be avoided at this step.
The outcome for each design concept is a description of the concept and
how it will satisfy the design specifications, usually involying sketches
and narrative. .

Select Design Concepts. The goal of this step is to do a fair evaluation of
all the design concepts and select the concept that will be used for the
product. The selection must be justified on the basis that it is the best
solution. As much as possible, quantitative models should be developed
to evaluate how well each design concept meets the specifications. One
of the most difficult parts of this step in the design process is to not let
politics or personalities select the solution. Separate the people from the
design concepts. Do not vote on John's design versus Jane’s design;
vote on design A versus design B. The final solution may include ideas
from miore than one design, but it is a bad idea to develop a solution that
meludes something from all the design concepts just to make everyone
happy. The goal is to select the best design concept and to be able to
justify why it is the best concept.

People are not machines; they have emotions and feelings. It is impor-
tant to justify the design decisions made and to convinee everyone on the
team to support them. There will be problems in detailing and manufac-
turing the design and getting it to work properly no matter which design
concept is selected. Take a little exira time at this step to honestly give
fair consideration to all the design concepts, and to evaluate all of them,
and to justify the design concept selected based only on the idea that it
does the best job in satisfying the specifications. This will help avoid
problems later in the design process. Try to get everyone on the team to
buy in and support the design selected. When problems arise later, it is
not true that the team would not be having those problems if they had
selected design A instead of design B. Design A would have a completely
different set of problerns to overcome.

Detailed Design. The goal of the detailed design is to work out the
details of exactly how the product will be mannfactured. There are a lot
of decisions to be made about what materials and components will be
used in the design, and all of these decisions must be justified to some
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extent. A design philosophy must be developed and engineering analysis
should be used in sizing and selecting components. Suppliers must be
identified for the matetials and components and an effort should be made
to get the best possible price. The outcome of this phase of the design
process is detailed drawings and manufacturing instructions and a list of
suppliers and costs for the materials and components for the design.

Manufacture and Test Design. The final step in the design process is to
manufacture a prototype or mock-up of the design and test it to see that it
meets the design specifications. There are always some unforeseen prob-
lems at this stage that nust be overcome. There will probably be some
redesign or modifications to the design to malke the product work prop-
erly. As soon as testing begins, areas of improvement will be identified
for the prototype. Some things can be improved with a minor modifica-
tion, while others require a complete redesign. Decisions will have to be
made about whether to address those improvetents or to accept the pro-
totype for what it is. The goal should be to make the prototype work as
well as possible for the design concept selected.

Once the prototype or mock-up has been tested and modified to make it
work as well as possible, the next step in the design process is to evaluate
it to see how well it meets the needs that were set in step 1 of the design
process. Another way to visualize design is as a circular process, as
illustrated in the design spiral in Fig. 3.2. The spiraling outward on the
six axes represents improvements in the design as the team gains exper-
tise and understanding of what is involved,

Design methodology is 2 management tool to help the team progress and
improve the design. There ate cases where it makes sense to skip a step
or to not complete a step before proceeding to the next step, but design
progresses in the direction shown. From a management viewpoint it is
important to keep the process moving and not get stuck at one point.
There is a schedule that must be met in completing the design. One
common “sticking point” is creating and selecting design concepts. Teams
can spend forever coming up with design concepts and arguing about
which is the best solution. A manager may have to step in and force the
team to vote and select a concept and move on to detailed design. Detailed
design is the other common place where teams get stuck. The design can.
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always be improved by spending more time working on the analysis or -
looking for better components and suppliers. At some paoint the team
must stop designing and start manufacturing even though the design is
not perfect. Design is an iterative process.

F. Solar Car Design Process

The generic design process above applies to solar car design, but some of the
details get lost in trying to generalize the process to apply to any design.
There are some specific considerations for each step of the design process
when it is applied to the design of a solar car, which are detailed below.

1

. State Product Needs and Evaluate Existing Solutions. There have been
many good solar car designs, and the most important past of this step is
to study how the best cars have been designed and built. Try to figure
out what the top teams are doing to be so successful in the competitions.
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e'team also needs to study the rules of the competition carefully. Many

arns have come to competitions and were disquatified because their car

id not meet the race rules. The rules change a little each year, and what

was allowed Jast year may not be allowed this year. The first step in the

- design process is to come to a good understanding of what has to be
accomplished to be competitive.

Define Product Specifications. The first decision to be made as far as
specifications is whether the team will design and build a stock-class or
an open-class car. From a design viewpoint the only difference is that
the stock-class car uses much heavier batteries and will end up being a
much heavier car. The stock-class car is much less expensive to build
because it uses less expensive solar cells and batterjes. Mﬁmommcmmoﬁ need
to first be developed for the car as a whole, that is, required solar array
power, battery capacity and efficiency, motor-drive efficiency, rolling
resistance coefficient for the tires, allowable parasitic losses, and weight
goals for the body and chassis. Chapter 2 provides a lot of guidance in
selecting realistic targst values for the open-class and stock-class vehicles.

Create Design Concepts. The way to approach design concepts differs
from system to system on the car. The shape of the body is an important
decision that must be made early in the project. There are several good
concepts that have worked well for the body shape. Body shape affects
the placement of the driver and the balance of the car on the tires. The
body must be very aerodyramic for the car to be competitive, so any
design concept of body shape must have low aerodynamic drag. There
have been many solar cars made that have good aerodynamics, and study
of those vehicles is very helpful in developing the body shape. Design
concepts for the body shape of the car should include the placement of
the driver inside the body of the car. It should be shown that the driver
has adequate space to fit in the car, and adequate visibility to drive the
car. A-center of gravity analysis should also be included to show that the
weight of the vehicle can be evenly distributed on the tres,

For the solar array design, the primary goal is to get the most efficient
solar cells that the team can afford. Solar cells are a major cost of the
* project even for stock-class cars, so it is important to contact all of the
manufacturers and get the best price possible on the cells. Money saved
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on the cells can be spent on other parts of the car, The team will need to
decide whether ta develop the expertise and encapsulate the cells in-house
or to outsource the encapsulation. Power point trackers will need to be
selected that work with the subarray voltage and the battery voltage. There
are several companies that make power point trackers and a few teams
have designed and built their own trackers. Design concepis for the solar
array will center around the solar cells. The tearn should identify the
different possible solar cells for the car as the main part of generating
design concepts: for the solar array. Design concepts for the solar array
should inctude the efficiency and cost of the solar cells and a basic plan
of how the array would be laid out on the car.

There are rules governing the allowable weights for the different types
of battery systems. The goal is generally to get as much battery capacity
as possible for the allowable weight. There are many baitery manufac-
turers, and the team must contact the manufacturers to see what the
options are. Battery technology is changing rapidly, and the best batter-
ies today will probably not be the best batteries 2 years from now. Design
concepts for the battery system should include the type and cost of the
batteries, the way the batteries would be wired to achieve system volt-
age, the capacity of the batteries, and an estimate of the efficiency of the
batteries.

There are almost an infinits number of choices for the motor-drive sys-
tem, but most of them are poor choices. If the team has the resources, a
high-efficiency brushless de hub motor should be selected. There are
only a few such motors available that are sized properly for solar cars,
which limits the design choices. If the team cannot afford or obtain a
brushless dc hub motor, then the next best choice is a high-efficiency
brushless de motor with a single reduction chatn or belt drive. There are
several high-efficiency motors available that are much less expensive
than the hub motors. Design concepts for the motor-drive systems should
inciude the cost and estimated efficiency of the system.

The solar array, batteries, and motor-drive systems need to be decided on
fairly early in the project because they are expensive items that may have
long lead times for delivery. The shape of the body must be decided
before the team can get serious about designing the chassis and suspension

65




The Winning Solar Car

systemns because body shape determines éﬁnww. the wheels and ,m.H.?.nH, are

“located. It is important to develop design concepts for these systems

early in the project so that the team can select the design concepts to be
used and progress with designing and manufacturing the car. There are
design options for many of the other systems of the car, but most of those
will be explored during the detailed design phase of the project. It is not
practical to develop and have the team evaluate design concepts for every
aspect of the car. Some of the decisions should be left to the discretion of
the person doing the detailed design work for the system.

Select Design Concepts. One of the earliest steps is to select the design
concept for the shape of the car. If the tearn has several different ideas,
then each person or small group should be allowed to develop a presen-
tation of a particular design concept and why it is a good choice and
present it to the team. Before any presentations are given to the team, a
discussion should be held during which it is decided that everyone will
support the decision of the team. The team should then listen to the
presentations, discuss the advantages and disadvantages of each, and vote
and select the best design. The body shape concept must be selected
before design can begin on the body, chassis, or solar amray, so this con-
cept must be selected early in the project.

The team will also need to select the solar cells, batteries, and motor-
drive system that will be used on the car. Very few teams will have the
funding to get the best of everything, so decisions will need to be made
between cost and performance. The power management models in Chap-
ter 2 should be used to help evaluate the amount of performance for the
different options. The goal is to make the car as fast as possible using the
resources available to the team, and cost has to be a major consideration
for these three systems. It may be best for the team to design a stock-
class car and greatly reduce costs on the solar cells and batteries. Cost is
much less important for other systems. Efficiency and reliability are the
main goals in designing most of the mechanical and electrical systerns,
When making design trade-offs for these systems the goal is to make the

car faster and more reliable. Power management models should be devel-

oped to kelp determine which design option will make the car faster,
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5. Detailed bm.ra,ﬂ,.m,_x. ‘Onee the major design nowo%m,.rﬁa been selected,

the team needs to wwm_..ﬂ developing the details of how the cat will m.a
manufactured. Design concepts will be generated and selected as part of
the detailed design of the vehicle. There are a lot of options in detailing
out the systems. With reference to the design process model, this can be
viewed as going through the design process again, skipping the manufac-
ture and test design step, or it can be viewed as a limitation of the model.
Design process is a management tool to help lead the team through the
design process and keep things moving. Like other management tools it
Is not an exact science, but it can be very helpful in keeping the process
moving and evaluating the progress. Design teams have a tendency to
stall out at one step in the process, and this tool can help the project
manager know when it is time to step in and force the team to move on to
the next siep.

As detailed designs are developed, there will be many times when the
team has the choice of designing and manufacturing in-house or
cutsourcing. Some teams view this as an educational experience and try
to do as much in-house as possible. Developing everything in-house can
be a good educational experience, but it is poor engineering practice and
will probably hust the performance of the car. All teams outsource the
tires, batteries, rod ends, bearings, shocks and springs, resistors, capaci-
tors, and other basic electronic components, and raw materials for tanu-
facturing the body and chassis. The University of New South Wales
team is the only one to have manufactured its own solar cells. The team
should do what makes sense, and what makes sense depends on the facili-
ties and expertise available to the team. Off-the-shelf electronics com-
ponents such as power point trackers, de-dc converters, and battery
protection circuitry tend to be much more reliable than systems that are
built in-house. There may be cases where it makes sense for the team to
design the components in-house and then outsource the manufacturing.
The team has a limited amount of calendar time and man-hours for the
project. If time can be saved in design and manufacturing, then there will
be more time available to test the car and prepare for the race. Testing
and preparation make a lot of difference in how well the team performs
in the race.
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Teams commonly outsource the building of the mold for the body and
encapsulation of the solar cells, both of which require long lead times.
The body must be desigred, the mold built, the body manufactured and
painted, and then the solar cells must be put on the body. This takes time
and must be done sequentially. The body is usually the critical path in
getting the car completed. If the team is going to outsource either the
building of the mold or the encapsulation of the solar cells, the designs
need to be completed early in the project so that there will be time to
write a contract, award it, get it into the company s production schedule,
and complete the work on schedule. It is very important to the long-term
success of the team to develop a good relationship with the suppliers and
companies that the team decides to work with. Most of the same compo-
nents will be outsourced on subsequent projects, and having a good rela-
tionship with companies that can deliver a good product in a timely manner
is very helpful. _

Manufacture and Test Design. Manufacturing of a system should begin
as soon as the detailed design is done. As was stated above, some sys-
tems must be designed earlier in the project than others, and as soon as
those designs are complete the manufacturing should begin. Some sys-
tems take significantly longer to manufacture than others. The human
resources and assets of the team need to be managed to complete every-
thing on time. ,

- Most systemns can be bench-tested to be sure that they appear to be work-
ing correctly. Bench-testing should be dome for all of the electrical sys-
tems. Problems will emerge in some of the systems, and redesign or
reprogramming can be done to sclve those problems. Just because a
system works in the lab does not mean that it will work on the car, but it
is much easier to solve problems in the lab. Some bench-testing can be
done on the mechanical systems to make sure they have clearance to
travel through their range of motion, but from a practical standpoint it is
notpossible to really test the mechanical systems until the car is together
and operational.

Once the car is operational, the firststep should be to drive the chassis
around the parking lot at low speeds. It is best to run the car on battery
power only because connecting the solar array into the power system can
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sometimes cause unforeseen problems. Problems may emerge duting
the low-speed testing, and should be corrected until the car runs reliably.
Oncee the car seems to be running reliably, the driver should start pushing
harder in the corners to put significant side loads on the suspension and
chassis. The car should hit a few potholes or hard buraps. The mechani-
cal systems should be inspected regularly during the tests to be sure they
are handling the loads with no unusual deflections or deformations. It is
much easier to handle a failure in a parking lot than on the road. Besides
testing the car, this process gives the drivers some time learning to drive
the car before taking it out on the road.

Once the car seems to be reliable driving around the parking lot, the team
should connect the solar aray into the power systam. Some potential
problems are that it produces no power or not as much power as it should,
or that it overvoltages the batteries or motor controller, The team may
want to put the array in the sun and have it charge a set of inexpensive
lead-acid batteries before hooking it into the power system of the car.
Once the car seems to work properly with the solar atray and body in
place, the team needs to start road testing the car and preparing for the
race. For road testing, the team should go out with a lead and chase
vehicle just as if they were participating in a race. The drivers need a lot
of time to learn to drive the car in an efficient manner. A well-trained
driver will use 20% less energy than a novice. The strategist for the race
needs information on how much power the car will use at different speeds.
The team needs to practice changing tires and dealing with other break-
downs. Road races are long multiday events and there will be problems.
A well-practiced team will solve those problems faster and help get the
car to the finish line sooner. Testing and practicing and getiing good data
for the energy consumption of the car are very important for success in
the race. These factors are much more important than a small improve-
ment in the design of the car,

As the car is being tested, some areas of weakness witl be identified. No
car is perfect. Design improvements will be proposed and the team will
have to decide whether to make the improvements or to live with the
existing design. These are not easy decisions. Modifying the car will
usually take away test and preparation time, which hurts the car’s pex-
formance in those areas. The team needs to assess the amount of time
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3.3,

required to make the modification. Design improvements that signifi-
cantly improve the reliability of the car are generally good candidates. If
a system exhibits poor reliability, it is nearly always a good idea to make
modifications to improve the reliability. When deciding whether to make
performance improvement modifications, the team will have to assess
the amount of improvement in performance versus the amount of time
that will be taken out of the test schedule. .
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Chapter 4

Solar Array Design

Once the race begins, all of the energy the car uses comes from the sun. The
power that the solar array produces is one of the most important factors in the
petformance of the car, and it is important to get as much power as possible,
The solar array is also the most expensive component of the car in most
designs. There is almost no limit as to how much money can be spent on the
solar cells. The least expensive option is polycrystalline silicon cells, which
canbe 12 or 13% efficient at converting sunlight to electricity. It would cost
about $5,000 U.S. at the time of this writing to buy enough cells to cover a
solar car. Single-crystal silicon cells are 14.5-15% efficient and cost about
$7,000 U.S. The single-crystal silicon cells are the most commonly used
solar cells for solar cars. There are also space-grade silicon cells that are
above 20% efficiency, and that cost much more than the terrestrial-grade
silicon cells. Several companies make gallium arsenide (GaAs) cells that are
1from 18-28% efficient, and that cost from $25 ,000 to millions of U.8S. dollars
depending on the efficiency. There is a limited amount of solar array area
allowed by the rules, so higher-efficiency solar cells mean moze power, pro-
vided the array is designed and built properly. All things equal, 15% effi-
cient cells will produce 25% more power than 12% efficient cells. This
chapter covers the fundamentals of how solar cells work, how they are wired
into an array panel, how they are integrated with the battery system, and how
atrays are diagnosed and repaired.

A. Solar Cell Fundamentals

When a material is placed in the sun, some of the photons from the sun will
have more energy associated with them than the energy required to remove
an outer valence electron out of its orbit in the material [4-1 to 4-3]. If the

- photon has adequate energy, it will knock an electron out of orbit creating an
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electron-hele pair as illustrated in Fig. 4.1, The hole is an atom that is miss-
ing an electron.

Photon

Fig. 4.1 Fundamentals of solar cells.

The free electron will migrate in the material in 2 random manner. The atom
missing an electron may “steal” from one of its neighbors, causing its neigh-
bor to become the hole, and in this manner the hole will migrate in the mate-
vial. The sunlight will create many electron-hole pairs. When an electron
and hole find each other, they recombine (liberating heat) to the equilibriwum
position. The bombardment of photons striking the material will continue to
create electron-hole pairs. As the numbers increase, the probability of an
electron Hmoogwﬁmbm with a hole increases. An equilibrium density of free
electron-hole pairs will be reached. The density of electron-hole’ m_mnm is
proportional to the intensity of the sunlight.

Anytime there are free electrons and holes, there is the potential for generat-
ing electric power, if it can be organized and conirolled. Putting two leads on
the material and connecting them to a load as illustrated in Fig. 4.2 will gen-
erate a small (insignificant) amount of power.

Solar Array Design

Photons

/ /Hov Contact
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()
Y odE

Bottom Contact

Load

Fig. 4.2 Electron-hole pairs in a material with leads connected,

When a surplus of electrons (¢7) gets near the top contact and a surplus of
holes (h*) gets near the bottom, then some electrons (e”) will flow into the
top lead, generating a current through the load, which is electric power. It is
just as likely that a surplus of electrons (¢) could be near the bottom and a
surplus of holes (h*) near the top, causing current to flow in the opposite
direction. The current through the load for this situation is very smail and
random in direction. This setup would be useless in generating powet. The
key to generating significant power is to get things organized.

Many materials (most commonly silicon) can be doped with impurities to
generate n-type and p-type versions of the material. The n-type material
attracts electrons (¢7) and repels holes (h™), and p-type material attracts holes

(™) and repels electrons (¢™). There will always be a few holes (b™) in the

n-type and a few electrons (¢7) in the p-type, but the majority of free elec-
trons {e~) will go to the n-type and the majority of holes (h*) will go to the

p-type. Asolar cell is made by putting an n-type layer on top of a p-type layer
as illustrated in Fig. 4.3.
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Fig. 4.3 Solar cell schematic.

When a photon liberates an electron (e} it will tend to migrate into the top
n-type, while the hole (b™) will tend to migrate into the p-type. The junction
forms a barrier, which tends to keep the electrons and holes apart. The elec-
trons (&™) have like charges and repel each other, and the same is true of the
holes (a%). The solar cell will reach an equilibrium density of free electron-
hole pairs, until the driving force to cross the junction andrecombine is equal
to the driving force of the sun to liberate them. At msz‘o_..EE electron-hole
pairs recombine at the same rate they are created.

B. Open-Circuit Voltage

Because there is a surplus of electrons on the top and a surplus of holes on
the bottom, there will be a charge difference, which is a voltage between the
top and bottom of the cell. Connecting a voltmeter to a lead onthe top and on
the bottom, as iliustrated in Fig. 4.4, allows for the open-circuit voltage of
the cell Vo to be measured. V- depends on the material the cell is made of
and the intensity of the sunlight, Higher sunlight intensity generates a higher
density of free electron-hole pairs, which increases the open-circuit voltage
[4-3 to 4-6].
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Fig. 4.4 Open-circuit voitage.

C. Short-Circuit Current

If a wire (zero resistance) is connected from the top to the bottom, the elec-
trons will flow into the wire and recombine with the holes on the bottom as
ilustrated in Fig. 4.5. The voltage across the cell drops to zero and the current
flowing through the wire is the short-circuit cmrent. Shori-cirewit current
Isc depends on the material, the intensity of the sunlight, and on how the
leads are designed. The electrons and holes must find their way to the leads.
The resistance to their mobility in the n-type and p-tvpe materials is the inter-
na] resistance Rg of the cell. Iy is almost linearly proportional to the inten-
sity of the sunlight, because the photons must generate electron-hole pairs at
the same rate that electrons flow through the wire and recombine with holes on
the bottom. Igc is also linearly proportional to the size of the cell [4-3 to 4-6].

Solar cells can be made with either the n-type on top and p-type on bottom or
with the p-type on top and n-type on bottom. Either way will work, but most
cells are made with the n-type on top. The electrons (¢-) have more “mobil-
ity” than the holes (h™), that is, they move around more freely and easily in
the crystal than do the holes. The leads on the top of the solar cell block the
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Fig. 4.5 Short-circuit current.

sunlight, so it is desirable to nse as small and as few leads as possible on top.
The bottom of the cell can be completely coated with silver, making one
large lead. If the p-type is placed on the top, the holes h will have to move to
the leads on the top, and the solar cell will have more internal resistance than
if the n-type is used on top.

D. Solar Cell Efficiency—Solar Spectrum

The sun emits a broad spectrum of light, which means the photons striking
the material will have different energies. One of four things can happen
when a photon sirikes a solar cell.

1. The photon is reflected away and no electric power is generated.
2. The photon does not have enough energy to knock the electron cut of

orbit. The photon is either reflected out or the energy is converted to
heat and no electric power is generated.

Solar Array Design

u The photon has exactly the right amount of energy to knock the electron
out of orbit. Essentially all of the photon energy is converted to electric
power.

4. The photon has more than enough energy to knock the electron out of
orbit. The energy required to knock the electron out of orbit will be
converted to electric power, and the excess will be converted to heat,

The solar spectrum is illustrated in Fig. 4.6 [4-7]. The AMO radiation is
approximately what is received by satellites above the atmosphere and AM1.5
is approximately what is received at sea level on a clear sunny day. The
atmosphere attenuates all wavelengths, and it attenuates some more than oth-
ers as illustrated in the figure. It is important to understand the AM system
when selecting solar cells for the car. Solar cells will produce more power
when tested at AMO, but most cells have a higher efficiency rating when
tested at AM1.5. When comparing the performance of two different solar
cells to decide which ones to buy for the car, it is important that they be
compared at the same rating.

2.50
AMQ (Top of Atmosphere)
£ 200 —
=
m 1.50
=
2 N
2 1.00
o
2
= 0.50 :
AM1.5 (Sea Level)
0.00 _ : _ =
a 0.5 1 15 . 2

Wavelength (,m)

Fig. 4.6 Solar spectrum. (Data for the figure provided by
Dr: Judith Lean, U.S. Navy Research Laboratory [4-7].)
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If the sun emitied photons that all had the same energy, like a laser, then a
material could be chosen for the solar cell that had electron-hole creation
energy slightly lower than the photon energy. Nearly all of the energy of the
laser Hght would be converted to electric power for this material. It would
have a very high efficiency. This may have applications in space in the dis-
tant future, Electicity could be converted to laser light, which could be
beamed to a solar collector, which would convert it back to electricity.

However, the sun emits a range of photon energies. For any material chosen,
some photens will not have enough energy to liberate an electron and will be
wasted. Others will have more than enough energy to liberate an electron, and
their excess will be wasted. The material should be selected to match the solar
spectrum(4-1]. Silicon is a good choice because it is near the theoretical opti-
mum. A silicon cell can theoretically be 29% efficient in converting sunlight
to electricity. Silicon cells have actually been manufactured that are 24% effi-
cient [4-8], but the common grades of single-crystal silicon cells are 12-15%
efficient. Amorphous and polycrystalline silicon cells are less efficient.

Gallium arsenide (GaAs) has a higher theoretical efficiency than silicon. The
most efficient cells that have been produced were made from GaAs [4-8].
Another advantage of GaAs cells in racing is that their efficiency is not as
sensitive to high temperatures, so in the summer the GaAs cells may be signifi-
cantly more efficient than silicon cells. There are some other exotic materials
that have high theoretical efficiency, but have not developed to any extent
beyond basic research. Examining the solar spectrum, it can be shown that
the ideal material would have a theoretical efficiency of approximately 31%,
and GaAs is very near the ideal. The limiting theoretical efficiencies for
single-junction cells, and the highest efficiency actually achieved is shown
in Fig. 4.7 [4-1, 4-8].

Multijunction celis have been developed to further improve mmﬂmﬁ@. The
goal is to get high-energy photons to knock high-energy electrans out of orbit,
thus converting a higher percentage of their energy to electzic power. Low-
energy photons would knock low-energy electrons out 6f orbit and their power
would be efficiently converted to electric power. For two band gaps the
maximum theoretical efficiency increases to 50%, for three it is 56%, and for
36 it is 72% [4-1]. Multijunction cells were used in a solar car for the first
time in a car created by Solar Motions and driven in the 1999 World Solar

]
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Fig. 4.7 Maximum theoretical efficiency of solar cells. (Theoretical
line developed from [4-1], data points from [4-8].)

Challenge. Several teams used multijunction cells in the 2001 American
Solar Challenge and World Solar Challenge.

Multijunction cells produce more power in bright sunlight than single-junction
cells. The (very limited) race experience up to now shows that the power
drops off significantly in tloudy conditions. Ttmay be that the clouds attenu-
ate some wavelengths more than others, causing one junction of the cell to
be starved for free electrons. Since the junctions are electrically in series,
shutting down ome junction would shut down the entire cell. This 1s justa
theory now. There will be a lot of testing in the next 2 years, and a better
understanding will be developed of why the multijunction cell output drops
so much in cloudy conditions. Multijunction cells are the best solution in
bright sunny conditions because they produce the most power, They may or
may not be the best solution in cloudy conditions.
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Solar Array Design
E. Solar Cell Model ]
A solar cell is a p-n junction. It is basically a dicde, but it is a special kind of n-layer n-layer n-layer

diode. If no sunlight is striking the cell, then it will behave exactly like a
diode, allowing current to flow fieely in one direction, and preventing flow
in the other direction, as illustrated in Fig. 4.8. Notice that the solar cell
generates current in the opposite direction so that it will pass current freely

ﬁnmm.% €r Unym.u\mﬂ ﬁuhmv\nh

as a diode. From a design viewpoint there are two consequences to this. + _
O
Array generates

I _ | current in this Battery Switch

nlaver gu Solar cell with no direction mu_iﬁor is opened at
= Battery sunltight behaves : night to prevent battery

p-layer . like a diode allowing Ik . from discharging

m _ . % battery to discharge : Fig. 4.9 Switch to prevent batteries from discharging.

Current flows freely in this direction

Photons 2. Ifasingle cell in the string is shaded so'that it does not receive sunlight,
then that cell will not generate any curtent. The other cells will try to

/ | ~ . drive current through it, but that is like trying to drive current backward

— ) Solar cell with EH.oﬁm_p a &nnn. One shaded celf will stop current flow from the entire
[ sunlight generates string, even Hm_ the other cells are receiving good sunlight. A corollary

p-layer Y current and charges to this is that the string will produce only as much current as the weak-

‘.T the battery est cell. Carefu] cell matching is required for a good array design. An

| ﬁ electric circuit can be drawn that s analogous to a solar cell, as shown

Cell generates cusrent in this direction in Fig. 4.10 [4-1].

The analogy of each of the components in Fig. 4.10 and how they are related

Fig. 4.8 Solar cell-diode model. ?
to the solar cell is explained below:

a. 1Ip is a current source that is analogous to the potential current the sun-

1. If a solar array is charging batteries, then a switch or some other means light creates

must be included in the circuit, The switch would be used when there is
no sunlight on the array, to prevent the batteries from discharging through
the array, as illustrated in Fig. 4.9. If the switch is not opened at night,
the battery will drive current through the array in the opposite direction
and discharge itself,

b. Ig is the diode saturation current, assuming the cell is completely shaded.

c. Rgyis Eo. shunt resistance. Some electron-hole pairs will recombine
across the junction. Rgy is the resistance to this “current leak.” Ideally a
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Fig. 4.10 Electrical model of solar cell,

solar cell would have infinite shunt resistance, that is, Rgpy'= o ideally,
but for real cells that is not possible. "

d. Rg is the internal series resistance of the cell. Cells have an internal
resistance that absorbs some of the energy they create. Ideally Rg=0,
but for real cells that is not possible.

e. Lis the output current of the cell.
f. 'V is the output voltage of the cell.

g qis the charge of an electron (1.6021773 x 16-19.C), K is Boltzmann’s
constaat (1.380658 x 1023 J/K), T is absolute temperature, and o is a
mode] parameter that is 1.5 for silicon cells.

It can be shown that the output voltage and current from such a circuit are
refated by Eq. 4.1.

imig,_.mﬂ&

V+IR
I=1 —Ig| enkKT -8

Rsu

1

(4.1)
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The above mode! can be fit to solar cell data using the open-circuit voltage
Voc and the short circuit current Igq as illustrated in Eq. 4.2,

4."/\00 when =0
I=Igc whenV=0 (4.2)

If the series and shunt resistance of the solar call is known, then a complete
model for the cell can be developed, but most solar cell manufacturers do not
provide values for these resistances. In such cases, a reasonably accurate
model can be developed for the solar cell based on the characteristic resis-
tance Rey; of the cell defined in Bq. 4.3 [4-9].

Voc
Reg = 4.
Isc (4.3)

where Vo is the open-circuit voltage for the cell and Igc is the short-circuit
current. The resistances Rg and Ry, are related to the characteristic resis-

tance. For a typical silicon solar cell, approximate relations are given in
Eq. 4.4 [4-9].

(L000)R ¢y

(0.1Rcg

Rey

Rg (4.4)

Knowing the open-circuit voltage Vo and short-circuit current Igc an
approximate model can be developed for the cell using the zbove assump-
tions. The advantage of the approximate model is that only the open-circuit
voltage and short-circuit current for the cell need to be known, and it is rela-
tively easy to obtain these values.

Example: Assume I g0 = 3.5 Aand Voo = 0.62 V at 300 K. Construct the -V
diagram. For the solution the series and shunt resistances are estimated
using Eq. 4.5.
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Ry = 0.62V 01 ﬂ, o Table 4.1 lists the current versus voltage data for the solar cell. A plot of the
CH™ 35 — IV curve is mwoénEmmm 4.11.
Rg =00177Q .
s “.5) TABLE 4.1
Reyg =1778 . . CURRENT VERSUS VOLTAGE DATA
X Current Voltage Current Voltage
Equations 4.6 and 4.7 can be used to solve for I and Ig. , 4 .
3.5 0 3.4807 0.32
o _ ,. 3.4999 0.02 3.4855 0.34
H.mom:dxﬁﬁ - [0+(.5)(0.0177)] . ,, |
3.5=1 ~Ig| e {1.5)(1.380658 x 107 )(300) ‘ -1 (4.6 : 3.4998 0.04 3.477 0.36
” 3.4997 0.06 3.463 0.38 |
043500177 | M 3.4995 0.08 3.44 0.4
177 : 3.4994 0.1 3.4025 0.42
,. 3.4993 0.12 3.3425 0.44 ”
16021773 % :ﬁw > [0.62+(0)(0.0177)] 3.4991 0.14 3.2487 0.46
1.53(1.380858 x 1072)(30 - :
0=T ~I| e @ 3.499 0.16 3.1088 0.48 !
3.4988 0.18 2.9017 0.5 .,
0.62+(0)(0.0177) :
- 3.4985 0.2 2.62 0.52
177
" 3.4982 0.22 2.2539 0.54
Solving yields Iy = 3.50035 A and Ig = 3.9813 x 10-7 A. Equation 4.8 3.4977 0.04 1.8025 0.56
describes a typical 100 mm * 100 mm silicon terrestrial-grade cell when .
exposed to bright sunlight: 3.4969 0.26 1.2707 0.58
3.4957 0.28 0.6666 0.6
m,:um J [V 01771 3.4938 0.3 0 0.62
[=3.50035— ?35 xslqv -1 (4.8) : - ’
_ V+{D0.0177)
177 |
84 |
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Fig. 4.11 Bypical solar cell I-V curve.

The maximum power output for this cellis 1.5 W when I1=3.20 A and
V = 0468V, as illustrated in Table 4.1, The model can be used to illusirate
several things about solar cells and solar arrays.

F. INlumination Level I

Open-circuit voltage varies gradually with the illumination level over a broad
range of illumination levels. The open-circuit voltage drops off sharply at
very low illumination fevels. Power point voltage also varies gradually with
illuozination Ievel. The increase in power from the cell with increased illu-
mination comes primarily from its increased ability to provide current. Short-
circuit current and power point current are almost lineaily proportional to the
illumination level. The power that the cell produces is also almeost linearly
proporticnal to illumination level.

The solar cell model can be used to show how voltage, current, and power
vary with illumination level. For one-sun iflumination (the illumination inten-
sity of the sun on a standard clear day at sea level), Iy was set to 3,5035 and
Figs. 4.12 and 4.13 were developed. These illustrate quantitatively how the
performance of the cell varies with illumination leve].
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Fig. 4.13 Effect of illumination level on solar cell currents and power,
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G. Temperature

The diode saturation current Ig for the solar cell is a function of temperature
as illustrated in Eq. 4.9.

B

Ig =Ig.e KT (4.9)

where g, is the saturation current for T = e (a fictitious value) and E;is the
band gap energy for the material [4-1]. Eg = 1.12 eV for silicon, and for the
model cell it was determined that Ig = m 9813 x 10-7A when T = 300 K.
Equation 4.10 shows how the diode saturation current vaties with tempera-
ture for the model solar cell.

rmmma.q
Ig=(1.391x10% e T A (4.10)

Substituting this for I in the model, it is possible to plot how voltage, cur-
rent, and power vary with temperature. Both open-circuit voltage and power
point voltage decrease linearly with temperature as illustrated in Fig. 4.14. The
model shows short-circuit current Ig- to be constant with ternperature as shown
in Fig. 4.15. The power point decreases almost linearly with temperature
over this range. On the range of 0~100°C (32-212°F) the efficiency of the
cell in converting light to electricity decreases the cell output by 0.00617 W for
each 1°C rise in temperature, as shown in Fig. 4.16. This leads to a widely
accepted “rule of thumb™: the array output decreases by 0.5% for every 1°C
rise in. temperature [4-4 to 4-6].

This rule of thamb is a good estimate for terrestrial-grade silicon cells. The
very high-efficiency silicon cells lose about the same (0.617 W/m?#/°C) power,
but because they have a higher power density output, this represents only
about a 0.3% reduction in power for each 1°C. An advantage of using GaAs
cells is that their efficiency does not decrease as rapidly as silicon cells with
temperature.

The solar array will heat up considerably in operation because of all the
photon energy being converted to heat. Many teams cut holes in the body
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Fig. 4.16 Effect of temperature on solar cell power.

behind the solar cells to keep them cooler while driving. It is common to
spray a fine mist of water on the array when it is charging on the array stand
to cool the cells. The cells can reach temperatures of 70—-80°C when the
array is on the charging stand. The evaporative cooling of water droplets can
reduce the temperature to 30°C and thus provide a 15-20% increase in array
power on a bright, hot sunny day. Distilled water should be used to avoid
leaving mineral deposits on the array. It is the evaporative cooling that cools
the ceils, so a fine mist is better than flooding the cells with water,

Cooling the silicon cells increases power output by increasing the voltage
output of the solar array; cooling does not increase the current output signifi-
cantly. This can be verified experimentally by connecting & multimeter to
measure open-circuit voltage of a silicon cell, and then placing the cell in the
sun. As the cell heats up the open-circuit voltage will decrease significantly.
The experiment can be repeated by hooking the multimeter to measure short
circuit current, and it will be observed that the current does not change sig-
nificantly as the cell heats up. The same effect happens with GaAs cells, but
the decrease in voltage is less significant.

Solar Array Design

Most teams feel that spraying the GaAs cells with distilled water will not
significantly increase the power they produce. Cooling the cells will increase
the voltage they produce, but the water droplets will block some of the sun-
light and decrease the current the cells produce. No careful study has been
done to determine if spraying the GaAs cells has a net increase or decrease
on their power output, so the answer is not known at this time. Spraying the
silicon cells with water will significantly increase the power they produce.

Some teams have tried to develop cooling systems that operate while the car
is driving, but such systems add weight and use power. So far no team has
developed a syster that produces a net gain in energy efficiency. Water
spray systems require that the water weight be carried when the car is drv-
ing, and forced air cooling systems absorb a lot of electric power.

H. Coatings

The solar array must be coated to keep it from shorting out when it gets wet.
A major disadvantage of a coating is that it insulates the cells and makes
them hotter and less efficient. However, to be able to spray water on the
array and cool it or drive in the rain, the array must have a waterproof coat-

ing. There have been very few solar car races during wheh it did not rain at
least 1 day.

Stationary arrays such as those used on the roofs of buildings commonly use
a glass coating because the glass is more scratch resistant than polymer coat-
ings. However, glass is too heavy for solar cars. Polymer coatings are always
used on solar cars, and it is important to be careful when cleaning the car so
that the coating is not scratched. Tedlar, Tefzel, Lexan, and Epoxy have all
been used successfully. The primary goal is to provide a thin coating that
allows the light through and protects the cells from water. In recent years
two minor improvements have been tried.

1. Antireflection Coatings. Bare solar cells reflect a significant portion of
the light that hits them, especially light coming from oblique angles.
Typically the array coatings have an index of refraction of 1.0-1.5,
which will bend the light rays and direct them more toward the solar
cells [4-4 to 4-6, 4-10]. Antireflection coatings will direct a higher
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percentage of the light into the cells than using no coating at all. Ideally
the coating would have an index of refraction of 1.0, so finding suitable
polymers with an index of refraction between 1.0 and 1.5 will slightly
increase array power as compared to bare cells. Approximately 4%
increase in array power is the maximum possible benefit of using an
antireflection coating instead of bare cells. '

2. Texturing. Texturing the sucface of the coating will have very little effect
on normal incident light rays, but will assist in absorbing the oblique
angle rays, as illustrated in Fig. 4,17 [4-4). The disadvantage of textur-
ing is that it makes it difficult to clean the solar array. Dust particles get
down into the valleys of the texture and are difficult to remove. A coat-
ing that is easy to scratch and difficult to clean is undesirable, so most
solar car atrays do not use a textured coating.

Oblique Normal
Incidence Incidence

Textured Cofting

Solar Cell

Fig. 4.17 Textured coating for solar arrays.

I. Wiring the Solar Array

There are some important considerations in wiring the cells into an array,
The array voltage must be matched with the battery system voltage and the
power point trackers [4-4 to 4-6, 4-11]. Ideally the array voltage should be
slightly higher than the battery system voltage. This allows for the use of a
step-down transformer, which is more efficient than a step-up transformer.
To achieve a typical battery system voltage of 100 V, many cells must be
wired in series as illustrated in Fig. 4.18,
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] [ Cell 1 _|t

Fig. 4.18 Series wiring of solar cells.

In a series wiring circtiit, the same current passes through all the solar cells.
It is important that all cells in the string have approximately the same power
point cutrent. As an example, consider two cells in series that have different
power point currents, Cell no. 1 has a power point of 1.497 W at 0.468 V and
3.199 A, and cell no. 2 has a power point of 1.0546 W at 0.470 V and 2.244 A_

If'both cells could operate at their power point, the two cells could generate
1.497 +1.0546 = 2.5516 W between them. But if these two cells are wired in
series, they must both carry the same current, and so they cannot both oper-
ate at their power points, If the current carried by the two cells is I and the
voltages provided are V; and V,, then the wiring schematic is as shown in
Fig. 4.19,

Load

Power Qutput = I(V, + V,)

Fig. 4.19 Wiring schematic of mismatched solar cells.

Fig. 4.20 shows I-V curves for cell no. 1 and cell no. 2 using the model
developed in the previous section.
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TABLE 4.2
. 4 Power POt = 1.497 watts DATA FOR MISMATCHED CELLS WIRED IN SERIES
5 > r
' ‘/A Series CeliNo.2 | CellNo.1 | CellNo.2 | Cell No.1 Total
—_ S / Current Voltage Voltage Power Power Power
< o5 i -
= : 2.21 0.4766 0.5421 1.053285 | 1.198041 | 2251327
§ 2 o~\ .
E 15 Power Point = 1.0546 watts / / 222 0.4747 0.5416 1,053834 | 1.202352 | 2256185
31
1 // 2.23 0.4728 | 05412 1.084344 | 1.206876 | 2.261220
0.5 S , /”/ 2.24 0.4708 0.5407 1.054502 | 1.211168 | 2.265740
0. ! ' T T T 1 2.25 0.4687 ,0.5402 1.054575 1.215450 2.270025
m 01 02 0.3 04 05 08 07 226 0.4665 0.5397 1.054290 | 1.219722 | 2274012
Voltage (V)
2.27 0.4642 0.5392 1.053734 1.223984 2.277718
- Fig, 4.20 I-V curves for mismatched cells. 2,28 0.4618 0.5387 1.052904 | 1.228236 | 2.281140
| 2,29 0.4592 0.5382 1.051568 1.232478 2.284048
2.30 0.4565 0.5377 1.049950 1.236710 m..mwmmmo
To maximize n..a povwer, it is necessary to Bwﬁ.hnmm Ea. quantity 1 (V4 +Vy). 2.31 0.4536 0.5372 1.047816 | 1240932 | 2.288748
The power point current for the two cells in series will be near the power
point current for the weaker cell (cell no. 2), Table 4.2 shows the current, 2.32 0.4505 0.5367 1.045160 | 1.245144 | 2.290304
voltage, and power of each cell, and the total power of the two cells in series. 2.33 0.4470 0.5362 1.041510 | 1.249346 | 2.200856
This table was used to find the power point of the two cells if wired in series. : -
. 2.34 0.4436 0.5357 1.038024 | 1.253538 | 2.281562
The true maximum output is 2.292 W when I = 2.34 A, Vo =0.4436 V, and 035 0.4306 0.5352 1.033060 | 1.257720 | 2.000780
V,=0.5357 <q_ The weakest celi hasa power point cuurent 0£ 2.244 A, .ﬂa at 256 04008 05347 027072 | 1261692 | 2eesace
that curzent thé two cells would produce 2.2675 W. The true power point for :
the two cells in series is only slightly greater than what would be calculated 2.37 0.4304 0.5341 | 1.020048 | 1.265817 | 2.285885
by assuming that the power point current for the two cells is the same as the 0 58 0.4248 0.5337 1011024 | 1270206 | 2281230
power point current of the weakest cell. Two bounds can be set for the power :
point current for a string of cells, The power point current will be greater 2.39 0.4185 0.5331 1.000215 | 1.274109 | 2.274324
Em.n the lowest power point current of any cell in the string, and the power .40 0.4110 0.5326 0.986400 | 1278240 | 2.984640
point current will be less than the short-circuit current for any cell in the

string. The #rue power .m&zww:im.ﬁ for a string of cells will be between the
power point crrent and short-circuit current of the weakest cell in the string.

ST
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It is tedious generating the numbers for the spreadsheet when there are sev-
eral cells in a string. Ip for the string will be between Ip and Igcofthe weakest
cell (Tpyeakest< Ipstring < IsCweakest). Il most cases there isnot a large differ-
ence between Ip and Ige of the weakest cell. A good first approximation is to
assume that the power point current for the string is halfway between the

power point and shori-circuit currents for the weakest cell, as illustrated in
Eq. 4.11.

HHU +Hm0

5 4.11)

Ip string ™ ﬁ H—

for weakest cell
Example. Assume there are ten cells in a string, Nine are good like cell no. 1
and one is weak like cell no. 2. What is the estimated power of the string?

Equation 4.12 shows the calculations involved in estimating the power out-
put of the string,

Assume
L= 22444245 000
2
Vi—g = 0.5354 volts
Vi = 0.4408 volts (4.12)

Power =9(2.347)(0.5354) + (2.347)(0.4408) =12.344 W

An important thing to notice is that if the one weak cell were removed, then
each of the nine good cells would produce 3.199 A at 0.468 V for a total of
13.474 W, which is more than the ten cells produce. So the tenth cell is
actually reducing the power of the string. It would be better to wire'around
the weak cell and cut it out of the string. This example helps to explain why
it is so important to match cells in a string so they all have approximately the
same power point current. Sometimes the cells are cut into smaller pieces, so
that the array or portions of the array are made up of small cells. The power
point current is linearly proportional to the size of the cell, so it would never
be proper to put cells of different sizes in the same string.

96

Solar Array Design

J. Shading of the Array

H”w one cell in a string is shaded, then its illumination level current (Ip ) will be
drastically reduced. The one shaded cell will have a greatly reduced short-
circuit and power point current, and will limit the current in other cells in the
string. Ifthe cell is completely shaded and receives no solar energy, then the
cell will act as a diode blocking the current and the string of cells will pass
essentially zero current. The power output of the entire string will be zero.
Bypass diodes are incorporated into the array wiring to bypass weak or dam-
aged strings, but it does not take much shading to dramatically lower the
power output of the arfay, even with the bypass diodes.

K. Cell Matching

Solar cells should be matched so that ail the cells in a string have the same
power point current, There will be minor variations from cell to cell even
when they are of the same type and out of the same lot. One approach to
matching is to measure the I-V curve for every cell and group them so that
they are as perfectly matched as possible. This is a lot of effort for a small
gain in power if the cells are first quality teirestrial-grade, because there is
very little difference from cell o cell. First-quality terrestrial-grade silicon
cells are not usually matched because it is not worth the time and cost. Match-
ing is very helpful if the team receives a donation of space-grade “rejects,”
and wishes to pick out the best cells and match them as best as possible.
Matching is very important for space-grade cells because the power point
varies a lot from cell to cell, even for first-quality space-grade cells.

L. Angling of Cells in a String

The body of the car will be curved to optimize asrodynamics, and the cells
will be placed on a curved swface as illustrated in Fig. 4-21. This causes
different cells in the string to have different angles with respect to the sun. In
turn, this gives them different Iy currents, which makes their power point
currents different, which makes them poorly matched.

The Iy, current varies approximately with the cosine of the angle 9 between
the sun and the cell ag‘was shown in Chapter 2. If the angle between two
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-Sunlight

Cell

Fig. 4.21 Solar cells on a curved body surface.

pexfectly matched cells is 8, — 8, then the mismatch of power introduced
can be approximated as shown in Eq. 4.13. Table 4.3 shows approximate
power losses for different sun angles and mismatch angles.

Mismatch power =[ cos(8; } - cos (8, ﬁ x100%  (413)

The mismatch power is an estimate of what percentage of power output will
be lost because the cells in an array have different angles to the sun, On the
charging stand the solar array will be directed at the sun so that presumably
some of the solar cells in the array would have a zero sun angle. In this case
even a 10° misalignment in the array would cause only 1.52% reduction in
power. Misalignment of cells in the solar array is less critical when the array
is pointed at the sun, as it would be on the charging stand. When driving the
car, the solar array will not be aligned with the sun, and misalignment of the
cells in the subarrays becomes more critical. Early moming and late evening
sun angles can be 50° or higher and the reduction in power due to misalign-
ment of cells in the subarrays becomes very significant.
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TABLE 4.3
ESTIMATED POWER LOSS DUETQ
MISALIGNMENT OF SOLAR CELLS

g, 8, | Mismatch 8, 8, Mismatch
0 2° o.om.xu 1G° 12° 0.67%
a 4° 0.24% 10° 142 1.45%
0 &° 0.55% 100 16° 2.35%
¢ g° 0.97% 10° 18° 3.38% .
0 i0° 1.52% 10° 20° 4.51%
30° az° 1.80% B0 52¢ 271%
ave 34° 3.70% 50° 542 5.50%
30° 36° ) Nou\m 5¢° 5g° 8.36%
a0 ag° 7.80% moo 58° 11.29%
30° 40° 10.00% 50° 60° 14.28%

.

Ideally all cells in the subarray should be parallel, or as parallel as possible.
The subarrays should be laid out on the body to keep the cells as parallel as
possible. As an example, if the body is a simple curve as shown in F ig4.22,
and there are three arrays on the body, there is a good way and bad way to
place the arrays on the body. The good placement keeps the cells in the
individual subarrays as parallel as possible. The bad placement causes the
cells on the opposite sides of the body to be very unpazallel. The good place-
ment will produce considerably more power than the bad placement while
driving, especially during early morning and late evening driving, The differ-
ence when charging on the array stand will not be as great.
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- . Thin Silver Strips

Wide Bus

Good way to divide

Array 2 body into subarrays

Array 3 Fig. 4.23 Solar cell thin silver strips and wide bus.

Bad way to divide
body into subarrays

Fig. 4.22 Arranging subarrays on a curved body. \ Thin Silver Strip

M. Shingling of Cells

The cells come with very thin silver strips to collect the electrons. These
strips are connected to wider buses as shown in Fig. 4.23. These collectors
are necessary for the cell to produce electricity, but block the sunlight from
the cell, reducing the iltumination level. Making these collectors too small
increases the series resistance of the cell Ry. Getting maximum power from
the cell involves a compromise between blocking some of the sunlight and

Wide Bus

Fig. 4.24 Cut cell prepared for shingling.

Ll e

reducing the series resistance of the cell. Wide Bus Demi - . ‘. > |
Tﬂmmw. Loang suus P dieriimsaeereae

Shingling of cells involves cutting the cells into smaller pieces and overlap- \ ! o

ping to cover the wide buses. The cells must be cut to the shape shown in L Cell ]

Fig. 4.24. . Cell N

] Cell 1

e

Loop Connection

After being cut, the pieces must be matched so that all of the cells in any
string have very close to the same power point current Ip. Cells are then
overlapped as shown in Fig. 4.25 so that the wide buses are no longer block-

ing the sunlight. Fig. 4.25 Shingled cells.

100 101
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A loop-type comnection is generally made between the bottom of one cell to
the wide bus on the cell below. Direct solder connections are not used
because thermal expansion of the array will inevitably break the connection.
Shingling covers the wide bus bars, and thus increases the percent coverage
(and array power) by a few percent. It is a lot of work for a small benefit, but
shingling will increase array power by a few percent. .

N. Series-Paralleling of Cells

This is an advanced topic that requires considerable effort in matching short
sirings of cells [4-12]. Series-paralleling is an important topic if the team is
using GaAs solar cells, or is shingling small silicon cells, When small cells
are used, it may be impractical to have a single string of cells for each subarray
because it would create too many subarrays. Asan example, consider double-
junction GaAs solar cells with a power point voltage of 2.0 V. The nominal
battery voltage is 100 V, and the. array voltage might be.set at 150 V so that
step-down power trackers can be used. It would be necessary to wire 75 solar
cells in series to achieve the desired array voltage, It takes approximately
3000 of these solar cells to make the 8-m? array allowed by the race rules, so
there would be 40 subarrays if they were wired in single strings. The team
would need to buy 40 power trackers and find a place for them on the car. All
of the subarrays would need to be debugged and monitored, and this is
impractical. If the team is going to use space-grade cells, the some series-
paralleling will be necessary. ,

Within each short string (310 cells) the cells are matched in series as closely
as possible by power point current. The short strings are matched in paraliel
by power point voltage as illustrated in Fig. 4.26. Two strings that have the
same power point voltage can be put in parallel. :

The power output for this case is (Ip; +Ips) Vp, and because both strings have
the same Vp this is equal to the maximum total power the two strings can
produce. This series-parallel module is connected to another as shown in
Fig. 4.27.

To maximize the power output of the solar array, the short strings must be
matched so that the currents match as shown in Eq. 4.14.
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Cell Cell Cell
ﬁ . 14 Ip + 1
‘l, Cell Cell Cell \;

Cell — Cell - omzt f Cell | celi]—{celi

Iy Tps
<—u_ <mw

Fig. 4.27 Connecting series-parallel modules.

Ipy+Ipg =Ipg +1Ipy (4.14)

The advantages to series-parafleling are that it is possible to better match the
solar cells and it is possible to wire more solar cells into the same power
tracker and have fewer subarrays to debug and monitor. Three to ten subarrays
is an acceptable number; the idsal number is five or six. Individual cells are
made into short strings with all cells in the individual sirings having the same
Ip. The short strings are matched by Vop of the string. Then there is more
flexibility in matching total current for two strings.
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Exarmnple: Ip; =30 AVp =14V
Ipp=325A,Vp =14V
Ip3=3.1A,Vp =135V
Ipg=3.15A, Vp; = 135V

By putting the cells together in the series-paralle]l arrangement in Fig. 4.27,
each short string can operate at its power point, and the total power is the
sum of the power points for the four short strings. On the other hand, if any
two of the strings were placed in series, then they would be mismatched to
some extent.

Series-paralleling was first proposed as a way to better match terrestrial-
grade silicon cells. It offers the possibility of better overall matching, but it
is a lor of work for a small gain and is probably not worth the effort. When
small solar cells are used, it is necessary to use series-paralleling to reduce
the munber of subarrays to a reasonable number. This is the practical appli-
cation of series-paralleling the solar cells.

O. Bypass Diodes

Diodes are usually wired around short strings to prevent one cell from com-
pletely blocking the current. The diodes are not active unless a reverse volt-
age develops across them. In Fig. 4.28, assume that each of the good cells
produce 0.5 V at the power point, and that the bypass diode is wired around
four cells as shown.

In Fig. 4.28(a) all cells are good and no current flows through the bypass
diode. The voltage gain across the six cells will be 3.0 V, and if the cells are
producing 3 A, these six cells produce 9 W power. In Fig. 4.28(b) thereisa
“bad cell” indicated. The other cells are trying to drive current through it,
reversing the voltage across it. Without a diode, the bad cell would not aflow
any current to pass, and the power output would be zero. The bypass diode
allows current to flow around the four cells in the middle, essentially cutting
them out of the circuit. Two volts are lost due to bypassing the four cells. 1t
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Fig. 4.28 Bypass diodes. (a) No current passes through diode.
(b) Current passes through diode; 0.5 lost to forward-bias diode.

‘

will require approximately an additional 0.5 V to forward-bias the diode and
allow it to conduct current, so a total of 2,5V are lost to bypass the bad cell.
The case shown in Fig. 4.28(b) will produce only 1.5 W power, so the one
bad cell causes a 7.5 W power loss for the string, The current will flow freely
through the diode, and allow the rest of the string to continue to produce
power. The purpose of bypass diodes is to allow the array to continue to
produce power when 2 small fraction of cells are damaged or shaded.

A commeon approach is to use bypass diodes around every 5~7 cells for sili-
con arrays. Many GaAs cells require a diode for every cell because reversing
voltage across the cell will cause permanent damage to the cell. Space appli-
cations also use diodes around every cell, but the diodes add weight and
complexity and some top teams have chosen not to use them at all on silicon
arrays. The cells are very reliable unless mechanically damaged. Under
low-light conditions, the diodes can bypass portions of the array that are
undamaged, effectively shutting down the array. This is not a great loss since
the atray would not produce much power under low-light conditions anyway.
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Bypass diodes and no-bypass diodes for the silicon arrays have both been
used successfully.

P. Array Diagnosis and Repair

It is difficult to diagnose and determine what is wrong with an array. The
best strategy is to carefully match the cells and to be careful with the array so
that nothing goes wrong. The team should carefully consider any repair,
because the repair procedure often causes more damage. It is very difficult
to remove cells from the array without damaging adjacent cells. Repairing
the array during the race may require that the repairer stand in front of the
array blocking sunlight from hitting the array, which greatly reduces the power
the array generates while being repaired. The “hurry up” aititude that inevi-
tably occurs makes it likely that the array will be further damaged. It may be
better to simply let the bypass diode do its job and accept a slightly lower
array output during the race.

Ifthe output of the array seems to be reduced, the first step is a visual inspec-
tion to identify cells that are cracked or damaged. A single crack across a cell
often does not reduce its power output, so just because a cell is cracked does
not mean it is bad. Cracks are the most common form of damage, but other
types of damage do oceur. The main bus leads can delaminate from the cell.
Water and condensation can cause corrosion of the leads or cells and damage
the array. The polymer coating can degrade and reduce the power output
from the array. 1f'the array appears to be producing less power than it should,
a good visual mspection will often identify the likely problems.

The array should be checked with a voltmeter to identify “bad” cells. The
array must be placed in the sun and loaded by charging the batteties. The
person measuring the voltages must be careful not to shade the subarray
because a partially shaded cell will appear to be “bad” even though it is in
good condition. I possible, check voltages from behind the array. It is best
to start by checking for voltage across the bypass diodes. The schematic
shown in Fig. 4.29 is a 6 x 5 panel with bypass diodes around every six cells.
The “good” strings will show a voltage of approximately 3 V, while the siring
with the “bad” cell will show a voltage of approximately —0.5 V, that is, the
voltage required to forward-bias the diode as illustrated in the figure. A string
with a “weak” cell may have part of the current going through the diode and
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Fig. 4.29 Diagnosing solar array damage.

part of it going through the. string, but this is rare. The strings usually test
either “good” or “bad” unless the array is wet and shorting out in places. If
\.&m array is wet and shorting out the readings will be difficult to interpret, It
13 necessary to dry the array first and then try to diagnose it.

The second string in Fig. 4.29 has the “bad” cell and the voltage across this
string will be approximately 0.5 V. The other strings will have a voltage of
3.0'V. Once the string with the “bad” cell is identified, the voltmeter can be
used to check for which cell is bad. It may be necessary to put needles on the
voltmeter leads to push through the coating. The “good” cells in the string
will be producing theit open-circuit voltage, which is approximately 0.5 V,
The “bad” cell will have a voltage drop such that the voltage for the string

drops approximately 0.5 V, which in this case would be —3.0 V, as illustrated
in Fig. 4.30.

Once the “bad” cell has been Emummoa. the best approach for repairing it
needs 6 be determined. For this case the “bad” cell causes a voltage loss of
approximately 3.5 V, and if the string carries 3 A the power loss is 10.5 W.
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Fig. 4.30 Identifying a bad solar cell electrically.

There are circumstances where it is best to live with a 10.5-W power loss and
do nothing. During the race, doing nothing is often the best thing {0 do.

If a repair is to be attempted, the least intrusive approach is to wire around
the “bad” cell. This is sometimes referred to as “shorting out the bad ceil”
since the wiring connects the top of the bad cell to the bottom, shorting it out.
But shorting out the cell is not the goal. The goal is to provide a path for the
current to flow through without having to go through the “bad” cell. Fig. 4.31
illustrates the wiring that must be done. .

The coating must be removed from the top of the two cells on the main bus
leads. A short piece of wire is lald on top and soldered to the top of the two
cells as illustrated in Fig. 4.31. Care should be taken when removing the
coating and doing the soldering. It is easy to crack the adjacent “good” cell
that defeats the whole repair procedure. A common mistake is to connect the
“bad” cell to the wrong adjacent “good” cell. Be careful to jumper to the
correct cell!

This repair allows the current to flow from the “good” cell on the left, around
the “bad” celi and to the top of the next “good” cell. This string of six cells
would produce approximately 2.5 V and 3 A, or 7.5 W. If the repair is not
done, the current must flow through the bypass diode, and 0.5 V will be lost
in the string of six cells, causing it to produce —1.5 W, The repair will increase
the power from the array by approximately $ W over using the bypass diode.
With this repair the only loss of power is the one “bad” cell, approximately
1.5 W. (All of the numerical values in this analysis are for 100 mm x 100 mm
terrestrial-grade silicon cells. The principles are the same for other cells, but
the numeric values will be different.) : ,

108

Solar Array Design

Jumper to wire around the bad cel]

Celi I BadCell || Cenl | Cell Cell Cell
L1 L L L _n! _ A m_||_|

Tumper wires connsgt cells top-to-top

; | [ \ _ [ [

_ | Bad Cel
L T [ [ [ L

!

Fig. 4.31 Wiring around a bad solar cell.

If only one cell is bad, the repair procedure above is probably the best solu-
tion. Losing one cell is not a significant loss of array power. In some cases
several cells may be damaged, and it may be possible to replace a string of
cells or a panel of cells, Replacing a string or panel is much more difficult
and time-consuming than wiring around a cell. There is a much greater like-
lihood of further damaging the array when removing and installing the new
string or panel. The advantage of replacing a string or panel is that it restores
the array to its full maximum power.

Q. Matching Array Voltage with Battery
Voltage

The array voltage must be matched with the battery voltage and the power
point trackers. Most arrays use step-down transformers in the power point
trackers, so the array voltage must be higher than the battery voltage, or the
step-down transformers will not work. It was previously shown that Vo
and Vg decrease as the illurnination level decreases and when ternperature
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then the power point trackers will think the batteries are charged and
rdown. Ifthe car uses eight 12-V lead-acid batteries in series; then at full
ae each battery will produce about 14 V. That s, it will take 14 V to
dtive any current into them as they approach full charge. So the array must

roduce & minimum of 112 V. In designing the array, it must be decided
where the low-light cutoff should be. This will determine the number of
cells required for each subarray. The following issues should be considered
in deciding the number of cells in a subarray.

1. To generate power at 0.01 suns, then the Vpis 0.347 V, and 323 cells
wired in series are required to generate the required 112'V. If the array is
designed to shut down at 0.05 suns, then each cell produces Vp= 0406V
and 276 cells in series are required. For 0.10 suns Vp is 0.429 V and 261
cells are required.

2. 'The power point tracker will operate most efficiently when the array
voltage is only slightly higher than the battery voltage. There will be a
" maxjmum array voltage the tracker can handle too.

3. 'The array may get damaged during the race, and damage will reduce the
artay voltage. If the bad cells drop the voltage too much, then the array
produces no power. :

4, 'The cells on the car must be divided evenly into subarrays, and there are
only so many cells that will fit into an 8-m? array.. Cells can be cut to
make half-cell subarrays if necessary. Subarray size must be selected so
that the voltage will fall into the operating range of the power point track-
ers. Selecting a high voltage allows the array to produce power at low
light levels, and when it is partially shaded or damaged. Ahigher voltage
is desirable from a reliability standpoint, but the array will operate more
efficiently if the voltage is matched with the battery voltage.

R. Power Point Trackers

The simplest way to use a solar array is to connect it directly to the battery
pack as illustrated in Fig. 4.32. If there are enough cells in series to make the
arzay voltage higher than the battery voltage, the array will produce power
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+
Array Batterjes
Open-Circuit Voltage Float Voltage
100-130V | 70-110V
(cepending or illumination (depending on
level and temperature) - charge level and
current draw)

n |

Fig. 4.32 Dirvect wiring of solar array to battery pack.

and charge the batteries, This method of wiring the o
i ; ; ) array to the b
simple, inexpensive, and reliable. £ ¥ to the batteries 1s

If the array is matched with the battery pack as illustrated in Fig. 4.32, then
under Eoﬂ.ooh&mﬁa the array will produce power and charge the ,Umﬁmomaw
Overall, this design would be about 75% efficient in using the amount o.m
energy the array can produce, Because of its low cost and simplicity, this is
the way many terrestrial solar arrays are designed and wired. u

1. ‘When the battery voltage equals the power poirt voltage of the array, the
system is nearly 100% efficient. v

gnb Ea.@mﬁm@ voltage is below the power point voltage, the efficiency
1s approxmmately thé ratio of the voltages.

ﬁa@p the battery voltage is above the array power point voltage, the
efficiency drops off sharply.

&auau the battery voltage is above the array open-circuit voltage, no power
18 produced.
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The primary consideration in this simple design is to Wmn.v. the power point
voltage greater than the battery voltage for nearly all conditions. Making the
solar array voltage very high ensures that the array always H.uuomﬂnmm onm
power, but the power produced will be low. There is an optimum “match
between array power point voltage and battery float voltage, where the sys-
tem will be about 75% efficient. : :

After understanding the simple wiring system above, it is easy to explain
why solar cars use power point irackers. Ideally the array m.roE.m owo_..m.ﬁ at
its power point voltage producing as much power as possible all the time.
Then a very high-efficiency de—dc converter would 83.& the power that
the solar array produces to the correct battery voltage. This is the role of the
power point trackers, and using them increases the amount of power H,.HoB the
array by 20-25% over the simple wiring configuration. woﬁmn wwﬁn trackers
are typically 97-98% efficient in using the power potential of the solar array.

Step-Down Converters. The most popular trackers are Qw step-down track-
ers, so named because the array power point voltage is designed to always be
higher than the battery voltage. The fundamentals of how this type of power
point tracker works is illustrated in Fig. 4.33. .

1. When the switch 8 is closed, the full array voltage is applied, pushing
current through the inductor L and into the batteries. The voltage across
the batteries increases.

Software to find
Vpp and control 8

R
+ N

+

Batteries
Array . v
Float
Ver o D C,
= o
[=2

Fig. 4.33 mwmﬁ:&czz power point tracker.
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2. When the battery voltage is getting too high, the switch S opens, discon-
necting the array from the batteries. Current will continue to flow up
through the diode D as the inductor L and capacitor C, both push current
into the battery. Capacitor C, is charged up during this part of the cycle,

3. Asthe voltage to the battery goes down near the float voltage, the switch
S is closed again, and the array and capacitor C; push current through the
inductor and into the batteries. Current through the diode D ceases and
capacitor C, is charged up during this part of the cycle.

The cycle described above repeats. The software takes readings from sen-
sors measuring the array voltage and current. The opening and closing of
switch S [metal oxide semiconductor field-effect transitor (MOSFET) switch]
causes a “ripple” in the array voltage and current. This “ripple’ allows the
software to hunt around and determine the power point voltage Vpp. By
controlling the fréquency with which the switch opens and closes, and the
percentage of time it is open (or closed), the power point trackers can keep
the array operating very near its power point voitage and keep the output at
the battery voltage. The primary power loss mechanisms in the power point
trackers are resistive losses primarily in the inductor, switching losses in
the MOSFET switch § (a MOSFET is a very energy-efficient switch), capaci-
tive Iosses as the capacitors are charged and discharged, and the energy to
forward-bias the diode. The diode is the largest energy loss, but all of these
are significant,

All of the power mog.,um through the power point tracker must flow through
the inductor. To minimize power losses, an.inductor with a resistance as low
as possible should be selected. The switching, capacitive, and diode losses

_occur each time the switch is opened and closed, so operating at a slower

frequency is desirable, The switching frequency goes up as the power point
voltage of the solar array becomes larger than the battery voltage. That is, if
the power point voltage of the array is slightly higher than the battery volt-
age, then the switching frequency is low. If the power point voltage of the
array is much higher than battery voltage, the switching frequency must be
higher. So even when using trackers, the system is most efficient when the
array voltage is matched with the battery voltage.
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Step-Up Converters. For step-up converters to work properly, the power
point voltage of the solar array must be lower than the battery voltage. The
advantage of this type of converter is that the array can be broken into smaller
subarrays, allowing better cell matching, less sensitivity to shadows, and less
power loss because of broken cells. This is only an advantage for the large
silicon cells. Step-up converters are generally not a good idea if small solar
cells are being used. The disadvantages of using step-up converters are that
the current flowing into the trackers is higher than for step-down converters,
50 iR losses are increased, and if the tracker fails it is more difficult to
develop a work-around procedure to directly connect the array to the bat-
teries. A diagram of a step-up power point tracker is shown in Fig. 4.34.

Vo

=
+ +
Array Batteries
Vv
ON Float

Software to find -
Vpp and control S

Fig. 4.34 Step-up power point tracker.

Step-up comverters are inherently about 1% less efficient than step-down
converters because of the additional i°R loss, but from a system viewpoint,
they can probably extract as much or more total power from the large silicon
cells because of better cell matching and less sensitivity to shadows. The
step-up converter operates most efficiently when the power point voltage of
the solar array is only slightly less than the battery voltage,

Up/Down Converters. By inverting the output voltage and using two
MOSFET switches, it is possible to make a converter that can step up or
down. The diode is replaced with a second MOSFET switch, and the software
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to control the two switches is much more complex, but this is the most effi-
cient design. Up/down converters are still in the development stage. They
are not well tested at this point, and so their reliability is questionable. But it
will not be too many yeass before this type of converter is used in solar car
racing. An up/down power point tracker is illustrated in Fig. 4.35.

Software to find
Vpp and control §

¥ NG %

Array L Batteries
OH Om 433.“

=
\
/
~
\
/

<

Fig, 4.35 Up/down power point tracker.

The up/down couverter operates most efficiently when the power point volt-
age of the solar array is equal to the battery voltage, so the subarray size
should be such that this is approximately correct most of the time.

S. Extreme Low-Light/N o-Light OFF Switch

In ano-tight condition, the solar cells will act like diodes, allowing current to
flow backward through them. The batteries could potentially drain them-
selves by pumping current backward through the cells. All power point track-
ers prevent this from happening, so this is a moot point if power point trackers
arc being used. The switch also prevents the solar array from producing
power and provides a level of safety when working on the electrical systems.
A switch should be instailed to disconnect the array from the batteries at
night as illustrated in Fig. 4.36. If the cells are wired directly to the batteries,
a diode may be used in addition to the switch, but the diode will drop the
array voltage approximately 0.5 V and should not be used unless absolutely
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Solar Array Design
+ P o , 2. Find the power point for cells A and B above, and locate the power point
Solar wﬂ_ﬁ Batteries on the I-V diagrams of problem 1 above. [A=1.569 W at V=0477V
Array Tracker and1=3.290A,B=1.098 WatV=0.452 Vand I = 2,428 W] Find the
- - power point for cells A and B wired in series. [2.4467 W at [ = 2.54 A]
Wiring with Power Point Trackers Comparing the E&iﬁﬁ& power mﬁuﬂm to the series power @.omhr what
percentage of power is lost by wiring these two cells in series? [8.3%
loss in power]
Manual Switch .
Diode 3. Consider a series string of ten cells that are all exactly like cell A above.
+ ™ ) +
L . . . .
Solar C Batteries a. What is the ideal power point for the string? {15.69 W
Array
- B b. Suppose one cell is slightly shaded, so that the illumination level (I )
Direct Wiring with a Diods

isreduced to 75% of its original value. What is the power point of the
string? [13.8 W at 2.67 A]

Fig. 4.36 Main power switch wiring.

¢. Bonus Question: Suppose the string is placed on a surface curved into
the shape of a circular arc as shown in Fig. 4,37, with the sun shining
in the direction shown. What is the power point of the string? (Ip, ,
varies with cos 8 alignment with the sun.)[15.069 Wat3.13 A; 18%arc :
is a 4% reduction in power compared to a flat array} |

necessary. In addition to the main power switch for the solar arzay, the team
may want to consider wiring in a switch for each subarray so that individual
subarrays can be turned on and off. Being able to turn individual subarrays
on and off is often helpful in diagnosing array problems.

T. Homework AN @ P
1. Construct I-V diagrams for solar cells A and B below. Please construct - \ ™~

one graph with both I-V curves om it.

Cell A:  Open-circuit voltage = 0.63 V
Short-circuit current = 3.6 A
Angle of sun on

Cell B:  Open-circuit voltage = 0.60 V wmﬁmwﬁ&ﬂﬁwn .
Short-circuit current = 2.67 A e sisht solr ool

>
[Assume Rcy = Voc/lse Rg = (0.1)Rcy, and Rgy = (1000)Rcy, Tem- / Angle of Curvature = 18° \

perature =300 K, n=1.5] _
Fig. 4.37 Solar cells on a curved body.
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Chapter 5

>ﬁ.o&5m5mnm of Solar Cars

4*‘
-
AN

i)

"A. Fundamentals

To be competitive, a solar car must travel at sustained speeds of 90 kan/h, and
at those speeds asrodynamic drag is the single largest power drain. It is
important to understand what can be done to minimize the aerodynamic drag
on the car, and what drag reduction is necessary to have a competitive car.
The aerodynamic drag for the car can come from five sources [3-1 to 5-5].

1.

2.

3

Flow Separation. For relatively unaerodynamically shaped bluff bodies
like automobiles, the flow will separate from the body near the sharp
corners in the body shape and create spinning vortices of turbulence.
Flow separation causes a high drag force on the body, and is to be avoided.
Streamlined bodies like solar cars have very little flow separation.

Skin Friction. As the air flows over a streamlined body, there is friction
between the air and the body, which causes a drag force on the body.
Skin friction is the dominant drag force for streamlined bodies like solar
cars. Skin friction drag will be proportional to the total surface area of

. the car, so reducing surface area will tend to reduce the skin frictio

drag, . o

Boundary Layer Pressure Loss. As theé air flows over the body, a bound-
ary layer develops. The boundary layer is a layer of air flowing over the
body, between the body and the free-stream flow. Air outside the bound-
ary layer is flowing undisturbed, that is, flowing at the free-strearn veloe-
ity. The boundary layer gets thicker as it progresses from the front of the
car to the rear. The thick boumdary layer at the rear of the car makes the
rear stagnation pressure less than the front stagnation pressure, so there
is an effective pressure drop along the length of the body, which causes a
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drag force on the body. (The pressure on the front of the car is higher

than on the rear,) Thicker bodies have a larger pressure drop, so making
the body thin reduces the drag because of boundary layer pressure loss.
For a streamlined body this term is less significant than skin friction
drag, but is not insignificant. .

4. Induced Drag. All streamlined bodies are capable of generating lift if
they are given an angle of attack relative to the airstream. The drag on
the body increases as the lift (up or down) increases. Minimum drag

occurs when the body has zero lift, and so the angle of attack of the car

should be adjusted to zero lift,

5. Interference Drag, This is drag because of imperfections in the body
such as joints or seams, and drag because of the mating of the canopy or
fairings to the body. :

Equation 5.1 is the fundamental equation for aerodynamic drag force o a
car [5-4]. ,

Drag force= W n(<.m>0a , G

where p is the density of air (=1.17 kg/m® for summer conditions at sed
level), V is the car velocity, A is the characteristic area, and C, is the drag
coefficient, .

The power required to overcome aerodynamic drag is the product of the drag
force and the velocity of the car, and is given in general by Eq. 5.2 [5-4].

L
2

Power = n<u>on (5.2)

The density of air varies with temperature and altitude, Assuming a reason-
able summertime value for air density at sea level of 1.17 kg/m?, the power
formula becomes Eq. 5.3. _

Power = (0.01256)V>AC, (5.3)
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where V is the car velocity in kilometers per hour, AC, is the drag area in .
square meters, and Power is the powet requirement for aerodynamic drag in
‘watts.

If the race occurs at an altitude above sea level, the density of air can be
estimated from Eq. 5.4 [5-4],

=(~3.64x107103 £ (3.89x 1072 + (-1.18x107Dh +1.17  (5.4)
p

where p is the mmum:% of air in kilograms per cubic meter, and h is the height
above sea level in meters.

If the temperature is exceptionally cold or hot, the universal gas law [pT,=
PpT;] can be used to correct the density for temperature. The temperature

* for a density of 1.17 kg/mis 305 K (32°C) and 1 atm of pressure.

The drag coefficient is measured based on the characteristic area. The drag
coefficient C4 makes no sense unless the characteristic area on which it is
based is defined. Automotive enginsers have used the “frontal area,” which
is the projected area of the car when viewed from the front, as the character-
istic area. Aerospace engineers have used the “planform area,” the projected
area when viewed from the top, or the “wetted area,” which is the total sur-
face area of the vehicle. .

The characteristic area that should be used in the drag equations depends on
the shape of the object. Bluff-shaped bodies, like typical automobiles, have
a lot of flow separation as the air flows over the body. Flow separation
causes turbulence in the flow, which causes a ot of pressure drag on the
body. When pressure drag dominates, it is best to use fronta] area as the
characteristic area, because drag is approximately proportional to frontal area.

When the body has a good aerodynamic shape so that the flow stays attached
to the body and there is little turbulence, either planform or wetted area may
be the best choice for the characteristic area. Drag for this type of flow is
dominated by skin friction drag, which is caused by the friction between the
air and the body, and is approximately proportional to the amount of surface
area exposed to the flow. !
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B. Car Body Shape

The minimum drag shape for a three-dimensional (3-D) body is the teardrop
or torpedo shape as illustrated in Fig. 5.1(a) [5-4, 5-5]. Solar cars need to
modify that shape to accommodate the solar array. Race rules require that
the entire solar array must fit in a rectangular box, and for most races the area
of the solar array is limited to approximately 8 m2. The body shape that will
have minimal drag and accommodate a square array on the top surface can be
achieved by widening and flattening the basic teardrop shape as illustrated in
Fig. 5.1(b). The current international rules for a one-person car limit the car
dimensions to 5 m long and 1.8 m wide so there is the potential of having
9 m? of solar array area. But some of the potential array area is lost because
of rounding of the nose of the cat, and some is lost because of the canopy, so
in practice the car will have approximately 8 m? of solar array area. Interna-
tional rules allow a two-person car to be 6 m long and 2 m wide. A two-
person car can realistically have about 11 m? of solar array area.

Top View of the Car

-

Teardyop Shape

(&} : Modified Teardrap
{b)

Honda Dream Il Approach - Amay
area lost fo rounded nose, tapered

tail, and canopy. Two-person car.
(© Person car.

]

Bubble Canopy Approach - Array area
lost to rounded nose and canopy. One-

Fig. 5.1 Aerodynamic body shape development.
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Most teams give up some array area to minimize the aerodynamic drag on the
car. Reducing the array area reduces the power the array will produce, so the
reduction in aerodynamic drag must be more significant than the reduction in
array power. In making Honda Dream III, winner of the 1996 World Solar
Challenge, the design team chose to move the array forward on the rounded
nose portion of the car, taper the tail of the car, and put a canopy-on the top
[5-6, 5-7]. The makers of the car gave up a significant amount of solar array
area to minimize the drag on the car, as illustrated in Fig. 5.1(c). Honda is
one of the few teams that tapers the tail to reduce aerodynamic drag. They
also had a very large canopy that was blended into the body to minimize
canopy drag, which significantly reduced the size of the solar array. The
most common solar car design is a one-person car with a bubble canopy as
illustrated in Fig. 5.1(d) [5-7 to 5-9]. For most teams it is much easier to
manufacture the body if it is of constant width along most of the length as is
illustrated in Fig. 5.1(d), and this approach will yield a larger solar array than
Fig. 5.1(c). .

C. Camber -

The teardrop shape yields the lowest drag when the body is traveling in free-
stream air. That is, if the body were high above the ground and traveling
through still air, the teardrop shape would yield the lowest drag, and the
modified teardrop shapes above would be the best choice for a solar car body.
But for cars traveling near the ground, thers is a “ground effect” that inereases
the drag on the teardrop shape as it is brought close to the ground. This effect
was first studied by Klemperer in the early 1900s [5-10], and more precisely
by Morelli {3-1, 5-10]. It was discovered that cambering the teardrop shape,
as illustrated in Fig. 5.2, wonld reduce the drag when the body was traveling
near the ground [5-1, 5-10, 5-11]. As the body moves closer to the ground,
more camber is required to minimize the drag. For solar cars, cambering the
body will reduce the body drag 5-10% compared with using a symmetric
shape.

In Fig. 5.2, the symmetric and cambered shapes have the same thickness
and length. The symmetric shape will have lower drag in free-stream flow,
and the cambered shape will have lower drag near the ground. The side
view of the solar car body shoild have a cambered shape to take advantage
of the 5-10% reduction in drag on the body.
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\\\ngﬂﬁmﬂm

/

Symmetric Shape

Centetline

Cambered Shape

Fig. 5.2 Cambering the airfoil. Side view of the car.

The National Advisory Committee for Aeronautics (NACA) 66 series air-
foils were developed to promote laminar flow over as much of the length as
possible, and are among the shapes with the lowest drag. They have poor lifi-
to-drag characteristics, and are not used much for aircraft wing design, but
are a good shape for the solar car body. Because the goal is to minimize the
drag, the NACA 66 series is probably a good place to start in developing a
body design. Table 5.1 lists the points for the basic NACA'66 symmetiic
shape with a maximum thickness of 10% of the chord length [5-12].

Using the data in the table, it is possible to construct a cambered shape for
the body that will minimize the drag. The designer will need to decide how
to place the driver inside the car, as this is what will probably determine the
minimum thickness of the car, The designer will also need to decide how to
place the array on the top of the car. The first exercise will be to learn how to

coustruct a body shape for a car thatistobe S m long and 49 cm thick at the
thickest point.

Example. For the first exercise the car will be assumed to be 5 m fong and 49 cm
thick., The thickness is 9.8% of the chord length, and the standard shape
given is 10%, so we first have to adjust the thickness of the 10% shape. This
is accomplished by riultiplying all of the Y values in the 10% column of
Table 5.1y 0.98 to generate the desired shape. All ofthe values in the X and’
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TABLE 5.1
NACA 66 SERIES
X Y
% Chord 10%
0 0
0.5 0.759
0.75 0.913
1.25 1141
2.5 1.516
5.0 2087
7.5 2.536
10 2.917
15 3.530
20 4.001
25 4.363
30 4,636
35 4.832
40 4.953
45 5.000
50 4.971
55 4,865
60 4.665
65 4.302
70 3.787
75 3.176
80 2494
85 1.773
80 1.054
95 0.408
100 G
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Y columns are then multiplied by the chord length of 5 m to generate the full-
scale shape of the car. The shape generated is shown in Fip. 5.3.

NACA 686 Airfoll Shape

)

Fig. 5.3 Scaled body shape.

The next step is to camber the shape to design for the ground effect, For cars
traveling approximately 10 in. off the ground, the shape should be cambered
2-5% of the chord length to minimize the drag. Getting the camber to exactly
the minimum drag shape is not necessary. The drag does not vary much
between 2 and 5% camber. [t is easier to manufacture the chassis and make
the interface between the bottom of the chassis and wheel fairings if the

bottom of the car is flat, so the camber that yields an approximately flat
bottom should be chosen.

To camber the airfoil, first select the point where the thickness is a maximum
Ko Yrmay), which would be the point (2.25, 0.245) for the shape above.
The length L for this shape is 5 m, and the percent camber is C%. The Y
values will all be shifted up by the Yy factor defined in Eq. 5.5.
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_ CULEX-XD) CDEHEX~X2)
100X, (L-X )  100(2.25)(5-2.25)

for this example (5.5)

The shape in Fig. 5.3 was cambered by 2.7% to achieve the approximately
flat bottom shown in Fig. 5.4.

-

NACA 66 Camberad Shape

1

Fig. 5.4 Cambered body shape.

The bottom of the car should be flat along the portion where the front wheels
will interface with the chassis. On the actual car body shape, the flat portion
on the bottorn might be extended back to about 3.5 m from the nose to make
it easier to mannfacture the interface between the body and chassis, Curva-
ture on the noge in front of the wheels is desirable because gradual curvature
will promote laminar flow-on the belly of the car and reduce the drag. The
rear should come to a “knife edge” to allow the air flowing under the car to
smoothly rejoin the air flowing over the top. Table 5.2 contains the data for
the basic airfoil shape, the symmetric airfoil scaled to 5 m length and 4% em
thickness, and the cambered airfeil. The first half of the table from 0 to
100% is the top of the car body and the second half from 100 to 0% is the
bottom of the car body.
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TABLE 5.2
CAMBERED AIRFOIL DEVELOPMENT
Basic Shape Symmetric Airfoll 2.7% Cambered Airfoil
X Y
% Chord 10% X Y X Y
s} 0 a 8] [ 0
0.5 0.759 0.025 0.037191 0.028 0.039805
0.75 0.918 0.0375 0.044737 0.0375 0.048797
1.25 1.141 0.0625 0.055909 0.0625 0.062642
2.5 1.516 0.125 0.074284 0.125 0.087578
5.0 2.087 .25 0.102263 0.25 - 0.128172
7.5 2.538 0.378 0.124264 0.375 0.162105
10 2.917 0.5 0.142833 0.5 0.192024
15 3.530 0.75 0.17297 0.78 0.242515
20 4.001 1 0.196049 1 0.283322
25 4.363 1.28 0.213787 1.25 0.31608
30 4.638 1.5 0.227164 1.5 0.341709
35 4.832 1.75 0.236768 1.75. 0.360859
40 4.953 2 0.242697 2 0.373606
45 5.000 2.25 0.245 225 . 0.38 .
50 4.971 2.5 0.243579 25 0.379943
55 4.865 2.75 0.238385 2.75 0.373385
60 4.665 3 0.228585 3 0.359494
85 4.302 3.28 0.210798 3.25 0.334889
. 70 3,787 3.5 0.185663 3.5 0.300108
75 3.176 3.78 0.155624 3.75 0.257897
80 2.494 4 0.122206 4 0.209475
85 1.773 4.25 0.088877 4.25 0.156422
g0 1.054 4.5 0.081646 4.5 0.100737
95 0.408 4.75 0.019952 4.75 - 0.045901
100 0 5 0 g : 0
95 =0.408 4.78 -0.0199¢9 475 -0.005917
90 —1.054 4.5 —D.05185 4.5 -0.00256
85 -1.773 4.25 -0.08688 4.25 —0.01733
80 -2.494 4 =0.12221 4 -0.03453
75 -3.176 3.75 -0,15562 3,75 ~0.05335
70 —3.787 3.5 -0.18556 5 —0.07102
&5 -4.302 3.25 —-0.2108 3.28 -0.08671
€0 -4.665 3 —0.22859 3 —0.09768
55 —4.865 2.75 —0.23839 2,78 -0.10339
50 -4.971 2.5 —0.24358 25 ~0.10722
45 =5 2.25 -0.245 235 =0.11
40 —4.953 2 =0.2427 2 ~0.11179
as ~4.832 1.75 ~0.23677 1.75 ~0.11268
30 —4.636 1.5 =0.22718 1.5 =0.11262
25 ~4.383 1.25 —0.21378 1.25 =0.11151
20 -4.001 1 —0.19605 1 ~0.10878.
i5 -3.53 0.75 —0.17297 0.75 =0.10342
10 —2.917 0.5 —0.14293 0.5 —0.09384
7.5 —2.536 0.375 =0.12426 0.375° ~0.08642
5 ~2.087 0.25 -0.10226 0.25 ~0.07635%
2.5 ~1.516 0.125 -0.07428 0.125 ~0.06098
1.25 =1.141 0.0625 —0.05591 0.0625 —0.04918
0.75 —0.913 0.0375 =0.04474 0.0378 =0.04068
0.5 -0.759 0.025 —0.03718 0.025 ~0.03448
[¢] 0 0 [+] o) 1]
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The cambered shape will have a very low aerodynamic drag. It will be very
close to the lowest drag possible for 2 body that is 5 m Jong and 49 cm thick,
The NACA 66 series airfoils have their maximum thickness at 45% along the
length, and are well suited for cars that have the driver in the middle. Tf the
andard airfoil with the maximum thickness
at 30% along the length will work out better. Grid points for a standard

driver is to be near the front, a st

airfoil shape are given in Table 5.3.

TABLES5.3
STANDARD AIRFOIL

X Y

0 0

0.5 2.000

1.25 3.788

2.5 5.229

5 7.109

7.5 8.400
10 9.365
15 10.691
20 11.475
25 11.883
30 12.004
40 11.607
50 10.588
60 9.127
70 7.328
80 5.247
90 2,896
95 1.613
100 0
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The cambered shape is the side view of the car. The next step is to get the top
view. The method that yields the lowest drag is to use a truncated airfoil
shape, but a Iot of array area is lost when using this shape. Most teams donot
use the truncated airfoil shape, but the method is provided here because it is
the shape with the lowest drag. A standard airfoil shape is chosen such that
the maximum thickness is close to the nose, so that the car body will achieve
its maximum thickness as far forward as possible, The standard airfoil in
Table 5.3 worls well for the truncated airfoil design [5-12].

The maximurm width of the airfoil can be adjusted to the maxirmum width of
the car, and the length should be adjusted so that the end of the car occurs at
approxirmately 60% chord length. For a car that is 5 m long and 2 m wids, the
top view for a low-drag shape would look like Fig. 5.5. This is very similar
to the top view of the Honda Dream III car [5-6, 5-7]. The problem with this
shape is that it is difficult to fit a rectangular array on it without losing a lot of
solar array area, but this is close to the minimum-drag shape for the top view
of a solar car with a reasonable-sized solar array.

1.5 - .
Truncated Airfoil Top View
1
B ———
o T T T T
1 2 3 4 w
o /
- e
1.5

Fig, 3.7 Top view of car with truncated airfoil shape.

Most teams choose to round the nose as illustrated in Fig. 5.6 [5-7 to 5-9, 5-13].
Rounding the nose in this way makes the solar array larger. The shape of
the nose is very important in minimizing the aerodynamic drag, and shap-
ing the nose is an area where computational fluid mechanic analysis is help-
ful. The body is usually of constant width to the end of the tail, with no
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taper on the tail. Making the body of constant width makes it much easier to
fit a rectangular array on top, and this type of body is much easier to manufac-
ture. Tapeting the tail, as shown in Fig, 5.5, will make it more difficult to
manufacture the body, but will reduce the drag.

151 Rounded Nose Top View

Fig. 5.6 Top view of car with rounded nose.

In constructing the front view of the body, the lowest-drag shape would be to
use an ellipse with the proper width and height for each section along the
length of the body. Butto get a good interface between the front fairings and
the chassis, it is desirable to make the chassis flat in regions near the front
wheels. The front fairings must tarn when the front wheels turn, and it is
difficult to make a good interface on a ctirved surface. The rear wheels do
not turn and the fairing can be mounted rigidly to the body, so it is possible to
mount the rear fairing(s) on a curved surface.

Homework Assignment. Choose a body length and thickness and go through
the exercise of adjusting the thickness, adjusting for camber, developing a
top view, and a 3-D sketch of the car body. Do not fry to optimize the shape
of the body at this point. Select a reasonable length and taickness for the car,
select the shape that hag approximately the right thickness-to-length ratio,
adjust the thickness, incorporate camber to make the bottom approximately
flat, design a top view, and draw the figures. Please tumn in a side view, top
view, and 3-D sketch along with the detailed calculations.
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D. Reynolds Number

The Reynolds number (Re) is a dimensionless quantity that is used to charac-
terize the flow as either laminar, transitional, or turbulent according to the
definition in Eq. 5.6 [5-1, 5-4].

100 <Re <3x10° Laminar
3x10° <Re<5x10°  Transitional (5.6)
Re>35x10° Turbulent
The Reynolds number is defined in Eq. 5.7.
VD VD
Re=PY2 Y2 (5.7)

H v

where p is the density of the fluid, V is the flow velocity (car velocity), I is
a characteristic length (car length), [L is the fluid viscosity, and v is the fluid
kinematic viscosity (1.46 x 5 10~*m?/s or 1.57 x 1034 ft¥/s for air). Assum-
ing that the car is 5 m long and traveling at 90 km/h (25 m/s) the Reynolds
number is 8,400,000, which is in the turbulent flow region. The boundary
layer flow for the car will be predominantly turbulent boundary layer, even
for relatively low velocities of the car, that is, Re > 5 x 103 for any car and
velocity of interest. There will be a region of laminar flow over the nose of

the body which can be estimated by modeling it as flow over a flat plate as
shown in Eq. 5.8.

5x10° = Q&@.m =D=292m (5.8)
1.46x10

If the body were flat and parallel to the flow, it would be reasonable to expect
laminar flow to exist over the first 29.2 cm of the nose of the car at 90 km/h,
If the nose is curved so that the body gradually gets thicker from the nose
backward, it is possible to extend the laminar flow well beyond 29.2 cm. The
1987 GM Sunraycer was designed so it had laminar flow over the front 2 m
of the car, but at a lower mwo.om than 90 km/h. ﬁmEEE. flow is desirable
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because it reduces the drag on the body, but achieving 2 m of laminar flow
requires very carefull design of the nose of the car. For most teams, achieving
0.5~1.0 m of laminar flow is more realistic, and even that much will require
careful attention to details. Any small bump or irregularity will trip the flow
and canse it to transition to turbulent boundary flow. On the top surface itis,
usually either the seam for the canopy or the edge of the array that causes
flow transition. On the bottom surface it is usually either the seam between
the body and belly pan or the front fairings.

E. Body Drag Area Calculations

In the early days of solar car racing, teams were using different definitions
for the characteristic area of the car. There was a lot of variation in the
reported drag coefficients, and it was difficult to interpret the results and
compare designs. Some teams reported drag coefficients less than 0.01 based
on total wetted area of the car, while others reported drag coefficients larger
than 0.1 based on the frontal area. The drag area AC; is a consistent way to
compare two designs, and is commonly measured in square meters.

In this section a method is developed to estimate the drag area of a solar car.
The drag is broken down into components of the car (body, canopy, fairings,
etc.), and the drag areas of the components are added to yield the total drag area.
EBach component will have its own characteristic area and drag coefficient. The
best solar cars in the world have drag areas of 0.1-0.15 m? at 90 kivh, To be
competitive the car must achieve a total drag area in this range.

The information in this section has been developed over a peried of about
5 years, in a rather ad hoc manner at the University of Missouri-Roila. Many
of the formulas used come from the books by Tamai [3-1] and Munson, Young,
and Okiishi {5-4]. The goal has been to develop a systematic method of
estimating the drag area of a solar car design, but there was not enough infor-
mation available in these and other references to develop a purely scientific
approach. There is a wealth of data on the drag area of well-designed solar
cars [5-7 to 5-9]. The basis for the formulas used in this section are seien-
tific, but some of the formulas were “adjusted” using “engineering judg-
ment” until the procedure yielded accurate estimates for the solar cars for
which data were available. The procedure is not perfect, but it is straightfor-
ward and seems to consistently yield an answer that is within 10% of the
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published values for aerodynamically shaped solar cars. The information in
this section is helpful in designing and optimizing the aerodynamics of a
solar car and in comparing the aerodynamic drag of different solar car designs.
It is a helpful design tool, but some parts are not scientifically rigorous.

F. Body Drag Introduction

The nose of the car body should be rounded like an airfoil nose. It should
also be smooth with nio seams to “trip the boundary layer,” as discussed above.
It is not difficult to obtain laminar flow over the first 30 cm of the length of
the car. If the nose is rounded like an airfoil, it is possible to extend laminar
flow beyond 30 cm to the first seam in the body. The designer should be
realistic in deciding where the flow will transition from laminar to turbulent
boundary layer, It is very difficult to achieve more than 1 m of laminar flow
under any circumstances. Designers have attempted the “seamless joint”
between body panels, but are seldom successful. Any small bump or irregu-
larity in the surface finish will cause the flow to transition.

Figure 5.7 shows how the skin friction drag varies along the length of the car
for laminar flow and for turbulent boundary layer flow [5-1, 5-4]. The figure

0.007

0.008 /
2 1008 /._.:&Emmﬂ Boundary Layer Flow
(%]
= 0.004
: —
O 0003 \ .
5 0002 / e Flow Transitions at 1m

0.001

. Laminar Flow
G+ T . . ! ,
o A 2 3 4 5 5

Distance along Car (m}

Fig. 5.7 Drag coefficient as the flow transitions from laminar
to turbulent boundary layer.
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shows an abrupt change from laminar flow to turbulent boundary layer, which
is a simplification. In reality there will be a region of transition, but this
approximation works well for estimating drag on the body. Laminar flow
drag is always less, so it is advantageous to have as much laminar flow as
possible. Inboth cases the drag is highest at the nose of the car, and decreases
toward the rear of the car. The total area under the curve(s) represents the
total drag on the car. Delaying the transition from laminar to turbulent bound-
ary layer flow reduces the area under the curve, and thus reduces total drag
on the car. A shorter car will have less drag than a longer car if they both
have the same amount of laminar flow. The reduction in drag achieved by
shortening the car comes from removing some of the lower drag region at the
rear of the car. A longer car can have less total drag than a shorter car if the
longer car has more laminar flow on the nose. Analysis shows that lengthen-
ing the car by lengthening the nose and adding more laminar flow length will
almost atways reduce the total drag on the car. The designer must be realistic
about the laminar flow that can be achieved when designing the car, but should
achieve as much as possible.

If the nose is designed to gradually widen, as illustrated in Fig. 5.8, it is
possible to maintain laminar flow for a significant distance. The widening of
the nose gives a pressure gradient on the surface that is conducive to laminar

Top
Maximum Distance for Laminar flow

)
-

_ Probabie Cistance for Laminar Flow 4
L

|

Prabable Distance for Laminar Fiow

Bottom : _

Maximum Distance for Laminar flow

Fig. 5.8 Laminar flow distance on the nose.
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flow. It is not possible to have laminar flow beyond where the body reaches
maximurn thickness, as illustrated in Fig. 5.8. A more probable transition
point is located between one-half and two-thirds of the measurement at
which the body reaches maximum thickness, as illustrated in Fig. 5.8, and
this assumes that there are no seams or bumps on the nose. Tt is very unlikely
that laminar flow will carry beyond a seam or bump on the surface.

Body Drag Coefficients. The drag coefficients vary along the length of the
car because the local Reynolds number (Rex) varies along the length. The
local Reynolds number is defined in Eq. 5.9 [5-4].

Rex =% S (5.9)
" |

where x is the distance from the nose of the car, V is the car velocity, and v is
the kinematic viscosity of air. The local drag coefficient for laminar flow is
given by Eq. 5.10 [5-4]. , ,

0.664
Rex

(5.10)

Cé taminar =

The local drag coefficient for turbulent flow is highly mm_wonamﬁ on the sur-
face roughness. If the surface is infinitely smooth, the local drag coefficient
is given by Eg. 5.11 [5-4]..

Cd rarbulent = PN - (5.11)

If the surface is not smooth, it is customary to characterize the surface rough-
ness as a characteristic surface “bump height” divided by the length of the
car (¢/L). For this case the average drag coefficient can be estimated by
Eq. 5.12 [5-4].

2.5
€
C4 turbulent rough =| 1.89—-1.62 log)o ﬁﬂu (5.12)
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The average drag coefficient for the surface is obtained by integrating the
drag coefficients along the length of the car. The equation for the drag coef-
ficient for a rough surface is an estimate, and the designer should be carefil
when using it. Two caleulations should be made, one assuming an infinitely
smooth surface and one with the rongh surface. There are cases where the
equations will yield a lower drag coefficient for a rough surface, but in real-
ity the rough surface will never have a lower drag than a smooth surface.
The designer should calculate for the smooth and rough surface and choose
the larger drag coefficient as the best estimate.

If the total length of the body is L and the boundary layer transitions at Ly on
top and Ly on the bottom, the average drag coefficients for the top and bot-
tom ate calculated by integrating the local drag coefficients along the length

of the car. Average drag coefficients for the perfectly smooth surface are
obtained from Eqs. 5.13 and 5.14.

0.8
1328 T 0072 |, (Lp
C = e | ]| 2L
dTop Re V1 G.urovo.m m L u (5.13)
o 1328 Ly, 0072 | (Lp)*
dBottom = e V L ﬁﬂmvo.m L (5.14)

The Reynolds number in these formulas is the global Reynolds mumber (Re),
based on the length of the car, not the local Reynolds number (Rex). The

méEmn%mmooammomouﬂwoﬁwoHommrm&momnms_uoo‘cﬂaunam.oa mﬁ.mpm
and 5.16. £

. roN=25
_1328 Lt L-L, ey
Omﬂoﬂl e I,,|HL + L HmbleM Homwoﬁﬁw m.m_,Mu

: -2.5
_1.328 \H.m L-Lg £
CaBottom = e ﬂ + I 1.89-1.62 logyg hm.‘tu (5.16)
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Example. Assume that the car is 5.5 m long, and that the flow transitions at
0.9 m on the top and at 0.5 m on the bottom. Assume that the car is traveling
at 72.4 kovh (45 mph), and that the “bump height” is 0.5 mm. Calculate the
drag coefficients for the top and bottom of the car.

Solution. The calculation for the Reynolds number where 72.4 km/h =
20.13 m/s is shown in Bq. 5.17.

_ (2013)(5.5)

Re 7
1.46x10™

=7.584x10° , (5.17)

Calculations of the drag coefficients for the perfectly smooth surface are
shown in Eqgs. 5.18 and 5.15.

+|||I|
55

c.. L1328 0.9 0072 Tﬁﬁ
dTop JRe V5.5 AW&Q.N

0.8 .

c = 22 s
dBattom /\m 53 AWmvo.m

0.8
1328 Jos 0072 |, (057
= TT.L =000273  (519)

Calculations for the rough surface are shown in Bgs. 5.20 and 5.21.

Iw.m .
H.Smobu.muob o.ooa
u |.,|.H.%LSH uo.oiﬁa.ms
Caron = R V35 55 ﬁ omaﬁ 5.5 ﬁ ‘

. |m.m
: 1328 (05 55-05 0.0005

= 22 g2 TR - =0.00454 (5.21
Capotom = ==13 5+ 33 T.mw 162 ﬂomsm = i (5.21)

So for this case the drag coefficient for the top would be 0.00424, and for the
bottom it would be 0.00454. For a perfectly smooth surface the drag coeffi-
cient is a function of the velocity of the car, because the Reynolds number is
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a function of velocity. For the rough surface equation there is a small depen-
dence on velocity, but the drag coefficient is almost constant.

Figure 5.9 shows how the drag coefficients of the top of the car in the example
above vary with velocity in the range of 55-105 kmy/h. The assumption in the
original power management mode] was that the drag coefficient was con-
stant for any speed. This chart shows that for a perfeetly smooth surface the
drag area is not comstant, but decreases with speed because the Reynolds
number increases with. speed.

0.0045
0.004
0.0035
0.003

0.0025 ———r===

Slight Surface Roughness

Perfectly Smooth Surface
0.002

0.0015
0.001
0.0005

O T T T T
55 65 - 75 85 95 105
Speed (kmh)

Drag Coefficient

Fig. 5.9 Variation of drag coefficient with car speed.

Body Surface Areq. The drag areas for the top and bottom of the car would
be the drag coefficients multiplied by the surface areas. Because it is diffi-
cult to calculate the surface area of a curved body like this, it will be esti-
mated from the planview area. The planview area of the car is estimated by
looking at the top view of the car and estimating the total area in square meters.
The designer may need to draw the top view carefully and to scale on a grid
and count the squares to male an accurate estimate of the planview area PA.

The skin friction drag on the body is proportional to the surface area, and
surface area increases with the thickness of the body. Ift is the maximum
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thickness of the body of length L, the total surface area A is given approxi-
mately by Eq. 5.22 [5-1].

4
t t
A=2PA 1+ Nﬁmw +60 hﬂw . (5.22)

This formula assumes that a smooth, well-rounded body shape was used.
Cross sections of the body, when viewed from the front, should be elliptical.
This can be a problem for thicker bodies because the top of the car near the
sides becomes very rounded, and it is difficult to place the solar array on it
Some teams choose to make the cross sections of the body more rectangular
with rounded corners, rather than elliptical. This increases the surface area,
and hence the drag of the body. Figure 5.10 illustrates how to estimate the
surface area of the body for different cross-sectional shapes.

> j

if cross sections are elliptical,  |f cross sections are rectangular

use the surface area with rounded cornérs, multiply .

calouiated by Eq. 5.22. the surface area calculated by
Eq. 5.22 by a facter that
depends on the radii of the
corners.

r=3In., Factor= 11
r=2in., Factor = 1.15
r=1in, Factor=1.2
Fig. 5.10 Correction factor for bodies
with nonelliptical cross sections.

The designer must use good judgment in determining the surface area of the
body. There may be cases where the body is drawn in a computer-assisted
design (CAD) package, and the software may be used to calculate the surface
area. The goal is to get a realistic estimate of the surface area of the body,
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and the CAD package will probably be more accurate than the previous analy-
sis. The above analysis is most useful for preliminary design analysis, to
compare. different designs and to help in selecting a design concept.

Boundary Layer Pressure Loss. A thicker body will have a higher boundary
layer pressure loss. As the air flows around the body, the boundary layer
thickness increases, and the rear stagnation pressure is always less than the
front stagnation pressure. This pressure drop causes drag on the body, and
thicker bodies tend to have more boundary layer pressure loss than thin bod-
fes. This pressure loss can be alleviated to some extent by tapering the tail.
If the maximum width of the car is W and the tail is gradually tapered so that
the width of the tail at the back of the car is WT, the correction for boundary
layer pressure loss BLPL is given by Eq. 5.23 [5-1].

WT ﬁE WT ﬁm
BLPL = I__.mmﬂum.& i@hﬁ;wﬁ& (5.23)

This formula is valid only for small amounts of taper where 0,75 W< WT <W.
The drag area for the body of the car can be estimated from Eq, 5.24.

Oa Top + On Bottormn
2

ACgoey =A BLPL (5.24)

Example, Consider the top view of the body with the rounded nose shown in
Fig. 5.11. The spreadsheet plot is adjusted to make a reasonably fine grid to
calculate the planview area PA. Each square represents 0.25 m? of planview
area. There are 34 whole squares and 6 partial squares for this shape. The
total area is estimated as

PA =(0.25)[34+2(0.99)+ 2(0.4) +2(0.9)] = 9.645m?  (5.25)

The length of the body is 5 m and the thickness was assumed to be 49 cm.

Plugging into Eq. 5.22, the total surface area of the car is 23.18 m? as shown
in Bq. 5.26. .
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Fig. 5.11 Example of planview area calculation,

A=2(9.645)| 1+2 oma +60 owu =23.18m* (556

There is no taper on the tail, so WT/W is unity. The BLPL factor is 1.046 as
shown in Eq. 5.27.

H.
mo.% o%
mﬁwnwi.m m%ﬁ +G thlm =1.046 (527

The drag coefficients for the top and bottom depend on where the flow tran-
sitions from laminar to tarbulent boundary layer, and on the surface rough-
ness. Assume that the array starts 1 m back from the nose and is the full
width of the car. On the bottom assume that the front-wheel fairing extends
to within 0.75 m of the nose of the car. The flow transitions at 1.0 1 on the
top and at 0.75 m on the bottom. Assume that the surface roughness “bump
height” is 0.1 mm. To calculate the Reynolds number assume that the car is
traveling at 88.5 km/h (55 mph), The Reynolds number is calculated in
Eqg. 5.28.
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(2465

6
H T =8.432x10 (5.28)

Calculations for the drag coefficients for the perfectly smooth surface are
shown in Egs. 5.29 and 5.30.

C Ton = —4 ]—] — =0.00235 mu
d °p <W.¢ MO _Wovo.m_r 5.0 023 AMN V

1328 10.75  0.072 0.75
C = ALae 1- =0,0024
dBottom ‘.IWG 50 muo.m 30 9 (5.30)

Calculations for the rough surface drag oo%moﬁna are shown in Egs. 5.31
and 5.32.

1328 10 5.0-10 0.0001\]%?
C \ +297100 o010 =
nﬁ.c_u )\WM 50 50 —H §-1.6 Homuoﬁ 50 wg 0.00308 ﬁm.mu_.u

—2.5
1328 [075 50-075 0.0001

c 20207 891621 -

Tor = TRe V5.0~ 50 ﬁ _om:_ﬁ 50 @ 0.00323 (532)

There is a little more laminar flow on the top, so the drag coefficient for the
top is a little less than for the bottom. The &mm area for the body of the car is
then estimated from Eq. 5.33.

0.00308 + 0.00323

ACgpogy =(23.18)] : 1.046=00765m* (533).

2

This is a typical value for a well-streamlined solar car body. The drag area of
the body will represent two-thirds to three-fourths the total drag area of a
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well-designed car. “The rest of the drag area comes primarily from flow around
the wheels and fairings and to a lesser extent flow around the canopy,

Short Wide Car Versus Long Slender Car. The designer may ask, “For a
given planview area and thickness, will a short wide car or a long slender car
have less drag area?” The longer car will have a higher Reynolds number,
and the Reynolds number is in the denominator when calculating the drag
coefficients. Therefore, a long slender car will usually have a lower drag
coefficient and drag area. Exceptions to this rule may occur if the short wide
car can have more laminar flow, but in general the leng slender car will have
lower drag.

Homework. Calculate the drag area for the body described as follows: body
length is 5 m, body width is 1.8 m, planview area is 8.75 m?, thickness is
0.45 m, laminar flow is 0.5 m on the top of the car and 0.3 m on the bottom
of the car, surface roughness is 0.2 mm on the top and 0.1 mm on the bottom,
and all cross sections are elliptical. Assume that the tail of the car is not
tapered. (1} Calculate drag area for 64.4 km/h (40 mph). [0.07649 m?)
(2) Assume that the laminar flow can be increased to 1.0 m on top and 0.6 m
on the bottom and recalculate the drag area. What is the percentage reduction
in drag area? [0.06988 m2, 8.64%]

Angular Change in the Surface of the Body. An angular change in the body is
undesirable from an aerodynamic aspect, but may be beneficial to another
aspect of the car. Accordingly, there may be an abrupt change in the body
angle because of design trade-offs. The increase in drag area because of an
abrupt change can be estimated from the angle and distance over which the
angular change occurs, as illustrated in Fig. 5.12.

If the angular change is less than 5° there is essentially no change in aerody-
namic drag in the region. For larger angles the increase in drag area can be
estimated from Table 5.4. Ifthis change in angle oceurs over some width b of
the car, the increase in drag area is shown in Eq. 5.34. ,

ACd = (0.3 m) sin(B)b(ACp) - (5.34)

If the distance is less than 30 em, vse the actual distance rather than 30 cm.
This term is added to the turbulent boundary flow term for this arsa. That is,
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Flow reattaches

Flow

Flow detaches over this region

.hﬂ.m. J3.12 Abrupt change in body angle.

TABLE 5.4

ABRUPT ANGULAR CHANGE

8<s5e ACp = 0.00
6=10° ACp =0.10
6 =15° ACpH=0.20
8 = 20° ACp =0.25
8 = 30° ACq=0.35
8 = 45° ACp=0.50
62 60° ACp=0.75

this estimate accounts for the increase in drag because of the change in angle
on the surface.

Example. To shorter the total length of the car, the tail is tapered as shown in
Fig. 5.13. If the tail is 1.8 m wide, find the increase in drag area,

‘The 18° angles are measured for lines paraliel to the top and bottom surfaces.
Interpolating, Cy= 0.23 and the distance is less than 30 om,5025cm=0.25m

147




" The Winning Solar Car

Fig. 5.13 Change in body angle to taper the tail.

will be used as the distance. The increase in drag area for the tapered tail is
shown in Eq. 5.35.

AC4 =[0.25 sin (18)](1.8)(0.23)x 2 =0.064 m? (5.35)

This is a large drag penalty. The drag that comes from tapering the tail in this
‘way is almost as much as the total drag on an aerodynamically shaped body.
' Body designs that lead to flow separation are very undesirable.

G. Canopy Drag

To estimate drag on the canopy, it is necessary to counsider the shape of the
canopies that are used, and also the information available for similar shapes.
Many bubble canopies are ellipsoidal and so the best approximation in most
cases is to use the drag on a half-ellipsoid solid. In the following analysis, it
is assumed that the canopy width is approximately equal to the canopy height.
The analysis is reasonable provided that the width is at least half the height,
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and no more than twice the height. Most bubble canopies will fall in this
range. The drag area for an ellipsoidal-shaped canopy can be estimated using
Fig. 5.14 and Table 5.5 [5-4]. .

Flow

D = twice the canopy height, which would be the
diameter of the ellipsoid solid
L= canopy .Hmbm&

Fi Hm 3.14 Flow over the canopy.

TABLE 5.5
ELLIPSOIDAL BUBBLE CANOPIES
L/D AC,

1.0 (7.85 % 1072) LD
2.0 (2.36 % 10-2) LD
3.0 (1.02x 108) LD
4.0 (5.89 x 1072) LD
5.0 (3.893x 1073 LD
7.0 {or more) (0.0157D2

In addstion to the drag on the canopy, there will be an interference drag caused
5. flow around the canopy interfering with flow on the body. To account for
this, the turbulent boundary flow under the canopy will be included in the
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total drag of the car. Even though the body area under the canopy is not

exposed to the airflow and has no real aerodynamic drag, it should be included

in the ACp calculation for turbulent boundary layer flow on the body, to

account for the interference drag around the canopy. Interference drag is
* proportional to the size of the canopy, so this is a reasonable approach,

In doing the CAD drawings for the body, the body will be drawn first and

then components like the canopy will be added. Tt will be convenient to
calculate the total drag on the body shape, and then add the drag of the com-
ponents as they are added on. The approach illustrated here is to consistently
add the drag on the body under the component added to account for the inter-
ference drag. This has the further “stability” advantage that adding things to
the body will always increase the drag, which must be true.

@SEEN Consider a canopy that is 1.3 m long and 45 em tall. The I/D ratio
is calculated in Eq, 5.36.

=13 _jama (536

o e
©

Use linear interpolation to obtain Eq. 5.37 and calculate the increase in drag
arca because of the canopy.

ACy = (5.41x1072)(1.3)(0.9) = 0.063 m? (5.37)

This is a large drag area because the omﬂom&\ is large. Suppose the length of
the caropy is inereased to 2 m to reduce the drag. The drag area for this case
is caiculated in Eq. 5.38.

’M

1l

(wille)

= 2222 = ACy =(2.06x1072)(2.0)0.9)=0.037 m? (5, 38)

=

.w

Making the canopy.long and slender helps reduce drag area. Suppose the
lengthis anmmom, 6 m, making for a ridiculously long canopy. The mﬂmm
area for this case &mﬂam m Eq. 5.39,
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w =4.0, AC;=(5.89x107)(3.6)(0.9) = 0.019 m? (5.39)

Clearly, a canopy.3.6 m long is impractical. Even a canopy 2 m long is
questionable. Suppose the height of the original canopy is reduced to 30 cm.
Equation 5.40 shows the drag area for this shorter canopy design.

W =217, ACg=(214x102)13)(0.6=0017 m®  (5.40)

These examples illustrate that it is more important to make the canopy shorter

*(reducing D) than to increase its length to give it a larger L/D ratio. Of

course, the canopy must be able to accommodate the driver’s head, but it
should be as small as possible. These drag area calculations assume that the
canopy is stnooth. Ifit is not smooth because of a joint in the canopy, turbu-
lence will be generated and the drag area will be higher.

Idealized Canopy Shape. A great deal of research has been done to deter-
mine the ideal shape for a canopy of a given size [5-1]. When viewad from
the front, the canopy should be blended into the body with a small radius to
minimize the frontal area. When viewed from the side, the canopy should be
blended in with a large radius so that the side view of the canopy is “bell-
shaped” [5-1}. Figure 5:15 illustrates the ideal canopy shape as viewed from
the front and sides.

Flow

=

L .
Side View

=

Front View

Fig. 5.15 Ideal canopy shape.
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If this ideal canopy shape is used, then the canopy drag is reduced consider-
ably, as compared with the ellipsoid design. However, this shape takes up a

ot of space on the top of the car, and may reduce the size of the solar array.
Teams may choose to “blunt” the front and/or rear of the canopy making it
look more like the ellipsoidal canopy illustrated in Fig, 5.14. Table 5.6 lists
correction factors for using the ideal shape. The drag area calculated using
the ellipsoid formulas should be multiplied by the appropriate correction fac-
tor to estimate drag because of the canopy.

TABLE 5.6
CORRECTION FACTORS FOR “IDEALIZED” CANOPY
Blunted Front—Blunted Rear 1.0
ldeal Front—Blunted Rear 0.667
Blunted Front—Ideal Rear 0.357
ldeai Front—Ideal Rear 0.256

The designer may need to use judgment in deciding if the canopy is of ideal
shape, or somewhere between ideal and blunted. Another correction factor
can be added to account for the width of the canopy. Ifthe width is w and the
height is D/2, then the drag area can be adjusted by the canopy width correc-
tion factor in Eq. 5.41.

Canopy width correction factor = X (5.41)

D

Example. Assume that the canopy is 30 cm tall, 40 cm wide, and 150 cm
long. It is blunted on the front, and ideal-shaped in the rear. Calculation of
the drag area is shown in Eq. 5.42.

L 150

|I|l, I lu hoi m
=% IPmHv.POn!Q.%XSuﬁ..&mo.mu@m md/\%I 0.00443 m”  (5.42)
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Homework, Assume that the minimum-sized canopy required is 30 cm tall
and 30 cm wide. An ellipsoidal-shaped canopy is 60 cm long. A canopy with
idealized front or rear is 90 c¢m long, and a canopy with both the front and
rear of idealized shape is 120 cm long. Assume that there is a rectangular
cutout in the array for the canopy and that the solar cells produce 150 W/m?,
If the car is traveling 64.4 km/h (40 mph), what is the best shape for the
canopy? [Ellipsoid canopy consumes 94.6 W and displaces 27 W of array
area, idealized front consumes 61.5 W and displaces 40.5 W array power,
idealized rear consumes 32.9 W and displaces 40.5 W array power, idealized
front and rear consumes 14.6 W and &mwwmnmm 34 W array power, Emmrnam
mnou.,. and rear is best, but idealized rear is almost as good.]

H. Other Shapes Protruding into the Airstream

Other items protruding into the airstream are typically rods, mirrors, and
fins. Exposed items are generally undesirable. There are cases when exposed
mirrors might allow the designer to reduce the size of the canopy, and the
decrease in drag from reducing the size of the canopy may offset the drag
caused by the exposed mirrors. For the World Solar Challenge the cars are
required to be 1 m tall, and teams have placed a small aerodynamic fin on top
of their canopy to meet this rule. This is another case where an item protrud-
ing into the airstrearn may reduce the overall drag of the car. Fins have also
been used to stabilize airflow over the surface of cars, especially in cross-
wind conditions. Such fins increase the drag of the car, and should only be
used if necessary. Exposed suspension components canse high drag forces,
and are always undesirable, Figures 5.16 and 5.17 may be helpful in estimat-
ing drag on exposed components [5-4].

Example. Suppose that 50-mm-diameter flat mirrors are mounted on 6-mm-
diameter rods 20 cm dbove the body as illustrated in Fig. 5.18. Estimate the

drag area for two mirrors.

To reduce drag on the mirrors, assume a hemispheric leading edge was used

~on the mirrors and that an airfoil-shaped rod (aero rod) was used in place of

the round rods. The drag area for the mirrors is estimated using Eq. 5.43.

ACq4 =2[(0.42)r(0.025)* ]+ Mzo.oo&e.mue.mz =0.0021 m* (543)
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Square Rod ACy=2DL
D

. Flow
ACy=2DLfork<1
RectangularRod p ACq=16DLfork=2
ACy=125DLfork=3
Round Rod j ACq=DL
D

Fig. 5.16 Drag areas of common shapes I.

.,POQ =02DL
Aero Wom
or Fin

Flow
Flat Plate Qsﬁ.oa AC,= 1.1 (Frontal »f.omv
Flow
Hemisphere or
Aerodynamic Nose A
on the Flat Plate ACq =042 (Frontal Area)

Fig. 5.17 Drag areas of common shapes II.
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ACq =2[(1.1)m(0.025)%
+2[(0.006)(0.2)]

ACq=0.0067 m*

Fig. 5.18 Drag area of a mirror.

Putting the mirrors inside the canopy requires a larger, higher drag area
canopy, but eliminates the external mirror drag. A drag area of 0.0021m? is
not that high, when the target drag area for the whole car is 0.1-0.15 m?, The
designer could probably make the mirrors and rods smaller, and reduce the
mirror drag to something msignificant.

I. Drag Caused by the Wheels

The flow zround the wheels and fairings will contribute at least 20% of the
drag of the vehicle, even if these areas are well designed. Poor design around
the wheels can sasily make this the most significant drag on the car, even
larger than the drag on the body. It is very important to do a good job in
interfacing the wheels with the body. Many teams have focused all their
effort on the body and canopy and neglected the wheels. There is only one
canopy, but there are three or four wheels, so this is poor judgment.

In general, the wheels should fit up inside the body as much as possible,
making the fairings short. This reduces drag on the fairings. About 10 cm of
wheel should be exposed below the fairings. The belly of the car body should
be at least 25 cm off the ground to minimize the ground effects drag, so the
ideal fairing would be about 15 ¢ tall if the bottom of'the caris flat and 25 cm
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off the ground around the wheels. Most teams set the belly further off the
ground and round the bottom of the car so that typical fairings are 25-30 om
tall. The fairinigs should have an aerodynamic shape with as smail of a fron-
tal area as possible. The ideal shape for the fairings when viewed from the
side is the same as the ideal shape for the canopy when viewed from the side.
Alarge radius should be used to interface the fairings to the body, if possible.
Because the fairings must turn with the wheels, a compromise is almost always
made between aerodynamics and mechanical complexity. Keeping the wheels
up inside the body makes the fairings shorter and helps make them easier to
design, but necessitates a thick body design. ‘

The fairings should fit tightly afound the tires, and should be sealed to pre-
vent air from flowing up into the car. Ventilation drag, because of air flowing
up into the car through the wheel wells, can be 4 major source of drag. Tight-
fitting fairings ard sealed wheel wells are the best way to minimize ventila-
tion drag. The following sections illustrate how to estimate drag around the
ﬁ&m&m. . ‘

Exposed Wheels.. Flow separation exists around all exposed portions of the
wheels. Making the exposed portion of the tire—wheel combination a smooth
shape helps, but it is not possible to keep the flow attached to the exposed
wheels. - The best chance for achieving attached flow is on the fairing, but it
is not desirable to have the fairing go all the way down to the ground. Besides
the obvious ground clearance requirement, making the fairings too long will
increase the aerodynamic drag on the car. . ,

The portion of the tire in contact with the road has a zero velocity as illus-
trated in Fig. 5.19. The drag coefficient of the exposed tire and whee] is
higher than the fairing, but the tire and whee! have.a much lower velocity.
The fairing travels at the same speed as the car, but the portion of the tire near
the road has a very low velocity. Aerodynamic drag is proportional to the
‘square of the velocity, so there is an optimal amount of the wheel to leave
exposed to minimize the total drag. The more tire exposed, the higher the
average velocity of the exposed tire and wheel, The top of the tire s travel-
ing at twice the speed of the car, so it is very undesirable to have the top
portions of the wheels exposed. : .

.
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Top traveling at 2 x car speed

o .~———-# Center traveling at car speed
Line of constant AR : . o
velocity

Point of Zero 4&003
{(““pivot point™)

Fig. 5.19 Drag of H.QE& wheels.

The exposed portion of Em wheel will behave like a bluff body, having 4 drag
coefficient of approximately 2 based on the frontal area, but the average ﬁHom,
ity will be less than that of the car. If the tire has a radius R and the car is
traveling at velocity V., the average 4&0&@ of the tire (V, tire)at sOme point
h above the ground is shown in Eq. 544, =

w . ,
<%u<§ mmu a.ﬁv

Figure 5.20 illustrates an exposed wheel height ofh below the fairing. If the
tire has a width of b, then the frontal area is hb and the drag area based on the

average velocity of the tire is AC4= 2hb. The drag force, based on the veloc-

ity of the car, is then estimated using Eq. 5.45.
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Fairing

Average Velocity

Fig. 5.20 Wheel velocity.

1. of B2 2 b

1
Drag force = > PVear” |~ (2hb) =2 PVear =2 (5.45)

4R?

Making the exposed frontal area hb smaller decreases the drag area directly.
Making the tire radius R larger decreases the drag area by lowering the aver-
age velocity of the exposed portion of the tire. The drag area for the exposed
portion of the wheel can be calculated using Eq. 5.46.

ACq= Y - (5.46)

Wheel Fairings. To estimate the drag on the fairings, an approach similar to
the canopy will be used, except that fairings are meore like an elliptic prism
than an ellipsoid. For an elliptic prism of length L, width D, and height b, the
drag area can be estimated using Fig. 5.21 and Table 5.7 [5-4].
An ellipse is not the most aerodynamic shape for the fairings. Itis best touse
an airfoil shape, though it is sometimes more difficult to interface the airfoil
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Flow

Fig. 5.21 Flow around an elliptic prism.

TABLE 5.7

'ELLIPTIC WHEEL FAIRINGS
LD ACy
1.0 0.5 hi
2.0 0.15 hl.
3.0 0.067 hl.
4.0 ~10.040 hL
5.0 10.025 hi

7.0 or more 0.1 hD

with the body and chassis. Because the fairing is attached 6 the g.&w the
drag for the airfoil will not be as low as it would be if the airfoil were in mmm.a
stream flow. For an airfoil-shaped fairing, Table 5.8 should be used to esti-
mate the drag area.
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TABLE 5.8
AIRFOIL WHEEL FAIRINGS

L/D AC,
2.0 0.04 hl_
30 0.025hL
0.1 hD

4.0 or more

Example. Estimate the drag area for the wheel and fairing shown in
Fig. 522, Thetireis 5 cm wide and has a diameter of 48 cm.” The fairing
has an elliptic cross section with D =15 cm and L = 50 cm at the bottom,
and D =30 cm and L = 1.1 m at the top, as shown in Fig. 5.22.

Fig. 5.22 Wheel fairing drag mx.nSEm.

160

Acrodynamics of Solar Cars

Equation 5.47 estimates drag area for the exposed wheel.

b’ _ (0.1°(0.05)
2R? 2(0.24)

AC4= =0.00043 m* (5.47)

The average length of the fairing is (1.1 + 0.5)/2 = 0.8 m, and the average
width is (0.3 + 0.15)/2 = (0.225 m. Equations 5.48~5.50 show calculations
for the drag of the wheel fairing.

L 08 . |
Z= =356 .
D 0225 (5.48)
Interpolating,
AC4 =0.052 hL = 0.052(0.2)(0.8) = 0.00832 m® (5.49)
Total AC4 = 0.00832+ 0.00043 = 0.00875 m” (5.50)

If the clearance is increased to 15 cm, shortening the fairing to 15 cm and
increasing the exposed wheel to 15 cm, the caleulations can be redone to
yield a drag area of 0.00146 m?2 for the exposed wheels and 0.00624 m? for
the fairing, a total of 0,00770 m?. This shows that increasing the ground
clearance under the fairing can reduce the drag on the car for a wide fairing
like the one in the example. The fairing should be small and narrow to give
maximum benefit, and the fairing in the example is a poor design. It would
be better to use no fairings and leave half the wheels exposed than to use a
large wide fairing like this one. Ifthe average thickness is reduced to 10 cm
and the average length is reduced to 70 cm, then L/D = 7. The drag area for
this narrow-fairing design is shown in Eq. 5.51.

Total AC4 = (0.1)(0.2)(0.1) +0.00043 = 0.00243 m? (5.51)
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Increasing the ground clearance to 15 cm for this narrow fairing makes the
drag area 0.00296 m?, which is an increase. Further improvements in reduc-
ing drag on the fairings can be achieved by using an airfoil shape.

Homework. Assume that the bottom of the car is to travel 30 cm above the
ground, and the goal is to design a fairing to minimize the drag on the vehicle.
The average fairing width is 15 cm, and the average fairing length is 75 em to
fit it around the wheel. The tire is 5 em wide and 48 cm in diameter, Find the
ground clearance that minimizes the drag on the wheel and fairing assembly
for an elliptic-shaped fairing and an airfoil-shaped fairing. [12 c¢m for the
elliptic shape and 10.7 ¢m for the airfoil shape]

Leading and Trailing Fairings (Taco Fairings). Teams have employed
leading and trailing fairings on the wheels to reduce drag, as illustrated in
Fig. 5.23. These are sometimes called taco fairings becanse they look a little
like taco shells in front of and behind the wheel. The advantage of taco
fairings over the full fairings is that they do not have to turn with the wheels,
They can be mounted to the belly pan of the car, which is much simpler
mechanically than mounting them on the kingpin. The disadvantage of these
fairings is that they have higher drag than the full fairings. There may be
cases where the reduction in mechanical complexity is more important than
the reduction in aerodynamic drag, .
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To analyze the drag area for this design, include the frontal area of the taco
fairings multiplied by a drag coefficient of 0.1, include the turbulent flow
over the surfaces of the wheel as twice the exposed area (front and back)
muliiplied by a drag coefficient of 0.015, and include the term for the exposed
portion of the wheel, as illustrated ;n Bq. 5.52. The leading and trailing
fairings should be the same width as the tire.

3
‘Total drag area = (fairing frontal area)(0.1) + 2A(0.015) TW%M (5.52)

Example. Assume that the belly of the car is 30 cm above the ground and that
the ground clearance h to the fairings is 10 cm. The fairings are 5 cm wide
and the area A is estimated to be 960 cm?. Find the drag area for the taco
fairing arrangement., Assume that the tire is 5 cm wide and 48 ¢m in diam-
eter. Equation 5.53 shows the example drag area calculation.

- 3
AC, ue.se.omxo.c+Ne.%ae.oaih..mwmmi%mluuo.ogz m (5.53)

If the wheels were not faired at all, that is, they are exposed, the drag area
would be 0.0117 m? as shown in Eq. 5.54.

(0.3)(0.05) 2
ACy =200 20,0117 m
Yy (5.54)

The conclusion to be drawn is that leading and trailing fairings are signifi-
cantly better than no fairings. They are simple and unlikely to interfere with
the wheel as it bumps up and down and turns. The leading and trailing fair-
ings will probably have fewer reliability problems than full fairings. How-
ever, the minimum drag area comes from a small, thin, aerodynamic fairing
wrapped around the tire. In summary, the drag area for a well-designed full
fairing was 0.00243 m?, for the taco fairings it was 0.0043] m2, and for the
fully exposed wheels it was 0,01170 m2. In the absence of other analysis,
these numbers can be used to estimate the value of designing fairings. At
88.5 kev/h (55 mphy), the power lost because of four fairings (or exposed
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wheels) would be 85, 150, and 407 W, respectively, for the full, taco, and
exposed wheel designs. Flow around the wheels also ooaﬂgﬁmm to ventila-
tion drag, as illustrated in the following section.

J. Ventilation

The driver, batteries, motor, and some electronics equipment require ventila-
tion to keep from overheating. Ventilation always increases the drag of the
car, and is thus undesirable. Uncontrolled ventilation can add a significant

drag to the car. It is important to seal the body and provide only the ventila-
tion needed.

Most of the air that flows into the car comes in through the wheel fairings as
illustrated in Fig. 5.24. There is also usually a small vent to provide fresh air
for the driver. Any air that is taken into the car will be accelerated from zero
speed to the speed of the car. The kinetic energy of the mass of air is increased,
and this energy must be provided by the power system of the car.

m

I

Fig. 5.24 Vensilation drag.

For amass flow rate into the car of m, the power required is shown in Eq. 5.55.

Huoﬁouuw T\ | (5.55)

If the car is nESwHEm at 90 km/h (25 m/s), it does not take a Hmhm@ hole to
allow 1 m3 of air per second into the car. Because 1 mS of air has more than
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1 kg of mass, the mass flow rate into a poorly sealed car could easily be 1 kgs.
Aventilation rate of 1 kg/s would absorb 300 W of power, which is more than
the drag on all the fairings combined. It is very important to control the
ventilation rate allowing air to enter the car.

The most obvious way to control ventilation is to seal the holes and prevent
air from flowing into the car. Body seams should be tight to prevent air from
entering through the seams. There should be one small vent directing air at
the driver’s neck and face, The driver should open this vent only if he or she
is hot. The battery box must be vented into a wheel well, All air that is forced
out of the battery box will be replaced by air from within the car, which must
be drawn in through the cracks and seams. So all the air exiting the battery
box will be replaced with air from outside the car, which adds to the ventila-
tion drag. In general, the goal is to provide only necessary ventilation. By
following this philosophy, the drag that arises because adequate ventilation
is provided to the driver; batteries, electronics, and motor will be small com-
pared to that arising from other sources.

The most significant ventilation drag comes from the flow into the wheel
wells. Large holes must be provided for the wheels and tires, and it is inevi-
table that a significant amount of air will flow up into the wheel wells. This
ventilation causes significant drag for the car, and the goal should be to mini-
mize flow up into the wheel wells. There are two ways to minimize the
ventilation drag around the wheels. .

1. Minimize the wheel hole opening. The front wheels should fit through
an hourglass-shaped opening in the belly pan. The hole should be large
¢nough to allow the wheel to tnrn and bump up and down, but should be
as small as possible. Tf fairings are used, they should fit as tightly as is
practical around the tires and wheels to minimize the area available for
air to flow up into the wheel wells. The fairings should be tapered about
10° as shown in Fig. 5.25, to help reduce the amount of air that is scooped
up by the rear-wheel fairings.

2. Seal the wheel wells. The wheel wells should be sealed so that any air
entering the wheel hole opening must also exit the wheel hole opening.
Sealing the wheel wells will create a *back pressure” that will help keep
the air from entering through the wheel hole openings. If the wheel wells
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Cut an hourglass hole
in the belly pan for
the front wheels to
minimize the size of

the hole.
Front : Rear
Taper the rear of the _
fairing approximately Flow
10° to reduce the amount lo0e
of air scooped up by

the rear of the fairing.

Fig. 5.25 Minimize wheel hole openings.

are open so that air can flow into the car, significantly more air will flow
up into the wheel wells. The wheel wells should be as sthall as possible,
A wheel well that fits tightly around the tire and wheel will seal better
than one that is large and spacious.

The amount of drag caused by a ventilation hole depends on the orientation
of the hole with respect to the flow, and on how well the volume behind the
hole is sealed. Itis possible to estimate the drag area for holes that are paral-
lel and perpendicular to the airflow. The designer should reco gnize that these
are estimates, and that volumes are usually not sealed or unsealed, but some-

where in between. Table 5.9 can be used to estimate \&ml_,.&mm area for venti-
lation holes. '

Example. Two vents, each 3 cm wide and 10 em tall, are cut into the Canopy
to provide ventilation to the driver’s face. The increase in drag area is calcu-
lated in Eq. 5.36.

ACq =2(0.03)(0.1)(0.52) = 0.0031 m®> ' [unsealed area]  (5.56)
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TABLE 5.9
VENTILATION SUMMARY
Hole perpendicular ACqy = (0.52)A (Unsealed area)
to the flow ACq = (0.26)A (Sealed area)
Hole paralle ACq = (0.13)A (Unsealed area)
to the flow ACqy = {0.065)A (Sealed area)

The opening in the bottom of a wheel fairing is approximately 0.025 m?. The
drag area for a sealed and unsealed wheel well is caleulated in Eq. 5.57,
agsuming this hole size.

ACy (sealed) = (0.065)(0.025) = 0.001625 m?

AC, (unsealed) =(0.13)(0.025) = 0.00325 m? (5-37)

K. Wingtip Drag

Cormners on the body generate vortices that increase the drag on the car. Such
vortices occur at the wingtips on airplanes, hence the name wingtip drag. To
minimize wingtip drag, the car body should be positioned so that it generates
zero lift. This position yields the smallest drag for the car. Suspension adjust-
ments should be made to achieve zero angle of attack. Zero lift is the single
most important factor in redecing wingtip drag. If the body generates [ift, up
or down, there will be an induced drag, proportional to the lifi generated.
Induced drag acts on the car in addition to wingtip drag, and offsets any
advantage gained by generating lift on the car. The car should be positioned
for zero lift, and such positioning will require some trial and error and experi-
mentation to find the zero lift point.

Round Corners. Use as large a radius of curvature as is prudent in the cor-

ners. The wingtip drag can be estimated for a car with a maximum cross-
sectional profile as shown in Fig. 5.26.
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)

Fig. 5.26 Round corners prevent wingtip drag.

For the purposes of analysis, assume the car is of length L and has a maxi-
mum thickness of t. If the corers are rounded, then use t.g as the distance
between the inner parts of the curved radius as shown. But, as a minimum t,g
=t/2. That is, no matter how rounded the corners are, use tgas at least half
the maximum thickness of the car. Equation 5.58 shows how to calculate the
increase in drag area for wingtip drag [5-4].

T
—t

ACy=
(3

M
&La.@ﬁ% w maam%mam a.mmv

Example, Assume that a car’s length is 5.5 m, that its maximum thickness is

40 cm, and that its comers have a radius of curvature of 2.5 cm. Equation 5.59
shows how to estimate wingtip drag area for two sides of the car,

2
ACy= @, e.@a.&e.g TMIJ x2=0.00184 1" (5.59)

L. Induced Drag

When a body is positioned with an angle of attack, it generates either upward
or downward lift, and there is an increase in the drag called induced drag.
Race cars running on circular tracks are designed aerodymamically so that
downward lift will push the car downward on the track to improve traction.
This allows the car to perform better in cornering and acceleration. Traction
Is not an issue in solar car design. The designer’s goal is to minimize the
drag. The angle of attack of the body should be adjusted to generate zero lift,
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and thus zero induced drag [5-14]. After the car is built and is being tested,
varn strips can be taped near the rear of the car to help determine if the car is
generating lift as it is being driven down the road. The rear swing arm should
be adjusted to raise or lower the rear and zero the lift as best as possible.
Power consumption data can also help determine when the lowest drag coef-
ficient is achieved. It is better to generate a little upward lift than a little
downward lift. Some teams have deliberately tilted the body of the car to
generate a small amount of upward lift because this allowed the flow to stay
laminar longer on the bottom of the car [5-1]. Accepting a small amount of
induced drag in exchange for more laminar flow on the nose may be a good
trade-off.

M. Summary

The following list is a summary of how the drag area would be divided up for
an excellent car.

1. Body drag area , = 0.0765m?
2. 'No angular changes in body = 0.0 m?
3. Canopy 30 cm tall x 1.5 m fong = (.0063 m?
4. Norods or EE..on = (0.0m2

5. Well-designed wheel fairings for four wheels

(0.00243 m?/wheel) = o.o%s“am
6. Ventilation (four sealed wheels plus the driver) = 0.0096 m*
7. Wingtip drag = 0.00184 m?

Total _ , 0.104 m?

The main drag area sources are the body, canopy, exposed wheels and fair-
ings, and ventilation system. Accordingly, certain goals must be set when
designing the car.
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¢ The body should have a smooth aerodynamic shape everywhere to keep
the flow attached and to eliminate pressure drag. This is of paramount
importance; there can be no compromise.

+  Fairings should be developed that fit tightly around the tires and leave
approximately 10 cm of exposed wheel area.

*  The wheel wells must be sealed to control the ventilation. The openings
around the tires should be smali and sealed.

*  The canopy should be small. Itis especially important to make the canopy
as short in height as possible. But the canopy must be large enough to
hold the rearview mirror or external mirrors will be reeded.

*  The car should be designed to minimize the total surface area of the
body, while ingorporating 8 m? of solar array area on top.

N. Side Winds

Finally we will study the aerodynamic effect of side winds on the car. Solar
car bodies are much more aerodynamic than passenger car bodies, and the
side winds have a different effect. For side winds on the car, there is a side
flow combined with a front flow, and the result is that the flow passes over
the body at some angle 8 as shown in Fig. 5,27, If the design is for a gide
wind of velocity Vg with the car traveling at velocity V, then flow is at some
angle 6 relative to the bodsy. _

=

A
Fig. 5.27 Angled flow over the body.

Vs
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The velocity of the air flowing over the car increases because of the side
wind, and because drag is proportional to the square of velocity, it would
appear that the drag would increase. If the flow stays attached to the body,
then (for small angles 9) the drag force will increase due primarily to the
increase in velocity over the car. The drag force has a lateral component that
increases rolling resistance, and a direct component, drag on the car. The
drag area will increase by the factor in Eq. 5.60, assuming a rolling resistance
coefficient of C¢

2 2
VVEVS | cost +(Cyp) sind)

Factor =
i Vv

(5.60)

This equation shows that the drag is almost constant for a side flow, which is
approximately correct as long as the flow stays attached to the body. At some
angle, the flow will begin to separate around the canopy and fairings, and
there will be a sharp increase in drag. Bquation 5.60 is not valid once an
angle is reached where the flow begins to separate, It is difficult to quantify
when the flow will detach, bui the goal should be to design the body, canopy,
and fairings so that the fiow will stay attached for flow angles up to perhaps
30°. This will minimize the drag on the car when there is a side wind.

Satling. If the flow stays attached to the body in a side wind, there willbe a
“sailing” effect which may reduce the drag of the car. The car body will
behave like an airfoil with a slight angle of attack. With an angle of attack,
an aerodynamically shaped body generates.a lift force perpendicular to the
flow and an induced drag force parallel to the flow. Ifthe flow stays attached
to the body, the lift force will be much higher than the induced drag, so that
the combined lift and drag generate a thrust on the car in the direction the car
is traveling and a side load that increases rolling resistance. Most of the
combined force is to the side, but the wheels on the car prevent it from going
sideways, just as the keel on a sailboat prevents the boat from going side-
ways. The side load does increase rolling resistance, so it is not quite as
simple as is illustrated in Fig. 5.28.

If the flow stays attached, the lift and induced drag will generate a net thrust
on the car, pushing it forward. There is still the drag term from the drag area
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Thrust (Sailing) Force

Induced Drag Forc

Lift Force Side Force

- Fig. 5.28 Vector schematic for sailing.

that was previously calculated, and the thrust will not overcome this drag,
but it is possible for the aerodynamic drag to be reduced by a side wind. For
a body like a solar car, it would be reasonable for the induced drag to increase
with the angle of attack 8 for small angles of attack. The lift also increases
with the angle of attack unti] the flow starts to separate, at which point the lift
drops off dramatically and the drag increases dramatically. ,

Flow separation on the body is analogous to stalling of the airfoil. The lift is
reduced and the drag increased. At some angle of attack the flow will begin
to separate around the canopy and fairings, and the drag will increase sharply.
The Biet solar car, which ran in the 1993 and 1996 World Solar Challenge,
had a minimum drag for an angle of attack of about 20° because of the sailing
effect [5-7]. .

Ifthe car body is modeled as an ellipsoid-type airfoil, and typical lift-to-drag

ratios are used for the angles of attack, Fig. 5.29 can be generated showing
how'the apparent drag area varies with a side wind. In the analysis the side
wind was increased to generate an angle of attack. The net velocity increased
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Fig, §.29 Effect of sailing on drag.

with the angle of attack, as illustrated in Fig. 5.28. Parameters were adjusted
so that the minimum drag would oceur at 20° to correspond with data from
the Biel car [5-7}.

Homework. The best homework for this unit is to locate an existing solar car
and measure it and calculate the drag area. Results from this analysis can be
compared to the results obtained from the power consumption data for the
car. If it is a well-designed solar car the drag area should be between 0.1 and
0.15m?. Ifa solar car is not available, photographs of solér cars can be used
to get approximate dimensions and to go through the analysis, A lot of under-
standing may be gained by analyzing one or two existing designs.

0. Computational Fluid Mechanics (CEM)

The method of analysis outlined in this chapter can be used to develop a solar
car body with a good aerodynamic design. Ifthe side view of the body is that
of a cambered airfoil, and if the body is smooth and rounded as suggested in
this chapter, a low body drag will be achieved. If the top view is that of an
airfoil like the Honda Dream 11, it is unlikely that the computational fluid
mechanics (CFM) analysis will yield any drag reduction in the body shape.
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Airfoils are well understood and are the lowest drag shapes. If the CFM
analysis yielded a different answer, the designer should be suspicious that
something in the CFM model is wrong,

Nose Design. Most teams do not design the top view of the car to be an
airfoil shape like the Honda Dream IT because that shape greatly reduces the
size of the solar array and because it is difficult to manufacture a body of that
shape. The nose should be rounded to an extent, but the ideal shape of the
rounded nose is not well understood now. CFM analysis can be helpful in
refining the shape of the nose of the car. The streamlines going around the
nose should be smooth and there should be a gradually increasing pressure
gradient.

Canopy and Fairing Interfaces. The information in this chapter should pro-
vide a good basis for designing the interface between the canopy and body
and the fairings and body. Some refinement may be possible using CFM
analysis, The streamlines should flow around the canopy and fairings and
rejoin behind them. The pressure will increase as the flow approaches the

. canopy and fairings, and will drop significantly as the flow goes around them,

Alarge pressure drop indicates flow separation, so the design can be modi-
fied to control the pressure drop.

Side Winds. CFM codes excel in modeling an angled flow over the car body.
Many different angles can be studied and the pressure plots are helpful in
datermining when flow separation will occur. Refinement of the sides of the
body and the interfaces between the canopy and fairings and the body can
improve the aerodynamics of the car in a side wind.

In summary, CFM codes can be helpful in refining the shape of the body.

The codes are not capable of predicting an aceurate value for the drag area of
the vehicle, but they are capable of comparing two designs.

P. Wind Tunnel Testing

"Wind tunnel testing of the car or of models can be helpful in refining the

shape. Ifmodels are used, they must be accurate for the tests to be meaning-
ful. Getting good informatjon from a wind tunnel test requires expertise.
Before attempting wind tunnel testing the team should consult with an expert
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to help plan the tests to be conducted and to help interpret the results. Build-
ing a rough model of the car and having a novice test it in the wind tunnel
may be fun and interesting, but it will not help design the car.
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Composite Materials
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A. Body Structure

The body structure of solar cars is made from foam or horeycomb core com-
posite materials, sometimes called sandwich composites. These materials
are very lightweight and have high stiffness [6-1 to 6-3]. The structure of
these materials is illustrated in Fig. 6.1.

Resin-Impregnated
Fabric

Core—Foam
[

or Honeycomb

k /anﬁ,muﬁnmmbman

Fabric

Fig. 6.1 Sandwich composite construction.

The core has a resin-impregnated fabric bonded to each side, which is why it
is often called a sandwich composite, The materials required to make the
composite are as follows:

1. Fabric. The fabric is made from either glass, graphite, or Kevlar fibers
woven into a fabric similar to the cloth from which men’s dress shirts are
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made. Use of these high-strength structural fibers comes from their his-
torical development for the aerospace industry. Tests have shown that
nylon, polyester, or cotton fibers would have the required strength for
many applications and be much less expensive, Strength of the fabric is
seldom what limits the strength of the composite. The problem in using
common fabric is that it was not designed to work with the resin. Depart-
ment store fabrics may absorb too much resin, making a heavy compos-
ite, or may not bond well with the core, making a weak composite,

2. Core. Honeycomb core has been made from aluminum, paper, and phe-
nolic polymer or blends. It provides the highest strength-to-weight ratio
of the core materials, but it is more difficult to get a good bond between
the core and fabric with honeycomb core than with foam core. Vacuum
bagging is required to get a good bond, and this complicates the manu-
facturing process. Styrofoam and other polymer foams have also been
used for the core. The trend has been to use styrofoam core, primarily

. because it is lightweight, inexpensive, easy 1o work with, and gives a
good bond with the fabric. Foam core makes the manufacturing much
easier because a good bond between the fabric and core cart be obtained
without vacuum bagging. It does make a significantly weaker composite
than can be achieved with honeycomb core, so the honeycomb is the best

* choice for components that require high strength.

3. Resin. Bpoxy is used almost exclusively for the resin, but there are many
types of epoxy. Polyester resin is inferior to epoxy. For solar cars the
most important compornent in the composite is the resin, Ifthe team is on
a limited budget, it is best to skimp on the foam and fabric and buy good
tesin. The resin is also the toxic portion of the lay-up. I is important for
the safety of the team members to get a low-toxicity epoxy resin.

B. Body Strength Requirement

Solar car bodies are a unique and interesting topic in designing with compos-
ites. The loads on the body are small, and almost any composite will be
strong enough if a box beam type of construction is used. The main goal is to
find lightweight fabric and core to design as lightweight a body as possible.
The entire body, including the canopy, solar cells, encapsulate, and electronics
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will probably weigh less than 535 N (120 Ib), which is very lightweight for a
car body that is 5 m long, 1.8 m wide, and 0.4 m thick. About half of this
weight comes from the solar cells, encapsulate, and electronics. Most of the
loads on the body are proportional to its weight, so keeping the body light in
weight helps reduce the loads the body must carry.

The most significant load case for the body is the load applied by the team
members as they remove and replace the body or carry it around. The body
must be strong enough so it will not be damaged by the point loads applied
by hands lifting and carrying it, This strength comes primarily from the place-
ment of internal body ribs supporting the body surface. Team members will
not be able to see the internal rib structure of the body once it is built, so it is
good design strategy to have enough internal ribs to carry a load of 225 N
(50 1b) spread over the area of a person’s hand anywhere on the bottom or
side of the body. The 1ibs should go through to the top of the car too to
ensure that the stiffness is adequate to prevent flexing and vibration of the
solar array. The body must also be able to carry the weight of the solar array
and aerodynamic loading, but these loads are spread over large areas and are
much less likely to damage the body than the loads required to pick the body
up and carry it around. Most of the remainder of the significant body loads
come from the connections between the body and chassis or body and array
stand, and are discussed in the next section.

C. Attachment Points

The loads can become large at the attachment points, where the body is
attached to the chassis or array stand. There are several instances of specific
loads that must be considered when designing attachment points. Ifthe body
is hinged on the chassis to facilitate driver egress, the egress loads will be
approximately equal to the weight of the carbody. The body will have to be
tilted upward by either the dtiver or a spring actwator. This load(s), and the
loads on the hinges, will be on the order of the weight of the body. The body
may have fo be reinforced in these areas to carry the loads.

The car will hit bumps when driving that will transmit dynamic loads to the

body equal to two or three times the weight of the body. These loads must be
carried by the attachment mechanisms between the body and chassis. For a
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conservative design, each of the attachment points should be able to carry a
load equal to three times the weight of the body without causing damage to
the body. The bump loads will actually be divided among the connection
points and most of them will not see a load equal to three times the weight of
the body, but the bump loads happen continuously while driving thecar. The
connections must be overdesigned to prevent fatigue failure in this area.

The body will be placed on an array stand for moming and evening charging
of the batteries. Loads on the array stand will be less than the bump loads. If
the body is attached to the array stand in the same manner that it is attached
to the chassis, satisfying the bump load requirements for the chassis will
make the attachment points adequate for the array stand. If a different
attachment system is used, the attachment points must be able to carry
the weight of the body and the wind loading that inevitably happens when
the body is tilted toward the sun in the early morning and late evening. The
attachment points should be able to carry two times the weight of the _uo%
for a conservative design.

If careful attention is paid to the aerodynamic design, the aerodynamic loads
will be less than 120 N (25 1b) when the car is being driven in still air. Side
winds and passing trucks may increase the aerodynamic loads fo 450 N
(100 Ib) in normal driving conditions, and the load could be in any direction.
(A poor aerodynamic design could result in much higher loads.) Designing
for bump loading is generally adequate for aerodynamic loading. The most
important difference is that the connections must be able to carry Em loads in
all directions, not just up and down.

The conmections must also carry comering and braking loads, and there may
be other loads for equipment attached to the body. In most cases designing
the body-to-chassis connections to carry three times the weight of the body,
and designing the array stand connections to carry two times the weight of
the body will be adequate for all load cases.

D. Body Support Plates or Angles

For most designs, the interface between the chassis and body has the hody
resting on plates or angles as illustrated in Fig. 6.2. For a steel or aluminum
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/ \ Body Cross Section

Angles or plates supporting the
body spread the load over a
large area

Fig. 6.2 Angles or plates supporting the body.

chassis design the supports are usually angles. For a composite chassis
design they are usually composite plates. The body must be lifted off the
chassis as it is put on the array stand, so for most designs it makes sense to
have overlapping plates supporting the body. The plates also help provide a
seal between the body and chassis to reduce ventilation drag. The plates or
angles that the body rests on when it is placed on the chassis should be large
to spread the load and reduce the stress on the body near the attachment
points, Most of the time the load is downward (gravity), so spreading out the
load reduces stress on the body and chassis for the prevailing gravitational
loading.

Besides the supporting angles or plates, there must be connections that firmly
hold the body down on the chassis, preventing it from bouncing up and down
or sliding fore or aft. The connectors may require a more substantial core
than foam or honeycomb. Wood or aluminum may be used for the core locally
to increase the strength as illustrated in Fig. 6.3.

It may be prudent to add a couple of layers of fabric to further reinforce areas
near connections. The connection should be capable of holding at least three
times the weight of the body, nominally 1600 N (360 Ib), to be swe that it
will be reliable. There is 2 temptation to skimp on materials in the connector
areas to reduce weight, which can make the connectors unreliable.
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Bolt connection on this
reinforced area

Wood cr \
aluminum core

in this region
_for the connection

Fig. 6.3 Reinforcing areas near connections.

E. Quality of Lay-Up

Quality of the lay-up is of paramount impertance, and this means (primarily)
putting the epoxy where it is needed, and not putting it éwmaa itisnotneeded.
Cleanliness is very important too.

1. The core must have a clean surface so it will be possible to get a good
bond with the fabric. The best choice for a clean, smooth surface is the
blue styrofoam commenly used as insulation for homes in construction.
This foam is inexpensive, and comes with a plastic sheeting on both
sides. Remove the sheeting just prior to lay-up, as illustrated in Fig. 6.4,
to ensure a clean, smooth surface for bonding.

If honeycomb core is chosen, or a foam core that has been hot-wired or
sanded to shape, the surface will be porous. It is very difficult to get this
surface clean once it is dirty, so be sure to keep it clean or preferably in
its wrapper until time to use it. It is almost impossible to keep resin from
flowing into the pores or honeycomb cells during lay-up, and so a porous
or honeycomb core tends to absorb more resin than an extruded foam
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Remove the plastic sheeting
on the foam just prior to

- lay-up to get a smooth, clean
\ surface to which o bond

Fig. 6.4 Removing plastic sheeting from foam core.

core with a smooth surface. Honeycomb may have a lower density than
the extruded foam core, and theoretically makes a lighter composite, but
some allowance must be made for the extra resin that will be absorbed by
the honeycomb core.

The resin must be worked into the fabric to fully wet the fabric, and to
bond it to the foam. There should be no air bubbles or dry areas under
the foamn, becanse this reduces the bonding betwsen the core and the
fabric.

Excess resin should be removed from the surface with a squeegee to
keep it smooth and to keep the car light in weight. Care must be taken
because a little extra resin everywhere adds a lot of weight to the car.
Small blobs on the car’s surface increase the surface roughness and aero-
dynamic drag.

The fabric will be put on in pieces, and the edges of the pieces must be
blended in with the squeegee to keep the surface smooth. The main

quality goals are:

a. Bonding should be complete at the interfaces and joints with no air
pockets or dry areas. This makes the structure strong.
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b. No excess resin should flow down into the honeycormb or foam pores,
and there should be no excess resin blobs on the surface of the body.
This keeps the structure rmrgcﬂmg

c. The surface should be kept smooth to reduce aerodynamic drag on the
car.

5. There is always some body work to be done after laying up the body.
Being careful throughout the process to keep the body smooth reduces
the amount of body work, which saves work and reduces the weight of
the body.

F. Box Beam Construction

A box beam construction technique integrates the top and bottom of the car
into one unit, similar to a box. Internal ribs are used to stiffen the top and
bottom panels and to reduce the vibration or flexing of the panels. A box
beam construction technique makes a lightweight rigid body structure. The
body will need to have a cutout to allow it to fit down on the chassis, so it is
not a complete box, but meny teams have used this box beam appreach to
make a rigid lightweight body structure.

The other approach is to have only the top of the car body removed when
placing the solar array on the charging stand, and many teams have used this
approach. For this approach, honeycomb core composites are required to
provide the required strength and stiffness to the top of the car, and there will
probably need to be some stiffening ribs on the back of the top to further
stiffen it. This makes the top of the car heavier than it would be with a box

beam construction, but it may be a good design trade-off for certain chassis
designs.

The body is really a nonstructural component of the car because the loads are
so small, From a structural viewpoint, the main efforts in designing the body
are in finding lightweight composite materials because with a box beam con-
struction almost any composite is strong enough for the body. Loads on the
chassis are much higher, and the chassis is a safety-critical structural iten.
The challenrges in designing a composite chassis are as follows:
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1. The biggest challenge is to determine the precise strength of the compos-
ite materjal used. A test procedure is required to determine the strength
and stiffness of the composite material, The strength is highly dependent
on the manufacturing process, and a high-quality and reliable manufac-
turing process must be developed in conjunction with the strength and
stiffness testing. Itmust be possible to tailor the strength of the compos-
ite to the strength-required in various areas on the body and chassis.

2. Analysis techniques, including finite element codes, must be available
that can deal with the unique material properties of core-type compos-
ites. These techniques must be able to analytically determine the lay-up
process to be used in various areas on the chassis.

Many teams use composites for the chassis of the car. Premade honeycomb
composite panels are available and are a good choice for the chassis. The
panels can be cut just like plywood and glued together to make a box-type
chassis. This process requires significantly fewer man-hours to manufacture
than a welded metal tube-frame chassis. The strength and stiffness of the
composites are not as well understood as the metals, and because of this a
composite chassis is usually a little heavier than a properly designed welded
metal tube-frame chassis.

G. Mold and Body Construction

Once the body is designed and the materials are selected, it must be manufac-
tured. Amiold is required to hold the composites to the required shape during
manufacturing. Most teams use a three-dimenisional mold to make the body.
Building the mold reqisires a lot of work and time, so some teams have adopted
the rib mold approach described below.

1. Make a wooden rib structure that approximates the shape of the top of
the car. Ideally the body shape should be drawn as a solid model or a
surface model in a CAD package. The computer model can then be
“sliced’” every 20 or 30 c¢m along the length to get shape profiles for the
top of the body. A numerically controlled cutter can be used to cut the
ribs out using the drawing files, or if that is not available a large plotter
can be used to print out the rib shapes full scale. The plots can be glued
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or taped to wooden sheets, and the shapes can be cut out with a band saw.
The wooden ribs should be cut with respect to reference planes as illus-
trated in Fig. 6.5, so that it will be easier to align the ribs in the mold.

Align the reference
planes on the ribg

Surveying equipment
may be useful to

Reference Planes. These two planes will be align them

used to align the ribs in the mold. Misaligned
ribs will make a wavy body.

Shape of the Top of
\ the Car (Inverted}

Wooden Rib

Fig. 6.6 Rib mold.

Fig. 6.5 Wooden ribs for the mold.

. Lay a sheet of foam into the mold
2. Once the wooden ribs are cut out, they are placed into a wooden mold

and aligned so that the mold forms the inverted shape ofthe top of the car
as illustrated in Fig. 6.6, Care should be taken to get the ribs properly
aligned in the mold and firmly anchored in place. The accuracy of the
body shape depends on getting the ribs aligned.

Cutaslitinthe A~
foam in areas T
of complex T SR

curvature - P

3. Sheets of foam are glued together to make a single piece large enough to
make the top of the car. For complex curves on the body, it will be
necessary to cut out a sliver of the foam to make it fit in the mold as
illustrated in Fig. 6.7. To do this, cut the foam, and allow it to overlap
and push it down into place. Mark the overlap sliver and cut it out.

Overlap the foam
and mark the sliver
that must be cut
out. Remove the
sliver end glue the
foam back together.

The plastic sheeting should not be removed from the foam as it is fit to
the mold. This will help ensure a clean surface for bonding. After the
foam is fit to the mold, it should be glued in place on the bottom side to
the ribs. Use epoxy to glue it to the mold so it will stay firmly attached.
The plastic sheeting is what is actually glued to the ribs, not the foam,

Fig. 6.7 Laying the first sheet in the mold.
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momE (Body) Ribs

B

Foam Core _
= 4 ™~

Sheetrock Sheetrock Sheetrock

Screw Screw Screw

4. Once the foam is securely glued to the ribs, clean the top of the foam and
remove the plastic sheeting on that side. Cover the foam with a layer of
fabric and resin and let it cure. Peel ply should be placed on the areas
where 1ibs are to be attached so it will be easier to make a good bond
between the fabric and the foam ribs that will be placed inside the body.
Peel ply is designed to not bond well with the epoxy so it can be peeled
off later. The peel ply will leave a clean, slightly rough surface that is
ready for bonding with the ribs.

5. Make the foam ribs that will be used as interior ribs for the car body. Be
sure that the interior ribs will not line up exactly with the wooden ribs in
the mold, or they will be difficult to hold in place while the resin cures.
The internal ribs typically have a very low stress. Foam ribs are adequate
for the internal ribs. No composite fabric need be applied to them. The
top and bottom panels need a composite fabric on both sides, and regions
near where the body is connected to the chassis may need multiple layers
of fabric to reinforce the connections.

Foam glued to
wooden ribs in the

Wooden (Mold) Ribs
Fig. 6.8 Placing body ribs.

6. Glue the interior ribs in place on the top. If possible, hoid or tape the rib
in place until the epoxy cures. Weights can also be balanced on top of
: the tibs to hold them in place. Ifnecessary use Sheetrock screws to hold
the ribs in place while the epoxy cures. Sheetrock screws hold the pieces
tightly together and create a good bond, but they leave boles in the top
surface and create body work later, which increases the weight of the
bedy. Figure 6.8 illustrates the process of using Sheetrock sorews. The
screws should be removed after the epoxy cures to reduce weight.

9. Ifpossible, tape joints should be applied to the bottom and ribs. It will be
difficult to reach somie of these, and access holes may need to be cut for
the tape joints, or it may not be practical to use tape joints everywhere on
the bottom.

10. As much as possible, the foam core should be bent into the shape of the
car body. This yields the best and lightest-weight laminate. However,
there will be areas on the nose, tail, and edges that have too much curva-
ture, and it will not be possible to bend foam sheets into shape. There are
several options for finishing the edges.

7. Tape joints should be made on the ribs to be sure they are éan bonded to
the top. The tape joints are made from resin-impregnated fabric. There
is no benefit in overlapping the joints more than 25 mm (1 in.),

8. The bottom of the car should be fabricated over the ribs that are attached
to the top of the car. The bottom is glued to the ribs and held in place with
weights or Sheetrock screws. If fabric is to be used on both sides of the
bottom, it must be placed on the inside before the bottom panel is
attached over the ribs.

a. Foam blocks can be sanded into shape and glued onto the body in its
current state, (At this point the outside part of the body has not been
covered with fabric.) This is usually the simplest approach, and it has
the advantage of being the most durable. The disadvantage is that itis
the heaviest approach. : |
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b. Foam ribs can be made that approximate the desired shape; and then
these regions can be covered with Mylar sheeting. This is very light-
weight, but degrades the acrodynamics slightly, and the Mylar is eas-
ily torn. Mylar requires considerable maintenance. It will need to be
replaced many times during the life of the car.

¢. Foam blocks can be sanded into shape as in option (a) and covered
with fabric, which is allowed to cure. Paint thinner can be used to
dissolve the foam away leaving a fabric shell of the correct shape.
The shell may require ribs to hold its shape, or it may be stiff enough
without the ribs. The shell is then attached to the body using tape
joints, This is lighter in weight than the solid foam and more durable
than Mylar, but it is also very time-consuming and easily damaged.

[1. After the body shape is complete, the entire exposed surface should be
covered with fabric, being sure to make the surface as smooth as pos-
sible. Ifthe foam is not smooth, then the fabric over it will not be smooth
either. It is best to perform the body work before covering the surface
with fabric. The fabric creates rough areas where pieces are overlapped.
When practical, make the overlaps on the top (under the solar cells) or in
other places that will not be exposed to airflow when driving. This pro-
cess will yield a very lightweight and aerodynamic body.

E.mﬂmbmﬂrmbmmﬁm?nmm& mo”:m%nogvmﬁm
Foam Core Composites |

Most solar car teams (including corporate teams) do not have the expertise
and quality control to optimize the design of the composite body. Compos-
ites offer the flexibility of altering the core material and/or thickness, the
number of layers of fabric, fabric type and weight, and the resin used. Mini-
mizing the weight is desirable, but it is not an easy task. The strength of
these materials is highly dependent on the manufacturing process used. Test-
ing should be done to measure the strength of the material, and the results
can be used to do stress analysis on the body and optimize the design.

Before the team starts on a testing and analysis prograni, an estimate should
be made of the possible benefits, that is, the weight that tight be saved. Are
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lighter materials available? If the lightest-weight core and mm.u&o mﬁ&wzo
were used, it does not help to do an analysis and find that a HHmHmTém.HmE
fabric or core would be adequate. A foam core body like the one described
above will weigh less than 350 N (80 Ib). The solar mﬁm%.mn@ Bpmonumbo.oam
electronic components will add about 175 N (40 Ib), bringing Em total éﬂmﬁ
of the body to less than 535 N (120 1b). With careful attention to detail,
bodies of this type have been produced that weigh 450 N Q.oo ib). The mo.HmH
array weight can be reduced by using thinner cells and coatings, but the thin-
ner cells may not be as efficient, and thinner coatings may wa.omﬁom a wocmwﬂ.
surface or not protect the cells. The maximum possible weight savings for
the body is 350 N (80 1b) (making its weight zero), and a more H.amrmao SRmE
savings is 50 N (11 Ib). It may not be worth the extra testing mam.moﬂmn
efforts to optimize the body design. The team may be better off spending that

. time and effort on other aspects of the car.

1. Tensile Strength. Tensile strength is governed by the strength of the m&.u-
ric. Fabric strength is governed by the strength of the mwo.nm cmma. .Hum&.Bn
strength is generally measured in newtons per meter g_&F. E&oaﬁm
the amount of force [in newtons (N)] required to break a strip of ﬁmwﬂo
1 m wide. A test that can be performed to measure tensile strength is the
tension test. A piece of composite is cut into a tensile specimen as illus-
trated in Fig. 6.9 and then tested. It will probably be necessary to Hﬂ&mam
the core material with wood on the ends that {it into the machine grips to
prevent crushing of the composite.

If Huaen is the breaking load of the fabric and w is the width of the speci-
men, the strength of the fabric is given by Eq. 6.1.

w
mm.&no mngmmpu .mHﬂ.P R,C
Structural fabrics such as glass, graphite, or Kevlar cmﬁm.:% have a rated
strength from the manufacturer. Composite strength is highty dependent
on the manufacturing process, so testing should be done to Emmmﬁm.ﬁm
strength. The composite may not achieve the full manufacturers’ rating.
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Width of Strip =t

P

Fig. 6.9 Tensile specimen.

The stiffness of the composite fabric in tension can also be measured ifa

gauge is used to measure the strain e. The force per inch width can be
plotted against strain, and the slope of the linear region is the stiffness

(E/w) in newtons per meter. Typical results of a tension test are illustrated
in Fig. 6.10.

Example. Atensile specimen was tested and the load-deflection data shown
inFig. 6.11 were taken, The foam core has a thickness of 1 em. Find the
strength and stiffness of the composite fabric.

Calculations for fabric strength and stiffaess are shown in Eqs. 6.2and 6.3,

L100 N = 28,900 N/m width

Fabric strength =
2(0.019 m) (6.2)
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Breaking Load

P E

Slope of Linear Region = Twe | W

Fig. 6.10 Tensile test results.

o

0.075 mm Deflaction =& p

- Fig. 6.11 Tensile test example.
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900N

2(0.019 Bvﬁ O.MG mm
mrn

Fabric stiffness =

= 23,700,000 N/ width
u (6.3)

Assuming fabric on both sides, a l-cm-wide strip could support
wﬁo.c.cmwm,moov = 578 N tensile force.

Example. Suppose the fabric above is placed on both sides of a foam core
2 em thick. What would the strength of the composite be? [28,900 N/m.
The tensile strength does not depend on the core used because the core
does not contribute significantly to tensile strength of the composite. ]

Compression Strength. A compression test is similar to a tensile test
except that the specimen is much shorter in length and is loaded in com-
pression instead of tension. Rectangular blocks of the material are crushed
between two steel load platens as illustrated in Fig. 6.12. The block is
loaded in compression as shown, and the failure load Pz 15 measured.

‘ P
Load Platen
. Fabric
mmwzo/ . \
]
o Specimen Width w
(into the page)
Load Platen
P

Fig. 6.12 Compression test.
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The mqgmmu of the fabric in compression is then calculated using Eq. 6.4.

Fabric strength = L& (6.4)
2w

where w is the width of the specimen.

To obtain accurate results, the length L of the specimen should be short
enough to get local buckling of the fabric, and not global buckling of the
sample as illustrated in Fig, 6.13.

P . P
Load Platen o Load Platen
Honm._
Buckling
Kk
Load Platen " Load Platen
P P
Global Buckling Local Buckling

Fig. 6.13 Buckling of the composite specimen.

The specimen should not bow out significantly before it kinks, Ideally
a kink would forin on both sides, but that does not usually happen.
This test yields a good estimate of the compression strength of the com-
posite, The compression strength depends on the fabric, the quality of
the bonding, and the “through-the-thickness™ stiffness of the core material,
A foam core has much lower stiffness than a honeycomb core. The
local buckling kink forms by the fabric buckling into the core, and so a
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high-stiffness core like honeycomb will help prevent the buckling kinks
and increase the compression strength of the composite compared to the
softer foam core material. Poor bonding yields a low-strength composite
regardless of the core of fabric materials used, Large-celled honeycomb
often has poor compression and flexure strength because of kinks form-
ing over the large cells. A thicker fabric will have higher compression
strength, but this comes at the expense of a large increase in weight.

Example. Suppose a foam core composite is tested as illustrated in Fig. 6.14.
Find the strength and stiffness of the fabric. The failure mode is local
buckling, that is, kinking of the fabric.

P
P
SBON ooy
R R Platen
350N ol s
75 mm m.
=]
Q
Platen

0.75 mm & i
Specimen width
{into page} is 100 mm

Fig. 6.14 Example of a compression test,

The strength and stiffness of the composite in compression are calcu-
lated in Eqs. 6.5 and 6.6.

Fabric strength = m%iké =2675 N/m ©5)
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Fabric stiffness = 350N —175000N/m  (6.6)
0.75 mm
2(0.1 EA|Q
75 mm

A 1-cm-wide strip of the composite with fabric on both sides would have
a compression strength of 53.5 N. The strength value In compression is
much lower than the tensile strength values, which is typical for foam
core composites.

Example. Suppose a thicker foam core were used. Would the compression
strength be different? [If the foam is of the same type, the compression
strength would be approximately the same, 2675 N/m, though the thicker
foam would increase the strength to some degree. If a different type of
foam were used the compression strength would change. A stiffer foam
would vield a higher strength and a softer foam a lower strength. A
honeycomb core would yield a higher compression strength, ]

Flexure Strength, Flexure tests are a comnbined tension and compression
test, and are a good test method for foam or honeycomb core materials,
When a panel is bent, one side is in tension and the other is in compres-
sion. The shear and bending moment diagrams for the test are illustrated
in Fig. 6.15.

For this simple loading case, the fabric on top is in compression and the
bottom is in tension. Assuming good bonding between the fabric and
core, there are three possible faihure modes, as illustrated in Fig. 6.16.

a. Tensile Failure. The fabric tears or breaks on the bottom side. Ten-
sile fatlure is rare for foam core or honeycomb core cotnposites. Com-
pression failure or delamination failure are the usual modes.

b. Compression Failure. The fabric on the top surface buckles down
into the core, yielding a crease in the panel. Honeycomb core has a much
higher resistance to this type of failure than foam core, which is why
the honeycommb core generally yields a higher compression and flexure
strength. Low-density foam core yields a low buckling strength, but
the strength is dependent on the fabric and resin used, not just the core.
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\

Tensile Failure—
Fabric Breaks Here

Compression or
Delamination Failure
P

M Al

Fig. 6.16 Flexure test.
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¢. Delamination Failure, The fabric on the top of the specimen delami-
nates from the core and buckles outward away from the core. This is
more common for honeycomb composites than for foam core compos-
ites. Large cell honeycomb composites often exhibit this failure mode.

The failure mode determines whether the tensile, compression, or delami-
nation strength of the composite is calculated. In the test, a maximum
bending moment M., will be reached and the strength of the composite
is given by Eq. 6.7.

Mingx

Composite strength = .

(6.7)

where t is the thickness of the composite. The force per unit width is
obtained by dividing by the width w of the specimen. If the specimen is
supported on a span L and loaded in the center with Py, the strength of
the composite is given by Eq. 6.8.

. M P...L
Composite strength = —H8% — _Wax_ 6.8
p gth ot it (6.8)

Example. A Kevlar/foam composite is tested on a 30-cm span. The
specimens are 10 cm wide and 15 mm thick, and fail on the compression
side by buckling into the foam (compression failure) when a load of 70N
is applied. Find the compression strength of the fabric.

Solution. The strength is calculated in Eq. 6.9.

Composite strength = A%,WMW%MMWH@ =3500 N/m (6.9)

Example. Suppose a cantilever beam is to carry the 90-N load illustrated
in Fig. 6.17. If the beam is 60 cm wide, what is the required foam thick-

ness? Use a safety factor of 3, limiting the compression load in the fabric
to (3500/3) N/m.
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SON

45 cm

Beam is 60 ¢m wide
{into the page)

Fig. 6.17 Example of flexure strength.

The solution is given in Egs, 6.10-6.12.

M pax = (90 N)(0.45 m) = 40.5 N/m (6.10)

3500 N/m _ 40.5 N/m
3 (0.6 m)(D)

(6.11)

t=38mm L (61D

The foam core should be 58 mm thick to carry the load. This illustrates
how the experimental data can be used to design composite panels to
carry a bending load.

The flexure test can also be used to estimate the stiffness of the compos-
ite. Stiffness is important to reduce vibration of the body panels, and to
ﬁu@oﬁ cracking of the cells. However, it is difficult to say what stiff-
ness is required, so the usefulness of this information is questionable.
Stiffness data are necessary to do finite element modeling of the com-
posite struciure. The flexure test will vield a Howa-aommonow curve simi-
lar to the one shown in Em 6.18.

The flexure stiffness of the composite bearn is characterized by the term
FI, and for this load case EI is given by Eq. 6.13.
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P
3 w; = Slope of Linear Region’

& (of center)

Fig. 6.18 Example of flexure stiffhess.

P
El= I (6.13)

where P/ is the slope of the load-deflection curve. The useful number
for design is the stiffness per unit width, as shown in Eq. 6.14,

B _(P\ 1P

=3 614

w /e 48w

Knowing the stiffness per unit width of the composite, it is possible to
estimate the stiffness per unit width of the fabric. This is useful in extrapo-
lating the stiffhess data to other core thicknesses. The stiffness of the
fabric depends on the type of core material used, so it is not correct to
extrapolate to other types of core material. The cross section of the com-
posite is illustrated in Fig. 6.19.
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Fig. 6.19 Example of composite cross seciion.

Assuming that the core contributes very little to the overall stiffhess, the
moment of inertia [ of the specimen is given by Eq.6.15.

w M _
? wiﬁ%w E 3.5

where tpis the thickness of the fabric, t is the thiclmess of the specimen,
and w is the width of the specimen. Since t;<<t, the first term is small
compared to the second and the moment of inertia can be approximated
by Eq. 6.16.

wtgt?
2

I

(6.16)

With these approximations, the modulus of elasticity (E) for the fabric is
then given by Eg. 6.17.

2 (6.17)

Composite Materials

For composite fabric, the modulus comes primarily from the fibers, so it
is customary to multiply E by the fabric thickness t; to get the stiffness
per unit width (/W) as shown in Eq. 6.18.

El
E _ ﬁﬂun
m&%ol 2 (6.18)
2

The fabric stiffness can be used to estimate the beam stiffness when the
same fabric is used on a core of different thickness. As stated, fabric
stiffness depends on the core material used, so the fabric stiffness mea-
sured in this type of test cannot be used for different types of core mate-
rials, only different thicknesses of the same core material.

Example. Abeam thatis 10 cm wide and 19 mm thick is tested on a 30-cm
span and the results are shown graphically in Fig. 6,20, Find the stiff-
ness of the fabric.

Solution. Calculations of the stiffness of the fabric are illustrated in
Egs. 6.19 and 6.20.

mlwﬁ-eem,
hs wn lhmu 48w :Qmocuﬂwﬁm.plvlam.mm i (©19)

2C.o - =103,000 N/m
€ (0.019)

2 2

)
ﬁﬂ _\wo_ 1856
febric

(6.20)

Example. Find the stiffness of the composite if a piece of foam 25 mm

thick (the same type of foam) is used for the core. The stiffness is esti-
mated in Eq. 6.21.
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P
m =3300N/m

& (of center)

Fig. 6.20 Flexure test resuits.

M M
mm& uﬁww £ |=03,000 22 | 6aanm g
WJe AW /gbrcl 2 2

which is a significantly kigher stiffness than for the 19-mm core.

Composites Assignment

An Excel data file is available from the author that contains data for
three compression specimens and three flexure specimens. Plot load
versus deflection for each of the specimens tested. (Plot load as-the y-axis
and deflection as the x-axis.) The first part of the file for each test is
header information that can be ignored, although it does give the maxi-
mum load for the test that is helpful in calculating the strengths. There
are three columns of numbers below the header. The first column is 2
counter, giving the number of data points. The second column gives
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the displacement of the crosshead of the machine (and therefore of the speci-
men) in inches. The third column displays the load on the specimen.

For the flexure specimens calculate the compressive strength of the fab-
ric when loaded in flexure. Also calculate the composite stiffness and
the fabric stiffness in compression.

Compressive strength of the fabric = (P, WLY[4(w){)]

Plax = maximum load on the composite
L == span of the fixturé = 21 em

w = specimen width = 2.25 in,

t = specimen thickness = (1,625 in.

Composite stiffness = (P/)L3/[48(t)]

(P/8) = slope of the linear portion of the load-deflection curve
L = span of the fixtures = 21 cm

t = specimen thickness = 0,625 in.

Fabric stiffness in compression = composite stiffness/[t2/2] -

Calculate the compressive strength and compressive stiffuess of the fab-
ric for the comipression test on foam core composites.

Compressicn strength =P, /[2(w)]

P oy = maximum load on the specimen

w = specimen width = 3.0 in.

(There is a factor of 2 because there is fabric on both sides.)

Fabric compressive stiffness = (P/8)h/[2(w)]

(P/8) = slope of the linear region of the load-deflection curve
w = specimen width = 3.0 in.

h = specimen height = 3.0 in.
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Car Balance and Spring Rates

Y]
.y il
@z

[&5)

A. Car Balance and Moment of Inertia

The suspension isolates the car and driver from the harshness of the road
surface. Probably the biggest benefit of a suspension in solar car racing is
that it keeps the body of the car from bouncing around too much when the car
hits bumps, which reduces the aerodynamic drag on the car [7-1]. The sus-
pension helps keep the tires on the road when the car hits bumps, which
provides better handling and control of the vehicle. Keeping the tires on the
road also eliminates some of the skidding that occurs when a tire leaves the
road and then comes back down and makes contact, which reduces the roll-
ing resistance and tire wear on the vehicle [7-1 to 7-4]. The first step in
designing the suspension is to balance the car and select the spring and damper
rates for the front and rear. These rates will be used to calculate spring con-
stants for the individual wheels once the geometry is developed. To calcu-
late spring rates the wheelbase, weight of the car, and moment of inertia of
the car must be known. The center of gravity {CG) will be located between
the front and rear axles as illustrated in Fig. 7.1.

]
F~—— Wheelbase ——

Fig. 7.1 Center of gravity (CG) and wheelbase.
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The weight of the car is typically about 2700 N (600 1b) for an open-class car
and 3700 N (850 1b) for a stock-class car. The wheelbase is typically 2.0-2.5m
(80--100 in.). Selecting the design weight and wheelbase of the car are con-
ceptual decisions. There is no analysis to help determine an exact estimate
for weight or wheelbase. It must be based on what has been accomplished
with cars of similar design. The battery technology to be used is the main
tmpact on the weight estimate of the car. A well-designed solar car with lead-
acid batteries will weigh approximately 3700 N (850 1b}, while a similar car
with lithium-polymer batteries will weigh 2700 N (600 Ib).

Most seolar cars are three-wheeled vehicles with two wheels in front and a
single rear wheel. For stability, a three-wheeled vehicle should be balanced
so that there is an approximately equal weight on all of the tires [7-5]. The
CG for most cars should be closer to the front axle than to the rear as illus-
trated in Fig. 7.1. Another issue is that solar cars usually have active brakes
only on the front wheels, with regenerative braking on the rear wheel. It is
difficult to design a brake system for the drive wheel, especially for a hub
motor drive, so even the four-wheeled cars usually have active brakes only
on the front. To ensure proper braking performance, the weight must be
balanced so that 60-70% of the weight is on the front wheels, even for four-
wheeled cars. This will ensure that the car will be able to stopin a reasonable
distanice, U.S. races have a braking test requirement that the car be able to
stop with approximately a 0.5 g deceleration, including the reaction time of
the driver, and it will be difficult to pass the braking test if less than mo$ of
the éﬁmﬁ is on the front wheels.

Center of gravity and polar moment of inertia are elementary topics, but the
general process needs to be tailored to solar cars. Several assumptions must
be made to get started, and the best way to illustrate the process is with an
example. For the example, assume a 2.5-m (98-in.) wheelbase and a total
weight of 3700 N (830 1b) for the car (a stock-class vehicle). The main
weights for the car are 785 N (176 Ib) for the driver, 1500 N (336 Ib) for the
batieries, and 535 N {120 Ib) for the body and solar array. To bring the total
to 3700 N, assume that “everything else” weighs 880 N (197 1b), and that the
weight is evenly distributed over the chassis so that the CG of the “every-
thing else™ weight is centered between the two axles. The CG for the 535-N
body load is-assumed to be at the center of the car body. The battery and
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driver weights can be moved to achieve the required 60-~70% of the weight
on the front wheels. Figure 7.2 illustrates the example.

—12m 03 m 05 m .&ac.?,__ 12m

785N 1500N | 535N
820N

25m
Front Rear

Fig. 7.2 Center of gravity (CG) example.

The calculation method for determining the CG is shown in Eq. 7.1, The CG
of the car is located 87.3 cm behind the front wheel axle. The weight distri-
wnﬂ.oﬁ is calculated in Egs, 7.2 and 7.3.

oG = (785)(0.3)+(1500)(0.8) +(880)(1.25) +(535)(1.3)

3700 =0873m (7.1}

_25-0.873 -

m.BRIJWlIXSoﬁHmm._AX (7.2)
0.873

Rear !!m:wleooﬁo =349% (7.3)

In the design example shown in Fig. 7.2, 65.1% of the weight is on the front

wheel axle, which would work out well for the car, If the CG was too far
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back or forward, then the various weights in the car or the wheels would need
to be moved to achieve a balance of weight. This can usually be accom-
plished by moving the driver and/or batteries, but in some cases it is neces-
sary to move the front and rear wheels forward or backward with respect to
the chassis to achieve the proper weight balance. The designer must be real-
istic about where to place the driver and batteries, There must be adequate
space in front of the driver for his or her legs, and the driver and batteries
cannot occupy the same space. Once a proper CG is achieved, the polar
moment of inertia can be caleulated.

The polar moment of inertia for the car can be estimated by treating the
driver and battery rnasses as point masses. The body of the car is treated as if
the mass is distributed evenly over the length of the car and the “everything
else” is treated as if the mass is distributed evenly over the wheelbase. The
polar moment of inertia for an object with its mass distributed over a length
L is mL?/12. For point masses the polar moment is the mass multiplied by
the distance to the CG squared (md?). The calculation for the polar moment
of inertia J for this example is shown in Eq, 7.4.

Ts;u (0.873-0.3)? A@&a.md ~0.872+

9.8 9.8
2
ﬁmg:.wTo.md%A%wﬁLw .
. (7.4)
hpwam 0.873)2 A&J@
9.8 9.81) 12
=210 kgm?

'The design example shown in Fig. 7.2 puts the batteries, the heaviest weight
in the vehicle, near the CG, which reduces the polar moment of inertia. Low-
ering the polar moment of inertia jimproves the handling performance of the
car and is desirable, but handling is not critical in solar car racing, Still, itis
a good idea to keep the driver and batteries near the CG and to keep the body
centered over the wheels. It will make the car handle a little better.
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Once estimates have been made for the mass, mass moment, CG, and wheel-
base, it is possible to calculate the spring rates for the front and rear. Spring
rates are selected to provide an energy-efficient suspension, and to provide
a reasonably soft ride for the driver (along with the batteries and other
components). -

B. Selecting Spring Rates

Ifpossible, we would choose to have no suspension. It absorbs energy in the
shock absorbers and it greatly increases the mechanical complexity. A sus-
pension complicates the steering and wheel alignment of the car, However,
without a suspension the wheels will transmit extremely high loads to the
chassis and body and driver when the car hits a burnp. The tires would bounce
oif the ground when the car hit a bump and would skid to some extent when
they came back down on the ground, causing tire wear and increasing rolling
resistance, The chassis and body would have to be much stronger and heavier
if there were no suspension, and the constant jolting arcund would be hard
on the driver and many other components. The suspension also helps keep
the body from jolting around when the car hits a bump, which helps reduce
the aerodynamic drag on the car. In considering the total picture of designing
a solar car, the suspension reduces the overall weight of the car, makes it
much more comfortable to drive, and improves the overall energy efficiency
of the car,

In general, a softer suspension is more comfortable. However, as the suspen-

sion is designed to be softer, the designer @EcE% discovers that more travel
is required in the suspension for the increase in softness. A soft suspension
deflects more than a firm suspension for the same bump, so more travel must
be designed into the suspension to prevent it from bottoming out.

The characteristic number that describes the softness or firmness of a sus-

. pension is the frequency of vibration. A suspension with a lower frequency

of vibration will be softer, and one with a higher frequency of vibration will
be firmer, Many years of experience have lead to an empirical upper limit of
2.5 Hz for the ride frequency. Race cars and high-performance sports cars
will have suspensions that are tuned to near a 2.5 Hz ride frequency [7-1 to
7-3]. Luxury cars are tuned to a ride frequency nearer to 1 Hz [7-2].
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] st step in designing the suspension is to choose the spring rates for the

-+ front.and rear wheels. The solar car designer will choose to tune to a ride
fraquency of near 2.5 Hz, because that yields a better efficiency in the sus-
pension, that is, it will absorb less energy than a soft suspension. A simple
spring-mass model can be used to make a first estimate of the spring rates,
and then the spring rates can be refined using a more complex model.

1. Simple Model. The front and rear of the car are treated as if they were
independent of each other, and modeled as a mass on a spring as illus-
trated in Fig. 7.3, The governing differential equation is shown in Eq. 7.5.

y
Mass m
Spring Constant K
Fig. 7.3 Simple spring rate model.
amw
m—-=—
! ky (7.5)

where m is the mass and k is the spring constant. The natural frequency

@ is as shown in Eq. 7.6.
0= X
- (7.6)
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To use the simple model, only the weight W on the particular tire needs
to be measured. Assuming that the weight on the wheel is given in new-
tons, the spring rate in Nym is given in Eq. 7.7.

e wieseal
©.31)

=252 W (N/m) 7.7)

In U.S. common units, the weight on the wheel will be measured inpounds
and the spring constants will be given in pounds per inch. Equation 7.8
can be used to estimate the spring rates in U.S. common nits.

e wiesenl
(12)(322)

= 0.639 W (Ibfin.) (7.8)

This calculation can be used to estimate the spring rates for each wheel.
The model neglects the pitching of the car, and the coupling of the front
and rear suspensions, and is not the most accurate method to achieve the
2.5 Hz ride frequency, but it is a simple model to use. Multiply the
weight on the wheel by. the constant factor, and the result is approxi-
mately equal to the desired spring rate. The main reason to nse this
model is to generate some approximate values for the spring rates to
compare to the more complex solution below. The simple model should
generate spring rate values that are within 25% of the optimal value.

Complex Model. The complex modet incldes the pitching of the car
and coupling of the front and rear suspensions. It neglects the stiffness
of the tires and road and the damping of the shock absorbers. There have
been extremely complex models developed that include these effects [7-2
to 7-4), but experience in using the models have led to the simplifica-
tions presented here. Stiffness of the road surface, the tires, the chassis,
and the shock absorbers all contribute to the spring rate of the car. Tt is
impossible to get accurate values for these terms, and this makes it
impossible to analytically calculate the required spring constants for the
suspension. Some experimentation will be required after the car is built
to ensure that the springs are acceptable. The solutions that come out of -
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the complex model have been used in designing solar car suspensions
and will yield spring rates that are close to correct,

The model ilustrated in Fig. 7.4 assumes that the car has a mass of m, a
polar mass moment of inertia of T around the center of mass, a spring rate
ofk; in the front and ky in the rear, and that the center of mass is L; from
the front and L, from the rear as shown in Fig. 7.4. Balancing forces in
the y direction and moments around the center of mass vields the govern-
ing differential equations found in Eqs, 7.9 and 7.10.

k, and k; are the spring rates for the front and rear suspensions, respectively.
They are not the spring constants for the front and rear springs. The spring
constants depend on the geometry of the suspensions,

Fig. 7.4 Front and vear spring rates’ model.

&N
m &Mo =-kyy1—kays (7.9)
d%e
I e kiyiLy —kayaly (7.10)

where ¥y, ¥a, and y, are the vertical displacements of the front, rear, and
center of mass, respectively, and @ is the pitch angle of the car. The
kinematic relations are shown in Eqgs. 7.11 and 7.12.
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Ye=Vi_g (7.12)

Equations 7.9-7.12 can be combined to yield Egs. 7.13 and 7.14 for the
bounce of the center of mass, v, and the pitch angle 6 of the car [7-2].

4 2
mI a&ma = m(kal3 412 ) (1 + k)] aawo + (7.13)
2
Tf +1o) (kL +1k13 } = (KL + KoLy @ Ve
na.&,@u T_?mww+£w$+?+§£mmm+ (719
at dt?

2
?@ +ky) ?Fw + HSHML ~(kyLy +koly) ;m

The general solution to these equations is quite complex. For design of
the spring rates, only the two natural frequencies need to be known, which
are the bounce and pitch frequencies of vibration. New terms, o; and oy,
are defined in Eqs. 7.15 and 7.16 [7-2].

_k+ky
m

5] AQHMV
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-T2 2
= ..—hH”_.lM +WM.HLN

[t %) 7

(7.16)

If the car is envisioned as having a bouncing, straight up and down
motion, and the spring constants are k; and k,, and the total mass of the
car is m, then from the equation for ¢r; it might be reasonable to assure
that oty is the square of the bounce frequency for the car, Here, 0 will be
approximately equal to the square of the bounce frequency, but not exactly
equal because of coupling between bouncing and pitching.

If the motion of the car is envisioned as making the car pitch back and
forth front and rear, and the spring constants are k; and k,, and the total
mass moment of inertia for this pitching motion of the car is J, extrapo-
lating from some basic dynamics of motion for pitching, it might be rea-
sonable to assume that o is the square of the pitch frequency. Here, oy
will be approximately equal to the square of the pitching frequency, but
not exactly equal because of coupling between bouncing and pitching,

If the front and rear of the car tend to bounce up and down with the same
natural frequency, as calculated by the simple model, then there is no
coupling between bouncing and pitching, and o and oy will be the
squares of bounce and pitch frequencies, respectively. If o and o,
have different natural frequencies, then there is a coupling factor §
given in Eq. 7.17 [7-2].

2 _ {kgly~ wuﬁmum
pe= g (7.17)

If the front and rear of the car boumce with the same natural frequency,
then ki1, = k,L, and B? is zero. These three terms (ct), 0y, P) are like
the components of the second-order tensor of vibration of the vehicle,
because they behave like a second-order tensor in calculating the natural
frequencies of vibration of the car. The bounce and pitch frequencies of
the car are the principal frequencies given by Eq. 7.18 [7-2].
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m
emnstH h&m&w +m~ (7.18)

There are four roots to the equation above, two positive and two nega-
tive. The positive ones are the natural frequencies of vibration. Note
that if B is zero, (kiL1 = k;L,), the natural frequencies of vibration are
the square roots of o; and i,. This is an interesting special case, but is
not desirable in a suspension design. Some coupling of bounce and pitch
results in a smoother ride than when the frequencies are uncoupled.

The goal is to design an energy-efficient suspension, and it can be shown that
limiting the travel limits the amount of energy the suspension absorbs when
it hits a bump. This consideration must be balanced against avoiding fre-
quencies that would give the driver motion sickness or dizziness. The goalis
to select spring rates for the front and rear of the car (k; and k) that satisfy
the conditions of low energy absorption and reasonable driver comfort. From
the standpoint of energy efficiency, the higher the frequency the better, but
drivers start running info problems when the frequencies are above 2.5 Hz.
The compromise for solar car racing (and for other race cars) is to set the
spring rates so that both the bounce and pitch frequencies are near but below
2.5 Hz. .

Maurice Olley developed some “rules of thumb™ in the 1930s that are still
used today in selecting spring rates for cars [7-2]. These are rules that do not
have to be satisfied exactly, but they are good guidelines in selecting the
spring rates for the car. The goal should be torkeep the bounce and pitch
frequencies below 2.5 Hz.

1. The front suspension should have a spring rate about 30% lower than the
rear, for a weight distribution of 50-50 front and rear. If the weight dis-
tribution is unequal, then k;/W; should be about 30% less than ky/W,.

2. Thebounce and pitch frequencies should be close together, and the bounce
frequency should not be more than 1.2 times the pitch frequency. A
higher ratio results in interference kicks that degrade the performance of
the suspension.
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3. For passenger cars, the bounce and pitch frequencies should be about
1.3 Hz or less to give a nice smooth ride. Solar cars can sacrifice a
smooth ride for energy efficiency, as long as it does not get into the range
of causing the driver motion sickness or dizziness.

4. The roll frequency should be approximately equal to the bounce and
pitch frequencies. Roll frequency has not been discussed, Sway bars are
added to passenger cars to stiffen the response when comnering and they
increase the roll frequency. Sway bars add weight and complexity, and
they are not used in solar cars. Cornering performance is not a priority,
and the cornering performancs of solar cars is generally not very good.
Sway bars increase the spring rate relative to roll without increasing it
relative to bounce and pitch, and are quite useful in balancing all the
frequencies for the car. As solar cars continue to get faster, sway bars
may be used in the track races.

C. Homework

The purpose of this assignment is to estimate spring rates for the front and
rear of the car shown in Fig. 7.5. It was decided to divide the car into four
main weights: the batteries, driver, body, and chassis/miscellaneous compo-
nents. Total weight for the car and driver was estimated to be 3790 N (850 Ib),
and so the weights were proportioned to add up to 3790 N. The center of
gravity (CG) for the body was estimated to be at the centroid along its length
atx =230 ¢m (98 in). The chassis extends approximately from the front of

the car to the rear axle, so its C(3 was estimated to be halfway along this span

at x =158 cm (62 in.). The driver and battery CGs - were placed whete the
items were to be located on the chassis as Eﬂmn.mﬁmm_g Fig. 7.5.

1. Calculate the x-component of the CG for the car and estimate the weight
on the front and rear. [CG at x = 158.2 cm (62.36 iri.), front weight =
2573 N (575.8 1b), rear weight = 1217 N (274.2 b3

2. Use the simple method to make a first estimate of the required spring
rates for the front and rear of the car. [Front = 64,850 N-m (368 1b/in),
rear = 30,658 N-m (175 Ib/in.) These are total spring rates for the front
and rear, respectively. If there are two fromt wheels, each front wheel
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V_. .
A 1043 N (234 Ib) Chassis and misc. 535 N (120 1b) Body OQ.
located at x = 158 cm (62 in) located at x = 250 cm (98 in)
1427 N (320 1b) Battery CG 785 N (176 1o} Driver OQ.
located at x = 70 cm (28 in) located at x = 256 cm {101 in)
m,ﬂ.k .
[~ 84 cm — W l—— 231 em i 185 om >
(33 iny {91in) (731in)

Fig. 7.5 Homework problem for calculating spring rates.

will have a spring rate of half'the front value calculated. For a single rear
wheel, the spring rate is the full value calculated.]

3. Inpreparation for the more complex analysis method, estimate the polar
mass moment of the car. [Treat the body and chassis as slender members
so that their contributions are J = mL3/12 + m(x — x.)*. Treat the batter-
ies and driver as point masses so that their contributions are J=m(x ~x_)?.
Body = 159.6 kg m? (116.6 shug-ft?), chassis = 47.3 kg m? (34.8 slug-ft2),
batteries = 113.0 kg m? (81.5 slug-ft?), driver = 76.6 kg m? (56.7 slug-ft?),
total = 396.6 kg m? (289.6 stug-ft9)]

4, TUse the spring rates from the simple model above and calculate values
for o, ¢, B?, and the pitch and bounce natural frequencies. [0 =
247 rad¥/s?, oy = 280 rad?/s?, B2 = 0 (B? will always be zero when values
from the simple model are used), o) = 2,74 Hz, o, = 2.42 Hz. So the
spring rates should be decreased from the simple estimate to ride rates
below 2.5 Hz. This design might cause motion sickness for the driver,]

5. (Extra Credit) Adjust the spring rates and incorporate some coupling
(B4 to help dampen out the bumps. Develop a more “ideal” ride rate
design. [ky = 56,000 N-m (320 Ib/in.), k; = 25,000 Nem (140 1b/in.)
vields ride frequencies that are just below the allowable 2.5 Hz. This is
just one solution; there are many acceptable solutions.]
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The tires are the primary factor in rolling resistance, and it is very important
to select tires that have a low rolling resistance coefficient [8-1 to 8-3]. Cur-
rently the best choices are the tires manufactured by Michelin and Bridgestone
specifically for solar car racing. These were not available for the early cars,
such as the GM Sunraycer. The Sunraycer team did a lot of research in
selecting the best bicycle tires for their car. Equation 8.1 was developed
based on theory and experiment, and is helpful in understanding the rolling
resistance of tires [8-1].

(3.1)

Py 19.58+5975P

) %_

0.3072 - {{2.456+(0.251)D
éou P ) Do - HUN Ih T uﬁ A u i.v
p) Y

where 1D, is the tire diameter, P is the pressure in the tire, and W is the weight
on the tire. The term K in Eq. 8.1 is an experimental quantity that must be
determined from a Hozﬁm resistance test conducted with a weight Wy on the
tire and a tire wH@mmﬁo of Py, Because of the empirical nature of Eq. 8.1,
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Eu.ﬂm for Dy, must be inches, W and Wy must be in pounds, and P and Py must
be in pounds pex square inch. In a rolling resistance test, the force required
to make the tire roll along is measured, as illustrated in Fig. 8.1,

Rolling Resistance Force
| ———

The rolling resistance force turns out to be proportional to the

weight on the tire, so it is convenient to define 2 rolling resistance
coefficient C_.

Fig. 8.1 Rolling resistance test.

In the test, the rolling resistance coefficient is defined as shown in Eq. 8.2.

Qﬁ. = !AWNI . ﬁm‘Nv

The experimental constant K must be determined from a test where the weight
on the tire is Wy, the diameter of the tires is D, and the pressure is Py The
coefficient of rolling resistance C_ is measured from the test, and the value
for K is selected to fit the formula, If a tire of diameter Dy, is tested at a

E..mmmm.p.m Py, with a weight W, applied to the wheel, and the rolling resistance
force is F, then K is found from Eq. 8.3.
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F

Wo

hgwﬁ.am_io& 1)Dy,)
Wo il Xo D L .UN — T
Wl p) | PP 19.58+ 5975F;

(8.3)

Once K is known, the formmula can be used to study how changing the pres-
sure, diameter, and weight on the wheel affects the rolling resistance coeffi-
cient of the tire. In developing the following charts, it was assumed that
F = 1.25 Ib was measured for a weight W = 250 Ib at a pressure Py = 80 psi
and the tire diameter is D, = 19 in. The rolling resistance coefficient was
1.25/250 = 0.005 for the test, a value typical for solar car tires.

Increasing the diameter of the tire will reduce rolling resistance. However,
large tires are difficult to incorporate into the body design. A large tire will
increase height of the car because the top of the car must be above the tire,
Tall wheel fairings will have to be used, which increases the aerodynamic
drag on the vehicle. Large tires are also heavier and absorb more rotational
kinetic energy when driving. So a compromise must be reached when select-
ing tire diameter. Bridgestone tires have a diameter of about 19.5 in., and the
Michelin tires have a diameter of about 22 in. Figure 8.2 illustrates how tire
diameter affects the rolling resistance coefficient. Assuming similar tire
designs, that is, everything is the same except the diameter, the rolling resis-
tance coefficient would vary as illustrated in Fig. 8.2.

The rolling resistance coefficient is almost constant with the weight on the
tive, as illustrated in Fig. 8.3. A slight increase is observed with increased
weight, but it is very slight.” Rolling resistance force is the product of the
weight on the tire and C,,, so the rolling resistance force increases with weight
on the tire, but the rolling resistance coefficient is almost constant with weight.
All tires have weight limits, and exceeding the weight limit on the tire will
cause a disproportionate increase in rolling resistance. Buf assuming that the
tire is being used in the weight range it was designed for, the rolling resis-
tance coefficient is essentially constant.
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Fig. 8.3 Effect of weight on rolling resistance.

Rolling Ho.mwmﬁmuom decreases as the pressure in the tire is increased High-
pressure ﬁ.Ha.m are desirable, but there is a limit to what the tires omun with-
stand. Raising the pressure makes the tires more likely to be damaged b

m.omg .Hpmmmumm_ and you do not win races sitting on the side of the road wrmb N
ing tires. . General Motors tested bicycle tires for the GM Sunraycer, mnm&
&m resulting data showed that rolling resistance decreased even ﬁrnw the
tires were pressurized well beyond the manufacturer’s rated pressure. So
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for rolling resistance, the best approach is to start with the highest-rated

- manufacturer’s recommendation for the tires, and test the durability by driv-

ing the car. Increasing tire pressure will dectease rolling resistance and
increase the probability of a flat tire or blowout, Choose the highest pressure

" the team is comfortable with.  Figure 8.4 shows how the rolling resistance
+ coefficient varies with tire pressure.
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Fig. 8.4 Effect of tire pressure on rolling resistance.

Example. Assume that the car weighs 800 Ib and is traveling at 55 mph.
What is the reduction in power required to overcome rolling resistance if
the pressure in the tires is increased from 80 psi {C = 0.005) to 120 psi

(Cyr=0.00415)?

The power to overcome rolling resistance is calculated in Eqgs. 8.4 and 8.5.

. 55

Power = (1.99)(800)(0.005)} 1+—— |55=6T9 W
ower = (1.99)(800)(0.005) 100 (8.4)
Power = (1.99)(800)(0.00415) ?m%m 55=563 W (8.5)
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Changing the inflation pressure from 80 to 120 psi will reduce the power
consumption of the car by 116 W at 55 mph. If the caruses 2000 W available
to go 55 mph, a typical value for an 800-Ib car, the savings of 116 Wis a
power savings of about 6%. This is significant, but not tremendously signifi-
cant. Itis worth some effort to determine the highest pressure that can safely
be used in the tires. On cloudy days, the energy savings is more significant,
and it may be worth more risk to inflate the tires to a higher pressure.

The data also show that rolling resistance decreases with tire diameter. If
the team decides to change from a 19-in.-diameter tire (Cg =0.005t0a
26-in.-diameter tire (C. = 0.0045) there will be a power savings of 67,9 W,
or about 3% of the total power used. This would be significant too, and
should be considered. However, using 26 in.-diameter tires will require taller
fairings and increase the aerodynamic resistance, so large-diameter tires may
not mean a net benefit for the car, ...

B. NoEzw Resistance Phenomenon

Where does the rolling resistance come from? This question always comes
up when discussing rolling resistance. The answer is that the energy is pri-
marily absorbed by the rubber in the tires [8-1, §-4 to 8-6]. If a piece of
rubber is flexed back and forth it heats up as it absorbs the mechanical energy
required to perform the flexing action. The portion of the tire in contact with
the road has been deformed a little because of the weight on the tire. The
deformation is a flexing of the rubber in the area of the tire near the ground—
the tread and sidewalls of the tire are flexed slightly. As the tire rolls, the
rubber is constantly being flexed back and forth as different parts of the tire
come in contact with the ground. The rubber absorbs energy and the tire
heats up. This is the primary source of rolling resistance for pneumatic
tires rolling on concrete or asphalt pavement. The heat generated can cause

tire failure, especially if the tires are underinflated so that the magnitude of
the flexing is large.

To minimize rolling resistance it is necessary to minimize the energy absorbed
by the flexing of the tires. There are several ways to reduce rolling resistance.

1. The amount of deformation (flexing) at the road surface is proportional
to the weight on the tire. Reducing the weight on the tire reduces the
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amount of energy the tire absorbs while rolling. Lighter-weight cars
have lower rolling resistance.

2. Increasing the pressure in the tire reduces how much it deforms under

load. Therefore, increasing the pressure reduces the flexing of the rub-
ber, which reduces the energy absorbed by the tire, which in turn reduces
the rolling resistance.

3. TFlexing a thin sheet of rubber takes less energy than flexing a thick sheet,

so thin-walled tites have lower rolling resistance. Several experiments
have shown that worn tires have a lower rolling resistance than new tires
of the same type. Thin tires have low puncture resistance too, so lower
rolling resistarice must be balanced with safety and reliability.

4, Large-diameter tires have a different-shaped “contact patch” than small-

diameter tires. Large-diameter tires have less curvature (larger E&.ﬁ of
-curvature) and tend to make a Jonger and narrower contact patch. “This
reduces flexing, especially in the sidewalls of the tires. Figure 85 iltus-
trates contact patch shapes for tires [8-1].-

Static equilibrium requires that the contact patch area multiplied by the aver-
age pressure on the contact patch equal the weight on the tire. .m. two tires
have the same pressure, the contact patch area will be approximately the
same for both tires. This is especially true for the thin-walled tires used on
solar cars. Large-diameter tires have a narrower contact paich, which means
that the sidewalls flex out less under load. Less flexing means less energy
absorbed, and therefore larger tires have lower rolling resistance.

As the tire pressure increases, the contact patch area decreases, The pressure
between the tire tread and road surface increases, and so the tire is more
susceptible to road damage. The type of tire tread is important too. A tire
with a smooth tread (termed slicks) is more energy efficient than a treaded
tire. Tire treads deform under load, bending together or apart, and this action
absorbs energy in addition to the flexing of the body of the tire.

The driving surface also impacts the rolling resistance of the tires. A smooth

driving surface has a lower rolling resistance than a rough surface, because it
causes fewer deformations in the rubber. Surface roughness on the road
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Patch flexing of the tire sidewall, It will
be meore energy: efficient.

Fig. 85 Tire contact patch shape.

causes the tire to deflect in the shape of the roughness as it rolls over it
which causes the rubber to absorb more energy than for a smooth surface.

Road Surface Deformation. The other component of rolling resistance is
deformation of the road surface [8-4]. Pneumatic tires in contact with a
concrete or asphalt surface absorb much more energy than the road surface,
and so energy lost to road surface deformations is insignificant. At the other
extreme is driving in sand, where deformation of the road surface (sand) is
the dominant factor in rolling resistance. Road surface deformation is insig-
nificant for solar car racing, unless one is dealing with a race down the beach.

The issue of road surface deformation is discussed here primarily because
the novice will suggest using a rigid tire, or a tire made of a very hard mate-
ria that will not deform under load. If the tire is rigid, the energy absorbed
by the tire will be zero, which might seem to be a more energy-efficient
situation. For example, steel wheels running on steel zails (as in a railroad)
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are more efficient than pnieumatic tires running on a road surface. But steel
wheels running on an 2sphalt or concrete surface expend a large amount of
energy crushing the small rocks on the road sweface. Therefore, pneumatic
tires are the best solation for driving on pavement.

Homework. Assume that a rolling resistance test was performed on a tire
under the following conditions; the tire was pressurized to 80 psi, the weight
on the tire was 250 Ib, and the outer diameter of the tire was 19 in. Under
these conditions the rolling resistance coefficient was measured to be 0.0035,

1. Plot how the Tolling resistance coefficient would vary as a function of the
diameter of the tire, for similar tires under the same 250-Ib load and 80 psi
pressure, Vary the tire diameter from 15 to 30 in.

2. Plot how the rolling resistance coefficient would vary as a function of the
weight on the tire, assuming that the diameter is 19 in. and the tire is
pressurized to 80 psi. Allow the weight to vary from 150 to 400 1b.

3. Plot how the rolling resistance coefficient would vary with the pressure in
the tire, assuming the tire diameter is 19 in. and the weight on the tire is
250 1b. Vary the pressure from 40 to 200 psi.

C. Energy Loss Model for Tire Misalignment

Tires absorb energy through rolling resistance when they are aligned with the
direction of travel. They absorb more energy when they are not properly
aligned. The misalignment can be caused by poor stiffhess in the suspension
or chassis structure, loose-fitting connections in the suspension, bumpy or
non-Ackerman steering, or simply not adjusting the toe-in of the wheels so
they are aligned properly. Suspension geometry design is covered in Chap-

" ter 9. The purpose of this model is to understand and quantify the energy

losses caused by wheel misalignment. Figure 8.6 itlustrates a misaligned tire.

As the tire rolls, the leading edge would like to travel along a straight line
distance b rzlative to the trailing edge. However, when the leading edge
makes contact with the pavement, it would need to slide laterally a distance
(b sin®) relative to the pavement to travel along a straight line to the trailing
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Direction of
travel for
the car

Direction
of travel

Direction
of travel

Leading edge of 6 = Misalignment angle
contact patch

W = Weight on tire

b ~— Contact patch C = Rolling resistance
/N coefficient for an
aligned tire
AN Trailing edge of p= Coefficient of friction . . .

contact patch between tire and road “Rigid” tire. The contact ..E,mx@n: tire. The tread flexes
: patch must slide laterally allowing the contact wﬁnm to be
_ b= Contact patch length (to the left) as the tire rolis. &mmnmma with the direction of

travel.

Fig. 8.6 Energy loss model for tive misalignment. Fig. 8.7 Rigid and flexible tires.

edge. If the tire were very rigid, the tread would have to slide refative to the
pavement, but tires are not rigid. The sidewalls of the tire allow the tread to
flex sideways to some extent, allowing the tread to “roll” around the side of

the rim to some degree. The difference between a rigid tire and a flexible tire
is 1llustrated in Fig. 8.7.

1. Rigid Tire Model. The simplest model assumes that the tire is rigid w,.wn
that the tread slides sideways against the pavement. This yields a high
estimate for the rolling resistance, but is a place to start in understanding
quantitatively how misalignment increases rolling resistance. The rigid
tire model is illustrated in Fig. 8.8.

The misalignment angle 8 is often called the slip angle [8-4 to 8-6], although
for small misalignments the tires donot actually slide relative to the pavement.
For small misalignments the tires deform and accommodate the misalign-
ment. For large misalignments there will be significant sliding between the
tires and the road. Tires are flexible to a large extent, so this behavior is
much more like that of the “flexible” tire in Fig. 8.7 above than the behavior
of the “rigid” tire, but there is always some sliding on the trailing edge of the
contact patch, even for very flexible tires. The high-pressure tires used for
solar car racing are much more rigid than tires used in passenger cars, s0
alignment for solar car tires is more critical than for passenger car tires.

The energy absorbed in rolling the tire a distance equal to the contact
patch length b is the rolling resistance force multiplied by the H.oEbm. dis-
tance plus the friction force multiplied by the sliding distance, as illus-
trated in Eq. 8.6.

Energy absorbed = WC b cos (8) + uWb sin (6) (R.6)
where W is the weight on the tire and W is the coefficient of friction

between the tire and the road. Dividing the energy absorbed by the
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Contact patch
length b
b cosB = Distance the car traveled
(rolling resistance distance)
b sinf
(silding distance)

Fig. 8.8 Rigid tire model parameters.

distance traveled, the force required to overcome the total rolling resis-
tance of the tires is obtained in Eq. 8.7.

Force = WC,. +uW tan® (8.7)

The effective rolling resistance coefficient Cl. is the force divided by
the weight on the wheel. For a rigid tire, the effective rolling resistance
coefficient for a misalignment angle of 9 is given by Eq. 8.8. -

Cp=C,, +|Ltan8 (8.8)

For a solar car, the typical rolling resistance for the tire is C, = 0.005,
and the coefficient of friction between the tire and road is approximately
p=10.8. Figure 8.9 shows how the effective rolling resistance coeffi-
cient C}; varies with angle of misalignment, for misalignments up to
3° for the simple (rigid tire) model.

The chart in Fig. 8.9 shows that the rolling resistance would increase
by almest a factor of ten for a misalignment angle of 3°, and that the

_.be.,mmmmEnozmamwm&maboommﬁQmﬁpEomﬁgozmﬂmE&_ mnmm@mow
misalignment, :
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Fig. 8.9 Effect of tire misalignment on rolling resistance—
rigid tive model.

Example. Assume that the car weighs 3567 N (800 Ib) and that there is
2230 N (500 Ib) total on the two front wheels of the car. The toe adjust-
ment is set wrong so that each of the front tires is out of alignment by
1° and the coefficient of friction between the tire and road is 0.8, (This
corresponds to 27 of toe misalignment,) Find the increase in energy con-
sumption caused by the front tires of the car being misaligned, compared
to tires that are properly aligned, Equation 8.9 calculates the power con-
sumed by the misalignment if the car is traveling at 64 km/h (40 mph).

Power = (0.278) (64)(2230) T +mw (0.005+ (0.8)sin (1%)) =1051 W (8.9)

If the wheels were aligned, the rolling resistance power would be 277 W,
so the 1° misalignment almost quadruples the rolling resistance of the
front tires on the car. Alignment is quite important, but this simple model
overestimates the drag penalty caused by wheel misalignment. The flex-
ible tire model gives a more realistic estimate of the drag penalty caused
by wheel misalignment, but it is also more complex.,

Flexible Tire Model. The tire has some lateral flexibility, and will flex
sideways for some distance rather than sliding sideways. Some or all of
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the distance (b sin@) will be taken up by flexing of the tire. As a first
approximation, assume that the tire tread flexes laterally some distance 8
for a given lateral load F, so that F = k8 as illusirated in Fig. 8.10. The
tire will flex laterally until the lateral load exceeds the friction force
between the tire and the road, at which point the tire will slide laterally.
Figure 8.10 llustrates the assumptions of this model.

Flex Distance 8 —

Latera] Load F

Lateral
Load F S

iding. F = uW - -
Sliding, n e

o
o]
|

8¢ Flex Distance 5

Fig. 8.10 Flexible tire model.

For the misalignment to be fully taken up by flexing the tire, the lateral
movement of the tread (b sind) must be less than or equal to 8 I (b sind)
is greater than ¢ some of the lateral movement will be taken up by
flexing, and the rest by sliding. Rolling resistance comes from flexing
of the tire, so the additional flexing because of the lateral load will
increase the rofling resistance, but not as much as the sliding of the tire.
A weight W on the tire causes a rolling resistance force of WC,, and the
force comes primarily from flexing rubber in the tire, As a first approxi-
mation, it could be assumed that 4 lateral Joad F on the tire would cause
the same amount of rolling resistance, so that the rolling resistance force
for a weight and lateral load on the car is given by Eq. 8.10.
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Rolling resistance force = WC_. +FC,, (8.10)

The fundamental idea behind this assumption is that a lateral force causes
approximately the saime amount of flexing of the tire as a weight force of
the same value. This is just an assumption, and an argument could be
made that lateral loads cause more deflection or less deflection than ver-
tical loads. This is the first of several approximations that must be made
to get results out of the flexible tire model. Two cases must be consid-
ered when considering this model.

_ Case 1. All of the lateral motion is taken up by the flexing of the tire. Ifb sin®

<8¢, all of the tire’s lateral motion can be attributed to flexing and there will
be no slipping between the tire and the road. The lateral load on the tire is
expressed as kb sind, and the effective rolling resistance coefficient CJ; is
given by Eq. 8.11.

om*?%%%n a.:v
Case 2. Some of the tire’s latetal motion is attributed to flexing and some to
sliding. The tire can accommodate a maximum lateral motion of § without
slipping. Ifb sin@ > 8¢, an amount ¢ is taken up by flexing of the tire and
the rest of the lateral motion is taken up by sliding the tire on the pavement.
It can be shown that the effective rolling resistance coefficient C., for this
case is given by Eq. 8.12.

b sing - EW.

Chp=Cp+pCpp | —K 1y

b cosd (8.12)

To use this model, it is necessary to measure a lateral stiffness value for the
tires (k) and a contact patch length (b). These quantities are not always known,
and vary from tire to tire, along with the pressure in the tire and with the
weight on the tire. The method discussed below allows these quantities to be
estimated so that results can be obtained from the model, but a better approach
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involves developing experiments and measuring these quantities for the tires
being used.

Assuming an oval shape, the contact patch is related to the pressure P in the
tires approximately as shown in Bq. 8.13.

b (8.13)

where W is the weight on the tire, a is the minor axis of the ellipse, and b is
the major axis (and contact patch length). If the contact patch has an aspect
ratio (r, = b/a}, the contact patch length (b) is given by Eq. 8.14.

b= o)W 8.14)
TP

For solar car tires and most bicycle tires, r, = 3 (approximately). The aspect
ratio is less for passenger car tires. The contact patch length can then be
approximated from the weight on the tires and the pressure in the tires. For
example, if the weight on the tire is 1338 N (300 Ib), and the tire is pressur-
ized to 793 kPa (115 psi), the contact patch length would be 8.03 cm (3.16 in.),
and the width would be 2.67 cm (1.05 in.). This figure is approximately
correct for Bridgestone solar car tires.

The stiffness of the tite (k) increases with increasing pressure. A test was
performed at the University of Missouri-Rolla on Bridgestone tires and it
was found that a reasonable estimate for k for the tires when pressurized to
689 kPa (100 psi) is 700 KN/m (4000 Ib/in.). That is, it would take approxi-
mately 446 N (100 1b) lateral load to deflect the tire laterally 0.635 mm
(0.025 in.). Increasing the pressure in the tires would increase the k value,
but it is not known if this increase is linearly proportional to the pressure or not.

In the formula, a higher k value will increase the rolling resistance, so it

might seem that reducing the pressure in the tires to reduce the k value would
lower the rolling resistance. However, C,, and the contact patch length b
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both decrease with increasing pressure. The tires will never be perfectly
aligned, and there will be an optimum pressure for a given misalignment that
will minimize rolling resistance. This “optimum” pressure may be greater
than the pressure that is safe for the tires, and safety and reliability are more
important than Jowering rolling resistance. If the pressure is high enough to
cause sliding of the tires, there is a very marginal reduction in C, for increas-
ing pressure. Comimon sense is required in selecting the best tire pressure,

Example. Assume that there is a weight W =250 Ib on the tire, and the tire is
out of alignment. Plot how the rolling resistance coefficient varies with mis-
alignment for P= 80, 110, and 140 psi. Assuming an aspectratio of three, the
contact patch length can be estimated from Eq. 8.15.

e E@mme €15

The lateral stiffness of the tire is probably not exactly linear with respect to
the pressure in the tire, but it would certainly increase with the pressure in
the tire. For the purposes of this model it was assumed that k varied linearly
with pressure in the tire according to Eqg. 8.16.

k= (40)P (8.16)

The coefficient of friction between the tires and the road was assumed to be
p=0.8. It was also assumed that the rolling resistance coefficient for the
tires was 0.005 when the weight on the tire was 250Tb and the pressure in the
tire was 100 psi. The diameter of the tires was assumed to be 19 in. Using
the tire model in Eq. 8.1, Eq. 8.17 shows how the rolling resistance coeffi-
cient C; varies with tire pressure. _

0.3072
Ce= @.mmuﬁ,,wiw 19 )\Gm _ 2289.7

100 1958+ 6975y | &1

Figure 8.11 shows how the effective rolling resistance of the tire varies with
the pressure to which the tire is inflated and the angle of misalignment.
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Fig. §.11 Effects of tire pressure and misalignment angle on rolling
vesistance—flexible tive model.

If the tires are reasonably well aligned, a higher tire pressure yields a signifi-
cantly lower rolling resistance. If the tires are misaligned 12, there is very
little difference in rolling resistance for tires inflated to-80, 110, and 140 psi
pressure. Careful examination of the data shows that the high-pressure tire
actually has slightly higher rolling resistance than the low-pressure tire for
misalighment angles of 1° or more. If there is a large angle of misalignment, a
lower-pressure tire will be able to accommodate the misalignment better,
and will have a (very slightly) lower rolling resistance. Another benefit is
that the lower-pressure tire is less likely to be damaged in use, that is, it is
less likely to blow out. .

The flexible tire model yields a low estimate of the rolling resistance because
it assumes no slipping for small tire misalignments. In reality there is always
some slipping near the rear of the contact patch. Actual rolling resistance for
a given tire misalignment lies somewhere between the simple and complex
models. These models illustrate that it is most important to keep the tires
aligned. Small misalignments cause significant increases in the rolling
resistance. -
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Chapter 9

- Front Suspension Design

A. Wheel Selection

Once the tires are selected, a wheel must be selected that fits the tire. The
wheel may be purchased or it may be manufactured to fit the tire. If the
wheel is “dished” on the inside as fllustrated in Fig. 9,1, the brake disk and
calipers can fit in the dished area, and the fairing for the wheel can be thin-
ner. This reduces asrodynamic resistance.

Tire
Brake
Cali
atper Dished wheel allows the
wheel/brake package to be
narrower, which makes the
fairing Harrower, which
Brake improves aerodynarmics
Disk
./,"Umm"ﬁa:
‘Wheel
Tire

Fig. 9.1 Packaging the brakes within the dished wheel.
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B. Brake Design

The brakes must be able to provide at least a 0.5g deceleration when braking
to pass the braking test for races in the United States. There will be some
reaction time for the driver, so the brakes will actually have to exceed the
0.5g requirement to accommodate the driver reaction time, To accomplish
this, the brakes should be powerful enough to slide the front tires. When
braking, the weight shifts toward the front of the car. If the car has 60-70%
of the weight on the two front tires, a good assumption is that about 70-80%
of the weight of the car will be on the front (35-40% on each front tire)
during hard braking. Ifthe tire is locked up and sliding, the braking decelera-
tion is illustrated in Fig. 9.2. A

Car Velocity

.35y 10 (0.4)
Coefficient of Friction
Mo~ 0.8 _ i N
=(0.8) 2
Car Weight =W =(0.28)t0 (0.32) W

N =(0.35) to (0.4) W

Fig. 9.2 Calculation of braking deceleration.

With these assumptions, the braking force is (0.28) W to (0.32) W for each
front tire, or (0.56) W to (0.64) W when the front tires are locked up and
sliding. This would yield a deceleration of 0.56-0.64g, which would meet
the 0.5g requirement for brake performance and allow some reaction time for
the driver. n

If too much weight is on the rear tire, there will be less than 70% of the

weight on the front when braking, and it will be difficult to achieve the 0.5g
braling deceleration. On the other hand, if too much weight is on the front,
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the nose will dive into the pavement and the rear will hop up into the air.
Statistically, there should be 60-70% of the weight on the front to ensure
good braking performance and control of the car.

If the center of gravity (CG) of the car is known, it is possible to calculate
how much the weight shifts forward when braking, and the maximum brak-
ing force. The following example iflustrates the process. Assume that the
wheelbase for the car is 2.54 m (100 in.) and that the center of gravity is
1.016 m (40 in.) behind the front wheels and 0.508 m (20 in.) above the
pavement. The geometry is illustrated in Fig 9.3.

For a braking force F and car weight W, the normal forces
(weights) on the front and rear are:

ar

Front F—® T R
2L "G Josogm@oin)
k / Braking
Force T
1016 m~————1.524m i
ﬂ 40 in. W . N;

60 in.

Belancing forces in the x-direction, the inertial braking force must
be equal to the braking force F.

F N.m...@:w Weight shift when braking.

F is the inertial force of ‘ammﬁbmu equal to the mass of the vehicle multiplied
by the braking deceleration. The forces on the front and rear axles can be
obtained by summing forces and moments, and are given in Eqs. 9.1 and 9.2,

(60YW +(20)F

N, =
£ 100

(®.1)

_(40W - 0)F

N
g 100

©.2)
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L.

2.

Front Wheel Only Braking. If only the front wheels provide braking, the
maximum braking force for the car is equal to the normal force on the
front axles multiplied by the coefficient of friction betwsen the tires and
the road, that is, the maximum braking force is F = (0.8)Ny. The normal
force on the front wheels is calculated using Eq. 9.3.

_ (60YW + (20)(0.8)N;
- 100

Ng = (0.714)W

Ng
(9.3)

So 71.4% of the weight is on the front axles in hard braking, comparad
with 60% on the front with no braking. The maximum braking decelera-
tion is 0.8 times the normal force on the front axles, or 0.571g decelera-
tion. Braking tests include the reaction time of the driver, so if a 0.3g
brake performance is required, and a 0.571g brake is the maximum pos-
sible for the car, not much reaction time is left for the driver. A well-
trained driver would be able to pass the test, but it would be extremely
close. ’

Front and Rear Braking. If full braking is applied to the front and rear
wheels, the car can theoretically achieve 0.8g deceleration. Front/rear
braking is more difficult to design becauss the brakes must be propot-
tioned. It is important that proportioning be done so that the rear brakes
do not lock up and slide before the front brakes lock up. Sliding on the

- rear brakes will cause the car to go into a spin, and may cause the driver

to lose control. If the front brakes lock up, the car will tend to slide in a
straight line, and it is easier for the driver to regain control. For any
vehicle, it is important for stability that the rear braking be controlled so
that the rear tires do not lock up and throw the car into a spin.

To prevent sliding on the rear tires, the rear braking load should be lim-
ited to 0.5 N,. The maximum braking force is 0.8 times the normal force
on the front plus 0.5 times the normal force on the rear. Equation 9.4 is
solved to get the normal and braking forces acting on the car.

F = (0.8)[(0.6)W +(0.2)F] + (0.5){ (0.4W — (0.2)F] (9.4)

Eront Suspension Design

Solving the equation, F = 0.723 W, Ny= 0.745 W, and N, = 0.255 W.
Here, 74.5% of the weight is on the front wheels in hard braking, com-
pared with 60% static weight on the front wheels. The maximum braking
deceleration is 0.723g. This illustrates that a relatively small braking
force on the rear wheels will shift a little more weight to the front and
significantly increase the braking deceleration.

In most cases the best approach in designing solar cars is to use the motor
for regenerative braking on the rear, and have disk brakes on the front. A
backup system should be available for safety reasons in case the disk
brakes fail. Regenerative braking does not work if the batteries are fully
charged, and it does not work well at slow speeds. A mechanical braking
system such as redundant disk bralkes or a cable brake should be employed
for safety in case the disk brakes fail. Care must be taken when applying
the regenerative brakes, especially on wet pavement. The regenerative
brakes can cause the rear wheel to slide and make the car spin out of
control. Several-teams have had accidents and near misses when the
regenerative brakes locked the rear wheel as the car was traveling down-
hill on wet pavement.

Sizing the Brake System. The pedal, master cylinder, brake caliper, and
disk must be sized to achieve the required braking torque. This can be
worked out in general with symbols, but as with most analysis, reason-
able assumptions must be made to get to a solution. The assumptions are
the manifestation of the design philosophy. In the analysis here, it was
assumed that braking was applied only on the front wheels and that the
coefficient of friction was 0.8 between the tires and road. Nyis the total
weight on the front in hard braking, so N¢/2 is the weight on one front
wheel, assuming that there are two front wheels.  If the tire has a radius
t1, the required braking torque Ty to slide the tires is given by Eq. 9.5.

Ty = e.gmﬁm@q = (0.4)(Ng)rp - (95)

If the normal foree is equal to 0.745 W as in the example for front wheel
only braking in item 1, then the braking torque is 0.298 Wrr. The brake
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%7 disk will have a radius 1y to the center of where the brake pads in the
calipers contact it, as illustrated in Fig. 9.4,

If the normal force on the front in hard braking is 0.745 W, the normal
force on the brake pads is 0.745 W{rp/rp). So under the assumptions of
this design philosoply, the normal foree required between the brake pads
and the disk is equal to the total weight on the two front wheels in hard
braking multiplied by the ratio of the tire radius to the radius to where the
brake pads contact the brake disk, The radius of the wheel is generally
between two and three times the radius to where the brake pad contacts
the disk, so the compressive normal force between the brake pads and
the disk must be two to three times the total weight on the front wheels in
hard braking. This is a very substantial force. The normal force Np on
the pads is generated from the fluid pressure acting on the pistons in the
brake calipers, as illustrated in Fig. 9.5.

Point where brake pad
contacts brake disk

Fluid Pressure
from Brake Line

Fig. 9.4 Brake pads and brake disk.

Pressure i LRGN iPresstire
on Piston:

The friction force between the pad and disk must generate the brake
torque. With two pads, one on each side of the disk, the friction force

required by the pad is given by Eq. 9.6.
Piston Piston
Ts Brake Pad Brake Pad
Fp=—=
P 21 (9.6)
/ .

The coefficient of friction between the brake pad material and a steel Brake Disk
disk is typically 0.2-0.4. The lower coefficient of friction occurs when

the brake disk gets wet. It is good practice to design against the worst
case of (L = 0.2, so the normal force on the brake pads Np is given by

Fig. 9.5 Brake caliper schematic.
Eq. 9.7.

It is important to choose calipers that retract, pulling the brake pads back
away from the disk when the brakes are not being applied. Nonretracting
calipers tend to have brake scrub, which wastes energy. Fluid pressure

Np =L e
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Front Suspension Design

from the line pushes on the pistons, and the pistons push the brake pads
against the brake disk. If the pistons in the brake calipers have a diam-
eter dp, the fluid pressure P required is given by Eq. 9.8.

Np

n .2
T, (9.8)
2 0P

P=

The brake line goes from the calipers to the master cylinder. ‘The brake
pedal must push on the master cylinder piston hard enough fo generate
the pressure P as illustrated in Fig. 9.6.

; www , Peda! Force
Fiuid \ : =
; P

Pressure

Brake Line Carries
Fluid to Calipers

Fig. 9.4 Brake master cylinder schematic.

If dyy is the diameter of the piston in the master cylinder, the pedal force
Fp required is given by Eq, 9.9.

Fp nwmaw@ (9.9)
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The pedal force must be provided by the driver, so the system must be
designed such that the driver is strong enough to provide the required
pedal force. The brake pedal is designed as a lever to amplify the force
of the driver’s foot, and there are several possible approaches to design-
ing the brake pedal. A commeon design is illustrated in Fig, 9.7.

Master Cylinder b
Piston Force

Fp
D Driver’s Foot
Force

Fig. 9.7 Brake pedal schematic.

The leverage factor for this type of brake pedal design is b/a, that is, the
force on the master cylinder piston will be b/a times the force of the
driver’s foot on the pedal. Plugging all this into the equations above, a
relationship can be developed between the force the driver must push on
the pedal Fpy, the weight on the front wheels of the car in hard braking Ny,
the radius of the tire ry, the radius to where the brake disk pad contacts
the brake disk rp, the diameter of the master cylinder piston dyy, the
diameter of the caliper pistons dp, and the leverage factor on the brake
pedal b/a. Eq. 9.10 illustrates this relationship.
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It is reasonable to expect the driver to push with 446 N (100 Ib) in hard
braking. After setting Fp, to a maximum of 446 N, Eq. 9.10.is helpful in
selecting the right calipers, master cylinder, brake disk, and brake pedal
to make the design work properly. It is a challenge to optimize the
design. Increasing the diameter of the brake disk will increase ry, and
reduce the amount of braking force required by the driver, but making
the radius large pushes the disk down into the airstream wwm malkes the
front-wheel fairings wider.

Increasing the diameter of the pistons in the calipers reduces the amount
of force required by the driver, but this increases the volume of fluid that
must flow through the line to activate the brakes. Increasing the leverage
factor on the brake pedal or decreasing the diameter of the master cylin-
der piston will reduce the force required by the driver, but both of these
changes tend to reduce the amount of fluid flowing down the brake lines
to acttvate the calipers. Once a geometry is selected, an analysis must be
done to ensure that with the maximum brake pedal travel, the master
cylinder displaces enough volume to activate the nmEuon These details
are illustrated in the following example.

Example. The team decides that to slide the tires the driver should push
on the pedal with a force of 445 N (100 Ib). The calipers selected have
a piston diameter dp = 24.5 mm (1 in.). The tire diameter is 482.6 mm
{19 in.), and the radius to where the pad contacts the disk is $8.9 mm
(3.5 in.). Master cylinders are available with piston diameters of 12.7,
19.0, 25.4, and 38.1 mm (0.5, 0.75, 1.0, and 1.5 in.). Select a master
cylinder and design a brake pedal that is 305 mm (12 in.) long. The
weight of the car and driver is 3559 N (800 1b) and in hard braking 74.5%
of the weight is on the front wheels. The force analysis is shown in
Eqgs. 9.11 and 9.12.

(9.11)

2413V a2 Y 2
445 N = (0.745)(3559 M| =
O74)% Eﬁ me 25 4% TQL
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d}sa = (12,167) mm® ©.12)

From Eq. 9.12 it can be seen that there is a relationship between the
leverage factor for the brake pedal (a/12) and the master eylinder diam-
eter. The different possibilities aré listed in Table 9.1.

TABLE 9.1
RELATIONSHIP OF MASTER CYLINDER DIAMETER
AND BRAKE PEDAL LEVERAGE FACTOR

dp a
12.7 mm (0.5 in.) 75.4 mm (2.97 in.)
19.0 mm {0.75 in.) 33.5 mm (1.32in.)
25.4 mm {1.01n.}) 18.8 mm (0.74 in.)
38.1 mim (1.5 1n.) 11.9 mm {0.47 in.)

The most reasonable solution is probably the 0).5-in.-dameter master cyl-
inder, although the 0.75-in, master cylinder would work. As the leverage
factor (a} gets very short it becomes difficult to design the pedal. This
example illustrates the basic analysis process, but there are certain details
that must be taken care of. The components must be capable of handling
the fluid pressuré and all of the forces applied to them. Besides strength
requirernents, there are also the fluid volume and travel requirements for
the brake system to work properly.

The master cylinder must be able to displace enough volume of fluid to
push the brake pads into coutact with the disk. There must be space
between the brake pads and the disk when driving the car, or there will be
brake scrub, which wastes a lot of energy. A well-designed system will
have about 1.5 mm (0.06 in.) clearance between the brake pads and the
disk when the pads are retracted. With two front calipers (one per front
wheel) and two pistons in each caliper, four pistons must be activated

. when activating the front brakes. The required fluid volume to be dis-

placed is caleulated from Eq. 9.13.
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am
Volume = 4-—~dpt
olume = 4~ Cplp 9.13)

where tp is the clearance between the brake pads and the rotor when the
brake system is not activated. If tp is 1.5 mm (0.06 in.) and the caliper
piston diameter is 25.4 mm (1.0 in.), the volume of fluid to be displaced
is 3080 mm? (0.188 in?). The actual volume required will be greater
than this because of flexibility in the brake lines and other components
in the brake system. As artule of thumb it is a good idea to double the
calculated volurne to account for flexibility in the system.

If a master cylinder with a diameter of 12.7 mm (0.5 in.) is selected and
the rule of thumb is applied to the required volume, the piston must travel
48.8 mm (1.92 in.) to activate the brakes, so a master cylinder must be
selected that has atleast 48.8 mm (1.92 in.) of travel. From Table 9.1 the
length a is to be 75.4 mm (2.97 in.), so the brake pedal must travel a
distance of 48.8(305/75.4) = 197 mm (7.75 in,) where the driver pushes
on it to activate the brakes. This is an acceptable design, but it may be
difficult to find a master cylinder with a diameter of 2.7 mm (0.5 in.)
with 48.8 mam (1.92 in.) of travel.

If a master cylinder with a diameter of 19 mm (0.75 in.) is selected, the
piston must travel 21.6 mm (0.85 in.) to activate the brakes. From
Table 9.1 the length a is to be 33.5 mm (1.32 in.) and the brake. pedal will
travel 197 mm (7.75 in.) to activate the brakes. (The distance that the
driver’s foot must move to activate the brakes is the same no matter which
master cylinder is selected.)

C. Homework for Brakes

The following homework exercise leads the reader through the design of a
braking system.

1.

Calipers have been selected with a piston diameter dp=38.1 mm (1.5 in.),
a pad diameter of 254 mm (1 in.), have a maxinnun pressure rating of
5.53 MPa (800 psi), and there is a coefficient of friction of 0.2 between
the pads and the rotor. Find the maximum friction force for one brake
pad. [1260 N (283 Ib)]
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2

The car weight is 2675 N (600 Ib) and it is estimated that 74.5% of the
weight will be on the front wheels when the car experiences hard brak-
ing. The tires are 482.6 mm (19 in.) in diameter and there is a coefficient
of friction of (1.8 between the tires and road. Find the required radius to
where the pads should contact the disk rp so that it is possible to slide the
tires, and estimate a minimum disk diameter. [rp = 80.3 mm (3.16 in.),
disk diameter = 93 mum. (3.66 in.) because the whole pad bas to fit on the
disk]

Master cylinders are available with piston diameters of 12.7, 19.0, 25 A,
and 38.1 mm (0.5, 0.75, 1.0, and 1.25 in, respectively). The brake pedal
can be a maximum of 254 mm (10 in.) long. Select a combination of
master cylinder and distance-on the pedal as illustrated in Fig. 9.6 so that
the driver need push with only 669 N (150 Ib) to slide the tires. (The
solution options are illustrated in Table 3.2.)

TABLE 8.2
HOMEWORK: RELATIONSHIP OF MASTER CYLINDER
DIAMETER AND BRAKE PEDAL LEVERAGE FACTOR

- dm a
12,7 mm (0.5 in) 81.5 mm (3.21 in.)
19.0 mm {0.75in.) 36.3mm {1.43in.)
254 mm (1.01in.) 20,3 mm (0.80 in.)
8.1 mm (1.5 in.} *13,0 mm (0.51 in.)

[Probably the most reasonable solution is to use the master cylinder with
a diameter of 19.0 mm (0.75 in.) and make a =36.3 mm (1.43 in.).]

If the pads withdraw when the brakes are released so that there is 2 mm
(0.08 in.) clearance between the pads and disk, find the volumetric dis-
placement on the master cylinder and the required travel on the master
cylinder and brake pedal. Use the rule of thumb of doubling the calou-
lated volumetric displacement in calculating the required travel distances.
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[18,517 mm?® (1.13 in.3) volumetric displacement. The master cylinder
must have 65.0 mm (2.56 in.) displacement if the 19.0-mm (0.75-in.)
master cylinder is used, or 36.6 mm (1.44 in.) travel if the 25.4-mm
(1.0-in.) master cylinder is used. The pedal will travel 455 mm (17.9 in.)
in either case.]

3. The solution to this point is not practical because it will not be possible
to allow 455 mm (17.9 in.) travel on the brake pedal, If the clearance
between the brake pads and the disk can be reduced to 1 mm (0,04 in.)
the required travel is reduced by a factor of two to 228 mm (9 in.) which
is a more practical amount, This small amount of clearance may cause
brake scrub. Precise manufacturing and high stiffhess in the calipers and
caliper mounting brackets will be required to keep the brakes from scrub-
bing. Another approach is to use smaller-diameter pistons in the brake
calipers and rework the problem, but this will increase the diameter of
the brake disk. The designer must consider the components available
and develop a system that will work.

D. Hub and Spindle

At this point in the design process for the front suspension the tire was cho-
sen for minimum rolling resistance, a2 wheel was chosen to fit the tire, dished
if possible to allow for good packaging of the brake calipers and disk, and the
brake system was designed. Wheels, tires, and brakes are usually purchased
components and a design must be developed around what is available to be
purchased and the cost of the components. The hub and spindle are compo-
nents that are usually designed and built by the team.

1. Hub Design. The purpose of the hub is to connect the‘wheel to the brake

. disk, and to house the bearings that the wheel assembly spins on. The

"~ hub must be structurally capable of carrying the braking torque and the
bearing loads. This is not usually a problem because to connect the wheel
to the brake disk requires that the hub be approximately 12.5 cm (5 in.) in
diameter. The hub is usually made of aluminum to minimize the weight.
The brake disk connects to one side of the b and the wheel connects to
the other side.” The hub must be wide enough to provide clearance
between the brake calipers and the wheel as illustrated in Fig. 9.3.
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Fig. 8.8 Hub and spindle schematic.

Some secondary design issues exist for the hub. There is a small amount
of play in the wheel bearings that will allow the wheel to rock back and
forth. All bearings must have a small amount of play to be able to rotate.
This creates a small amount of scrub that causes tire wear and increases

the car’s energy consumption. Locating the wheel bearings as far apart

as is practical in the hub will minimize the scrub and make a slight im-
provement in the energy efficiency of the car. Spreading the bearings
apart also reduces the bearing forces when cornering, which reduces the
loads on the hub and spindle.

A solid aluminum piece machined to accommodate the wheel, disk, and
wheel bearings works well for the hub, but a stress analysis will show
that there is a lot of extra material and that the hub is heavier than it
needs to be. Reducing the weight of the spindie should not be a priority
because the amount of weight to be saved is small. It requires a lot of
effort for a small savings in weight, and the effort may be better spent on
other aspects of designing or manufacturing the car. The spindle isa
component that will see some abuse when the team gets in a hury
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changing tires during the race. The maximum normal stress in the hub
should be limited to 70 MPa (10,000 psi) when optimizing the design of
the hub.

3pindle Design. The purpose of the spindle is to carry the wheel-bearing
loads and to transmit those loads to the kingpin, The spindle is a cantile-
vered shaft and it is a highly stressed component. The spindie should be
designed to carry a 3g bump, a 1g brake, and a 1g corner in either direc-
tion. The bending moment is much larger where the inner bearing is
located than where the outer bearing is located, so the spindle is usually
stepped as illustrated in Fig. 9.8. The maxinum bending moment oceurs
where the spindle attaches to the kingpin. .

Steel is the recommended material for the spindle. If structural steel
is used the maximum normal stress should be limited to 125 MPa
{18,000 psi). If chrome-alloy steel (4130 steel) is used the maximum
normal stress should be limited to 245 MPa (35,000 psi). Aluminum
should not be used for the spindle because it does not have the fatigue
strength, stiffness, or surface hardness required for such a highly stressed
component. Titanivm can be used if the maximum normal stress is lim-
ited to 350 MPa (50,000 psi), but the designer must recognize that tita-
nium has a lower modulus than steel and that stiffness of the spindle is a
factor in wheel alignment and scrub.

Load Cases. The load cases for the hub, spindle, and other suspension
components are the 3g bump, the 1g brake, and the 1g cornering load in
either direction. Experience has shown that if the components are
designed to carry these loads, then they will hold up well in service. All
of the load cases are based on the weight W on the wheel, so reducing
the weight of the vehicle will reduce the loads the suspension compo-
nents will have to carry. Static analysis is used to find the bearing loads,
and then these loads are used to calculate siresses in the components.
The stress analysis is beyond the scope of this book, but a lirnited amount
of discussion of the load cases is provided. The 3g bump is illustrated in
Fig. 9.9.

InFig. 9.9, Py and Py are the loads on the inner and outer wheel bear-
ings, and I and I, are the horizontal distances between the center of the
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Fig. 9.9 Loads for 3g bump.

tires and the inner and outer wheel bearings, respectively. The loads on
the whee! bearings are given by Eqgs. 9.14 and 9.15.

HO

Py =3Wyp| ——

a1 T T +1g (9.14)
lo

Ppp =3Wp| ——

BI T I+l (9.15)

The loads for a 1g cormering are illustrated in Fig. 9.10. Cornering in the
direction shown yields the higher cotnering stresses, and is usually the
largest stress case for the suspension components.
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kingpin and a-arms, but is not a problem for the spindle. For the case of
the 1g braking load, a load equal o the weight on the tire is placed where
the tire contacts the road. The torgue that this load creates around the
spindle axis is balanced by the friction force that the caliper exerts on the
brake disk.

E. Suspension and Chassis Design Philosophy

The suspension and chassis components are highly important for the safety
and performance of the car. Failure in the suspension or chassis will often
make the car go out of control, so it is very important that these components
do not fail. It is tempting for the mechanical engineer to design these compo-
pents to the limit of the strength of the material to minimize their weight.
Keeping the weight under control is extremely important for solar cars, but it
is not good design philosophy to design chassis and suspension components
near their limit for any vehicle, including solar cars.
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The difference between having a safety factor of two and a safety factor of
four in the chassis end suspension is only a few kilograms in the total weight
of the vehicle, and it is worth it for the additional safety aspects of the car.
Making the suspension components stronger also makes them stiffer, and
there is a small improvement in wheel alignment if the suspension and chas-
sis components are stiffer. The philosophy for designing suspension and
chassis components should be to err on the side of safety, recognizing that
there is some benefit to making the components stronger. Do not take on a
lot of risk with these safety-critical components. On the other hand, do not
tremendously overdesign the components, The stress limits proposed in this
and other chapters are adequate,

Wr Fig. 9.10 Ig cornering loads.

For the outer corner load illustrated in Fig. 9.10, the weight on the tire
and the cornering load combine to produce a large bending moment on
the spindle, which is then transmitted to the kingpin and other suspen-
sion components. Assuming rr as the radius of the tire, the wheel-bearing
ioads are given in Egs. 9.16 and 9.17. -

| it ﬂ
) Ppo =Wy L+l : (9.16)

E. Front-End Geometry and Steering = -

The geometry of the front end is set to minimize the energy the front suspen-
sion abgorbs while the car is traveling down the road. Tires generate rolling
resistance, which cannot be avoided, but the energy lost in the tires can be an
order of magnitude higher if the front suspension geometry is not set up
propetly. The two fundamental mechanisms leading to energy loss in an

- rr—lp
Ppp = Wr Wil _ (9.17)

For a 1g braking load the stress on the spindle is Eém%m less than the
stress for the 3g bump. Braking often generates high stresses on the
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improperly designed suspension are tire misalignment and tire scrub [9-1,9-2].
Misalignment is illustrated in Fig. 9.11.

The front tires
H are “toed in”
il

i

N

Fig. 9.11 Toe-in misalignment of the front tives.

The front tires should be paraltel and aligned with the body of the car when it
is traveling straight down the road. Figure 9.11 shows a greatly exaggerated
misalignment, but even small angles of misalignment significantly increase
the rolling resistance. The high-pressure tires used on solar cars are more
sensitive to misalignment than passenger car tires. That is, for the same
angle of misalignment, higher-pressure tires have a higher percentage increase
in rolling resistance because they are stiffer and less able to accommodate
the misalignment. Adjustments must be made in the steering linkage to allow
the wheels to be properly aligned. )

Even if the steering linkage is properly adjusted, there can still be alignment
problems. If the suspension has low stiffness so that it flexes noticeably
under load, it will flex back and forth as the car travels down the road, and
the wheels will always be misaligned to some extent. Flexibility in the sus-
pension always leads to misalignment and increased rolling resistance [9-1
to 9-5]. Similarly, if the connections in the ball joints, rod ends, or steering
linkages are loose, the wheels will wobble because of the play in the linkage
connections, and never be properly aligned. All connections must be tight.
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If the tie rods are not of the proper length, the wheels will toe in and out as
the car bumps up and dows, a condition known as bump steer [9-2 to 5-3].
The suspension is constantly going through small up and down movements
as the car travels down the road, so bump steer can waste a lot of energy. As
the car turns comers the inner wheel should turn slightly more than the outer
wheel, or the wheels will be misaligned when comering. The tie rods and
steering knuckles must be properly sized to achieve Ackerman steering to
minimize the energy lost when cornering [9-3 to 9-5]. Poor adjustment of the
suspension, flexibility, loose suspension connections, bump steer, and non-
Ackerman steering are all examples of suspension problems that cause the
tires to be improperly aligned. The suspension must be designed to HE.E.EW@
these energy losses, or the solar car will have high rolling resistance and will
not be competitive.

The second energy loss mechanism is scrub. As the suspension bounces up
and down, the “‘contact patch” between the tire and road can move in and out as
illustrated in Fig. 9.12, a condition known as scrub [9-3 to 9-5]. This back-
and-forth motion literally scrubs the tread off the tire, absorbing a lot of energy.

The goal in suspension -geometry is to design a suspension and maoﬂbm sys-
tern that has minimal scrub and keeps the tires propesly aligned while going

Connections
to Chassis

Tire in
Bumped-Up
Position

Fig. 9.12 Scrub of the front tires.
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over bumps and around corners. As has been stated, an important aspect is to
design a “stiff” suspension. The connectors, whether they are tie rods, spheri-
cal bearings, or ball joints, must fit tight so that there is little play in the
system. Any play in the system will allow the tires to wobble around and
introduce an apparent misalignment that cannot be corrected.

The first step is to choose the type of suspension to use. A double wishbone
suspension will theoretically provide the bést control of the front-end geom-
etry, and has been used for many years for race cars and production cars [9-3
to 9-5]. A McPherson strut suspension is simpler than the double wishbone
design and gives good control of the front-end geometry. However, to pro-
vide zero scrub, McPherson struts must be about 90 cm (36 in.) long, requir-
ing a body that is 90 cm thick, which is unacceptable for solar car
aerodynamics. Nearly all solar cars have used a double wishbone suspension
{or a double a-arm suspension), so the discussion will focus on this type of
design.

The double wishbone is a four-bar mechanism, and the equations governing
its motion are complex. 1t is difficult to obtain an analytical solution. There
are computer programs that can be used to solve the problem of defining
front-end geometry, and it is recommended that the team -obtain a program to
assist in the front-end geometry design. A geometric construction techmique
is used in this chapter to illustrate front-end geometry design. Ttis an adequate
method to design the front-end geomeitry, but is not as.good or efficient as
using a computer program. The geometric construction technique illustrates
what occurs in the suspension, and helps the reader understand the suspen-
sion motion.

Before proceeding with the design of the suspension, the width of the chassis
structure and the wheel track (distance between the front wheels) must be
determined. The distance from the ground to where the lower wishbones will
connect to the chassis must be decided too. There is no formula for selecting
these three distances (chassis width, wheel track, and height above ground).
The following general guidelines can be used in selecting these distances;
the numbers in the brackets are good target values for the lengths or dis-
tances, but should not be regarded as rules. These are merely guidelines.
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1. The chassis structure should be narrow where the front suspension is
attached so that the lower wishbones in the suspension will be longer.
Longer lower wishbones will reduce the scrub and bump steer and make
the suspension more energy efficient. {23 cm (9 in.) is 2 good lower
wishbone length for solar cars.]

2. Awider wheel track will also increase the length of the lower wishbones,
so some consideration should be made to making the wheel track wide.
However, a wider wheel track makes it harder to interface the front-wheel
fairings with the body. The fairings will have to interface with the more
rounded portion of the body near the edges with a wider wheel track.
[For a car that is 1.8 m wide, a typical wheel track is 1.25 m (50 in.).]

3, The lower wishbones will transmit high loads to the chassis structure, so
the point where the wishbones hook onto the chassis will need to be
strong and stiff.

4. 1t is desirable to maximize the distance between the upper and lower
wishbones. Making this distance larger reduces the wheel wobble due to
play in the rod ends and improves the energy efficiency of the suspen-
sion. Making the distance large also reduces loads on the upper wish-
bone, and minimizes scrub and bump steer over a larger wheel bump
travel distance. [23 cm (9 in.) is a good distance between the upper and
lower wishbones. ]

When these distarices are selected, a portion of the front suspension geometry
is defined as iHlustrated in Fig. 9.13.

Once the length of the lower wishbone has been determined, the next step is
to select the angle for the kingpin axis as illustrated in Fig. 9.13. Selectinga
vertical kingpin axis simplifies designing the steering system, and makes it
easier to keep the wheels aligned when turning a corner. Angling the kingpin
through the centet of the tire patch causes the braking loads to have a zero
moment around the kingpin axis. This allows braking loads to be separated
from steering loads, and eliminates a phenomenon known as “brake steer.”
With a vertical kingpin, having one tire “grab” or “slip” against the pavement
while braking will cause the car to try to turn, because the braking force on
the tire will have & moment around the kingpin axis. The driver will fight the
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Fig, 9.13 4 portion of the front-end geometry.

steering wheel in hard braking, and this can become a stability problem.
Angling the kingpin axis makes the car more stable in hard braking, but com-
plicates the steering design. For an angled kingpin the wheel will tilt slightly
when turned, which slightly increases the rolling resistance when cornering.
The vertical kingpin is the most energy-efficient design overall by a small
margin.

There are advantages and disadvantages to the two angles shown. When
passenger and race cars are being designed, usually some angle in between
the two angles shown is chosen, compromising a small amount of cornering
efficiency for an improvement in stability. Energy efficiency is very impor-
tant for solar cars, and a strong argument can be made for using a vertical
kingpin axis. A few solar cars have used a vertical kingpin axis, but most do
not. Adequate stability can be achieved with a vertical w.EmEu axis, so angling
the kingpin axis to improve stability of the solar car is not a good justifica-
tion for having an angled kingpin axis.
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Aercdynamics is extremely important for solar cars, and making the kingpin
axis perpendicular to the belly pan will make it easier to interface the front
fairings with the body. If the belly pan is flat and parallel to the ground
around the front wheels, then a vertical kingpin will be perpendicular to the
belly pan and is probably the best choice. In most solar cars the belly pan is
curved upward to make the car thinner near the sides and to reduce the fron-
tal ared and surface area of the vehicle. If the kingpin is angled so that it is
perpendicular to the belly pan, the front-wheel fairings will interface better
with the body, and the aerodynamic energy savings is probably worth the
small increase in rolling resistance when cornering. Angling the kingpin can
also decrease the size of the hourglass-shaped holes that must be cut in the
belly pan to allow cléarance for the wheels to turn, which reduces ventilation
&mm Angling the kingpin axis to reduce aerodynamic drag on the caris a
good justification for an angled kingpin axis. An arbitrary kingpin axis will
be used to illustrate how to choose the upper wishbone length to minimize
the scrub.

As the car travels down the road, the tires will move up and down relative to
the chassis. The movements are small on smooth pavement, but not insig-
nificant. The upper wishbone must be located so that the contact patch
between the tire and road moves straight up and down as the tire moves up
and down. Any lateral movement of the tirs patch is scrub, which scrubs the
tread off the tires and wastes energy. The upper wishbone length must be
selected to make the contact patch move as straight up and down as possible
over the most probable range of motion. For the stiff suspensions used on
solar cars, nearly all bumps in the road will cause the wheel to move up and
down 25 mm (1 in.) of less, so the goal should be to develop a geometry that
minimizes scrub over an upward and downward motion of 25 mm. Figure
9.14 illustrates the process of selecting the correct upper wishbone length to
minimize the scrub.

i. Draw the wheel, spindle, kingpin, and lower wishbone in a CAD pro-
gram as illustrated in the figure.

2. Rotate the lower wishbone around the left connection so that the right
conmection moves up 25 mm (1 in.).
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Fig. 9.14 Minimizing the scrub

3. Rotate the wheel, spindle, and kingpin assembly so that the contact patch

moves straight up. This will require a slight counterclockwise rotation
of the assembly. .

4. Aline is drawn at the height where the upper wishbone will connect to
the chassis. The goal is to decide how long the upper wishbone will be
and where it will connect to the chassis.

5. Draw a perpendicular bisector between the original upper connection
point on the kingpin and the “bumped-up” upper connection point. The
point where this line intersects the line in item 4 is where the upper wish-

won@mg&noosbooxo&mowmmﬂmﬁoBEEHomoEw%ﬂmﬁ%ﬂm&wﬁ%
of 25 mm. :

6. The process should be repeated for a2 25-mm (1-in.) downward bumyp.
The downward bump will yield a slightly different upper wishbone length.
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Average the two lengths for the upper wishbone to get the best overall
solution using this method.

The method described here yields an acceptable solution for the upper wish-
bone length. As discussed previously, computer sofiware is available that
will do a slightly better job, and using the software i3 the recommended
method. The final design is shown in Fig. 9.15.

Upper
Wishbone

4 Length
-

Fig. 8.15 Double wishbone suspension design.

The next step in designing the front suspension is to estimate the length of
the tie rods used for the steering. Tie rod length affects both bump steer and
Ackerman steering. The location of the steering knuckle also affects bump
steer and Ackerman steering. An iterative solution must be used to get the
optimal length of the tie rods and the location of the steering knuckle

If the steering bar or rack is to be located in front of the front axle, then the

steering knuckle must be located outside of the kingpin axis. If the steering
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bar or rack is to be located behind the front axle, the steering knuckle must be
located inside the kingpin axis. Figure 9.16 shows how to make a first esti-
mate of the optimal location for the steering kmuckle. This is only a rough
estimate; the optimal location of the steering knuckle will not lie exactly on
these lines. This will be used for a starting point, and will be refined using
the analysis.

Steering knuckle location if steering
bar or rack is located behind the

.- \ kingpin axis

Rear Axle and Tires

Steering knuckle [ocation if steering
bar or rack is located in frent of the
kingpin axis

Fig. 9.16 Location of steering knuckle for Ackerman steering,

Because of the way the kingpin is designed, it is generally easier to design
the steering knuckle and weld it to the kingpin if the steering bar or rack is
located in front of the front axle. The kingpin axis will lie inside the kingpin
structural member as iflustrated in Fig. 9.17. Locating the steering knuckle
outside the kingpin axis will make it approximately even with the kingpin
structural member, which makes it easy to weld to the member. If the steer-
ing knuckle is located inside the kingpin axis, then it must be curved or come
off the kingpin structure at an uausual angle, and it will be more difficult to
manufacture. Either approach will work, and fitting the steering system to
the driver position in the chassis is the most important consideration. Ifit is
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.......... Kingpin
Kingpin Axis

........ Line from
Rear Axle
Steering arm is attached /N e
elmost perpendicular to T .
the kingpin . Steering arm must be attached
at a sharp angle to the kingpirn.

It is more difficult to get the
steering arm aligned properly
with the kingpin

Fig. 9.17 dttaching steering knuckle to kingpin

an arbitrary choice, it is best to locate the stesring knuckle in front of the
front axle. Besides simplifying manufacturing of the kingpins, this also moves
the points where the tie rods connect to the steering bar or rack outward,
away from the chassis structure, and alleviates the potential of interface prob-
lems occurring involving the tie rods hitting the chassis structure when the
car corners or hits a bump.

Once the steering knuckle is located, the tie rods are sized to minimize the
bump steer, If the tie rods are too long or too short, the wheel will turn. {toe
in or toe out) as the wheel bumps up and down. Bump steer wears the tires
and wastes energy, so it is important to get the tie rods sized to the proper
length. The tie rods are sized using exactly the same procedure used to
determine the length of the upper wishbone, as illustrated schematically in
Figs. 9.18 and 9.19.

After the steering knuclcle and tie rod have been located and the lengths speci-
fied to minimize the bump steer, the Ackerman steering is checked, When
comering, the inner front wheel in the corner should turm more than the cuter
wheel. As with scrub and bump steer, steering can be optimized over arange.
Nearly all tumns of interest involve the front wheels turning 10° or less. The
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wheels will tun more sharply than this when maneuvering in a parking lot or

turning at a stop sign, but in 2 road race or track race the wheels will seldom
furn more than 10°

. If the inner wheel is tarned 10°, the angle that the outer
wheel turns can be calculated using Fig. 9.20 and Eq. 9.18.

. / \
Inside Wheel Wheel Track
Turped 10° ] t
1
Steering Bar or Rack y L]
in Front of Kingpin Axis .‘_..
‘Wheelbase
Ll b
Fig. 9.18 Adjusting tie rod length to minimize bump steer n
. steering knuckle in front of front axle.
; & \w f fr € Tum Radius : i

F ig. 9.20 Ackerman steering.
Outside wheel angle =arctan b
b cse{10") +t ©.18)
Steering Bar or Rack
Behind Kingpin Axis |

where b is the wheelbase and t is the wheel track as illustrated in Fig. 9.20.
The goal is to adjust the steering knuckles and tie rods so that the car has
Ackerman steering and minimal bump steer. Figures 9.21 and 9.22 illustrate
how to check for Ackerman steering once it has been determined how much
the outer wheel should fotate when the inner wheel rotates 10°

Fig. 9.19 Adjusting tie rod length to minimize bump steer
steering knuckle behind front axle.

The process is to rotate the inside tire 10° around the kingpin axis

. Track
where the tie rod on that side goes, where the rack goes, and where the tie rod
270
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MW@ _|\ Linear Bearings /l, wom
L A o Steering Bar or Rack
L]
Kingpin Kingpin
Axis Axis
Tie Linear Bearings i
Rod .l_\ /J Rod
Steering Bar or Rack
7
Kingpin

Fig. 9.21 Left turn with steering bar in front of front axle.

Kingpin : Kingpin
Axis : - Axis

Tie Linear Bearings Tie
Rod / . w Rod

Fig. 9,22 Left turn with steering bar behind front axle.

272

Front Suspension Design

and tire on the other side go. Ultimately find what angle the outside tire
rotates through when the inside tire rotates 10°. go&@ the tie rod length
and steering knuckle location until Ackerman steering is mﬁwuogmﬁom when
turning the inside tire by 10°,

A difficulty arises if a vertical ldngpin is not used. If the kingpin is not
vertical, the steering arm does not rotate in the two-dimensional plane as
llustrated, which is a disadvantage of using an angled (rather than a vertical)
kingpin. The connection between the tie rod and steering arm actually
rotates into or out of the page. This requires that the drawings be done in
three-dimensional form to get an accurate representation of the geometry. A
vertical kingpin will simplify the geometry and make it easier to moEo§
Ackerman steering. :

After the steering knuckle and tie rod have been altered to achieve Ackerman
steering, there will be some bump steer, and the process for zeroing the bump
steer must be repeated, selecting a new tie rod length to zero the bump steer:
Achieving Ackerman steering and zeroing bump steer therefore becomes an
iterative process. The last step should be zeroing the bump steer because it
affects the car all the time, while Ackerman steering affects the car only
when it is turning. | WOE are important, but bump steer is a Emm more
important.

Adjustments and Alignment. The wishbones and tie rods mixst be able to be

adjusted to zero the camber and toe. Rod ends on the ends of these compo- -

nents are commonly tised for the necessary adjustments. This brings up the
issue of the location of the suspension attachmént points on the chassis. These
aftachment points must be properly located, or the suspension will have scrub
and misalignment problems, even if the suspension was very well designed.
For example, if its attachment points are not properly located, the top wish-
bone will have to be made either longer or shorter than the desired length for

the purpose of adjusting the camber of the tire. This introduces scrub; changes

the roll center, and causes inefficiencies in the suspension.

G. annﬁmﬁﬁ for w_u._owﬂ Suspension Q_mogmﬁ%

1. The lower wishbone, kingpin, tire, and axle are shown in Fig 9.23. Point
K is the location of the steering knuckle, which is located 127 mm (5 in.)
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‘Wheel Width = 1295 m (51 in.)

@]
Kingpin—
| BT

177.8 mm (7 in)

[—38.1 mm (1.5 in.}

88.9 mm (3.5 in) 127 mam (5 in.)
- - . ]
* ww mH m 1016 mm (40 in.)
Lower Wishbone (1.5 1n) — —139.7 mm (5.5 in.)
38.1mm (1.5 in) — .bxwo 298.6 mm .m.ﬁ..m. 9.24 Homework Problem 2.

_ 10in. o |(Omn) |
H. References "

9-1. Roche, D.M., AE.T. Schinckel, JW.V. Storey, C.P. Humphris, and

—x— M.R. Guelden, Speed of Light: The 1996 World Solar Challenge,

..||v_ chap. 9, Photovoltaics Special Research Center, University of New

: 101.6 mm (4 in) South Wales, Sydney, Australia, 1997,
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in the z-direction {out of the page). Use a CAD package to solve for the
length of the upper a-arm and the roll center connection for the tie rod for
225 mm (1 in.) upward bump of the tire. Draw to scale showing where
the upper a-arm should be connected to the chassis and where the tie rod
m should connect to the steering bar or rack. [Top wishbone is 153.1 mm
w (6.0219 in.) long, tie rod is 189.2 mm (7.4503 in.) long.]

9-3. Gillespie, T.D, Fundamentals of Vehicle Dynamics, chaps. 4 and 10,
Society of Automotive Engineers, Warrendale, PA, 1992,

9-4, Milliken, W.F., and D.L. Milliken, Race .Q%, Vehicle Dynamics, chaps. 2
and 14, Society of Automotive Engineers, Warrendale, PA, 1995,

2. Using the tie rod lengths from Problem 1 above and assuming that the
left wheel turns counterclockwise 10° in Fig. 9.24, calculate how much
the right wheel turns. For what (front to rear) wheelbase would this be
perfect Ackerman steering? [9.388125°, 3.437 m (135.3 in.)]

9.5, Bastow, D., and G Howard, Car Suspension and Handling, chap. 7,
Society of Automotive Engineers, Warrendale, PA, 1993,
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Chapter 10

Rear Suspension, Drive, and
Chassis Structure
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A. Rear Suspension and Drive Design

Choosing a tire, wheel, and spindle for the rear of the car is essentially the
same process that was used for the front. Low rolling resistance is important
on the rear, just as it was on the front. In most designs, the rear tires do not
brake or steer, except for regenerative braking. The rear suspension should
be stiff. It should not flex significantly under side loads. Low stiffness always
generates tire scrub or misalignment and wastes energy.

Solar cars have used swing-arm designs for the rear suspension almost with-
out exception [10-1 to 10-3]. A single rear wheel with a single trailing swing
arm is the most common. However, tandem rear wheels with a single swing
arm have been used on several cars. Two rear swing arms have been used on
some four-wheel car designs. The trailing swing arm, similar to what is used
on many motorcycles, is the most common design. A few teams have used
the double wishbone swing-arm design, which is more complex, but offers
higher stiffness and better adjustments to align the wheel. Some passenger
cars have refined double wishbone rear suspensions with several other links
to control the suspension when the car is comering, braking, and traveling on
rough roads. ,

Most solar cars have one rear wheel (three-wheeled cars), while some have
two (four-wheeled cars). A car with a single rear wheel is lighter in weight,
less complex to design and manufacture, has simpler rear alignment, and is
generally more energy efficient. There are significant performance advan-
tages to using only one rear wheel. The disadvantage to this design is that if
traction is lost on the rear, the car will go into a spin [10-4 to 10-7]. Many
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accidents have occurred when the rear-wheel tire blew out on a solar car and
the car spun out of control. A car with two rear wheels is safer, but not as
energy efficient. The car will be more stable if most of the weight is on the
front. Cars with single rear wheels should have 60—70% of the weight on
the front wheels for stability in case of a rear blowout, as well as for braking.
The single trailing swing arm is illustrated in Fig, 10.1.

Wheel

Spherical Bearings

Main
or Rod Ends

Side Arm Carries
Lateral Loads

Fig. 10.1 Single trailing swing arm.

The rear swing arm must be rigid. Torsional rigidity of the main arm is
required to keep the tire from tilting under a lateral (cornering) load. When
the car comers, there will be significant side loads. The side arm and main

arm must carry the lateral and torsional loads and keep the rear wheel(s)
aligned with the chassis.

The weakest part of the design is often the rod ends. Rod ends must be
capahble of carrying the side loads when cornering. Cornering Ioads are what
usually determines the minimurn rod end size required. The cornering loads
bend the rod ends, as illustrated in Fig. 10.2, and may cause failure at the root
where the rod ends connect to the swing arm. A better and stiffer design
involves using spherical bearings pressed into the main structural parts of the
swing arm, but many teams use rod ends because it simplifies the manufac-
turing of the swing arm. Failure of a rod end or any part of the structure of
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P = weight on the tire (approximate lateral load on
swing arm for a 1g comer)

| e

Swing Arm

Nut

Allow 250 MPa (35 ksi) bending stress for top quality high-

strangth rod ends. Because the side load is actually shared by two rod
ends, there is a safety factor of two built into the analysis. The actual
bending strength of the rod ends is greater than 250 MPa (35 ksi}, so the
safety factor is probably between three and four,

Fig. 10.2 Rod end loading and analysis.

the rear swing arm will cause the car to go out of control. Figure 10.2 illus-
trates the recommended design analysis for rod ends.

InFig. 10.2, x is the maximum distance the rod end can be extended from the
swing arm for any adjustment. Some adjustment will be required to align the
swing arm with the chassis. If the swing arm is not aligned with the chassis,
the car will crab down the road, which hurts its 4erodynamic properties, and
because of Ackerman steering the front tires will not be properly aligned
with each other. Whatever design is chosen for the rear swing arm, there
must be a method to get the tire aligned QEH..EG chassis, and rod ends work
well in providing this adjustment.

There must also be a method of adjusting the swing arm to make the rear
wheel vertical, and the swing-arm design does not lend itself well to this
adjustment. A common way of making this adjustment is to locate the rod
end on the side arm after the chassis mounts and other parts are complete.
The car should be driven around before the rod end is located, to be sure that
the rear wheel is vertical. A suggested approach is pictured in Fig. 10.3.
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_ Bolts located in slotted holes
50 rod end can be zdjusted
W up and down

o IR Swing Arm

Rod End W Angle brackets
bolted ta swing arm

Weld
OIm Swing Arm
Rod End Welds

Fig. 10.3 Adjustment of rod end position to align vear tive.

Angle brackets are mounted to the swing arm, and the rod end is mounted in
aplate that is bolted to the angle brackets. Slotted holes are cut in the plate or
brackets so the plate can slide up and down, which adjusts the angle of the rear
tire. Adjustments should be made until the rear tire is vertical when the car is
loaded and driving. The bolted arrangement can be used for testing the car
until the car is completed. When the team is sure that the rod end is located
where it should be, the fronf and back of the plate are first, welded to the
swing arms. The bolts and angle brackets are then removed, the plate is cut

off flush with the swing arm, and the top and bottom of the plate is welded to
the swing arm,

The rod ends can be used to keep the rear wheel(s) aligned with the centerline
of the car by screwing them in or out. The main arm must have adequate
torsional stiffness to keep the wheel or tire from tilting under load, or in
cornering. If a significant amount of lateral or tilting deflection is noticed in
the rear tire when the solar car is being followed by the chase van, the rear
swing arm is probably not stiff enough. Any noticeable deflection of the rear
tire will increase the rolling resistance. It is better to have a heavier stiff
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swing arm than a lighter-weight swing arm that flexes under Hom.a. The %n”bm
must also yield the correct spring rate for the rear. Oombooﬁﬁ.m the spring
near the rear axle will reduce bending stress on the main arm, as illusirated in
Fig 10.4.

®©=

Spring lacated here causes a
large bending stress on the
swing arm, and increases
bending stress on the rod
ends (undesirable)

Spring located near the
1ear axle minimizes stress
on the swing arm and rod
ends (desirable location)

Fig. 10.4 Location of spring on rear swing arm.

Figure 10.5 illustrates the swing-arm design used for most solar cars, and
illustrates how it is incorporated into the chassis.

In the rear swing-arm concept illustrated in Fig. 10.5, the Homﬁ.m on the rear tire
is carried primarily by the spring. There are loads in the swing arm and rod
ends, but they are small compared with the weight on the rear ﬂ.ﬁm .on noH.E.mm
driving. The loads on the rod ends and swing arm increase Emﬂmomhsw in
hard cornering. This yields a simple, lightweight, efficient design. H..womﬁ.u\
the spring would be vertical, but angling the spring up to moo from Aﬁdo& is
acceptable. Larger angles are not recommended because it puts high loads
on the rod ends and connections.

Some teams have used a horizontal spring concept, QE&).. is Ecmﬁ.mﬂom in
Fig. 10.6. This design performs well, but the spring in this design is horizontal,
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Chassis

° Swing Arm o]

Fig. 10.5 Rear swing-arm concept.

Chassis

3

Q== Swing Am | q_

Fig. 10.6 Horizontal spring nozn&uw

and cannot carry the vertical loads on the swing arm. The weight on the rear
tire is transferred to the rod ends, which means that the weight on the rear tire
will always be bending the rod ends. This design yields a heavier swing arm,
but a lighter chassis, so the weight difference is probably insignificant. This
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design requires larger rod ends. The rod ends should be designed for a 3g
bump in this case, which means that three times the weight on the wheel
should be used as the side load in selecting the'rod end size.

A few teams have also used a double wishbone rear suspension, as illustrated
in Fig. 10.7. This design has a lot of adjustments built in, and probably
makes it easier to aligh the rear wheel, but it is more complex. It is similar to
the front suspension design, except that the wishbones are attached to the
back of the car rather than the side. The wishbones do not have to be sized to
zero the scrub, because there is no tendency for the tire to move laterally as it
bumps up and down.

Top Wishbone

Steering Knuckle
and Link

Fig. 10.7 Double wishbone rear suspension concept.

The springs/shocks are usually attached to the lower wishbone, just as in the
front suspension. Rod ends on the wishbones are adjusted to keep the wheel
vertical. A steering %Bcnﬁo and link are used to align the wheel with the
centerline of the chassis, Careful geometric control is required with the steer-
ing knuckle and link to make sure there is no bump steer. In most cases, the
increased complexity of this design is not worth the increase in adjustment.

A simple swing arm is the best choice in most cases.
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B. Drivetrain

The drivetrain should be simple and should consume as little energy as pos-
sible. Energy efficiency is the most important consideration. The trend is for
solar cars to use hub motors, where the motor is hooked directly to the wheel
and there is no drivetrain. This is the sitmplest and most energy-efficient
arrangement. The hub motor has made this section of the book obsolete for
most teams, but it is included becanse there are still a few teams that use a
single-reduction chain or belt drive.

Teams have used multiple chain or belt reductions. However, it is almost
always more efficient to operate the motor at a lower efficiency with a single
reduction, because of the energy lost in a second reduction. A single-reduction
drive is simpler and will probably have better overall efficiency. Gear drives
are less efficient than chain or belt drives and should not be used.

Single-Reduction Drive. In this type of drive system, the motor drives a
small pulley or sprocket, which is connected to a larger pulley or sprocket on
the rear tire or axle. This is the drive system used on bicycles or motorcyeles.
It is simple and energy efficient. A chain/sprocket drive is shightly more
energy efficient than a pulley/belt drive, provided the chain and sprocket are
clean and properly lubricated. Poor lubrication or lots of dust on the chain
reduces the efficiency. Belt/pulley drives require no lubrication and are less
susceptible to dirt.

Problems associated with this type of drive are obtaining proper tension of
the belt or chain and properly aligning the pulleys or sprockets. Improper
tensioning or alignment will reduce the energy efficiency of the drivetrain,
and may cause premature failure. The precision required for proper align-
ment of the pulleys or sprockets is not easy to achieve. Teams using a single-
reduction drive should not take the design of this system lightly because a
considerable armount of energy can be wasted in a poorly aligned dive sys-
tem. Considerzble thought should be given during design to make sure that
the tension can be adjusted, the shafts can be aligned, and the pulleys and
sprockets can be aligned. There are several ways the alignment can be off, as
illustrated in Figs. 10.8-10.10.
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The first issue is improper alignment of the shafts. As the belt/chain is
tensioned, there is a tendency to pull the shafts out of alignment as illustrated
inFig 10.8. Ahigh degree of stiffness is required in the motor mounts, shafts,
and wheel bearings to prevent this misalignment.

Motor

— 7 —

\ Wheel
Pulley/Sprocket

Fig. 10.8 Improper alignment of shafis.

Another possible misalignment is improper alignment of the wﬁr&a and
sprockets as illustrated in Fig. 10.9. In this casc the shafts are &Hmu&“ but
the pulleys are not. The system must be designed for adjustment 80 that Ea
pulleys can be aligned. This is usually accomplished by incorporating a slide

Motor

| Wheel
Pulley/Sprocket

Fig. 10.9 Improper alignment of pulleys or sprockets.
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adjustment on. the pulley on the motor shaft, which can be slid to-align the
belt or chain,

A third possibility is that the shafts can be skewed as illustrated in Fig. 10.10.
The shafts are skewed up and down relative to each other, This twists the
belt and chain during operation and absorbs energy. It is the most difficult
misalignment to detect, because most methods of measurement will show the
system to be in alignment. Torsional twisting of the swing arm is a commeon
source of this type of misalignment because the weight on the tire tends to

twist the swing arm. The suspension and drivetrain must have high stiffness
to be energy efficient. ,

Motor

\ Wheel
Pulley/Sprocket

Fig. 10.10 Skewed shafis.

There are two methods of setting up the drivetrain: the live axle and the
spindle and hub design as illustrated in Figs. 10.11 and 10.12, The live axle
design is slightly more compact, but requires that a key-way connection be
developed for at least one end of the live axle. The spindle and hub arrange-
ment is similar to the spindle and hub design of the front suspension except
that the brake disk on the front is replaced by a gear or sprocket on the rear,
The live axle is the more commeonly used design.
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\\\\\\H.mnmm Sprocket/Pulley

Wheel
|

hem P Chain/Beit

- Smell Sprocket/Pulley

Wheel Bearings

Hub -

Spindle

Large Sprocket/Pulley

Z
&
oo

Chain/Belt —

Small Sprocket/Pulley
/rﬁ Motor

Fig. 10.12 Spindle and hub design.
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C. Electric Motors

Electric motors ﬁﬁ.ﬁw by mmm_&bm a current through a wire that is in a magnetic
field. Ifa current is passing through a wire in a magnetic field (the N-S poles
of the magnet shown), a force F develops on the wire that is proportional to

the product of the current I and the stren f fo £ :
wated in Fig. 10.13. gth of the magnetic field B as illus-

F<=TxB

Fig. 10.13 Force of a magnetic fleld on a wire carrving current.

In Em._ two-pole electric motor diagram shown in Fig. 10.14, the circles with
m.moﬁ in the center indicate a wire carrying current “out of ﬁmo page” and the
o%&mm &E the x’s indicate a wire carrying current “into the page.” The
wires on the left make a downward force, and the wires on the right u.Enm an
upward @uno. This makes a torque on the inner circle (the rotor) causing it
to rotate in the direction shown. If a permanent magnet is used (as shown)

the amount of torque generated is controlled b . :
; controlling th
wires on the rotor [10-1 to 10-3]. d g the current in the
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Fig. 10.14 Two-pole electric motor.

Once the rotor rotates 90°, a zero torque point is reached, with half the wires
causing torque in one direction, and half in the other. Going past 30° genet-
ates a net torque in the opposite direction. Atthe 90° point, it is necessary to
switch directions of the currents in the wire. Inexpensive motors use a'brush
and commutator arrangement to switch the direction of the current. High-
efficiency motors use electronic switches (transistors).

A two-pole magnet was used to illustrate how the electric motor wotks. In
practice, multiple poles are used, and the current direction in the windings
must be switched every few degrees of rotation, rather than the 180° for the
two-pole motor illustrated.

A permanent magnet can be used, or windings can be used to make an elec-
tromagnet, Permanent-magnet motors are inherently more energy efficient
because of the power loss in the electromagnet. However, permanent-magnet
motors tend to be heavy because of the weight of the magnets. Ceramic
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magnets are the most common, but also the heaviest. More exotic materials
are used in motors for solar cars.

Disk Motor versus Drum Motor. Most motors are of the drum type, with the
windings on a drum-shaped rotor and the Inagnets on the stationary part of
the motor (stator). The gap between the stator and rotor is important because
the strength of a magnetic field decreases with distance. A motor with a
small gap will have higher torque compared to one with a higher gap, buta
motor with a narrow gap will not produce as high a revolutions-per-minute
(RPM) rate when it is operating. With a drum-type design (one drum rotat-
ing inside the other) the gap between the stator and rotor cannot be adjusted.

With a disk-type motor, the magnets are placed on one disk, and the windings
on the other. One disk is stationary and the other rotates. The advantage of
this design is that the gap between the stator and rotor can be adjusted to
make a low-speed, high-torque motor or a high-speed, low-torque motor. This

- adjustment allows the same motor to operate at high efficiency over a broad

range of revolutions per minute. Hub motors have been designed (disk type)
that are 90%+ efficient over  broad range of torques ‘and revolutions per
minute. The disadvantage to the disk-type design is that the enormous attrac-
tive force between the disks puts a tremendous thrust load on the bearing.
This causes a bearing loss not present in the drum-type design. For the drum
design the attractive force is radial and cancels out, yielding no.net force on
the bearings, .

To maximize the efficiency of the motor, the currents in the coils must be
precisely controfled. The motor will have a “sweet spot” where the coil is
between two magnet poles, as illustrated in Fig. 10.15,

High currents are drawn to produce a high torque in the motor at the “sweet
spot.” Currents are shut off as the coil becomes close to being on top of a
pole, because energy would be wasted in that position. The motor controller
adjusts the magnitude and timing of the currents in the coils to make the
motor operate at high efficiency. Pulse-width modulation (PWM) is used to
control the amount of torque the motor produces. In PWM control, the con-
troller will send the current to the motor in pulses, turning the current off and
on at a high frequency. The percentage of time the current is on determines
the amount of torque the motor will produce. The best motor controllers uge

290

Reayr Suspension, Drive, and Chassis Structure

“Sweet spot” for
a South coil

For best efficiency,
there is a “sweet
spot” where the
current in the coil
should be high

Rotation

Fig. 10.15 Schematic of a twelve-pole motor.

PWM and vary the current magnitude in the coils in mﬁcﬁoxﬁmﬁa@ a wEﬁmo.T
dal manner.  Figure 10.16 shows how the efficiency of a Jﬂam_ electric
motor varies with power output, torgue, and revolutions per minute.

Figure 10.16 illustrates that it is Eﬁ.onma to size the motor .h.o the mﬁoﬁn—w MM
power it must provide. Efficiency improves as the nm.woFﬁoum @@mm e
increases, and is best at the maxinmum revolutions per minute. ,Eﬁ. e Sammww
is good at speeds above 50% of the Bm%wswa Hm<oEmcwm per HEMEW. : mm
efficiency is poor when the motor is producing only 10% of its nmnn ow&é @
any revolutions per minute. It is typical m.vu a solar car to use 2kWo %%M(&
on average when driving down the road, so it would be foolish to mm.HmQ 4 : K
motor for the car. The best efficiency occurs when the motor is producing
50--80% of the maximum rated power.

When Figure 10,16 is examined, it would appear that the most efficient %ﬁmn
would be a motor that used about 75% of its rated output when the car is
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Typical Brushless dc Motor Efficiency Chart

Torgue (N+m)

800
Speed (rpm)

1000 1200 1400 1600

Fig. 10.16 Power and speed mapping of a typical brushless
direct current (de) motor.

cruising down the road. This choice would work well on a flat track, but
would probably not generate enough power to push the car up hills on a road
race. For road races it is recommended that the motor be capable of generat-
ing enough m.ﬁmmo (stall) torque to push the carup a 10% grade. For example
if the car weighs 3790 N (850 Ib) as would be typical for a stock-class car, m\.&m
HﬁoﬁoH w:oc.E. be capable of providing 379 N (83 ib) thrust to the car, Hm. the
‘ tire wmm aradius of 25.4 cm (10 in.), 96.3 Nem (850 Ib-in.) of torque H.ﬂaa be
applied ”.o the rear wheel. A hub motor must be able to produce this much
torque §&oﬂ being geared down. Other motors can be geared down with a
mEm_m.H.&socow chain or belt drive to achieve the required torque. Climbin,
grades is the biggest power requirement the motor/drive system will mmomm
.Pmm.E.pEm a good brushless dc motor is used that is capable of providin ;
static .ﬂoﬂan for a 10% grade, and capable of providing enough H.o<o€moﬁm
per EEE.m to reach the desired speed, it is almost certain that the miotor/drive
system will be adequate. Ar 8-kW motor is suitable for most solar car designs.
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D. Chassis Structure

The most difficult pazts of chassis design, and the design aspects that must be
specified first, involve providing a location for everything that connects to
the chassis, and keeping the car’s weight properly balanced on the tires.
This is not straightforward; it is a trial-and-error process that is complicated
because every major subsystem connects to the chassis. Structural design
and analysis should be started after all of the major subsystems have been
located on the chassis. Tt is fmportant to carry out structural analysis to ensure
that the chassis does not fail in driving and that it provides protection to the
driver in the event of an accident. The chassis is complex enough that a finite
element code must be used to do a realistic analysis, which is a straightfor-
ward process.

1. The heavier subsystems are the driver, batteries, and body. The CG of
these items must be such that the proper amount of weight is on the tires
(60~70% on the front tires).

2. The driver takes up a lot of space. Adequate space must be allocated for
the driver and the steering, braking, and other controls the driver must
operate. ,

3. Battery subsystems are most efficient if all the batteries are the same
temperature, and it is good practice to locate all the batteries in the same
box.

4. Location of the driver’s head and roll"cage on the chassis must corre-
spond to the location of the canopy on the body. This seems obvious, but
it is sometimes overlooked. The canopy and driver must be located so
that there is space for the driver and the car is balanced.

5. The body and chassis groups of the team must come to an agreement as
to how thick the car will be at various locations along the length. The
body goes over and around the chassis, so it must always be thicker than
the chassis. ) ,

6. The team must decide on a wheelbase (front and rear) and width (distance
between the front tires). It is necessary to decide on these measurements
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so the car’s weight can be balanced and allowance can be made for wheel
clearances in the body.

The first stage of chassis design is to locate the major subsystems. Extra
space should be designed in so the motor controller, power converters, and
other small electrical and mechanical components can be located later. The
body and chassis groups must work together in the initial stage to be sure the.
two pieces will fit together. Center of gravity (CG) calculations, as described in
Chapter 8, should be made to keep the car balanced. Asthe body and chassis
groups are in the first stage of design, the suspension groups should be com-
pleting their geometry. The chassis must provide “hook-on” points for the
suspensions. It is not necessary to design in all the bracing initially; bracing
can be added later. At this stage a box-type shape should be made that will
have the right geometry to comnect the suspension.

The next stage is to add the roll cage and bracing, and do an analysis to
ensure that the chassis will withstand the required load cases. Steel, alumi-
num, titanium, and composites have all been used for chassis structure. A
brief description of the different types of materials that have been used for
the chassis follows.

1. Composites. Composites can (theoretically) yield the lightest-weight
chassis, but it is difficult to optimize the design when using them, The
strength of composite materials is highly dependent on the process used
for making them. A great deal of experience and expertise in designing
with composites are required to take fifll advantage of their strength. In
structural analysis the designer must know the relichle strength of the
material. Finite element analysis is meaningless unless the strength of
the material is known.

Teams that have used composites in the past have generally used extremely
conservative estimates of the strength of the material. The result is a
composite structure that is heavier than a steel or aluminum tubular truss-
frame design. A major advantage of the composite chassis is that it is
easy to build. Composite panels are cut up and ghied together to make a
box-type chassis design, Hard mount points are made of aluminum, steel,
or titanjum for the suspension mounts. Bracing is required to get reason-
able chassis stiffiess. A disadvantage of the composite chassis is that it
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is not as stiff as the other designs, and the lower .mmm”.nmmw wuo@wz.%
increases rolling resistance. A composite chassis design is fllustrated in

Fig. 10.17.

Hard Mount Points
for Suspension

Fig. 10.17 Schematic of composite chassis.

2. Ttanium. Welded titanium tube truss-frame structures have vmmu used
successfully by several teams. Titanium is Qﬁoﬂm?o. m.an difficult to
weld, but if the team has the resources and technology it is probably Em
best choice. Titanium will provide the lightest-weight Emﬂ& onmm._m.
The disadvantage of using titanium is that it is difficult to repair S.Bo&@
the chassis because of the difficulty involved in welding titanium. >
tubular frame chassis, which could be titaniumn, aluminum, or steel, is
illustrated in Fig. 10.18.

Driver Area

Hard Mount Points
for Suspension

Fig. 106.18 Schematic of a titanium tube chassis.
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3. Aluminum, An sluminum chassis is only slightly heavier than a titaninm
chassis. Itis much less expensive and easier to weld than titanium, A
good weldable aluminum afloy is 6061-T6. A Eﬂmmﬂmblﬁnﬂ gas (TIG)
welder is required to get good welds with aluminum. Students can learn
to weld aluminum with some practice. An unfortunate attribute of alu-
minum is that it cracks in service. The chassis must be inspected regu-
larly for cracks, and the cracks must be welded up. Much of the strength
of the 606 1-T6 aluminum alloy comes from the heat treatment, which will
be partially reraoved by welding. Welding diminishes the heat treatment
at the weld to about a T-4 level. Welding does not ﬂm.EmombE\ change
the ultimate strength of the material.

4. Steel Steel chassis have been widely used in solar cars. Most teams
choose 4130 steel, which is also used in race cars. A steel chassis is
heavier than one made of aluminum, but has the advantages of being
easier to weld and is more resistant to cracking. A disadvantage of steel,
compared to aluminum, is that it msts over time. This may not be an
issue for the race, but will affect the looks of the car unless it is painted.
This could be an issue if the car will be shown after the race,

Solar cars tend to use high-performance materials and components, and
it might appear that the trend would be toward using composites and
titanium for the chassis. In fact, the opposite is true. The trend appears
to be toward using 4130 steel. There will be many minor modifications
to the chassis as the car is built. Carrying a little extra weight in the car
body may be worth the flexibility steel has to offer during the manufac-
turing phase.

Structure Analysis. The car’s chassis should be designed to protect the driver
in the event of an accident. A sturdy roll cage should be used around the
driver, not just a roll bar behind the driver. The driver should be completely
enclosed inside the roll cage. Solar cars often travel at speeds of 100 km/h or
faster and at these speeds a roll bar provides insufficient protection for the
driver. Once the preliminary design is completed, the structure is put into a
finite element code and modifications to the design are made until a light-
weight design that will carry all the load cases is achieved. The recom-
mended load cases follow. Satisfying these load cases ensures that the chassis
will carry the suspension loads and protect the driver in a collision.
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1. 3g Bump. For each wheel (individually) assume an upward force of
three times the weight on the tire, and calculate the loads transmitted to
the chassis.

2. lg Corner. Assume aforce equal to the weight on the tire acting laterally
at the tire patch. Calculate the loads transmitted to the chassis, including
the static weight on the wheel.

3. Ig Brake. Assume a braking force equal to half the weight of the car on
each front tire patch. Calculate the loads transmitted to the chassis, includ-
ing the static weight on the wheel.

4. 5z Front Impact, Assume five times the weight of the car applied over
the front of the chaséis, and restrain the back.

5. 3g Rear Impact. Assume five times the weight of the car applied over
the back of the chassis, and restrain the front,

6. 3gRollover Assume three times the éﬂmﬁ of the car pressing down on
the roll cage.

7. 5g Side Impact. Assume five times the weight of the car applied over
one side of the car, and restrain the other side.

8. 3g Angular Impacts. At 30 and 60° from the axes that line up with the
chassis, assume three times the weight of'the car is applied over what-
ever portion of the chassis makes sense moH such an impact.
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Battery Systems

4£.¢
=
AN

L

A. Battery Fundamentals

An ideal battery pack would store electric energy at whatever rate it was put
into the pack, and deliver the energy back at whatever rate it was needed. It
would be 100% efficient in the sense that 100% of the energy put into it
would be returned. It would also be lightweight [11-1 to 11-5]. No such
battery exists. Batteries are heavy, and they are not 100% efficient in storing
and releasing energy. Some terms that are important in developing the bat-
tery pack are as follows [11-4, 11-6]:
1. Energy Densizy. The amount of energy the battery will store, per weight of
the battery (watt-hours per kilogram). A high energy density is desirable,

2. Amp-Hour Capacity. The total amount of charge the batteries can hold
(1 amp hour = 3600 Coulombs). The amp-hour capacity is a function of
the rate of charge and discharge for all battery systems, A well-designed
battery will be at least 90% efficient as far as amp-hour capacity. That
is, if 100 A-h of charge is put into the batteries, it should be possible to
draw at Jeast 90 A-h fromm the battery,

3. Watt-Hour Capacity. The total amount'of energy the battery can hold
{1 W-h = 3600 I}. The usable energy in the batteries is sensitive to the
charge and discharge rates for all battery systems. Charging and dis-
charging at high currents reduces the watt-hour capacity of the battery
system, because a higher percentage of the energy is converted to heat.

4. Charge Efficiency. The fraction of charge (amp hours) that will be
returned after charging. Batteries that have a poor charge efficiency
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are not acceptable for solar cars. For batteries with water-based electro-
Iyte [lead-acid, nickel-metal-hydride (NMH), nickel-cadmium (NiCd),
and silver-zine)], some of the charge is always lost in the electrolysis of
water. Batteries with an organic or polymer-based electrolyte (lithium-
ion and lithium-polymer) tend to have nearer 100% charge efficiency.

5. Energy Efficiency. Batteries are charged up along one voltage curve and
discharged along a (lower) different curve, as illustrated in Fig. 11.1.

Voltage

e

Discharging

1 | ]
[ 1

1
0% 25% 50% 75% 100%
Percent Charge

Fig. 11.1 Charge and discharge curves for a typical battery.

If the battery has a charge efficiency of 100%, the efficiency would be the
ratio of the average discharging to charging voltages. Accounting for the
charge efficiency, Eq. 11.1 shows the definition of the energy efficiency of
the batteries. .

<9.mormﬂmm

® Charge efficiency 11.1
Vet (11.1)

Energy efficiency =
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Batteries have poor efficiency at low states of charge because the discharge
voltage is low. They are inefficient at high states of charge because the charge
voltage is high. A common “rule of thumb” is that the batteries operate most
efficiently between 25 and 75% state of charge. This can be illustrated graphi-
cally by taking the ratio of the discharge and charge voltages at various states
of charge in Fig. 11.1.

The ideal choice would be a battery that has a high energy density (to reduce
the weight of the car} and a high energy efficiency so that only a small frac-
tion of the energy stored in the batiery is lost. It is much easier to get infor-
mation on the energy density of the battery system than the energy efficiency,
but both quantities are important. Before the development of the lithium-ion
and lithium-polymer batteries, the silver-zinc batteries had the highest energy
density and were significantly better than any other battery chemistry. Before
2001, most of the top cars in the World Solar Challenge used silver-zinc
batteries, a further indication that they were probably the best choice. In
recent years, lithium-ion and lithium-polymer batteries have been developed
that have an energy density comparable to silver-zinc batteries, and in 2001
all of the top teams in the World Solar Challenge and American Solar Chal-
lenge used either lithium-ion or lithium-polymer batteries. It appears that at
the time of this writing the lithium-ion and lithium-polymer batteries are the
best choice.

Nearly all battery manufacturers rate the energy density of their batteries, but
very few provide information on the energy efficiency. Most designers have
assumed that a lighter battery pack is better, but there is a point where an
improvement in efficiency would justify carrying more weight. An example
of this is in using NiCd or NMH bdtteries instead of lead-acid. NiCd or
NMH batteries have a significantly higher energy density than lead-acid bat-
teries, but they have a 1ower energy efficiency. Historically, solar cars pow-
ered by lead-acid batteries seem to perform as well as those powered by the
NiCd or NMH batteries.

Efficiency is important because a lot of energy flows into and out of the
batteries during arace. It is obvious that energy flows into the batteries when
the body is on the array stand during the charging periods in the early mom-
ings and late evenings. What is sometimes overlooked is that energy flows
from the solar array into the batteries any time the car is going
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grade or using regenerative braking. A higher-efficiency battery pack will
provide more energy for the car fo use. Lithium-ion and lithium-polymer
batteries offer a lot of promise for solar cars. They have high energy density,
high energy efficiency, and are less expensive than silver-zinc batteries.

B. Fundamentals of Battery Chemistry

The electrical energy in the batteries is stored as a chemical potential, the
Gibbs free energy AG [11-4, 11-6]. The Gibbs free edergy is the change in
chemical potential energy between the two sides of the equation in the chemical
reaction. The Gibbs free energy is the maximum amount of energy that the
battery can deliver with the chemical reaction, that is, it is the energy delivered
assuming 100% battery efficiency. Gibbs free energy is defined in Eq. 11.2.

G =-nFV, (11.2)

where n is the number of electrons involved in the chemical reaction, F is the
Faraday constant = 96,485 C/mol, and V, is the reversible (open-cireuit) cell
voltage. The Gibbs free energy is the change in energy between two states.
To talk about energy values of different chemical states, it is necessary to
define the energy level of one state to be zero, For this reason, the standard
hydrogen potential was defined to be zero. If the potentials for the two elec-
trode materials are knowr, then it is possible to determine the open-circuit
potential voltage of the battery (which is not exactly the same as the open-
circuit voltage). The standard hydrogen potentials for _..Qmaommu copper, and
zinc are shown in Eq. 11.3 [11-4].

Hydrogen — V7 = 0.0
Copper — VO = 0337 (11.3)
Zine - V0 =-0.763

Using this information, the open-circuit potential voltage of a copper-zine
battery is the difference between the hydrogen potentials of copper and zinc,
VO =0.337 - (-0.763) = 1.1 V. The standard hydrogen potentials are a rela-
tively simple way to estimate the cell voltage of a battery, and yield a value
that is approximately correct. The actual measured open-circuit voltage
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depends on the state of charge in the battery. When at a higher state of
charge, the battery will have a higher open-circuit voltage than when at a
lower state of charge. The Nernst relationship in Eq. 11.4 relates open-circuit
voltage V, to open-circuit potential voltage VO [11-4, 11-6].

v. =0 _RT | | (activitiés of products)
' nF {activities of reactants)

(11.4)

where R is the universal gas constant and T is absolute temperature. The
activities of the products and reactants change with the state of charge in the
battery, and it is this change in activities that causes the open-circuit voltage
to change with state of charge. A detailed discussion of the activities is beyond
the scope of this book. The Nemst relationship also shows that open-circuit
voltage is a function of temperature. In general, the voltage drops as the
temperature increases, but temperature also affects the activities of the reac-
tants and products, so it is not a simple linear change with temperature.

As current flows in or out of the battery the voltage shifts away from the
equilibrium open-circuit voltage. The voltage increases when charging the
battery and decreases when discharging the battery, The change from equilib-
rium is called cell overpotential and the overpotential has two components.

1. Activation or Charge-Transfer Overpotential. Charges (electrons) flow-
ing off of or on to an electrode reduce or increase the potential of the
electrode. The common definition is that the. amount of overpotential is
proportional to the current density (amps per cross-sectional area) of the
electrode [11-4]. This is technically correct, but the common definition
does not convey that the cross-sectional area of the plate changes as the
chemyical reaction proceeds. The battery may be charged or discharged
at a constant amperage, but the effective cross-sectional area on the plates
changes with the state of charge of the battery. 1f the battery is being
charged from a low state of charge, the area is essentially the entire plate
area. As the charging proceeds a large portion of the plates become
reacted out and do not participate in the chemical reaction of charging
the battery. The active area decreases as the battery is charged, hence the
current density and cell overpotential increase as the battery is charged.
As the battery approaches full charge, the area becomes small and the
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voltage shifts significantly away from the open-circuit voltage. The charg-
ing rate (amperage) must be reduced as the battery approaches full charge
because the high current density and cell overpotential will damage the
battery.

If a fully charged battery is discharged at a constant amperage, the volt-
age will drop below the open-circuit voltage. This is still termed cell
overpotential, but in this case it is a negative amount. The effective area
on the plates decreases as the battery is discharged. As the battery
approaches complete discharge, the current density and cell overpotential
increase. Discharge rate (amperage) must be reduced as the battery
approaches complete discharge to prevent damaging the battery.

Concentration or Mass Transfer Overpotential. This type of overpotential

.is caused by changes in the ion concentrations in the electrolyte near the

electrodes [11-4}. The charges are delivered from the positive electrodes
to the negative electrodes (or vice versa) by ions moving through the
electrolyte. When current is flowing, the ions in solution near the plates
are “used up” in the chemical reaction. The density of ions in the elec-
trolyte near the plates will be less than the equilibrivm concentration of
ions in the electrolyte. The effect is sometimes termed mass fransfer
because the ions must flow through the electrolyte fast enough to main-
tain the chemical reactions at the electrodes. Increasing temperature,
stirring the electrolyte, or other means of helping the ions move to the
electrodes will reduce the cell overpotential caused by concentration or
mass transfer. . ,

For most batteries, the cell overpotential caused by ion concentration
near the electrodes is proportional to the amperage, and is not dramati-

" cally affected by the state of charge of the battery. If there were only

enough ions in the electrolyte solution to exacily charge and discharge
the battery, state of charge would be amajor factor in the cell overpotential.
Theoretically, the battery only needs enough ions to complete the chemi-

- cal reaction, but this does not work out well in practice. As the chemical

reaction nears completion, the ions in solution must find the areas on the

“electrodes that have not been reacted out, and the chemical reaction must

slow down. Battery manufacturers put many more jons in the electrolyte
solution than will be used in the chemical reaction during charging and
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discharging the battery to reduce cell overpotential and male the batter-
ies operate more efficiently. If the equilibrium concentration of ions in
solution changes dramatically during the charge-discharge cycle, state of
charge will significantly affeci the cell overpotential caused by concen-
{ration of jons in the electrolyte. (As examples, lead-acid batteries use
up the ions in the electrolyte so that the concentration changes signifi-
cantly with state of charge. Nickel-cadmium batteries do not use up the
ions in the electrolyte, so the concentration does not change with state of
charge.}

Internal Resistance. Becaunse cell overpotential is approximately pro-
pottional to current density, the battery can be modeled to have an inter-
nal resistance R [11-4]. The value of R is dependent on the state of
charge of the battery because cell overpotential is proportional to the
state of charge of the battery. The internal resistance is dependent on the
state of charge of the battery and on temperature. The internal resistance
is highest when the battery is being discharged at low states of charge, or
charged at high states of charge. For the moderate charge and discharge
rates for which the battery was designed to deliver, the internal resis-
tance is fairly constant between 25 and 75% states of charge. If the
manufacturer gives-an internal resistance for the battery, it is probably
for 50% state of charge, room temperature, and a moderate current draw,
though there is no “standard” way of measuring internal resistance. Rec-
ognizing the limitations on defining an internal resistance, and using the
Nernst relationship, the charge and discharge voltages can be written
approximately as shown in Eq, 11.5 [11-4].

. 0
<&mn§amo =V -IR
(11.5)
0
Veharge =V +IR

where 1 is the discharge or charge current and R is the internal resistance
of the battery. These equations are reasonably accurate and R is reason-
ably constant for the 25-75% state of charge of the battery and for rea-
sonable cwrents, that is, currents the battery was designed to deliver.
‘When using this model it is irthportant to recognize that it is a rough
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Efficiency (%)

approximation, and that the internal resistance is actually dependent on
the state of charge of the battery and temperature. The energy efficiency
of the battery is the ratio of the discharge and charge voltages and can
then be approximated as shown in Eq. 11.6.

0.
Energy efficiency = { Charge efficiency) .Nmol.lm *x100%  (11.6)
+

This efficiency model iltustrates that the battery efficiency decreases as
the current increases. As an example, consider a typical 60 A-b deep-
cycle lead-acid battery with an infernal resistance-of 0.07 £, an open-
circuit voltage of 12.6 V, and 2 charge efficiency of 97%. Figure 11.2
illustrates how the model predicts the battery efficiency to vary with the
charge and discharge current. In this example, it is assumed that the
battery is at approximately 50% state of charge and that the charge and
discharge currents are equal,

Many solar cars have been designed using seven or-¢ight lead-acid batter-
ies wired in series with properties similar to those illustrated in Fig. 11.2.
If the battery system were charged and discharged at 20 A, nominally

100

mo/

40 //
20
O T 1 T . T -
0 20 40 60 .mO , 100

Amperage {A)

Fig. 11.2 Model prediction for battery efficiency
as a function of amperage.
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2000 W power, the efficiency of the battery system would be 78%. It
would be common for the ¢ar to draw 20 A discharge from the batteries,
but uncommon for the batteries to be charged with 20 A of current. If it
were assumed that the batteries were discharged at 20 A and charged at
10 A, the efficiency would be 84%. A higher-efficiency battery system,
such as lithium-ion, would have a lesser slope than the lead-acid battery
system and the efficiency would be less sensitive to current. A less effi-
cient battery system, such as NMH, would have a steeper slope and the
efficiency would be more sensitive to current,

4.  Heat Generation. The chemical reaction in the batteries will be endother-
mic in one direction and exothenmic in the other direction [11-4, 11-6].
The endothermic reaction absorbs heat and fends to cool the battery, while
the exothermic reaction tends to heat the battery. The I°R term from the
internal resistance always adds heat to the batteries. All batteries gener-
ate heat when they are cycled (repeatedly charged and discharged). They

tend to generate more heat in one direction or the other because of the
chemical reaction.

The chemical reaction for lead-acid batteries is endothermic on discharge
and exothermic on charge. For the same charge and discharge current,
they will generate a lot more heat when being charged than when being
discharged. Extra care must be taken when charging the batteries to
prevent them from overheating,

The chemical reaction for NMH batteries is exothermic on discharge and
endothermic on charge. They generate a lot more heat when being dis-
charged than when being charged. These batteries may require extra

ventilation in the battery box to prevent them from overheating while
driving the car, .

C. Lead-Acid Batteries

The plates in lead-acid batteries are made of lead and lead oxide, and the
electrolyte is sulfuric acid. Lead is the negative plate, and lead oxide is the
positive plate. The sulfuric acid contributes sulfate ions and hydrogen ions
to assist in the chemical reaction, Figurs 11.3 is a schematic of a lead-acid
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Fig. 11.3 Schematic of lead-acid battery chemistry.

battery. The chemical reactions in the figure are for discharge of the battery,
and are reversed when the battery is charged [11-4, 11-6].

Negative Plate. Lead combines with the sulfate ion to make lead sulfate
{PbS0O,) and generate two free electrons that go up through the load and
down to the positive plate.

Positive Plate. Lead oxide separates into lead and oxygen ions, and then
combines with four hydrogen ions and one sulfate ion and two free electrons

to make PbSO, and two water molecules. The chemical reactions are illus-
trated in Bqg. 11.7.

Negative Plate:  Pb+S07% — PbSO, +2e”

Positive Plate:  PbO, +4H* +S07 +26™ — PbSO, +2H;0 (11.7)
Tota] Reaction: Pb+ HUW.OM + NHlHMmO# —> NW@MOL + MH:HMO
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The reactions in Eq. 11.7 are the description for discharging of the battery,
As the reaction ?doommm, the plates are both coated with PbSO,. The sulfu-
ric acid is “used up,” so that the acidity becomes weaker as the reaction
proceeds. As the sulfuric acid is used up in the chemical reaction, the spe-
cific gravity of the electrolyte decreases, so the state of charge in the battery
can be determined by measuring specific gravity of the electrolyte.

As the battery nears complete discharge, the plates are nearly completely
coated with PbSOy. The reaction can proceed only when four free hydrogen
ions and one free sulfate ion all come together at an uncovered spot on the
PbO, plate. From a probability standpoint, this becomes less likely to hap-~
pen, and the chemical reaction must slow down. There is still a significant
amount of energy that can be drawn out of the battery, but the energy must be
drawn out slowly. Trying to drive the reaction too fast leads to PbO- *PbSOy
and other interesting chemical compounds on the positive plate. Some of the
chemical reactions are almost irreversible, and degrade the gﬂ.mw storage
capacity of the battery by partially coating the plates.

When several battery cells are in series, as is the case for solar cars and
nearly all battery power systems, there is always a “weakest” cell. The “weak-
est” cell is the one that has the lowest charge capacity. When the battery
system (made up of several cells) is run to a low state of charge, the “stron-
ger” cells will drive current through the “weakest” cell, and cause the posi-
tive plates in the “weakest” cell to be coated with PbO+PbSO, compounds.

This reduces the charge capacity of the “weakest” cell, making it weaker.
Because the battery cells are in seties, the charge capacity of the “weakest”
cell is the charge capacity of the battery system. Batteries and battery sys-
tems often fail because one cell becomes sulfated out, as described here.

Deep-cycle lead-acid bafteries have more positive plate area than negative
plate area, because the chermical reaction on the positive plate is more com-
plex. This makes the batteries more tolerant of being run to a low state of
charge, but it is never a good idea to run the battery completely dead. There
is always a “weakest” cell that will be damaged and reduce the charge capac-
ity of the battery. The negative plates in the battery cells are not as much of
a problem because the chemical reaction is less complex, Energy efficiency
of the battery is best when the power is drawn out at a rate so that the chem-
istry can proceed according to the design.
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If a battery becomes damaged by PbO-PbSO, compounds forming on the
positive plates, it can be rejuvenated to some extent. Charging the battery
with a slow pulsating current will break up some of the cormpounds and get
them back into solution. It will not be possible to break them all up, but this
charging method can significantly increase the charge capacity of the batteries.

In the charging cycle, as the battery nears complete charge, hydrogen and
oxygen ions must find the remaining PbSO, on the positive plate. This
becomes unlikely, and charging must slow down toward the end to allow the
chemistry to take place. Too much current going into the battery will cause
the water to be broken into free hydrogen and oxygen, which is a dangerous
situation. Some free hydrogen is always generated when charging the bat-
tery, so ventilation is required.

Lead-acid batteries have been studied more than any other battery chemistzy,
and there are some important empirical relationships that have been devel-
oped. Because the sulfate ions in the electrolyte are used up during the dis-
charge chemical reaction, the specific gravity of the electrolyte decreases as
the battery is discharged. The open-circuit voltage and state of charge vary
with the specific gravity of the electrolyte. For open-celled batteries it is
commen to measure state of charge of the battery by measuring specific gravity
of the electrolyte. Solar cars use sealed batteries, and it is not possible to
access the electrolyie. .

When the battery is discharged at a high rate, the surface of the plates get
covered quickly with Pb80,, which limits the depth of the plates participat-
ing in the reaction. This reduces the apparent charge capacity of the battery
at the high rate. Most of the charge capacity can usually be recovered if the
rate is reduced. The Peukert relationship of Eq. 11.8 was developed for the
discharging of lead-acid batteries [11-4]1.

9 C
Capacity = D (11.8)

where the capacity measured is the battery charge capacity (amp-hour capac-
ity), Iis the curvent, and C and n are constants. Also, n is the Peukert number,
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and it is between 1.2 and 1.3 for deep-cycle lead-acid batteries that might be
used for solar cars. A lower Peukert number indicates that the battery will
have higher efficiency, so a lower Peukert number is desirable. The capacity
at a given current draw also depends on temperature. Equation 11.9 is an
empirical relationship that was developed for temperature variation of lead-
acid batteries.

Capacity = Cag[1+ 0.008(T - 30)] (11.9)

where Cyy is the amp-hour capacity at 30°C and T is temperature of the bat-
tery {Celsius).

Electrolysis of Water. Electrons on the negative plate combine with H™ in
the electrolyte to make Hy. Oxygen ions give up electrons to the positive
plate at the same time and form 0y(2072 — O, + 4e7). This electrolysis of
water is one way that the current appears to flow through the battery when
too much current is used in charging the battery, An external meter will
measure curent going into the batteries and it will appear that the battery is
being charged, but in reality what is happening is that water is being con-
verted to hydrogen and oxygen and vented out of the box. Too much of this
can deplete the electrolyte, “boiling it away.”

Self-Discharge, Lead-acid batteries will self-discharge over time, and should
always be trickle-charged when not in use. The self-discharge reactions on
the plates are illustrated below.
1. Positive Plates
a. Oxygen Evolution. The lead oxide on the plates gives up its oxygen
atoms and combines with suifate ions in the electrolyte to form PbSO,

on thie plates as illustrated in Eq. 11.10. Water and oxygen are released
into the electrolyte solution.

PbO, +H,80, — PbSO, +Eo+w..oM (11.10)
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b. Oxidation of Organics XR. The material used in separating the plates
usually contains polymers (organics) that can oxidize and gradually
discharge the battery as illustrated in BEq. 11.11.

2P50, + XR + 2H,80, ~ 2PbS0, +2H,0+CO, +X0  (11.11)
¢. Corrosion of lead in the current collectors is illustrated in Eq. 11.12.
”_.u._u+w_uOu +NH|HMMON_. +MH|HMO .....vNHZGmOL. +NH|HMO {11.12)

d. Corrosion of alloying constituents in the current collector is illus-
trated in Eq, 11,13,

5Pb0, +28b + 6H;80, — (Sb0O,)80, +5PbSO, +6H,0  (11.13)
2, zm.mnuwm Plates

a. Hydrogen Evolution. The hydrogen ions in the electrolyte collect
electrons from the negative plates and bubble off as hydrogen gas, as
illustrated in Eq. 11.14.

Po+H,y804 = PoS04 +Hy (11.14)

b. Oxygen recombination is iflustrated in Eq. 11.15.

H.._u.._smmmoh. ._..WOM Iuv”m.@moh. ..m..H:mMo AHHHMV

¢. Antimony can dissolve into solution from the positive plates and dif-
fuse to the negative plates where it enhances oxygen recombination.

D. Silver-Zinc Batteries
Silver-zinc batteries are a high-performance option for solar car racing. They

have a high energy density. The disadvantages are that they are expensive
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and have a short life. Some silver-zinc batteries can be charged and dis-
charged only a few times before they are worn out. Silver-zinc batteries are
extremely sensitive to overcharge and high charging rates. In general, they
require more care and cantion and are less forgiving of misuse than lead-acid
batteries. When fully charged, the plates in the batteries are Zn and AgO, and
the electrolyte is potassium hydroxide (KOH) dissolved in water. The reac-
tion during discharge is shown in Eq. 11.16 [11-4, 11-6].

7o+ AgO+H,0 — Zn(OH), + Ag (11.16)

The Zn plate is coated with Zn(OH), and the AgO plate is coated with Ag.
When the batterios are being charged, the reaction goes in the opposite direc-
tion. Open-cirenit voltage of a fully charged battery cell is 1.86 V, but draw-
ing significant current will drop the voltage to about 1.5 V. The KOH in the
electrolyte does not appear in the chemical reaction, but is necessary for the
reaction to proceed at a reasonable rate. Most of the Zn(OH), comes from
Zn combining with the OH~ available from the KOH electrolyte; only a
smell amount is available from decomposition of the H,0. The K*ion is
helpful in separating the AgO into Ag and K, O, which then separates back
into 2K+ + O~2, and the oxygen ion finds two hydrogen ions (H*) and makes
water. The silver-zinc cell is illustrated in Fig. 11.4.

E. Nickel-Cadmium (NiCd) Batteries

Nickel-cadmium (NiCd) batteries have been used by a few solar car teams.
They have slightly higher energy density than léad-acid batteries and are less
expensive than silver-zinc batteries. Rechargeable batteries for many tools
and toys are NiCd, so the batteries are available in many sizes. They are
good, reliable batteries, but their energy efficiency is lower than that of lead-
acid batteries, and overall performance is probably not as good as lead-acid
batteries. NiCd batteries generate significant heat when discharging, and
may require additional cooling or ventilation in the battery box to prevent
them from overheating. The chemistry of NiCd batteries is illustrated in
Fig. 11.5111-4, 11-6].

313




The Winning Solar Car

Load +

1.5t01.86V
e N (l\l(\)fll\l./l\'l[l.l\\/n\l/ll\/ A
Potassium Hydroxide
2e~ KOH . .
Ze~
Zn \ /
K* (OH)~ Ag0
K,0+Ag->2K*+ 02+ Ag >
A.A Zn(OH), + 2e i ium
N !
M 2k — |
2(0HY"

Fig. 11.4 Schematic of silver-zinc battery chemistry.
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Fig. 11.5 Schematic of nickel-cadmium (NiCd) battery chemistry.
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When fully charged, the plates in the batteries are Cd and NiO(OH), and the
glectrolyte is KOH dissolved in water. The reaction during discharge is shown
inEq. 11.17.

Cd + 2NiO(OH) + 2H,0 — Cd(OH), + 2Ni(OH), (11.17)

The Cd plate is coated with Cd(OH), and the NiO(OH) plate is coated with
Ni(OH),. When the battery is being charged the reaction goes in the oppe-
site direction. Operating voltage is approximately 1.35 V.

The KOH does not appear in the chemical reaction, but is necessary for the
reaction to proceed at a reasonable rate. Most of the Cd(OH), comes from
Zn combining with the OH- available from the KOH electrolyte. The K* ion
is helpful in separating the oxygen O from the NiO(OH) so it can form
Ni(OH),. The K,0 then separates back into 2K* + 02, and the oxygen ion
finds two hydrogen ions (H*) and makes water.

E Nickel-Hydrogen and Nickel-Metal-Hydride
(NMH) Batteries

The plates in these batteries are NiO{OH) and hydrogen gas. Because it is
not possible to make a plate out of a gas, the NMT battery is the most com-
mon one of this type where the hydrogen is stored as a metal hydride on the
negative plates. The battery chemistry is illustrated in Fig. 11.6 [11-4, 11-6].

Negative Plates. The catalyst on the electrode assists with the chemical reac-
tion. The hydrogen combines with hydroxides in the electrolyte and forms
water and two free electrons as shown in Eq, 11.18.

H, +2(0H7) = 2H,0 + 2~ (11.18)

Positive Plates. The potassium ions help strip the oxygen out of the nickel-
oxy-hydroxide, forming potassium oxide as an intermediate step. The potas-
sium oxide then dissolves back into the electrolyte solution. The nickel then
combines with two hydroxides to form nickel hydroxide. The chemical reac-
tion is llustrated in Eq, 11.16.
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Fig. 11.6 Schematic of nickel-hydrogen battery chemistry.

2NiO(OH) + 20H™ +4K* + 26~ + 4H* — 2Ni{OH), + 2K,0 +4H"
— ANI(OH), +4K* +207 +4H* (11 19)
— 2Ni(OH), +4K* +2H,0

The chemical reaction on the positive plates is complex. Care must be taken
when charging and discharging the batteries or the positive plates will be
coated with compounds that are difficult, if not impossible, to remove. The
net chemical reaction for NMH batteries is shown in Eq. 11.20.

INiO(OH) + H, — 2Ni(OH), (11.20)

G. Lithium-Ion and Lithium-Polymer Batteries

Hﬁﬁﬁglwg and lithium-polymer batteries have the highest energy efficiency
and the .wum_uoﬂ specific energy of all the batteries currently being used in solar
car racing. They are different from the other batteries discussed because
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they use an organic electrolyte, and current passes by transporting lithium
jons between the positive and negative plates: The chemistry of these batter-
ies is illustrated in Fig. 11.7 [11-4].

+ ,. Load -

36V

& Organic Electralyte -
Co0, ‘

A.AFQP — Li, ,+ Li*

Do |

Fig. E.w.,m_nwminmn of lithium-ion battery chemisiry.

Lithium is a lightweight element, number 3 on the periodic table. Experi-
rmental lithium batteries have existed for many:years because of the potential
of developing a battery with a high energy density. The main problem has
been that metallic lithinm is extremely explosive and unsafe. The first break-
throughs were in 1976 and 1978 with the intercalation of lithium into tita-
nium sulfide [11-7]. The battery chemistry that was developed is shown in
Eq. 11.21.

xLit +TiS, +xe” ¢ Li, TiS, - (112n

The intercalation of lithium did not significantly change the crystal structure
of the titanium sulfide; it just changed the lattice parameter. Intercalation
was rapid and reversible. Other materials were developed for intercalation
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of lithiurm, but the problem of a pure lithium metal, negative electrode remained
and the battery was never used commercially.

The breakthrough that made the commercial lithium battery possible was the
discovery of intercalation of lithium ions into catbon, up to an amount LiC,
[11-4]. The negative electrode could then be made of carbon, and the posi-
tive electrode made of a mix of cobalt oxide, nickel oxide, and manganese
oxide, commonly referred to as a metal oxide electrode. Using the symbol
MO; to represent a metal oxide on the positive terminal, the chemical reac-
tion for the battery is shown in Eq. 11.22.

Li,MO; +6C ¢ Lijy_;MO, + LiCq (11.22)

Manganese oxide is the least expensive metal oxide to use for the positive
electrode, but it is also the heaviest and yields the lowest energy density.
Nickel oxide is the second least expensive and yields the highest energy den-
sity. Cobalt oxide is the most expensive of the three metals that can be used
for the positive electrode and yields the second highest energy density, Cobalt

oxide is used for the example in Fig. 11,7 because it was used in the sarliest
lithinm-ion. batteries. -

The metal oxides all become chemically unstable at temperatures above 100°C,
liberating oxygen and forming undesirable compounds. Careful voltage con-

no:muooommmawérauoﬁmmmﬁmﬁwodmﬁmnﬁo ?.nﬁﬁmmgmmﬁm&mwoﬂ.mﬁ
elecfrode. .

H. Charge-Discharge Curves

Figure 11.8 shows a typical charge-discharge curve fora battery being charged
and discharged at a C/3 rate. (The C rating indicates the rate at which the
battery is charged and discharged so that C/3 indicates that the charge is
drawn out in 3 h.) C ratings are somewhat misleading because the battery
has a maximum voltage for charging and a minimum voltage for discharging.

InFig. 11.8, the battery is charged at a C/3 rate until Sm., maximum allowable

charge voltage is reached, and then the charging rate is cut in half. Charging
continues until the maximum charge voltage is reached and then the charging
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Fig. 11.8 Typical battery charge-discharge curve.

rate is cut in half again (to one-quarter of the original C/3 rate). ﬂg.mﬁm
continues until the maximum charge voltage is reached for the mE.a. aﬂﬁ
and then the charge portion of the cycle is complete. The @mﬁa@ is dis-
charged at the C/3 rate until the minimum discharge voltage is reached for
the discharge portion of the cycle.

When testing, the charge-discharge cycle shown here is repeated several times.
Data for the first couple of tests are usually a bit erratic as they depend on the
initial state of charge in the batteries. As aresult, the data moﬂ. the first couple
of cycles are not very useful in analyzing Em battery. Starting .mﬁ abonut E.m
third cycle, the data will become repeatable m.um more useful. Figare 11.8 18
representative of what a typical battery would do after several cycles.

One point on Fig. 11.8 is labeled “6.5% Charge Lost.” As this battery was
cycled, it took 6.5% more to charge the battery than was EE& when the
battery was discharged. The “lost” charge can be caused by internal leakage
(shorting within the battery) or electrolysis of the electrolyte. 1.26 charge
efficiency for this battery is 93.5%, which is typical for well-designed Hnm..w.
acid, silver-zine, and NMH batteries with water-based electrolyte. Batteries
with polymer-based electrolyte, such as lithiwm-ion or mﬁgwﬁowgﬂ _u.m;.
teries, can have charge efficiencies above 99%. Poorly designed batteries
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may have a lower charge efficiency, but such batteries would not be used in
solar car racing.

In Fig. 11.8, the area under the “charging” curve represents the energy re-
quired to charge the batteries. The area under the “discharging” curve repre-
sents the energy that the battery will deliver when discharged. Because
batteries are charged at a higher voltage and discharged at a lower voltage,
the energy efficiency of the battery is considerably lower than the charge
efficiency. The energy efficiency of this battery is 83.9%, which is typical
for well-designed Jead-acid batteries. NMH batteries are typically 10% less
energy efficient than lead-acid batteries. Lithium-ion and lithism-polymer bat-
teries can have energy efficiencies above 90% when discharged at a C/3 rate.

The energy efficiency of the battery increases when it is charged and dis-
charged at a slower rate, and decreases when the charge and discharge rates
are increased. Charge efficiency increases slightly when the battery is charged
and discharged at a slower rate. Tt is difficult to draw charts to illustrate the
effect of charge rate on the batteries. Ifthe battery is discharged from a fully
charged state at a C/1 rate, it will reach its minimum allowable voltage with
fewer amp-hours drawn out of the battery than if the discharge rate is C/3.
The capacity is reduced and the energy sfficiency is reduced. Ifthe battery is
discharged at a C/8 rate, it will deliver more amp-hours before reaching its
minimum allowable voltage than at the C/3 rate. The usable capacity, charge
efficiency, and energy efficiency of the battery all vary with charge-discharge
rate. Charging and discharging at a slower rate is best for the batteries, but
may not zlways be the best strategy for racing.

I Battery Modeling

The capacity and efficiency of batteries are dependent on the rate at which
they are charged and discharged, along with many other variables specific to
the battery chemistry. Batteries are extremely important in solar car racing,
and it is important to include a reasonably accurate model for the batteries in
the power management model, The Peukert equation is the most respected
approach to modeling battery capacity. This equation was developed for
lead-acid batteries, and has been applied with reasonable success to other
battery chemistries, It must be stressed that the Peukert equation is empiri-
cal, is for discharge only, and is only accurate over a range of currents. In
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particular it is not accurate for small currents, recognizing Emﬁ.mpo definition
of what constifutes small currents depends on the size and design of the bat-
tery system.

The goal is to develop a relationship between the energy omwwoﬁ‘ of Em
battery system {watt-hours) and the rate (in watts) at éEo_.p power is being
drawn out of the batteries. Because the battery voltage is approximately
constant, the Peukert equation can be modified to yield a relationship between
the capacity and the power P as shown in Eq. 11.23.

c
pED

" Capacity = (11.23)

To solve for the constants n and C, it is necessary to measure the capacity for
different discharge rates and then perform a least-squares fit on the- mm.ﬁm.
Unfortunately, it is difficult to perform constant power rate testing. H.amnwm
is generally done at a constant current rate. The <o:nmm.n amnnnmm.om during the
test, so the power rate is-not exactly constant, but it is m@wﬁnﬁEmﬁq con-
stant, This is an approximate model, and it is acceptable to use %.u data from
a constant current test as if it were a constant power test. There is probably
very little to be gained in developing eq ipment to perform oowm.ﬂmﬁ power
rate testing. The following example illustrates the process used in develop-
ing the Peukert model.

Example. Assume thata lead-acid battery being tested E_m a nominal charge
capacity of 60 A-h. It is cycled a few times and then Eoﬁm-ognmﬁ to full
capacity. The battery is then discharged at a rate of 20 A (C/3 discharge)
until it reaches the minimum allowable voltage of 10.5 V. (The battery would
detiver about 56 A-h at this rate.) Integrating the data, it is found thet the
battery provided 630 W-h of energy during the discharge cycle. Itisas sumned
that the battery has a capacity of 630 W-h at a power draw of 210 W,

Assume that the same battery is tested at a current draw of 10 A (C/6) and
that it delivers 708 W-h of energy at this rate. It would be assumed that the
battery capacity is 708 W-h at a power draw of 118 W. Emo. assume that the
battery is tested at a power draw of 60 A(C/1) and that it delivers 515 W-h of
energy at this rate, Itis assumed that the battery delivers 515 W-h at a power
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draw of 515 W. A least-squares approach can be used to determine values for
the constants in the battery model equation for this battery, yielding Eq. 11.24.

Capacity = %ﬂé& (1124)

The Peukert number for this battery is 1.21 and the other constant in the
Peukert equation is 1930. Equation 11.24 is useful for estimating the battery
capacity for different power draws on the battery. The equation is not accu-
rate for extremely low power draws. As an example, assume that the power
is drawn out at 1 W (a very low power draw for this battery). The equation
predicts 1930 W-h of energy in the battery, but the battery will not really
provide that much energy. It is impossible to make the Peukert equation
accurate for extremely low power draws and for the more typical power draws
in solar car racing. The equation is accurate only over a range of values, and

should be fitted to a range of data typical for the energy a solar car would
draw when racing.

J. Battery Pack Modeling

Abattery pack is usually made of more than one battery. If two batteries are
used instead of one, each battery will deliver only half as much power for the
same total power draw. Reducing the power draw increases the capacity of
the individual batteries, so there is more than a twofold increase in battery
capacity by doubling the size of the battery pack.

This phenomenon is consistent with the model developed. Assume that indi-
vidual batteries follow the Peukert equation. If a battery pack contains m
batteries, and the power is drawn out at mP, then the capacity of the pack
would be increased by a factor of m, because each battery would be provid-
ing a power of P. Eqs. 11.25 and 11.26 apply in developing a model for using
m batteries in a battery pack, ,

C

Capacity = ey (11.25)
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O\

e (11.26)

Eﬁo%mo.&u =

where n and C are the constants that go with the individual ,omﬁmnm.m and n’
and C’ are the constants that go with the battery pack. These equations can
be satisfied only when Eqs. 11.27 and 11.28 are satisfied.

¢ =mC (11.27)

Lo{m)

(11.28)
Ln{mF)

n'=n-(n-1)

The significance of writing the equations this way is that the Peukert number
of the battery pack is less than that of the individual batteries. The other con-
stant i simply m times the constant for one battery, which is to be mﬁuooﬁn@_
but by increasing the size of the battery pack the effective Peukert number is
reduced. This means that for any power draw P, the battery pack will have
more than m times as much capacity than if the power P is drawn out of a
single battery. It also means that the battery pack will operate at a higher
efficiency than a single battery for the same power draw. The following
example illustrates the effect,

Example. Suppose that seven lead-acid batteries of the type used in the
example above (n = 1.21 and C = 1930} are put together to make a battery
pack. The battery pack will need to deliver between 300 and 2000 W power
during the race. Plot the battery capacity as a function of power.

One way to estimate the capacity of the battery pack (the wrong way) would
be to find the capacity on one battery over the range of 300-2000 W power
draw, and multiply by 7 because there are seven batteries in the pack. This
method underestimates the energy capacity of the battery pack. Equations
11.27 and 11.28 should be used to get the correct constants for the battery
pack. The comparison between simply multiplying the capacity of one bat-
tery by 7 and calculating the correct capacity for the battery pack is shown in
Fig. 11.9.
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Fig. 11.9 Battery pack capacity vs. individual battery capacity.

Homework. Assume that a battery pack consisting of nine lithivm-ion cells
in parallel was tested. The pack provides 62 W-h energy at a power of 20 W,
67 W-h at a power of 8 W, and 58 W-h at a power of 58 W.

1. Find the Peukert equation describing the battery performance.

2. If the nine-cell pack weighs 400 g and each cell operates at a nominal volt-
age of 3.7, design a battery pack that operates at nominally 100 V and
weighs 30 kg or less.

3. What equation would be used for the capacity of the battery pack?
4. Plot capacity versus power from 300 to 2000 W.

The slope of the curve for the lithinm-ion pack in the homework problem is
much lower than that for the lead-acid pack. This means that the lithivm-ion
pack will deliver more energy at high power draws, which is a desirable
characteristic. On sunny days the car can be driven at high speeds up and
down hills with little regard for the batteries. The lithium-ion pack is usually
the better choice on a sunny day. It is often overlooked that the lead-acid
pack will deliver more energy at low power draws, as might be the case fora
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cloudy, rainy day. If the two battery packs have the same capacity when the
power is drawn out at a C/3 rate, the lead-acid pack will deliver more energy
at lower power draws and the lithium-ion will deliver more energy at higher
power draws. Lead-acid batteries are much heavier, and it is difficult to
imagine a case when it would be better to use lead-acid batteries than lithiurm-
ion batteries, but there are cases where lead-acid batteries will deliver more
energy. The power management models should be used to determine which
battery pack is best for the car. ,

K. Wiring of the Battery Box

As the car travels down the road the batteries will consume some energy
because of resistance in the wires and the connections on the battery termi-
nals. These are commonly referred to as iR logses. A typical car draws
about 20 A from the battery on average, with spikes of 80 A for climbing hills
on a sunmy day. A total resistance of 1 Q would cause a power loss of 400 W
for a 20-A current and 6400 W for an 80-A current. Clearly, the resistance in
the main power bus must be extremely low. An example of a typical main
power bus ig shown in Fig. 11.10.

g ba 4

B4 B3 B2 Bl

Fuse

Switches

Motor
-Controller

Fig. 11.10 Main power bus.
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The main power bus includes the batteries, the two switches required by race
rules, and the motor and motor controller. High currents exist in all of these
wires and connections. There is a minimum of two connections per battery, a
fuse, four switch connections, two switches, five motor controller connec-
tions, three motor connections, internal resistance in the motor and control-
ler, and the wire cormecting everything together.

If the goal is to limit total loss to less than 10 W at 80 A, the fotal resistance
of all the wires and connections must be less than 0.0015625 Q = 1.56 mQ.
One corroded connection could have this much resistance. Although 1 mQ
of resistance is a lot for any wire, connection, or switch, there are many
connections. Cleaning the battery terminals, sizing the wires, and ensuring
that all the connections are good are important,

L. Battery Safety

The batteries must be tied down securely to the frame, or encased in the
battery box so they will be contained in the event of an accident. The main
concerns are holding the batteries down so they do not become projectiles,
and containing battery electrolyte should the batteries break open or leak.

For most batteries there will be some electrolysis of water duting charging of
the batteries, which releases hydrogen and oxygen gases into the battery box.
There must be a vent fan and ventilation system to constantly push the hydro-
gen out into the atmosphere. Buiidup of hydrogen in the _umnmq box could
cause an explosion.

A fuse is required to prevent the battery from generating excessive current.
The fuse must burn out at & safe current and yet have essentially zero resis-
tance for the current that the car will use.
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Chapter 12

Electrical Systems

A. Introduction

The electronics field changes rapidly, and the best electronic components at
the time of this writing will not be the best components in the future. Some
aspects of the electrical systems do not change as rapidly, and these are the
focus of this chépter. Wires, connectors, and fuses must be sized to minimize
the electrical losses, and there are safety concems in any electrical system
design. . _

The driver must be isolated from high voltage to avoid any chance of electro-

cution. To be conservative, anything above 24 V should be treated as high -

voltage. Driver controls should all be low-voltage controls that activate a
metal oxide semiconductor field effect transistor (MOSFET) or other relay-
type device outside the driver compartment to control the higher-power sys-
tem voltage. Connectors should be covered to prevent shock hazards when
working on the car. If possible, the batteries and array should be discon-
nected when working on the car, One hundred volts from a typical power
system is lethal, and some common sense is‘required to avoid injury.

B. Wiring Diagram

A typical schematic of the wiring of the car is shown in Fig. 12.1. Thisis not
a detailed wiring diagram. There are separate wiring diagrams showing the
designs of the motor controller, driver-user interface (DUI), power point track-
ers, de—dc converters, turn signals, and motor blower controller. The diagram
in Fig. 12.1 shows the overall layout of a typical car. ,
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Subarray 1 Subarray 2 Subarray 3
. Power Point Power Peint Power Point
ignais from the Tracker 1 Tracker 2
Driver-User Interface e reeker Trucker 3
= _+ —I T Bartery Box
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Driver Fuse O
Horn
Switch v
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B &
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B 4
Mator Controller
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Moter Blower

Blower
Motor Controllar

Fig. 12.1 Typical wiring diagram.

The “main power bus” wires are the 2-gauge wires that run from the battery
box to the motor controller. Power flows from the batteries to the motor
down these wires. There are two 100-A switches in the wires: the motor
switch and the battery switch. Power from the array comes in between the
two switches. Two switches must be included for safety reasons. If both
switches are opened, there is no way for power to flow, and the car is “off.”
For safety reasons the car must be off and no electric power should flow
when the main power switches are off. Most race rules HBE.H@ that the car be
off when the main power switches are thrown, so this is in most cases a race
rule in addition to a safety rule.

Toggle switches are typically used for the main power switches, and there is
a small power loss associated with the switches. Probably every electrical
engineer designing such a system has spent some time trying to figure out
how to get by with one switch and reduce the power loss. But with power
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coming from two sources, the battery pack and the array, there appears to be
no way to do this.

Atnight both switches are opened to turn the car off. If the switches were left
closed, the battery pack would drive some small current through the array and/
or through the motor controller or accessories and deplete the power in the
batteries. There are diodes to prevent this from happening, but diodes allow
a small reverse current, so there is some power loss. An open switch allows
no current and is the best selution.

When the caris mﬁow@om QE.Sm the day, the motor switch is open (off) and the
battery switch is closed (om). This is the configuration for charging the bat-
teries off the array. In this configuration, no power can flow to the motor
controller or the horn system. This provides a level of safety because while
the car is sitting and the batteries are being charged, it is not possible to
inadvertently start the car moving. The battery vent fan must be running
anytime the batteries are being charged to vent the hydrogen gas created
when charging, so the battery box will not explode. This is important. The
batteries probably create more hydrogen gas when being charged off the
array than when the car is being driven down the road. The power converters
that provide power to thie battery box vent fan must be connected between
the two main power switches so that it is powered when the car is being
charged.

When both main power switches are closed (on), power is available to all
components and the car can be driven. The only subsystem that must be
active when the car is stopped is the battery box vent fan. Everything else
can be hooked in to the left of the motor switch, and be taken completely out
of the circuit when the car is stopped and the batteries are being charged.
Note that technically, with the array providing power and both main power
switches open (off), power is being provided to the de—de converter, and the
motor blower, turn signals, DU, and battery box vent fan can stili operate.
This appears to technically viclate the race rule that the main power switches
must turn everything off. However, inspectors have been willing to allow
this type of configuration provided there is a separate switch in the de~de
converter, and that the team has a policy of always disconnecting the array
umbilical cord when tirning the switches off, Most teams use a similar
configuration.
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The problem is that a race rule requires that the battery fan must be ranning
anytime power is going into or out of the batteries. This is necessary for
safety and is a good and important rule. The fan could be wired directly to
the batteries so that it runs all the time, day and night, which would satisfy
the rule. But from a strategy and energy management point of view, it is
desirable to turn the fan off at night so it does not continue to drain the batter-
ies. There is no reason to run the fan at night, so there must be a switch
somewhere to turn the fan off. Ifthe switch were to be placed on the fan, the
team members would forget to turn it on in the mornings and this, would lead
to a safety problem. Inspectors are not willing to accept a switch on the fan;
the switch that turns off the fan must also turn off any power mOEm into or out
of the batteries at the same time.

A third main power switch can be installed to isolate the array power, and
this would satisfy the rule that the car must be completely off under all cir-
cumstances. Shock hazards would still be presented by the wires coming out
of the battery box and the array umbilical wires. It is not possible to com-
pletely eliminate shock hazards. It is unacceptable to have power going to
the motor when the car body is on the array stand charging the batteries in the
morning and evening. The car could be started inadvertently and cause dam-
age or injury, Providing power to the other systems increases the shock haz-
ard to some extent, but is probably an acceptable risk.

C. Fuses

Fuses should be used to prevent too much cuzrent from flowing and burning
up the wiring or components. They represent an added level of safety. Fuses
should be properly sized for the current flowing through the wires. The fuses
shown-in the schematic (Fig. 12.1) are the minimem required. Many of the
subsystemns will have additional fuses built in to protect them. Fuses serve
two purposes:

1. They prevent a short circuit from overheating the wiring and causing a
fire (safety feature).

2. They protect expensive electronic components, keeping them from being
damaged by too much current.
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Putting a fuse in the wire absorbs a small amount of power, so fuses should
not be used without a reason. In general, a fuse with a higher amperage
rating absorbs less power than one with a lower amperage rating because the
higher-amperage fuse has a lower electrical resistance. The fuses must be
properly sized. Putting a 10-A fuse in a wire that can only safely carcy 5 A
does not make sense.  The fuse must trip before damage cccurs or a fire
starts, but a large power loss at the fuse is not desirable. If possible, the fuses
should be soldered in place to reduce the resistance at the connections, but
this makes them harder to replace.

D. Wire Sizing

Thicker, lower-gauge wire is designed to carry more current than thinner,
higher-gauge wire. The thicker the wire, the lower the electrical resistance,
and thus the lower the power loss in the wire. Electrical losses can be mini-
mized by using heavy copper wire for all wiring, but this makes the car very
heavy. Copper has a higher specific gravity than steel, and it does not take a
lot of thick copper wire to add a significant amount of weight to the car,
Power lost is commonly.referred to as iR loss.

The resistaice in a wire is linearly proportional to its length, so the wires
should be made as short as practical to minimize i2R losses. Resistance is
also proportional to the cross-sectional area of the wire. A larger-diameter
wire will have lower resistance, but the weight increases with cross-sectional
area too. There is an optimal wire diameter designed to carry a given cuirent.
The power lost in the wiring should be small. It cannot be eliminated; it can
only be made small. As a target value or goal, it would be reasonable to
decide that the main wires in the diagram could absorb 1 W of power for the
maximum rated current, For the 100-A main power bus the resistance of the
wire selected should be 0.0001 Q or less. For the 2-A do~dc converter the
wire should have a resistance of 0.25 Q or Iess.

This is the kind of logic that must be used throughout the electrical system
design. Most of the parasitic power lost is lost due to i?R losses. A car will
lose about 30 W in a well-designed system, which comprises about 100 wires,
switches, connectors, and foses. So as a general “rule of thumb’ it is neces-
sary to keep the power losses below 1 W for each electrical component. The
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designer should never deliberately increase the power loss, 50 some common
sense must be applied with the “rule of thumb” mentioned above. Power
losses less than 0.01 W are probably insignificant. Table 12.1 shows sug-
gested wire sizes for given currents. It is Important to recognize that these
are general guidelines, and there can be goed reasons for an exception.

disadvantage of a soldered connection is that it cannot be easily taken
apart and reassembled. Soldered connections are the lowest power loss
choice, and should be used except where there is a compelling reason to
be able to easily connect and disconmect.

2. Bolted Connections. The larger-amperage connections are usually bolted
togetber. The bolt provides leverage so that the surfaces can be clamped

TABLE 12,1 together very tightly. Clamping the surfaces together tigh i
SUGGESTED CURRENT LIMITS FOR WIRE SIZES I ow. of NHSN. nmn sw . %wo M%& oo mmu o %o mw %ﬁwﬂﬁm
Wire Copper Copper Wire Copper | Copper illustrated in Fig. 12.2. Bolied connections have more resistance than
Gauge Single Bundled Gauge Single Bundled soldered connections, but less resistance than crimp connections.
Size Size
0000 380 A 225 A 16 22 A © BA
0co 328 A 200 A 18 16 A 10A Bolted Connection
00 283 A 175 A 20 11.A 75 A
0 245 A 150 A 22 9.A 5A
1 211 A 125 A 24 NR NR o .H,Hm_u.n oﬂmaﬁmﬂm TOEm
2 181 A 100 A 28 N& NR \ the contact surfaces
4 135 A BOA 28 NR NR together
6 101 A 60 A 30 NR NR
. 8 73 A 46 A Electrical
n 10 55 A 33A Component ]
: 12 4 A 23 A .
: 14 32A 17 A \
NR = Not Rated. Suitable only for very small currents such as sensor wires.

E. Connectors and Switches

If the wires are sized properly, the connectors and switches will probably be
the largest i2R loss in the system. There are many ways to make connections
from wire to wire or wire to component, and no single method works for all
of them. The goal is to use a connector with as low a resistance as practical.

Fig. 12.2 Bolted connection,

3. Crimp Connections. Crimp connections come in many styles. A wall
outlet is an example of a crimp connection. The advantage of a crimp
congnection is that it is easy to take apart and reassembled. As the con-
nector slides together, the crimping action between the pieces causes a
fairty tight contact between the contact surfaces. The wires should be
soldered to the two pieces to minimize resistance in the connection. A
common spade connector is illustrated in Fig. 12.3.

1. Solder Comnections. Soldered connections have the lowest resistance.
The resistance of a good soldered connection is almost zero. The
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4,

Wire :
Solder Wire to Connector

/

Wire
Spade Connection

Fig. 12.3 Crimped connection.

Mechanical Switches. A mechanical switch has about the same resis-
tance as a crimp connection. It could be a little more or a little less
depending on the design. If the wires are soldered to the switch connec-
tions, there is little difference between the resistance in a switch and a

" crimp connector,

General Connection Design. Electrons flowing through the wires and
connectors are analogous to fluid flow. The connectors should not restrict
the flow of electrons. Make sure that the cross-sectionial areas the cur-
rent must flow through when going through the connectors are at Jeast as
large as the cross-sectional area of the wire, as illustrated in Fig. 12.4.

Electrical Subsystems

Motor Controller. The motor controller provides the interface between
the main power system and the motor. To achicve a high-efficiency
design, the motor controller must be matched with the motor. The team
will probably not design their own motor controller, but will need to
learn how to optimize the performance of the one purchased. Use the
technical information from the manufacturer and also experiment with
the motor and controller to ses what works best.
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Metal tab
]

Male sure the path through the
solder is larger than the wire. It
should be larger because the solder
will have more resistance per
sectional area.

Fig. 12.4 General connector design.

Array and Power Point Trackers. These tzke the solar energy and con-
vert it to elecirical power at the system voltage. Operation of these sub-
gystems was covered in Chapter 4 on solar arrays.

Horn System. Design of this systern depends on the owmﬁmmum{o:mmo of
the homm. For the system shown schematically in Fig, 12.5, the horn was

Driver Switch

(Low Veltage)
Syster voltage
ZOm.HumH when the Horn
Switch driver switch
is activated
System Voltage
(~100 V)

Fig. 12.5 Schematic of horn system.
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designed to operate at the main power system voltage. For safety {shock
hazard), any wires carrying system voltage should not be in the cockpit
near the driver. A MOSFET electronic switch was used in this design to
power the homs. The driver pushes a low-voltage switch that activates
the MOSFET, which in turn activates the hom.

de to dc Converter. Most of the electronic subsystems on the car operate
at a voltage lower than system voltage, so a de—dc power converter is
needed to provide the lower voltage. System voltage may vary between
70 and 105 V, depending on the state of charge of the batteries and the
power draw. The dc—de converter illustrated schematically in Fig. 12.6
is a step-down transformer that converts system <o:mmm to a fairly con-
stant 24 V to power the other subsystems.

Software to
Control S

n /\J .

+ N +
System _ il 24V
Voltage C N%U e,

ettt
© o

Fig. 12.6 de—dc converter.

The switch is controlled by software to regulate the voltage to 24 V. Itis
important that this power converter be a high-efficiency design.

a. When the switch S is closed, the full battery <ommmm is applied, push-

ing current through the inductor L and into the 24-V power system.
The voltage across the 24-V power system increases.
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b. When the voltage across the 24-V system is getting too high, the switch
S opens, disconnecting from the batteries. Current will continue to
flow up through the diode D as the inductor L and capacitor C, both
push current into the 24-V system. The voltage decreases as the
capacitor and inductor discharge. Capacitor Cy is charged up during
this part of the cycle.

c. Asthe voltage to the 24-V system goes down slightly below 24 V, the
switch S is closed again, and the batteries and capacitor C, push cur-
rent through the inductor and into the 24-V system. Current through
the diode D ceases and capacitor C; is charged up during this part of
the cycle.

The cycle described above repeats. The software takes readings from
sensors measuring the voltage of the 24-V system. The opening and
closing of switch S (MOSFET switch) causes a ripple in the voltage, so
the voltage is not a constant 24 V, but oscillates from slightly above that
figure to slightly below it. This ripple must be controlled so that it is
acceptable for the car’s electronic components.

The primary power loss mechanisms in the de—dc converters are resis-
tive losses primarily in the inductor, switching losses in the MOSFET
switch S (a MOSFET is a very energy-efficient switch), capacitive losses
as the capacitors are charged and discharged, and the energy to forward-
bias the diode. The diode is the largest mﬁmnm% loss, but all of these are
significant.

All power flows through the inductor, so all that can be done is ta choose
as low a resistance inductor (and other wiring) as practical to minimize
the iR losses. The switching, capacitive, and diode losses occur each
time the switch is opened and closed, so operating at a slower frequency
is desirable. The switching frequency goes up as system voltage becomes
larger than 24 V; that is, if the system voltage is slightly higher than 24 'V,
the switching frequency is low. If the system voltage is much higher
than 24 V, the switching frequency must be higher. The switching fre-
quency can be reduced by allowing a larger “ripple” in the voltage too.
The more precisely we try to control the voltage, the faster the converter
must switch, which reduces ity efficiency.
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5.

Turn Signals and Brake Lights. The lights for the tum signals and brake
lights can use a lot of power. An important part of this system is using
low-power lights [light-emitting diode (LED) type] for tumn signals and
brake lights. As the lights blink for turn signals, front and rear lights
shouid alternate so that power is drawn at 2 more constant rate, Blinking
the front and rear lights at the same time causes a larger power draw. The
driver’s switch must be integrated into the design so that the driver can
turn the tum signals and brake lights on and off.

The brake lights must come on when the driver hits the brakes, when the
driver releases his or her foot from the dead man switch, and when the
motor kicks into regenerative braking mode. Ultimately, a microproces-
sor, digital signal processor (DSP), or computer will probably be used to
take signals from the driver and motor controller and decide how to light
the lights on the front and rear of the car. This seems simpler than it is
because most people use turn sigrals and brake Hights every day, but the
system of logic involved is actually rather complex. It takes a carefully
designed program to take all the inputs and logically reason out what the
lights should do.

6. Motor Blower Control. It is possible that the motor selected for the car

will need a cooling fan to keep it from overheating. Some of the motors

‘used in solar car racing require a cooling fan and some do not. Ifa

cooling fan is required, a logic circuit system must be developed to take
input from the motor thermocouple and provide the required air flow to
cool it. Too litile airflow will allow the motor to overheat. The motor
operates less efficiently when hot, and will shut down completely if it
gets too hot. Providing too much airflow wastes energy in the blower,
but it is best to err on the side of too much airflow. It is frustrating to
have the motor shut down or fail during the race because of overheating.
A separate microprocessor could be used to control the motor blowst, or
it could be controlled by a central DSP or computer.

7. Driver-User Interface. The DUI is the interface the driver uses to con-

trol speed and acceleration of the car. A trained driver can operate the
car in a more efficient manner than a computer because the driver can
see what is going on around the car and anticipate when to accelerate and
decelerate. It is important to allow the driver to control the throttle. A
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simple potentiometer can be used on most motor condrollers, and this is
probably the best solution. Computer systems have been designed to
1limit the acceleration of the driver, or provide a buffer between the driver
and the motor controlier, but these systems do not seem to improve the
efficiency of the car. _

Battery Box Vent Fan. This fan must be on anytime the battery switch is
on, which means it is only off at night. A very low-power fan is desir-
able. At the time this chapter was written the most efficient fan that
could be found operated at 12 V. A separate de—~dc converter was used to
step the power down from 24 to 12 V to'take advantage of the increased
efficiency of the fan, as shown on the general schematic of the car. Even
small power savings are worth considering for the vent fan because it
nuns continually.
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Page numbers followed by f"or ¢ refer to figures or tables, respectively.

0y, Ot {spring rate terms), 215-217

A (body surface area), 123, 141143, 1421

AC, (drag area). See Drag area

B (coupling factor of vibration), 216-217

b (contact patch length), 235-236

BLPL {boundary layer pressure loss). See Boundary layer pressure loss
C (Peukert constant), 29, 321-323

Cq (drag coefficient). See Drag coefficients, for body

Cyr (rolling resistance coefficient). See Roiling resistance coefficient
Dy (aerodynamic drag force). See Aerodynamic drag force
& (flex distance of tire), 234235, 234f

DL (day length), 25, 26

£ (surface roughness bump height), 138

E (meodulus of elasticity), defined, 202

Eg (band gap energy), 791, 83

EI (flexure stiffness), 200201, 201f

EPK (energy used per kilometer). See Energy used per kilometer
& (sun latitude angle), 24-26, 24f, 36, 37¢

¢ (high noon sun angle), 24-26 ]

Fy (brake pedal driver force), 249-230, 2497

Fp (brake pedal force), 248249, 248f, 2491

AG (Gibbs free energy), defined, 302

i2R power losses. See Resistance losses, electrical

I (moment of inertia), defined, 202

I (output cwirent), defined, 82

[y, (illumination level current), 81, 86, 877

I {diode saturation current). See Diode saturation current
Isc (short-circuit current). See Short-circuit current

T (polar moment of inertia), 210-211

k (spring rates). See Spring rates

k (tire latera!l stiffness), 235-236
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K (Boltzmann’s constant), 82

K (roiling resistance experimental constant), 222-223

L/D ratio, in canopy drag, 1491, 149z, 150-151

1t (coefficient of friction). See Coefficient of fiiction

n {Peukert number), 28-29, 311, 321-323

n (solar cell model parameter), 82

Np (brake pad nommal force), 246-247

P/& (slope of load-deflection curve), 201, 2017

P 5 (aerodynamic pewer consumption). See Aerodynamic power consumption

Pg (gravitational power), 32-33, 42

Py (rolling resistance power consumption). See Rolling resistance power
consumption .

PA (planview area), 123, 141, 144/ '

6 {airflow angle), 170-171, 1701

0 (array alignment angle). See Alignment angle, of arrays

0 (pitch angle), 214-215

B (tire misalignment angle), 230, 230/

q (electron charge), 82

p {(density of air), 17, 123

tp (contact patch aspect ratio), 236

R (intemnal resistance, in batteries), 305-306

Ry (characteristic resistance), 83

Rg (internal series resistance), 75, 82, 827

Rgy (shunt resistance), 81-82, 821

Re (Reynolds number), 134—135, 138139

SR (sunrise time), 25

tegr (Wingtip drag effective thickness), 168, 1687

T (time of day), 25

Tg (braking torque), 243

V (output voltage), 82

VO (open-circuit potential voltage), 302-303

Vo (opsn-circuit voltage). See Open-circuit voltage

o (natural frequency). See Natural frequencies, for springs

W (width of car), 143

WT (width of tail), 143

y. (bounce of center of mass}, 214215

Abbot, 1.H., 176
Agcceleration, in circle track racing, 2-3
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Ackerman steering
checking for, 269, 271-273, 2711, 272f
steering knuckle location and, 268f
Activation overpotential, 303-304
Aero tods, drag from, 153-1535, 154f, 1551
Asgrodynamic drag force (D)
car body, 15-16, 122
exposed wheels, 158
sailing effect and, 171-172, 1721
Aerodynamic loads, on body connections, 180
Aerodynamic power consumption (PA)
flat terrain example, 36, 37¢
formulas for, 16, 122
hiily terrain parametric study, 42, 45
Aerodynamics, 121-175
body drag, 135-148, 136/, 1371, 141, 1421, 144/, 147, 148f
body shape, 124~133, 1241, 126-133F
canopy drag, 148-153, 1497, 149z, 151, 152¢
in circle track racing, 2, 3
computational fluid dynamics, 173-174
design concept phase and, 64
exposed components drag, 153155, 154f, 1551
general principles, 121-123
induced drag, 168169
kingpin exis and, 265
modeling of, 15-17
Reynolds number, 134—135
side winds effect, 170-173, 170, 172£ 1737
target drag values, 169-170
ventilation drag, 164-167, 1641, 166, 167t
wheel drag, 155-164, 1571, 158/, 1597, 159z, 160f; 160z, 1627
wind tunnel testing, 174-175
wingtip drag, 167-168, 168f
Ajr
density of, 17, 123
ventilation control, 164—165
Adirfoil fairings, 159, 160t
Airfoils, standard, 131, 131«
see also Body shapes
Aligrnent
drive systems, 284286, 285/, 286/
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Alignment {continued)
suspension, 273
see also Misalignment, of tires
Alignment angle, of arrays (9)
flat terrain example, 36, 37¢
modeling of, 22-26, 23f, 241, 277f
subarray placement and, 97-99, 9&f, 991, 100f
Alpha Centausi (Dutch team), 21
Altermatt, P., 118
Altitude effects
air density, 17, 123
solar array power, 21-22
Aluminum
chassis, 296
wheel hubs, 255
AM radiation systen, 77, 771
Americen Solar Challenge, 4-5
Amp-hour capacity, of batteries
defined, 299 .
Peukert model for, 28, 310-311
Angled airflow, 170-171, 1701
Angles, for body support, 180-181, 1817, 1821
Angular changes in body surface, 146148, 1471, 1474, Km\
Angular impact loads, on chassis, 297
Antireflection coatings for solar arrays, 91--92
Area, body surface (A), 123, 141-143, 142f
Array stands
loads on body and, 180
power, charging vs. driving, 25-26, 271, 98
support vehicle for, 57
Aspect ratio, contact patch (tp), 236
Attachment points, on body
loads, 179-182, 181f, 1821
suspension alignment and, 273

Balancing, of car
center of gravity, o&o&mﬂﬁm, 208-210, 2091
general m._hmmgmm, 207-208, 207
polar momert of irertia, o&oﬁmubm“ 210-211
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Band gap energy (Ey)
diode saturation current and, 88
theorstical solar cell efficiencies, 791
Bastow, D., 220, 229, 275, 298
Battery systems, 299326
amp-hour capacity, 28, 299, 310-311
battery packs, 322-325, 3241
charge-discharge curves, 300-301, 3007, 318-320, 3197
charging of, 11, 331-332
chemistry of, 302-307, 306/
costs, 56
design concept phase and, 65
flat terrain example, 36, 381, 39
_ general principles, 299-302, 3001
hilly terrain parametric study, 46
location of, in car, 293
modeling of, 27-31, 3Gf, 36-39, 37z, 38, 38z
safety considerations, 326, 331-332
watt-hour capacity, 28-31, 30, 299, 320-325, 324f
weight, as measure of capacity, 8-9, 46
wiring of, 325326, 325
see also Array stands; Lead-acid batteries; Lithium-ion batteries; Nickel-
cadmium batteries; Nickel-metal-hydride batteries; Peukert model; Silver-
zinc batteries
Bearings, wheel, 255
Belt drive systems. See Drive systems
Bench-testing, 68
Benchmarking design phase, 57-58, 59-60
Besenhard, 1.0., 327
Bicycle tires, in solar cars, 221, 224, 236
Biel team solar car, sailing effect, 172
Body drag, 135-148 )
angular changes in body surface, 146-148, 1477, 147¢, 148f
body surface area, 123, 141-143, 142f
boundary layer pressure foss, 121-122, 143-146, 144f
drag coefficients, 16, 138-141, 141f, 144-145
laminar flow distance, 136-138, 1361, 1371
Body shapes
camber, 125-131, 126f, 1271, 128/, 1297, 130t
design concept phase and, 64, 66
standard airfoil, 131, 131¢
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Body shapes (continued)
top view, 132-133, 1327, 133/
types of, 124-125, 124f

Body structure, 177-204
attachment points, 179-182, 181, 1821, 273
box beam construction, 184-183
composite material structure, 177-178, 1777
compression testing, 194-197, 194, 1957, 19¢f
flexure stiffness testing, 200-204, 2017, 2027, 2041
flexure strength testing, 197-200, 198/, 200/
lay-up quality, 182-184, 1837
optimizing, pros and cons of, 190-191
tib mold construction, 185-190, 186, 187/, 189f
strength requirements, 178-179
tensile testing, 191194, 192f, 193/

= Body support plates, 180-182, 1817, 182f

Body surface area (A), 123, 141-143, 1427

ogner, S., 327

lted electrical connections, 335, 3351

tzmann’s constant (K), 82

e frequencies, for spring rates, 215-213
f'center of mass (y,), 214-215

ayer flow, 134-135, 136-138, 1367, 1371
yer pressure 1oss (BLPL)

21-122
fruction, of body, 184185

246-247, 246f, 24T
0; 2487, 2497

regenerafive.t

-

Index

Braking loads

braking test, 242-245, 242f, 243F

chassis structural analysis, 297

suspension structural analysis, 258-259
Bridgestone (tire manufacturer), 17, 18, 221, 236
Brushless direct current motors. See Electric motors
Bubble canopies

array area, 124f, 125

drag area, [48-151, 149, 149¢
Bucher, K., 118
Buckling, of composites, 195-197, 195f, 1961
Bump height for surface roughness (g), 138
Bump loads

body attachment point design, 179180

chassis structural analysis, 297

rod ends structural analysis, 283

susperision structural analysis, 256-257, 257f
Bump steer

defined, 261

minimizing, 269, 2701, 273
Buses (electrical)

main power bus, 325-326, 325/

in solar cells, 100-102, 101/
Bypass dicdes, 104-106, 1051

Calipers, brake, 247248, 247f
Camber .
body, 125-131, 1267, 127¢, 1287, 129/, 130¢
tires, 273
Canopy drag, 148-153
CFM modeling and, 174
ellipsoidal shape, 148-149, 149/, 149¢
ideal canopy shape, 151-153, 151/, 152¢
interference drag, 149-150
length/height ratio effects, 150-151
Capacity, of batteries. See Amp-hour capacity, of batteries; Watt-hour capacity, of
batteries .
Carbon elzctrodes, in lithium-ion batteries, 318
Carlis, V., 70
Cell matching, 96, 97
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Cell overpotential (batteries), 303—-305
Center of gravity (CG), 208-210, 209F
CFM (computational fluid mechanics), 173-174
Chain drive systems. See Drive systems
Characteristic body area (A), 123, 141143, 1427
Characteristic resistance, of solar cells (Reqyy), 83
Charge capacity, of batteries. See Amp-hour capacity, of batteries
I Chazge-discharge curves, for batteries, 300301, 3007, 318-320, 3197
Charge transfer overpotential, 303-304
Charging of batteries
charge efficiency, 299-300, 319-320, 3197
| safety considerations, 331-332
typical times, 11
! see also Array stands
Chase vehicles, 57
Chassis
materials for, 184185, 294296, 2951
structural analysis of, 185, 296-297
subsystems, locating on, 293-294
width, determining, 262-263
Chemistry, of batteries
cell overpotential, 303-305
current, effect on efficiency, 306-307, 3061
heat generation, 307
internal resistance, 305-306
open-circuit potential voltage, 302303
China, H., 176
Chornean, N, 327
Circle track racing, 1-3
Closed-track solar car racing
Heartland Park track, 6, 4748
Milford track, 46—47
vs. road racing, 5-6
Cloudy conditions, multijunction cells and, 79
Coatings for solar arrays, 91-92, 921
Cobalt oxide electrodes, 318
Coceoni, A, 119
Coefficient of friction (i)
brake pads and disk, 246
flexible tire rolling resistance, 234235
rigid tire rolling resistance, 231-232
Coefficient of rolling resistance (C). See Rolling resistance coefficient
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Composite materials, 177-204
body attachment points, 179-182, 181f, 1821
box beam construction, 184-185
for chassis, 184-185, 294-295, 295f
compression testing, 194-197, 1947, 1935, 1961
flexure stiffness testing, 200-204, 2011, 202f, 2047
flexure strength testing, 197-200, 1981, 2007
lay-up quality, 182184, 183f
mold and body construction, 185-190, 186f; 187f, 1891
optimizing, pros and cons of, 190-191
structure of, 177-179, 177f
tensile testing, 191-194, 192, 1937
Compression testing, of composites, 194—197, 1947, 1957, 196/
Computational fluid dynamics (CFM), 173-174
Concentration overpotential, 304-305
Concept design phase
generic process, 6061
solar cars, 64
Connections, between body and chassis, 181, 182
Connections, electrical
battery box, 325-326, 325f
types of, 334-336, 335f, 3367, 337f
Contact patch area (tires)
aspect ratio, 236
effects of, 227, 228f
length, 235236
Controllers, motor, 290-291, 336
Controllers, motor blower, 340
Converters, power. See DC-DC power converters
Cooling systems
battery box, 326, 331-332, 341
motor, 340
solar cells, 22, 90-91
Cores, for composites
compression testing, 195-196
in connsctors, 181, 182f
flexure testing, 197-199, 198f
lay-up quality and, 182-183, 183f
types of, 177f, 178
Cornering loads
chassis structural analysis, 256-297
circle track racing, 2
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Cornering loads {continued)
Heartland Park track, 6, 4748
kinetic energy considerations, 33
rod ends structural analysis, 278-279, 279
suspension structurel analysis, 257258, 2587
Comers on body, rounding of, 167168, 168
Cost considerations, 55-56, 71
Coupling factor in vibration (), 216-217
Cowley, M., 206
Crimp electrical connections, 335-336, 336/
Cross-country solar car racing, 4-5
Cross sections of body shapes, cormrections for, 142F
Current-voltage (I-V) diagrams, 83-86, 85¢, 86/

Day length (DL), 25, 26
DC-DC power converters
battery box vent fan, 3307, 331, 341
system voltage, 3307, 338-339, 338f
DC (direct current) brushless motors. See Electric motors
Delamination failure, in composites, 1987, 199
Dell, RM,, 327
Design methodelogy, 51-70
benchmarking, 57-58
circle track racing, 1-3
defining the problem, 6-11
generic six-step process, 59-63, 60, 631
innovation, management of, 58-59
resdurces considerations, 54-57
mchH car nmﬂmd process, 63-70

Index

Dicdes
array off switch, 115, 116
bypess type, 104-106, 1057
solar cell electrical model, 80-83, 807, 811, mm&
Direct current brushless motors. Se¢ Electric motors
Discharging, of batteries
charge-discharge curves, 300-301, 3007, 318~320, 319/
lead-acid battery self-discharge, 311-312
off switch to prevent, 80-81, 807, 811
Dished wheels, 241, 2411
Disk vs. drum motors, 290
Disks, brake, 246-247, 246f
Distance traveled, calculating, 11-12
Double vs. single rear wheels, 277-278
Double wishbone front suspension, 262-273
Ackerman steering check; 269, 271-273, 2711, 272f
kingpin axis angle, 2632635, 264f
lower wishbone length, 262263
steering knuckle location, 267269, 2681, 2691
tie rod length, 269, 2701
upper wishbone length, 265267, 266/, 2671
Drag area (ACg) . .
bady, 16, 143-146, 144f
canopy, 149-151, 149¢
exposed components, 153155, 154f, 135
exposed wheels, 157-158, 1571, 158f
{llustrated, in pardmetric study, 45
side winds effect, 170-173, 1707, 1721, 1731
taco fairings, 163
target values, 169-170
ventilation holes, 166, 167t
wingtip, 168, 168/
Drag coefficients, for body (Ca)
with BLPL cormrection, [44-1453
smooth vs. rough surfaces, 138-141, 1411
typical values, 16
Drag force. See Aerodynamic drag force
Drees, H., 220
Drive systems
modeling of, 31, 34-35, 45
selection of, 65
single-reduction drive, Mmhlmmm 285f, 286f, 287f
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Driver-user interface (DUI), 340-341
Drivers
location of, in car, 131, 293
training of, 6%
Driving surfaces and rolling resistance, 227-229
Drum vs. disk motors, 290
DUI (driver-user interface), 340-341

Egress loads, on body, 179

Electric motors
costs, 56
efficiency, maximizing, 290-292, 291/, 2921
general principles, 288-290, 2881, 2897
modeling of, 31, 34-35, 45
selection of, 65

Elecirical connections
in battery box, 325-326, 325f
types of, 334-336, 335/, 3361, 337

Electrical iosses. See Resistance losses, electrical

Electrical model of solar cells, 80-83, 80f; 817, 821

Electrical systems, 329-341
commections, 325-326, 325, 334-336, 3357, 3367, umq\
fuses, 330, 332-333
subsystems, 336341, 337f, 33§/
see also Battery systems; Switches; Wiring

Electrodes, for batteries
lead-acid batteries, 307, 30%f, 311-312
lithium-ion batteries, 3177, 318
nickel-cadmium batteries, 3147, 315
nickei-metal-hydride batteries, 315, 31 6F
silver-zinc batteries, 313, 3147

Electrolysis of water, 311

Electrolytes, for batteries
lead-acid batteries, 307, 308/
lithium-ion batteries, 317/
nickel-cadmivm batteries, 3141, 315
nickel-metal-hydride batteries, 315, 316/
silver-zinc batteries, 313, 2147

Electron charge (q), 82

Electron-hole pairs, 72-74, 72f, 731, 74f

Index

Elliptic prism fairings, 158-162, 159/, 155¢, 160f
Emery, XK., 118
Energy capacity, of batteries. See Watt-hour capacity, of batteries
Energy density, of batteries, 299, 301-302
Energy efficiency, of batteries
current, effect on, 306-307, 306/
defined, 300-301, 3001
vs. energy density, 301-302
typical values, 319/, 320
Energy management modeling, 15-43
aerodynamics term, 15-17, 36, 372, 42, 45, 122
battery efficiency term, 27-31, 30f, 36-39, 372, 38, 38¢
energy balance approach, 33-34
flat terrain example, 19-21, 3440, 371, 38, mmﬂ
gravitational energy term, 32-33, 34, 42
hilly terrain parametric study, 4146
kinetic energy term, 33, 34, 42
motor-drive systern term, 31
parasitic losses term, 31-32
rolling resistance term, 17-19, 36, 374, 48, 229-238, 2301, 232f, 2331, 234f,
2381
sharp corners effect, 4748
solar array power term, 8, 21-26, 231, 24f, 271, 36, 37, 46
Energy used per kilometer (EPK)
aerodynamics, 17
gravitational energy, 33
rolling resistance, 19
Epoxy resins, for composites
lay-up quality and, 183
types of, 177-178, 177/
Eppinger, §.D., 70
Evaluation design phase
concepts, 61
existing solutions, 57-58, 59-60
Evaporative cooling systems, for solar cells, 22, 90-91

Fabrics, for composite bodies
compression {esting, 194-197, 194/, 1951, 196
lay-up quality, 183184
1ib mold construction, 188-19¢
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Fabrics, for composite bodies {continuad)
tensile testing, 191194, 192/, 1937
types of, 177-178, 177f
Facilities considerations, 56
Fairings drag ’
airfoil fairings, 159, 160¢
CFM modeling and, 174
design considerations, 155-156, 161-162, 163
elliptic prism fairings, 158-162, 1597, 159z, 1607
taco fairings, 162—164, 162f
ventilation and, 163, 166/
Fans
battery box, 326, 331-332, 341
motor, 340
Financial considerations, 5556, 71
Tinite element analyses. See Structural analyses
Fins, drag from, 153-155, 154/
Flat plates, drag from, 153155, 154/, 155f
Flex distance of'tire, eritical (8.), 234-235, 234f
Flexible tire misalignment model, 231, 233-238, 2341, 238
Flexure stiffness (BI), 200-201, 2017
Flexure stiffness testing, of composites, 200-204, 2017, 2021, 2041
Flexure strength testing, of composites, 197-200, 198f, 2007
Flow. See Boundary layer flow; Laminar flow; Turbulent flow
Flow separation
defined, 121
exposed wheels, 156
side winds, 171173, 1727, 173f
Foam vs. honeycomb cores. See Honeycomb vs. foam cores
Formula Sun Grand Prix, 5-6, 47
Friction coefficient (lt). See Coefficient of friction
Front impact loads, for analysis, 297
Front suspension, 259-273
Ackenman steering check, 269, 271-273, 2717, 272f
front-end geometry, 259-262, 260f, 2611
kingpin axis angle, 263-265, 2641
lower wishbone length, 262263
steering knuckle location, 267-269, 2681, 269f
swing-arm design, 277-278, 278f
tie rod length, 269, 270 :
upper wishbone length, 265-267, 2667, 2671
see also Rear suspension; Suspension
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Front wheel only braking, 244
Frontal area, defined, 123
Fukuda, H., 176

Fuses, 330, 332-333

Gallium arsenide (GaAs) solar cells i
series-paralleling of, 102104, 1031
temperature effect on, 22, 50-91
theoretical efficiencies, 78, 791
typical values, 71
see also Solar arrays

General Motors
Milford track, 46—47
Sunraycer, 134, 224

Generic six-step design process, 5563, 60, 631

Gibbs free energy (AG), defined, 302

Gillespie, T.D., 49, 175, 220, 228, 275, 298

Global positioning system (GPS) data, 41

Goldhammer, L., 49, 118

(rades in road. See Hilly terrain

Gravitational energy term, in energy management model, 32-33, 34, 42
Green, MLA., 118

Ground effects drag, 125, 128

Guelden, MR, 13, 48, 118, 175, 206, 229, 275, 297, 326

Heartland Park track (Kansas), 6, 4748
Heat generation, in batteries, 307
Hibbs, B., 176
Higashida, D, 175
High noon sun angle (¢), 24, 25, 26
Hilly terrain
GPS data correction, 41
illustrated, in parametric study, 4344
modsling of, 4143
racing strategy for, 33, 4647
static torque requirements, 292 .
Honda Dream III solat car
body shape, 124f, 125
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Index

Honda Dream III solar car (continued)
rolling resistance, 45
Honeycomb vs. foam cozes
lay-up quality and, 182-183, 1831
stiffness considerations, 195-196
strength considerations, 178, 197, 199
Horizontal springs, for rear swing arm, 281-283, 282f
Hom systems, 337-338, 337/
Howard, G, 220, 229, 275, 298
Hub motors. See Electric motors
Hubs
front suspension, 254-259, 2557, 257f, 258f
rear suspension, 286, 287
Hucho, W.H., 175
Human resources, 54--53, 61
Humphris; C.P., 13, 48, 118, 175, 206, 229, 275, 297, 326

-V (cwrrent-voltage) dlagrams, 8386, 85¢, 86f
Idea generation design phase, 52
Tdeal shapes, in design

canopy, 151-153, 151y, 152¢

. teardrop body, 1241

truncated standard airfoil, 131-132, 131z, 1321
Igam, S., 118
Tlumination level current (1), &1, 86, 877
Impact loads, on chassis, 297
In-house vs. outsourced components. See Purchased components
Induced drag, 122, 167, 168-169
Innovation, management of, 58-59
Intercalation, of lithium, 317-318
Interference drag, 122
Internal resistance in batteries (R), 305-306
Internal series resistance in solar cells (Rg), 75, 82, 82f

Katz, J., 175

Kaye,R.J, 119

Kinetic energy term, in energy management model, 33, 34, 4
King, D.L., 118
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Kingpin axis, 263265, 264f

Komatsu, Y., 48

Komp, R.J., 118

Kyle, CR., 13, 48, 49, 118, 175, 206, 229, 275, 297, 298, 327

Latinar flow
designing for, 136-138, 136/, 137f
estimation of, 134135
Lateral motion of tire, modeling of, 233-238, 2341, 238f
Lay-up quality, of composites, 182-184, 1831
Lead-acid batteries
chemistry of, 307-309, 308/
costs, 56
fajlure, from sulfate coating, 309-31¢
heat generation in, 307
high vs. low power draws, 324-323
Peukert model for, 29-31, 30f, 310-311
self-discharge of, 311-312
T.ead support vehicles, 57
Leading and trajling fairings, 162-164, 162/
Lean, I, 118
Leverage factor, brake pedals, 249, 251, 251z
Lift, zero, designing for, 167-169
Lissaman, P, 176
Lithium-ion batteries
chemistry of, 316-318, 3177
costs, 56
efficiency considerations, 301
high vs. low power draws, 324-325
Peukert model for, 29-31, 30f
Live axie drive systems, 286, 2871
Load cases, for analysis
body, 178~181, 181f, 182f
chassis, 185, 296297
rod ends, 278-279, 2791, 283
suspension, 256-259, 2571, 258F
Load-deflection curves
compression testing, 196/ .
fiexure stiffness testing, 200-201, 2017
tensile testing, 193f
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Logic statements for model correction
GPS data, 41
Peukert model, 29, 38, 40
regenerative braking, 43
Logistics considerations, 56, 57
Long vs. short day racing strategy, 26
Loop connections, in shingled cells, 1017, 102
Lower wisbbone, 262-263

Magnets, in electric motors, 288-290, 2887, 2897
Main power buses, 325-326, 325f
Manganese oxide electrodes, 318
Mass transfer overpotential, 304-305
Master cylinder (brake)
pedal force and, 248, 248f
selection of, 251-252, 251¢
Matching
array and battery voltages, 109-110
solar cells, 96, 97
Materials. See Aluminum; Composite materials; Steel: Titanium
McCarthy, L., 48
Metal oxide electrades, 3171 318
Michelin (tire manufacturer), 17, 18, 221
Miiford track (General Motors), 46-47
Military digital time, 25
Milliken, D.L., 13, 175, 220, 229, 275, 208
Milliken, W.F,, 13, 175, 220, 229, 275, 298
Mirrors, drag from, 153-155, 1541, 1557
Misalignment angle of atrays. See Alignment angle, of arrays
Misalignment angle of tires (8), Nmo 2305
Misalignment, of tires
effects of, 45, 229-231, 2301
flexible tire model, 2317, 233-238, 2347, 238f
rigid tire model, 231-233, 2311, 232, 233/
suspension design and, 260261, 260f, 279280, 289F
Mismatch power, dus to angling, 97-99, 98f, 991, 1007
Mismatched solar cells, in series, 93-96, 937, 94/; 95¢
Mock-ups. See Prototyping design phase
Modeling. See Electrical model of solar cells; Energy management modeling
Modified teardrop body shape, 124125, 124f
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Modulus of elasticity (E), defined, 202
Mold construction, for body, 185-190, 1867, 1871, 1891
Moment of inertia (1), defined, 202
Morgan, R., 206
MOSFET switches
DC-DC power corverters, 338/, 339
driver controls, 329
horn, 3307, 3371, 338
power point frackers, 113-115, 1147, 1151
see also Switches
Motor blowers, 340
Motor controllers, 290291, 336
Motor-drive systems, See Drive systetns
Motors, See Electric motors
Multijuriction solar cells, 7879
Munson, B.R., 49, 175

n-type semiconductors, 73-74, T4f
Nekagawa, K., 176
National Advisory Committee for Aeronantics (NACA) 66 series wﬁdnm, 126131,
127z, 128f, 129f, 130¢
Natural frequencies, for springs (@)
complex model, 213-217, 2147
general guidelines, 211-212, 217-218
simple model, 212213, 2121
Needs, stateraent of
generic design process, 5960 y
solar cars, 63—-64
Nernst relationship, 303
New Generation hub motor mwmﬂmﬁw 56
Nickel-cadminm batteries, 313-315, 314/
Nickel-metal-hydride batteries
chemistry of, 315-316, 316f
heat generation iry, 307
Nickel oxide electrodes, 318
Nishikawa, 8., 175
Nose of car !
CFM modeling of, 174
laminar flow distance on, 137-138, 137/
rounding of, 132-133, 133/
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Off switches. See Switches
Okiishi, T.H., 49, 175
One-sun illumination, 86
Open-circuit potential voltage (V), 302-303
Open-circuit voltage (Vo)

defined, 74, 757

illumination Ievel effect on, 86, 87F

Nemst relationship, 303

in solar cell medel, 83

temperature effect on, 88, 897
Open-class racing

energy considerations, 8~11

races, 45

typical weights, 35
Open-cockpit vehicles, 58
Optimization of designs, pros and cens, 160-191
Outhred, H., 119
Qutput current and voltage

defined, 82

I-V diagrams, 83-86, 857, 86/
Cutsourcing. See Purchased compenents
Qzawa, H., 175

p-type semiconductors, 73-74, 741
Pads, brake, 246247, 2467, 247f
Parametric energy model studies
constant values, 19-21
flat terrain example, 34—40, 377, 38, 38¢
hilly terrain, 41-46
Parasitic losses, modeling of, 31-32
see glso Resistance Josses, electrical
Parking lots, testing in, 68—69
Pedals, brake, 248-250, 2487, 2497
Peel ply, in rib mold, 188
Performance considerations
circle track racing, 2-3
solar car racing, 7
Permanent magnet motors, 288-250, 2881, 2891
Peukert constant (C)
battery packs, 323
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Peukert constant (C) (continued)
solving for, 321-322
typical values, 29, 322
Peunkert model ,
battery packs, 322-325, 3241
energy management model and, 28-29, 320-322
lead-acid batteries, 2931, 307, 310-311
logic statement o.cn.ooa.ou? 29,38, 40
Peukert mumber (n)
battery packs, 323
solving for, 321-322
typical valnes, 2829, 311, 322
Photon energies, 7678
Photoveltaics, general principles, 71-74, 721, 731, 741
Pickett, D., 327 :
Pieper, I., 48 ) :
Pitch angle (8), 214-215
Pitch frequencies, for spring rates, 215-218
Pivot point (wheels), 156, 1571
Planview area (PA)
defined, 123
estimation of, 141, 144f
Plastic sheeting, for foam cores, 182, 1831, 186
Plates, flat, drag from, 153-155, 154f, 1551
Plates, for batteries. See Electrodes, for batteries
Polar moment of inertia (1), 210-211
Polycrystalline silicon cells, typical efficiencies, 71, 78
Potassium hydroxids, as electrolyte, 313, 3147, 315, 316/
Powe, J., 49, 118 ’
Power consumption terms, in energy model
aerodynamics, 16, 36, 371, 42, 45, 122
gravitational energy, 32-33, 34, 42
kinetic energy, 33, 34, 42
motor-drive systems, 31
parasitic losses, 31-32
rolling resistance, 18, 36, 374, 45, 229-238, 230/, 2321, 233f, 2341, 238/
t{ypical overall values, 4, 35, 36
vehicle, 10
Power converters. See DC-DC power converters
Power draw vs. battery capacity, 29-31, 30f, 323-325, 324f
Power losses, elecirical. See Resistance losses, electrical
Power management niodeling. See Energy management modeling
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Power output terms, in energy model
battery systems, 27--31, 30f, 36-39, 37¢, 38, 381
gravitational energy, 34
kinetic energy, 34
solar arrays, 9, 21-26, 231, 24f, 271, 36, 371, 46
Power point trackers
direct wiring of arrays, 110-112, 111f
-as no-light off switch, 115-116, 116/
step-down converters, 112-113, 1121
step-up converters, 114, 1147
up/down coaverters, 114115, 1151
in vehicle schematic, 330/
Power points
illumination level effect on, 86, 867, 877
in series wiring, 94
temperature effect on, 88-91, 897, 907
Press coverage of races, 4-5
Pressure, of tires. See Tire pressure
Project manager role, 53-54, 55, 62
Prototyping design phase
generic process, 62—63
solar cars, 6870
time considerations, 53
Protrusions in airstream, 153-153, 1541, 1551
Publicity of races, 45
Pulleys, alignment of, 285-286, 285/
Pulse-width medulation (PWM) motor controliers, 290-291
Purchased components -
batteries, 301302
common types, 55-56, 64—46, 67-68
motor, 281-292
motor controlier, 336
suspension design and, 254

Race preparation time, 53
Racing. See Circle track racing; Solar car racing
Racing rules

arrzy area, 124

battery box vent fan switch, 331-332
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Racing rules (continued)
‘battery capacity, 8-9, 46
main power switches, 330
Racing strategies
charging vs. driving, 27
corners, 33
hills, 32, 33, 4748
long vs. short day, 26
one-day vs. multiday race, 40
Ralph, G, 49, 118
Rand, D.AJ, 327
Rear braking loads, 244245
Rear impact loads, 297
Rear suspension
double wishbone design, 283, 283/
rod ends, 278-281, 279/, 280F
springs, for rear swing arm, 281283, 2811, 282f
swing-arm design, 277-278, 278f
see also Front suspension; Suspension
Rear wheels, number of, 277278
Recharging of batteries. See Charging of batteries
Regenerative braking
efficiency of, 2728
hills and, 32, 43
safety considerations, 245
Reliability, importance of, 7-8, 70
Repair of solar arrays, 106109, 1077, 108f, 109/
Resins, for composites -
lay-up quality and, 183 4
types of, 177-178, 177f ;
Resistance losses, electrical
battery box, 325-326 .
connections and switches, 334336, 335/, 336/, 337f
DC-DC power converter, 339 ’
medeling of, 31-32
power point trackers, 113, 114
wire sizing and, 333-334, 334t
Resources, for project, 5457
Reynolds number (Re), 134-135, 138-135
Rib mold construction, 185--190, 1865, 187, 185
Ribs, on car body
box beam construction and, 184
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Ribs, on car body (continued)
loading requirements, 179
mold censtruction and, 188-190, 1897
Ride frequencies, target values, 211212, 217-218
Rigid tires
misalignment model, 231-233, 2317, 2327, 2337
road surface deformation and, 228-229
Rippel, W., 119
Risk, management of, 58
Road racing, 4-5
Road surfaces, rolling resistance and, 227-229
Road testing, of vehicle, 69
Roche, D.M., 13, 48, 118, 119, 175, 206, 229, 275, 297, 326
Rod ends, for rear suspension
adjustment of, 279-281, 280
with horizontal spring, 282-283
loading on, 278-279, 2797, 283
Rods, drag from, 153-155, 154f, 155f
Roll frequency, for suspension, 218
Rolling resistance
energy management modei, 1719
flexible tire model, 231, 233-238, 2341, 238f
minimizing, 226-229
rigid tire modsl, 231-233, 2317, 2321, 233F
tire misalignment and, 229-231, 230f
tire selection and, 221226, 222, 224f, 225/
Rolling resistance coefficient (Cyy)
empirical formula, 221223
flexible tire model, 235
rigid tire model, 232
- typical values, 18
Rolling resistance force
empirical approximation, 18
flexible tire model, 235
rigid tire model, 232
Rolling resistance power consumption (Pg)
defined, 18
flat terrain example, 36, 37t
hilly terrain parametric study, 45
pressure/diameter effects, illustrated, 225-226
Rolling resistance tests, 222, 222
Rollover loads, for analysis, 297
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Rough body surfaces, drag coefficients for, 138-141, 141f
Rounded nose, on bodies, 132-133, 1337
Rues, A., 48

Safety considerations

battery systems, 326, 331-332

electrical systems, 329, 330

regenerafive braking, 245
Safety factor guidelines

brakes, 246

front suspension, 259

Tear suspension, 279, 2791
Sailing effect, 171-173, 1727, 1731
Sandwich composite materials, See Composite materials
Saturation cwrent. See Diode saturation current
Scheduling considerations, 52-54, 54¢
Schinckel, AE.T, 13, 48, 118, 175, 206, 229, 275, 297, 326, 327
Screws, in body construction, 188, 189F
Scrub, tire

defined, 261, 261f

upper wishbone and, 265-267, 266/

wheel bearings and, 255
Sealing, of wheel wells, 165-166
Self-discharge, of batteries, 311-312
Series-paraileling of solar cells, 102-104, 1031
Series wiring of solar cells, 93, 93f
Shading, of cells, 81, 97
Shafts, alignment of, 285286, 285f, 286/
Shape of body. See Body shapes
Sharp corners. See Comering loads
Sheetrock screws, in body construction, 188, 1897
Shimize, Y., 48
Shingling of solar cells, 100-102, 101
Short-circuit current (Igc)

defimed, 75-76, 761

illumigation level effect on, 86, 877

in solar ceil model, 83

temperature effect on, 88, 89f
Short-cireuiting of damaged cells, 108-109, 1091
Short vs. long day racing strategy, 26
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Shunt resistance {Rgyy), 81-82, 827
Side impact loads, for analysis, 297

Side profile of car {(camber), 125-131, 126/, 1271, 128f, 1297, 130¢

Side winds, 170-173, 1701, 1727, 1737, 174
Silicon solar cells
costs, 55,71
efficiencies, 71, 78, 791
electrical model of, 82—83
power point trackers for, 114
series-paralleling of, 102104, 103
temperature effect on, 22, 88, 90-91
see also Solar arrays
Silver-zine batteries, 301, 312313, 3141
Single-crystal silicon cells, 55, 71, 78
Single-junction vs. multijunction solar cells, 79 )
Single-reduction drive systems, 284-286, 285/, 2867, Mm.@s
Single vs. double rear wheels, 277-278
Six-step design process, 59-63, 60, 631
Skin friction, 121
Slip angle, for tires, 230, 230/
Smooth body surfaces, drag coefficients for, 138—141, T:\
Solar array power output
energy management model, 21235, 2371, 24/
flat terrain example, 36, 37¢
hilly terrain parametric study, 46
long day example, 25-26, 27F
typical values, 9, 21
Solar arrays, 71-116
_alignment angle effects, 22-26, 231, 24f, 277, 34, m‘:“ m
allowable area, 124125
bypass dicdes, 104-106, 1051
coatings, 91-92, 927
costs, 55, 71
design concept phase and, mnlmm
diagnosis/repair, 106-109, 107f, 1087, 1097
efficiencies, 71, 78, 797
electrical model of, 80-83, 807, 817, 82fF
general principles, 71-74, 721, 731, 74f
I-V diagrams, 83-86, 85¢, 86f
llumination level effect on, 36, 871
_off switches, 80, 811, 115-116, 116f
open-circuit voltage, 74, 751
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Solar arrays (continued)
power point trackers, 110-116, 1117, 1127, 1141, 1157, 116, 330F
series-paralleling of cells, 102104, 1031
shingling of cells, 100--102, 101f
short-cireuit current, 7576, 761
solar spectrum effect on, 7679, 771, 79f
temnperature effect on, 88--91, 897, 901
testing of, 69
voltage matching, 109—110
wiring of, 92-96, 937, 941, 951, 110-112, 111f
see also Space-grade solar arrays; Terrestrial-grade solar amrays
Solar car design process, 63—70
Solar car racing
vs. circle track racing, 34
closed-track races, 5-6, 4648
cross-country races, 4--5
driving time, 9 -
see also Open-class racing; Stock-class racing
Solar Motions, 78
Solar spectrum, 7679, 771, 79/
Solder electrical connections, 334-335; 337
Space-grade solar arrays .
cell matching for, 97
casts, 55
series-paralleling of, 102-104, 103/
typical specifications, 9, 21, 71
Spade crimp connections, 3361
Specifications design phase
generic process, 60 y
solar cars, 64 ”
Spindles
front suspension, Mmhlmww 2551, 2571, 258f
rear suspensicn, 286, 287f
Spring rates (k)
complex model, 213-217, 2141
general guidelines, 211-212, 217-218
simple model, 212-213, 212f
Springs, for rear swing anm, 281283, 2817, 2821
Sprockets, alignment of, 285286, 285/
Standard airfoil shapes, 131, 131z
Standard hydrogen potentials, 302
Starr, P.1., 70, 220, 298
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Statement of product needs
generic design process, 59—60
solar cars, 63--64
Static torque requirements, for motor, 292
Steel
chassis, 296
wheel spindle, 255
Steering. See Ackerman steering; Bump steer
Steering knuckle, 267-269, 268/, 2691
Step-down power point trackers, 112-113, 112f
Step-up power point trackers, 114, 1141
Stiffness testing, of composites, 200-204, 2017, 2021, 2041
Stock-class racing
energy considerations, 8-11
Sunrayce, 5
typical characteristic parameters, 19
Storey, .W.V., 13, 48, 118, 175, 206, 229, 275, 297, 326, 327
Strategies for racing. See Racing sirategies
Strength testing, of composites
compression, 194-197, 194f, 193/, 1961, 1971, 198f
flexure strength, 197-200, 1987, 2007
tension, 191-194, 1921, 1931, 197, 198f
Structural analyses
body, 178-181, 1817 182f
chassis, 185, 296-297
rod ends, 278-279, 2791, 283
suspension, 256-259, 2571, 258fF
Styrofeam vs. honeycomb cores. See Honeycomb vs. foam cores
Subarrays
alignment of, 98-99, 100/
seriss-paralleling of, 102-104, 1031
switches for, 116
voltage matching and, 109-110
Sulfate coating, of lead-acid batteries, 309-310
Sulfuric acid electrolytes, 307, 308
Sun latitude angle (9)
in energy management model, 24-26, 241
flat terrain example, 36, 37¢
Sunlight intensity, 21
Sunrayce, 5, 46
Sunrise time (SR), 25
Suppliers, relationship with, 68
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Support plates, for body, 180-182, 1811, 182f
Support vehicles, 57
Surface avea of body (A), 123, 141-143, 1421
Surface roughness bump height (g), 138
Suspension, 207218
center of gravity, calculating, 207/, 208-210, 209/
circle track racing, 2
general guidelines, 207208, 211212, 217-218
polar moment of inertia, caleulating, 210-211
spring rates, complex medel, 213-217, 2141
spring rates, simple model, 212-213, 212f
see also Front suspension; Rear suspension
Sway bars, 218
Swing arm rear suspension. See Rear suspension
Switches
array off switch, 80, 817, 115-116, 116/
DC-DC power converters, 3387, 339
horn, 3307, 3377, 338
main power, 330-332, 330/
power point trackers, 113-115, 1141, 115
resistance losses in, 336
Symmetric vs. cambered body shape, 125-126, 1261
System voltage, controlling, 3307, 338-339, 338/
Sze, S.M., 118

Taco fairings, 162-164, 1621
Tail, tapering of, 147-148, 148/
Takemuro, M., 48 ,
Tamai, G, 48, 175
Team dynamics, 54-55, 61
Teardrop body shape, 124-.125, 1247
Temperature effects
air density, 123
solar array power, 22, 88-91, 897, 90/
Tensile testing, of composites, 191-194, 192, 193f, 197, 198/
Terrestrial-grade solar arrays
costs, 55
empirical alignment model, 2324
temperature effect on, 88
typical values, 9, 21, 71
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Testing design phase
generic process, 62—63
solar cars, 68-70
time conpsiderations, 53
wind tunnels, 174-175
Textured coatings for solar arrays, 92, 921
Tie rods, 269, 270f
Timing, of project, 52--34, 54¢
Tire lateral stiffness (), 235-236
Tire pressure
rolling resistance and, 224226, 2251, 227, 236-237
typical values, 18
Tire scrub. See Scrub, tire
Tires, 221238
circle track racing, 2, 3
closed-track racing, 6
energy management model and, 17-19, 45, 229-231, 230f
flexible tire misalignment model, 231f 233-238, 234f, 2381
rigid tire misalignment model, 231-233, 231, 232, 233/
rolling resistance, minimizing, 226229
selection of, 221-226, 2221, 224f, 2251 .
sharp comers and, 6, 48
suspension design and, 260261, 2601, 279-280, 289
weight shift, when braking, 242-243, 2431
Titanium :
chassis, 295, 295f -
spindie, 256
Toe misalignment of tives, 260-261, 2601
Top view of car, 132-133, 132/, 1337
Totii, M., 48
Treads, tire, 227
Truncated airfoil shape, 132, 132f
Tubular frame chassis, 295, 295/
Turbulent flow
Reynolds number for, 134
transition to, 136-138, 136f
Turn signals, 340

Ullmas, D.G, 70+ . *
Ulhick, KT, 70
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Units, 10-11
University of Missouri-Rolla
drag area method, 135
empirical array alignment model, 23-24
tire stiffness testing, 236
University of New Sc¢uth Wales (Australia), 67
Up/down power point trackers, 114-115, 115/
Upper wishbone, 265-267, 266/, 267f

Ventilation .

of battery box, 326, 331-332, 341

drag from, 164-167, 1641, 1661, 167¢
Voltage matching, 109-110
Voltage, system, controlling, 338-335, 3387

Wang, A., 118
Water cooling systems, for solar cells, 22, 90-91
Weterproofing of solat arrays, 91-92, 921
Watt-hour capacity, of batteries
battery packs, 322-325, 324f
defined, 299 . .
energy managemient model, 28-31, 307, 320-322
‘Weather conditions, multijunction cells and, 79
Weight .
batteries, 8-9, 46
car, 35, 45
tires, 223, 2241, 226-227
‘Wetted area, defined, 123
‘Wheel bearings, 255
Wheel drag, 155-164
airfoil fairings, 159, 160¢
design considerations, 155156
elliptic prism fairings, 158-162, 159f, 159%, 1607
exposed wheels, 156-158, 1577, 158f
taco fairings, 162-164, 162f -
ventilation, 165167, 1667, 167¢
Wheel track width, 262-263
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‘Wheels .
number of, 278-279
selection of, 241, 241f
see also Misalignment, of tires
Whittingham, M.S8,, 327
Width correction factor, for canopies, 152
Wind tunne] testing, 174-175
Wingtip drag, 167-168, 168f
Wiring
arrays, 92-96, 93/, 94f, 95, 110-112, 1111
battery systems, 325-326, 3257
damaged cells, 108-109, 1097
power point trackers, 112115, 112f, 1147, 1151
sizing of wires, 333-334, 334¢
vehicle schematic, 329-332, 330F
Woods, R., 327
World Solar Chellenge, 4
Wright, GS., 48
Wu, CH.,, 48, 118

Yanagimoto, K., 176
Young, D.F,, 49, 175

Zero 1it, designing for, 167-169
Zhao, J,, 118
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