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Preface

Environmental Purpose

In 1990, after the first Sunrayce, the Courier-Observer, a newspaper serving the 
Potsdam area where I live, commented in an editorial that “…we don’t expect solar 
cars to become the wave of the future…” This opinion may be taken as typical of 
many. However, there is another view. This view explains, in part, the motivation 
for writing this book.

The future is upon us. Each day our transportation system dumps millions of 
tons of pollutants into the atmosphere. This poisoning, even if it were the only en-
vironmental poisoning taking place (which it is not, of course), must be viewed as 
a crisis in the history of the earth. Furthermore, each day the millions of gallons of 
fuel consumed is subtracted from the remaining, decidedly finite, supply, some of 
which comes to us from overseas.

We must make a radical shift away from the combustion of carbon-based fuels 
as the energy source of our transportation system to a pollution-free transportation 
system with an energy source that can sustain that system indefinitely. This must 
be done quickly compared to the scale of historical time. To think otherwise is, as a 
teacher I know is fond of saying, to “live in la-la land.”

What solutions are available that meet, or nearly meet, the criteria just set out? 
Only one: solar energy, in some form. Near-term examples are fuel cells using so-
lar-generated hydrogen and air to power electric vehicles, electric vehicles driven 
directly or indirectly (by solar-charged batteries) by solar cell arrays, or vehicles 
driven directly by the combustion of solar-generated hydrogen with air. In the hy-
drogen-powered cases, the gas would be generated by the hydrolysis of water using 
the electric current produced by a fixed solar cell array, or by wind turbines driving 
electric generators.

None of these methods perfectly meet the criteria or is free of problems: the 
combustion of hydrogen with atmospheric air generates nitrous oxides; disposal of 
some battery types is a solid waste problem; the fabrication of solar cells creates 
wastes; large-scale solar power production requires large land areas. However, it 
is important to have a diversity of approaches under development. Otherwise we 
cannot hope to find the best approach, or combination of approaches. The history of 
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this country is full of examples of technology rejected by our industrial establish-
ment or our government without adequate examination, only to surface elsewhere. 
Perhaps, in the case of automobiles, opposition to progress would be less if gasoline 
prices were more than $ 5.00 per gallon (as in many countries as of this writing1), a 
price that better reflects the avoided cost of this fuel.

The potential for a net reduction in vehicular atmospheric pollution even using 
ordinary electric vehicles recharged by the utility grid is great. Of course, as long 
as the utility grid is supplied by energy from carbon-based fuels, use of electric 
vehicles will neither eliminate pollution entirely nor will it eliminate the consump-
tion of these fuels. Bentley et al. (1992) studied these problems. And there is an 
additional risk: the reliability of the vehicle fleet would then depend upon the avail-
ability of the utility grid. Directly or indirectly solar-powered automobiles do not 
share this problem.

Driven by the urgent need to meet the environmental crisis, our transportation 
system is now changing, and it must continue to change at an increasing rate. Light-
weight, hybrid-powered, very efficient but hydrocarbon-burning cars have entered 
the market, as have electric vehicles. Hamilton (1989) is an early general study of 
electric and hybrid vehicles. The “hypercar” concept of the Rocky Mountain Insti-
tute (Lovins et al. 1993, Moore and Lovins 1995) is a more recent example.

Educational Purpose

The remaining part of the motivation for this book is the improvement building 
solar cars brings to the education of the student engineers who build them. To de-
sign, build, test, and race a solar-powered car is experiential learning of the most 
effective sort. College graduates who have participated in such projects have helped 
to solve a real, complex, engineering problem. As such, they are prime prospective 
employees. And not just the engineers: the projects include marketing, fundraising, 
project planning and management, and public relations. Students from the Business 
School can be involved as well.

As of this writing (2013), 11 biennial American Solar Challenge races have 
been staged (the first five were named “Sunrayce”). During the period 1989–2012, 
there were 18 American Tour de Sol2 races and several overseas solar-electric ve-
hicle races, including the biennial World Solar Challenge3 in Australia. Entrants in 
these events were teams from colleges, high schools, automobile companies, and 
 individuals. It is notable that high school teams typically represented a substantial 
proportion of the American Tour de Sol entrants and that an annual international 
race just for high schools, the Solar Car Challenge,4 was created in 1993.

1 See, for example, MyTravelCost.com, for a list of worldwide gasoline prices.
2 The final American Tour de Sol, the eighteenth, was run in 2006.
3 See http://www.worldsolarchallenge.org.
4 See http://www.solarcarchallenge.org—a site rich with information.
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This activity implies a strong interest in solar-electric and electric vehicle racing 
at colleges and also at secondary and post-secondary schools. However, solar car 
design, construction, and racing, demand technical knowledge that may not be read-
ily available to private individuals, secondary school students, and in an integrated 
form, to college students.

Books have been written at the professional level on the aerodynamics of 
 vehicles, on suspension design, on solar cells, and on composite materials—on ev-
ery component used in a solar car. The book aims to provide a primer on those 
subjects as they apply to the design of solar-electric cars. The book emphasizes the 
integration and application of fundamental knowledge and skills to the process of 
creating a low-energy-consumption vehicle.

Background Assumed

The readers of this book are likely to be of diverse technical backgrounds.  Therefore, 
emphasis has been placed on physical explanations. Mathematical relationships 
have, when possible, been accompanied or replaced by graphs. However, I have 
assumed a high-school-level knowledge of algebra, trigonometry (elementary cal-
culus will be helpful, but is not vital), physics (statics, dynamics, thermodynamics), 
and electrical circuits. Knowledge of basic fabrication techniques and terminology 
also has been presumed.

Use of this Book

I have defined “courses” to include both conventional design courses and 
 project-based learning communities (PBLC). The former tend to produce only 
paper  designs5 and center around the familiar classroom environment: lecturing, 
homework, etc. They generally last a semester and include students of one grade 
level. The latter run more or less continuously, are likely to include students of vari-
ous grade levels and educational specialties, and are very fruitful when built around 
a large, multidisciplinary project such as a solar car.

The features of A Solar Car Primer already discussed make it useful for both 
conventional design courses and PBLCs. The book contains a discussion of the 
relevant physics, which is keyed to the project to motivate the discussion and a 
detailed example based on an actual solar car. The book is modular, so advanced 
students can skip the basic theory and apply the example directly to their project. 
Beginners can do the reverse. The test, energy management, and fund raising and 
public relations chapters should be especially useful to PBLCs.

5 Although there is a trend toward more product realization: multi-semester 
 sequences in which prototypes are designed, built, and tested.
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Chapter 1
Introduction

1.1 Solar Racing

Solar car racing helps to push the development of automotive technology in new 
directions because it is free from the constraints by which automobile manufactur-
ers regard themselves bound. For example, solar racers have demonstrated that it 
is possible to do much with far less energy than that which is lavished on com-
mercial automobiles. Solar racing, as do other racing venues, provides a means for 
manufacturers to test and showcase their products. It puts a lot of young, flexible, 
intelligent minds to work on these difficult problems, minds that do not know what 
they cannot do.

1.2 Organization

Figure 1.1 shows a solar car in operation. The interactions of the vehicle with its 
environment (the road, the atmosphere, and the sun) must be understood physically 
and modeled mathematically in order to understand how to select the characteristics 
of the vehicle (its shape and weight, for example) to produce a certain speed and 
range under the design conditions. Aerodynamic drag, gravity, and rolling resis-
tance produce the energy demand that must be met to travel at a given speed. The 
book begins with a discussion of this demand.

The conversion of the sun’s radiant energy into mechanical energy delivered to 
the driving wheel, or wheels, is the supply that meets this demand. The discussion 
of this topic, following that of the energy demand, proceeds in the order of the 
conversion chain: solar energy into electrical energy by means of the photovoltaic 
effect, electrical energy into chemical energy in batteries, electrical energy from the 
batteries or from the photovoltaic array into mechanical energy by an electric motor, 
and delivery of the mechanical energy to the wheel or wheels by a transmission.

After covering the background material, the book presents chapters that are 
 devoted to an example of the design, manufacture, and testing of a solar-racing car.
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Following these, a chapter on energy management explains a method for maxi-
mizing the average speed of a solar car during a race. Energy management strategy 
answers the question: at what speed should the car be moving at this moment to 
maximize the average speed over some planning period?

Fund raising and public relations, the topics of the penultimate chapter, are 
strongly coupled; both sustain the design and construction of the car. Projects at 
academic institutions will also find that fund raising and public relations are tools 
for institutionalization—the permanent integration of the project into the academic 
program of the school.

Chapter 15, A Solar Car-Based Learning Community, discusses some implica-
tions for engineering and business education of learning communities driven by a 
large, multidisciplinary project.

1.3 Characteristics of Design

This section introduces the design process using ideas from Thacher (1995). The 
introduction is intended for readers who are new to design work. Often such persons 
find the process circular and therefore frustrating. To some extent this is a result 
of our educational process that emphasizes the solution of artificially well-defined 
problems that involve only one area of knowledge. Such a problem would be to 
find the average speed required to traverse a given distance in a specified time, a 
well-defined problem in physics, only. In design, the practitioner must invent the 
problem; very little is given, and there is no single, right answer—no certainty.

Engineering design is the choice-making process used to evolve a set of instruc-
tions for making an artifact or developing a system to meet a need. It begins with 
broad concepts and continues in the direction of ever-increasing detail. The process 
is iterative because some early decisions must be made with incomplete knowledge. 

Fig. 1.1  A solar car in action 
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Here is an example of the design process applied to an artifact more familiar than 
a solar car.

Suppose a man hires an architect to design a house. The man has purchased a 
lot of a certain size, which has a view to the east and is located in a certain climate 
region. He wants the house to have low heating costs. His children are no longer 
living at home. He and his wife have avocations they want to pursue at home. They 
are fond of light and color and interestingly-shaped rooms. And they have an idea 
of how much money they can spend on the house.

The architect must transform this small collection of artistic feelings, facts, and 
requirements into a set of construction plans for a house. The need is poorly defined 
relative to the construction plans. What does “low heating costs” mean in terms of 
insulation in the walls? How is a liking for light, color, and interestingly-shaped 
rooms to be realized by the size and orientation of the windows and the room lay-
out? Where and how should the house be placed on the lot? How do the features of 
the house relate to its cost? The number of house configurations that could answer 
these questions is very large; each of them is a possible “right answer.” But there is 
no unique right answer.

The architect decides to enhance the view to the east by placing a large win-
dow in the east wall of the house. However, large windows, even modern two-pane 
 designs, have large heat losses, compared to the insulated walls. So the requirement 
to enhance the view conflicts with the requirement for low heating costs. It may 
even conflict with the budget; large windows are expensive. The customer’s prob-
lem statement is not self-consistent because the requirements conflict. Hence, no 
solution can satisfy all of the requirements.

The architect and the customer meet to clarify the problem statement and to 
discuss the solutions. The architect shows the customer some preliminary sketches. 
Viewing these proposed solutions begins to clarify for the customer what he means 
by, say, interestingly shaped rooms. The architect’s insight into the customer’s 
 desires is thereby also improved. Suggesting solutions is a way of understanding 
the design problem.

Designing the house requires the architect to apply knowledge drawn from  several 
fields. For example, he must understand how to control the climate in the building, 
how to provide a proper structure, how to control the project’s cost, what laws and 
standards must be followed—besides how to shape the building and  arrange its 
interior space to please the customer. Design requires synthesis of knowledge from 
diverse fields.

The architect may make some preliminary drawings and suggest the customer 
that they be given to builders interested in bidding for the construction of the house 
to collect suggestions from them for making the house more buildable. Design 
 cannot be separated from manufacturing; the way something is to be built influ-
ences how it is designed, and vice versa.

The final solution to the design problem is a set of instructions for building the 
house: the construction drawings. This is a communication packed with information 
for the builder. Along the way, the architect has communicated orally, and probably 
also in writing, with his customer. The customer, the architect, and the builder have 
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collaborated. They must communicate in order to collaborate; communication is 
essential to design.

Note that the design problem confronting the architect is ill-posed. The problem 
is poorly defined compared to the information necessary to solve it (the construction 
drawings). It contains requirements that conflict with each other. The architect’s, the 
customer’s, and the builder’s understanding of the problem depends upon the solu-
tions that have been proposed and the way the building is to be manufactured. There 
is a range of possible solutions, but no unique solution.

The essence of design problems is their ill-posedness. Engineers,  scientists, 
 entrepreneurs, writers, artists—all professionals—are confronted with such 
 problems. Solving ill-posed problems is the quintessential characteristic of all 
 professional work; their solution is a demanding art.

The primary objective of education follows directly from this seminal charac-
teristic: students must be prepared to solve ill-posed problems. The design  process 
must be the unifying theme in education, at all levels. Alfred North Whitehead 
wrote (Whitehead 1929), “Education is the acquisition of the art of the utilization 
of knowledge.”

Solution Process The design process has identifiable parts that are revealed by 
the example above. The problem-solving team (the customer, the architect, and 
the builder, in the example) first clarifies the problem statement, then creates and 
chooses between alternate solution concepts, moves recursively between stages of 
the solution as revision requires, and finally produces a document that expresses the 
solution, i.e., the artifact or system, in sufficient detail to allow it to be built.

The solar racer design example is intended to be used as a model. Therefore, it 
is organized into these same stages: specification-writing (clarification), concept 
generation, concept selection, and detailed design.
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Chapter 2
Interactions with the Atmosphere and Road

2.1 Introduction

The interactions of a car with its environment—gravity, the atmosphere, and the 
road surface—create forces which act on the car, usually opposing its motion. This 
chapter shows how these forces are related to the characteristics of the car under the 
designer’s control, such as its shape and weight, and to the effort required to move 
it: the tractive force. A magnitude will be calculated to give the reader an idea of 
the importance of each interaction. The calculations will use the characteristics of 
actual solar racing cars to make the numbers realistic.

No attempt is made to present an exhaustive treatment of each interaction. How-
ever, the most important features have been presented. Additional details will be 
found in Chaps. 17, 18, 19 and 20. Readers who wish to pursue topics in even 
greater depth may consult the references at the end of the chapter.

Cruise Condition This chapter concentrates on the interactions going on most of 
the time, which will be called the cruise condition. The cruise condition plays the 
strongest role in setting the energy consumption of the car, which determines the 
range. In this condition, the car moves straight ahead or turns through a large-enough 
radius or at a slow-enough angular rate, such that inertia-related forces transverse to 
the car’s direction of motion are relatively small. Also, the wind relative to the car, 
which interacts with the shape of the car to create aerodynamic forces, blows from 
nearly directly ahead. The aerodynamic side forces are therefore relatively small. 
Thus, in the cruise condition all inertial and aerodynamic forces acting transverse to 
the direction of motion, and their associated moments, are neglected.

Intermittent Conditions However, important interactions are associated with events 
that happen intermittently, such as side gusts and emergency maneuvers. The trans-
verse forces generated in these events strongly influence the controllability, stability, 
and structural design of a solar-electric vehicle.

When passed by a large vehicle, such as a truck, or when a wind gust blows sud-
denly from the side, a car experiences wind forces which tend to blow it sideways 
and rotate it about the vertical axis through its center of gravity. Solar racing cars 

© Springer International Publishing Switzerland 2015
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tend to be light and are thus more sensitive to side gusts than conventional vehicles. 
Chapter 21, Stability Calculations, presents a method for predicting the effect of a 
side gust.

A solar car maneuvering in an emergency may be required to accelerate or brake 
while turning. In this situation, the car should remain controllable1 and hence must 
not skid nor roll over, and its structure must withstand the moments and forces 
developed by the maneuver. Chapter 21 presents an analysis of the stability of the 
vehicle.

2.2 Equivalent Interactions

The forces on the car are distributed over the car or some portion of it. Gravity acts 
on the entire mass of the car. The friction force of the road on the tires acts over 
the area of the tire in contact with the road. In general, each force tends to both 
translate the car in and rotate the car about, at least one coordinate direction. To 
conveniently model the dynamics and energetics of the vehicle, we replace each 
distributed force by an equivalent isolated force and its associated moment. That 
is, the isolated force and moment have the same translational and rotational effects 
as the distributed force which they replace. Each of the equivalent forces acts at a 
convenient point, such as the center of gravity. Each of the equivalent moments acts 
about a convenient axis (usually a coordinate axis). Henceforward when the terms 
“force” and “moment” are used, it will usually be the equivalent, isolated forces and 
moments that are meant.

2.3 Coordinate Systems

Figure 2.1 shows a set of coordinate axes attached to the center of gravity of a solar-
electric car so that the axes always point in the same directions relative to the car. 
The positive direction of each axis is shown. A force acting in the positive direction 
of each axis is defined as positive. A semicircular arrow about each coordinate axis 
shows the positive direction of the moments about those axes.

Aerodynamic forces arise from the motion of the air relative to the car. Thus, it 
is natural when discussing this relative motion to think of the car as stationary with 
axes attached to it. This is exactly the situation when the aerodynamic forces are 
measured in a wind tunnel, for instance. When it is more convenient, we will revert 
to thinking of the car as moving with respect to a coordinate system fixed to the 
earth, such as at the starting line at the Indianapolis Motor Speedway.

1 Within specified design limits; absolute stability cannot be achieved.
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2.4 Aerodynamic Interactions

We will select the point of action of aerodynamic forces as the center of gravity of 
the vehicle. Wind tunnel measurements of the moments of these forces are by con-
vention often referenced to a point on the centerline of the car and halfway down 
the wheelbase. However, it is convenient when discussing their effects on motion to 
reference these moments to the center of gravity, as for the forces.

Figure 2.1 shows three aerodynamic forces and three aerodynamic moments, a 
force and moment for each coordinate axis, each named to suggest how it tends to 
affect the car’s motion. The force acting along the x-axis is called drag (D), that 
acting along the y-axis is called side force (Y), and that acting along the z-axis is 
called lift (L). The moment about the x-axis is called roll ( RM), that about the y-axis 
is called pitch ( PM), and that about the z-axis is called yaw ( YM). In general, each of 
the forces and moments can be positive or negative.

Fig. 2.1  Coordinate axes
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Figure 2.1 also shows a vector representing the result of subtracting the car’s 
velocity (V) from the true wind vector. This result is the relative wind, VR, the 
motion of the air relative to the car, but sufficiently far upstream of the car so that it 
is undisturbed by the shape of the car. The relative wind blows from a yaw angle, β, 
measured from the x-axis and positive in the direction of positive YM.

In the cruise condition, the side force, yawing moment, rolling moment, and 
yaw angle are zero. Pitch, drag, and lift remain. How these arise from interactions 
between the flow field relative to the car and the car’s shape, attitude, and internal 
flow passages will now be discussed.

Drag Experiment This section elaborates a bit on an example in Sherman (1990). 
Suppose you stir a mixture of small pepper grains and water in a white cup (so you 
can see the grains and thus visualize the flow) and then remove the spoon. The 
whirling motion of the mixture persists but eventually slows to a stop. The persis-
tence depends upon the fluid’s momentum, which in turn depends on both the mass 
of the fluid and its rotational speed. One would expect the liquid metal mercury in 
an identical cup to whirl for a longer time than water.

The mixture does not whirl forever but comes to rest because the friction force 
caused by the viscosity of the fluid opposes the rotation. Viscosity measures a fluid’s 
resistance to flowing relative to itself, just like your hands resist being rubbed against 
each other. As in that case, the friction force is tangent to the flow. All fluids have 
viscosity; in some, such as air, it is small and in others, such as honey, it is large. (Try 
the experiment with a cup of honey. The pepper will stay on the honey’s surface, 
but it will still help to visualize the flow. The friction force could rotate a light cup 
in this case. Would this show that the force is tangential to the cup’s inner surface?)

If you observe the pepper, you will see (especially if you have been able to 
impart mostly circular motion to the mixture) that the grains near the inner surface 
of the cup slow down first. It turns out that the mixture actually contacting the cup’s 
surface is at a speed of zero, which is called the no slip condition. So the rotational 
speed of the mixture is zero at the cup surface but increases toward the center. (You 
may observe other motions as well.) Because the friction force is created when the 
fluid resists flowing relative to itself, the speed difference (or gradient) must be 
present to give the friction force.

The foregoing discussion will be of use in understanding the friction drag on a 
car moving through air.

Parked Car A car parked along a road in still air, like the pepper grains in the cup 
or a fish motionless in a pond, is immersed in a fluid: the atmosphere. This mixture 
of gases (about 75 % nitrogen and 25 % oxygen) presses on every part of the outside 
(and inside) of the car. This pressure force distribution is called static because the 
atmosphere is not moving relative to the car at any point on it.

The static pressure is not uniformly distributed over the body of the fish, being 
greater underneath it because of the greater depth. This is also true for the parked 
car. However, the density of water is about 850 times greater than that of air at 
standard conditions (temperature 298.15 K, pressure 101.325 kPa). Consequent-
ly, the maximum pressure difference across the car is on the order of 0.0002 atm. 
So, differences in height between parts of the car may be neglected and the static 
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pressure distribution taken as uniform over the car. Thus, the net static pressure 
force on the car is zero.

Moving Car As the car moves down the road, air flows over the surface of the car. 
This relative motion2 changes the pressure distribution such that a net pressure force 
is created that opposes the car’s motion. The external flow also applies a retarding 
tangential friction force to the car’s surface, as in the stirred-cup experiment. Also, 
air flows through the car for ventilation. The net pressure loss in internal passages, 
caused by friction and the losses in ducting bends, dampers, and other components, 
also exerts a retarding force. It can be as much as 8–10 % of the total.

The total of the external and internal retarding forces we call drag. The magni-
tude of the drag is expressed by

 (2.1)

The drag coefficient, cD, a dimensionless quantity, characterizes the drag of the car 
and changes with the flow, in general. The dynamic pressure of the relative air speed 
far from the car, q, is given by

 (2.2)

The dynamic pressure is the pressure increase above the ambient static pressure that 
would occur if the flow were brought to a halt with no losses (stagnate) against a 
surface. The air density (ρ) may be computed from the ideal gas equation

 (2.3)

The gas constant for air ( RA) is 0.287 kJ/kg⋅K. At standard temperature and pressure, 
Eq. (2.3) gives an air density of 1.184 kg/m3. Note that for the same pressure, the 
drag is lower if the air is hotter and higher if the air is cooler.

In order to give units of force, the dynamic pressure must be multiplied by an 
area. By convention, the area used is the profile area (AD), the area blocked out by 
the car when viewed from straight ahead. The product cDAD is called the drag area. 
Chapter 17 presents a means of estimating the drag area of a candidate body shape. 
Measurement of the drag area of a scale model or full-scale vehicle in a wind tunnel 
or by coast-down testing will be discussed in Chap. 12, Testing.

The drag coefficient incorporates all of the opposing drag force components men-
tioned: friction ( cF), pressure (cS), and ventilation ( cV). Referring each component 
to ADq gives

 (2.4)

We shall now explain in more detail why these components arise.

2 It is the relative motion that counts; you could also blow on a stationary car and create drag, as 
in a wind tunnel.
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2.5 Friction Drag

Boundary Layer Suppose that the relative airflow approaching the car is smooth 
and at zero yaw angle ( β = 0 in Fig. 2.1). Like the water–pepper mixture in the cup, 
the air at the car’s surface moves at zero speed relative to that surface. However, air 
farther from the surface moves nearer to the relative speed of the surrounding air, as 
shown in Fig. 2.2 (in which the n-axis is the local vertical). The air layer over which 
the local relative flow speed changes from zero to 99 % of that of the surrounding 
air is defined as the boundary layer.

The boundary layer thickens as the distance from the front of the car increases. 
A velocity gradient now exists in a viscous fluid. Hence, the air applies a retard-
ing frictional force tangent to the surface of the car. As the car increases speed, the 
gradient becomes steeper, and the friction force at the surface increases. Figure 2.2 
shows the gradient at the surface as the slope (ΔVR/Δn) of the tangent to the velocity 
distribution at that point. The symbol τ0 represents the friction force per unit surface 
area. The streamlines shown in Fig. 2.2 are imaginary lines tangent to the local flow 
velocity.

Viscosity As we expect from the cup experiment, the proportionality factor between 
friction force and the velocity gradient is the viscosity of the air (μ).3 If the car 
were moving through water, the viscosity of which is about 48 times that of air 
at 25 °C, the frictional drag would be much larger at a given speed (remember the 
honey). Near atmospheric pressure, the viscosity of air shows a weak tendency to 

3 Many fluids obey this relation between the surface shear force and the velocity gradient, air and 
water, for instance. Such fluids are called newtonian, after Sir Isaac Newton, who first proposed 
this linear model.

Fig. 2.2  Boundary layer and aerodynamic forces
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increase with pressure and a strong tendency to increase with temperature. Thus, the 
frictional drag increases with increasing temperature.

Is this the whole story of friction drag? No, unfortunately; we are headed for 
more trouble as we increase speed.

Laminar and Turbulent Flow Figure 2.3 shows a smooth, flat plate traversed by 
initially smooth air flow.

The flow contacts the plate, and the boundary layer forms. The flow in the 
boundary layer at this early stage is still smooth. We can visualize this as very thin 
air layers, lamina, moving relative to each other with no velocity components trans-
verse to their motion. The flow is called laminar because of this characteristic. A 
particle of air striking, say, a small bump (no actual surface can be exactly smooth) 
may deflect up a bit, but the viscous friction of the other particles drags it back into 
line, keeping the flow laminar.

An impulsive force was applied between the fluid and the surface when the 
element glanced off the little bump and thereby gained momentum away from 
the surface. Further on, at the next bump (or other disturbance, maybe even loud 
rock music), the thickening of the boundary layer has magnified the destabilizing 
impulse force relative to the stabilizing viscous force because the velocity gradient 
is reduced. So, as the boundary layer thickens, small waves appear in it. The waves 
grow into chaotic eddies and the boundary layer makes a transition to turbulence, 
accompanied by additional thickening.

Besides the torque need to overcome the viscous friction, the engine of the car 
must now exert extra torque on the driving wheel or wheels to cause the eddies to cir-
culate. Consequently, the friction drag in turbulent flow is higher than in laminar flow.

Fig. 2.3  Laminar and turbulent boundary layers
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Reynolds Number The foregoing discussion implies that a number correlated with 
the ratio of the impulsive to viscous forces in the boundary layer would also correlate 
strongly with the transition to turbulence. Because force is proportional to the rate 
of change of the momentum, we expect the impulsive force will be correlated with 
the momentum flow rate of the air external to the boundary layer. This is ρVR

2, 
when expressed as force per unit area perpendicular to the flow, or ρVR

2Aflow in force 
units, where Aflow is a conveniently chosen reference area perpendicular to the flow. 
The friction drag per unit surface area is proportional to μVR/ℓ, where ℓ is the local 
boundary layer thickness and Afric is a reference area on the car’s surface. Since 
ℓAflow/Afric has units of length and Aflow and Afric are arbitrary, the ratio of interest is:

 (2.5)

where λ stands for a conveniently chosen reference length. Equation (2.5) defines 
the Reynolds number. For the present discussion, we choose the distance x from 
the nose of the car to a point in the boundary layer measured along the surface as 
the characteristic length because the thickening of the boundary layer depends on 
the distance from the nose.4 The number, now called the local Reynolds number 
because it depends upon the location, is:

 (2.6)

The local Reynolds number at which the transition to turbulence begins on the 
surface is called the critical local Reynolds number. This number is usually found 
by experiment. The transition to turbulence is affected by the roughness of the 
surface: the rougher the plate, the lower the critical Reynolds number at which 
it begins. On the other hand, as Eq. 2.6 implies, for a given fluid and surface, the 
critical Reynolds number will be reached at a shorter distance from the nose when 
the flow is faster.

Thickness Compared to the characteristic dimension of the body in the flow direc-
tion, say the length of the plate in Fig. 2.3, the boundary layer is quite thin, even in 
turbulent flow. Suppose the length of the plate were 2 m and the latter portion of 
its surface were in turbulent flow, as shown, the boundary layer thickness would be 
only of the order of 4 cm at the trailing edge. (Its dimensions have been exaggerated 
in the figures.) Nevertheless, all of the viscous interaction of the airflow with a body 
takes place in the boundary layer. Compared to the boundary layer, the flow external 
to this layer may be treated as if it had no viscosity.

Total Friction Drag Because the local frictional force discussed above is expressed 
as a force per unit area, the total frictional force on the car is proportional to the 
surface area of the car. The larger this area, the larger the force will be. However, the 

4 The Reynolds number is important in other contexts. So, other reference lengths more appropri-
ate for the context are defined for these cases.
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ρ λ
µ
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line of action of the drag force is antiparallel to the direction of motion. Therefore, 
the friction force at a particular location contributes to the drag in proportion as 
the surface upon which it acts is parallel to the direction of motion. The flow over 
the upstream face of a rear-view mirror is nearly perpendicular to the direction of 
motion and therefore contributes little to the total friction drag force, for example. It 
contributes to the pressure drag, however, as the following discussion demonstrates.

2.6 Pressure Drag

Frictionless Flow We now return to the effect of shape on pressure. Figure 2.4 
shows a cross-sectional view of the steady flow of air over two smooth cylinders. 
Both are very long compared to their diameters, so the complicating effect of flow 
near their ends may be neglected. Consider first the flow over the upper cylinder, for 
which we imagine the viscosity of the air to be zero, so that the flow is frictionless.5

Since a streamline is an imaginary line tangent to the local flow velocity, if the 
flow is undisturbed, all the streamlines are parallel and flat. Note that, by defini-
tion, flow cannot cross a streamline. Now we can imagine that the upper half of the 
cylinder is in a channel.6 The upper “wall” of this channel is a surface formed by 
the streamlines of air far enough from the cylinder to be undisturbed by its presence. 
These bounding streamlines, taken together, could be called a stream surface. The 
lower wall is formed by the stream surface that hits the front of the cylinder and 
then follows its surface.

Bernoulli’s Equation Consider any streamline between two vertical planes, such 
as those marked 1 and 2 in the figure. The flow is steady, there is no friction and, 
we assume, no heating of the air. Then it is true that for any two points along the 
streamline

 (2.7)

Equation (2.7), called Bernoulli’s equation, shows that

 (2.8)

along a streamline for the conditions assumed. Now, to unclutter things even more, 
we observe that the gravitational potential energy term, gZ, may be neglected for 
height changes on the order of the height of an automobile or truck. Also, if the 
flow were incompressible, the density, ρ, would be constant and then the quantity 

5 This apparently oversimplified scenario will still yield valid insights, believe it or not.
6 Actually, we could equally well imagine the entire cylinder in a channel, but the drawing of a half 
cylinder takes up less space.
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p + ρV2/2, the total pressure, p0, would be constant along a streamline. The pressure 
changes typical of external air flows produce only small changes in density. We will 
model such flows as incompressible.

Using our simple model, let us investigate the static pressure distribution on the 
upper cylinder of Fig. 2.4. Upstream of the disturbance of the cylinder, the velocity 
is uniform (all streamlines flat, parallel, and evenly spaced). Therefore, the pres-
sure is uniform in the flow. At the forward-most point ( θ= 0° in the figure), the air 

Fig. 2.4  Origin of pressure drag

 



2.6 Pressure Drag 15

speed is momentarily zero, so it is a stagnation point (even though it is really a line) 
and p = p0. The flow then turns and moves up, tangent to the cylinder’s surface. 
Hence, because the mass flow rate is steady and the density cannot change, the air 
speed increases to a maximum, and, as required by Bernoulli’s equation, the static 
pressure decreases to a minimum as the point of minimum channel cross-sectional 
area at the top of the cylinder ( θ = 90°). Beyond this point, the air speed decreases 
and the static pressure increases. At the downstream location opposite to the front 
stagnation point ( θ = 180°), the tangential air speed component becomes zero. A rear 
stagnation point forms at which p = p0 once again.

Figure 2.4 shows the pressure variation around the cylinder. Clearly the shape of 
the cylinder strongly influences the pressure distribution over it. But notice, there 
is no net pressure change across it in the flow direction for the ideal, frictionless 
conditions assumed. Therefore, there is no pressure drag.

Flow with Friction Pressure drag on objects immersed in a real, viscous fluid arises 
because of boundary layer separation. Consider the lower cylinder of Fig. 2.4, 
which is immersed in a real, viscous, approximately incompressible fluid such as 
air. A boundary layer now forms on the cylinder. Bernoulli’s equation is invalid 
inside the boundary layer. But because, as we observed earlier, the flow external to 
the boundary layer is approximately frictionless and the boundary layer is quite thin, 
the pressure imposed on the boundary layer approximately obeys Bernoulli’s law. 
The pressure increase on the downstream surface of the lower cylinder of Fig. 2.4 
opposes the flow in the layer. The more sharply the surface curves down, the more 
rapid will be the opposing pressure increase predicted by Bernoulli’s equation. At 
some position angle, this causes the velocity gradient at the surface to be zero.7 At 
that point, the main flow ceases to follow the curved surface, and the boundary 
layer is said to separate from that surface. The flow then forms a turbulent wake, as 
shown. This causes the air pressure on the rear surface downstream of the separation 
area to drop below that near the front stagnation point and perhaps even below that 
of the ambient air. There is now a pressure force difference, high in front, low in 
back. This net opposing force is called pressure drag (or sometimes profile drag). 
Pressure or profile drag is reduced by making the shape less blunt.

Streamlining Figure 2.5 shows a cylindrically shaped body and a streamlined air-
foil-shaped body, both with circular cross sections and having the same profile area. 
The drawing of the cylindrically shaped body shows that separation can occur at 
locations upstream of the trailing surface, such as at the forward corners of the box 
shape. Downstream of these locations, the flow may reattach to the car and some 
pressure loss be recovered.8 Compare the cylindrical shape to the streamlined shape 
which minimizes separation and thus pressure drag, by avoiding rapid changes in 
the slope of its surface.

Qualitative pressure and friction force profiles for the two shapes are shown at 
the bottom of the figure (tear drop: dashed line). These curves were constructed 
using the exchange of pressure and velocity expressed in the Bernoulli equation. 

7 There will even be back flow downstream of the separation point.
8 These local zones of separated flow are called separation bubbles.
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The velocity gradient at the surface in separated zones is small and therefore so is 
the shear force. However, streamlining may add to the external area that contributes 
to friction drag because, by filling in the areas having more abrupt slope changes, 
streamlining increases the component of surface area parallel to the direction of 
motion. Thus, there would seem to be a trade-off between pressure and friction 
drag. But separation usually dominates the drag from external flow (Hucho 1983). 
Hence, any gains in friction drag from streamlining are usually outweighed by the 
reduction in pressure drag. Nevertheless, one should bear in mind that solar racing 
cars are radically streamlined to give very low total drag. Friction drag is therefore 
of greater relative importance than in conventional vehicles. Pay close attention to 
details such as surface finish; in solar racing cars, the drag is in the details.

Fig. 2.5  Effect of streamlining
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Total Pressure Drag The total pressure drag may be found in principle by adding 
the components of the local normal pressure force (pressure times area) in the direc-
tion of motion. Applying this rule to the shapes of Fig. 2.5, we see that the retarding 
and pushing components of the pressure force tend to be concentrated at the front 
and rear of the car (except for the “separation bubbles” mentioned in footnote 8).

Effect of Turbulence Turbulence in the boundary layer can reduce the total drag on 
a body, even though it increases the friction drag in non-separated portions of the 
boundary layer. Figure 2.6 illustrates this effect for the total drag of a disk, cylin-
der, ellipsoid, and sphere in cross flow. The curves are similar, except for that of 
the disc. In laminar creeping flow only friction is present, then laminar separation 
occurs, and the drag coefficient becomes nearly constant. Observe that the disk’s 
drag is almost completely determined by separation because it has little surface 
area parallel to the flow, so that at most Reynolds numbers viscous boundary layer 
effects are negligible. However, boundary layers can develop on the other three 
objects. Turbulence begins on these shapes at about a Reynolds number of 105, 
where the drag coefficient drops. The increased momentum in the boundary layer 
causes the ring-shaped locus of separated flow to be blown farther downstream. 
Thus, the region of low pressure on the downstream side of the cylinder is smaller 
and the drag force is lower. After the transition to turbulence is complete, the drag 
coefficient slowly increases with the Reynolds number because of friction.

The drag-reducing effect of turbulence is employed in the manufacture of golf 
balls. The dimples on the surface of a golf ball tend to “trip” the flow to turbulence, 
thus reducing drag and increasing the distance the ball carries. This technique of 
introducing local roughness to trip the flow has been employed on solar racing cars 
to reduce the drag of the cockpit canopy.

Fig. 2.6  Drag coefficients of four shapes. (Adapted from White 1986)
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Local wakes may be formed when the shape of the car forces flows of differing 
speeds to join, imparting a whirling (vortex) motion to the resulting flow. The low 
pressure in the vortex results in an additional drag. The section on lift explains how 
merging flows of differing speeds can be created.

2.7 Estimating Drag

The drag area (and drag coefficient) of a proposed vehicle may be estimated by 
summing the drag areas of the components that make up the vehicle’s shape. The 
free air drag coefficients of the shape components must be known and corrections 
for ground effect and interference must be applied. This drag build-up method is 
capable of estimates that agree within ± 10 % with the drag areas measured in wind 
tunnel tests. Chapter 17 explains this method and Chap. 9, Solar Racer: Concept 
Generation and Selection, presents a detailed application of it.

2.8 Ventilation Drag

Ventilation of the cockpit forces out the hot, stale air, helping to keep the cock-
pit comfortable. Outside air supplied to the battery compartment flushes out gases 
evolved by the battery during charging. These might accumulate in the battery com-
partment in explosive amounts if it were sealed. Race regulations (Chap. 16) require 
a certain fan-forced airflow through the battery compartment whenever the battery 
is electrically connected to the solar car.

Sample System Figure 2.7 shows a ventilation system layout schematically. The 
air enters in the front of the car through a low-loss (round-edged) inlet. It flows 
through the cockpit (simplified to a box-shaped volume), the battery box, the fan, 
a diffuser, and then leaves the car. The diffuser increases the pressure of the flow 
before returning it to the outside. Heat inputs from the sun, instruments, and the 
driver, and heat losses to the outside are shown. These cannot be neglected as they 
were in deriving Eq. (2.7).

Drag Sources The internal flow drag arises in a manner similar to that from exter-
nal flow. Consider Fig. 2.7. The internal flow applies viscous shear forces to the 
inside surfaces of the air ducts. The rougher the surface, the greater the force. The 
pressure increases as the flow velocity decreases in the sudden expansion when the 
air is discharged into the cockpit. Separation occurs, as shown, dissipating some 
energy and thereby reducing the pressure increase. This causes drag, in effect, by 
increasing the net pressure drop in the system. Separation in the sudden contraction 
at the discharge from the cockpit increases the pressure drop caused by the area 
decrease. Separation also can occur in the diffuser if its included angle is too large, 
reducing the pressure recovery as in the sudden expansion. The pressure loss in the 
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duct is reduced by the pressure increase across the fan. Note that race rules require 
the fan to be running when the battery is connected to the main bus.

Drag Force The locations where the system is attached to the car are symbolized by 
the single pylon. It has been cut to show the x-direction tractive force ( TV) exerted at 
the support. To find the drag, DV, at a steady speed, sum the forces in the x-direction 
on the free body consisting of the ventilation system and the air in it and, following 
Newton’s second law, equate this sum to the momentum change of the air between 
the inlet and outlet. Then note that DV = − TV. The drag on the ventilation system is 
transmitted through the pylon to the body of the car. Consequently, the motor must 
supply additional tractive force equal to DV. If m1 represents the mass flow rate 
through the ventilation system, the drag then is:

 (2.9)

In general, the pressure over the inlet and outlet openings will not be uniform. Hence, 
the average gauge pressures over the inlet and outlet, pG1 and pG2 ,  respectively, 
must be estimated from information about the flow around the car. The “x” subscript 
denotes components in the x-direction.

The ventilation drag coefficient is computed from the drag force as:

 (2.10)

A method for estimating the ventilation flow rate and for sizing the fans used in the 
system is explained in Chap. 18. An application of this method and of Eqs. 2.9 and 
2.10, to estimate the drag caused by the ventilation flow, is presented in Chap. 10, 
Solar Racer: Detailed Design.
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Fig. 2.7  A ventilation system
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2.9 Lift

Lift is directed perpendicular to the x, y plane, the plane of the car’s motion. As 
mentioned above, the net lift force is not necessarily upward. The lift coefficient, 
defined as

 (2.11)

may therefore be positive or negative.

Ground Effect Figure 2.8 shows three views of a simplified solar car body. It has a 
symmetric airfoil shape longitudinally, is elliptic in cross section, and in plan view 
rounded in front and square in back. The angle between the horizontal and the chord 
line connecting the nose and the tail of the car we shall call the pitch angle, positive 
when up. Figure 2.8 shows the car at zero pitch. Underneath the drawing is a graph 
showing qualitatively the pressure distribution around the car.

The plot below the drawing shows that even though the pitch is zero and the 
shape is symmetric about the chord line, the pressure distribution on the underside 
of the car (dashed line) differs from that on the top (solid line). This is because of 
the proximity of the road surface. The variable cross-sectional area channel formed 
by the road and the car’s underbody alters the speed and pressure distribution as 
required by the Bernoulli equation. The arrows indicate the direction and magnitude 
of the lift, with the large arrows showing that the lift causes a net upward pitching 
moment about the center of gravity ( LCG).

c L
qAD

L = ,

Fig. 2.8  Ground effect
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If the pitch angle were made positive, the lift might become net positive because 
the stagnation point would shift underneath the car. If the pitch angle were made 
negative, the stagnation point could shift to the top of the car. A net negative pitch-
ing moment may occur.

Note in Fig. 2.8 that because of the pressure difference between the top and bot-
tom of the car, flow from one side of the car can curl around and join the flow on the 
other side. This is called upwash or downwash, as appropriate. If the joining flows 
have different speeds, vortices may form and trail downwind. As explained in the 
pressure drag section, this is a source of drag. Upwash or downwash is associated 
with the lift distribution even when the net lift is nearly zero. However, the drag 
induced by each lift-induced vortex always adds to the total. Some lift is inescap-
able. The key to reducing vortex-induced drag is to smooth the joining of the flows. 
For example, use fillets at the junction of the body and fairings used to streamline 
exposed wheels. Chapter 17 gives rules for selecting the fillet radius and length.

Optimum Ground Clearance Morelli (1983) conducted wind tunnel tests on model 
shapes configured for low drag near the ground. His results showed that as the ratio 
hMIN/W between the minimum height above the ground and the width of the car 
increased from the minimum value tested, near 0.05, to values of 1.0 or greater, 
the drag decreased, in some cases passed through a minimum that was less than the 
free-air value, and then approached free-air values as the influence of the tunnel 
floor on the pressure distribution diminished. These results may be contrasted with 
those Morelli presented for teardrop shapes which exhibited drag coefficients sev-
eral times those of the special shapes at the same ground clearance ratios.

Study the “Shark” curves in Fig. 17.8. The lowest drag coefficient Morelli re-
ported was about 0.045 for a 6.9 % camber ratio (bmax/W) at a dimensionless ground 
clearance (hmin/W) of about 0.15. (This is the lowest of the three Shark’s shapes 
tested.) For a 2-m wide car, this implies an actual minimum ground clearance of 
about 0.3 m. The teardrop shape’s drag is not comparable to the Sharks until a clear-
ance ratio of about 0.7. This corresponds to a clearance of 1.4 m for a 2-m wide car. 
Thus, the Morelli shape can have low drag without having to reduce roll stability by 
raising the clearance ratio. This is not true for the teardrop.

2.10 Example 2.1

Suppose a solar car (pitch angle − 0.5°, profile area 1.46 m2) is traveling at 96 kph 
(60 mph) in the cruise condition in still air at standard temperature and pressure. 
Under these conditions, cD, and cL are, respectively, 0.095 and 0.22. What are the 
drag and lift forces?

Solution The air density is:

2
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Dynamic pressure-profile area product (speed in m/s) then is:

And the drag force becomes

directed opposite to the direction of motion. The lift is:

directed vertically up.

2.11 Pitch

The pitching moment, PM, arises from the tendency of the lift distribution to rotate 
the car about the y-axis. The net lifting force may be nearly zero. But there still may 
be a lift-caused pitching moment.

The pitching moment coefficient is defined similarly to those of lift and drag, 
except that a length scale must be introduced into the denominator to non-dimen-
sionalize the quotient. It is:

 (2.12)

2.12 Example 2.2

A wheel base length of 3.073 m will be used as the length scale in this example. 
For the conditions of Example 2.1, the pitching moment coefficient, cPM

, is − 0.196 
about the y-axis through the center of gravity. Find the pitching moment.

Solution Using Eq. (2.13) gives

The negative sign denotes pitch down.
Pitch angle changes of a fraction of a degree regularly occur in the cruise condi-

tion. But in an emergency situation, such as a rear tire blow out in a three-wheeled 
car while cornering, a pitch up condition of two or three degrees might occur. At 
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highway speeds, this can cause a positive pitching moment in lightweight, airfoil-
shaped vehicles sufficient to momentarily sharply reduce the normal force on one 
or both front wheel contact patches. During that moment, the driver has little or no 
steering control.9

2.13 Road and Gravity Interactions

Figure 2.9 shows a three-wheeled car moving up a straight grade in the cruise con-
dition. The forces acting parallel or antiparallel to its motion are drag (D), rolling 
resistances ( R1, R2, and R3; numbered clockwise viewed from above starting with 
the left front wheel), the x-component of the weight (WX), and the tractive force (T). 
The tractive force is the force propelling the car up the hill. If the speed is steady, 
it equals the sum of the forces resisting motion. The forces acting normal to the 
direction of motion are lift (L), the z-component of the weight (WZ), and the wheel 
reactions ( N1, N2 and N3). The pitching moment ( PM), shown positive, acts about 
the y-axis.

2.14 Gravity

The components of the weight of the car of Fig. 2.9 are

 , (2.13)

9 Clarkson University’s 1995 Sunrayce car experienced this type of emergency at about 45 mph 
while running qualifying laps at the Indianapolis Raceway Park.
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Fig. 2.9  Cruise condition forces and moments
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where W is the weight. Weight is the largest force on the car, in the cruise condition. 
Wx is the component of weight that directly opposes the motion when going up a 
hill ( α positive) or aids the motion when descending a hill ( α negative). The rolling 
resistance force is directly proportional to the vertical component of the weight WZ, 
plus any up or down lift, as explained in the next section.

2.15 Example 2.3

Suppose the car of Fig. 2.9 weighs 3558.4 N and that the grade is 10 %10 ( α of 
5.71°). Find Wx and Wz.

Solution The component of weight opposing the motion up the hill would be:

This force is a bit more than six times the drag force calculated in Example 2.1 for 
horizontal travel at 96 kph. The drag coefficient used in that example is typical of 
high-performance solar cars as reported by Storey et al. (1994). However, doubling 
of the drag coefficient, or halving of the grade, would still give an opposing weight 
component much larger than the drag in the example. The normal weight compo-
nent is:

Range and Stability Reducing the weight improves the range of the vehicle by 
reducing the energy needed to overcome rolling resistance, accelerate, and climb 
hills. On the other hand, the stability of the car is also reduced because a lighter car 
is more sensitive to side wind gusts and side forces caused by turning.

2.16 Rolling Resistance

Dynamic Resistance Figure 2.10 shows a wheel in contact with the ground and 
moving straight ahead at speed V, like those of the car in Fig. 2.9. The tire deforms 
under load so that it contacts the road over an elliptically shaped11 area called the 
contact patch. The tire is not sliding over the road, so there is no relative motion 
between the contact patch and the road’s surface.

10 In the first US cross-country solar car race, the solar cars were required to show that they could 
climb a 10 % (rise/run times 100) grade.
11 This deformed shape is typical of the small, high pressure, rounded-cross section tires usually 
used by solar racers.

Wx = =°( . )sin . . .3558 4 5 71 354 0N N

Wz = =°( . ) cos . . .3558 4 5 71 3540 7N N
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We assume that the drag on the wheel caused by the flow over the car is 
accounted for in vehicle drag and focus on the drag resisting the wheel’s rotation 
around its axis. A moment, DM, about the wheel’s axis opposing the wheel’s rotation 
is imposed by the drag force created by the rotation of the wheel. The drag force 
is distributed over the wheel and depends upon the presence or absence of a wheel 
housing, the spacing between the wheel and its housing, and the flow field about the 
car. Another opposing moment, BM, comes from friction in the wheel bearings. The 
moments may be represented by a moment-equivalent force applied to the contact 
patch acting on a moment arm attached to the axis of the wheel. We will call this 
force the dynamic rolling resistance.

Static Resistance As the tire rolls, the flexing of the tire needed to form the patch 
absorbs energy. The portion of the tire “flowing” into the leading edge of the patch 
is compressed, increasing the pressure on the leading edge above that caused by the 
weight. The portion of the tire leaving the contact patch expands, and most of the 
energy stored in the tire by the compression is recovered. However, the deformation 
is inelastic, so a portion of this energy is lost, manifesting itself as heating of the 
tire. Consequently, the contact pressure of the material leaving the contact patch is 
less than that entering the contact patch. The x-direction component of the net com-
pressing force, FC, on the material in the patch is called the static rolling resistance.

Total Resistance The total rolling resistance, R, is the sum of the static and moment-
equivalent forces. The rolling resistance coefficient is defined as

Fig. 2.10  Forces and moments on a wheel
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 (2.14)

We expect a dependence of μ on V through the dynamic component of resistance. 
Kyle (1990) and Steeds (1960) present models in which this coefficient is a linear 
function of V. SAE (1997) presents it as a function of V2. The former model is 
adopted herein because it agrees with the test data of Kyle on small wheels typi-
cal of those used on solar racing cars. Also, it allows the dynamic coefficient to be 
easily separated from the drag area in coast-down testing, since otherwise both the 
dynamic rolling resistance and the drag would be functions of V2.

The rolling resistance coefficient model adopted herein is:

 (2.15)

When modeling the motion of the vehicle up a grade, the total load on the wheels 
is reduced to Wz, neglecting lift. Rolling resistance coefficients of tires are shown 
in Table 2.1.

2.17 Example 2.4

Suppose the vehicle of Fig. 2.9 were traveling 40 kph up the 10 % grade of Example 
2.3. If it is equipped with the Moulton bicycle tires used in the drum test reported 
by Kyle, what would the total rolling resistance be?

Solution Using WZ from Example 2.3 and Eqs. (2.14) and (2.15),

where the lift has been neglected because of the low speed. The contact patch force 
accounts for 66 % of R.

Chapter 12, Testing, describes a method of measuring rolling resistance. 
Chapter 20 presents a method for estimating rolling resistance from tire properties 
during the design.

µ =
R
N

.

µ µ µ= +1 2V .

µ = + =−0 00252 0 0000314 40 0 003781. ( . )( ) . ,kph kph

(0.00378)(3540.7N) 13.4N,= =R

Table 2.1  Rolling resistance coefficients
μ1 μ2 (h/km) Source Remark
0.00252 3.14(10− 5) Kyle 1990 Moulton 17 × 1 1/4 bicycle tire at 

100 psig, N = 100 lbf; rotating drum test
0.0075–0.3 3.11(10− 5)–0.0011 Steeds 1960 Typical μ1 for automobile tires: lower 

value smooth pavement, higher unpaved
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2.18 Tractive Force

The tractive force is the propulsive force equivalent to the torque delivered by the 
drive (the motor, controller, and transmission) to the driven wheels, or wheel. (Solar 
racing cars often have only one driven wheel. This reduces the weight, complexity, 
frictional losses, and cost of the car.) Suppose the radius of a driven wheel is rW, and 
the flattening of the loaded tire is ignored. The equivalent tractive force is:

 (2.16)

2.19 Force Balance

At steady conditions (speed, weather, and road conditions independent of time), 
there is no acceleration, and so the sum of the forces in each coordinate direction 
must equal zero. And recall that in the cruise condition there is no force in the 
y-direction and consequently also no yawing moment. The force balance in the x-
direction is:

 (2.17)

R is the total rolling resistance, related to the total normal force by Eq. (2.14).
The drag, D, and the rolling resistance, R, have no z- nor y-components and op-

pose the motion of the car.12 A gravity force component opposes the motion when 
the car travels up a hill and aids the motion when the car travels down a hill. The lift 
force has no component along the x-axis and so neither opposes nor aids the motion 
directly. (However, it adds to or subtracts from the net downward force on the car 
and thus changes the rolling resistance.)

2.20 Example 2.5

Suppose the car in Fig. 2.9 is traveling at a steady 40 kph up the grade. Find the 
tractive force, wheel torque, and power required to climb the grade.

Solution The tractive force to maintain this speed is the sum of the opposing forces 
given in Eq. (2.17). The magnitude of the drag, D, may be found from the result of 
Example 2.1 (assuming cD is constant) by a ratio:

12 Unless the relative wind blows from behind. This is an unusual situation and will be ignored.

T
r

=
τ

W
.

T D W Rx= + + .

240(57.7N) 10.0N.
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The rolling resistance was found in Example 2.4. So the tractive force is (again 
neglecting lift):

The torque required to climb the grade at 40 kph, assuming the 17.5-in wheel diam-
eter of the Moulton wheels (and ignoring the flattening of the wheel at the contact 
patch), is:

The total power required at the driven wheel(s) is the tractive force times the speed 
(m/s), or 4,194.4 W, about 5.6 hp.

2.21 Acceleration

Suppose the vehicle is changing cruising speed. Typical solar car speed changes are 
gradual; the y-axis moment sum and certainly the z-axis force sum will remain zero. 
In this case, the resultant of the x-forces equals the effective mass ( Me) times the 
acceleration (a).13 So the tractive force must now equal

 (2.18)

The tractive work done by the car in traveling a short distance ∆S over which T may 
be assumed constant is T(ΔS). Thus, T may be thought of as the tractive work per 
unit distance.

In order that the reader may begin to develop some intuition about the tractive 
force, we will study Eq. (2.18). We will assume that the drag coefficient is a con-
stant, which is only approximately true.

Dimension Independence Non-dimensionalizing Eq. (2.18) will make our conclu-
sions independent of, say, the weight of a particular car. We will therefore not cal-
culate T, but T/W ( T*). The speed V will be replaced by V/VD ( V*). The speed scale 
VD used to non-dimensionalize the speed will be called the drag speed. This is the 
speed at which the drag force is equal to the weight. (Imagine the car in a stable, 
nose-first free fall at constant drag coefficient through a uniform atmosphere. The 
drag speed is the terminal velocity that would be predicted by Eq. (2.17).) It is:

13 The effective mass is larger than the actual mass and accounts for the need to accelerate masses 
that translate as part of the body of the car, but also rotate about their own axes, such as the wheels. 
See Chapter 22.

T = + + =10 0 354 1 13 4 377 5. . . . .N N N N

17.5in m(377.5N) 0.0254 83.9N · m.
2 in

τ    = =      

T M a D R Wx= + + +e .
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 (2.19)

Using values from Chap. 8 gives VD = 237.8 m/s, or 856 kph (532 mph). Thus, if the 
car were moving at 88 kph (55 mph), V* would be 0.103. Figure 2.11 shows how 
the drag speed is influenced by the vehicle’s mass, drag area, and the air density.

The ratio a/g0 ( a*) will be the nondimensional acceleration. The scale, g0, is the 
standard acceleration of gravity (9.807 m/s2), which we will assume to be uniform 
over the Earth. Using the models of the forces R, D, and WX previously given and 
non-dimensionalizing as above, transforms Eq. (2.18) to

 (2.20)

where, if the wind blows from ahead (a numerically negative wind speed),

V W
c AD

D
D

=
2

ρ
.

T
M
M

a D R Wx
* * * * *,= + + +e

D V V R V

V W
W

x

* * * * * *
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, sin .
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2
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Fig. 2.11  Drag speed
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2.22 Steady Motion Studies

No Grade nor Wind The specification in Chap. 8 requires μ1 =  0.004 and 
μ2 = 0.0001 s/m, or 2.78(10−5) h/km. Using these values, and the other specified 
parameters given above, let us examine T*, D*, and R* as a function of V*, with 
accelaration, no headwind, zero lift, and a horizontal road. Figure 2.12 shows the 
results of this study. Its quadratic speed dependence causes the drag to be less than 
the rolling resistance until V* is approximately 0.075. This corresponds to 64.2 kph 
(about 40 mph) for the car of Chap. 8. At average speeds characteristic of stop-
and-go city traffic, the drag is less than half the rolling resistance. On the other 
hand, at freeway speeds of 105 kph (65 mph) the drag is more than twice the rolling 
resistance. The exact crossover speed depends upon the drag speed of an individual 
car and its rolling resistance coefficients.

Grade Although it has been assumed here for convenience, a horizontal road is 
rare in reality. Imagine the car is climbing steadily up a 10 % grade. The tractive 
force is increased by 0.099, or the sin of the grade angle of 5.71°. This increase in 
the tractive force is about twice the largest magnitude shown in Fig. 2.12. A 3 % 
grade would increase the tractive force by 0.03. Figure 2.13 shows the tractive force 
required to climb various grades between 0 and 10 % at different speeds.

Also shown in Fig. 2.13 are curves of constant dimensionless power, p*. This is 
the power that must be delivered to the driving wheel(s), not the power delivered to 

Fig. 2.12  Tractive force components
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the motor. The power required to travel at speed V is TV. The dimensionless power 
is TV/WVD, symbolized as T*V*. The intersection of a power curve with the tractive 
force curve for a hill gives the climbing speed (found on the abscissa) and the trac-
tive force (found on the ordinate) required to make that speed.

Solar Zone Where do solar racing cars built to Sunrayce specifications fall on the 
power curves of Fig. 2.13? These cars, because of the solar array and battery limi-
tations imposed by the rules in Chap. 16, can deliver a maximum dimensionless 
power of roughly 0.006 in full sun (1000 W/m2)—assuming a drive efficiency of 
80 %). To do so, they must discharge their batteries at a high rate (say 30 or 40 A). 
(These rates cannot be sustained for more than a short time without greatly deplet-
ing the battery’s charge.) If only the solar array is used for power, the cars can 
deliver roughly 0.001 in full sun. Figure 2.13 shows that the power range 0.001–
0.006 means a speed range of about 0.01–0.055 on a 10 % grade and 0.08–0.17 on 
a horizontal road. For the car under study, these dimensionless speeds translate to 
9–51 kph (about 6–32 mph) and 60–146 kph (about 37–91 mph), respectively.

Strategic Decision What goes up must come down, at least eventually. So it is 
possible to recover some of the energy expended to overcome gravity when climbing 
a hill, as gravity helps to accelerate the car on the following downhill grade.14 The 

14 Only some of the energy expended is recoverable because of the losses in the battery and the 
drive. This will be discussed in more detail in Chap. 4, Storing Energy, and Chap. 5, Electric Motor 
Drives.

Fig. 2.13  Climbing at steady speed
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racing team must decide whether to return a portion of the energy to the battery 
through regeneration (running the motor as a generator) or to use it all to gain speed.

2.23 Wind and Drag

Headwind Suppose that the headwind of 8 kph specified in Chap. 8 is blowing. 
Because of the high drag speed of the car under study, the dimensionless rela-
tive wind speed is increased by only 0.0093. Nevertheless, for a horizontal road, 
Fig. 2.13 shows that at 88 kph (55 mph), the drag, and therefore the tractive force, 
is increased by about 19 %.

Wind Averaging As Kurtz (1980) pointed out, real vehicles seldom operate exclu-
sively at zero yaw; there is usually a crosswind. Hence, if a single drag coefficient 
is to be used in design, it must be the wind-averaged value. But to calculate this 
value, the relative wind speed and direction and the car’s speed and course must 
be known at any moment, and the drag coefficient must be known as a function of 
the yaw angle. The design weather and route supply the former, but wind tunnel 
tests on models, at least, or coast-down tests with the full-scale car provide the best 
measurement of the latter.

Drag and Yaw Figure 2.1415 shows the drag coefficient as a function of the yaw 
angle for a passenger car typical of those tested by Kurtz (1980) and a properly 
designed solar racer similar to the Spirit of Biel reported by Storey et al. (1994). The 
drag of the passenger car increases with yaw, whereas the drag of the solar racer has 
the opposite tendency. Therefore, the wind-averaged drag of the solar racer will be 
less, and the wind-averaged drag of the passenger car will be greater than its drag 
coefficient at zero yaw.

The yaw angle and speed of the relative wind over the solar racer at any moment 
depend on the racer’s course and speed and the wind’s speed and direction. Kurtz 
(1980) reported wind-weighting factors for estimating the effective drag coefficient 
of passenger cars from their drag coefficients at zero yaw angle for several standard 
driving cycles.16 Kurtz’s factors will not apply to streamlined solar cars with falling 
drag coefficients.

Illustration Figure 2.15 was prepared to illustrate the error in using the zero-yaw 
drag coefficient for a solar car assumed to have a falling drag-yaw characteristic 
similar that illustrated in Fig. 2.14.17 The car was assumed to be driving due west at 

15 The curves were normalized to their respective drag coefficients at zero yaw because the drag 
coefficient of the typical passenger car over the yaw angle range displayed was three to five times 
that of the solar racer.
16 The results showed that the weighting factor could vary from about 1.04 (a 4 % correction) to 
more than 1.4 (a 40 % correction), depending upon the driving cycle and the vehicle’s drag char-
acteristics.
17 Other parameters: Me, 338 kg; μ1, 0.004; μ2, 0.0001 s/m, AD, 1.45 m2.
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various constant speeds on a level road under standard conditions. The wind speed 
and direction were taken as 8 kph and 225°, respectively. The Reynolds number 
dependency of the drag coefficient of the smooth, streamlined solar car was taken 
to be similar in shape to that of the 2:1 ellipsoid of Fig. 2.6.

Operating Zone The speed in the study ranged from 1.0 to 88 kph. Observe that 
even at low speeds the resulting Reynolds number placed the car after the laminar–
turbulent transition. And if there had been no wind, the Reynolds number at low 
speeds would have been about 105, just before the transition to turbulence. During 
periods of acceleration from rest, the car would traverse the drag coefficient curve to 
the turbulent region in seconds. This transition shifts to somewhat lower Reynolds 
numbers as the vehicle’s basic shape becomes more streamlined, as Fig. 2.6 implies.

The foregoing discussion supports this design thumb rule: A solar car may be 
assumed always to operate in the turbulent, separated-flow region. Notice that the 
zero-yaw drag coefficient in this region increases relatively slowly with the Reyn-
olds number because of increasing skin friction drag. Remember, however, that the 
thumb rule applies to the car as a whole. The local flow over upstream areas of the 
car, such as a canopy, may still be laminar separated, or, near the nose, just laminar.

Force Error Figure 2.15 shows the percent relative error in the calculated tractive 
force compared to the yawed case as a function of the Reynolds number. A maximum 
error of about 3 % appears near the point at which the speed and yaw angle curves 

Fig. 2.14  cD/cD0 as a function of yaw
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cross. At low speeds, the yaw angle is at its largest, but the quadratic dependence of 
the drag on the relative wind speed forces the drag to be small compared to the roll-
ing resistance. Hence, the error is small. But as the speed increases, the importance 
of the drag exceeds that of the rolling resistance, as Fig. 2.12 shows. But the yaw 
angle is decreasing. These competing influences cause the error to pass through a 
maximum and decrease until it is again about 1 % at 88 kph vehicle speed. Higher 
wind speeds, or wind directions further south, increase the error. For example, dou-
bling of the error is possible at wind speeds of 16 kph (10 mph).

2.24 Unsteady Motion Study

Steady conditions are uncommon (though simpler to analyze). The car is usually 
driving into an upgrade or a downgrade or into some other condition affecting its 
motion. Thus, the speed and torque are usually changing as functions of time. Equa-
tion (2.20) can be used to find the speed as a function of time. The time dependence 
of the torque (tractive force) must be known, however.

Little Taps If the acceleration were constant, the speed at the end of a time interval 
would be:

 (2.21)V V a t t2 1 1 1 2= + −( ).
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We stipulate that the time interval be small enough so that the acceleration is ap-
proximately constant over the interval: The car moves in little steps, as if tapped by 
a hammer. Then we can compute the speed at the end of each time interval from 
the speed at the end of the previous time interval using Eq. (2.20). In this way, we 
march forward in time.

2.25 Example 2.6

Calculate the velocity as a function of time for a car accelerating from 40 to 88.5 kph 
with the tractive force set equal to that required to sustain 88.5 kph and also four 
times that value. The road is horizontal.

Solution The tractive force corresponding to 88.5 kph is:

At the instant before the car begins to accelerate,

Therefore, taking Me/M = 1.05, the acceleration is:

and the speed after a time step of 1.0 s is:

Table 2.2 gives the results for the first 3 s. As illustrated above, the acceleration used 
to predict the next speed is found from the previous speed. The power delivered 
to the wheel, the product of the tractive force and the speed, is shown in the last 
column.

Figure 2.16 shows curves of velocity as a function of time for the required speed 
increase on a horizontal road with no headwind. The curve resulting from applying 
four times the first tractive force is also shown for comparison.

2
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Chapter 3
Interaction with the Sun

3.1 Introduction

This chapter focuses on three topics. First, how to estimate the rate at which solar 
energy strikes a planar surface, such as a solar cell, oriented at some position with 
respect to the sun, at a given time and location on the earth is explained. Then, a 
method for calculating the solar energy transmitted through a glazing is discussed. 
The final section explains how the solar energy irradiating a solar cell is converted 
into electric energy.

3.2 The Solar Source

Solar Spectrum Some of the energy released by the nuclear fusion reactions within 
the sun is broadcast as electromagnetic radiation, QS. Most of this radiation is dis-
tributed over wavelengths ranging from the ultraviolet to the infrared. Textbooks 
on solar energy, Hsieh (1986) and Duffie and Beckman (1991) for example, give 
details about the distribution of this radiation over wavelength, its spectral distribu-
tion, in space and at the earth’s surface. Herein, we shall usually be concerned only 
with a broad division of the solar spectrum at the earth’s surface into visible and 
infrared regions. The former we define as wavelengths extending from 0.25 to 1.0 µ 
([µ], a micron, short for micrometer, is a millionth of a meter) and the latter as the 
wavelengths above 1.0 µ.

Solar Constant The sun emits energy at a rate of about 3.826(1026) W. The average 
intensity (W/m2) of this radiation on a sphere having a radius equal to the average 
radius of the earth’s orbit (1.496(108) km, one astronomical unit or AU) is called 
the solar constant, Gsc. The solar “constant” is not actually constant; it changes 
over the approximately 30-day rotation period of the sun. Its variation is greatest 
during the peak of the 11-year sunspot cycle and decreases as the sunspot cycle 

© Springer International Publishing Switzerland 2015
E. F. Thacher, A Solar Car Primer, DOI 10.1007/978-3-319-17494-5_3



40 3 Interaction with the Sun

approaches its nadir. We shall use the value recommended by Smith and West 
(1983): 1371 ± 5 W/m2.

Perpendicular Plate Irradiance We are interested in knowing the solar radiation 
striking a surface. Therefore, we begin with a flat plate in space, perpendicular to 
the sun’s radiation and following the earth’s orbit. The intensity, G0n (“n” stands 
for “normal to the plate,” i.e., perpendicular to it), on this plate will differ from the 
solar constant, except close to the spring and autumn equinoxes. The earth’s orbit 
is somewhat elliptical. Hence, the earth–sun distance varies over the year, causing 
changes in the intensity of the radiation. Figure 3.1 shows G0n as a function of the 
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serial day of the year. The declination and G0n curves are based on formulas in Coo-
per (1969) and Duffie and Beckman (1991), respectively.

Note that G0n is smallest (about 1325 W/m2) when it is summer in the earth’s 
northern hemisphere, but largest (about 1416 W/m2) in the northern hemisphere’s 
winter. This is counterintuitive. The earth’s axis of rotation is inclined to the plane 
of its orbit by about 23.45°, the declination angle (δ), also shown in Fig. 3.1. In the 
northern hemisphere’s winter, this tilt is away from the sun, thus causing this hemi-
sphere to intercept less solar energy (see the discussion below of the radiation on 
a tilted plate). At the same time the southern hemisphere intercepts more radiation 
and experiences summer. The region near the equator is less affected.

Other sources of variation in G0n, such as sunspot activity, cause variations more 
than an order of magnitude less than those discussed above.

Even though they are actually continuous functions of time, Fig. 3.1 shows that it 
is sufficiently accurate to consider G0n and δ as constants for a particular day.

Tilted Plate Irradiance The solar radiation intensity at a particular moment and 
the total amount of solar energy available over a particular interval on a locally 
horizontal plate (one tangent to the surface of the earth), or on a locally tilted plate, 
depend upon the latitude, some other angles, and the time of year. Suppose that on a 
certain day a flat plate of area A (m2) is located at some latitude ( La, positive north 
of the equator) and longitude ( Lo, positive east of the zeroth meridian which passes 
through Greenwich, England) on the earth, is inclined at a tilt angle (β) above the 
local horizontal plane, and is turned through a surface azimuth angle, (γ, positive 
when west of south) degrees. The plate is shown in Fig. 3.2.

For now, we continue to neglect the atmosphere and assume that the sun is a 
point source of radiation, so that its rays are approximately parallel.1 A line drawn 
perpendicular to the plate’s surface would make an angle of incidence (θ) with the 
incoming solar rays. The area of the plate intercepting solar radiation would be the 
plate area times the cosine of the angle of incidence. So the rate at which solar en-
ergy strikes the plate would be

 (3.1)

A method for calculating the angle of incidence from information about the location 
and orientation of the plate and the time of day is explained later.

3.3 Solar Time

The position of the sun relative to the plate depends upon the time of day. This time 
of the day is the solar time, neither the standard nor daylight saving time kept in the 
time zone where the plate resides. A time zone is centered on a standard meridian, 
and the standard time of the zone is the time at this meridian. Table 3.1 gives the 
standard meridians of all the time zones in the contiguous USA.

1 The sun’s rays diverge from parallelism by only about 16 min of arc. They may be assumed 
parallel for our design purposes.

tilted 0n P 0 cos .nQ G A G A= = θ
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When the sun is directly over the meridian passing through the plate, it is noon 
solar time at the plate. The sun moves westward at 15° of longitude per hour (1° 
every 4 min), which is about the width of a typical time zone (or would be, politics 
aside). Therefore, solar time could be about half an hour different from the local 

Fig. 3.2  Orientation of a flat plate
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standard time, if the plate were located near one of the time zone’s borders. The 
solar time ( tsolar) at a particular location may be found by applying a correction to 
the standard time ( tstd) at that location.

 (3.2)

The two correction terms are in minutes; the longitudes are expressed in degrees. 
If the plate were located at the standard meridian ( Lstd), the solar and local standard 
times would be within a few minutes of each other. This residual error, e, is caused 
by small variations in the earth’s rotational speed. Spencer (1971) gives the residual 
error as shown in Fig. 3.3.
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Meridian (W) Time zone
75 Eastern
90 Central
105 Mountain
120 Pacific

Table 3.1  Standard meridians
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3.4 Angle of Incidence

Once the solar time, the latitude, and orientation of the plate are known, the angle 
of incidence may be calculated using a relation given by Benford and Bock (1939):

 (3.3)

where ω, the local hour angle of the plate, is the angle between the longitude of the 
sun and the longitude of the meridian passing through the plate, caused by the ap-
parent motion of the sun at 15°/h. It is measured from the local meridian with morn-
ing (east) negative and afternoon (west) positive. Note that if the plate is horizontal 
(β = 0 and θ = θZ), the equation simplifies considerably

 (3.4)

3.5 Example 3.1

Suppose a solar cell is lying on flat ground at Potsdam, New York, about 44° 56ʹ N 
latitude and 74° 51ʹ W longitude, at noon eastern standard time on June 15. The cell 
is 4 cm long and 2 cm wide. Neglecting the atmosphere, at what rate does the cell 
intercept solar energy?

Solution Equation (3.2) gives a negligible correction, and the longitude is equal to 
the standard meridian (Table 3.1): the solar time is approximately noon. The area of 
the cell is 8 cm2 or 8(10− 4) m2. Using Eq. (3.4) we find θ = 21.7o and therefore the 
projected area is, from Eq. (3.1),

From Fig. 3.1, G0n = 1328 W/m2. The rate of energy intercept is therefore

Now suppose that the cell is pointed at the sun, that is, the angle of incidence is set 
to zero. (This requires2 β = La − γ.) Then AP = A and

2 This may be shown for the conditions of the example by applying the relations for the sin and cos 
of the difference of two angles to Eq. 3.8
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As Example 3.1 shows, the smaller the angle of incidence, the greater will be the 
rate of solar energy interception. Solar racing teams have taken advantage of this 
in various ways. The direction of the 1990 Sunrayce was southeast to northwest 
(Disney World, near Orlando, Florida, to Warren, Michigan, near Detroit). Western 
Washington University made the average angle of incidence on their flat, fixed-
position array small by tilting it toward the east. Their car had a cockpit at each 
end. At noon each day they turned the car around so that the array pointed west and 
drove from the other cockpit. Storey et al. (1994) presented a picture of this car.

3.6 Sunset Hour Angle and Day Length

The sunset hour angle and day length are frequently used in solar calculations. The 
sunset hour angle can be obtained from Eq. (3.4). At sunset, the angle of incidence 
on a horizontal surface (equal to the zenith angle) will be zero. Imposing this condi-
tion on Eq. (3.4) gives

 (3.5)

For a clear horizon, which implies a day symmetric to solar noon, the sun will move 
through an angle of 2ωs° during the day at a rate of 15°/h. The number of hours in 
a day is therefore

 (3.6)

3.7 Daily and Hourly Total Radiation

The daily total radiation on a horizontal surface will be of use later in this chapter. 
It is given by

 (3.7)

In this equation, ωS is the sunset hour angle in degrees from Eq. (3.5) and G0n (W/
m2) is found from Fig. 3.1. H0 is in J/m2 for the day. The total radiation over a 
shorter period during a day may be computed from Eq. (3.8):

 (3.8)

In this equation, ω2 corresponds to the later time. I0 is in J/m2.
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Equations (3.7) and (3.8) are developed in Duffie and Beckman (1991) (and in 
other similar texts).

3.8 Effects of the Atmosphere

Beam and Diffuse Solar radiation is either transmitted directly ( beam radiation) 
or transmitted after scattering by the gases, clouds, and dust particles in the atmo-
sphere ( diffuse radiation). On its way through the atmosphere, most of the radia-
tion below about 0.25 µ and above about 2.5 µ is absorbed. The substances mainly 
responsible for absorption are ozone (O3) in the ultraviolet, and oxygen (O2), carbon 
dioxide (CO2), and water vapor (H2O) at longer wavelengths.

Diffuse Components On a clear day, the diffuse radiation on a surface may be 
thought of as the sum of four parts. The first is radiation scattered strongly in the for-
ward direction such that it appears to come from a ring of sky immediately around 
the solar disc: the circumsolar diffuse radiation. Next is uniform radiation from the 
sky dome: the isotropic diffuse radiation. The third component is the brightening 
observed near the horizon, especially on clear days: the horizon brightening diffuse 
radiation. A fourth term, ground diffuse, must be added to account for radiation 
reflected onto the surface from surrounding objects, such as the ground, if the sur-
face is tilted up, or buildings.

3.9 Hourly Beam and Diffuse Radiation

Motivation The solar cell in Example 3.1 would receive its solar energy from all of 
the paths discussed above, rather than just directly, as it would if it were in space. 
The interaction of solar radiation with solar cell glazing depends upon the direction 
of the radiation and upon whether the radiation is beam or diffuse. Also, the forms 
of the correction factors for converting radiation data for a horizontal surface to 
equivalent values on a tilted surface depend on whether the radiation is beam or 
diffuse. For these reasons we must be able to separate the global radiation striking a 
surface into beam and diffuse components.

Methods Two methods will be presented. The first method will be most useful dur-
ing design, or when assessing the typical performance of a solar car over a route 
during a particular time of the year. What is needed for these tasks is solar radiation 
data that are typical of the location and period of the analysis. We will call this the 
design method, which is explained in detail in this chapter. During racing, an esti-
mate of the solar energy available ahead of a solar car is essential to maximizing 
its average speed. The actual weather at a particular moment will deviate randomly 
from the long-term, typical values used in the design method. The second method 
accounts approximately for this deviation. We will call this the racing method; it 
will be covered in Chap. 13.
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3.10 Design Method

The design method has two parts. The first part is a means of estimating the hourly 
radiation on a surface for a typical day from monthly average values. The second 
method develops the hourly information from so-called typical meteorological year 
data.

Average Day Calculations Sizing calculations in the early stages of design may 
require solar radiation values, representative of a certain month, and which can be 
quickly obtained. The datum meeting this need is the daily global (beam plus dif-
fuse) solar energy intensity on a horizontal surface averaged over the month. This 
value (H , kJ/m2.day) is called the average daily horizontal radiation. The average 
daily horizontal radiation for each month at many locations in the USA is reported 
in Knapp et al. (1980), and may also be found in solar energy engineering texts, 
such as Hsieh (1986) and Duffie and Beckman (1991). These latter sources also 
give this data at locations around the world.

Table 3.2 gives the date of the “average day” recommended by Klein (1977) for 
each month of the year. The average day is the day having a daily extraterrestrial 
horizontal radiation closest to the average daily extraterrestrial horizontal radiation 
for the month ( 0 0H H≈ ).

3.11 Example 3.2

What is the total energy received by the horizontal solar cell in Example 3.1, includ-
ing the effect of the atmosphere, for the typical day of June?

Solution Potsdam is not one of the locations tabulated in Knapp et al. (1980). Mas-
sena, which is about 20 miles north of Potsdam, is the nearest tabulated location. 

Table 3.2  Typical day (Klein 1977)
Month Typical day (date) Find “n” on typical day “i” n Declination
January 17 i   17 − 20.9
February 16 31 + i   47 − 13.0
March 16 59 + i   75   − 2.4
April 15 90 + i 105      9.4
May 15 120 + i 135    18.8
June 11 151 + i 162    23.1
July 17 181 + i 198    21.2
August 16 212 + i 228    13.5
September 15 243 + i 258      2.2
October 15 273 + i 288   − 9.6
November 14 304 + i 318 − 18.9
December 10 334 + i 344 − 23.0
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Assuming Massena’s data applies to Potsdam, we find H  = 20,190 kJ/(m2 day). The 
total energy received on the average day is

Let us compare this value to the daily total received by the cell when no atmosphere 
is present. This will be the product H0Ap, because H0≈H0  on the average day, by 
definition. From Table 3.2: n = 162, δ = 23.1°. From Fig. 3.1: G0n = 1329 W/m2. 
Equation (3.5) gives ωS = 115.3°. Finally, from Eq. (3.7), H0=  41.88 MJ/m2. Then, 
as above, Q = 31.13 kJ/day.

Clearness Index and Monthly Diffuse The ratio Q/Q0 is 0.48 for the case in the 
preceding example. This ratio, called the monthly average clearness index, is given 
more simply as

 (3.9)

because the cell area cancels. It correlates strongly with the monthly average dif-
fuse fraction, H HD / . Figure 3.4, based on a statistical study reported by Erbs et al. 
(1982), shows this correlation. In it, ωS is the sunset hour angle on the average day 
and the correlation is restricted to monthly average clearness indices of 0.3 ≤ K ≤ 
0.8. KT is tabulated in Knapp et al. (1980)
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Hourly from Daily Liu and Jordan (1960) and Collares-Pereira and Rabl (1979) 
studied the distribution of the hourly global radiation and the hourly diffuse radia-
tion over the hours of a day. They presented their results in terms of the ratios

 (3.10)

where I is the total global radiation on a horizontal surface during an hour and ID is 
the total diffuse radiation on a horizontal surface during an hour. Figure 3.5 shows 
rt and Fig. 3.6 shows rd at the midpoint of the hour. These figures are based on 
averages taken over many years and are intended to be used to find hourly average 
radiation. If used for individual days they work best if the day is clear, according to 
Duffie and Beckman (1991).

3.12 Example 3.3

Develop a table of the beam and diffuse solar energy intercepted each hour (solar 
time) of the typical June day by a horizontal solar cell at Massena, NY. The calcula-
tion will be done at the midpoint of each hour. We will display the procedure for the 
hour solar noon ± 0.5 h.
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Solution From Example 3.2, La = 44° 56ʹ N, Lo = 74° 51ʹ W and H  = 20,190 kJ/m2. 
Knapp, et al. (1980) gives KT = 0.481. (If KTis not available, then calculate H0 
from Eq. (3.7) and find KTfrom its definition, Eq. (3.9).) Using KTin Fig. 3.4 gives 
H Hd /  = 0.448. Multiplying this ratio by H  gives Hd  = 9038 kJ/m2. On the typi-
cal day, June 11, ωS = 115.3°. For the current hour, ω = 7.5°. From Fig. 3.5 and the 
definition of rt, I = rtH  = (0.116)(20,190) = 2313 kJ/m2. The average total 9038 kJ/
m2. On the typical day, June 11, ωS = 115.3°. For the current hour, ω = 7.5°. From 
Fig. 3.5 and the definition of rt, I = rtH  = (0.116)(20,190 kJ/m2) = 2313 kJ/m2. The 
average total rate of intercept during the hour is

From Fig. 3.6 and the definition of rd, Id = rbHd  = (0.105)(9038) = 952 kJ/m2. 
Finally, Ib = I − Id = 1361 kJ/m2. Because the day length from Eq. 3.6 is 15.3 h, the 
table below shows the rest of the results from solar noon to ± 7.5 h.
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Hour (h) rd Id (kJ/m2) rt I (kJ/m2) Ib (kJ/m2) Q(W)

0.5 0.105 952.0 0.115 2313.0 1361.0 0.48
1.5 0.100 907.0 0.107 2166.0 1259.0 0.45
2.5 0.091 819.0 0.094 1892.0 1073.0 0.39
3.5 0.077 695.0 0.076 1528.0 833.0 0.32
4.5 0.060 543.0 0.055 1120.0 577.0 0.23
5.5 0.041 374.0 0.035   714.0 340.0 0.15
6.5 0.022 198.0 0.017   347.0 149.0 0.07
7.5 0.003   29.0 0.002     46.0     17.0 0.01

3.13 Beam and Diffuse on a Tilted Surface

Choice of Model Most radiation data is for a horizontal surface and therefore must 
be corrected for the orientation of the surface of interest. To do this, we neglect the 
circumsolar and horizon-brightening effects and regard the diffuse radiation from 
the sky as uniform in all directions. We further assume that the ground reflects a 
fraction ρG of the total horizontal radiation uniformly in all directions, and that we 
can ignore the atmosphere when correcting the beam radiation. This is the isotropic 
diffuse model reported by Liu and Jordan (1963). It is the most conservative of the 
models available in that it under-predicts the radiation by several percent.3 How-
ever, it is the simplest to use.

Isotropic Diffuse Model When a surface, such as a solar cell, is tilted above the 
horizontal, it “views” both the sky and the ground. The radiation it intercepts thus is 
the sum of a beam radiation contribution, a sky-diffuse contribution, and a ground-
reflected diffuse contribution. For a particular hour

 (3.11)

The intercepted beam radiation, IBT, is given by

 (3.12)

where RB is the beam tilt correction factor, the ratio of the radiation on a tilted sur-
face to that on a horizontal surface at the same location and time. If the plate were 
horizontal (β = 0), the line perpendicular to its surface would be pointing at the local 
zenith, and θ would equal θZ. Thus

 (3.13)

3 See the comparison of several models in Duffie and Beckman (1991).
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Then the beam tilt correction factor would be

 (3.14)

IDT, the intercepted sky-diffuse radiation, is

 (3.15)

The factor containing cosβ is the fraction of the surface’s view that is sky. IGD, the 
ground-diffuse term, is

 (3.16)

The product IρG represents the radiation reflected uniformly in all directions by the 
ground. The last factor is the fraction of the surface’s view occupied by ground. 
Because the surface can view only sky and ground, this is the fraction occupied by 
sky subtracted from 1. Applying the forgoing gives

 (3.17)

To find GT at any moment we can use the same model but with IB, ID, and IG re-
placed by GB, GD, and GG.

3.14 Example 3.4

Calculate the average rate of solar energy interception by the cell of Example 3.3 
for each hour of the average June day if the cell is tilted at an angle of 45°, pointed 
south, and the ground reflectivity is 0.2. The details of this calculation will be dis-
played for solar noon ± 0.5 h. The beam and diffuse solar radiation components on 
a horizontal surface were found in Example 3.3.

Solution The information found in the first step of that example is used in Eqs. (3.3) 
and (3.4), along with the tilt angle above, to give cosθ = 0.911 and cosθZ = 0.923. 
From the definition of the beam correction factor, RB = 0.911/0.923 = 0.988. Hence 
IBT = (0.988)(1361 kJ/m2) = 1345 kJ/m2.

The collector views fractional amounts (1 + cos 45°)/2 = 0.854 of the sky 
and 1 − 0.854 = 0.146 of the ground. Therefore, the sky-diffuse contribution is 
(0.854)(952) = 813 kJ/m2 and the ground-diffuse contribution is (0.146)(0.2)
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(2314) = 68 kJ/m2. The total amount intercepted during the hour is therefore 
1345 + 813 + 68 = 2225 kJ/m2. The average rate of intercept is

The table gives the results for the rest of the hour-pairs.
Note that the beam radiation intercepted by the plate for the hour-pairs after ± 5.5 

is zero. The local hour angle for these times exceeds 90°. The plate is pointed south 
and cannot “view” the sun at these hour angles. But why are the Q values less than 
those in Example 3.3?

n RB IBT (kJ/m2) RD IDT (kJ/m2) RG IGT (kJ/m2) Q (W)

0.5 0.99 1345 0.85 813 0.03 68 0.46
1.5 0.97 1217 0.85 774 0.03 63 0.42
2.5 0.92 986 0.85 699 0.03 55 0.36
3.5 0.83 692 0.85 593 0.03 45 0.27
4.5 0.67 386 0.85 464 0.03 33 0.18
5.5 0.33 112 0.85 319 0.03 21 0.09
6.5 0 0 0.85 169 0.03 10 0.04
7.5 0 0 0.85 24 0.03 1 ≈0

3.15 Hourly Typical Meteorological Year (TMY) Data

Definition A typical meteorological year (TMY) is one year of hourly weather and 
solar data that is representative of a weather station. Each datum is a measured, 
not an averaged, value, or if measurements are absent, it is generated from mea-
sured values. TMY (2008) reports the method used to generate the TMY’s for 1020 
weather stations; Wilcox and Marion (2008) did the same for the third set, named 
TMY3. Each TMY was constructed from 12 typical meteorological months chosen 
statistically from the weather data base for each station. In most cases this data base 
covered 23 years. TMY3 files are available for 1020 stations distributed over the 
continental USA, Alaska, Hawaii, Peurto Rico, Guam, and the US Virgin Islands.

Each TMY data set has 8760 hourly weather observations or ersatz constructions 
of different weather variables, including the dry bulb temperature, cloud cover, 
global solar radiation on a horizontal surface, and direct (beam) solar radiation on 
a horizontal surface.

TMY (1981) reports a study in which earlier TMY data for Madison, Wisconsin, 
were evaluated by simulating the annual performance of a solar heating system us-
ing both the hourly data for each of the years 1953–1974 and the TMY data. The 
results using TMY data were all within one standard deviation of the means of the 
results using the 22 years of data.
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Habte et al. (2014) reports that “gridded” TMY data is available on the same 10-
km by 10-km grid used for the National Solar Radiation Database.

Full TMY data sets may be obtained free from the National Renewable Energy 
Laboratory, Golden, Colorado. More conveniently sized TMY data sets with fewer 
than 24 variables may be obtained from the Solar Energy Laboratory, University of 
Wisconsin, Madison.

Beam and Diffuse Separation The radiation on a tilted surface for any hour in a 
TMY may be found from Eq. (3.17), once the total radiation has been separated into 
beam and diffuse components. These components may be found using statistical 
relations based on the hourly clearness index, kT, defined as

 (3.18)

I0 is calculated from Eq. (3.8). Correlations between ID/I and kT published by 
Orgill and Hollands (1977) and other workers (see Duffie and Beckman 1991) are 
in close agreement. The Orgill and Hollands correlation is plotted in Fig. 3.7.
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3.16 Example 3.5

The TMY3 data file for the Massena, NY, airport shows a total, horizontal radia-
tion of 750 W.h/m2, or 2700 kJ/m2, during the hour ending at 1 pm EST on June 11. 
Calculate the total horizontal solar energy and its beam and diffuse components and 
the total radiation intercepted by the solar cell of Example 3.4. Compare the results 
to those obtained in that example.

Solution The sunset hour angle and other relevant information have been found in 
Example 3.4. The beginning and ending hour angles for the interval of the calcula-
tion are ω1 = 0

° and ω2 = 15°. From Fig. 3.1, G0n = 1329 W/m2, and thus from Eq. 3.8, 
I0 = 4044 kJ/m2. Therefore kT = 2700/4404 = 0.613. Entering Fig. 3.7 with this value 
gives ID/I = 0.44. Consequently, ID = (0.44)(2700) = 1188 kJ/m2 and IDT = (0.854)
(1188) = 1014 kJ/m2.

Then, IBT = (0.988)(2700–1014) = 1666 kJ/m2. Finally, the ground-reflected 
component is (0.029)(2700) = 79 kJ/m2. The total on the tilted surface is 
IT = 1666 + 1014 + 79 = 2759 kJ/m2.

The average rate, calculated as in Example 3.4, is 0.57 W.
The following table contrasts results of Examples 3.4 and 3.5.

Example I (kJ/m2) IBT (kJ/m2) IDT (kJ/m2) IGT (kJ/m2) Q (W)

3.4 2313 1345   813 67 0.46
3.5 2700 1666 1014 79 0.57

The results are greater than those from Example 3.4. Q is 24 % greater. The results 
of Example 3.4 are based on long-term averages while those of Example 3.5 are 
derived from actual data, for the most part. If the TMY and long-term average data 
were used to find the total energy supplied to the cell over a longer period, such as 
a year, we would expect the results to be closer.

3.17 Transmission Through Glazing

Motivation We wish to estimate the solar heating of the cockpit and the electric 
power produced by the solar cells. Therefore, we must learn how to calculate the 
amount of solar radiation that is transmitted through a transparent material, such 
as the cockpit windshield or the glazing on the solar cells. Many authors have pre-
sented general, detailed developments of this topic, among them Siegel and Howell 
(1981), Duffie and Beckman (1991), and Hsieh (1986).

We will begin by considering beam radiation and include diffuse radiation after 
the main physical ideas have been established. Finally, we will consider radiation 
through a glazing system onto a planar absorbing surface, such as a solar cell, or 
into an enclosure, such as a cockpit.
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Beam Radiation Figure 3.8 shows a ray of light traveling in air and then striking a 
glazing of thickness L at an angle of incidence θ1. Some of the light is reflected, and 
some enters the glazing after being refracted; that is, bent toward the normal within 
the glazing. A portion of this light is absorbed or scattered from the beam by the 
glazing, some is reflected again at the lower face, and some is transmitted.

Index of Refraction The behavior of the solar radiation striking a glazing surface 
is a function of the index of refraction of the glazing material, the index of refrac-
tion of air in Fig. 3.8, and the angle of incidence. The index of refraction for non-
electrically conducting materials, as glazings typically are, is:

 (3.19)

where c is the speed of light in the material and c0 is the speed of light in a vac-
uum. The speed of light in gases and solids is slower than that in a vacuum, so n is 
greater than one. The index of refraction is a function of wavelength. For example, 
the index of refraction of glass varies from 1.50 to 1.55 for wavelengths between 
0.36 and 2.0 μm (Hodgman 1957). However, for design, we will ignore the wave-
length dependence of n and instead use single values typical of the solar spectrum. 
Table 3.3 gives a table of these values for some transparent substances.
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Fig. 3.8  Reflection, refraction, and transmission
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Snell’s Law The wavefront in Fig. 3.8 is bent, refracted, toward the vertical, mak-
ing an angle θ2, smaller than θ1, with it because n2 is greater than n1, i.e. c2 is less 
than c1. The second angle is called the refraction angle and can be predicted using 
Snell’s law

 (3.20)

Figure 3.9 shows how the refraction angle depends on n2/n1 and the incidence 
angle, according to Snell’s law.

Reflection If the surface of the glazing is specular (mirror-like), it reflects a fraction 
r of the incoming radiation at an angle of reflection equal to the angle of incidence 
and contained in the plane established by the incoming ray and the normal to the 
surface, as shown in Fig. 3.8. Smooth glazings may usually be treated as approxi-
mately specular. In contrast, if a surface is diffuse, it reflects a fraction r of the 
incoming radiation uniformly over the hemisphere above it. The interior surfaces of 
a house are often covered with a dull-finish latex paint that is approximately diffuse. 
The reflection characteristic of most surfaces lies between specular and diffuse. 
That is, the reflected radiation may peak in one direction, but have components in 
all other directions too.

3.18 Transmittance

Reflection Loss As Fig. 3.8 implies, each time a ray encounters a change in the 
index of refraction, as it does at each glass–air interface, a portion of it is reflected, 
whether or not the ray is coming from the glazing or the air. Figure 3.8 shows that 
because of reflections, some of the radiation is not transmitted but leaves the glaz-
ing on the side on which it was originally incident.

Absorption Loss A portion of the radiation is removed from the beam by collisions 
with glazing material, and thus heats the glazing. Ignoring reflection losses, the 

1 1 2 2sin sin .n nθ = θ

Material N
Air 1.00
Water at 20 °C 1.33
Polycarbonate 1.60
Tedlar 1.45
Plexiglas 1.49
Glass (< 0.01 % Fe2O3 “white”) 1.53
Mylar 1.64

Table 3.3  Indexes of 
refraction
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fraction of the radiation entering the glazing layer that is not absorbed, the absorp-
tion transmittance, is4

 (3.21)

4 This relation is sometimes called Bouger’s law.
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The extinction coefficient, K (m-1), is a function of wavelength, and in general 
also of temperature and composition. The ratio L/cosθ2 is the path length, S, of a ray 
through the glazing. As for the index of refraction, we will employ extinction coef-
ficients averaged over the solar spectrum. Table 3.4 gives extinction coefficients for 
some transparent materials. This table shows that so-called “white” glass absorbs 
the least radiation. The thickness of an equivalent layer of polyethylene would have 
to be 4/165 times that of a layer of white glass to have the same optical thickness. 
On the other hand, high quality glass is more expensive, and glass is more brittle 
and more difficult to work with than plastic.

Transmittance Including Absorption The net transmittance through the glazing 
includes both reflection and absorption losses. Before showing how these effects 
depend on the angle of incidence, we will show a practical method for treating the 
transmission of diffuse radiation.

3.19 Diffuse Radiation

The material presented above is couched in terms of beam radiation. However, 
Brandemuehl and Beckman (1980) defined an equivalent angle of incidence for iso-
tropic diffuse radiation as the angle of incidence of beam radiation having the same 
transmittance as isotropic diffuse radiation. They performed multiple calculations 
for the equivalent angle of incidence for one- and two-pane glazing systems with 
indices of refraction between 1.34 and 1.526 and KL products at or below 0.0524, 
tilted at various angles above the horizontal and irradiated diffusely. Figure 3.10 is a 
graph of the equations which best fit the equivalent angles of incidence for sky- and 
ground-diffuse radiation Brandemuehl and Beckman calculated.

3.20 Opaque Flat Plate Under a Cover System

Part of the radiation transmitted through the glazing over an opaque flat plate (which 
could be a solar cell) is absorbed in the plate and part is reflected to the glazing. 
Usually we are interested in the fraction of the radiation incident upon the glazing 

Material K (m-− 1)
Glass (< 0.01 % Fe2O3,“white”) ~ 4
Glass (window, “green”) ~ 30
Teflon 59
Glass (heat absorbing) 130–270
Tedlar 140
Polyethylene 165
Mylar 205

Table 3.4  Extinction 
coefficients
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which is absorbed by the plate. This fraction, the transmittance–absorptance prod-
uct, is given by Siegel and Howell (1981) as

 (3.22)

where α is the absorptivity of the plate, τ is the transmittance of the glazing, and ρc 
is the reflectance of the glazing system for diffuse radiation from the bottom side. 
Figure 3.11 shows a plot of the transmittance–absorptance product for sets of glass 
covers ( n = 1.526) over a plate with a diffuse absorptivity of 0.9 for solar radiation. 
The method of Whillier (1953) was used to account for two covers. Notice that at 
low angles of incidence, (τα) is approximately independent of the angle of inci-
dence. Figure 3.12 shows the components of (τα). The reflectance is the dominant 
loss component at high incidence angles.

3.21 Glazed Enclosure

A glazed enclosure, such as a solar car cockpit, differs greatly from a glazed flat 
plate. The glazing may be curved, and the radiation transmitted through the glaz-
ing encounters surfaces of various orientations, shapes, and radiative properties, 
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including the driver. Fortunately, our sole purpose in considering glazed enclosures 
is to estimate the heat gain in the cockpit from solar radiation. For an approach 
that avoids most of the complications but includes the major design elements, see 
Chap. 18.

3.22 Absorbed Solar Radiation

To calculate the absorbed solar energy, we must account for the angle of incidence, 
which is different for the beam, sky-diffuse, and ground-diffuse radiation compo-
nents. Therefore, for each facet of the solar array glazing, each of the components 
appearing in Eq. 3.17 must be multiplied by a transmittance–absorptance product 
calculated for the applicable angle of incidence (using Fig. 3.10 to find the equiva-
lent angles for the ground and sky diffuse) then the sum of these products is taken. 
For the jth array facet

 (3.23)

The subscripts B, D, and G refer to beam, sky-diffuse, and ground-diffuse radiation, 
as before. Note that

 (3.24)

3.23 Example 3.6

Suppose the solar cell of Example 3.5 is irradiated such that GB = 650 W/m2 
and GD = 125 W/m2. Imagine that the cell is covered with a single glazing with 
L = 2.3 mm, K = 16.1 m-1, and n = 1.526 and that the cell’s absorptivity is 0.9. Esti-
mate the rate at which the cell absorbs energy just after solar noon.

Solution From Examples 3.3 to 3.5: Ac = 8(10−4) m2, θ = 24.4°, RB = 0.988, sky frac-
tion viewed ( FS) = 0.854, ground fraction viewed ( FG) = 0.145, tilt angle = 45°, azi-
muth = 0°, and ground reflectivity (ρG) = 0.2.

Therefore, GBT = RBGB ≈ (0.988)(650) = 642.2 W/m2, GDT = FSGD = (0.854)
(125) = 106.8 W/m2, and GGT = FGρGG ≈ (0.145)(0.2)(775) = 22.5 W/m2.

Fig. 3.10 gives θD ≈ 57o and θG ≈ 69o. Entering Fig. 3.11 with θ and these equiva-
lent angles of incidence gives (τα)B ≈ 0.81, (τα)D ≈ 0.73, and (τα)G ≈ 0.63. Equa-
tion 3.23 then gives GTabs  = (0.81)(642.2) + (0.73)(106.8) + (0.63)(22.5) = 612.3 W/
m2. Finally, QABS = ACGTabs  = 8(10−4)(612.3) = 0.50 W.
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3.24 Solar Cells

Introduction We have learned how to estimate the rate at which solar energy strikes 
the surface of a solar cell, having passed through glazing. In this section, we will 
learn how much of this intercepted energy the cell can convert into electric energy. 
We will also consider how a solar cell interacts with a resistive load. In Chap. 5, we 
will learn how solar cells interact with batteries and DC electric motors.

McCarney et al. (1987) is a good hands-on book on solar cells and Duffie and 
Beckman (1991) contains a chapter on practical ways of estimating solar cell per-
formance. Hu and White (1983) is an advanced text on the subject. The material 
in Rauschenback (1980) is focused on the design of solar cells arrays for space 
applications. However, the book is very useful in gaining a theoretical and practical 
understanding of array design.

Production of Free Electrons Solar cells are thin, translucent wafers of special 
materials which, when exposed to sunlight and connected to a load such as an elec-
tric motor, produce a unidirectional electric current (DC or direct current). The 
material most commonly used to make solar cells is silicon, which is found in beach 
sand. How is the electric current produced and at what voltage?

Solar radiation may be thought of as traveling in small bits called photons. Pho-
tons move at light speed and their energy is directly proportional to the radiation’s 
frequency; they could be thought of as “light bullets.” When a bullet strikes some-
thing, say an apple on a tree, it may have enough energy to do the work necessary 
to break the stem of the apple and remove it from the tree. Suppose we think of the 
electrons in a silicon atom as the “apples.” They are bound to the “tree,” or nucleus, 
by a “stem” made of the electrostatic attraction between the positive nucleus and 
the negative electrons. If a photon with sufficient energy (high enough frequency) 
strikes an electron, the electron will be freed from the atom. The vacant electron 
orbit is called a hole.5 The silicon atom then has a net positive charge equal to the 
magnitude of the electronic charge and is called an ion. The positive charge may be 
thought of as belonging to the hole.

The quantity of electrons liberated per second, the ionization rate, is proportional 
to the number of photons of energy sufficient to ionize the silicon absorbed by the 
cell per second. Thus, for a given cell, the ionization rate is proportional to the ir-
radiation times the area of the cell.

Charge Separation A way of separating the charges must be supplied so that the 
electrons may be collected and forced to flow through an external circuit and do 
work before they return to the cell and recombine with the holes. Otherwise, the 
free electrons will wander until they find holes and fall in, or recombine, becoming 
bound to atoms again.

Charge separation is produced by placing p-type silicon, in which the majority 
of charge carriers are positively charged holes, on one side of a very thin junction 

5 The production of electron-hole pairs by radiation is called the photoelectric effect.
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region and n-type silicon, in which the majority of charge carriers are negatively 
charged free electrons, on the other. These two kinds of silicon are produced by 
putting specially selected impurities into the pure silicon by a process called doping.

An electron-diffusion pressure exists on the n-type side of the junction because 
there are more electrons on that side than on the p-type side. The pressure causes 
electrons to diffuse across the junction into the p-type material. Similarly, holes dif-
fuse across into the p-type material. The diffusion continues until a local net posi-
tive charge builds up on the n-type side and a local net negative charge builds up on 
the p-type side. This creates an electric potential barrier (voltage) which opposes the 
diffusion pressure of both species and eventually stops diffusion.

Suppose the n-type material is on the illuminated side, the top. Thin metal strips 
called electrodes are bonded to the top (they have to be sparse because this is the 
illuminated side) and the back of the cell is completely metallized, or covered by its 
electrode. Figure 3.13 illustrates this structure.

When the cell is illuminated, the free electrons in the p-type material are swept 
into the n-type material by the barrier potential and join any free electrons already 
on that side and flow to the top electrodes, which become negatively charged. Be-
cause the holes have positive charges, they are swept in the opposite direction by 
the barrier potential to the bottom electrode, which becomes positively charged. 
Thus the charges are separated. Just as in the case of the junction barrier potential, 
this migration continues until enough charge has been collected on the electrodes to 
prevent further migration (a very rapid process). Further ionizations are balanced by 
recombinations. Figure 3.13 shows this open circuit state.

Open Circuit Voltage The voltage thus produced across the electrodes is called the 
open circuit voltage ( Voc) because this is the voltage that would be measured by a 
voltmeter connected to the terminals of a cell when no load, such as a resistor, is 
connected. Voc is the largest voltage that the cell can produce. Voc depends upon the 
material of the cell and decreases as the cell’s temperature increases. For silicon at 
25 °C, Voc is about 0.6 V, and decreases at about 0.002 V/oC as the cell’s temperature 
increases (Hu and White 1983). Voc increases nonlinearly with irradiation; a tenfold 
increase would increase it about 10 %.

Short Circuit Current If the positive and negative terminals of the cell are con-
nected together, the short circuit current ( Isc), the largest current that the cell can 
produce, will flow. This current can be measured by connecting an ammeter across 
the terminals of the cell. Isc is directly proportional to the intensity of the irradia-
tion, or for a given irradiation it is directly proportional to the area of the cell. The 
proportionality constant for a unit area cell is called the sensitivity ( Ssc, A/W). If 
you purchase a cell, the VOC and ISC for a cell temperature of 25 °C and irradiance 
(normal to the cell) of 1000 W/m2 will usually be given on a data sheet accompany-
ing the cell.
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3.25 Example 3.7

A solar cell with an area of 100 cm2 has an Isc of 3.0 A and a Voc of 0.6 V at the 
standard rating conditions of 1000 W/m2 solar irradiation and a cell temperature 
of 25 °C. Calculate the sensitivity of this cell and estimate Isc under indoor lighting 
conditions of 300 W/m2.

Solution The sensitivity is 3.0 A/(1000 W/m2 × 0.01 m2), or 0.3 A/W. The indoor 
lighting’s spectral distribution is not the same as that of solar radiation, but we 
assume that the difference is not significant. Hence, Isc is directly proportional to 
the radiation level. So

is our estimate.

2
SC 2

A W0.3 300 0.01m 0.9A
W m

I = × × =

Fig. 3.13  A solar cell
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Current–Voltage Characteristic Suppose that we connect a variable resistor, a volt-
meter, and an ammeter as shown in Fig. 3.14. Keeping the irradiance constant, we 
increase the resistance from a low value to a very high value, reading the ammeter 
and voltmeter after each change. We then plot the measurements with the current on 
the vertical axis and the voltage on the horizontal axis. The resulting curve, called 

Fig. 3.14  I–V curve measurement
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a current–voltage characteristic, or an I–V characteristic, appears in Fig. 3.15 for 
three different radiation levels. This information may also accompany a purchased 
cell.

Power–Voltage Characteristic The power ( P) delivered to the resistor is equal to 
the product of the voltage and current. If we plot the power as a function of voltage 
we get peaked curves like those shown in Fig. 3.15. These are zero at both the short 
circuit and open circuit points and have a maximum at the knee of the correspond-
ing I–V characteristic. The efficiency of the cell is

 (3.25)

The cell’s efficiency is highest at the maximum power point. At standard rating 
conditions, the maximum power point of a silicon cell is at 0.53 V, approximately. 
However, note the reduction in Voc and the shift in the maximum power (and effi-
ciency) point toward lower voltages as the irradiation decreases.

Figure 3.16 shows a family of I–V characteristics each at a different cell tem-
perature and irradiation of 1000 W/m2. The reduction in Voc with increasing cell 
temperature is evident. Note the decrease in efficiency caused by the increase in 
cell temperature.
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3.26 Solar Cell Arrays

Increasing Voltage Operating at a fraction of a volt will not do. We will need to 
have voltages on the order of 100 V. How can this be done? Suppose we measure 
the Voc’s of two identical cells under the same conditions using the previously out-
lined method. Then, we connect the positive terminal of one cell to the negative 
terminal of the other cell. This circuit, shown in Fig. 3.17, is called a series connec-
tion because the current flows through each cell in sequence. Then, if we connect a 
voltmeter between the positive terminal of the second cell and the negative terminal 
of the first cell we read twice the Voc of a single cell. Replacing the voltmeter with 
an ammeter to measure Isc, we find it to be the same as for a single cell. The voltages 
of cells in series add, but the current through each cell is the same.

Increasing Current A 100-cm2 cell produces about 3.0 A at standard conditions. 
This is respectable, but we will need more, perhaps four times that amount. How do 
we do it? Suppose instead of the series connection above, we connect the positive 
terminals of the cells together and the negative terminals of the cells together. This 
is called a parallel connection because the currents in each cell flow side-by-side. 
Now we measure Isc by connecting an ammeter between the joined positive termi-
nals and the joined negative terminals, as shown in Fig. 3.17. The meter reads twice 
the current of a single cell. But if Voc is measured with the voltmeter it is the same 
as for a single cell. The currents of cells in parallel add, but the voltage across each 
cell is the same.
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Increasing I and V, if we want more voltage and also more current, we can com-
bine both series- and parallel-connected cells. For example, series strings could be 
connected in parallel, instead of just single cells. A solar cell circuit containing more 
than one cell is called an array.

Fig. 3.17  Series and parallel connections
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3.27 Example 3.8

It has been estimated that a small, DC electric motor with which we will power a 
model car requires 1.5 VDC at 0.3 A (0.45 W) to move the car at 1.0 m/s across a 
high school gym floor. The irradiance on the gym floor is 300 W/m2. Small, 15-cm2 
silicon solar cells, purchased at a local electronic parts store and having the same Ssc 
as the cells of Example 3.7, will power the model car. We wish to design an array 
to power the car.

Solution Our cells can produce 0.6 V, maximum. So we must string some cells in 
series to get 1.5 V. This number in series will be greater than 1.5/0.6, or 2.5. Round 
this up to 3, because only whole cells are possible.

One cell will yield Isc = (0.3 A/W)(300 W/m2)(0.0015 m2) = 0.135 A., maximum, 
under the gym’s lighting conditions. The string of three cells in series produces 
the current of one cell in the string. It will be necessary to connect some three-cell 
strings as parallel branches to get the current we need. The number of branches will 
be greater than 0.3 A/0.135 A/string = 2.22. Round this up to three. There are three 
branches with three cells per branch, so nine cells are required. Figure 3.18 shows 
how the cells are connected.

Array I–V Characteristic An array may be regarded as one big cell with an I–V char-
acteristic that is a composite of the I–V characteristics of the cells in it. In the case 
of the array of Example 3.8, this composite I–V characteristic has an Isc = 0.405 A 
and Voc = 1.7 V in the gym lighting, as shown in Fig. 3.196. For comparison, the I–V 
curve of a single cell is also shown. The array’s maximum power point voltage, Vm, 
is 1.46 V and the corresponding current, Im, is 0.39 A.

6 Note that the Voc is less than three times that for standard conditions. A logarithmic dependence 
on the irradiation causes the open circuit voltage to drop at low irradiances.

Fig. 3.18  A solar cell array
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Observe that the desired motor operating point, 0.3 A at 1.5 V (marked by a 
triangle in the figure), does not exist on the array I–V curve. The torque (or tractive 
force) required by the motor to drive the model car depends only on the desired 
speed, 1.0 m/s in this case, once the car design and the operating conditions are 
fixed. The torque produced by a particular motor is directly proportional to the mo-
tor current. Therefore, the current to the model must be 0.3 A. However, as shown 
in the figure by the broken lines, at this current the array produces about 1.6 V, not 
1.5 V. The equivalent resistance of the motor at its desired operating point is 5 Ω 
(1.5 V/0.3 A), whereas the array requires a load resistance of 5.33  Ω to deliver 
0.3 A. If no other action were taken, the model’s speed would change until the 
motor’s operating point lay on the array’s I–V curve. This would result in a small 
speed increase, if the motor’s equivalent resistance were approximately constant. If 
a 0.33-Ω resistance were placed in series with the motor the operating point of this 
composite load would lie on the array’s I–V curve at the intersection of the broken 
lines. The model would then operate at 1.0 m/s, as desired. Chapter 5, Electric 
Motor Drives, contains more discussion about this kind of interaction between the 
array and the drive of a solar-electric car.

The wires that connect the cells together in strings add resistance in series with 
the cells. This additional resistance is heated by the electric current passing through 
it and thus consumes power, reducing the array voltage at a given current, and thus 
power available to the load. The array I–V characteristic may be regarded as a com-
posite of the I–V characteristics of its cells (as stated above), but the efficiency is 
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reduced by the additional series resistance of the interconnecting wires. This inter-
connection loss was not included in the curves of Fig. 3.19.

In Example 3.8, since the terminal voltage is just above 1.5, we might have con-
sidered adding an additional cell in each series string to make sure that connection 
losses do not reduce the array’s output voltage below 1.5 V. On the other hand, this 
might add $ 10 to the cost of the model solar car. This demonstrates again one of 
the generic characteristics of design, pointed out in Chap. 1: the requirements of 
a design are often conflicting. In this case, lower cost and increased performance 
cannot both be attained.

Array Diodes Suppose that one of the wires connecting a cell in an array string on 
a solar car were broken by a rock thrown up by the car ahead, opening the circuit. 
The string’s output would immediately drop to zero. Is there a way of protecting 
the array against such happenings, or against lesser, but more likely, events such 
as the shading of a cell, or part of a string? There is, using devices called diodes 
which pass current in their forward biased direction with little resistance but inter-
pose a very high resistance to the passage of current in their reverse biased direc-
tion. Figure 3.20 shows a string with a diode connected in parallel with each cell. 
The arrow in the diode symbol shows the forward direction. Ordinarily, the diode 
would be reverse biased by the cell’s voltage. However, if the cell’s circuit were to 
open, this bias would be lost. Current from the other cells in the string would then 
flow around the open circuit through the diode in the direction of the arrow, so it is 
called a bypass diode. The string would still function, but with its voltage reduced 
by about 0.5 V. Contrary to Fig. 3.20, bypass diodes are usually connected across 
several cells in a string. It is impractical to bypass every cell.

Diodes also keep string performance up when a cell, or cells, is shaded. Under 
these conditions, the maximum current of the string must be less than the short cir-
cuit current of the shaded cell, which of course could be quite small. As the voltage 

Fig. 3.20  Array protection by diodes
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of the bypassed cell or substring drops at the lower illumination, the reverse bias on 
the diode drops, allowing current to flow around the shaded cell or substring.

Area Efficiency It will usually not be possible to completely cover the area allo-
cated to the array by race rules with cells. This may be caused by spaces between 
the cells left for thermal expansion. Or, the need to lower aerodynamic drag may 
cause a non-rectangular array surface. Laying down strings of rectangular cells on 
a non-rectangular surface results in unused area. Lack of complete area coverage is 
expressed by an area efficiency

 (3.26)

Acells represents the actual cell area; Aarray represents the area of the cells plus un-
used space. Clearly, it is desirable to have area efficiency close to 1.0; efficiencies 
greater than 0.95 are achievable through careful design.

Load Line A resistor operating at a constant temperature has a constant resistance, 
R. The quotient of I/V, where I is the current through the resistor and V is the applied 
DC voltage, is 1/R. On I–V coordinates, 1/R is the slope of a straight line passing 
through the origin: the I–V characteristic of the resistor, or its load line.7 Electric 
motors and storage batteries can also be represented by load lines. The interaction 
between the solar array, battery, and motor of a solar car will be discussed using 
these load lines in Chap. 5.

If the resistor is the load for a solar array, the operating point, the current and 
voltage, of the array-load system must lie on the array’s I–V characteristic and 
also on the resistor’s load line. Therefore, the intersection of the load line and the 
I–V characteristic establishes the operating point graphically. This is illustrated in 
Fig. 3.21, which shows three load lines: high load (low R), optimal load ( R = Rm 
= Vm/Im) and low load (high R). The product of the voltage and current supplied to 
each load, read from the intersections with I–V curve, show the power is less in each 
case than when the load resistance is Rm.

Changes in temperature, irradiation, or the load can move the operating point 
away from the maximum power point. What can be done about this?

3.28 Maximum Power Point Tracking

Suppose an electric circuit that keeps the array (or segment of the array to which it is 
connected) operating at the array’s maximum power point was connected between 
the array and the load. Then, the array would always convert the available solar 
irradiance into the maximum possible power. Such a device is called a maximum 
power point tracker (MPPT).

7 The term load usually means the current drawn by the device being powered, although it can also 
mean the power drawn.
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Application In a typical solar car application, an MPPT would be connected to each 
string of a series-parallel array, as shown in Fig. 3.22. Each string, especially on a 
streamlined car, will have a different irradiance and a different temperature com-
pared to the average irradiance and temperature of the array. Matching strings to the 
main bus yields a higher array efficiency than matching the entire array through one 
MPPT. Balancing this are cost and weight. Commercially built MPPT’s are expen-
sive, often several hundred dollars each. One per string will be a large investment. 
Also, some MPPT’s are relatively heavy, weighing in the range of 2–4 lbf. One per 
string could increase the car’s weight by 8–16 lbf, on a four-string array.

Operation DC–DC converters play the same role in DC circuits that transformers 
play in AC circuits: they transfer power between circuits that use different volt-
ages. An MPPT is a specialized DC–DC converter that transfers power between an 
array string and the main electric bus, to which the battery and the motor are also 
connected. The MPPT keeps the string at its current maximum power point volt-
age while transferring power to the bus at the current bus voltage. As in AC trans-
formers, some power is lost in the transfer. However, the efficiency of well-made 
MPPT’s can lie in the 98–99 % range (Storey et al. 1994).

The maximum power point may be sensed by very rapidly moving the array 
voltage around the optimum value while observing the effect on the output power. 
A correction is then applied to the array voltage in the proper direction to increase 
the output power, if required. Another method is to assume that the optimal voltage 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

V (volt)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
I (

A
)

array I-V curve
3.84

5.84

resistive load (R L) lines

2.84

RL (ohm):

Fig. 3.21  Resistive load lines

 



753.28 Maximum Power Point Tracking  

is a fixed fraction of the open circuit voltage. The string is momentarily switched 
to open circuit to find Voc. Vm is then obtained from a voltage divider. This method 
was proposed by Schoeman and van Wyk (1982). Storey et al. (1994) report that one 
1993 World Solar Challenge team used 26 such units. This method perhaps lends 
itself to home-built, low-weight, low-cost units.

Types Two types of DC–DC converters are of interest: boost regulators and buck 
regulators. Boost regulators match a lower string voltage to a higher bus voltage and 
buck regulators match a higher string voltage to a lower bus voltage. Boost regula-
tors may have a slightly lower efficiency than buck regulators. They can supply cur-
rent as the array maximum power point voltage drops with increasing temperature 
or decreasing radiation; however, in the absence of a current load, the output volt-
age will rise to the point of destruction of the device, unless additional protective 
circuitry is included.

Fig. 3.22  Maximum power point tracker installation
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Reliability The reliability of the MPPT’s must be high. If an MPPT fails, its string 
fails, cutting the power by a large fraction. This will require roadside repairs, such 
as replacing the MPPT or adding the orphaned string to the MPPT of another string. 
In either case, precious time will be lost.

Build or Buy Storey et al. (1994) reports that 10 of the 52 cars finishing the 1993 
World Solar Challenge used homemade MPPT’s. Building your own MPPT’s is 
attractive because it is cheaper than buying commercial units and, if they can be 
built as an educational project, because of the experience it gives the student build-
ers. However, commercial MPPT’s have presumably been extensively tested and 
some brands are race proven. It may be difficult for students to design, build, and 
adequately test home-built MPPT’s during the race cycle time, even in the 2-year 
span between Sunrayces.

3.29 Array Temperature Distribution

Flow Conditions When there is no relative motion between the car and the air, the 
cells in its array will be at their highest temperatures.8 Most of the solar energy 
absorbed in a cell is not converted into electrical energy and consequently heats the 
cell. This heat is removed by radiation and free convection to the surroundings. The 
latter term refers to the buoyancy-driven motion of the air in contact with the cell. 
This air is hotter than the ambient air and rises from the car; cooler air from the sur-
roundings takes its place. This circulation carries away heat.

When the car is in motion, heat is removed by radiation and forced convection. 
This is a continual flow of cooler air across the array, mostly from front to rear, 
forced by the relative motion between the car and the ambient air. Forced convec-
tion cools the array more effectively than free convection because the speed of the 
air is greater. At very low vehicle speeds, as in stop-and-go traffic, there will be 
a combination of free and forced convection. At higher speeds forced convection 
dominates.

Energy Balance At steady conditions, the cell’s temperature rises until the rate of 
energy absorption is balanced by the combined rates of energy loss (radiation plus 
convection), and energy conversion. There will be a temperature distribution over 
the array because this balance between energy supply, loss, and conversion will 
be different for different positions in the array. For example, cells on the sunward 
side of the car will tend to be hotter than those on the opposite side, which see only 
diffuse irradiation. For a particular cell, denoted by the subscript “c,” this balance 
between rates of energy transfer may be expressed as

 (3.27)

8 If the cells are not actively cooled, as by a water spray.

T c c c c a c( ) ( ) 0.G A U A T T Pτα − − − =



773.30 Example 3.9  

The first term denotes the solar radiation intercepted by the cell that has passed 
through the glazing and been absorbed by the cell. The second term represents the 
total thermal loss: conduction through the glazing then radiation and convection to 
the surroundings. Conduction from the back of the cell through the supporting sur-
face is neglected. This loss is modeled as proportional to the difference between the 
cell’s temperature, Tc, and the ambient temperature, Ta. The proportionality factor, 
the overall heat transfer coefficient Uc (W/m2 · C), incorporates all the loss modes. 
Because they are temperature-dependent, so is Uc. The final term, Pc, represents the 
electric power produced by the cell, which is also temperature dependent, as we 
have seen.

Temperature Relation The builders of a solar car apply the glazing to the cells 
while assembling the array. Hence, the I–V curves of the cells they use have been 
determined for the as-purchased cells with no glazing. In these circumstances, the 
first term of Eq. (3.27) replaces GTAc in the denominator of Eq. (3.25), the defini-
tion of the cell efficiency. With this modification, we may use the definition of the 
efficiency to eliminate the cell power from Eq. (3.27):

 (3.28)

Note that this energy balance implicitly assumes that the cell is at a uniform tem-
perature and that it stores no thermal energy (the energy stored would replace the 
zero). The cell is small, 10-cm on a side or smaller, and also quite thin, so that 
we ignore the temperature distribution over its face and across its thickness. The 
thermal energy it stores is proportional to the cell’s mass. We neglect it because the 
mass is very low.

Solving Eq. (3.28) for Tc gives

 (3.29)

A cooler cell is more efficient. Reduction of the ratio on the right of Ta accomplish-
es this. Uc increases with the speed of the car, as mentioned previously. Uc could 
also be increased by arranging additional cooling under the mounting surface upon 
which the cell is mounted. However, schemes to do this usually cause additional 
drag and may also increase the weight of the car.

3.30 Example 3.9

Estimate the temperature of the solar cell of Example 3.6 if the solar car on which 
it is mounted is stopped in traffic in still air and the ambient temperature is 30 °C.

Solution Under these conditions, there is no forced flow over the array to keep the 
cell cool and the cell’s temperature can become high. Suppose a conversion effi-
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ciency of 10 % results and the loss coefficient is 15 or 20 W/m2 K. The glazing is 
thin, so this value consists almost entirely of free convection and radiation from the 
glazing’s surface. The back of the cell is assumed perfectly insulated by the array 
support structure. From Eq. (3.29),

This is 126.7 °F. For 15 W/m2ΑK the result is 66.7 °C, or 150 °F. Although rep-
resentative values of the efficiency and the loss coefficient were assumed above, 
in reality they must be calculated by trial and error because both depend upon the 
temperature of the cell.
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Chapter 4
Storing Electric Energy

4.1 Introduction

Storage Methods All autonomous cars must use propulsive energy stored in the 
car. Vehicles using chemical storage run on the energy stored in gasoline or other 
hydrocarbon fuels. Solar energy can be stored in several ways: by sensible storage 
(heating a mass), by phase change storage (melting a substance) by electrochemical 
storage or capacitive storage (conversion to electric energy and storage in a bat-
tery or capacitor, respectively), or by flywheel inertial storage (converting electric 
energy to rotational kinetic energy and storing it in a spinning flywheel). Note that 
inertial storage is intrinsic to all vehicles because each stores kinetic energy in its 
own mass and the rotating masses of its wheels and drive. To summarize compactly:

 (4.1)

Methods in Use The constraints imposed by and on solar racing1 limit the electric-
energy storage choice for solar racing cars to batteries, at present. The translational 
and rotational kinetic energy stored in the mass of the car may be recovered by 
regeneration; this will also be discussed.

4.2 Terms and Units

Energy Energy means the potential to do work. Energy, like water, can be accumu-
lated. Charging means to accumulate energy in some storage mode. For example, 
suppose a car having some initial kinetic energy coasts up a hill, coming to a stop 
for an instant at its top, having thereby lifted itself a vertical distance, h. At this 

1 Chapter 16 contains sample battery regulations.

stored battery capacitor sensible phase change translational rotational .= + + + + +E E E E E E E
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moment, the car has stored in its position gravitational potential energy equal to the 
work that was done on the car in rising against the force of gravity.

Power If this work were done rapidly, more power would have been used because 
power is the rate at which work is done. Stored energy would have accumulated 
more rapidly at high power than at low but the amount of energy storage would be 
the same. Like the water flow rate, power cannot be stored; it is simply the work 
rate.

Efficiency Not all the original kinetic energy of the car can be charged. The energy 
expended in working against rolling resistance and air drag is lost, for example. The 
charging efficiency is the energy stored divided by the energy available, the initial 
kinetic energy at the bottom of the hill in this case.

Discharging means to remove energy from storage. As the car rolls down the 
other side of the hill, the stored energy is discharged: converted into the total kinetic 
energy of the car. However, after coasting down through a vertical distance h, the 
car will not have a kinetic energy equal to the stored energy because some of that 
was lost as drag and rolling resistance work. The discharge efficiency is the recov-
ered kinetic energy divided by the stored energy at the hilltop. The whole charge-
to-discharge transaction can be characterized by a storage efficiency, the ratio of 
the energy recovered to the energy available. It is also the product of the charge and 
discharge efficiencies.

Units The W·h ( Watt-hour) or kW·h ( kilowatt-hour) are convenient units of 
energy. Your home’s electric bill is calculated according to how many kW·h you 
use. A current of 1.0 A flowing from a 1.0-V source represents a power of 1.0 W, or 
1.0 J/s. (The Joule, equivalent to one N·m of work, is also a unit of energy.) If the 
current flows for 1.0 h, then 3600 J or 1.0 W·h have been released from the battery.

Electric charge stored in a battery is measured in Coulomb2 or more conve-
niently (for our purposes) in Ampere-hours (A·h). One Ampere of electric current 
transports charge at the rate of 1.0 C/s. A current of 1.0 A flowing for an hour would 
transport a charge of 3600 C or 1.0 A·h. The charge-storing ability, or capacity, of 
a battery is usually stated in A·h. A battery’s storage efficiency for electric charge is 
usually well above 90 %.

4.3 Battery Storage

We wish to store the excess electrical energy supplied by the solar array in a battery. 
But, as in the case of the hill-climbing car, work must be done to store this energy. 
In the hill-climbing case, the work was done to lift the mass M against the gravita-
tional potential, gh (in N·m/kg). In the battery-storage case, the work must be done 
to “lift” the electric charge, q, entering the battery against the voltage of the battery 

2 The charge carried by an electron is 1.602(10−19) C.
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have been released from the battery, an electric potential. And, as in the former case, 
some of this work is lost in heating the internal electric resistance of the battery.

Cell Figure 4.1 shows the basic unit of a battery, called an electrochemical cell, or 
just a cell, for short.3 The figure shows that a cell is made of a positive electrode, a 
negative electrode, and an electrolyte. The electrodes are dissimilar conductors. The 
electrolyte is an electrically conducting, dilute solution of an acid, base, or salt; it 
may be a liquid, as shown, or a paste. In a lead-acid cell, for example, the positive 
electrode is lead dioxide (PbO2), the negative electrode is spongy lead (Pb), and the 
electrolyte is a solution of sulfuric acid (H2SO4) in water (H2O).

3 The conventional current, I, is conceived as positive charge flow. So it flows opposite to the 
electron flow.

Fig. 4.1  Electrochemical cell
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When the electrodes are immersed in the electrolyte, an open-circuit voltage dif-
ference is found to exist between them that is characteristic of the materials of the 
cell (see Table 4.2).

Connecting the cell to an electric load causes chemical changes in the active ma-
terial of the electrodes. In the case of the lead-acid cell, the active materials are the 
lead and lead dioxide. During discharge of the lead-acid cell, lead sulfate (PbSO4) 
is formed on each electrode. Table 4.1 gives the electrode reactions when charging 
and discharging for lead-acid and two other cells.

As the reactions in Table 4.1 show, when discharging, electrons are liberated 
from atoms of the negative electrode and bound to atoms of the positive electrode. 
However, these electrons cannot enter the electrolyte to flow to the positive plate 
but must travel through the external circuit and thus do work in the load.

Primary cells, which cannot be recharged, are used to power non-rechargeable 
devices such as flashlights. Often these are dry cells in which the electrolyte is in 
paste form. In wet cells, the electrolyte is a liquid solution. Primary cells can play a 
role in solar car racing. Consult Chap. 16 for examples.

Cells that can be both charged and discharged are called secondary cells. In these 
cells, the chemical changes in the active materials when the cell is discharged can 
be reversed, and the material restored to its original form, by supplying current to 
the battery. In the lead-acid cell, for example, this results in the lead sulfate being 
converted back to lead at the negative electrode and to lead dioxide at the positive 
electrode. The electrons are supplied to the negative electrode and removed from 
the positive electrode by an external current source, such as a solar cell array. Re-
chargeable cells are called secondary because the source of the charge stored or 
discharged is not the battery itself.

Table 4.1  Some cell electrode reactions. (Crompton 1996)
Cell + Electrode − Electrode
Nickel-
cadmium 2 22NiO(OH) H O 2e 2Ni(OH) 2OH− −+ + + 2Cd(OH) 2e Cd 2OH− −+ +

Nickel-
metal 
hydride

2 2NiO(OH) H O e Ni(OH) OH− −+ + + 2 2H O e 1/2H OH− −+ +

Lead-acid + 
2 4 4 2PbO 3H HSO 2e PbSO 2H O− −+ + + + 4 4Pb HSO PbSO H 2e− + −+ + +

“” denotes discharging and “!” denotes charging
NiO(OH) is nickel oxyhydroxide

Couple V (volt)
LiFePo4 3.7
Pb-acid 2.0
Ni-MH 1.25
Ni-Cd 1.2

a LiFePo4 is lithium iron phosphate or lithium ferrophosphate 
(LFP)

Table 4.2  Nominal voltages. 
(Crompton 1996)a
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The cell’s voltage is characteristic of the electrodes, the electrolyte, and the state 
of charge. There are many possible combinations. Table 4.2 shows the nominal 
terminal voltage when discharging for the cells of Table 4.1 and a lithium battery.

Battery The voltages of series-connected cells and the currents of parallel-con-
nected cells add. There will usually be several series-connected cells in a case, with 
a single pair of external positive and negative terminals. The case with its contents 
is called a module. Solar racers use an array of several modules in series, or even in 
series-parallel. We will call this array the battery.

The higher discharge voltage of the lithium cell means that, other things being 
equal, lithium batteries can be lighter than the three other cells while still supplying 
the same energy.

4.4 Example 4.1

Small, AA-size, rechargeable, nickel-cadmium cells may be purchased locally. The 
cells are rated at 1.25 VDC and 0.045 A. At this rate, they can discharge for 14 h, 
and no depth of discharge (DOD) limit applies. What would the capacity be? How 
many of these would be necessary to power a small motor requiring 2 V at 0.08 A?

Solution The capacity would be (0.045 A)(14 h) = 0.63 A·h (“0.63 A·h at the 14 h 
rate”). Two batteries in series would be needed, for a 2.5 V nominal voltage. The 
number in parallel would be 0.08/0.045 = 1.78 or two branches. The direct current 
(DC) motor’s effective resistance is 2 V/0.08 A = 25 Ω. The current would be 0.1 A. 
The resulting array of four cells is shown in Fig. 4.2.

Fig. 4.2  Battery design for Example 4.1
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Capacity The capacity of a series-connected string of battery cells is equal to the 
capacity of one cell in the string. If strings of identical cells are connected in paral-
lel, the capacities of the strings add, as in Fig. 4.2.

Because it will reach its discharge cut-off voltage first, the cell in a series string 
having the lowest capacity controls the performance of the string. The capacities of 
the modules in the string should therefore be matched.

4.5 Example 4.2

Suppose a battery (assumed to be lossless) is charged at an average current of 5 A 
for 10 h at an average voltage of 2 V. How much charge and energy have been 
stored?

Solution The current flows at 5 C/s. Thus,

Average rate of energy supply is

And the amount stored is

The rated capacity is given with reference to the discharge current that the bat-
tery can maintain before the terminal voltage falls below a value specified by the 
manufacturer. The DOD is the current fraction of full discharge.4 The DOD of lead-
acid batteries should be limited to prevent reduction of the life of the cell caused by 
repeated discharge below this limit. A typical limit for these batteries is a DOD of 
0.8, or 80 %. However, battery life beyond the 15 or 20 deep discharge cycles typi-
cal of a solar car race is not as important to racing teams as it might be to owners of 
a fleet of electric-powered delivery vans. Discharging below a standard DOD limit 
may therefore be done occasionally.

Charge State Measurement The energy or charge in a battery cannot be measured 
directly. Measuring the terminal voltage when charging and discharging or measur-
ing the electrolyte’s specific gravity are in general means of ascertaining the state of 
charge of a battery. The method to use depends on the characteristics of the battery 
materials.

4 The converse is the state of charge, F, the fractional amount (or percentage) of full charge in the 
battery; DOD + F = 1.

C s5 (10h) 3600 180,000C 50A·h.
s h

Q    = = =      

(5A)(2V) 10W.E = =

(10W)(10h) (50A·h)(2V) 100W·h 360J.E = = = =
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Either will work in the case of lead-acid cells (although measuring the specific 
gravity is not convenient on the road). The chemical reactions above show that 
when discharging and charging, lead-acid cells either create water in or remove 
it from the electrolyte, respectively. Thus, the specific gravity of the electrolyte is 
reduced on discharge and increased on charge. It is therefore a direct indicator of the 
state of charge. On the other hand, the specific gravity change of nickel-cadmium 
or nickel-metal hydride cell over the period of a race would be almost negligible 
because there is no net water formation in the electrolyte of these cells. Measuring 
the terminal voltage is the only practical option for the nickel-cadmium case. The 
cell voltage depends upon the discharge rate as well as the state of charge and varies 
nonlinearly with time at a particular discharge rate. However, the hydrogen pressure 
in a nickel-metal hydride cell is a function of its state of charge as well (Crompton 
1996).

Most solar racers will measure the battery bus voltage (even if it is characteristi-
cally flat during discharge) and supplement this information with an Ampere-hour 
meter. Ampere-hour meters monitor the charge by sampling the current leaving or 
entering the battery over short time intervals and displaying the net charge held in 
the battery.

The curves of Fig. 4.3 show that the capacity is also lower at high discharge rates 
than at low discharge rates. So capacities are usually quoted at some standard rate 
of discharge. Rather than mentioning the actual rate, the time required to completely 
discharge the battery will be given instead. For example, “the capacity is 25 A·h at 
the 10 h rate.” This rate would be 2.5 A.

Fig. 4.3  Capacity and life

 



88 4 Storing Electric Energy

Charge and Discharge Characteristics Figure 4.4 shows the terminal voltage of a 
typical battery being discharged at different constant rates. During discharge, the 
terminal voltage is

 (4.2)

where Voc is the open circuit voltage, I is the discharge current (A) and RB( t) is 
the internal resistance (Ohm). Note that the internal resistance is not a constant. 
When the current begins to flow, the terminal voltage drops suddenly to its initial 
value and then decreases nonlinearly for a short time. The terminal voltage then 
decreases linearly at a slower rate (in some cells, Ag-Zn for example, the voltage 
is nearly constant) for a longer period. The larger the discharge current, the shorter 
this period and the steeper the slope of the discharge characteristic. As the conver-
sion of the active material nears completion, the chemical reactions at the electrodes 
change. In cells such as those in Table 4.1, the electrolysis of water increasingly 
dominates. Consequently, oxygen and hydrogen gas bubbles accumulate on the 
electrodes. These gases are electrical insulators and have the effect of increasing the 
internal resistance of the cell. This gas accumulation causes the terminal voltage to 
drop rapidly once again. The discharge is stopped at the voltage recommended for 
the cell by the manufacturer. This will be about 1.75 V for lead-acid cells.

Figure 4.4 also shows a typical voltage–time graph of the terminal voltage when 
charging. The terminal voltage is related to the open circuit voltage, current, and 
internal resistance by

 (4.3)

oc B( ) ( ),= −V t V IR t

oc B( ) ( ).= +V t V IR t

Fig. 4.4  Charge and discharge
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These curves mirror the discharge curves, featuring a sudden rise in voltage to the 
initial value followed by a short, nonlinear voltage increase and a longer, linear volt-
age increase. Finally, a rapid, nonlinear voltage increase takes place. This last in-
crease begins when most of the active material has been restored to its predischarge 
state. This rapidly increases the internal resistance, as in the case of discharge. Fig-
ure 4.5 shows VOC, RB, and two discharge curves for the Saft STX600 Ni-Cd cell 
(“1C”: current, A, numerically equal to capacity, 56 A·h).

A current–voltage characteristic for the battery may be found by first plotting 
the charge and discharge curves as a function of capacity ( Q). Then the voltage 
of each discharge and charge curve is sampled at the same capacity and plotted on 
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current–voltage coordinates. The curves that result are the battery’s I–V characteris-
tics at different states of charge. Each of these characteristics has a discontinuity at 
zero current (open circuit) caused by the sudden increase or decrease in the terminal 
voltage when charging or discharging begins, respectively. The slope of a particular 
characteristic is 1/RB.

A terminal voltage to the left of the open circuit voltage will cause discharging 
of the battery; one to the right of it will cause charging of the battery. Figure 4.6 
shows this, qualitatively.

Specific Energy Table 4.3 gives the specific energy, the energy stored per unit bat-
tery mass ( eB, W·h/kg), of some battery couples and also of gasoline, for com-
parison. The large gap remaining to be closed between the batteries and gasoline is 
evident.

A solar racer using a battery with a high specific energy can store the same ener-
gy as a car using a battery with lower specific energy, but weigh less. For example, 
Table 4.3 shows the specific energy of nickel-metal hydride batteries to be twice 
that of lead-acid batteries.

Specific Power The maximum instantaneous power per unit mass that can be deliv-
ered by a battery is called the specific power. Specific power relates to the rate at 
which energy may be delivered. Hence, it limits the speed when climbing hills, 
for example. Specific power and specific energy trade off against each other. A 
high specific power implies high current. This requires larger conductors inside the 
battery and therefore increases the mass, reducing the specific energy. Solar racers 

Fig. 4.6  I–V curve of a battery
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are slowly accelerated, whenever possible. However, in common situations, such as 
maneuvering in city traffic or when passing other solar racers on the highway, low 
acceleration is not prudent. Table 4.4 shows sample specific power ratings.

Age and Life A battery’s capacity decreases with the number of full charge–dis-
charge cycles it has experienced, referred to as the battery’s age. The age at which 
the battery’s capacity has been reduced to 80 % of its original is called its life, even 
though operation is still possible. Figure 4.4 shows curves of battery capacity as a 
function of its age. Battery life is not critical in solar racing because the number 
of full cycles accumulated in testing, qualification, and the race will probably be 
smaller than the shortest life shown in Table 4.5.

4.6 Operation and Control

Racing Figure 4.7 shows three modes of operation. If the car is operating at a 
speed just sustainable by the solar energy supply, the battery may simply float, 
neither charging nor discharging. However, when cruising, the usual condition is 

Table 4.3  Specific energy. (Crompton 1996; Cook 1991)
Storage Type eB (W·h/kg)

Gasolinea 14,000
Zinc-air 160
Silver-zinc 100–400
Lithium-ferrophosphate 140–180
Nickel-metal hydride 70
Nickel-zinc 60
Nickel-cadmium 35–50
Lead-acid 35

a Lower heating value, a variable depending upon ratio of mass flow rate of combustion air to mass 
flow rate of fuel and other factors

Cell Specific power (W/kg)
Ni-Cd 160
Ni-MH 230
Pb-acid 300

Table 4.4  Specific power 
comparison. (Moore 1996)

Cell Life in cycles
Li-FePO4 > 1000a

Ni-MH 1500 (Moore 1996)
Pb-acid 400 (Moore 1996)

a Conservative estimate from written statements by 
retailers

Table 4.5  Life comparison
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Fig. 4.7  Realistic operation
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discharging. But this occurs at varying rates, with the highest rates occurring on 
uphill grades. The battery should be thought of as moving between the discharge 
curves of Fig. 4.4 so that its actual voltage–time characteristic consists of segments 
of these curves. Also, the battery alternates between charge and discharge in the 
stop-and-go traffic experienced when passing through towns. Figure 4.7 illustrates 
these shifts by a hypothetical, 2-h, battery current–time profile. In this figure, posi-
tive currents charge the battery and negative currents discharge it. Below the current 
profile is the resulting battery-charge profile as it would be kept by an Ampere-
hour meter, and, below this, the path the terminal voltage follows is displayed. The 
dashed arrows indicate transitions to different currents at different states of charge.

The schedule of a racing day allows for static charging in the morning before 
racing begins, during the midday stop, and after arriving at the day’s destination. 
During the morning and evening periods, the rules allow the car to be placed into a 
special charge configuration, with the array kept pointed at the sun. Here, the objec-
tive is to put as much charge into the battery as possible during the allotted time. 
The amount of current is controlled by the available sunlight and the solar cell ar-
ray. No attention is paid to controlling the charge to extend the life of the batteries.5 
Given the typical solar conditions and the restrictions imposed by race rules on the 
size of the solar car’s solar cell array, keeping the charging current below the maxi-
mum specified by the battery manufacturer will not be a worry.

The battery will usually be discharged well below 50 % DOD during a race day. 
If the weather on the current day is good, and if the weather for the next day is ex-
pected to be good, the car will run fast. Conversely, if the day is overcast, the speed 
will be low with a heavy reliance on battery energy.

Containment The battery may be the most massive object in the solar racer. There-
fore, it must be mounted in an enclosure that can contain it during any of the emer-
gency scenarios (front, side, and rear impact and rollover) contained in the design 
specifications (Chap. 8). Under these conditions, the objective is to protect the 
driver, not to prevent damage to the solar racer. During normal operation, the enclo-
sure holds the battery securely in place, surrounds the battery with nonconducting 
materials, and must be continually supplied with fan-forced air taken directly from 
outside the car whenever the battery is electrically connected to the main bus. This 
ensures that no explosive gas accumulates in the enclosure.

4.7 Wiring and Testing

Wiring Connections to the module terminals should be tightened as required by the 
manufacturer’s specifications. A good, tight connection with no air gap between the 
connector and the battery terminal, giving the maximum possible area of contact, is 

5 Extending the life of the battery beyond the race is not an important constraint. Often an entirely 
new car will be built for the next race, and the current car will be used for training and public 
relations.
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very important. Coating the terminals with a conductive grease can further reduce 
the contact resistance. Loose connections have higher electrical resistance and can 
therefore heat up when current passes through them. At best, this wastes energy; at 
worst, it is a fire hazard. However, terminals should not ever be overtightened.

Avoid sharp bends in the wiring and plan the wire runs so that the module-to-
module wire lengths are equal. If equal lengths are not possible, run multiple wires 
where necessary to equalize the wire resistances between modules throughout the 
battery. Install small sensing wires to monitor the voltage of each module. Fuses 
should be installed in these sensing wires.

Temperature It is important to keep batteries warm, especially lead-acid batteries. 
Other batteries, such as nickel-cadmium and nickel-metal hydride, are more toler-
ant of temperature extremes. Lay out the battery so that the modules are grouped 
as close together as possible to keep them warmer. The temperature should be kept 
below the maximum allowed by the manufacturer’s instructions. For example, Del-
phi lead-acid batteries should be kept below 50 °C.

Test Bench test the modules, using the manufacturer’s recommended procedure, to 
ascertain the discharge capacity of each module. Connect those modules in series 
which have discharge capacities that are most nearly alike. Then, test the battery 
using a dynamic load profile that closely approximates the racer’s electrical load.

Some batteries need to be “worked” (cycled several times) when they are new 
before they can achieve their maximum capacity. For example, Delphi lead-acid 
modules require about 15 deep cycles before reaching peak capacity. Others may 
require as many as 50 deep cycles.

The battery should be given an equalizing charge the day before the race begins, 
again using the manufacturer’s procedure. This reduces self-discharge (a problem 
especially with lead-acid modules) and brings all the modules to the same voltage 
(this means the modules must be charged in parallel).

Orientation and Venting The valve-regulated, lead-acid modules made for electric 
vehicles by Delphi may be installed with the active material plates horizontal (mod-
ule case vertical). This increases their capacity by about 5 % by preventing acid 
concentration gradients from forming in the electrolyte at the bottom of the plates.

Any plastic tubing connected to the vents of sealed batteries should be imperme-
able to hydrogen gas.

4.8 Regeneration

The opening example was of car climbing a hill and then coasting down the other 
side. Suppose the desired speed were reached, and the grade were such that the racer 
could have continued to accelerate without discharging the battery. Using the brakes 
to maintain a steady speed wastes this available energy by creating friction heat. 
Some motor–controller combinations can be switched to allow the motor to run as 
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a generator. This reversed current flow then charges the battery. Using the motor 
as a generator applies a braking torque to the driven wheel or wheels. The amount 
of this torque can be controlled to keep a steady speed. This mode of operation is 
called regeneration.

Regeneration can be used to advantage. If the team is approaching a long down-
grade, regeneration can be set to maintain the desired coasting speed while simulta-
neously charging the batteries.6 The solar array output would also charge the battery 
in this case because the speed would be maintained by gravity. Regeneration should 
be used to slow the car before applying the brakes. This recovers some of the kinetic 
energy stored in the car and reduces wear on the brakes.

Let us examine regeneration more analytically. Figure 4.8 shows a solar car 
coasting down a hill of constant grade, α. At the top of the hill the height of the car’s 
center of gravity

(CG) is h1 m and its speed is V1 m/s. At some point down the hill, the height is h2 
and the speed V2. Writing energy conservation between points 1 and 2 gives

 (4.4)

6 With nearly exhausted batteries, Clarkson used this procedure to descend into the Ohio River 
valley during the 1990 Sunrayce. It allowed that team to charge enough energy to cross the river 
and make the midday stop.

2 2
1 1 CB 2 2 12 12

1 1 .
2 2

+ = ∆ + + + +MV Mgh E MV Mgh W Q

Fig. 4.8  A regenerating vehicle 
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The term ΔECB represents the energy stored in the battery, W12 is the work done 
against drag and rolling resistance, and Q12 is energy lost as heat in the drive and 
when charging the battery between positions 1 and 2. The net energy available for 
storage is

 (4.5)

If the car in Fig. 4.8 were coasting at constant speed,

 (4.6)

Or, when braking to a stop on level ground, V2 and h1 − h2 = 0, and

 (4.7)

The energy charged may now be written more compactly as

 (4.8)

or

 (4.9)

Where ηRM is the average efficiency of the drive in regeneration mode, and ηCB is 
the average energy charging efficiency of the battery during the regeneration.

The average efficiency of the drive depends upon the torque and rotational speed 
of the motor during regeneration. When descending a hill at constant speed, the ef-
ficiency would be high, perhaps 90 %. During braking on a level surface from city 
traffic speed it would be lower, perhaps 50 %. The charging efficiency of the battery 
would depend on the charging current and the state of charge. If the regeneration 
current were not large, which is probably typical, the efficiency would be high, 
perhaps 95 % or more. Therefore, the energy charged would be roughly 45–80 % of 
the net available, depending on the maneuver.

The motor’s braking torque may be found from Eq. 2.17. When coasting down a 
hill at steady speed, the magnitude would be

 (4.10)

Where D is the drag force, R is the rolling resistance force, and rW is the wheel 
radius.

( )2 2
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1 ( ) .
2
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A 1 2 12( ) .∆ = − −E Mg h h W
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4.9 Example 4.3

Suppose that the downgrade, speed, weight, drag area, wheel radius, and rolling 
resistance coefficients were − 5 %, 55 mph (24.59 m/s), 800 lbf (3558.1 N), 0.15 m2, 
0.25 m, 0.004, and 0.0001 s/m, respectively. If lift is negligible, find the magnitude 
of the regenerative braking torque applied to the driving wheel and shaft in still air 
at standard temperature and pressure. Then find the charging current.

Solution The air density would be 1.184 kg/m3 (Example 2.1) and the dynamic 
pressure would be

The drag force would be

The rolling resistance coefficient would be

And the rolling resistance force would be (− 5 % grade = − 2.28°)

Therefore, the torque at the driving wheel would be

The torque delivered to the motor (now a generator) would depend upon the 
speed reduction and efficiency of the transmission (if any). Suppose these were 5 
and 95 %, respectively. Then the torque at the motor would be

Suppose that the efficiency of the motor–controller combination were 90 % at this 
torque, and the rotational speed corresponding to 55 mph (4696 rpm) and that the 
battery bus voltage were 120 V. The regenerative charging current to the battery 
would then be

2
2

3 2
1 1 kg m N1.184 24.59 358.06 .
2 2 sm m

ρ    = = =      
q V

2
2

N(0.15m ) 358.06 53.7N.
m

 = = =  D DD c A q

1 2
s m0.004 0.0001 24.59 0.00646.
m s

µ µ µ    = + = + =      
V

W 0.00646 3558.1N ( 2.28 ) 22.96N.R N cosµ °= = × × − =

W 0.25m[3558.1N (2.86) 53.7N 22.96N] 25.22N·m.sinτ = × − − =

G
M W

G

0.9525.22N·m 4.79N·m.
5n

η
τ τ= = × =

M M M
B

B

rad4.79W·s 491.8 0.90
s 17.6A.

120
I

V
τ ω η × ×

= = =
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The car would travel a mile in 0.0182 h. Therefore, for every mile traversed down 
the hill a regenerative charge of 0.32 A·h would supplement the charge from the 
solar array to the battery.
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Chapter 5
Electric Motor Drives

5.1 Introduction

The drive is the electric motor, its controlling electronics, the speed reduction, and 
the driven wheel (solar racing cars usually have only one driven wheel). Figure 5.1 
is a schematic of a typical drive connected to its solar-electric power source. This 
chapter discusses the operation of each of the drive’s components.

Motors may be classified as alternating-current (AC) or direct-current (DC), ac-
cording to the kind of current supplied to them. They are also classified by the 
means to sustain their magnetic fields: permanent magnets or electromagnets. The 
emphasis herein falls on drives using permanent-magnet, DC motors because these 
motors have found wide use in solar racing cars.

The chapter concludes by using the array, battery, and motor I–V curves to ex-
plain the electrical interaction of the drive with its two power sources.

5.2 Electric Motor

Motor Action An electric motor is a device that converts electric energy into 
mechanical energy. The interaction that causes this conversion to take place is as 
follows: When an electric current is flowing in a wire which is also in a magnetic 
field, the wire experiences a force perpendicular to the plane in which the magnetic 
field vector and the current vector lie. The mechanism of the motor is arranged in 
such a way that this force causes rotation of the shaft of the motor. This rotating 
shaft can then be used to perform mechanical work, such as moving a solar-electric 
car.

Figure 5.2 shows a two-pole, permanent-magnet, brushed, DC electric motor. 
Several loops of wire connected to a source of DC current are wound on a steel core 
and held inside the field set up by the north and south poles of a magnet (only the 

© Springer International Publishing Switzerland 2015
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magnet’s poles are shown).1 When there is no armature current (arrow labeled “I”), 
there is no force on the conductors. When current is flowing, the force on each wire 
is exerted sideways—left or right—depending on the direction of the current rela-
tive to the direction of the field. The figure shows the current going away from the 
reader under the north pole (“+” symbol) and toward the reader under the south pole 
(“•” symbol). The field around the conductor reinforces the magnet’s field on one 
side and opposes it on the other (armature reaction).2 The force on the wire points 
toward the weakened air gap field.

1 The picture is simplified for clarity. The windings are actually placed in slots so the force on them 
will not tear them free.
2 Imagine the right hand grasping the wire with the thumb pointing in the direction of the current. 
The fingers curl in the direction of the wire’s field. This is the “right-hand rule.”

Fig. 5.1  Solar-electric drive
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Only the length, L, of the wire inside the field at each pole experiences a force. 
The force on each wire is directly proportional to the magnetic field intensity, B 
(Weber/m2), the current, I (A), in the wire, and to the length:

 (5.1)

Torque The total torque on the armature at any instant is the sum of the moments 
of the forces on each wire:

 (5.2)

where T is the torque, nP is the number of poles, nWP is the number of wires under a 
pole, and r is the radius to the centerline of a wire. The size of F, and therefore of T, 

F BIL= .

T n n Fr= P WP ,

Fig. 5.2  Simple DC motor
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depends on the strength of the magnetic field and the magnitude of the electric cur-
rent. But for a given field and motor construction, the torque on the coil is directly 
proportional to the current.

 (5.3)

where kT is the air gap torque constant.
A distinction must be made between the torque on the armature, or air gap torque, 

and the torque delivered to the output shaft, the shaft torque, Sτ . The shaft torque 
will be less than the air gap torque because of mechanical losses such as friction 
in the motor bearings. These will be discussed in more detail later, but in general 
the losses depend on the rotational speed. Therefore, the air gap and shaft torques 
will be the same only when the torque is sufficient to prevent rotation; the motor is 
stalled.

The rotation moves the rotor through the field of one pole every half revolution, 
in the two-pole motor shown. The torque is constant under the poles and nearly zero 
when the loop has rotated to position A-A where the field is approximately zero. 
A-A is called the neutral axis. The torque on a winding drops to zero at the neutral 
axis, producing waviness in the shaft torque. However, the ripple is quite small 
because of the large number of windings employed.

Power The power, PM, is the product of the average torque per revolution and the 
angular rotation rate in radians per second. If the motor is rotating at N rpm,

 (5.4)

where Sτ  is the average shaft torque per revolution.
The shaft torque “constant,” kS, is the proportionality factor between the current 

and the shaft torque:

 (5.5)

This quantity must be measured when power is being delivered. Therefore, it is 
dependent upon the current, and hence the torque load, because of the distortion of 
the air gap field caused by the field set up by the current in the armature. Also, it has 
speed dependence because it includes the rotational speed-dependent losses. This 
will be demonstrated when discussing the efficiency of a motor. Ibramim (1989) 
gives kS as 0.2152 N·m/A ± 10 % for a version of the Hathaway HSSS3810 perma-
nent-magnet, DC motor.

Operating Limits The passage of current through the armature resistance dissipates 
energy in the armature at a rate proportional to the square of the current. Other energy 
losses also cause heating. The temperature of the armature will rise until the heat 
lost to the environment equals the generated heat. Excessive temperatures reduce 
the electrical resistance of the materials that electrically insulate the armature coils. 

T k I= T ,

M S ,
30
π

τ=P N

S S .τ = k I
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This reduction accumulates over time and may cause short circuits, thereby causing 
additional heating and possibly catastrophic failure. The torque–speed combina-
tions at which the motor may be continuously operated without damage form the 
boundary within which the motor operating point must usually remain. The motor 
may be rated for operation outside these limits only for periods of a few minutes. 
Figure 5.3, adapted from manufacturer’s data, shows the torque–speed operating 
limits for a brushless, permanent-magnet motor and the corresponding maximum 
continuous power envelope. The operating limit characteristic has also been plotted 
in Fig. 5.6 so the reader can see its relation to the motor’s efficiency. (Because these 
data are for a brushless motor, the curves of Fig. 5.3 only qualitatively represent 
those of the brushed motor of Fig. 5.2.)

Limits on the rotational speed, winding temperature, and other quantities, such 
as the applied DC bus voltage, are imposed by the motor’s manufacturer. Sensors 
report the condition of the motor to the controller. Exceeding a limit will usually 
cause the controller to shut down the motor.

Stall Torque Suppose the torque loading the shaft increases until the motor stalls. In 
this condition, the shaft power is zero and the current may be large. When stalled, 
all the electric power supplied to the motor is converted to heat. Consequently, the 
temperature is high, and damage may result.

The motor may stall at different torque loads depending upon the current avail-
able to it. The largest stall torque the motor can endure without damage is called the 
maximum continuous stall torque. For example, Ibrahim (1989) gives the maximum 
continuous stall torque of a version of the Hathaway HSSS3810 motor as 8.59 N·m. 
Under these conditions the temperature rise above ambient would be 42 °C.
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Commutation A means must be provided to reverse the current flow in a winding 
when it reaches the neutral axis. Otherwise, the forces will reverse their directions 
and stop the rotation. In brushed motors, a mechanical arrangement called a com-
mutator switches the positive voltage to the lower side and the negative voltage to 
the upper side so the direction of current flow will not change under a pole which-
ever side is lower or upper. More discussion of commutation appears below in the 
discussion of losses. In brushless motors, the armature is the stator, and the field 
magnets rotate inside it. The switching is done by an electronic motor controller.

Circuit Figure 5.4 shows the equivalent electric circuit of the brushed motor of 
Fig. 5.2 operating at constant current. The current must pass through the armature 
resistance, RA. This is the sum of the resistance of the windings, brushes, brush 
contact resistance, and the commutator segments. The battery or the solar array, or 
both, supplies the voltage, V, which drives the current, I, through the armature and 
makes it rotate.

 (5.6)

The little battery labeled “VC” represents the counter-voltage (or counter-electro-
motive force). Because the wire rotates in the magnetic field, the field creates, or 
“induces,” a voltage in the wire. The polarity of this voltage would cause current to 
flow in the wire counter to the direction of the current supplied to the wire. For a 
given motor, the counter-voltage is proportional to the rotational speed. The propor-
tionality factor kc is called the counter- or back-emf constant.3 Thus, the faster the 
motor rotates, the higher VC is. Ibrahim (1989) gives kC as 0.02254 V/rpm ± 10 % for 
a version of the HSSS3810.

3 The counter-emf constant is measured at no load, and therefore does not reflect the field distor-
tion caused by the armature current.

V k NC C=

Fig. 5.4  DC motor equiva-
lent circuit
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The input voltage impressed on the equivalent circuit must be:

 
(5.7)

where R is the sum of the armature and commutator resistances. Ibrahim (1989) 
gives 0.06 Ω ± 12 % for this total resistance for the HSSS3810 motor.

Note that

 (5.8)

When the motor starts, N is zero and therefore so is VC. Consequently, the starting 
current can be very high at that instant. Ibrahim (1989) gives 66.51 V as the design 
voltage for the HSSS3810. Using R of 0.06 Ω, this means a starting current of 
1109 A, or 7.39 times the peak current limit of Ibrahim’s motor, 150 A. One of the 
functions of the motor controller is to keep the starting current below the motor’s 
design limit. This could be done by introducing a series resistance of, say, an ad-
ditional 0.4 Ω that would be gradually removed as N increased.

Multiplying Eq. (5.8) by the current gives the power that must be supplied to the 
motor as

 (5.9)

The product IVC does not represent a power loss but is equivalent to the shaft power 
plus a stray power loss (a function of rotational speed to be defined later).

 (5.10)

Equating Eqs. (5.9) and (5.10) and solving for IVC gives

 (5.11)

as above.4 A portion of IVC supplies losses that occur “downstream” of the electric 
circuit, as it were, because they are associated with the motor’s rotation. The re-
mainder is the shaft power.

4 Equation (5.11) leads to an interesting relation between kS and kC. Substituting from Eqs. (5.5) 
and (5.6) and rearranging gives
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5.3 Losses

There are several loss mechanisms. They may be categorized as current-dependent 
or rotational speed-dependent. The current-dependent losses occur in the commuta-
tion device (mechanical or electronic) and in the resistance of the armature wind-
ings. A portion of the electronic commutation loss in brushless motors is speed-
dependent. The remaining speed-dependent losses occur in the armature core, the 
rotor bearings, and in overcoming air rotational drag.

Mechanical Commutation Figure 5.5 shows a one-wire commutator. The wire cur-
rent to the motor is connected to carbon brushes which are held against a segmented 
commutator ring that rotates with the armature. In actual motors, each armature 
wire loop begins and ends at a segment of this ring, as shown for one wire. These 
terminal segments are on opposite sides of the ring. The direction of current flow is 
shown by arrows. The electrical contact between the brushes and the segments of 
the ring is not perfect and therefore introduces resistance to current flow.

At the neutral axis, the commutator brush short-circuits the coil, the current drops 
toward zero, and the field it creates collapses. As the segment passes the brush, the 
current rises to its former value, but in the other direction. These changes, however, 
induce voltages in the coil tending to resist the current decrease or increase.

Multiplying kS from Ibrahim (1989), 0.2152 N·m/A, by π/30 gives 0.02253 V/rpm, quite close to 
0.02254 V/rpm, the value of kC given by Ibrahim.

Fig. 5.5  Commutation principle
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The voltages cause a current to circulate through the coil, the segments, and the 
brush. Arcing between the brush and the commutator segments may occur because 
of imperfect contact, such as at the trailing edge of the brush. The burning and melt-
ing actions of the arc cause damage to the brushes and the segments.

Motors may be fitted with commutating poles to combat arcing. These poles are 
wired in series with the armature. The arcing voltage induced by commutation is 
proportional to the load current. Hence, these small poles are not permanent mag-
nets but derive their fields from the armature current. Thus, they may be designed to 
provide a compensating field which neutralizes the arc-producing field at any load. 
The resistance RB in Fig. 5.4 represents the electrical resistance of the coils of the 
compensating poles, and of other materials in the current’s path, such as the brush-
es, and the contact resistance of the brushes. The commutation power loss, PC, is

 (5.12)

Electronic Commutation Solid-state devices are used for switching the armature 
coils of a brushless motor. Sensors detect the position of the field poles to initiate 
the switching action. A portion of the loss in the controller of a brushless motor 
arises from losses in the switching devices. It depends upon the switching rate, 
which is proportional to the rotational speed of the motor. The remainder of the 
loss is in the electrical resistance of the conductors. The commutation power loss 
model should therefore be the sum of a rotational speed-dependent term and a load 
current-dependent term.

 (5.13)

The switching loss has been assumed directly proportional to N, with kSW represent-
ing the constant of proportionality. The power consumption in electronic control-
lers may be made quite small. For example, AERL (1993) gives an efficiency of 
96–99.5 % over the operating range of the controller it describes.

Electronic controllers can also provide various user-selectable control functions, 
such as cruising at constant speed or torque, regenerative braking, and current limit-
ing when starting. They are also used with brushed motors to provide such features, 
as AERL (1993) describes.

Armature The power, PA, lost in the armature resistance is proportional to the 
square of the current.

 (5.14)

Note because the torque is proportional to the current, the armature resistance loss 
is also proportional to the square of the torque.

The magnetic field caused by the current in the armature windings interacts with 
the field of the poles, the armature reaction mentioned earlier. The resultant field 
in the air gap is distorted and weaker than that produced by the poles at no load, 

P I RC B= 2 .

P k N I RC SW B= + 2

P I RA A= 2
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i.e., when the armature current is zero. Armature reaction thus reduces the torque 
available. The measured torque constant of the motor reflects the effects of armature 
reaction. Strictly speaking, therefore, it is not a constant but load-dependent.

Hysteresis The armature wire loops are wound over an iron core. The atoms of 
the core behave like small magnets. Each experiences a torque tending to rotate its 
magnetic poles into alignment with the magnetic field direction imposed upon it at 
any moment. Hence, the rotation of the armature forces realignment when the atoms 
in a region of the iron pass under a new pole. The atoms, however, cannot rotate 
freely because they are bound in the structure of the iron. The result is a kind of 
frictional heating of the iron core called hysteresis. The power lost in hysteresis, PH, 
is approximately proportional to the rotational speed (Hanselman 1994).

 (5.15)

Eddy Current The changing magnetic field each conductor experiences because of 
the relative motion between the rotor and stator induces small circulating currents in 
the conductor. These are called eddy currents. The power PE lost in eddy currents is 
approximately proportional to the square of the rotational speed (Hanselman 1994).

 (5.16)

Bearing The mechanical friction torque in the bearings of the motor consumes 
power. The data of Kay (1988) suggest the friction torque speed dependence has a 
linear form with a constant term. The power, PB, lost in the bearings would therefore 
be

 (5.17)

Drag Power, PD, is also consumed in overcoming the air drag torque opposing the 
rotation of the armature. This loss depends upon the speed and upon characteristics 
of the rotor and stator surfaces bordering the air gap between them. These surfaces 
are rough compared to the air gap thickness. Because of the large relative roughness 
of the bounding surfaces and the low viscosity of air, we will assume the flow in the 
air gap may be categorized as turbulent at most rotating speeds, and that the rota-
tional drag coefficient is independent of the rotational speed. The torque is therefore 
proportional to N2, and the power consumed is

 (5.18)

The proportionality factor, kD, though independent of N, is dependent upon the pres-
sure and temperature in the air gap.

P k NH H=

P k NE E= 2

P k k N NB B B= +( ) .1 2

P k ND D= 3.
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5.4 Efficiency

The efficiency, ηM, of the motor is the ratio of the shaft power to the input power. 
Using the symbols defined above:

 (5.19)

Motors of interest to solar racers have efficiencies of 90 %, or greater, over por-
tions of their operating range. Figure 5.6 shows the efficiency curves for the Solec-
tria Corporation’s BRLS8, a brushless, permanent-magnet motor. The curves were 
adapted from data furnished by the manufacturer. Each constant-rotational speed 
curve passes through a maximum, and the highest maximum efficiency occurs at 
the highest rotational speed allowed. We will use these curves to understand how 
the efficiency depends on rotational speed and torque. First, we substitute the loss 
definitions into the efficiency equation and transform current to torque using kS. 
The result is

 
(5.20)
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Fig. 5.6  Motor efficiency curves

 



110 5 Electric Motor Drives

The coefficient R/kS
2 has some speed dependence, represented by

 (5.21)

The stray power loss, PL, is represented by

 (5.22)

The constants k1 and k2 are sums of the various constants defined in the stray power 
loss terms. Fitting Eq. (5.19) to the data (symbols) of Fig. 5.6 gives Table 5.1.

Note that the air drag constant was negligible. The solid lines in the figure were 
plotted from the curve fit.

The behavior of the efficiency can be understood from the behavior of the torque- 
and speed-dependent loss terms in Eq. (5.19). At a particular rotational speed, the 
losses that depend only on rotational speed are fixed. Therefore, at low torque, and 
therefore low armature resistance loss and low power, they form a proportionately 
greater part of the loss. Hence, the efficiency is low. The efficiency rises rapidly 
as the torque increases. However, the rapidly increasing armature resistance loss 
overcomes the shaft power increase, and the efficiency passes through a maximum 
and decreases.

Applying the condition that the slope of the efficiency curve must be zero at the 
maximum efficiency point at each rotational speed gives

 (5.23)

for the torque at best efficiency at a particular speed. PL increases, and R/kS
2 de-

creases, with rotational speed. Hence, the optimal torque increases with rotational 
speed, as Fig. 5.6 shows.

5.5 Motor Types

Brushed, Permanent-Magnet Motors The motor of Fig. 5.2 is termed a brushed, 
permanent-magnet motor. Its magnetic field is supplied by permanent magnets in the 
stator, and the current to the rotor, inside the stator, is controlled by a commutator. 

R
k

k k N k N
S
2 = + +0 01 02

2.

P k k N k NL D= + +1 2
2 3.

2
L S

optimalτ =
P k

R

k0 4.0578 W/(N·m)2

k01 − 3.4388(10−4) W/(rpm·N2·m2)
k02 1.8342(10−8) W/(rpm·N·m)2

k1 0.01114 W/rpm
k2 2.1575(10-6) W/(rpm)2

k3 ≈ 0

Table 5.1  Loss constants for 
BRLS8 efficiency model
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The use of permanent magnets avoids the power losses arising from supplying cur-
rent to electromagnets in the stator to create the magnetic field. However, the mag-
nets are very expensive compared to electromagnets.

The rotor is enclosed within the stator, which acts as a thermal insulator. This 
makes the rotor more difficult to cool. Brushed, permanent-magnet motors may 
come with a fan installed on the rotor shaft to provide forced cooling. The power 
consumed in cooling the motor in this fashion reduces the efficiency of the motor 
system.

Note how the maximum torque points of Fig. 5.6 cluster. The efficiency of 
brushed, permanent-magnet motors tends to have a narrow peak with respect to 
speed. This makes it more difficult to keep the drive operating near its best efficien-
cy over a wide range of torques and speeds. Because of this, Bleck (1993) suggests 
this motor is best for cruising at a relatively steady speed. Hilly terrain, with its fre-
quent requirement for low speed and high-torque operation, or urban driving, with 
its frequent speed changes, is not the best match to the efficiency characteristic. 
This conclusion applies to applications using a single-speed reduction. Employing 
a selectable-speed reduction, although adding weight and complexity, may give a 
net increase in energy efficiency during a race through such conditions because its 
use keeps the motor’s efficiency higher, on average.

A controller is not required for commutation. One may be used, however, to 
provide the control functions mentioned earlier, such as low-current starting. The 
controller will be lighter and cheaper than those used with permanent-magnet, 
brushless motors.

Brushless, Permanent-Magnet Motors Placing the field magnets in the rotor, 
enclosing the rotor in the stator, and controlling the current to the stator electroni-
cally eliminate the brushes. Figure 5.7 shows this arrangement.

Commutation losses are reduced. Cooling of the stator is easier because it is on 
the outside of the motor, and a cooling fan may not be required. This also increases 
the efficiency.

The stator windings may be longer, for the same motor volume, because there 
is more volume available to them when on the outside. Therefore, the motor can 
produce two or three times the shaft torque than can a brushed, permanent-magnet 
motor of the same volume or weight (Bleck 1993). This characteristic is most desir-
able in solar racers, which must be light. But the addition of a large and complex 
controller counterbalances the smaller weight of the motor. Also, the controller is 
expensive, and its power losses must be charged to the drive. However, these losses 
are small because the controllers are typically very efficient.

The maximum efficiency of the motor–controller combination can reach 94 % 
(Bleck 1993).

The efficiency characteristics at low rotational speed have relatively narrow 
peaks. Like the brushed motor, keeping the motor near its peak efficiency will be 
difficult in hilly terrain or urban driving.

Alternating-Current Induction Motors The stator windings of AC induction motors 
are placed around the rotor and supply the magnetic field in the air gap. The motor 
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controller transforms the DC current supply into two or three separate AC currents, 
called phases. Each of these phases is offset from the others in time by an equal 
fraction of the period corresponding to the frequency of the current. In the case of 
a two-phase motor, the offset is one-quarter period; in the three-phase motor, it is 
one-third period. Figure 5.8 shows the currents for the two-phase case. One phase is 
zero when the other is a maximum, because of the offset.

Each phase is connected to a winding of the stator. The windings are spaced 
about the stator such that the direction of the magnetic field in the air gap rotates 
as the current in each winding changes magnitude with time. This is illustrated in 
Fig. 5.9 for the two-phase case. Thus, instead of supplying current to the armature 
rotating in a stationary permanent-magnet field or a permanent magnet rotating in-
side an armature-stator, the field is electrically rotated. Figure 5.9 shows two poles 
rotating electrically; more than two poles are possible.

Fig. 5.7  A two-pole, brushless, permanent-magnet motor
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If f is the frequency of a phase and n is the number of poles, the rotational speed 
of the field in rpm is (Loew 1954)

 
(5.24)

Torque and shaft rotation are produced as follows. Current is not supplied to the ro-
tor. Instead, the current induced in the rotor by the electrically rotated magnetic field 

N f
nF =

120 .

Fig. 5.9  AC induction motor field rotation. (Adapted from Loew 1954)
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creates a magnetic field which interacts with the field of the stator to produce torque 
and rotation. The voltage induced, and hence the current, is proportional to the rate 
at which the rotor conductors cut the air gap field. This rate is proportional to the 
difference between the field and rotor speeds. Let the slip, s, be the difference be-
tween the field and rotor rotational speeds, expressed as a fraction of the field speed.

 
(5.25)

At start-up, s is 1; as the rotor picks up speed, s is reduced. If there were no load nor 
bearing and air drag loss, the rotor speed would eventually equal the field rotational 
speed, the synchronous speed. However, in a real machine at constant load, the rotor 
speed eventually reaches that producing slip sufficient to generate a torque exactly 
meeting the load plus the losses. To do this, the field speed must always exceed the 
rotor speed.

The power lost in the resistance of the two windings (rotor and stator) reduces 
the efficiency compared to the two DC, permanent-magnet motors discussed be-
cause they each have just one set of windings. But the losses caused by hysteresis, 
which depend upon the slip, not the rotor speed as in the DC motor case, are di-
minished. The result is a motor with a flatter efficiency characteristic with respect 
to speed changes than either of the permanent-magnet motors. This suggests that 
AC induction motors may provide a higher average efficiency when a race route is 
characterized by urban driving or frequent hills.

Wheel Motors Electric motors may be integrated with the wheels they drive. King 
et al. (1995) describe such an AC induction motor-wheel integration. The need for 
a heavy rear axle and differential was thereby eliminated. Through careful design, 
permanent-magnet motors can also be built for high efficiency and torque at rota-
tional speeds typical of the driven wheel, 1000 rpm and below. These characteristics 
allow the rotor to be connected directly to the driven wheel, thereby eliminating the 
transmission. Figure 5.10 illustrates the concept. Utilizing an axial field path allows 
adjustment of the thickness of the air gap between the rotor and stator. This gives 
the operator control over the torque constant of the motor, and the torque may be 
increased or decreased for a given current to the stator. NGM (1995) reports a 9-kW 
motor that can nearly triple its torque constant in this manner. Eddy current and 
hysteresis losses are lower because the motor must operate well below the rotational 
range of the radial-field designs already discussed. The motor, therefore, has a rela-
tively flat efficiency characteristic. Figure 5.11, adapted from NGM (1995), shows 
the combined motor and controller efficiency characteristics at three rotational 
speeds. Note that the maximum efficiency is about 93 %. The design discussed by 
Lovatt et al. (1998) achieved a maximum efficiency of 97.5 %.

There are drawbacks. The rotor and stator are exposed to the environment and 
so must be carefully sealed against moisture and dust. From the viewpoint of the 
suspension, the motor becomes part of the driven wheel; its weight is unsprung. 
Therefore, its mass contributes to the inertial loading on the wheel when driving 
over potholes and bumps. And the structure of the motor must be designed to with-
stand the static and dynamic forces experienced by the wheel assembly.

s N
N

= −1
F
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5.6 Speed Reduction

Suppose a conventional brushed or brushless motor is to be used, rather than a 
wheel motor, perhaps for economic reasons. The efficiency curves of Fig. 5.6, typi-
cal of conventional motors, show high efficiency at low torque and high rotational 
speed. This characteristic creates a mismatch with the higher torque–lower rota-
tional speed requirement at the driven wheel of the solar racer. As Example 5.1 
shows, a speed reduction between the motor and the driven wheel can be used to 
reduce this mismatch.

Fig. 5.10  Axial flux wheel motor. (Adapted from Hanselman 1994)
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5.7 Example 5.1

Suppose the racer has the vehicle characteristics given in Example 4.3. It is to cruise 
at 55 mph on a horizontal road, climb a 5 % grade at 25 mph, and use the BRLS8 
motor (Fig. 5.6). Select a speed reduction for this motor.

Solution The vehicle’s wheels would turn at 940 rpm at 55 mph, and the driven 
wheel would require a torque of 19.18 N·m and a power of 1888 W (1.27 hp). A 
properly installed timing belt or chain drive reduction would have an efficiency 
of 95 % or greater. These are commonly used by solar racers because of their low 
weight and high efficiency. Using this value means the motor must produce 1987 W. 
The speed reduction must now be set to keep the motor at the highest possible effi-
ciency. Multiplying Eq. (5.22) by πN/30 gives the power at maximum efficiency at 
any rpm. This power must be 1987 W.

 (5.26)

Solving this equation by trial and error gives 3824 rpm or a speed reduction of 
4.068. The power and speed correspond to a torque of 4.96 N·m and an efficiency 
of 93.06 %. This point is plotted in Fig. 5.12. The power demanded from the battery 
and solar array would be 2135 W, a 13.4 % increase over the wheel power.
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If, instead of cruising at 55 mph, the racer were climbing a 5 % grade at 25 mph, 
the torque and rotational speed required at the driven wheel would be 51.71 N·m 
and 427 rpm, respectively. The corresponding wheel power would be 2312 W. The 
corresponding motor power would be 2434 W, assuming the same speed reduction 
efficiency. Typically, solar racers run with a single reduction. If climbing the 5 % 
grade with the 4.068 reduction, the motor would operate at 1737 rpm, 13.38 N·m, 
and an efficiency of 78.83 %. Figure 5.6 shows this operating point to be outside 
the continuous operation region, far from optimal. The power demanded of the bat-
tery and solar array would be 3088 W, a 33.6 % increase over the wheel power. A 
compromise reduction for a hilly course would give more efficiency on hills but 
would limit the top speed when cruising on flats in order to keep the motor below 
its maximum allowable rotational speed.

If the racer were to be fitted with a two-speed reduction, with its design point 
chosen as climbing a 5 % grade at 25 mph, improvements would result. Assume 
that the two-speed reduction is 95 % efficient. Setting Popt to 2434 W and solving 
Eq. (5.26) yields a motor rotational speed of 4266 rpm. Therefore, a speed reduction 
of 10 would be required. The torque would be 5.45 N·m and, from Fig. 5.12, the 
motor efficiency would be about 93.3 %. This operating point is comfortable within 
the continuous operating limit region of Fig. 5.6.

The power demanded of the battery and solar array would be 2608 W, a 12.8 % 
increase over the wheel power. This result, less than half that of the single-speed 
reduction, implies that, for the car under study, the greater weight and complexity 
of the two-speed reduction may be justified for a hilly course.
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(The assumption that the one- and two-speed speed reductions have the same, 
constant, efficiency needs to be justified.)

5.8 I–V Curves

Drive An I–V characteristic for the drive, where I is the battery bus drive current IM, 
and V is the battery bus voltage, can be combined with the solar array and battery 
I–V characteristics on a single plot. We can study this plot to acquire an understand-
ing of the electrical dynamics of the solar array and battery, as their common load, 
the drive, changes.

For conceptual simplicity the motor will be a brushed, permanent-magnet unit, 
the I–V characteristic of which is described by Eq. (5.8). The controller feeding the 
motor in effect transforms5 the current, IM, and voltage, V, supplied by the battery 
bus to those values required by the motor according to

 (5.27)

where IMC and VMC represent the current and voltage, respectively, supplied to the 
motor and ηC is the controller’s efficiency. The bus voltage will be larger than the 
motor voltage. Consequently, the bus current will be smaller. The effect will be to 
shift the motor’s I–V curve as seen by the battery bus toward higher voltages and 
lower currents. At a particular rotational speed, the curve is still a straight line with 
slope 1/R. This load line has been drawn on Figs. 5.13–5.16. The curve shifts to the 
left or right as speed decreases or increases, respectively, because VC is proportional 
to the speed.

Array The maximum power point trackers, symbolized by a single unit in Fig. 5.1, 
also act in effect as transformers, converting the array current and voltage accord-
ing to

 (5.28)

where IMP and VMP represent the optimal current and voltage, respectively, IA is the 
array current to the bus, and ηT represents the efficiency of the trackers. The bus 
voltage is greater than the array voltage and the current less in the case of boost 
regulator trackers, and the reverse in the case of buck regulators.

Unlike that of the drive, the array’s I–V curve viewed from the battery bus does 
not retain its characteristic shape. A particular solar irradiance and cell temperature 
define a unique maximum power characterized by unique values of IMP, VMP, and ηT. 
Thus, for these conditions, the array supplies a constant power to the bus. Hence, 

5 Zinger and Braunstein (1981) developed this concept for modeling maximum power point track-
ers. It was used later by Appelbaum (1989) and Appelbaum and Singer (1989).

MC MC C M ,η=I V I V

MP MP T A ,η =I V I V
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the array I–V characteristic appears to the bus as the hyperbola: I–V equals a con-
stant. This curve is shown in Fig. 5.13. If the solar irradiation increases or the cell 
temperature decreases, the solar array maximum power increases. This results in a 
new hyperbola above the first; the reverse happens if the solar irradiance decreases 
or the cell temperature increases.

Fig. 5.13  Battery discharge
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Battery The figures also show the battery’s I–V curve. The curve intersects the volt-
age axis at the battery’s open circuit voltage, Voc. The slope of the discharge half of 
the I–V curve flattens toward the voltage axis as the charge in the battery decreases, 
so that the available battery current is less at a given voltage. The reverse happens 

Fig. 5.14  Battery float
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as the battery gains charge. In the following discussion, we will at first assume that 
the slope is constant so we may focus the discussion on the main events. We will 
also ignore the effect of age (number of equivalent full charge–discharge cycles). 
In a 2-week-long race, age will not affect the I–V curves of the types of batteries 
presently allowed.

Fig. 5.15  Battery charge
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5.9 Solar-Electric Drive Operation

A vertical line representing the bus voltage must intersect all three I–V curves in 
the figures. The intersection points imply the current supplied or used by the device 
represented by a particular curve or combination of curves. In this discussion, we 
will ignore the housekeeping loads on the battery bus, such as telemetry. These 
loads will be small compared to that of the drive.

Fig. 5.16  Regeneration
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Battery Discharge Suppose the car is cruising at a highway speed corresponding 
to a motor rotational speed of N1. The cruise condition usually requires that current 
be drawn from the battery to supplement the array’s supply. The sum of the array 
current, IA1, and the battery current, IB, supplies the current demanded by the drive, 
IM. Figure 5.13 shows this situation schematically. In the I–V plane, the bus voltage, 
VB, drops below the battery’s open circuit voltage, causing the battery to discharge 
at a current of IB.

If the charge on the battery were low, the battery’s I–V curve would be flatter. 
The current the battery could supply at each voltage would then be less in any dis-
charge scenario. The array I–V hyperbola is fairly flat, so the driver must reduce 
the demand, i.e., slow down. Otherwise, the bus voltage will drop further, rapidly 
increasing the battery current and rapidly decreasing the battery’s charge. This will 
continue until the controller reaches its low-voltage cut off, or the motor stalls.

Battery Float Suppose that the racer enters a reduced speed zone. The river reduces 
speed until IM is such that the solar array current, IA, can supply it exactly: IM equals 
IA. Figure 5.14 shows this state. There is no excess array current and no load on the 
battery. Therefore, IB is zero; the battery is in the open circuit condition, floating on 
the bus, so to speak. The drive’s load line will then pass through the intersection of 
the battery’s open circuit voltage with the array’s load line, as shown.

Battery Charge When the car is moving slowly in traffic we suppose that the drive 
current demand can still be met by the array, but with some excess. This excess is 
charged into the battery such that IM is IA2 less IB. Figure 5.15 shows this schemati-
cally. Suppose the car waits at a stop light. There is no current demand from the 
drive. Therefore, the bus voltage VB is greater than the battery’s open circuit voltage 
and passes through the intersection of the battery’s I–V curve with the array’s I–V 
curve. The battery is now charged at the rate IB equal to the array current, IA.

Regeneration If the car begins to coast down a hill, as in Example 4.3, the motor 
requires no current but is instead driven by the torque from the net force component 
pointing down the hill. The motor continues to rotate in the same direction and 
picks up speed as the car accelerates. VC, therefore, rises and overcomes the applied 
voltage. The armature current then reverses direction and is supplied to the bus; the 
motor becomes a generator. The torque created by the armature current reverses, 
resisting the shaft torque driving the generator. This brakes the car. The generated 
current is supplied to the bus, charging the battery. The sign of the slope of the 
drive’s I–V curve is reversed. This situation is illustrated in Fig. 5.16.

The controller must allow regeneration to be applied gradually, perhaps through 
a regeneration pedal. If it is applied rapidly, the armature current rises rapidly, and 
the battery may be charged too quickly, causing gassing, and the large braking 
torque may cause the driven wheel to lock. The braking effect tends to be stronger 
at high rotational speeds and weaker at low.

It is possible in a day of stop-and-go and hilly driving to recover from less than 
10 % to as much as 25 % of the battery’s capacity, according to Korff (1980). Korff 
also observes that frequent short charging reduces stratification in the battery’s elec-
trolyte, tending to increase the battery’s life and capacity.
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Chapter 6
Electric Power Conversion and Distribution

6.1 Introduction

The electrical system connects the electric power sources to the high- and low-volt-
age loads. It is shaped by the current and voltage demands of the various loads, the 
requirements for grounding, switching, and electrical overload protection imposed 
by good practice and race rules, the need for low weight, low power loss, reliability, 
rapid maintenance and repair, and low cost.

The rules of solar-electric vehicle races differ. Therefore, to avoid having to con-
sider many cases, the 2001 American Solar Challenge (ASC) rules (Chap. 16) will 
be applied herein. However, as previously mentioned, be sure to consult the current 
rules for the race you are considering.

6.2 Power Supply

Under ASC rules, once the race begins, the solar cell array and the battery are the 
only sources of power allowed, with three exceptions. Power for the radio, elec-
tronic panel meters, and telemetry equipment, etc., may come from “supplemental, 
replaceable” batteries.1

6.3 Loads

Typical Loads Table 6.1 lists the typical electric loads of a solar car electric system. 
The ventilation could be supplied by a single fan, as was done for the Sunraycer 
(MacCready et al. 1990). Also given are representative quantities for each kind of 
load and whether the load operates continuously (C) or intermittently (I).

1 See Chap. 16, page 320, sub-section Supplemental Batteries.

© Springer International Publishing Switzerland 2015
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No headlights are shown in Table 6.1 because only daylight operation is required 
during a race.2 All the loads must operate from the direct current (DC), otherwise an 
inverter, which converts DC to AC, must be employed. Inverters consume power 
and add mass.

Supplemental Loads Powering the radio, some panel meters, and the telemetry 
equipment from the main storage batteries will reduce the energy available for pro-
pulsion and increase the mass of the car by the mass of the connecting wiring. 
Alternatively, powering these devices from supplemental batteries will increase the 
mass of the car by the mass of the supplemental batteries. The mass involved is not 
large (except possibly that of the telemetry equipment battery). Nevertheless, every 
kilogram increase should be thought through to see if it gives a net advantage. The 
trade-off question is: Will the reduction in range from powering the equipment from 
the main battery be greater than that from carrying the extra mass of supplemental 
batteries?

6.4 Basic Interconnections

Block Diagram Figure 6.1 shows a simplified block diagram of a typical electrical 
system. The battery and solar array are connected in parallel with the motor con-
troller so that either or both of these power sources can supply power to the motor 
controller, and excess power can be sent to the battery. The voltage of this main 
bus or battery bus is therefore applied equally to the solar array, the battery, and the 
motor controller.

Low-Voltage Loads Fig. 6.1 shows that all the loads in the electrical system do not 
require the same voltage. Generally, there is a low-voltage subsystem (the “low-
voltage taps,” typically 12 V, of Fig. 6.1) that powers loads such as, the turn signals, 
backup lights, horn, and the cockpit-ventilation fan. The DC–DC converters shown 
in Fig. 6.2 reduce the main bus voltage to the lower voltage required. They feed two 
branch circuits.

2 However, the state where the car is built and tested may require headlights.

Table 6.1  Electric loads
Load Quantity Duty
Motor controller 1 C
MPPT 4 C
Battery fan 1 C
Cockpit fan 1 I
Brake lights 2 I
Turn signals 4 I
Horn 1 I
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6.5 Efficiency and Voltage

Efficiency The low power available to the solar racer makes it essential to pay close 
attention to minimizing electric power losses. Power losses in wiring are propor-
tional to the product of the square of the current and the electric resistance (or to the 
product of the voltage drop over the wire and the current). For a fixed resistance, 
halving the current reduces this loss by a factor of four. Motor operation and battery 
charge and discharge are also more efficient at low current and high voltage. There-
fore, the rule is to operate the electrical system at high voltage and low current.

Design Main Bus Voltage According to the thumb rule discussed above, the design 
main bus voltage should be as high as practical.3 (“Design value” means the value 
of the bus voltage under specified design conditions, such as those of Chap. 16). 
Beside meeting this general goal, the design value must be an integral multiple 
of the battery module voltage, be within the allowable input-voltage range of the 
motor controller, and be within the allowable input-voltage range of the DC–DC 
converters supplying the low-voltage subsystem.

If the MPPTs are boost regulators, then the goal should be to have the array volt-
age always4 below the main bus voltage. For buck regulators, it should always be 

3 The voltage at any instant will depend on the current draw at that instant and the I-V characteris-
tics of the two power sources and the connected loads; this is developed in more detail in Chap. 5.
4 Read et al. (1990) reports a boost regulator design in which an overvoltage can occur when the 
array is in full sun and the main bus voltage is low because the batteries are nearly drained and the 
motor current is large.

Fig. 6.1  Electric system block diagram
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above the main bus voltage. The main bus voltage thus also influences the number 
of solar cells in the series-connected strings of the solar array.

6.6 Mass

Target Chapter 11, Solar Racer: Construction, advises that the mass specified for 
the car be apportioned among the carʼs systems. Thus the electrical system should 
have a mass target, most of which will be consumed by the batteries. Nevertheless, 
every opportunity to reduce the mass should be exploited; many small reductions 
add up to a big reduction. And a solar car has many small parts.

Fig. 6.2  Power system schematic
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Current Low current demand, in addition to improving efficiency, allows smaller 
wires, smaller fuses, and switches, which reduce the mass of the electric system. 
Wire size is selected by the amount of current to be carried, larger currents requir-
ing larger wire, and mass is directly proportional to wire size. Size is indicated by 
the wireʼs American wire gauge (AWG) size, with large AWG meaning small wire. 
The data in Table 6.2 for solid, bare copper wire show how weight and length are 
related (ARRL (1973)).

Note that for a given length, decreasing the resistance by reducing the AWG in-
creases the mass. However, the layout of the electrical system controls the length of 
the wire, and both the mass and the resistance are directly proportional to the length. 
Careful attention to the layout can reduce both mass and power loss by keeping wire 
runs short.

6.7 Wiring

Sizing Wire The size of the wire affects not only the efficiency, but also safety. 
Undersized wire can overheat, resulting in damaged insulation, short circuits, or 
fires. The maximum possible current allowed in a particular wire (the ampacity) 
depends upon the wire size, the kind of insulation on the wire, and whether the wire 
is a single conductor in free air (better cooling), or bundled in a conduit or cable 
(poorer cooling). For example, Table 6.3, adapted from the National Electric Code 
(NEC) and presented in McCarney et al. (1987), shows that 14 AWG wire has an 
ampacity of 15 A when in a conduit or cable and covered with thermoplastic insula-
tion, but has an ampacity of 20 A when in free air with the same insulation.

Sizing Rule A thumb rule recommended by McCarney et al. (1987) to size the wire 
is to allow a maximum of 2 % voltage drop in branch circuits (fed from load cen-
ters) and an overall maximum of 5 % voltage drop from the power source to the 

Table 6.2  Bare copper wire characteristics
AWG Diameter (in) Ft/lb Ohm/1000 ft
22 0.0 514.2 16.46
20 0.0320 323.4 10.35
18 0.0403 203.4  6.510
16 0.0508 127.9  4.094
14 0.0641  80.44  2.575
12 0.0808  50.59  1.619
10 0.1019  31.82  1.018
 8 0.1285  20.01  0.6405
 6 0.1620  12.58  0.4028
 4 0.2043   7.914  0.2533
 2 0.2576   4.977  0.1593
 1 0.2893   3.947  0.1264



130 6 Electric Power Conversion and Distribution

load (applied to runs between the array, the battery, or the motor and the main bus). 
Smaller limits may be required by manufacturerʼs instructions. Wider limits may be 
allowed, too. For example, the allowable input-voltage range to a commercial DC–
DC converter producing 12 V might be 100–200 V, or the allowable input-voltage 
range to a motor controller might be 65–130 V.

For branch circuits, using the wire length to the farthest load and the peak current 
may result in too much mass. If so, divide the branch into segments and size the 
wire in each segment according to its length and peak current.

Wire Types Copper is the preferred metal for use in wires because of its low electri-
cal resistance. Wires may be solid or braided. Braided wires are more flexible and 
therefore, are preferred for large sizes such as those used for battery module inter-
connections. Wiring in solar electric cars must always be insulated. The insulation 
should be color coded to show the wire’s service assignment. As Table 6.3 implies, 
the type of insulation must be chosen for the temperature range and whether dry or 
wet conditions prevail. Summer operation dictates a high specified design tempera-
ture, at least 50 °C. Moisture inside the car should be expected.

Connections To promote rapid maintenance and repair, modular construction and 
quick-release electrical connectors, and tie-downs should be employed, when pos-
sible. This allows rapid replacement of malfunctioning modules.

6.8 Switches and Fuses

Switches Switches are used to connect power sources to the main bus, and to turn 
loads on and off. They are rated for a particular voltage, current type, and amount 
of current. Current type matters because DC current tends to arc (jump) across the 

Table 6.3  NEC copper wire ampacity
Conduit and cable A wire; free air

AWG T and TW THW T and TW THW
14 15 15 20 20
12 20 20 25 25
10 30 30 40 40
8 40 50 60 70
6 55 65 80 95
4 70 85 105 125
2 95 115 140 170
Code Tmax (C) Env Insulation
T 60 Dry Flame-retardant, thermoplastic
TW 60 Dry or wet Flame-retardant, moisture-resistant 

thermoplastic
THW 75–90 Dry or wet Flame-retardant, moisture- and heat-

resistant thermoplastic
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contacts of a switch as the switch opens.5 Switches intended to interrupt DC cur-
rent are designed for this. If the switch is not properly rated, it may burn out from 
repeated arcing, or in heavy current applications the contacts may weld together 
(McCarney et al. 1987).

Fuses Fuses are the means of overcurrent protection required by race rules; circuit 
breakers are not allowed. Fuses should always be placed in the positive wire; the 
grounded side of a circuit should never be switched or fused. If a fuse was placed 
in the negative wire, an overcurrent condition causing the fuse to open the circuit 
would disconnect the load from ground, not from the voltage supply. Thus, a person 
touching the load could be electrically shocked.

6.9 Grounding

Motivation and Definition Grounding helps to prevent electric shock to people 
working on or touching the body or components of the solar car. In the case of 
vehicles, it does not refer to an actual connection to the earth. Instead, it means 
that a common point is provided in the electric system where the negative (return 
circuit) wires of the power and instrumentation circuits are electrically tied together. 
This point will be the common voltage reference for the car, the zero voltage point.

Grounded Frame Sometimes solar cars are constructed using a “space frame” of 
metal tubing inside a streamlined, composite shell. The frame should be connected 
to the electrical ground point. Otherwise there will be an electric potential between 
the frame and any conductor in the car, even between the frame and the ground 
point. Also, an ungrounded frame can accumulate an electric charge, which when 
discharged can damage sensitive electrical devices. The frame should be connected 
to ground at only one location to prevent current flow between multiple ground 
points ( ground loops).

When the frame is connected to ground, electric shock hazard exists only at high-
voltage points, such as the battery and solar array terminals or the main bus. Race 
rules require high voltage warning signs at such dangerous locations.

Electrical Noise Electrical noise interferes with radio voice communications 
because it is picked up by radio receivers along with the transmitted voice signal, 
causing the voice to be less intelligible. Sources of electrical noise are sparking 
from propulsion motor and ventilation fan commutator brushes (if present), oper-
ating turn signals, and wheel and tire static. ARRL (1973) discusses solutions for 
these problems. The “receiver” for the electrical noise is the wire on board a solar 
car, which may be of considerable length. Consider using electrically-shielded wire 

5 For example, when power to an inductance (i.e., a motor) is turned off, the current decreases 
quickly, inducing a large voltage in the windings, which appears across the switch contacts creat-
ing a momentary arc.
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with the shielding grounded. As usual, this must be balanced against the additional 
mass added to the car.

6.10 Wiring Diagram

Figure. 6.26 shows one way of connecting the power sources to the loads. The fig-
ure shows no instrumentation to measure the voltage and current in different parts 
of the system. Instrumentation will be added in Chap. 7, Instrumentation. The two 
power sources, the motor controller, and Auxiliary Bus 2 incorporate a fuse and a 
disconnect switch in the positive wire. Auxiliary Bus 1, which powers the battery 
fan, has no disconnect switch nor fuse but is energized whenever the battery or the 
solar array is connected to the main bus, as required by race rules.

6.11 Example 6.1

Size the wire, using the sizing thumb rule given above, fuses, DC–DC convertors, 
and circuit breakers for the solar car electric system of Fig. 6.2. Estimate the weight 
of the wiring. Add allowances for insulation, connectors, and uncertainty in wire 
run length.

Loads (main bus at 120 V):

1. A 2-hp DC motor with an overload capability of 4 hp for 15 min (30-A overload).
2. 12 V, 1 A for the electronics, motor controller, and battery fan.
3.    12 V, 9.25 A for the turn signals, running lights, cockpit fun, and horn.
  Power sources:

1. Solar cell array giving 9 A at 120 V, (under standard testing conditions).
2. 20, series-connected, 6-V, Ag–Zn batteries.

Solution Figure 6.3 shows the approximate distances for the wire runs and the loca-
tions of the components. The main bus is a terminal strip housed in a waterproof, 
plastic junction box.

The motor controller is located near the motor in the rear of the car close to the 
driven wheel. The two DC–DC converter connectors are near the main bus box. The 
battery box is mounted just forward of the main bus box.

The data in Table 6.1 were used to size the wires. The codes in the table of re-
sults, below, are those next to the component names in Fig. 6.2. Somewhat larger 
wires were chosen to allow for uncertainties in wire run lengths.

6 A simplified version of the electrical system of Kalakwaneha, Clarkson University’s first solar 
racer, as presented in Read et al. (1990).
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Wire run Max.
volts

Max.
amps

One-way 
length (f)

Loss 
(%)

AWG Type Wte.
(lb)

A-MPPT 120  3 1 2 18 Solid 0.01
MPPT-MB 120  3 2.5 2 18 Solid 0.05
B-MB 120 35 2 2 14 Braid 0.05
MB-MC 120 30 12 5 12 Braid 0.48
MB-AB1 120  1 1 2 18 Solid 0.01
AB1-1  12  0.25 12 2 22 Solid 0.03
AB1-2  12  0.15 2 2 22 Solid 0.005
AB1-3  12  0.2 2 2 22 Solid 0.005
AB1-4  12  0.2 2 2 22 Solid 0.005
AB1-5  12  0.2 2 2 22 Solid 0.005
MB-AB2 120  2 1 2 18 Solid 0.01
AB2-6  12  5 5 2 16 Solid 0.08
AB2-7  12  1.0 10 2 18 Solid 0.1
AB2-8  12  1.0 10 2 18 Solid 0.1
AB2-9  12  1.0 12 2 18 Solid 0.12
AB2-10  12  1.0 12 2 18 Solid 0.12
AB2-11  12  0.25 5 2 22 Solid 0.012
B-B 120 35 15 × 0.33 ft Small  2 Braid 1.005

Total 2.20

Fig. 6.3  Wire runs for example 6.1
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The calculation for branch AB2-9 was as follows. The maximum two-way length 
for a particular AWG and peak current should yield less than the specified percent-
age voltage drop

 (6.1)

where R′ is the resistance per foot from Table 6.1, L is the one-way wire run length, 
and ΔV/V is the fractional voltage drop allowed over 2 L. Substituting the numbers 
for the example branch,

or, L < 18.4 ft. Because the run is 12 ft, this gives a 6.4 ft, one-way allowance for run 
length uncertainty, using #18 wire.

The battery interconnects (B–B) were made much larger than necessary, follow-
ing the advice of McCarney et al. (1987).

Allowing 20 % for connectors and insulation brings the total from 2.20 to 2.64 lbf.
All switches and fuses are sized for 150 % of the peak current and the relevant 

DC voltage. This will satisfy the sample race rules which restrict the battery fuse to 
not more than 200 % of the maximum expected current draw. Thus, in our example, 
the battery fuse must be rated for 53 amps. S2, the battery disconnect, must be rated 
for at least this current.

The DC–DC converter for Auxiliary Bus 1 must supply 12 V at 1 A, or 12 W. The 
converter for Auxiliary Bus 2 must supply 12 V at 9.25 A, or 111 W. The manufac-
turer’s data sheets show that the converters will weigh about 0.5 lbf each, bringing 
the system weight to 3.64 lbf.

6.12 Final Thought

When planning the wiring of the car, viewing the actual interior space may inspire 
ideas for improving the layout, that is, reducing the wiring weight and power loss. 
A vehicle mock-up, in addition to the uses suggested in Chap. 11, is very handy for 
planning wiring layouts.
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Chapter 7
Instrumentation

7.1 Introduction

A solar racing car cannot be managed during a race without knowledge of its speed 
and the state-of-charge of its battery. Other parameters are also important, such as 
the array current, the motor current, the main bus voltage, the motor temperature, 
and the cockpit temperature. The present chapter covers the means for making the 
foregoing measurements.

In addition to display in the cockpit, measurements may be sent to a computer in 
the chase vehicle by a telemetry system. The information then becomes part of the 
database used to adjust the speed of the car to maximize its average speed over the 
day’s route. This chapter will also discuss telemetry.

7.2 Voltage

Main Bus The main bus voltage must be measured. It is a pointer to the state of 
charge of the battery, although it usually will not be an accurate measure of it, and 
is one indicator of the general electrical health of the car.

Figure 7.1, shows the electrical system of Fig. 6.2 with instruments added. It 
shows a voltmeter connected to the main bus; this may be physically done at any 
convenient point and the meter itself installed in the cockpit display. The current 
flowing through the voltmeter will be almost zero because the internal resistance of 
the voltmeter is very high. Therefore, the length of the wire running to the meter is 
not critical.

Auxiliary Bus Voltages Figure 7.1, shows voltmeters connected across the two aux-
iliary buses. Although not essential, this arrangement gives fault cause information 
should some of the equipment supplied by these buses malfunction. Instead of sepa-

© Springer International Publishing Switzerland 2015
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rate meters for each bus, a single meter with a selector switch would save weight, 
money, and simplify the instrument panel.

7.3 Current

Array Current Figure 7.1 shows ammeters measuring the currents from each string 
of the array. The current (or lack of it) from each string is an indicator of pos-
sible faults, such as an open circuit. The total array current multiplied by the main 

Fig. 7.1  Instrumentation example
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bus voltage is the power supplied by the array, an important energy management 
parameter.

Battery Current The battery current should be displayed by an ammeter that indicates 
both positive (charging) and negative (discharging) currents. When the motor is not 
regenerating, the battery ammeter is a sensitive indicator of the car’s energy demand 
relative to the solar energy available from the array. Consider the following example.

Suppose the road is level and the sky is clear. At slow speed the battery ammeter 
will indicate charging, showing that the rate of supply of solar energy (the solar 
power) exceeds than what is required to maintain the current speed. This excess is 
being stored in the battery. Let the speed increase to a new steady value. The charg-
ing current decreases. If this continues, a speed will be found at which the battery 
current is zero. This is the solar speed, the speed sustainable under the prevailing 
conditions by solar power alone. If the incremental speed increases are continued, 
the battery current will show a discharge. This implies that the solar power supplied 
by the solar array is less than that required for the current steady speed, and the drive 
must draw on the stored energy to maintain the speed.

The forgoing example is also discussed in Chap. 5, Electric Motor Drives, with 
the aid of the I–V curves of the solar array, drive, and battery.

Motor Current Motor current instrument, like the battery ammeter, must display 
both positive (in to controller) and negative (out of controller during regeneration) 
currents.

The product of the motor current and the main bus voltage is the power con-
sumed by the motor and controller at the current speed. The current multiplied by 
the motor’s torque constant gives the torque of the motor (Chap. 5). Constant motor 
current, that is, constant torque, operation is a way of managing the drain on the bat-
tery directly. The power delivered to the transmission may be found by multiplying 
the torque times the motor’s angular speed (radians per second). This information is 
useful in adjusting the solar car’s speed for the most efficient drive operation.

7.4 Temperature

Thermocouples A thermocouple is formed by a cable composed of two dissimilar-
metal wires, such as copper and constantan (copper-nickel), joined at each end. If 
one junction is heated and the other is cooled, a voltage between the junctions is 
produced that is proportional to the temperature difference between the junctions. 
The constant of proportionality is called the Seebeck coefficient and the voltage 
produced is on the order of a millivolt.

If the cold junction is maintained at a known temperature, as by an ice bath, for 
instance, then the temperature of the hot junction can be computed by adding the 
quotient of the thermocouple voltage and the wire pair’s Seebeck coefficient to the 
cold junction temperature. Ice baths are not convenient for solar cars, being heavy, 
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bulky, and difficult to keep at 0°C under summer race conditions. Small, battery-
operated, electronic temperature references can be used, instead.

Thermistor The electrical resistance of a substance is a function of the substance’s 
temperature, often increasing as the temperature increases. The resistance of a 
thermistor is especially sensitive to temperature and varies linearly with it. There-
fore, supplying a thermistor with a small current will yield a voltage drop propor-
tional to the thermistor’s temperature. Thermistors are not usable at temperatures 
much above the 100–150°C range. However, they do not require a temperature 
reference.

Motor It is prudent to measure the motor’s temperature because motors can be 
easily destroyed by overheating. This has happened in past Sunrayces when motor 
cooling had failed.1 Manufacturer’s instructions should be followed for the place-
ment of the temperature sensor.

Cockpit The ambient temperature in the cockpit should be monitored. In stop-and-
go traffic in June, when the outside temperature is high, cockpit temperatures of 
120 °F have been measured in solar cars with high cockpit solar gain. Clearly, the 
ventilation system and the cockpit glazing should be designed to prevent such dan-
gerous extremes. Nevertheless, it is prudent to monitor the cockpit temperature.

Array It is not generally possible, especially when the car is in motion, to speak of 
an “array temperature” because as Chap. 3 points out, there will be a temperature 
distribution over the array. So, measurement of the temperature of a single cell can-
not characterize the entire array. The temperatures of cells at key locations, such as 
the leading edge and the trailing edge of the array, might give the lower and upper 
bounds of the temperature distribution of the array. Thermocouples, because of their 
small size, are best adapted for this measurement.

7.5 Speed

Speedometer A convenient method of measuring the solar car’s speed is to use a 
digital bicycle speedometer. These small devices can display speed, elapsed dis-
tance, average speed, maximum speed, and time. A sensor detects the passage of a 
magnet mounted on the rim of a wheel.

Motor Tachometer If the motor controller supplies a voltage proportional to the 
motor rotational speed, this signal is directly proportional to the speed of the car.2 
The voltmeter sensing the signal must be calibrated to account for the transmission 
rotational speed reduction and the diameter of the driven wheel. In the absence of a 
manufacturer-supplied rotational speed signal, a bicycle speedometer magnet could 

1 Colloquially known as “frying” your motor.
2 Read et al. (1990) reports such an output accurate to within 5 %.
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be mounted on the rim of a small, lightweight, nonmagnetic disk fixed to the motor 
shaft. Then a bicycle speedometer pickup could sense the rotation. Fraser (1991) 
suggests using a ferrous, 60-tooth gear and a magnetic pickup. The frequency of 
the pulses from the pickup will be numerically equal to the motor’s rotational speed 
in revolutions per minute. In either case, the pulsing signal must be converted to a 
DC voltage.

An advantage of the tachometer method over the bicycle speedometer is that a 
voltage proportional to speed is available not only for cockpit display as the speed, 
but also to the telemetry system.

7.6 Battery Charge

The following remarks emphasize and supplement those in Chap. 4.

Methods The state-of-charge of the battery is the most important information to 
know, but it is also the most difficult to measure. A hydrometer can be used to 
measure the specific gravity of the electrolyte (if the batteries are not sealed), which 
Chap. 4 showed was a direct indicator of the state-of-charge for some types of bat-
teries. There may be time for this during the morning or evening charging periods, 
but stopping the car during the day to make this measurement is out of the question. 
Then, reliance must be placed on indirect methods of which there are two: measure-
ment of the battery open circuit voltage and measurement of the net charge flow 
into the battery.

Bus Voltage Figure 7.2, shows charging characteristics for AgZn, and Pb-Acid bat-
teries. For the Pb-Acid battery a unique correlation between the fractional state of 
charge and the bus voltage is evident. However, the long, flat region of the Ag-Zn 
curve shows that this unique relationship is not guaranteed. Additionally, the state-
of-charge indicated by the bus voltage depends upon the age of the battery, being 
lower at greater ages. This potential ambiguity introduces only a small inaccuracy 
during a race because the battery will usually not have aged significantly during the 
race, with at least one exception; the life of Ag-Zn batteries is quite short, perhaps 
15 deep cycles. Thus, at the end of a 10-day race, an Ag-Zn battery will be nearly 
at the end of its useful life.

Ampere–Hour Meter An ampere–hour meter sums the charge flow in and out of the 
battery, with the charge flow in being positive, and displays the net charge sent to 
the battery. Therefore, when the battery is charging, the number displayed increases. 
This number usually changes slowly,3 hence, a meter may also have a light display 
that shows whether the battery is charging or discharging. The unit of measure is 

3 Although, when a short circuit, or a semi-short circuit, happens (caused by rain water entering the 
openings you have not properly sealed) the ampere–hour meter reading unreels like a slot machine 
display after the handle is pulled.
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the ampere–hour rather than coulombs.4 The charge storage efficiency of batteries 
is high, perhaps 97 %, so the actual charge is close to that registered on the ampere–
hour meter.

Stored Energy The product of the ampere–hour reading and the bus voltage (W-h), 
if computed when the battery is charging or discharging, is an inaccurate measure 
of the energy stored. When charging, the bus voltage will be higher than the internal 
voltage at which the charge is stored; when discharging, it will be lower. The prod-
uct instead measures the rate of energy delivery to the battery or to the bus, respec-
tively. The net energy delivered to the battery or to the bus over a time interval may 
be computed from this product. If the time interval is short enough, the charging 
and discharging components of the net energy can be separated and the transaction 
efficiency, energy discharged divided by energy charged, of the battery may be esti-
mated. The accuracy of this estimate will depend upon the time interval, which will 
be controlled by the sampling rate of the telemetry system.

7.7 Instrument Panel

Forethought must be given to the instrument displays’ appearance, and to the cock-
pit layout and lighting, especially, if driver-reported instrument readings are to 
be used for energy management. All instruments and controls should be clearly 
marked. The instruments should be readable at a glance, not shaded nor in glare, 
and should not divert the driver’s eyes from the road excessively. Switches should 

4 3600°C is equal to 1 A-h.

Fig. 7.2  Voltage and charge
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be within easy reach. The race rules give requirements for the location and marking 
of the battery and motor switches. Storey et al. (1994), show several photographs 
of cockpit layouts.

7.8 Telemetry

Function The telemetry system gathers data about the condition of the solar car 
and transmits the data to the chase vehicle, where it is received and entered into a 
computer. A computer program processes the data to assist the race team in manag-
ing the solar car’s energy supply.

Manual System The simplest, lightest, least power-consuming, and cheapest sys-
tem is to have the solar car driver radio and the readings of the cockpit that displays 
at regular intervals. The recorder notes the time, and then enters the readings manu-
ally into a spreadsheet program. The time interval between readouts should be 10 
or 15 min (and sometimes longer in difficult traffic), and the number of instruments 
read should be minimized, to avoid excessively distracting the driver. The time 
resolution and precision of the readings will be coarse, and the number of param-
eters monitored will be small, compared to automatic systems. But, with practice, a 
solar car can be adequately managed in this manner.

Automatic System An automatic system can obtain, transmit, and record many mea-
surements every few seconds. Figure 7.3, shows a block diagram of such a system 
based on a wireless data logger. The currents are measured using shunts and the 
voltages using taps. These could be the same shunts and taps that are used for the 
cockpit meters.

A data logger is essentially a voltmeter that can very rapidly scan (read and re-
cord) many channels of data and send the data to a computer. Wireless units use a 
low-power radio signal, instead of a cable, to send the data to a remote receiver. The 
receiver sends the data to a computer. Commercial wireless loggers can be battery-
operated and accept inputs from many AC or DC voltage sources (ranging in ampli-
tude from millivolts to 200 or 300 V), resistance temperature detectors (RTDs), and 
thermocouples. They may be expensive and weigh around 3–4 lbs. The more input 
channels you desire, the more expensive the logger becomes.

Lower-cost wireless systems require more construction by the users, or dona-
tions from sponsors (see Chap. 14, Fundraising and Public Relations). Read et al. 
(1990), outline a partly-home-built-and programmed wireless system that used a 
donated laptop computer fitted with an analog-to-digital (A/D) conversion board. 
The analog (continuous) voltage signals from the shunts, and voltage taps were 
connected to the A/D board which converted them to digital (sampled) signals for 
the computer. Going even further, Fraser (1991) and Storey et al. (1994), present 
outlines of designs for racing team-constructed computers for wireless telemetry 
systems.
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Chapter 8
Solar Racer—Specification

8.1 Introduction

This chapter and the succeeding chapters draw on experience with the five solar rac-
ing cars designed and built by students at Clarkson University for the 1990, 1993, 
1995, 1997, and 1999 Sunrayces.

8.2 Preliminary Design

The term “preliminary design” refers to decisions about the shape, weight, drive, 
etc., made early in the design process. Some will be based on estimated information 
and so may be revised later; design is a recursive process. Preliminary design may 
be thought of as having three phases: planning and specification writing, concept 
generation, and concept selection. When the concept has been selected, detailed de-
sign begins. Of course, design, construction, and test are really a continuous process. 
No one stands up at a meeting and formally announces the beginning of the next 
phase. Each phase blends into the next, and they often go on in parallel. The process 
will bifurcate, at least, with the electrical and mechanical parts of the car following 
parallel time lines and therefore entering different phases at different times.

8.3 Project Planning

Putting the car on the road early is usually of transcendent importance because it 
allows time to test the car, to improve it, and to train the race team. Also, the project 
is complex, involving much more than just building a car; the designers must view 
their job as constructing a racing system. To accomplish this task early requires a 
plan.

© Springer International Publishing Switzerland 2015
E. F. Thacher, A Solar Car Primer, DOI 10.1007/978-3-319-17494-5_8
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Documents A project plan might consist of a bar chart, weight-control sheet, engi-
neering drawings, procurement sheets, and a design notebook containing support-
ing calculations, manufacturer’s data, and the like.

The bar chart shows the tasks to be done, when they start and stop, how they 
relate to the other tasks, and who will do them. It is a way of taking a bird’s eye 
view of the whole enterprise. The first plan will be made with a number of assump-
tions about resources, the time required to accomplish the tasks, etc. Some of these 
assumptions may turn out to be wrong, so the plan must be changed. Hence, it is a 
dynamic document, not a sacred, chiseled-in-stone set of commandments.

Drawings Fabrication planning requires engineering drawings because they 
describe what is to be built. The production of engineering drawings takes time up 
front. Korff (1980) observed that it is possible to build an experimental vehicle “…
with very few engineering drawings.” This may be true of seasoned professionals 
and to some extent of student teams, in proportion to their experience. Nevertheless, 
without engineering drawings it is very difficult to work in parallel because there 
is no set of instructions to give to each sub-team. Working in parallel saves time. 
Also, with no drawings, designs tend to be seat-of-the-pants affairs and to be built 
without proper review. There is also an increased tendency to lose control of the 
weight, and those managing tend to lose the overall picture. The design and fabrica-
tion burden tends to fall on the few who have the work in their heads; nothing can 
go forward without their personal presence and direction. Drawings do not have to 
be formally produced using CAD software. They can be done with drawing tools, or 
even be freehand, but must be careful, neat, clear, and scaled. Chapter 10 will show 
examples of engineering drawings.

Procurement and Weight Procurement sheets are used to keep track of items to be 
acquired. They have columns for part number, name, source, price, procurement 
document identity and date, and the date of receipt. Weight-control sheets facilitate 
the control of the design’s weight.

Decisions The decisions in the design process can be made by trial-and-error 
guesswork or by careful analysis. In practice, both are used. When cars are built 
by amateurs, such as college students1 who have an academic agenda to pursue 
beyond the car project, there may not always be sufficient time (especially as the 
project deadline approaches) for careful analysis and the production of engineering 
drawings (particularly the latter), or even testing. Trial and error will be employed. 
If the guess is right and the part does not break, at least not immediately, time has 
been saved. But nothing has been learned nor documented: The part is a mystery. If 
the guess is wrong, even though failure did not occur immediately, it may occur at a 
critical moment, such as during the race, and more than time may be lost.

1 However, always bear in mind that persons attracted to solar car projects may be highly skilled 
in some areas; these skills must be identified.
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Meetings and Communication Ideally a team should have an office2 where the time 
line and the major assembly drawings can be posted on a wall. Everybody should 
have a personal copy of the bar chart and specification. There should be an all-team 
meeting at some convenient interval, but at least monthly. Subunits of the team 
should meet more frequently. This is difficult in a school setting, but it is necessary 
to keep communication lines intact.

8.4 General Objective

The general objective in solar racing vehicle design is to minimize the energy re-
quired by the car to traverse the race route at an average speed high enough to win. 
This energy is consumed by the opposing forces arising from the vehicle’s inter-
actions with its environment: gravity, the atmosphere, and the road surface. The 
designer minimizes these opposing forces by adjusting vehicle characteristics such 
as shape and weight.

Racing begins the moment design begins. Even though your competitors are not 
visible, they are there, working hard. So the organization, staffing, and operations 
of the project, but particularly its pace, should reflect this racing attitude. This is a 
difficult lesson to learn because the start of the race is many months away. But every 
hour lost pushes back the start of construction and the time available to test the car.

Designing, building, and testing the car are the most important parts of the com-
petition. Every mistake or omission made during the period before the race will 
cause a problem during qualification or on the road. There is no such thing as a mi-
nor mass addition; every kilogram added to the car reduces its range. If your shape 
is well-designed, then the drag is in the details; pay attention to the surface finish, 
to smoothing every crack and ridge. If the cockpit noise is high, the driver will have 
difficulty hearing and being understood on the radio. If the car is not sealed, rain 
(and it will rain) will shut it down—even through the wheel wells. If the battery air-
flow is not sufficient, you will be red-tagged during inspection of the car by the race 
management team, called scrutineering. You may fail to take advantage of rules that 
allow more performance, but your competitors will not.

8.5 Specification

The car cannot be designed without specifying what performance and features it 
must have and without knowing the conditions under which it must perform. The 
specification should be developed by research in three areas: the salient features of 

2 For a high-end view of the office of a solar car team, see that of the University of Michigan’s 
team at http://solarcar.engin.umich.edu. The objectives of an office can be achieved with less 
space. But the ample space indicates the support the team receives from the university.
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the top cars from the last race (“benchmarking”), the race rules, and the character-
istics of the race route, including its weather.

The specification should be as detailed as possible from the outset, even though 
it may have to be revised later. Design begins with assumptions replacing the un-
knowns. This may require iteration should facts learned later contradict the early 
assumptions. The designers’ first idea about how fast or far the car should go may 
have to be revised as they learn more about how much solar energy is usually avail-
able along the race route. Or, it may not turn out to be feasible to require the racer to 
climb 40 % grades at 30 km/h. Race rules are sometimes changed or reinterpreted. 
It is likely that the specification will be revised.

Individual specifications may conflict, such as low weight and stability. Thus, 
not all portions of the specification document carry equal priority in the design 
process. Some features must be emphasized at the expense of others, and flexibil-
ity must therefore be present in the specification so that these trade-offs can be 
made. Other specifications, such as those associated with safety, are demands. So 
the specification is divided into demands (D), which must be met, and wishes (W), 
which may be met.

The mission of the vehicle helps to define the priority and content of each char-
acteristic specified. A solar-electric commuter car might be intended for a 40-km 
round trip, incorporating low–average speed, stop-and-go driving, with a long pe-
riod of solar charging during the day while sitting in the company parking lot. A 
cross-country racer might be intended for a 400-km, one-way trip at high average 
speed with charging periods in the morning before racing and in the afternoon and 
before sunset after arrival and race rules to obey. The specifications of these ve-
hicles will give different weights and values to such characteristics as the vehicle’s 
drag coefficient and battery capacity.

The characteristics in the specification should be couched as limits, not design 
elements. Limiting metrics should be included. (These may not be known at first.) 
To write, “The drag area in straight-ahead flow shall be 0.11 m2 at most” is a limit. 
To write, “The car shall have [a particular shape]” is a design element. But, and 
this is the disadvantage of specifying design elements, it may not be the best way 
of meeting the requirement of low drag. Specifying design elements closes off pos-
sible solutions.

Rather than simply writing “the drag shall be low,” the sample drag specifica-
tion above gives a numerical limit below which the vehicle’s drag must fall: a met-
ric. Each characteristic should be so written at first, if possible. Unknown metrics 
should be denoted TBD (to be determined) and research conducted to supply the 
metric needed. Vague statements destroy the utility of the specification as a ruler to 
measure the success of the design.

The specification should not be secret, but published. All persons working on the 
car should know it—even those involved in less technical areas such as fund raising. 
For some projects, there may be budget metrics. Shared information makes unity 
of effort possible. A policy of sharing information creates a climate of ownership; 
people feel the project is theirs. Then they are inclined to work more effectively. Fi-
nally, one never knows where a good idea will originate. Including people increases 
the number of minds working in parallel and encourages them to share their ideas.



8.5 Specification 149

Benchmarking Learn the important features and the performance of the top three 
finishers in a previous running of the race.3 Assume that the performance of your 
car must exceed that of these cars, particularly the average speed. The car with the 
highest average speed will win, but this is not necessarily the car with the highest 
top speed. The average speed is affected by the characteristics of the car and by how 
the car is managed.

The facts you should obtain are:

1. The average speed
2. The empty weight
3. The shape and drag area in straight-ahead flow, at least
4. The tire size, type, and pressure
5. The rolling resistance coefficients
6. The number of wheels
7. The efficiency and components of the drive
8. The features of the solar array
9. The battery type and mass

10. Special features that influenced performance

Race Rules The organizers of the race will publish criteria that the car must meet, 
such as visibility from the cockpit and braking performance. These will probably be 
similar to the requirements for the previous race.

Route Characteristics For the American Solar Challenge, only the race period and 
the general direction and location of the race route are known at first; details appear 
later.

The best way to gather information is to survey the route, but this may not be 
possible. Much can be learned by consulting geographical and topographical maps 
(once the route is specified) and weather records, questioning local chambers of 
commerce, the American Automobile Association, persons you may know who 
have lived along the race route, and of course the race organizers.

You will need the following information:

1. Road surface type and condition
2. Direction of road from true north
3. Slope, length, and number of hills
4. Atmospheric pressure and temperature ranges
5. Wind speed and direction ranges
6. When and how long it is likely to rain
7. Typical cloud-cover range and solar energy data
8. Longitude and latitude ranges

Ideally, items 1, 2, and 3 should be known as functions of distance along the road. 
Item 3 could also be elevation above a datum (such as mean sea level) as a function 
of distance along the road.

3 Team Nuon of the Delft University of Technology, Delft, Netherlands, has won the World Solar 
Challenge (WSC) four times. Its web site, http://www.nuonsolarcarteam.nf, is a good source of 
benchmark information. For earlier WSC cars, see Storey et al. (1994).
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8.6 Sample Specification

The sample document that follows lists specifications to be met in addition to those 
in the race rules (Chap. 16). Section 16.5 of Chap. 16 governs the electrical aspects 
of the car and Sect. 16.6 the mechanical. These requirements are not therefore re-
stated, with a few exceptions.

Objective Specification begins with an objective, clearly stated and understood 
by all. Otherwise, teamwork will be difficult, and the actions and level of effort 
required to reach the objective will not be known.

The objective should be to produce a car that is capable of winning the race. Such 
an objective is not unrealistic and has nothing to do with ego; it is the necessarily 
unambiguous beginning of the design process. The team may not win, but unless 
you attempt to win, you will not learn the level of effort required. You take a risk in 
setting a high goal. If your race performance is considerably below your expecta-
tion, the disappointment will be keen (Table 8.1).

Design Race Route The information gathered about the race route is the basis for 
this part of the specification. The route should be a composite of features culled 
from the entire actual race route. This composite may consist of typical features 
encountered at an average, or at a conservative, frequency. This frequency could 
be ascertained by compiling statistics of the actual route, such as the distribution of 
hills in certain grade ranges. However, it is likely that the route will not be known in 
sufficient detail at this stage to do this. Therefore, the design route may have to be 
invented and in this case should be conservative.4

The route shown in Table 8.2 is not intended to be representative of any particu-
lar race, but to suggest how to specify the information. The total distance traveled 
in the sample is 261.4 km, and the net maximum elapsed time is 3.91 h, neglecting 
acceleration time. (Note that the time at the midday stop is not counted in comput-
ing the average speed.) The minimum average speed is therefore 66.83 kph, or 
41.77 mph. The speed specified for a leg is in most cases a minimum speed and 
sometimes a speed limit, such as 88.5 kph (55 mph). Therefore, 3.91 h, though ne-
glecting acceleration time, is close to the maximum elapsed time.

The following nomenclature is used in Table 8.2: a, acceleration, g-units; α, 
grade, degrees; CV, course angle, degrees true; F, fractional state of battery charge, 

4 Once known, the entire route may be used in a computer simulation as a succession of “design 
days.”

Table 8.1  Objective
D 1. The solar car must achieve an average speed of at least 66 km/h over the 

design race route on the design race day after starting with a fractional state-
of-charge (FOC) of 1.0 and finishing with at least an FOC of 0.2
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D 1. The following route shall be used to design the vehicle. Only changes are 
shown at each distance, S

Leg Description Time period
0–1 Battery charging with manual tracking

S = 0; V = 0; Z = 0; α= 0o

latitude = 38o N; longitude = 86o W

06:00–09:45

1–2 Battery charging in racing configuration
Parameters as for leg 0–1

09:45 − 10:00

City stop-and-go driving ( 2–20)
2–3 S = 0: V = 40; CV = 270o T, a = 0.1 g; ρG = 0.2
3–4 S = 0.1: V = 0 [stop signal]
4–5 S = 0.1: V = 40; a = 0.1 g
5–6 S = 0.2: V = 0 0.5 min
… [continue, stopping every 0.1 km]
19–20 S = 0.8: V = 40 0.5 min
20–21 Climb

S = 0.9: α = 10 %; V = 40; CV = 315o T
21–22 Descend

S = 1.0: α = − 10 %; V = 88.5; CV = 225o T
22–23 Cruise

S = 1.1: V = 72; CV = 270o T; α= 0o

23–24 Pass
S = 10.4: V = 88.5
Cruise-climb-descend ( 24–56)

24–25 S = 11.1: V = 72
25–26 S = 21.1: V = 40; α = 5o

26–27 S = 22.1: V = 88.5; α = − 5o

27–28 S = 23.1: α = 0o

… [repeat nine more times]
55–56 S = 131.1: V = 72; α = 0o

City stop-and-go driving ( 56–60)
56–57 S = 131.2: V = 0 0.5 min
57–58 S = 131.2: V = 40
58–59 S = 131.25: V = 0 0.5 min
59–60 S = 131.25: V = 40
60–61 Midday stop

S = 131.3; V = 0
0.25 h

61–65 City stop-and-go driving
S = 131.3; repeat 56–60

65–66 Cruise
S = 131.5; repeat 22–23

66–67 Pass
S = 140.5; repeat 23–24

Table 8.2  Design race route
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1 meaning full charge, nondimensional; V, vehicle speed, kph; S, distance traveled 
from starting line, km; Z, altitude above mean sea level (msl), m; μ1, static rolling 
resistance coefficient; and rG, ground reflectivity. The distance at which variables 
change is specified.

Design Day The design race day was chosen for about the midpoint of the 1995 
Sunrayce. The cloud cover (CC, denotes the fractional amount of cloud cover) is 
conservative but not unusual for the time of year and location (Table 8.3).

Payload and Mass Race terrain is often hilly and sometimes mountainous, conse-
quently, low mass is very important. The largest force on the vehicle when going 
uphill is the weight component opposing the motion. The mass limit, 338 kg, was 
derived from the gross mass of the second place car in the 1993 World Solar Chal-
lenge, the Spirit of Biel/Bienne III (Storey et al. 1994; Table 8.4).

Aerodynamics The car must be able to cruise economically at or near the speed 
limit when the terrain is relatively flat. Under these conditions, the dominant force 
on the car is aerodynamic drag. The drag area limit is the drag area of the Spirit of 
Biel/Bienne III (Storey et al. 1994), to nearest 0.01 m2 (Table 8.5).

Rolling Resistance Frictional rolling resistance is directly proportional to the weight 
and to the coefficients representing the road–tire interaction and opposing moments 
generated by the rotation of the wheels. The value of the wheel-road coefficient 
was that of the Honda Dream, first in the 1993 World Solar Challenge (Storey, et al. 
1994). The coefficient associated with rotation-induced moments was based on the 
value at the low end of the range given by Steeds (1960) (Table 8.6).

D 1. The following route shall be used to design the vehicle. Only changes are 
shown at each distance, S

67–76 Cruise-climb-descend
S = 141.2; repeat 24–27 ten times

76–80 City stop-and-go driving
S = 261.2; repeat 56–60

80–81 Battery charging with manual tracking
S = 261.4; V = 0; charge until F = 1, or charging time ends

Arrival 
until ≤ 8:30 
p.m.

D 2. The design road surface shall be smooth asphalt

Table 8.2 (continued)

Table 8.3  Design race day
D 1. The date shall be June 23
D 2. The ambient conditions shall be: temperature, 25 °C; pressure, 101.3 kPa; 

wind speed and direction, 8 kph from 270°T; cloud cover (CC), 0.5
D 3. The hourly clearness index shall be computed from: k = 0.832 − (0.05)(CC)
D 4. The ground reflectivity shall be 0.2
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Loads The loads in Table 8.7 were based on a bump-induced vertical acceleration 
of 3 g, a 1-g centrifugal acceleration when turning, a 1-g braking deceleration, and 
a combined 1-g braking, 1-g turn, and 2-g bump.

Transport by trailer (“trailering”) gives the car its worst beating, particularly 
in the suspension and in parts of the body that can flex. Trailering miles should 
be included with driving miles when estimating loads and fatigue during design 
(Table 8.7).

Cockpit Racing experience has shown that cockpit temperatures approaching 
49  °C (120 °F) are possible in stop-and-go traffic when relying primarily on ven-
tilation flow caused by the car’s motion. This cannot be allowed. Experience has 

Table 8.4  Payload and mass
W 1. The vehicle’s gross mass shall not exceed 338 kg
W 2. The driver’s mass shall not exceed 80 kg
W 3. The battery mass shall follow ASC rules 5.8.1 or 5.8.2n

Table 8.5  Aerodynamics
W 1. The drag area shall not exceed 0.11 m2

D 2. The pavement force normal to the windward wheels’ contact patches shall 
be greater than zero when the car is driven at 88 km/h through a wind gust of 
50 km/h blowing perpendicular to the direction of travel

Table 8.6  Rolling resistance
W 1. The static rolling resistance coefficient shall not exceed 0.004 on a 

smooth asphalt road surface
W 2. The dynamic rolling resistance coefficient shall not exceed 0.0001s/m

Table 8.7  Load cases and safety factorsa

Notes: 1. One “g” is 9.807 m/s2

2. Normal weight (1.0 g) present in each case
W 1. No structural damage shall occur from traversing a 3.0-g bump while steer-

ing straight
D 2. No structural damage shall occur from 1.0-g braking while steering straight
D 3. No structural damage shall occur from the combined effect of a 1.0-g turn, a 

2.0-g bump, and 1.0-g braking
D 4. Welded joints shall be designed with a minimum safety factor of two 

applied to the reduced yield strength in the weld zone
W 5. No structural damage shall occur from operating over the race distance 

times a factor greater than one that accounts for prerace and postrace driving 
and trailering

D 6. Regions of the shell subjected to flexing during operation or trailering 
must be designed with stiffness adequate to prevent cracking of composite 
structures or welds

a Chapter 22 suggests a straight-ahead bump-load calculation method
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also shown that great care must be taken to protect the electrical system from water-
caused short circuits. Teams must expect rain and design against it (Table 8.8).

Electrical The array power-to-mass ratio was derived from data on the 1993 World 
Solar Challenge Honda and Biel cars (Storey et al. 1994).

The battery specifications were based on the Eagle-Pitcher cells employed by 
Clarkson in the 1995 Sunrayce and so represent a low-budget minimum. Note that 
the battery life is only 15 full-discharge cycles. It is not necessary to specify more 
cycles than this (although the life of most commercial batteries exceeds 15 cycles). 
The batteries used in the race will not undergo more full-discharge cycles than this 
in a 9- or 10-day race. “Full-discharge” means about 80 % for lead-acid cells, al-
though Clarkson’s experience shows that occasional discharges beyond this limit 
may be made with recovery to full charge capacity later (Table 8.9).

Transport The transport of the car when not racing is part of the racing system. 
The interior dimensions of the trailer used for this purpose will impose constraints 
on the size of the car. Also, properly securing the car in the trailer is of utmost 
importance. Finally, thought should be given to a system for loading the car into 

Table 8.8  Cockpit
W 1. The cockpit temperature shall not exceed the ambient temperature
D 2. The interior of the car shall be sealed against rain and against water thrown up by 

the wheels
W 3. Components shall be individually sealed against moisture
D 4. The signal-to-noise (S/N) ratio,a when transmitting or receiving on the radio at 

any speed, shall be at least 24 dB
D 5. Instruments shall be easily readable by the driver without significant head motion 

and when the sun is directly overhead or shining into the driver’s eyes
a S/N = 20 log10( Vs/Vn), (dB). If the signal voltage, Vs, were equal to the noise voltage, Vn, then 
S/N = 0. If Vs/Vn = 15.85, then S/N = 24

Table 8.9  Electrical
D 1. The minimum array power-to-vehicle mass ratio at 1.0 sun (1000 W/m2) and 

25 °C ambient air temperature shall be 3.5 W/kg measured at the battery bus
D 2. The minimum life of the battery shall be 15 equivalent full-discharge cycles
D 3. The battery bus voltage and interconnecting wire size and lengths shall be 

chosen to minimize transmission losses and wire mass
D 4. Each sub-array shall be operated at its maximum power point
D 5. Components must withstand constant vibration at ambient interior car tempera-

tures of 50 °C for the driving distance of specification 7.5
W 6. The array structure must prevent cracking of the cells during setup for charg-

ing, transport in the trailer, or design bump loads
D 7. The array structural surface must be such that all cells laid upon it will be sup-

ported over the cell’s entire undersurface
D 8. The array materials and construction must be such that electrical short circuits 

do not occur
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the trailer smoothly and with relative ease. It should not require ten people and a 
partial disassembly of the car to load it aboard its trailer (especially when it is rain-
ing) (Table 8.10).

Stability The specifications in Table 11 deal with the stability of the car when turn-
ing at constant speed and when subjected to side gusts. The specifications apply to a 
car operating on the design day and on a dry design road surface. The terms 2F-1B, 
1F-2B, and 2F-2B refer to two wheels in front and one in back, one wheel in front 
and two in back, and the standard four-wheeled car, respectively. “Center of grav-
ity” is abbreviated as “c.g.”

The car must remain stable in side gusts, which frequently occur when crossing 
open reaches such as those in states like Kansas and Colorado. Little benchmark-
ing information on side-gust stability is available. The side-gust specification was 
based on a test administered to Clarkson University’s 1990 Sunrayce car. The speci-
fied center-of-gravity locations have been shown to be necessary for stability (see 
Huston and Graves 1982, for example).

The sensitivity to side gusts in Table 8.11 specification 4 is based on an assumed 
driver reaction time of 0.8 s. With regard to Table 8.11 specification 5, a skid is the 
lesser of two evils in that there is some chance of control and subsequent recovery. 
A rollover is a disaster (Table 8.11).

Steering For safe, predictable operation, the vehicle should understeer (see Chap. 
21, pages 411–414) over the possible range of the lateral acceleration. Failing this, 
drivers should at least understand the steering characteristics of the car, so they do 

Table 8.10  Mechanical and transport
D 1. The vehicle shall fit within the existing transport trailer and have no contact with it 

in the transport position
D 2. The vehicle shall be secured within the trailer such that it cannot be damaged dur-

ing normal transport
D 3. A means of loading the vehicle into the transport trailer that minimizes lifting and 

other handling by humans, or disassembly of the car, shall be provided
D 4. The vehicle shall comply with the Sect. 16.6 (Chap. 16)

Table 8.11  Stability
D 1. The c.g. for a 2F-1B car shall be in the first third of the wheel base, as mea-

sured from the front axle
D 2. The c.g. of a 1F-2B car shall be in the last third of the wheel base as measured 

from the front axle
D 3. The c.g. of a 2F-2B car shall be in the first half of the wheel base as measured 

from the front axle
W 4. All points on the boundary of the car shall remain within its traffic lane for at 

least a period of 0.8 s when acted upon by the wind gust of 5.2
D 5. In a turn in still air, the car will skid before it rolls over, whether it is accelerat-

ing or braking
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not unknowingly blunder into the oversteer lateral acceleration range and roll the 
car before they can recover (Table 8.12).

Energy Consumption The drag area and mass limits are both aimed at one target: 
low energy consumption per kilometer. To reach a winning energy consumption 
rate, the effect of shape and mass of the car must be optimized. Thus, each cannot be 
rigidly proscribed; again, the best racing system wins, not necessarily the one with 
the lowest drag.5 A design team may focus excessively on drag and lose control of 
weight or produce a poor surface for the solar array (Table 8.13).

The tractive energy is that delivered to the contact patch of the driven wheel. The 
“design conditions” include the design race route and the design day. It could be 
argued that the data in Table 8.13 is superfluous: The overall objective, (Table 8.1), 
essentially includes energy consumption. But it is useful to have a target consump-
tion rate during design.
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Table 8.12  Steering
D 1. The steering angle on each steered wheel shall be such as to minimize tire 

wear, at least at low speeds
D 2. The car must understeer when turning

Table 8.13  Energy consumption rate
W 1. The tractive energy consumption rate shall not exceed 14.5 W. h/km at 55 mph, 

no wind, zero grade, and design atmospheric temperature and pressure
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Chapter 9
Solar Racer—Concept Generation and Selection

9.1 Introduction

In this book, “conceptual design” describes the second stage of the design process 
in which a vehicle’s physical envelope, its boundary, is defined. Our goals are to:

1. Select the car’s shape
2. Set its major dimensions
3. Estimate the gross mass and the location of the center of gravity (CG)
4. Specify the main requirements for the drive
5. Set the main features of the driver–car interface
6. Set the main requirements for the electrical power subsystem
7. Set the number of wheels
8. Examine the stability

The design selected for continued development will satisfy, or will at least be judged 
to have the potential to satisfy, all of the required and more of the wished-for char-
acteristics in Chap. 8 than its competitors.

9.2 Concept Sketch

The requirements that the solar racer must meet, in the designer’s judgment, to win 
a cross-country solar car race have been written in the specification. Now, take a 
blank sheet of crosshatched paper, set the scale of the smallest square, and begin to 
design to meet these requirements. First, lay out the specified bounding dimensions; 
this gives the box in which the car must fit. Then, make a to-scale, freehand concept 
sketch in three views that fits within the bounding box and incorporates the main 
features of the car. But what car shape should be drawn?

© Springer International Publishing Switzerland 2015
E. F. Thacher, A Solar Car Primer, DOI 10.1007/978-3-319-17494-5_9
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9.3 The Table Top

The study of other solar racers that underlies the specification showed the great 
variety of solar racer shapes and provided starting ideas. Some cars emphasize solar 
collection and are essentially rolling tabletops. Others emphasize low drag and so 
have the solar array integrated into their streamlined body. However, even though 
the top cars are often streamliners, suppose the ideas uppermost in thought are that 
solar collection must be maximized and that the extra drag that this may cause could 
be compensated for by large wheel fairings which could supply thrust in cross-
winds. Suppose research has shown that the prevailing winds blow across the race 
route; hence, the design’s “secret weapon” will be the ability of the car to sail.

Figure 9.1 shows a drawing done from a freehand sketch of a three-wheeled1 
solar racer with a flat solar array on top, large rear sailing fairings, and a stream-
lined cockpit pod located in front. We will call it the “Table Top.” Using only three 
wheels reduces the weight. The tricycle wheel arrangement allows the front struc-
ture of the car to be simplified with the front wheel housed in the cockpit pod. To 
provide sufficient room for the rear wheels and low drag, the cross-section profiles 
of the rear fairings and the pylon supporting the front of the solar array are symmet-
ric, 27 %-thickness-ratio airfoils with the maximum thickness at 30 % of the chord 
from the leading edge. The car complies with Chap. 16, Sect. 16.1.1.1.

1 Three-wheeled cars were not allowed in the 1999 Sunrayce.

Fig. 9.1  Proposed solar racer (dimensions in feet)
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9.4 Table Top Drag Estimate

The concept sketch will now be used to estimate the as-built drag area. If the drag 
area is satisfactory, the weight and other characteristics will be estimated.

We will make the estimate at 40 mph (17.88 m/s). A quarter-scale model of 
this vehicle was tested in a wind tunnel2 at the Reynolds number corresponding to 
40 mph (160 mph tunnel wind speed) and an atmospheric pressure and temperature 
of 99.6 kPa and 23.3 °C, respectively. We will estimate the drag coefficient for these 
conditions so we can compare it with the tunnel measurements.

Experience has shown that the drag area of the actual vehicle will usually be 
larger than that found by calculation, even those done using sophisticated computer 
programs.3 This is caused by the many features, small and large, that computer 
models may overlook: seams between parts of the car, surface finish, the edges of 
solar cells, finite-radius trailing edges, the scooping of air into wheel fairings, etc. 
Therefore, the actual, as-built, drag area of the car must be measured. This may be 
done by full-scale wind tunnel, coast-down, or constant-speed testing.

Full-scale wind tunnel services are very expensive, and large wind tunnels are 
not usually nearby, nor accessible to solar car teams. Smaller wind tunnels for test-
ing scale models are more accessible, and testing time in them is less expensive than 
that of full-scale tunnels. Scale-model testing can come closer to the as-built drag 
area because some of the features missed by simulations can, if properly scaled, be 
included.

Method As described in Chap. 17, the drag build-up method estimates the drag area 
and drag coefficient by modeling the car as a composite of shape elements which 
have known drag coefficients. The drag areas of these shape elements are corrected 
(as appropriate) for interference, ground effect, and roughness, and added to give 
the drag area of the car at a particular speed.

We study the Table Top and divide it up into eight component shapes. The profile 
areas of these shapes are designated A1–A8 in Fig. 9.1 (bracketed numbers in italics). 
The corresponding drag forces are D1–D8. Equation (17.2) is then applied to each 
shape.

At the wind tunnel ambient conditions Eq. (2.3) gives

as the air density. The Reynolds number per unit characteristic length will be handy. 
The letter “L” symbolizes any characteristic length.

2 See Chap. 12.
3 Kurtz (1980) suggests on the order of 20 % higher.
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The free-air dynamic pressure is

Pod, A1 The pod has an elliptical cross-section and is somewhat more elongated at 
the downstream end. We select an ellipsoid as the shape most closely approximating 
the pod, and for which data are available.
1. Free Air: The profile area of the pod, A1, is

The drawing shows the length of the pod as 8.5 ft, or 2.59 m. This is the character-
istic length. The Reynolds number is

This implies turbulent flow, as Fig. 2.6 shows. The ellipsoid data of Table 17.1 are 
for a circular cross-section. Therefore, we calculate the pod’s fineness ratio (length 
over diameter) as 3.1, using the diameter of the circle having an area equal to A1, 
2.74 ft. This technique was used by Kurtz (1980) when characterizing the fineness 
ratios of passenger cars. The turbulent flow column of Table 17.1 gives an estimate 
for cD∞ of 0.11.
2. Ground Effect: From Fig. 9.1, the minimum clearance ratio is about 0.13. The 

pitch angle is zero. The zero-pitch-, zero-camber-ratio teardrop in Chap. 17 is 
the closest to the ellipsoid shape. Using Eq. (17.17) and the zero-camber-ratio 
constants from Table 17.6 gives

Figure 17.10 shows cD∞ = 0.078. Hence,

3. Interference: There is interference between the pod and the strut and the front 
wheel. The extra drag is apportioned between the pod, the strut, and the wheel. 
We cannot estimate how much is apportioned to each. So, we will place all the 
interference drag on the strut or the wheel. Hence, for the pod: ΔcDI = 0.

4. Roughness: .For the smooth-skinned model, there is no extra roughness, so 
ΔcDR = 0.

5. Protuberances: There are no protuberances, such as rear view mirrors or anten-
nae: ΔcDP = 0.

Strut, A2 The strut has a NACA 0027 cross-sectional shape.
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1. Free Air: Figure 9.1 shows the chord length as 2.5 ft and the thickness and aver-
age span as 0.67 ft. This chord gives a Reynolds number of 8.7(105). Tables 17.2 
and 17.3 give drag coefficients, based on the planform area (chord × span), of 
several NACA airfoils at zero angle of attack. These data apply to wings of infi-
nite span having the listed profile over the entire span. However, we take these 
to be an adequate approximation and note that the drag coefficient increases 
approximately linearly with the thickness ratio, but at the higher thickness ratios 
it decreases with Reynolds number. Using these observations to extrapolate gives 
a drag coefficient of 0.0092 at ReC = 1.75(106) for the NACA 0027. Finally, using 
the NACA 0025 Reynolds number dependence, because its thickness ratio is 
closest to 27 %, we estimate a drag coefficient of 0.0096 at the operating free-air 
Reynolds number for the NACA 0027. The drag on the airfoil must be the same 
irrespective of the reference area. Therefore, we correct this planform-referenced 
drag coefficient to a profile-area-referenced value by dividing by the fractional 
thickness ratio.

2. Ground Effect: The strut is shielded from the ground by the pod: ΔcDG = 0.
3. Interference: The strut causes interference drag at each surface to which it is 

attached. Equation (17.12) gives the interference drag for a strut with a wall at 
one end for t/c a little higher than 27 %. An adequate estimate may be obtained 
by multiplying this equation by two. We use Eq. (17.14) to reference ΔcDI to the 
profile area, A2.

The interference drag is large. It can be reduced by using fillets at each end of the 
strut and reducing t/c considerably. This raises a question of strength. However, let 
us complete the estimate for the entire car first.
4. Roughness and Protuberances: We neglect these two effects as we did for the 

pod.

Solar Array, A3 The drag of this component will be estimated for a smooth surface 
(no solar cells) so a comparison with wind tunnel data on the model car can be 
made. There are no shape element data for the array as a whole. Total drag could be 
estimated as the sum of friction drag and pressure drag from trailing edge separa-
tion: D3 = D3f + D3P. However, the nose of the array is rounded, its trailing edge is 
tapered, and it has a large length-to-thickness ratio (greater than 37). Therefore, 
since the friction is proportional to the surface area, and the pressure drag depends 
approximately only on the shape of the leading and trailing edge, we assume 
D3P/D3F < < 1,that is, the pressure drag force will be negligible compared to the fric-
tion drag.
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1. Free Air: Figure 9.1 shows the length as 16.5 ft (5.03 m), width as 6.5 ft (1.98 m), 
and the thickness as 0.44 ft (0.134 m). Using the length gives a Reynolds number 
at the trailing edge of 5.73(106). This means that the flow is turbulent when it 
leaves the trailing edge.4 We assume that the laminar–turbulent transition takes 
place at a Reynolds number of 3(106), that is, the plate is very smooth. Using 
this “critical” Reynolds number gives the distance from the leading edge to the 
transition as 2.63 m. Equation (17.20) gives the friction drag coefficient.

This must be turned into a drag coefficient referenced to the profile area of the ar-
ray. We assume that cDF is uniform over the entire surface. The area of the array, 
including the sides but less the area of its underside taken up by the strut and the two 
fairings, is 20.74 m2. The drag force is then

The profile area of the array is 0.266 m2. The friction drag coefficient, referenced to 
the profile area of the array, is therefore

This will be cD∞ for the arra.

2. Ground Effect: None (reasoning as for the strut).
3. Interference: Interference is present, but we will continue to add it to the other 

shape elements that attach to the array.
4. Roughness and Protuberances: None (as explained).

9.5 Fairings A4 and A5

1. Free Air: Proceeding as for the strut, we get a free-air-drag coefficient of 0.036 
for each fairing.

2. Ground Effect: Assume that the effect of proximity to the ground is not large 
since most of the area of the fairing is at a large clearance ratio. This correction 
will then be zero.

3. Interference: The junction of each fairing with the solar array causes interfer-
ence drag, as does the proximity of the fairings to each other.

4 Critical Reynolds number 5(105)–3(106), with upper limit for a very smooth plate.
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In the first case, notice that Fig. 9.1 shows that the outer surface of each fairing is 
approximately even with the outer edge of the array. We judge that this arrangement 
reduces the total interference drag from the two fairings to that for one alone. Using 
the “one end” wall interference correction as ΔcDI = 0.087, or 0.0435 per fairing.

Figure 17.5 shows the mutual interference between two airfoils in parallel. The 
ratio of the minimum spacing to the airfoil thickness is 2.887. From the free-air-
drag coefficient in Fig. 17.4 and Eq. (17.8) we get for each of the pair of foils:

The total interference on each fairing is ΔcDI = 0.0562.

4. Roughness and Protuberances: None.

9.6 Wheels, A6, A7, and A8

The wheel wells of the model were filled, and the wheels themselves were simply 
fixed, partial discs with small profile areas. Also, when tested in the wind tunnel, 
these disks were suspended a small distance above the tunnel’s ground plane. We nev-
ertheless treat them as real, stationary wheels in contact with the ground. Figure 9.1 
gives the wheel diameter of 1.67 ft (0.508 m), the wheel width as 0.17 ft(0.052 m), 
and the projected un-faired height, 0.33 ft(0.1 m) and 0.67 ft(0.2 m) for the front and 
rear wheels, respectively. We take the cD of an isolated, stationary wheel in contact 
with the ground to be 0.526 (Fig. 17.3). Following the wheel drag discussion in 
Chap. 17, we take the drag coefficient of the exposed portion of the shielded wheel 
(a wheel in a fairing or wheel well) to be approximately the same as the unshielded 
wheel. The drag area of a shielded wheel is therefore equal to the profile area of the 
unshielded part of the wheel times 0.526.

We ignore interference between the pod and the front wheel because the wheel 
is small compared to the pod.

9.7 Results

Table 9.1 summarizes the results. Note that the projected areas, AD#, may be summed 
to give AD because all of each AD# appears in the front view.

The estimated cD of the car is therefore 0.141.

Discussion The Table Top’s drag coefficient was measured at 0.139 in a wind tun-
nel at the National Research Council of Canada’s Advanced Aeronautical Labora-
tory under the conditions mentioned at the beginning of the preceding calculation.5 
The calculation overestimated the drag coefficient by 1.4 %.

5 Chapter 12 “Testing,” describes the construction of the quarter-scale model of the Table Top and 
presents some of the data from the tests.

∆cDI = × =0 199 0 0662 0 0132. . . .
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The results are within an expected error of about 10 %. Changes in some of the 
assumptions could certainly alter the results by several percent. Recall the earlier 
remark that because construction adds flaws and unavoidable features not included 
in the calculation, such as seams between body panels, the drag coefficient of the 
as-built, full-scale car will be higher still, and therefore also its drag area. And note 
that the drag area is greater than the specified limit of 0.11 m2 (specification 8.5.1). 
The Table Top concept is rejected because its predicted drag area will be irredeem-
ably greater than the limit specified.

9.8 The Shark

Another shape concept must now be considered. Morelli (1983) reported exten-
sive tests of basic body shapes designed to have low drag near the ground. Some 
configurations of these shapes had extraordinarily low drag coefficients, around 
0.05. And these figures were from tests, not calculations, albeit for smoothed, basic 
shapes. But beginning with such a low drag shape would provide a large margin 
between the specified drag area and the basic shape drag area to allow for the drag 
increase caused by transforming a smoothed model into a real car. However, the 
sloping, compound-curved Morelli shape would reduce the power of the solar cell 
array compared to one installed on the Table Top.

Figure 9.2 is a hand-drawn sketch of the Morelli shape concept, which we will 
call the “Shark,” showing its principal features. A cross marks the estimated CG 
for each mass. No internal structural members are shown, other than the roll frame, 
a substitute for the rule-described roll bar, against which the driver reclines. The 
crosshatched paper enables projected areas to be estimated by counting squares.

The wheels are enclosed in fairings for streamlining and sailing and are arranged 
in a two in front–one in rear (2F-1R) wheel configuration. A three-wheel configura-
tion will be lighter than a four-wheel one. The 2F-1R configuration is more stable 

 

Table 9.1  Table top drag area
# AD# cD∞ ∆cDG ∆cDI cD cDAD

1 0.547 0.110 0.064 0 0.174 0.0952
2 0.042 0.036 0 0.43 0.466 0.0200
3 0.266 0.141 0 0 0.141 0.0383
4 0.412 0.036 0 0.056 0.092 0.0380
5 0.412 0.036 0 0.056 0.092 0.0380
6 0.0063 – 0 0 0.526 0.0033
7 0.0063 – 0 0 0.526 0.0033
8 0.0052 – 0 0 0.526 0.0029
AD = 1.697m2 cDAD = 0.2390m2
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when turning and braking, which is the most common emergency maneuver.6 A 
means for the fairings to accommodate large steering angles must be developed. 
The driver is in a near-reclining position. Achieving the view angles from the cock-
pit required by the race rules looks problematical. However, the low-drag potential 
of the shape is enormously attractive, and so we will continue to develop the con-
cept. The shape has been drawn with a slight pitch-down attitude. This may slightly 
increase the drag above that for zero pitch. However, it may give a more negative 
lift coefficient, which may be a safer condition. Also, the drag of the ventilation 
system, array, or rear view mirrors will not be estimated at this stage.

9.9 Shark Drag Estimate

Let p∞ = 101.3 kPa and T∞ = 25°C, then ρ∞ = 1.18 kg/m3. The drag will be evaluated 
for straight-ahead flow, 55 mph, or 24.58 m/s, and no wind. The Reynolds number 
per unit characteristic length and the dynamic pressure are

6 See Chap. 21.
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Body, A1 Counting squares in Fig. 9.2 gives A1, the profile area of the basic shape, 
as about 1.45 m2. The pitch angle, α, the angle between the chord line and the 
horizontal is about − 1.43°. Since the body’s length is 6.0 m, the chord, c, is slightly 
longer, but still about 6.0 m. A low camber ratio7 is best because it provides a flat-
ter surface for the array while still giving low drag. The maximum camber is about 
0.22 m. Thus, the camber ratio is 3.67 %. The lowest camber ratio reported by 
Morelli (1983) was 3.7 %.

The clearance ratio is about 0.15. The design Reynolds number, chord times 
Re/λ, is 9.4(106), twice the value at which the Morelli data were taken. Therefore, 
the cD will be somewhat underestimated because it trends upward as Re increases 
past the transition to turbulence. (See the ellipse curve in Fig. 2.6, for example.)

1. Free Air: Figure 17.8 gives cD∞ = 0.045 for 3.7 % camber ratio and α = 0°. Since 
the pitch is outside the ± 1° range, this will be rounded up to 0.05.

2. Ground Effect: Equation (17.16) with the 3.7 % camber ratio data of Table 17.5 
gives ΔcDG/cD∞ = 0.1; hence,

9.10 Front Fairings, A2 and A4

1. Free Air: The chord is 1.15 m with a maximum thickness of 0.24 m. The thick-
ness ratio is therefore 0.21. The average span is about 0.35 m. The profile shapes 
approximate trapezoids. Thus, the product of the thickness and the average span 
gives the profile area, A2 or A4, as 0.084 m2. Using Re/λ and the chord as the char-
acteristics length, the Reynolds number at the fairing is 1.81(106). Extrapolating 
in Table 17.2 using NACA 2421 gives cD∞ = 0.0081 based on the planform area, 
and dividing by t/c, 0.21, gives cD∞ = 0.039 referenced to the profile area.

2. Interference: The interference drag between each fairing and the underbody of 
the basic shape and the mutual interference between the front fairings will be 
found in the same way as for the rear fairings of the Table Top.

From the sketch of the Shark, the minimum spacing between A2 and A4, yMIN, is 
about 1.15 m. Hence, yMIN/t = 1.15/0.24 = 4.79. For this dimensionless spacing, Fig-
ure 17.4 shows a nearly zero mutual interference drag between A2 and A4. For the 
interference between A2 or A4 and the underbody, Eq. (17.12) gives

3. Roughness, etc. None, as before.

7 Camber ratio (%) is (maximum camber/chord) × 100; see Chap. 17.
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Rear Fairing, A3 The rear fairing also has a chord of 1.15 m. It was given a thick-
ness of 0.32 m because it may house the rear brake disk and caliper and portions of 
the drive (and possibly a wheel motor). It has a thickness ratio of 0.28 and a profile 
area of 0.154 m2. We assume that the front fairings do not significantly affect the 
flow around A3. Thus, the same chord Reynolds number calculated for the front fair-
ings will be used for A3. Extrapolating for NACA 0028 at a chord Reynolds number 
of 2.94(106) in Table 17.3 gives cD∞ = 0.033. Equation (17.12) gives ΔcDI = 0.146. 
We make neither roughness nor protuberance corrections.

Wheels, A5–A7 We treat these in the same fashion as those of the Table Top. This 
gives a cD of 0.526 per wheel.

Drag Area Table 9.2 summarizes the Shark results. The free-air profile areas, AP, 
are in the third column. These do not necessarily sum to the front-projected area of 
the car.

The total drag area of 0.143 m2 (rounded up) exceeds the specified drag area of 
0.11 m2, with the ventilation drag, array drag, and incidental drags from roughness 
introduced during manufacture still to be added.

Revision to Concept We will reduce the t/c ratio of the rear fairing, bearing in mind 
the drive elements it may contain besides the wheel. Fortunately, a relatively small 
reduction in thickness pays big dividends because the interference drag is a function 
of the thickness ratio cubed. Reducing t to 0.25 m gives t/c of 0.217 and a front-view 
profile area of 0.0625 m2. The free-air profile area drops from 0.154 to 0.120 m2.

The reduced thickness increases cD∞ to 0.037 but decreases the interference drag 
coefficient of the fairing from 0.146 to 0.087. The free-air profile area of the fairing 
shrinks to 0.120 m2 and the front-view profile area from 0.080 to 0.0625 m2. The 
latter reduction shrinks the profile area of the car to 1.746 m2. The total drag area 
drops from 0.143 to 0.128 m2.

Fillets extending downstream from the maximum thickness location of each fair-
ing cause additional reduction in drag area. The fillet radius should be 4–8 % of the 
chord of each fairing (0.046–0.092 m in this case) and the length of the fillet down-
stream of the fairing trailing edge equal to the chord (Hoerner 1965). This trailing 
length and radius choice can reduce the interference drag to 1/10 (or less), of its 
no-fillet value, at a t/c of 0.2–0.25.

Table 9.2  Initial Shark drag area
Piece # AD# AP cD∞ ∆cDCG ∆cDI cD cDAD∞

1 1.500 1.500 0.05 0.005 0 0.055 0.0828
2 0.085 0.085 0.039 0 0.110 0.149 0.0126
3 0.080 0.154 0.033 0 0.146 0.179 0.0275
4 0.085 0.085 0.039 0 0.110 0.149 0.0126
5 0.005 0.005 0.526 0 0 0.526 0.0026
6 0.005 0.005 0.526 0 0 0.526 0.0026
7 0.005 0.005 0.526 0 0 0.526 0.0026
AD 1.763 cDAD 0.1430
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Recalculating the drag area for the car with the fairing interference drag at 1/10 
of its no-fillet value gives 0.104 m2. This range leaves about a 5.5 % margin for the 
other sources of drag not included in the current estimate. Also, after considering 
the wheel and suspension design, we may find that the profile areas of the fairings 
can be reduced further, thus increasing this margin. Figures 9.10 and 9.11 show the 
car with the fairing fillets added.

The aerodynamics are marginally satisfactory, so far. We pass to consideration 
of the weight and CG.

9.11 Shark Weight and CG

Weight Control “Weight control” means not just how much weight but the distribu-
tion of weight. The weight and its distribution is much easier to control if the car 
is finished early in an orderly way, say by the summer or fall preceding the race 
(American Solar Challenge schedule). It is more difficult to control if the car is built 
at the last minute, that is, during the spring before the race. Control requires a pro-
cedure to track the weight of the car and to allot weights to different systems; and a 
firm resolve8 to stick to the procedure, specification, and allotment.

Results The mass of the vehicle must satisfy specification 8.4 and the CG location 
must satisfy specification 8.11.1.

The method of Chap. 21 was employed to estimate these parameters. The shell 
was assumed to be made of a Kevlar®–Nomex® composite sandwich having a 
density of 185.3 kg/m3 (see Table 9.5). The masses of some of the components in 
Fig. 9.2 can be estimated from previous experience or manufacturer’s data. The 
driver’s mass is known to be 80 kg because the driver will be ballasted to that mass.

To make the estimate more realistic, set the construction of the internal stiffen-
ing structure of the car as shown in Fig. 9.3. The stiffener masses will be estimated 
based on carbon–foam composite construction. The plate-like shapes were assumed 
to have a uniform composition through their thickness and therefore that the CG 
is on the center plane of the plate. Hence, we calculate only the x, z or y, z coordi-
nates of the CG, as appropriate. The left and right cage walls have a nonuniform 
construction, so they must be broken down into pieces. Table 9.3 shows the results 
for the stiffeners and the shell. Coordinate x is measured from the car’s nose. Once 
the stiffeners’ CG locations and masses are known, the structures may be treated as 
isolated masses, like the driver or the battery. Table 9.4 summarizes the guesses and 
estimates for the other components.

The calculation gives the vehicle’s gross mass as 320.2 kg, with the CG located 
at an x-coordinate of 2.618 m, a y-coordinate of 0.008 m, and a z-coordinate of 
0.641 m. The off-centerline CG location is caused by the off-centerline location of 

8 That is, management must be really hard-nosed about it.
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Fig. 9.3  Tentative internal structure (dimensions in meters)

Table 9.3  Stiffener and shell CG coordinates
Stiffener x(m) y(m) z(m) M(kg)
Left 3.5    0.4 0.85 2.0
Right 3.5 − 0.4 0.85 2.0
Rear 4.3    0 0.8 2.0
Roll 2.25    0 0.8 2.5
Left cage 1.0    0.4 0.6 1.0
Right cage 1.0 − 0.4 0.6 1.0
Shell 3.05    0 0.85 38.6

 



170 9 Solar Racer—Concept Generation and Selection

the CG of the motor; the other off-centerline CGs are balanced. Note that the x- and 
z-coordinates are close to the corresponding coordinates of the battery’s CG.

The wheelbase is 3.2 m and begins 1.3 m from the nose, so the CG is spaced 
41.1 % of the wheelbase from the front wheel contact patches, or 7.9 % outside of 
the specified zone of 33.3 % (specification 8.11.1). The steering, suspension, instru-
ments, cabling, and lights were left out of the CG calculation. However, the battery 
and the driver are the strongest influences on the CG location.

The mass is 17.8 kg below the target, but, as noted above, a number of compo-
nents were not included. The 17.8 kg is then an estimate of the mass allowance for 
these components (Table 9.3).

9.12 Rollover and Skid

Specification 8.11.5 governs here. Once the weight and CG calculations have been 
completed, sufficient information is known to estimate the rollover and skid stabil-
ity. Use the traction limits of Chap. 21 ( ax/g = 0.85, ay/g = 0.75), absent knowledge 
of the actual tires to be used by the Shark. Using the CG location, L, and T with 

Table 9.5  Shell moment of inertia
Seg. ICG(kg · m2) xj(m) xjMj(m · kg) Mj(kg) h2(m2) IZj(kg · m2)

1 1.146 0.50 2.330   4.660 4.554 22.370
2 1.146 1.50 10.525   7.017 1.286 12.090
3 3.293 2.50 18.234   7.294 0.018 3.427
4 3.064 3.50 24.558   7.017 0.750 8.329
5 2.606 4.50 29.079   6.462 3.482 25.109
6 2.125 5.50 32.339   5.880 8.214 50.425
Totals: 117.066 38.329 121.750

Category Mass (kg)
Wheels     5.19
Driver   80.00
Battery 140.00
Motor and Controller   24.60
Array and MPPTs   15.30
Shell   38.60
Fairings     6.00
Frame   10.50
SUBTOTAL (kg) 320.20
ALLOWANCE (kg)   17.80
Specification 4.3 (kg) 338.00

MPPT maximum power point tracking

Table 9.4  Mass summary
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Eq. (21.32), the limiting rollover line has been plotted in Fig. 9.4. The prohibited 
operating regions are points to the right of the line.

The positive ordinate is the braking inertial force in g’s. The negative ordinate 
is the acceleration inertial force in g’s. Both are tangent to the path of the car’s CG. 
The abscissa is the centrifugal inertial acceleration perpendicular to the path of the 
CG.

The car fails the specification in that the roll limit line is well inside the skid el-
lipse for 0.34 / 0.61ya g    . For transverse accelerations to the right of this line, 
the car will roll before skidding as long as the braking or longitudinal acceleration 
is less than the skid limit.

A more subtle point is that even when turning at steady speed at a g-load less 
than the roll limit, the car could initiate a roll if the driver accelerates. For example, 
at a transverse acceleration of 0.45 g, the car will roll if the driver accelerates at 
about 0.25 g. This can only happen, however, between 0.34 and 0.5 transverse g: 
Below 0.34 g, the 0.25 g acceleration has no effect; above 0.5 g the car has already 
begun to roll. The destabilizing effect occurs because the moment of the rearward 
inertial force component adds to the tipping moment of the transverse acceleration 
in the 2F-1R wheel configuration.

The opposite effect happens if rolling has begun and the brakes are applied. If 
rolling at slightly more than 0.5 g, a little braking, say 0.1 g, would stop the roll, 
assuming the braking can be at least this effective with the outside front tire not in 
contact with the road. The moment of the forward inertial force opposes the tip-
ping moment of the transverse acceleration. This effect makes the 2F-1R car safer 
in emergency obstruction avoidance, if the brakes are applied first. Suppose a deer 

Fig. 9.4  Initial roll and skid limits
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enters the road and the driver first brakes at 0.6 g and then turns right at 0.5 g, the 
Shark will not roll.

Using Eqs. (21.34) and (21.35), the line labeled “minimum desired” rollover 
limit has also been plotted in Fig. 9.4. This line has a 0.773 g intercept with the ay/g 
axis. The wheelbase and the track set the slope (2 L/T) of the limit lines. If these are 
fixed, then this intercept means that

to meet specification 8.11.5. The distance b = L–a, or 1.887 m.
Hence, b/h is actually 2.944. This constraint will require some changes in the 

Shark concept, if three wheels are retained, just to get the smallest acceptable b/h, 
3.534. For instance, if b/L were increased to 0.67 as required for directional stabil-
ity, say by moving the batteries forward beyond the roll bulkhead, then h should be 
no more than 0.607 m. This is a reduction of 3.4 cm. This could be done. The car 
could be lowered, for example, although this would increase the drag somewhat.

Increasing T/L would steepen the roll limit line and move it to the right. Race 
rules limit the width of the car to 2 m, so there is not much room to increase T. The 
car could of course be shortened. Although making the car smaller (which should 
reduce the weight, an important advantage) and lower is certainly an option, com-
pletely exploring all the implications of this is a lengthy process. Let us examine a 
direct way of meeting the stability requirements.

Two in Front–Two in Rear (2F-2R) The slope of the rollover line can be made 
vertical, independent of the CG location, and moved to the right by shifting to four 
wheels, as Eq. (21.31) shows. For the present design:

This rollover limit line is the vertical broken line in Fig. 9.4.
If we were to move to a four-wheeler, and assuming the CG height were about 

the same, the above intercept would be adequate. It would provide an allowance 
for the compliance of the suspension and the tires (neglected in Chap. 21), and for 
a transverse skid limit greater than 0.75 g. Notice also that b/L satisfies now-gov-
erning specification 11.8.3 because (if adding another wheel does not shift the CG 
much farther rearward) it is already less than 0.5. We would be out of the woods.

The downside of four wheels is somewhat increased weight, rolling resistance, 
drag, complexity, and cost. However, we may be able to compensate for the first 
three of these negative effects by reducing weight (perhaps by moving to a shell-
and-space frame design) and drag elsewhere and in the tire design. The extra com-
plexity and cost we will have to accept. The gain in safety overrides these consider-
ations. Let us evaluate the 2F-2R design.
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Drag Area Keeping the wheelbase the same, we place the two rear tires directly 
behind the front tires. The rear track will then be 1.4 m. The current rear wheel fair-
ing design, NACA0028 will be retained.

There will be, as in front, negligible interference between the rear wheels. How-
ever, interference between the front and rear fairings on each side is now possible. 
Using a dimensionless spacing (see Fig. 17.5) of 2.70 in Eqs. (17.10) and (17.11) 
for a front and rear wheel pair on each side gives decrease of − 0.042 for each one 
of the front wheels but a drag increase of 0.012 for each of the rear wheels. (Here, 
we have assumed that the fillets have no effect on the interference. This may not be 
conservative.)

Using the 1/10 rule to reduce the interference drag with the shell and then super-
imposing the interference corrections gives the total profile drag area of

The drag area margin that existed in the 2F-1R configuration has been reduced to 
3.6 %. The drag area will probably exceed 0.11 m2, as-built. Using the 2F-2R wheel 
arrangement reduces the profile area to 1.684 m2 so that the car’s drag coefficient 
is 0.062.

Mass and CG Adding another wheel and fairing increases the total mass to 
323.6 kg, rounded up. This is still acceptable. We place the motor over on the left 
rear wheel. Accounting for the extra mass of the new wheel and fairing then gives 
xCG = 2.624 m, yCG = − 0.020 m, and zCG = 0.639 m. And a/L = 0.414, within the 2F-2R 
stability limit, as expected.

9.13 Side Gust

The rollover limit is specification 8.5.2, which sets VW = 50 kph, and VX = 88 kph. 
We will use the ambient temperature of 25°C and pressure of 101.3 kPa required by 
specification 8.3.2 and set the ratio of the gust slope width to the vehicle’s length at 
1. Figure 21.5 shows the gust scenario.

Method Equations (21.3) will be solved for the car’s trajectory using the “little 
tap” method of Chap. 2. The force and moment used in these equations will be 
approximated for each new time by the method in Chap. 21. Finally, the accumu-
lated distance moved in the global y-direction (transverse to the traffic lane) and the 
change in the heading of the car will be calculated for each time. All the information 
needed for the calculation is known except the cornering stiffness of the front and 
rear wheels and the moment of inertia of the car about its CG.

Cornering Stiffness Roland (1973) gives an empirical equation for the cornering 
force developed on a wheel contact patch at zero camber angle as

c AD D m= 0 106 2. .

4 3(1 4.88 10 )(12.95 436.37 ).α α−= − × +Y
Z

Z

F
F

F
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We will assume the constants, derived for a bicycle tested by Roland, are typical of 
the bicycle-type tires used on solar racing cars.

Multiplying by the vertical force, FZ, and dividing by the slip angle, α, gives an 
equation for the cornering stiffness as a function of the slip angle. Taking the aver-
age of this expression up to a slip angle of 3° and using the current weight distribu-
tion (929.8 N/wheel, front, 656.5 N/wheel, rear) gives the average front (F) and rear 
(R) cornering force coefficients (see Eq. (21.1))

Therefore, the understeer gradient (Eq. (21.5)) is

There is no critical speed because the understeer gradient is positive.

Moment of Inertia The moment of inertia, IZ, about the CG, will be estimated using 
the method of Chap. 21. IZ must be known to estimate the effect of a side gust. 
The estimate for the shell is shown below. The shell was assumed to be made of a 
Kevlar®-faced Nomex® composite with a density of 93 kg/m3 and a thickness of 
3/8 in. (0.00953 m).

The canopy, which is integral with the shell, was assumed to have about the 
same density. The shell was divided into six 1-m-long segments. The cross-section-
al shape of each segment, an ellipse, was given the major and minor axes dimen-
sions read from Fig. 9.2 at the center of the segment. Thus, the approximated shape 
would have a stepped appearance. Table 9.5 shows the resulting IZ of the shell: 
121.75 kg·m2.

The second column gives the moment of inertia of the segment with respect to its 
own CG, ICG. This is equal to the difference between the ICG of the elliptic cylinder 
having the major and minor axes of the segment and that of the elliptic cylinder 
concentric with it but having its major and minor axes reduced by the segment’s 
thickness. For segment 1, the mass of the outer cylinder is

where “a” and “b” represent half the major and minor axes, respectively. Subtract-
ing the thickness from a and b and recalculating gives

ICG1 is then (using a standard formula)

F R
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The squared distance from the CG of the segment to the CG of the car is

The parallel axis theorem then gives IZ1 as

Completing the calculation of IZ by adding in the other parts of the car ( j = 2, 3,…6) 
gives IZ

2kg m= 389 88. ·  . The radius of gyration of the vehicle’s mass is

Shell CG At the end of the fourth column of Table 9.5 is the sum of the products of 
the segments and the distances of their CGs from the nose of the car. Dividing this 
sum by the total mass of the shell gives the coordinate of the shell’s CG.

h x x y y1
2

1
2

1
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Fig. 9.5  Side force and moments on the Shark
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Results Figure 9.5 shows the side force, Fy, the yawing moment, Mz, and the rolling 
moment Mt. Also shown is the moment causing rollover, calculated as − 2222.6 N m 
by Eq. (21.20). Note that, as the double-headed arrow indicates, there is a large 
clearance between the moment causing rollover and the maximum rolling moment.

The yawing moment is at first counterclockwise (less than zero) and then shifts 
to clockwise. This behavior is caused by the yawing moment arm,9 a function of 
the car’s shape, which is positive until about 0.35 s, then passes through zero and 
is negative thereafter. Hence, as Figs. 9.6 and 9.7 show, this causes the car to turn 
slightly north at first and then slightly south. The displacement of the car’s CG in 
the traffic lane was minuscule, effectively zero, and therefore was not plotted.

The simulation results show that the car will be stable and will deviate only a 
negligible amount from a straight path under the design side gust conditions. How-
ever, the designer should bear in mind the limitations of the calculation. For ex-
ample, Figure 9.7 shows that the car will not roll in a 100 kph gust. This is clearly 
not credible. Under such heavy aerodynamic loads, effects ignored in the model, 
used in the calculation will come into play. Lift is one such effect. A positive angle 
of attack to the relative wind would be produced by flexing of the suspension (also 
neglected in the model). This would cause upward lift and generate an additional 
aerodynamic rolling moment that would cause roll. The calculations presented here 
are intended as aids to design, not as revelators of absolute truth. They are not 
equivalents to wind tunnel testing of scale models. Nor should their results justify 
operating a solar car unwisely, such as in 100 kph wind gusts.

9 The yaw moment arm, uCG−uCP, where u is the distance from the nose of the car and CP denotes 
the longitudinal coordinate of the center of pressure, is plotted in Fig. 9.6.

ω

ω

Fig. 9.6  Heading and heading velocity of the Shark
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9.14 Drive, Battery, Energy Rate and Range

Drive The design maximum grade and the design speed up this grade establish the 
maximum tractive torque and power required to climb hills. The design maximum 
grade should therefore not be less than the steepest grade in the design race route. 
The maximum cruising speed on a zero grade sets the maximum rotational speed.

The maximum grade in the design race route is 10 % (specification 8.2.0). The 
speed up this grade is 40 kph. The maximum speed on a zero grade is 88.5 kph 
(55 mph). To allow for mass gain we will generate the requirements using the mass 
limit of 338 kg in specification 8.4.1. Multiplying the current maximum drag area 
estimate by an “as-built” factor of 1.2 gives a drag area 0.127 m2. See Chap. 10, 
Table 10.2 for the drive procurement performance points.

Battery The details of the battery will be left to Chap. 10. However, in comput-
ing the weight of the vehicle, we have assumed that the battery’s mass is 140 kg. 
Good-quality lead-acid batteries have a specific energy of about 35 W·h/kg. Using 
these batteries gives a total capacity of about 4900 W·h, of which about 80 % (about 
4000 W·h) is useable. Lead-acid batteries are the cheapest of the battery types 
allowed by the sample rules of Chap. 16.

Energy Rate and Range As an example, we will estimate the tractive energy con-
sumption rate of the Shark using the drag areas estimated above and the conditions 

Fig. 9.7  Aerodynamic rolling moment study
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required by specification 8.13.1. This estimate will of course be revised several 
times during the design process as the information about the car becomes more 
complete and accurate.

Suppose the battery contains 4000 W·h of useable energy,10 the efficiency, 
ηOVERALL, between the battery and the contact patch of the driven wheel is 70 %, and 
the rolling resistance coefficients are at the limits set in specifications 6.1 and 6.2. 
Let the mass be the maximum, 338 kg. Using these numbers, we will calculate the 
energy rate, range, and running time of the Shark on a horizontal road as a strictly 
battery-powered car. The energy rate, eR, will be found from Eq. (2.17) and the 
range, S, from

Where EB is the usable battery energy in W·h, and eR is the energy rate in W·h/km.
The results are shown in Fig. 9.8. Notice that at the design speed the energy rate 

exceeds the specified value at both drag areas.11 The car must cruise at 74.3 kph 
(46.2 mph) at the higher drag area and at 81 kph (50.1 mph) at the lower drag area 
to not exceed the design rate.

10 This is assumed constant for convenience. The capacity of the battery is actually a function of 
the current discharge rate; see Fig. 4.5.
11 Recall that specification 8.13.1 is a “wish.”
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Fig. 9.8  Range and energy rate (battery only)
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Reducing the speed to about 50 kph (31 mph) will give an energy rate of about 
9 W·h/km and a range of about 320 km (200 miles). Travel time would be 6.4 h.

9.15 Array Concept

In Fig. 9.2 we have already established the underlying shape and, by implication, 
the maximum area of the array. And, for the weight calculation, we assumed four 
parallel strings, each with its own maximum power point tracking (MPPT). Further 
array details will be left to the next chapter.

9.16 Driver Interface

Visibility The next step in the development will be to check the driver position for 
minimum height-of-eye and the side and forward view angles from that position 
(see Chap. 16, Sect. 16.6.6). The rear view system will be postponed to the next 
chapter. Figure 9.9 shows, except for the rear vision requirements, that the Shark 
concept is within the rules if the canopy encompasses the angles shown.

Fig. 9.9  Driver visibility study
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9.17 Transport Compatibility

Figure 9.10 shows the spacing between and the height of the wheel wells of an 
actual transport trailer. Comparison of these dimensions shows that the Shark will 
fit inside the trailer, although it is a close fit in some places. The vehicle will have 
to be carefully restrained and possibly padded in some places to prevent damage.

Fig. 9.10  Transport clearances
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9.18 Concept Summary

Layout A three-view layout drawing is the end product of the conceptual design 
phase. Information for the drawing comes from the concept sketch and the calcula-
tions completed above. The drawing for the Shark is shown in Fig. 9.11. As Raymer 
(1989) points out, this drawing is the basis for further studies of the design and may 
be revised several times. Some way to accommodate the fairings to large steering 
angles must be devised.

Summary Table 9.6 summarizes the principal findings for the Shark, so far.

Fig. 9.11  Shark Layout
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Table 9.6  Concept summary
Shape Morelli “Shark”: 3.7 % camber ratio, 15 % clearance ratio, − 1.43o 

pitch angle.
Dimensions Length = 6 m, max. height = 1.2 m, wheelbase = 3.2 m, 

track = 1.4 m, max. width = 2.0 m
Inertial Mass = 323.6 kg, CG at x = 2.624 m, y = − 0.02 m, z = 0.639 m
Aerodynamic cDAD = 0.106 m2 – 0.127 m2, AD = 1.68 m2

Array Integral to Shark shape; four parallel strings each with an MPPT
Battery Capacity ≈ 4000 W·h, efficiency ≈ 80 %
Drive See study displayed in Fig. 9.8
Tractive energy rate About 16.6–18.6 W·h/km at 88.5 km/h
Wheels 2F-2R, 20 in. outside diameter
Problems 1. Fairings at large steering angles

2. Rear vision from cockpit
3. Energy rate too high

MPPT maximum power point tracking, 2F-2R two in front–two in rear
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Chapter 10
Solar Racer—Detailed Design

10.1 Introduction

This chapter continues the Shark design by developing some details or examples 
of procurement specifications for certain components. The components considered 
are: the wheels, drive, array, battery, ventilation system, and brakes. Some examples 
of student-produced assembly drawings for a solar car are shown to illustrate the 
final product.1

As the design process continues, greater and greater detail is generated. Each 
item moves through the process on its own schedule. Each of these schedules is 
coordinated by a master manufacturing plan. The outcomes of this process are pro-
curement specifications for items to be purchased and (ideally) engineering draw-
ings of items to be constructed.

10.2 Procurement

A number of components, including the motor and controller,2 the solar cells, the 
battery, the brake system master cylinders and calipers, the maximum power point 
trackers, the direct-current-to-direct-current (DC-DC) converters, the rack and pin-
ion for the steering system, and the signal lights will usually be obtained from com-
mercial sources. Most of these components are too specialized or require too much 
development time for typical teams to design and build them in-house. Others, such 
as the signal lights (and other such small parts), are available from local auto or 
electronic parts stores.

In general, the literature furnished by the manufacturer of each purchased item 
will contain dimensioned drawings, operating characteristics, and instructions for 

1 The drawings are not for the Shark, but for a later car.
2 However, Storey (1994) reports that some teams in the 1993 World Solar Challenge built their 
own wheel motors. A necessity: At the time there were no commercial sources for such motors.

© Springer International Publishing Switzerland 2015
E. F. Thacher, A Solar Car Primer, DOI 10.1007/978-3-319-17494-5_10
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its installation, operation, and maintenance. Installation information should be 
transferred to, or referenced by, the engineering drawings of the car. Some manu-
factured parts can be designed only after this information becomes available. All the 
original information should be organized in notebooks or files and thus preserved 
for later reference.

10.3 Wheels

The work of Chap. 9 assumed 20-in. wheels. However, suppose that three wheel 
diameters are being considered for the Shark. The actual diameters (as opposed to 
the advertised nominal diameters) of the tires are 17, 20, and 26 in.

Suppose further that each has a smooth tread, a tire pressure of 80 psig, a solid 
rim, the tire K-factor of Chap. 20, and is operating at the maximum racing speed. 
The theory of Chap 20 will be used to study the influence of wheel diameter and 
inflation pressure on rolling resistance.

Here is a sample calculation for 20-in. diameter wheels. From Table 9.6, the 
mass is 323.6 kg, or 713.5 lb, 178.4 lb/wheel on average. Equation (20.4) gives the 
sinking rate as:

The rolling resistance of the tire is therefore:

We will use the Suntour® bearing data reported by Kay (1988). At 55 mph, the 
wheels are turning at 923.9 rpm. Kay (1988) gives the test load as 104.5 lb. A linear 
fit to the data and a quadratic load correction (see discussion of Eq. (20.12)) gives

The rolling resistance force equivalent to the bearing torque therefore is:

We will use Eqs. (20.6) and (20.8)–(20.10) to find the rolling resistance equivalent 
to the air drag resisting rotation of the wheel. The Reynolds number defined by 
Eq. (20.10) is (using data in m-k-s units):
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The moment coefficient from Eq. (20.9) is therefore:

Using “q” from the Sect. 9.8 of Chap. 9 and Eqs. (20.6) and (20.8) yields

The rolling resistance coefficient therefore is:

Figure 10 .1 shows the rest of the results. The reduction in μ between wheel  diameters 
of 17 and 26 in. is about 38.7 %. The 26-in. wheel should be chosen, consider-
ing rolling resistance alone. But other factors must be taken into account. Smaller 
wheels are easier to streamline. Therefore the designer must consider whether the 
reduction in the energy consumed in overcoming rolling resistance exceeds the 
possible increase in the energy to overcome drag caused by larger wheels. Larger 
wheels may be weaker under cornering loads, when efforts are made to keep the 
wheels light, but may have fewer flats because the contact patch pressure is lower. 
Larger wheels tend to increase the height of the center of gravity, thus reducing the 
resistance to roll over. We decide to continue with a 20-in. wheel.

Increasing the inflation pressure will lower the rolling resistance. Figure 10.2 
shows the effect of inflation pressure on rolling resistance for the 20-in. wheel at 
55 mph. An inflation pressure of 110 psig would lower the rolling resistance coef-
ficient to 0.0045. This is about 12.5 % above the specified value, 0.004. In keeping 
with a general philosophy of optimizing the whole system, we judge this to be close 
enough at this point.

The side and vertical loads the wheel must bear will be estimated.
The center of gravity is 2.634 m from the front axel. Hence, a is 1.324 m, and b 

is 1.876 m (refer to Figs. 9.11 and 21.1). Thus, b/L is 0.586 and the 1-g vertical load 
on each of the front tires is (using a 338 kg mass):
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Fig. 10.2  Rolling resistance vs. tire pressure

 

Fig. 10.1  Rolling resistance vs. wheel diameter
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Specification 8.7.1 asks for a 3-g design vertical load, or 2913.6 N (655.0 lb), on ei-
ther of the front wheels. This, however, is not a “demand” but a “wish.” The demand 
is the 2-g bump of specification 8.7.3, which implies a 1942.5 N (436.7 lb) vertical 
load. The same paragraph requires a 1-g side load, 972.2.2 N (218.4 lb; Table 10.1).

10.4 Large Steering Angles

The problem of accommodating large steering angles with the fairings (Table 9.6) 
will be solved by incorporating doors on both sides of each fairing. The doors will 
be spring loaded to shut and will be pushed open by aluminum bars attached to each 
wheel. This was the actual solution adopted for Helios, alias the Shark, for the front 
wheels.

10.5 Drive

Figure 5.6 implies that the optimum operating conditions for the motor may not 
match the operating conditions of the wheel. A transmission between the motor 
and the wheel allows the motor to be operated nearer its optimum torque and speed 
while driving the wheel over its torque and speed range. On the other hand, the 
transmission consumes energy, adds weight, and increases the number of ways the 
drive can fail.

The simplest transmission is a single-reduction chain or a toothed-belt drive.3 
This is a light-weight, reliable, and efficient solution, if the motor can be kept 
near its optimal efficiency by a fixed gear ratio. Clean, lubricated, and properly 
 tensioned chains may have efficiencies of 98.5 %, as a source cited by Whitt and 
Wilson (1974) asserts. Toothed belts are slightly less efficient, but require no ten-
sion adjustment, are much quieter than chains, and need no lubrication.

3 Or, as in the case of Clarkson’s 1990 Sunrayce car, a hockey puck directly driving the left-rear 
wheel.

Rim Solid aluminum
Inflation pressure ≥ 110 psig
Actual diameter 20 in., bicycle-like width
Tire type Tubeless
Tread Smooth
Bearing torque At or below Suntour™ bearings
Weight of wheel ≤ 16.95 N (3.81 lb)
Design side load 971.2 N (218.4 lb), certified
Design vertical load ≥ 1942.5 N (436.2 lb), certified 

2913.7 N (655.0 lb) if no trade-off

Table 10.1  Wheel procure-
ment requirements
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The race course will strongly influence the design of the transmission. Do steep 
grades predominate, as in the Swiss Tour de Sol? Then a motor driving a single-
reduction transmission will spend most of its time at high torque and low speed, will 
run hot, and be less efficient. Or is the course mostly gently rolling terrain, as in 
the 1995 and 1997 Sunrayces? Then choosing a cruising condition allows the car to 
spend more of its time near its cruising speed and the motor will be cooler and more 
efficient. In the former case, employing a transmission with a steep-hill gear and 
a cruising gear may give a net energy gain, compared to a single-speed reduction 
chain drive. In the latter case, the extra weight and power loss of a multiple-speed 
transmission may result in a net loss of energy over the race course, compared to 
the single-reduction unit.

Clearly, there are a number of ways the motor, controller, and transmission can 
be combined to produce a drive that will, through some combination of weight 
and efficiency, cause the smallest net loss in energy over the race course, meet the 
torque and rotational speed requirements of the race, and remain within the budget 
of the builders.

We recalculate the torque and power requirements listed in Table 9.6 at a mass of 
338 kg using the new rolling resistance coefficient. Recall that from the Specifica-
tion Table 8.2, Design Race Route, the Shark must climb a 10 % grade at 40 kph 
and cruise at 88.5 kph on a level road. Take the drag area to be 0.127 m2 at either 
speed. The rolling resistance coefficient has been found to be 0.0045 at 88.5 kph. 
We find it to be 0.004 at 40 kph, using the same method. As in Chap. 5, we assume a 
transmission efficiency of 95 %. Table 10.2 shows the steady-speed results for each 
operating condition.

The available motors must be surveyed. Chapter 5 describes advantages and 
 disadvantages of generic motor types. In solar racing, high efficiency over a wide 
range of torque and rotational speed (the efficiency should include the power sup-
plied to the motor’s cooling system), reliability, and low weight are very impor-
tant. The weight to consider is the weight of the entire drive: controller, motor, 
transmission (if any), and cooling system (if separate). The cost of the motor and 
controller may also be a factor. Select likely candidates and obtain the manufac-
turer’s data for each. Be sure the data contains characteristic curves equivalent to 
those in Fig. 5.6.

Suppose that we are choosing between a radial-flux motor and an axial-flux, 
wheel-mounted motor. Both are brushless, permanent-magnet machines. The price 
difference could be US$ 3000–5000 or more in favor of the radial flux motor. Cost 
constrains design choices just as rigorously as physics. Let us assume that we select 
the radial flux machine because it is cheaper. For illustrative purposes we choose 
the Solectria BRLS8, already examined in Chap. 5. 

Table 10.2  Drive design points
V (kph) Grade (%) τW (N·m) NW (rpm) PW (W) PM (W)
88.5  0 15.3 924 1480.0 1557.8
40 10 89.5 418 3913.8 4119.8
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The speed reduction will be set to keep the motor at the highest possible effi-
ciency. For the zero-grade condition, the power delivered to the transmission, PMopt
, at maximum motor efficiency must be 1557.8 W (Table 10.2). Use Eq. (5.23) as 
in Example 5.1:

Table 10.3 summarizes the optimal results for both 0 and 10 % grade conditions. PB 
symbolizes the power from the battery bus and nG the rotational speed reduction of 
the transmission.

Solar racers may run with a fixed reduction. If climbing the 10 % grade with the 
3.62 reduction, the motor would operate at 1513 rpm, 26.0 N·m, and an efficiency 
of about 62.7 %, extrapolating Fig. 5.6. This operating point is outside the continu-
ous operation region and far from optimal. The power demanded of the battery and 
solar array would be 6571 W, a 67.9 % increase over the wheel power. A compro-
mise reduction for a hilly course would give more efficiency on hills but would limit 
the top speed when cruising on flats in order to keep the motor below its maximum 
allowable rotational speed. The BRLS8 is limited to 5687 rpm, so the maximum 
possible reduction would be

Suppose we set the reduction at 5.64. This gives the driver an 8 kph (5 mph) cush-
ion above the maximum speed allowed by race rules, which we have taken to be 
88.5 kph, before the motor overspeeds. Table 10.4 shows the motor efficiencies 
resulting from this choice.

Note that the design race route contains 24 km of 5 % grades but only one 0.1-km, 
10 % grade. It would seem prudent to examine the effect of a two-ratio transmission 
using the optimal gear ratios for the zero and 5 % grades. We also ask: Because the 
grade is smaller, could we travel at, say, 50 kph up this grade?

The two-ratio reduction improves the efficiency for each case. At speeds less 
than 88.5 kph on horizontal roads, the 3.62 reduction yields efficiencies in the 
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Table 10.3  Motor design points
V (kph) Grade (%) τM (N·m) NM (rpm) nG ηM (%) PB (W)

88.5  0 4.44 3348  3.62 91.76 1680.7
40 10 6.98 5640 13.5 94.0 4282.7

Table 10.4  Single and two-speed reduction results
V (kph) Grade (%) nG ηM (%) nG ηM (%)
88.5  0 5.64 91.62 3.62 92.70
50  5 5.64 89.89 8.84 93.54
40 10 5.64 87.95 8.84 90.84
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89− 92 % range. These results imply that, for the car under study, the greater weight 
and complexity of the two-speed reduction may be justified for a hilly course.4

Multi-gear transmissions based on existing bicycle transmissions have been used 
by solar racing teams. Storey et al. (1993) reported that three teams in the 1993 
World Solar Challenge used chain drives in combination with multispeed transmis-
sions. One team used bicycle-hub gears, and two used a derailleur. The efficiency 
of the derailleur is “not greatly different” from a conventional chain reduction, and 
the estimated efficiency of the hub system ranged from 93 % (lowest ratio) to 85 % 
(fifth gear), according to Storey et al.

For the highest efficiency, chain-driven systems require the chain tension to be 
checked and adjusted and the chain to be well lubricated. Toothed-belt (“timing 
belt”) reductions do not require tension adjustment or lubrication. They are also qui-
eter than chain systems. In either system, however, the driving and driven sprockets 
must be in alignment to achieve the highest efficiency (Table 10.5).

The motor controller must function over the range of battery voltages expected. 
The controller cut-off voltage for Clarkson’s 1999 car was 47 V, for example. When 
this voltage is reached, the controller, and therefore the motor, will stop operating. 
However, the battery will usually be the limiting device because its recommended 
minimum discharge voltage may be reached first.

10.6 Battery

As in Chap. 4, module will refer to a number of cells grouped in a single case, and 
battery will mean the entire assembly of modules.

Race Rule Effect Consider the rules of the race in which the car is to compete when 
selecting the size of the battery. The distinguishing feature is whether the race day 
is terminated by a time of day, that is, the car runs during a fixed interval, or by a 
destination, that is, the car travels a fixed distance.

Suppose, as in the World Solar Challenge, racing may continue until a time of 
day. Teams should consider limiting the mass of the battery to that which can be 
recharged during the time interval beginning after racing stops and lasting until it 
begins the following morning. Extra, presumably unused, battery mass would cause 
increased energy consumption but contribute no additional range.

4 The efficiency of the actual two-speed transmission over its operating range should be deter-
mined to insure transmission losses do not cancel the gains in motor efficiency.

Table 10.5  Drive requirements
Weight (controller, motor, fan) ≤ 24.6 kg
Reduction to wheel 3.62 and 8.84, cockpit-selectable
Efficiency: transmission to wheel ≥ 95 %, over operating range
Efficiency vs. torque map, including cooling Like Solectria BRLS8 or better
Environment 50 °C continuous, water spray
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Now suppose a race day is ended when a team reaches a particular destination. 
This arrangement is typical of the original Sunrayce rules. Therefore, if a team 
reaches the destination before the final stopping time there will be more daylight 
available for recharging the battery than in the stop-at-time-of-day case. Carrying 
more battery mass would then allow higher average speeds.

However, nine of the first ten finishers, and fourteen out of the thirty-four teams 
in the 1993 World Solar Challenge carried close to the maximum allowed battery 
capacity of 5 kW·h (Storey et al. 1993). Other considerations besides those in the 
preceding two paragraphs play a role in choosing the battery capacity. Clouds can 
reduce the solar irradiance to 300 W/m2, or even less. Carrying extra energy allows 
a higher speed in cloudy conditions, or at least to maintain speed and avoid traile-
ring. In sunny weather, high speeds rapidly increase the power demand beyond that 
supplied by the solar array and thus favor increased energy storage.

Using high specific-energy batteries reduces the battery mass required for a giv-
en energy capacity, reducing the energy penalty for carrying that capacity. However, 
it increases the cost of the battery.

Battery Study Using the design race day and route, we will estimate the battery 
capacity to run the route, and some other important battery parameters, to illustrate 
how procurement specifications for the battery may be set. We follow the sugges-
tions of Chap. 19, with the following simplifications introduced to make the model-
ing easier:

1. The bus voltage is fixed at a mean value of 120 V, which we assume is in the 
middle of the allowable range for the motor controller. We do not yet know the 
actual dependence of the battery voltage on discharge rate.

2. The battery energy efficiency is 90 % for charge or discharge.
3. The solar irradiance is a constant, average value. This avoids the complication of 

modeling the weather–sun interaction. On a clear day, this model would overes-
timate the irradiance in the morning and afternoon and underestimate it around 
solar noon. But on a cloudy day, it would be closer to reality. A value of 500 W/
m2 will be taken as typical of the average solar irradiance on a clear day and 
200 W/m2 as typical of an overcast and rainy day.

4. The effective tilt correction factor of the solar array is 1.0. The Shark’s array, 
while not flat, is not greatly curved. The route course is generally west. There-
fore, the tilt correction factor on the south (left) side of the array will be some-
what greater than one and that on the north side of the array will be somewhat 
less than one.

5. The array efficiency is constant at 14 %. This assumption avoids the complica-
tions of calculating the actual efficiency of the array (a function of geometry, 
speed, air temperature, and irradiance). This is a typical conversion efficiency 
at the maximum power point under standard conditions. This will overestimate 
the efficiency in the morning and afternoon, but will be closer to the actual value 
around solar noon. The area of the array will be set at 8 m2, somewhat less than 
the actual area. The maximum power point tracker efficiency will be 98 %.

6. The Shark’s mass and drag area are 338 kg and 0.127 m2, respectively. The for-
mer is the specified limit, and the latter is the current maximum design estimate. 
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The rolling resistance will be calculated as a function of speed using the results 
for the 20-in., 110-psig, bald tire specified earlier.

7. The dependence of the motor resistance and stray power losses on rotational 
speed and torque are the same when acting as a generator as when acting as a 
motor. The efficiency of the motor acting as a generator is:

 (10.1)

The symbol “PTL” represents the total power loss and “PS” the power delivered by 
the shaft in generator operation.

Positive torque at the driven wheel means that torque must be supplied by the 
 motor. However, when coasting downhill at a constant speed, the wheel torque 
may be negative. This means that some of the excess gravitational potential energy 
must be dissipated as heat in the brakes to keep the speed constant. Or if regenera-
tion is on, it means that the motor will act as a generator and supply power to the 
battery bus.

Figure 10.3 shows a flow chart of the program incorporating the foregoing 
 assumptions and rules.

Figure 10.4 is a graph of the battery energy used with regeneration both on and 
off. The results show the energy recoupment value of regeneration over the design 
route: a reduction in required energy capacity of 0.48 kW·h. The solar irradiance is 
also shown to display its effect.

Table 10.6 gives the specification for the battery. To allow for overcast weather, 
the charge and energy capacity at an irradiance of 200 W/m2 were chosen. The tran-
sit time for the entire design route was 3.7 h. This sets the average current, 8 A, at 
which the capacity is specified. The maximum discharge rate of 36 A occurs when 
climbing the 10 % grade at 50 kph. The duration of this current is short; however, 
at that rate the battery would be discharged in less than 47 min (the capacity will be 
less than 28 A·h at 36 A).

The simulation did not account for acceleration. Moving quickly with traffic 
from a full stop, or passing other vehicles, may require larger discharge currents 
than the 36 A calculated for climbing the 10 % grade at a steady speed of 40 kph. 
Suppose the limiting acceleration from a full stop is set at 0.1 g. Immediately after 
 leaving the stop, the car must climb a 10 % grade at 40 kph under overcast conditions 
 (taken as 200 W/m2), using the climbing gear ratio, 8.84. This maneuver will be used 
to  specify the maximum discharge rate. The time required to accelerate would be 
11.5 s. The maximum battery discharge current for this maneuver, found by includ-
ing acceleration (via the “little tap” method) in the program outlined in Fig. 10.3, 
would be 76.6 A, and 0.0186 kW·h would be removed from the storage.

If the cruising gear ratio, 3.62, were used to accelerate and climb, the  maximum 
discharge current would be 95.3 A, and 0.03 kW·h would have been removed. 
These results emphasize the usefulness of a climbing and a cruising gear. When 
 traversing several urban areas during a day the energy consumed by accelerating 
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can be considerable. Even though it would be partially offset by regenerative brak-
ing, we specify an extra 0.2 kW·h to allow for it.

Many of the requirements in Table 10.6 have been written as limits. For  example, 
the minimum specific energy appears as “≥ 27 W·h/kg,” where “≥” means “greater 
than or equal to,” that is, “at least.” The last five rows of the table contain  specimen 
requirements that were not derived from the simulation, such as the operating 
 temperature, relative humidity, and the minimum acceptable life (set to include 
 prerace testing). These must be developed from analysis, measurement, or by que-
rying other solar car builders.

Fig. 10.3  Simulation flow chart
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Table 10.6 sets the minimum acceptable technical requirements.  Apparently a 
lead-acid battery would fulfill these requirements. This is fortunate because  advanced 
battery technologies with high specific energy storage capacity are  expensive.  How-
ever, using them does not guarantee winning. The winner of the 1999 Sunrayce 
carried lead-acid batteries.

Fig. 10.4  Simulation results

 

Battery
Bus voltage 120 ± 15 V DC
Energy capacity ≥ 3.9 kW·h, 3.7 h rate
Total mass Per Chap 16
Module
Energy efficiency ≥ 90 %, charge or discharge
Coulomb efficiency ≥ 95 %, charge or discharge
Maximum discharge rate ≥ 77 A for ≥ 11.5 s
Average discharge rate 8 A, the 3.7-h rate
Charge capacity ≥ 28 A·h at the 3.7-h rate
Minimum usable capacity ≤ 20 %
Specific energy ≥ 27 W·h/kg at the 3.7-h rate
Specific power ≥ 34 W/kg
Charge method Standard and opportunity
Life ≥ 75 deep cycles
Operating environment 40 °C and 70 % RH
Storage environment 20 °C and 50 % RH
DC direct current

Table 10.6  Battery and 
module requirements
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Let us assume, then, that the budget will only allow purchase of lead-acid tech-
nology. The nominal voltage of such a couple (Table 4.7) is 2.0 V. Chapter 4 gives 
the lower voltage limit (at the knee of the discharge curve drop-off) as 1.75 V. This 
is a decrease of 12.5 % from nominal. Then the range of bus voltages we will take 
as 120 ± 12.5 % V, or 105–135 V.

10.7 Battery Ventilation Details

Procedure The minimum flow required by the race rules in Chap. 16 is 280 L/min. 
Figure 10.5 is a drawing of a possible battery ventilation system based on Fig. 2.7. 
Most of the dimensions in this drawing were estimated from the scaled sketches in 
Chap. 9. Some were arbitrary choices. We will apply the material in Chap. 18 to 
estimate the total pressure drop from inlet to outlet, the flow, and the ventilation 
drag. First, we must find the system characteristic, the head loss per unit flow of the 
system outside of the fan. We assume that p10 is approximately p∞.

First Design We put the inlet in the front stagnation region to provide a high inlet 
pressure and give it rounded edges to reduce pressure loss as the flow enters. The 
air flows through a straight run of flexible duct to the battery box plenum. The flow 
passes into the box through a sudden expansion, leaves through a sudden contrac-
tion, and enters the fan. Downstream of the fan, another section of flexible duct 
directs the air to the diffuser which discharges the air into the external flow through 
the underbody of the car (not shown in Fig. 9.2).

At 55 mph, the maximum allowed speed, the ventilation system will probably 
supply plenty of flow to the battery. But it will also contribute its largest drag. So the 
design should be adjusted to minimize drag at 55 mph. Then the fan must be sized 
to give at least the minimum required flow (280 L/min) when the car is stopped.

We will neglect the air density variation in the system.

Rounded Inlet Figure 18.6 gives the loss coefficient of a rounded inlet. Assume 
that V1 is 55 mph, or 24.6 m/s. This is high and must be checked after the first 
sweep through the design. Taking r/d2 = 0.1 in Eq. (18.19) gives K12 = 0.12. The 
flexible duct which fits within the available interior passages of the Shark has a 
nominal inside diameter of 10 cm, or 0.1 m. The radius at point 1 will therefore be 
0.06 m and the diameter at the discharge end 0.1 m to match the duct. A1 is therefore 
0.0113 m2 and Q1, the volumetric flow rate, is A1V1, or 0.278 m3/s.

Flexible Duct There is a total of 4.5 m of the 10-cm nominal inside diameter 
 flexible duct. We can lump it all together because there are no branches. The volu-
metric flow rate and the flow speed are therefore the same in all of the pieces of 
the duct. The duct is built like an accordion. We model this by using a roughness of 
about 2 cm, or e/d = 0.2. A2, based on the nominal diameter, is 7.854(10−3) m2. Using 
the design temperature and pressure, we find the airspeed and Reynolds number in 
the duct, V2 and Rd2, as 35.4 m/s and 2.26(106), respectively. The flow is well into 
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the turbulent regime (not surprisingly). From Eq. (18.28), f ≈ 0.156. Entering the 
total length of duct into Eq. (18.26), we find KDUCT to be 7.02. Note that increasing 
d2 would cause a large reduction in the duct pressure loss, which varies inversely 
with d2

5 in turbulent flow.

Sudden Expansion The sudden expansion as the air enters the battery box plenum 
causes non-recoverable pressure losses. Equation (18.27) is employed to find the 
hydraulic diameter, dh, of the box plenum, a noncircular duct, to be 0.171 m. Then 
Eq. (18.21) gives K34 as 0.658.

Friction in Battery Plenum The relative roughness in the plenum is dominated by 
the battery terminals, their connecting wiring, and the spaces between the batteries. 

Fig. 10.5  Battery ventilation system
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We guess that this is equivalent to an average roughness of 1.0 in, or 0.0254 m, on 
the battery side and zero on the remainder of the surfaces parallel to the flow. This 
gives an area-averaged roughness of 0.0078 m. Using dh from above, e/d becomes 
0.046. Eq. (18.28) gives f45 as 0.069. K45 is then 0.282.

Sudden Contraction There are losses at the exit of the battery-box plenum caused 
by the sudden contraction of the flow back to the flexible duct. Equation (18.22) 
gives K56 as 0.276.

Fan We bypass the fan for the moment.

Diffuser If the half-cone angle of the diffuser becomes too large, the flow sepa-
rates inside the diffuser, and the loss coefficient increases dramatically, as Fig. 18.8 
illustrates. On the other hand, if the half-cone angle is small, the diffuser becomes 
rather long, and friction loss increases causing the loss coefficient to rise. There is 
an optimum half-cone angle of about 2.5° at which the loss coefficient is a minimum 
with a value of 0.3. Because of space constraints, we will specify a length of 0.5 m 
and choose a half-cone angle of 5°, for which we estimate a loss coefficient, K9,10, 
of about 0.4. The cone angle and length imply an exit diameter and area of 0.1875 m 
and 0.0276 m2, respectively. We neglect the biased truncation of the diffuser exit by 
the underbody of the car and assume the length and exit diameter to be where the 
diffuser’s centerline penetrates the underbody.

System Characteristic The system characteristic is the sum of the head losses from 
each component. Note that V2 = V9.

It is convenient to reference the system loss coefficient to the volumetric flow, Q1, 
at the inlet, station 1. With constant density, Q1 is the same at every station. This is 
done by applying Eq. (18.16), giving

Adding the loss coefficients of the components of the system gives the system char-
acteristic as5

As Chap. 18 explains, the pressure difference ∆p1,10 is dependent upon the shape of 
the car and the relative airspeed, not on the components of the ventilation system. The 
system characteristic may therefore be thought of as defining the flow at  different 

5 This cannot be as conveniently done with a branching system like that in Fig. 18.11 because the 
exit pressures are different.
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car speeds. As long as the total loss coefficient is constant,6 we can find the pressure 
difference causing a Q1 different from Q55, the volumetric flow at 55 mph, as

This system characteristic is the lower curve in Fig. 10.6.

Actual Flow Rate and Velocity The stagnation pressure can be calculated without 
making a flow plot at described in Chap. 18. This pressure, p1, is p∞ + ∆V ∞ 

2/2, which 
is 101.652 kPa at 55 mph and standard atmospheric pressure ( p∞ = 101.325 kPa). If 
p10 is equal to p∞, then the gauge pressure at the exit, pG10, is zero and ∆p1,10 is 
0.352 kPa. Solving the system characteristic for Q gives 0.0659 m3/s, or 3954 L/m. 
The inlet velocity is Q1/A1, or 5.83 m/s. The exit velocity, Q1/A10, is 2.39 m/s.

The initially assumed value of 24.6 m/s was considerably in error. Another pass 
through the calculation should be made. However, recalculating the minimum 
Reynolds number (station 4, just inside the battery box) shows that the flow would 
still be fully turbulent. Hence, the total loss coefficient will not change much (see 
Footnote 5). Let us therefore use the velocities given in the preceding paragraph to 
estimate the drag of the system.

6 If turbulent, separated flow dominates in the system, and heating effects are not large, the total 
loss coefficient will be nearly constant.
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Fig. 10.6  Fan and system characteristic
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Drag Let us suppose that the diffuser discharges approximately antiparallel to the 
direction of motion. The acute angles between the outward normals at the inlet and 
exit are therefore both zero. Substituting in Eq. (2.8)

Applying Eq. (2.9), the definition of the ventilation drag coefficient, and using the 
revised AD of 1.684 m2, gives

Therefore cDAD would be increased by 0.012 m2 at 55 mph, about 11 %. About 6 % 
of the drag is contributed by the change in momentum between the inlet and outlet. 
The rest is from the applied pressure difference.

Now consider the fan.

Fan As previously observed, when the car is stopped, at least the minimum allow-
able flow must be present. This flow, 280 L/m (9.89 cfm), will reduce the  component 
velocities considerably. The smallest, V4, would be 0.078 m/s. At this low velocity, 
the Reynolds number in the battery plenum would be 869, indicative of laminar 
flow. A new, low-speed system characteristic should be found for this condition. 
Nevertheless, we estimate the pressure change required from the characteristic 
just obtained, getting 1.77 Pa. The fan thus chosen should have more than enough 
capacity to provide the minimum flow under laminar conditions.

The pressure under a 1-ft square, 33-ft-tall column of water is equivalent to one 
standard atmosphere. Therefore, 1.77 Pa is equivalent to about 0.01 in. of water, or 
“inches water gage,” as it is usually expressed by fan manufactures’ data sheets. So, 
we must look for a fan that will supply at least 280 L/min at 0.01-in. water gauge.

Figure 10.6 shows the characteristic of an actual fan, one similar to those used 
to ventilate computers. As Chap. 18 explains, the operating point is defined by the 
intersection of the fan and system characteristics. Clearly this fan has more than 
enough head. The operating point is at about 0.08 in water gauge and a flow of 
28 scfm, or 793 L/min.

The system must be redesigned to reduce its drag. This reduction would allow a 
drag margin for the cockpit ventilation flow, which has not been considered. Mov-
ing the inlet underneath the car and closer to the battery would reduce the pressure 
at the inlet and also reduce the length of the flexible duct required.7 This would 
reduce the weight of the system and the total loss coefficient, thus at least partially 
offsetting the reduced applied pressure. The streamline plotting method of Chap. 18 

7 Hoerner (1965) contains a section on inlet and outlet designs. See also Mossman and Randall 
(1948) for information about low-drag National Advisory Committee for Aeronautics (NACA) 
submerged inlets, or “NACA ducts.”
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would be used to estimate the inlet and exit pressures. The fan flow at zero vehicle 
speed should again be found, this time with a revised low-flow system characteris-
tic. Figure 10.6 implies that a smaller-capacity, lower-power fan could be used. This 
will reduce the ventilation system current load.

10.8 Braking

Total Braking Torque The rules in Chap. 16 require the brakes to provide a decel-
eration of at least 17 kph/s from an initial speed of at least 50 kph. Equation (22.12) 
gives the total braking torque required to stop the car from some initial speed at 
a constant deceleration, ignoring drag and rolling resistance. It also incorporates 
a delay between the time the signal to stop is given and the time the brakes are 
applied.

The mass of the car to be used is the effective mass, estimated as follows: We es-
timate8 the tire moment of inertia, IW, from the wheel parameters already established 
to be the sum of the moment of inertia of a hollow rubber torus of 1/8-in. thickness, 
inner radius 7.5 in. and outer radius 10 in. and an aluminum disk of 1/8-in. thickness 
and 7.5-in. radius. The result is 0.0523 kg·m2. We estimate the motor moment of 
inertia, IM, by approximately scaling up from the known rotor moment of inertia of a 
Hathaway HSSS3810 brushless DC motor, 7(10−4) kg·m2. The rotors were  modeled 
as uniform cylinders. The moment about a cylinder’s axis is Mr2/2, where M is the 
mass and r the radius. The moment then scales as the product of the ratio of the 
masses and the ratio of the radii squared. The result was 1.25(10−3) kg·m2.

Equation (22.15) was used to find ME with the gear ratio set to 8.84, which gives 
the largest effective mass:

Note that ME/M = 1.014. Now, using Eq. (22.12), a delay of 0.5 s, and the minimum 
acceptable deceleration, 17 kph/s, and initial speed, 50 kph, given in Chap. 16, para-
graph 6.12.1, gives

8 By standard methods; see Hibbeler (1998) or similar texts.
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or a total braking force, FXB, of 1951 N.
The race rules require the stop to be made on a wetted surface. From Fig. 22.3, 

the peak braking coefficient, µBP , is 0.59 for this surface. The maximum gross ve-
hicle weight is 3315 N. Therefore, if the peak braking coefficient is approximately 
the same for the front and rear wheels, Eq. (22.20) gives

Under the conditions assumed, particularly the delay time, the car may not pass the 
braking test.

The aerodynamic drag and rolling resistance will add to the deceleration. Let us 
examine their effect on the 0.5-s delay case. During either the delay or the braking 
period the deceleration would be:

where we have neglected the speed-dependent portion of the rolling resistance co-
efficient because it is about an order of magnitude less than the constant part and 
assumed a constant drag coefficient. The rolling resistance force is now a constant 
and the same during both the delay and braking periods.

Using the “little tap” method, we take small steps in time, ∆t, of 0.01 s, say. Over 
this small interval, we take the deceleration to be constant. Then, using Eq. (2.20):

where “n” is the number of steps taken up to the present time. The force FXB in the 
deceleration must be set to zero during the delay and to FXB + μ1W thereafter. The 
rolling resistance is:

FXB was found from Eq. (22.12) for each case. The results are shown in Table 10.7, 
where V1 is the initial speed, tS0 and tS are the time to decelerate without and with 
drag and rolling resistance, respectively. Dry pavement was assumed.

Including drag and rolling resistance yields only small reductions in stopping 
time and corresponding increases in deceleration. But note that beginning the stop 
at a higher speed also reduces the total braking force because it lessens the effect of 
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Table 10.7  Braking effect of drag and rolling resistance
V1 (kph) tS0 (s) tS (s) a (khp/s) FXB (N)

50 2.941 2.911 17.175 1951.3
60 3.529 3.488 17.199 1886.9
70 4.118 4.064 17.226 1843.4
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the delay. Reducing the delay would also lessen the braking force, but keeping the 
delay less than 0.5 s requires practice.

Lockup and Proportioning Lockup of the front brakes initiates a skid and some loss 
of steering control. Lockup of the rear brakes makes the car susceptible to spinning 
if yawing forces are present (Gillespie 1992). Because of this, it is better to design 
to lock the front brakes first. The term “proportioning” refers to adjusting the ratio 
of the front and rear brake forces such that the deceleration goal can be met and the 
front brakes will lock first.

These issues can be made clear by plotting the maximum front brake force against 
the maximum rear brake force and adding a line of the minimum-acceptable, con-
stant deceleration. We will employ the method outlined by Gillespie, again neglect-
ing drag and rolling resistance. Two cases will be plotted: a dry surface represented 
by a μBP of 0.81 and a wet surface represented by a μBP of 0.59.

Equations (22.16) and (22.17) give the total normal force on the front and rear 
wheels, respectively. The total braking force, FX , appearing in each equation, is the 
sum of the front force, FXF, and the rear force, FXR. Lockup boundary lines for the 
front and rear brakes can be found by multiplying each equation by μBP and solving 
for ( FXF)MAX and ( FXR)MAX, respectively.

 

(10.1)

As before, h is the CG height and L is the wheel base. WF and WR are the total static 
loads on the front and rear wheels, equal to (see Fig. 21.1 and Eq. (21.7))

The ratio h/L is:

Figure 10.7 shows the resulting braking diagram for the Shark.
The dry surface design requirements are represented by the triangle 4-5-6. It is 

bordered by the front and rear lockup lines for a dry surface and by the 17 kph/s, 
0.5-s delay line. (Along this line, the sum of the front and rear braking forces is 
equal to 1951 N.) The wet surface requirements are represented, essentially, by the 
small triangle with its vertex at point 2.
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Lines 1 and 2 are brake proportioning lines. Along these lines the ratio of the 
front to the rear brake forces is constant. To satisfy the requirements for both wet 
and dry surfaces, a brake proportioning line must pass through triangle 4-5-6 and 
the small triangle at point 2 and cut the front brake limit line of each triangle. Line 
1 can satisfy only the dry surface requirements and line 2 only those of the wet 
surface. Satisfaction of both the dry and wet surface requirements dictates a change 
in slope of line 2 at point 2 such that it steepens and passes through triangle 4-5-6, 
cutting the front brake limit line to the left of point 5. Let us call this steeper section 
“line 3.” A two-stage proportioning valve will be needed. A proportioning valve 
adjusts the relation between the front and rear brake pressures.

Suppose caliper brakes are selected. The brake gain, G, is defined such that

 (10.2)

where µ is the coefficient of kinetic friction between the brake pad and the brake 
disk, rW

* is the radius from the wheel axle to the centroid of the brake pad contact area, 
A is the area over which the hydraulic pressure acts, and pA is the actuation pressure.

The slope, S1, of line 1 in Fig. 10.7 is 2.4. Therefore, assuming that the same 
pressure is supplied to both sets of brakes while on line 1 below point 2:

B A A* *
W W

( )
,BrA GF p p

r r
µ

= =

Fig. 10.7  Braking diagram
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(10.3)

After point 2, the hydraulic pressure must be adjusted by the two-stage proportion-
ing valve. The slope of line 3 is:

 (10.4)

where FXF2
and FXR2

 are the coordinates of point 2. By applying the definition of 
brake gain to Eq. (10.4), we find that along line 3 the actuation pressure to the rear 
brake must be adjusted according to

 (10.5)

The proportioning valve should be able to reduce the pressure increase allowed at 
the rear brakes by no more than 0.34 of the gain in pA after it senses that the actua-
tion pressure has reached pA2

.
On the wet surface, the margin between lockup and satisfying the stopping re-

quirement with a 0.5-s delay is too small; lockup of all wheels is virtually assured. 
Changing a/L and h/L has no practical effect on the size of the small triangle. Prac-
ticing braking so that the delay time is consistently less than 0.5 s will enlarge the 
small triangle the most, as triangle 1-2-3, which incorporates a zero delay, implies.

10.9 Engineering Drawings

The engineering drawings presented in this section describe portions of Clarkson 
University’s 1999 solar racer. They are reproduced here to illustrate some end prod-
ucts of the design process. The assembly drawings were further supported by draw-
ings for each part. The drawings were taken from Evans et al. (1999), the structural 
report required for the 1999 Sunrayce.

To keep this book to a sensible size, the structural design of the car has not been 
treated in detail. The structural analysis of the assemblies and parts was done by 
hand calculations and by modeling the parts using a commercial computer code. 
Simulated crash testing to meet the impact g-loads imposed by Chap. 16 was done 
with a code specially adapted for impact analysis. Load sets were derived from 
calculations (as in Chap. 22), engineering judgment (which was not always cor-
rect—see Chap. 22 again), and Chap. 16.

Brake Assembly This assembly is shown in Fig. 10.8. The caliper subassemblies 
were purchased; the other parts were manufactured in Clarkson’s machine shop by 
the team. Aluminum was used where possible.
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Suspension Figure 10.9 shows the suspension design. Each wheel used an inde-
pendent, double A-arm suspension incorporating a mountain bike shock absorber 
(shown in lighter lines behind the A-arms). The A-arms were made of chrome-
molybdenum steel tubing.

Chassis Preliminary design of the chassis was greatly aided by building a mock-up 
made of plastic tubing and duct tape. It was easy to add and remove stiffeners to 
qualitatively check the relative effect and to put a driver inside the cockpit portion 
of the frame for ergonomic checks. The welds were performed by Rome Laborato-
ries, Rome, New York.

Overall View Figures 10.10, 10.11, and 10.12 present front, side, and top views of 
the car. Critical dimensions are shown (Figs. 10.10, 10.13).

Crash Simulation Figure 10.14 is a side view of a solar car after a simulated col-
lision at 30 mph with a rigid wall. The blue  material is the Kevlar®-Nomex® body 
shell, the red is the chassis, and the green is the battery box. The simulation code 
was LSDYNA3D®, an automobile-industry standard crash simulation code. The 
average deceleration was 5.01 g with a peak of 8.24 g lasting about 0.1 s. Note that 
the chassis member above the driver’s legs has deflected the shell away from the 
driver. The driver’s compartment is essentially intact.

Fig. 10.8  Brake assembly
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Fig.10.9  Front suspension

 

Fig. 10.10  Chassis
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Fig. 10.12  Side view

 

Fig. 10.11  Front view
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10.10 Solar Array

Dimensions Table 9.6 requires a body-integral array consisting of four parallel sub-
arrays each connected to the battery bus through a maximum power point tracker 
(MPPT). Chap. 16 requires that the array fit within a box 5 m long by 2 m wide 
by 1.6 m high. The product of the length and width of the array, less “any single 

 

Fig. 10.13  Top view

 

Fig. 10.14  Sample crash simulation result. (Evans et al. 1999)
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rectangular region not occupied by array components,” may not exceed 8 m2. That 
is, the area of the array projected on a horizontal surface may not exceed this limit. 
The actual area available for the array is greater than this because the portion of the 
body of the Shark within the above box is convex.

Power Specification 8.9.1, Chap. 8, requires the ratio for the minimum array power 
supplied to the bus to the mass of the car when irradiated at 1000 W/m2 to be at least 
3.5 W/kg. At the current mass of 323.6 kg, this is a power of 1132.6 W. At the mass 
limit of 338 kg, it is 1183 W, which we round up to 1200 W. As a precaution, let us 
use this higher power to size the array.

Cells The rules in Chap. 16 do not directly restrict the cell technology.9 But they 
limit the cost of bare cells to US$ 10 per Watt and require that the cells be available 
to all teams. This rules out high-performance cells, such as high-grade silicon cells 
made for the space program, and in effect restricts the array to commercial, silicon-
based technology. Although more expensive, crystalline silicon cells are more effi-
cient than amorphous cells. We select the former for our array.

A typical commercial silicon cell is 10 cm on a side, giving an area of 0.01 m2. 
Under the specified irradiance, at a temperature of 25 °C and at its maximum power 
point, a commercial-grade, silicon-based solar cell of this size produces about 3 A 
at 0.5 V, or 1.5 W. Therefore, the array will have 800 cells.10 There will be 200 cells 
in a series-connected sub-array, and each sub-array will operate at 100 V. The total 
current from the array will be 12 A. We keep in mind that the actual number of cells 
and the number in each sub-array will vary depending upon how the cells must be 
placed on the car to accommodate its curved surface. Also, we must leave about 
1 mm between the cells on all sides to allow for thermal expansion. Chapter 11 
shows a solar car team working through this mechanical aspect of array design. 
Herein, we will focus on the electrical aspect.

Trackers The current design will use four MPPTs boost regulators. Buck regulators 
require more cells per sub-array and therefore fewer sub-arrays. Three sub-arrays, 
two with 266 cells and one with 268 cells, would give 133 V and 134 V, respectively. 
Fewer strings means that it is more difficult to have each cell in a string; “see” the 
same irradiation on a curved surface like the Shark’s. But the weight contributed 
by the tracker’s will be less. We will keep the design at four sub-arrays because we 
believe this is a good compromise between cost (MPPTs are expensive), weight, and 
array performance. (Note, however, that Fig. 11.32 shows an installation of seven 
MPPTs. This implies fewer cells per sub-array and consequently a lower sub-array 
voltage. A boost regulator’s efficiency may be less when the difference between the 
sub-array voltage and the battery bus voltage is greater. For the same number total 
of cells, the loss of one sub-array reduces the array power by 1/7th, not 1/4th.) The 
MPPTs must be able to accommodate the range of bus voltages expected during the 

9 Much more efficient cells can be used, if the money is available, under American Solar Challenge 
rules and giving array powers of 1600 W, or more.
10 The number purchased should allow about 25 % for breakage.
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race. The budget for the Shark will only allow purchase of lead-acid battery mod-
ules for which this range was previously estimated to be 105–135 V.

The sub-array voltage may be increased, and the cells better accommodated to 
a curved surface, by cutting them in half. The current from such a sub-array will 
be half of that using full-size cells. An array might include both full-sized and 
half-sized cells. Cutting is best done by the cell manufacturer and included in the 
purchase contract. A sub-array should consist of cut cells or whole cells, but not 
of both.

Diodes Placing bypass diodes in parallel with every cell would minimize the effects 
of cracked or shadowed cells. Placing the diodes underneath the array substrate 
would require a hole between each pair of cells and one at the beginning and end of 
each sub-array. Placing the diodes on top of the array next to the cells they bypass 
would reduce the area available for cells. Eight hundred diodes would be needed in 
either case. Instead, we will place diodes underneath the array and in parallel with 
ten-cell segments of each sub-array. This requires 80 diodes in all. The number of 
cells bypassed was arbitrarily chosen. Each diode must be rated for the short circuit 
current of the sub-array and the open circuit voltage of the string of cells it is con-
nected to.

Mass Table 9.4 allocates 15.3 kg to the array, which includes the cells, intercon-
necting ribbon, diodes, and MPPTs. Cells of about 0.5-mm thickness and about 1.0-
mm thickness are available. The former have a mass of about 7 g and latter a mass 
of about 14 g, giving a total cell mass of 5.6 kg and 11.2 kg, respectively. Thicker 
cells are less susceptible to cracking. But we resolve to make the substrate rigid 
enough to prevent this without a 5.6-kg structural mass increase. Taking the mass of 
an MPPT11 as 0.9 kg gives a total tracker mass of 3.6 kg. Typical (0.004-in. × 0.055-
in. tinned copper) interconnect ribbon has a mass of 0.00155 kg/m. Allowing 40 cm 
per cell (see Fig. 11.26) gives an interconnect ribbon mass of 0.5 kg. Taking the 
mass of a diode and its interconnecting wires as 2 g gives a diode mass of 0.16 kg. 
The estimate of the total mass is then 9.86 kg.

Summary Table 10.8 summarizes the array design.

11 The actual mass of a Solectria MPPT.

Table 10.8  Array electrical design
Cells 1000, 10-cm x 10-cm, commercial silicon, four parallel sub-arrays, 200 

cells per sub-array (200-cell breakage allowance)
MPPT Boost regulator, match to 105–135 V bus, rated a t≥ 3.2 A, four required
Diodes 80, one per 10 cells, rated at ≥ 3.2 A and 6 volts
Interconnect 0.004-in. x 0.055-in. tinned copper ribbon, 40 cm/cell (320 m required)
Total mass 9.86 kg
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Chapter 11
Solar Racer—Construction

11.1 Introduction

Emphasis has been placed herein on the main steps in the construction process. 
Within this domain, most of the material focuses on construction of the composite 
body shell and the solar cell array. These processes are probably the most unfamiliar 
to the reader. Remarks on chassis and moldless shell construction, the management 
of construction and the skills, facilities, and equipment needed to support it have 
also been included.

For details of composite fabrication, the reader should consult specialized publi-
cations. Constructors of homebuilt light aircraft and solar cars share some goals: the 
need to fabricate a streamlined, lightweight, but strong and stiff structure. Hence, 
the composite materials and the construction techniques used for homebuilt aircraft 
may also be used for solar cars. The solar car builder may therefore tap the wealth of 
technology and information accumulated by the homebuilt aircraft industry.

Books on steering, braking, and suspension construction have been published. 
Most of the key components of these systems, such as steering wheels, rack-and-
pinion assemblies, rod-end bearings, hydraulic brake caliper units, master cylin-
ders, and shock absorbers, can be purchased ready-made. Construction of these has 
therefore not been included.

11.2 Body Subassemblies

A solar racing car body provides aerodynamic streamlining, supports the solar ar-
ray, and keeps the weather out of the car. The array is often detachable so it can 
be mounted on a moveable stand that points it at the sun when charging batteries. 
Figure 11.1 shows a three-subassembly car: array, canopy, and chassis during bat-
tery charging.

A chassis is a structure made of metal tubes, composite panels, or a combination 
of composite panels and molded shapes, to which are attached the suspension ele-

© Springer International Publishing Switzerland 2015
E. F. Thacher, A Solar Car Primer, DOI 10.1007/978-3-319-17494-5_11
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ments, the steering system, the battery, motor, the aerodynamic shell, etc. Thus, the 
chassis carries the main structural loads.

11.3 Space Frame

If the chassis is a frame made of tubes, it is called a “space frame.” The tubes of a 
“pure” space frame are only in compression or tension. Space frames are relatively 
easily and quickly constructed or modified (provided the team has the necessary 
skills) because they are assembled by cutting tubing elements to length, and weld-
ing or brazing the elements together. When a space frame is used, the body usually 
consists of a shell with the space frame inside it.

The frame materials are usually aluminum or steel tubes (6061-T6 aluminum 
and 4130 chrome–molybdenum aircraft tubing are frequently used) of well-known 
geometry and physical properties. Whereas composite components, especially 
those made with a wet layup process by relatively unskilled workers, can have quite 
variable structural properties, including built-in flaws. Thus, a prediction of where 
and how a composite will fail carries far less assurance than does a similar predic-
tion for a space frame. Marshall (1998) strongly recommends load testing of sample 
composite pieces and finished articles.

The strength of aluminum is reduced about 50–80 % in the weld-affected zone. 
The designer must compensate for the weakening at the welds by using more, pos-
sibly thicker-walled, tubes or other reinforcements, such as gussets. These additions 
make the space frame heavier. Chrome–molybdenum tubing is more dense than  

Fig. 11.1  Body subassemblies. (Jules LeDuc)
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aluminum but far stronger, so that the space frame can have fewer members made 
with smaller tubing (see Fig. 11.3). Furthermore, the frame can be brazed together, 
thus avoiding the effects of welding on the jointʼs strength. Table 11.1 gives room-
temperature properties for 6061-T6 aluminum and 4130 chrome–molybdenum steel.

It is easy to predict the space frameʼs weight during design, and to control it dur-
ing construction, because it is made of elements of a known weight and geometry. 
Wet layup composites tend to be heavier than intended. (See the remarks on “pre-
preg” cloth in the Sect. 11.4 below.)

A space frame can be built independently of the shell. This means that a battery-
powered, operable, but shell-less car can be finished before the shell and the solar 
array. Testing of the vehicle can begin. This is a very important advantage. Fig-
ures 11.2 and 11.3 show cars with aluminum and steel space frames, respectively. 
Contrast these with the chassis shown in Fig. 11.4 made of aluminum honeycomb 
composite sheets.

Fig. 11.2  Steel space frame—M.I.T. 1995. (Jules LeDuc)

 

Material 4130 Chrome–
molybdenum steel

6061-T6 
aluminumProperty

Property
Density (pci) 0.284 0.094
Specific weight 7.9 2.6
Young’s modulus (psi) 29.0 (106) 10.0 (106)
Ultimate tensile strength (psi) 207,000 42,000
Yield strength (psi) 197,000 35,000
Strength/specific wt. (ksi) 26 16

Table 11.1  Steel and alumi-
num properties
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Mock-Up Mock-ups are temporary prototypes quickly constructed of cheap mate-
rials. Plastic tubing and duct tape were used to construct the mock-up shown in 
Fig. 11.5 made for checking the stiffness of the frame and its interface with other 
parts of the car. The figure shows the interface with the lower shell being assessed. 

Fig. 11.3  Aluminum space frame—Missouri-Rolla 1999

Fig. 11.4  Aluminum honeycomb chassis—Minnesota 1995. (Jules LeDuc)
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Mock-ups can be particularly helpful in the cockpit area. Helmeted drivers can sit in 
the mock-upʼs cockpit and evaluate the utility of the layout and clearance to the roll 
bar. Mock-ups are very helpful in planning the wiring and instrumentation layout.

Alignment Jig As the welded or brazed joints cool, the frame may twist or bend out 
of its intended alignment. To minimize this, a stiff fixture should be constructed to 
hold the members in alignment during joining. The frame will become rigid enough 
to hold its shape without the jig after a number of its members have been connected.

11.4 Shell Materials

Cloth Marshall (1998) defines a composite as an assembly of dissimilar materials 
combined to do a job that individually they cannot do. The composites used in solar 
cars are made from cloths woven from special yarns and wetted with a resin, sand-
wiching foam or honeycomb reinforcement. Table 11.2 shows some of the proper-
ties of three yarns commonly used in homebuilt aircraft and solar car composites. 
(Compare some of the properties given in Table 11.1). The cloths have been numeri-
cally ranked highest (1) to lowest (3) in the “impact resistance” and “toughness” 
characteristics. S-glass (the “S” denotes a higher silica content) is frequently used 
in homebuilt aircraft applications.

Fig. 11.5  Space frame mock-up. (Brian Lisiescki)

 



218 11 Solar Racer—Construction

The function of the cured resin is to bind the composite structure together so that 
the load is distributed over the reinforcing yarns. Thus, the strength of the structure 
also depends on the uniformity of the resin content, how well it has bonded to the 
cloth, and the strength of the resin. The resin also bonds the composite to surround-
ing or embedded structures.

Cloth already wetted (impregnated) with just the proper amount of resin, “pre-
preg,” may also be purchased. Pre-preg must be kept cool to prevent its resin from 
curing before the cloth is used. The wet layup process, described in great detail 
by Rutan (1983) and Marshall (1998), in which the builder adds resin to the cloth, 
tends to produce a heavier-than-intended car. The amount of resin added is difficult 
to control precisely, especially when the builders are inexperienced. Pre-preg cloth 
solves this problem. But pre-preg is much more expensive than the dry cloth.

Of the three fibers in Table 11.2, S-glass has the lowest strength-to-specific-
weight ratio and Kevlar® the highest. Therefore, solar car builders, in their quest 
for light-but-strong cars, tend to pass over glass in favor of Kevlar®. But this choice 
incurs about four times the cost of S-glass.

Flexing of the shell may crack the delicate solar cells on its surface, so the shell 
must be stiff. But it must also be light. Hence, carbon cloth-based composites are 
attractive because they offer the possibility of low weight, high strength, and greater 
stiffness. The stiffness of the carbon fibers is about twice that of Kevlar®, the next 
largest. However, the carbon fiber’s cost is more than five times that of S-glass, and 
it is electrically conductive. If it is used in the construction of the shell, special care 
must be taken to make sure the final structure does not cause short circuits in the 
solar cell array. The electric conductivity of the cured structure will be lower than 
the cloth by itself. But the distribution of the resin may be nonuniform, especially 
if a wet layup is used, so that local areas of higher electrical conductivity may be 
present. Also, the fibers of the finished composite are quite stiff and can easily cut 
through the insulation on wires (and through flesh). Holes where wires from the 
array pass through the shell should be smooth and lined to prevent shorts. Having 
tried both Kevlar® and carbon, the author advocates making the shell of the former, 
nonconductive, material.

Material S-glass Kevlar® 49 Carbon
Property
Specific weight 2.49 1.48 1.78
Youngʼs modulus (psi) 12.4 (106) 11.0 (106) 35.0 (106)
Ultimate tensile strength (psi) 665,000 525,000 500,000
Strength/sp. weight (ksi) 267 355 281
Cost, plain weave ($/yd) 5 19 29
Electrically conductive No No Yes
Impact resistance 2 1 3
Toughness 2 1 3

Table 11.2  Yarn comparison
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11.5 Resins

A comparison of frequently used resin systems appears in Table 11.3. Except for 
the cost per gallon, the resins are rated 1, 2, or 3, indicating lowest to highest. For 
example, epoxy resin systems have the highest strength and cost, the least shrinkage 
during cure, and are the most difficult to use.

The entries are called “resin systems” because chemicals are available to mix 
with the basic resin to change its properties. For example, catalysts may be added to 
reduce the interval between mixing the resin with the catalyst and the onset of thick-
ening of the mixture, the “gel” time. For any given mixture, the gel time varies in-
versely with temperature and directly with humidity. Marshall (1998) recommends 
cessation of resin mixing or fabric wetting below 60 °F and 60 % relative humidity.

The epoxy systems were rated lowest in “ease of use” because of the care that 
must be taken when mixing them. The cured strength of epoxy systems will be 
reduced considerably by small errors in the proportions of the mixture. Errors in 
mixing the other two systems will affect the cure time, but the cured composite will 
have the expected strength.

All the resin systems are toxic and subject to strength loss from exposure to 
ultraviolet radiation.

11.6 Core Materials

The salient characteristics of the core materials more frequently used in solar racing 
cars are discussed below. The material below was adapted from Marshall (1998). 
More details may be found therein.

Polystyrene Foam Two-lb/f3 (pcf), large-cell type (not insulation-grade) Styrofoam 
was specified by Rutan (1983) for moldless construction of the wings and some 
other portions of a homebuilt light aircraft. It has adequate strength properties and 
can be smoothly cut by the hot-wire process into almost any required shape. It does 
not emit any toxic gases during hot-wire cutting as do urethane foams. However, it 
has the disadvantage of being soluble in Vinylester resins and polyester-based body 
filler materials and resins.

Do not use beaded styrene foam material. The bonds between the beads may be 
weak, making the strength of the foam unreliable.

Polyester Vinylester Epoxy
Strength 1 2 3
Cost ($/gal) 8 20 50
Shrinkage amount 1 2 1
Ease of use 2 2 1

Table 11.3  Resin systems 
comparison
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Polyvinyl Chloride Foam Two common core materials based on polyvinyl chloride 
(PVC) are Klegecell® and Divinycell®. These materials are sold in densities as low 
as 2.5 pcf with good strength properties. They may also be purchased as “diced” 
sheets: sheets of small rectangular pieces of foam bonded to a fabric backing. These 
are intended for layups on curved surfaces.

Honeycomb Honeycomb cores are an array of small, open cells. Other cell shapes 
exist, but the hexagonal shape generally has the best strength. Honeycomb cores 
yield a composite structure of higher strength-to-weight ratio than do foam cores. 
Honeycomb cores made of aluminum and of Nomex® have been used in solar rac-
ing cars (see Fig. 11.4). Aluminum is cheaper, but Nomex® has better corrosion 
resistance and toughness.

11.7 Molded Shell Construction

The top shell section will support the solar array and be removable from the car 
so that it can be placed on a special stand for charging the batteries, as shown in 
Fig. 11.1. The two sections will each be made as a composite “sandwich” with out-
side and inside layers of Kevlar® cloth glued to a middle layer of structural foam 
or of a honeycomb structure such as Nomex®. To give this composite structure the 
proper shape, its two halves will be cured in female molds so that the outside layer 
of Kevlar® will have the shape and dimensions, and will approximate the smooth-
ness desired, of the outside surface of the shell.

Plug In the process illustrated in Fig. 11.6, the interior surface of the female mold 
is first formed on a male mold called the plug. The plug must be made, as nearly 
as possible, to the exact exterior dimensions and shape of the shell. The surface of 
the plug must therefore be smooth; any defects in it will be reproduced in the mold 
and therefore in the shell. Figures 11.7–11.13 show a plug being constructed. The 
engineering drawings of the shell were used to produce templates of the cross-
sectional shape of the shell at many stations along its length. The templates were 
used to cut these shapes from insulating foam. The shapes were mounted on rails, 
glued together, and smoothed. The surface thus formed was sealed,1 coated with an 
automobile body filler material, and sanded smooth again. The smoothed surface 
was cleaned, spray-painted with a primer, wet-sanded, and then coated with a mold 
release compound.

Mold The top mold was created by spraying glass fiber onto the top half of the plug. 
The top of the assembly was then fitted with a stand and the assembly inverted. The 
original stand was removed and the bottom of the plug completed. Then the top part 
of the mold was constructed. Figure 11.14 shows the plug being loaded for ship-
ment to make the top half of the mold. The mold was made as an in-kind donation 
by Empire Fibreglass Products, Inc., of Little Falls, New York.

1 To protect it from the polyester-based body filler.
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Figure 11.15 shows the finished molds prior to separation. The final steps in pre-
paring the molds to make the shell were to thoroughly clean them and to coat them 
with three or four layers of a mold release compound. Figure 11.16 shows a mold 
being cleaned. After cleaning, the molds should be covered with a clean plastic 
sheet until used.

Layup Marshall (1998) and other practical books contain many layup details and 
suggestions. Before attempting to build a shell, obtain one of these books and per-
form some practice layups.

In Fig. 11.6, the first layer next to the mold is a release film that can pass through 
the curing process but not bond to the composite; it may be torn off without damag-

Fig. 11.6  Molded shell fabrication process
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Fig. 11.7  Cutting plug foam segment. (Brian Lisiescki)

Fig. 11.8  Foam segments before sanding. (Brian Lisiecki)
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Fig. 11.9  Shaped foam core. (Brian Lisiecki)

Fig. 11.10  Smoothing body filler. (Brian Lisiecki)
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Fig. 11.11  Check flatness. (Brian Lisiecki)

Fig. 11.12  Spraying primer. (Brian Lisiecki)
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Fig. 11.13  Wet-sanding plug. (Brian Lisiecki)

Fig. 11.14  Shipping plug. (Brian Lisiecki)

 

 

11.7 Molded Shell Construction
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Fig. 11.15  Finished molds. (Brian Lisiecki)

Fig. 11.16  Smoothing a mold. (Brian Lisiecki)
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ing the cured parts.2 The outside layer of fabric may be positioned in the mold and 
wetted with resin; however, the mold side of the fabric will be hidden and conse-
quently also any dry spots on that side. Marshall recommends placing the fabric on 
a plastic film on a table next to the mold. The fabric should then be wetted with the 
proper amount of resin and positioned in the mold using the plastic backing. This 
backing protects the fabric while it is worked into close contact with the mold. Then 
it is removed. The core material is then put in place, followed by the outer layer of 
fabric, then the outer peel ply and bleeder layers, and finally the vacuum bag itself.

If the mold is sufficiently smooth, the cured shell also will be. But if not, appli-
cation and sanding of a body filler material may be necessary. The density of most 
conventional body filler materials is between 25 and 50 lb/f3 (Marshall 1998). This 
will add some weight and increase the fabrication duration.

Figures 11.17–11.20 show the layup process. The fabric in this case was pre-
preg. It was cured at an elevated temperature in a large oven at Stafford Machining/
Cyclotherm Inc. of Watertown, New York.

Stiffeners Add stiffness by installing longitudinal ribs and transverse bulkheads 
inside the shell. These members are made by constructing flat composite panels, 
drawing the stiffenersʼ shapes on the panels, cutting the shapes out, and tabbing 
them in place with a resin-impregnated structural cloth. These reinforcements will of 
course add weight. Figure 11.21 shows stiffeners in the underside of a solar car shell.

2 Marshall (1998) recommends testing the release agent you have chosen with your resin system. 
He points out that the ability of each resin system to penetrate the release agent is different.

 

Fig. 11.17  Laying down outer peel ply. (Brian Lisiecki)

11.7 Molded Shell Construction
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Fig. 11.18  Laying down bleeder cloth. (Brian Lisiecki)

Fig. 11.19  Vacuum-bag on layup. (Brian Lisiescki)
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Fig. 11.20  Bottom half of shell. (Brian Lisiescki)

 

 

Fig. 11.21  Shell stiffening—Missouri-Columbia 1999

11.7 Molded Shell Construction
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Fig. 11.22  Molding a flush-fit door

 

 

11.8 Doors and Windows

Figure 11.22 shows a method for making an opening in the shell for a flush-fit pan-
el. The technique is the same as before except that a male mold slightly larger than 
the size (to provide clearance) and of the thickness of the door is placed as shown. 
Curing the shell in this manner produces a recessed area of the size and shape of the 
door. The center of this area is cut out to make the opening. A sealing lip around the 
opening remains.

11.9 Moldless Shell Construction

As the foregoing demonstrates, making a compound-curved shape using a female 
mold is an involved and therefore lengthy process. It may require 3 or 4 months, 
in an academic environment. Rutan (1983) describes the “moldless” construction 
process for homebuilt aircraft. The process has been successfully applied to solar 
racing cars. The essential idea is to form a surface of suitable lightweight foam that 
has been given the desired shape, but is smaller than the desired final dimensions. 
A “skin” of one of the cloths of Table 11.2 is resin-bonded to this core using a wet 
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layup process. This amounts to making a plug that becomes part of the carʼs struc-
ture. Finally, the outside surface of the final part is smoothed and finished. This may 
require much effort if insufficient attention has been paid to smoothing the plug’s 
surface. The dimensions of solar cars must lie within certain limits and this must be 
allowed for when planning the dimensions of the core materials.

Figure 11.23 shows a simplified body frame constructed of composite panels. 
The panels would be made from one of the cloth–foam systems already described. 

Fig. 11.23  Moldless construction process

 



232 11 Solar Racer—Construction

Foam is resin-bonded to the frame and sanded to the shape and dimensions re-
quired, less an allowance for the external cloth layers and other surface treatment. 
Then structural cloth is bonded to the foam and the surface finish applied.

11.10 Ultraviolet Protection

Resins decompose when exposed to ultraviolet (UV) light, causing a measurable 
loss in strength of unprotected composites over periods of a few weeks or months. 
UV inhibitors in the resin will slow the deterioration, not prevent it (Marshall 1998). 
Painting the car will block the UV light. Of course, painting will normally be done 
to improve the appearance. Until this is done, the body should be kept out of sun-
light.

11.11 Solar Cell Array

Design and Layout The output of the design phase should be documents showing 
the number of cells required, the number of strings, their preliminary layout on the 
car, the wiring design (including the by-pass diodes), the encapsulant and underlay-
ment materials, the cell-to-cell spacing, and the design area efficiency.

The final layout of the array, drawing the outlines of the parts of the array and the 
locations of wire holes directly on the shellʼs surface, should be done after the shell 
has been built and painted. Then account can be taken of the as-built dimensions, 
smoothness, and curvature.

Number of Cells An 8-m2, rectangular, flat array may require 800, 10 × 10-cm cells. 
However, because solar cells are delicate, it is quite difficult to avoid breaking a 
number of them during array construction. Therefore, the quantity purchased should 
include extra cells to allow for this and also to provide replacements for cells dam-
aged during operation of the car. The team may wish to practice tabbing, test sample 
modules, or try out methods of underlayment and encapsulation. Some cell suppli-
ers furnish free sample cells that have defects and so could be used for experiment-
ing with fabrication techniques. The need to replace broken cells in the array (see 
Fig. 11.1) or cells which were to be used in performance tests increases the quantity 
purchased by about 25 % for a total of 1000 cells.

Sub-arrays An array consists of a number of parallel-connected strings of series-
connected cells. These will be called sub-arrays. The sub-arrays themselves are 
formed from subsets of series-connected cells, or modules, placed together on a 
particular part, or facet, of the shellʼs surface and connected in series with the other 
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Fig. 11.24  Typical solar cell

modules of the sub-array. A facet is an approximately flat region molded into the 
shellʼs surface and designed to hold a particular module.

The cells in the modules should be connected together first. The team may stipu-
late in the purchase contract that this be done by the cell supplier.3 This may save 
time and yield a better product; however, it will approximately double the cost of 
the array.

The first step in module construction will be tabbing the cells: soldering in-
terconnect ribbon to the negative-side bus bars. Figure 11.24 shows the top, or il-
luminated negative side, and the bottom, or positive side, of a typical solar cell. 
Figure 11.25 shows a solar cell being tabbed. The worker is applying solder paste 
to the top bus bars. To save time, the tabbing operation should be done by several 
workers at once. The interconnect wires are flat, tinned (solder-coated), copper rib-
bons. Photon (1995) gives practical details about tabbing.

After tabbing, the cells are connected into strings. Figure 11.26 shows a cross 
section through part of a string. Consult Rauschenback (1980) for some variations 
on this standard “z-step” connection which were designed to reduce the thermal 
expansion between the cells in a string should be 1–1.5 mm to allow for thermal ex-
pansion. A fixture should be constructed to hold the cells at this spacing and to keep 

3 The terms of this contract should describe the manufacturerʼs responsibility in case he damages 
the cells.
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the edges of the cells in alignment while they are being connected. Figure 11.27 
shows such a fixture; it was milled from a sheet of plastic.

Encapsulation The solar array must be protected from water, dust, and small 
stones that may be thrown against it in traffic. This may be done by applying an 
optically transparent encapsulant with a thermal expansion characteristic simi-

Fig. 11.26  Two cells in series

 

 

Fig. 11.25  Tabbing a cell. (Brian Lisiecki)
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lar to that of the cells. Figure 11.28 shows workers brushing on a two-part sili-
cone encapsulant to the back (foreground) and top (background) of modules. The 
two-part silicone materials will hold dust and are not washable. A one-part sili-
cone that produces a washable surface is Dow-Corning 1-2577 Conformal Coat-
ing. Because the product cures by evaporating toluene solvent, it should be applied 
only while wearing solvent-rated breathing masks in well-ventilated spaces. 
Consult the materials safety data sheet and other instructions furnished by the  
manufacturer.

Each completed module should be tagged with a code indicating its place in the 
array, then stored and covered pending its installation on the solar car. The utmost 
care must be taken to prevent cracking of the cells when handling and transporting 
the modules.

Installation With the final layout of the array marked on the car, wiring holes 
drilled and lined, and the completed modules stored near the car, installation may 
begin. If access to the underside of the array substructure is not convenient when it 
is mounted on the car, place it in a fixture so that it is so.

Fig. 11.27  Cell connection fixture
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Fig. 11.28  Applying encap-
sulant. (Brian Lisiescki)

 

Before applying its underlayment, give each module to be installed a final in-
spection. Then prepare and apply its underlayment, as shown in Fig. 11.29. The un-
derlayment should be thick enough to fill in around the interconnect ribbon and sol-
der joints on the backs of the cells. Also, if the depth is not elsewhere uniform, voids 
will form underneath the cells, leaving portions of the cells unsupported. These 
defects may result in cracked cells later. The underlayment depicted in Fig. 11.29 
is “Tra-Bond 2151,” a two-part silicon adhesive manufactured by Tra-Con of Bed-
ford, Massachusetts.

After application of the underlayment, remove the module from storage, pass the 
interconnecting ribbons through the wiring holes, lower the module onto the under-
layment, and gently settle it into place, as shown in Fig. 11.30. This process must be 
done with care to preserve the intended alignment, avoid cracking, and ensure the 
backs of the cells are uniformly wetted by the underlayment, as mentioned above. 
Underlayment that may be squeezed onto the cells out of the gaps between them 
should be removed using the solvent recommended by the manufacturer.
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After the underlayment has cured, wiring may begin. The design should incor-
porate proper wire sizing to minimize power losses and voltage drops, color-coded 
insulation, and the construction of wire harnesses. McCarney et al. (1987) offer 
practical advice in these matters. The harnesses should be supported at frequent 
points from the underside of the shell so the electric connections do not bear me-
chanical loads and breaks do not occur from cold working.

Fig. 11.29  Applying underlayment. (Brian Lisiescki)

Fig. 11.30  Installing module
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11.12 Electric System

Usually, the components of the electric system, from connecting wire to the propul-
sion motor and its controller, will have been purchased rather than fabricated from 
primary materials. The system will be built by mounting these components to the 
chassis or shell and connecting them according to the circuit design. During the 
design phase, thought should be given to the location and design of the mounts and 
the wiring layout.

It may be necessary to build mounts for certain components, such as the external 
lights, into the shell or the chassis during its manufacture, rather than add them 
afterward. Figure 11.31 shows a motor driving the rear axle through a chain drive. 
Kyle (1990) and Storey et al. (1993) show many examples of drive installations. 
Metal plates may be bonded into a composite structure to strengthen it for motor (or 
suspension) mounts. Marshall (1998) shows how to build such “hard points” from 
composite materials alone.

Fig. 11.31  A drive assembly
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Short wire runs, low weight components, and ease of access should be guid-
ing principles. Figure 11.32 shows maximum power point trackers conveniently 
mounted together in a Kevlar®-composite box.4 A mock-up of the chassis will be 
very helpful in planning the electric system layout, as pointed out earlier.

Figure 11.33 shows a direct-current-to-direct-current (DC-DC) converter being 
connected to the circuit. Some of the circuit layout drawing can be seen.

11.13 Facilities

Central Office There should be a location near the car where the weight chart, a 
time line, and the engineering drawings can be displayed. Corrections to the time 
line, the chart, and to the engineering drawings to reflect any design changes found 
necessary combined with meetings of the construction crew serve to keep everyone 
informed, on schedule, and working together.

Array Construction, Composite Layup Figure 11.34 shows a fabrication facility. 
Ideally, the rooms in which these activities occur should be isolated from casual 
foot traffic, kept clean, and be well-ventilated. The depicted facility was shared with 
other student projects. But it was located next to a well-equipped machine shop, a 
great advantage.

4 However, the box was mounted on top of the battery compartment, making access to the batter-
ies difficult.

Fig. 11.32  Maximum power point trackers. (Jules LeDuc)
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Fig. 11.34  Assembly facility. (M. Griffin)

 

Fig. 11.33  Wiring begins. (Brian Lisiescki)
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Encapsulates, underlayments, resins, and other chemicals associated with array 
and composite construction are hazardous chemicals. They are fire hazards, toxic, 
and give off noxious, and sometimes injurious, fumes during cure. Learn and fol-
low the special precautions necessary when working with these substances. The 
manufacturers of hazardous substances send material safety data sheets with their 
products. Read these sheets and keep them on file.

Workers must be provided with protective clothing, such as rubber gloves with 
thin cotton gloves underneath (to absorb sweat) and breathing masks. (Notice the 
mask worn by the worker spraying primer on the plug shown in Fig. 11.12.) Wear 
a barrier cream. Do not clean skin with a solvent. Solvents absorb natural skin oils 
that prevent the resins from penetrating. Cleaning should be done instead with a 
waterless hand cleaner. Finish cleaning with soap and water.

The school must have a system in place for proper storage and disposal of hazard-
ous wastes. Contact the individual designated as the schoolʼs health and radiation 
safety officer to learn the proper procedures and to obtain training in the use of these 
materials, and to have your workspaces inspected for compliance with regulations.

Electrical Electrical fabrication facilities are much easier to acquire. Circuit wiring 
does not require lots of space nor expensive machine tools. Soldering equipment, 
crimping tools, wire strippers, and the like are required instead. The solar cell array 
is the single most difficult and time-consuming component to make. It requires a 
clean and dust-free environment and table space to lay out cell-string soldering jigs 
and trial panels.

The major electrical safety issues are those associated with electric storage bat-
teries. The project team must be trained in how to work around and with them, how 
to install them, how to charge and discharge them, and how to store them. Crompton 
(1996) (see page 98) is a handbook of battery technology. Manufacturers provide 
information on the proper installation, maintenance, and operation of their batteries. 
These instructions should be acquired, disseminated, and followed.

At some point during construction, the batteries must be placed in the car and 
wired. This must be carefully planned for because all subsequent work must ac-
count for the presence of the batteries. For example, no welding should take place 
once the batteries are present. Wiring the batteries should be done with insulated 
tools, and two persons should always be present. Once the batteries are installed, 
they must be covered. This will prevent metal objects from dropping into the battery 
box and causing a short. Figure 11.35 shows batteries being installed in a solar car.

People continually working around the batteries may become accustomed to 
them and consequently act carelessly. Supervisors must insure that the workers re-
main aware of the presence of the batteries and the potential hazard they represent.

11.14 Construction Management

Plan The construction plan should incorporate parallel effort. This implies that all 
the fabrication skill not be concentrated in a small number of persons. It also implies 
that the information on how the car is to be built be recorded on drawings, rather 
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than in the minds of one or two persons. The need to share information cannot be 
overstressed.

The construction crew will mostly be students. That means that the plan must ac-
count for their other commitments, such as job-interview trips, exams, and weekend 
trips home. However onerous it may seem, work must continue during holidays and 
the summer before the race. These times are precious: During them, the workers 
will be relatively free of other commitments. This means that arrangements must be 
made to house and feed them on-campus.

Construction generally seems to require more time than one anticipates. There-
fore, the plan should incorporate allowances for this typical underestimate. A rule 
of thumb is to multiply oneʼs original estimate by three.

The skills and equipment that must be available will become evident during 
design. If these are not present either within the team or within the school, then 
plans must be made for “outsourcing,” that is, sending work to agencies outside the 
school. Businesses thus employed must of course be capable of doing the work and 
be able to meet the construction schedule. The construction plan must include ways 
to pay for outsourced work in cash or for donation of its services by the business.

Controlling Weight The design empty weight of the vehicle and a table giving the 
portion of this weight allocated to each system of the car should be available before 
construction begins. The engineering drawings will show the location of the vari-
ous components. This sets the weight distribution, which is crucial to realizing the 
vehicleʼs intended stability characteristics.

Unless a careful watch is kept, the weight will tend to increase beyond the de-
sign value. As a means of controlling this, frequent weighing should take place 

Fig. 11.35  Installing batteries. (Brian Lisiecki)
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and be recorded on the table mentioned above. A cause of overweight is purchased 
components exceeding their manufacturerʼs advertised weight. Components should 
be weighed before they are installed to verify that their weight is as expected. An-
other cause is the accumulation of many small weights. Screws, nuts, washers, wire 
ties—a host of small parts must be installed. Often these small items are not planned 
for but installed at the whim of the workers. Their accumulated weight can add 
several pounds.

The weight chart should show the present weight and center-of-gravity coordi-
nates of a system alongside its allocated weight and coordinates. This reveals where 
weight trades can be made and allows calculation of a tradeʼs effect on the overall 
weight and the location of the center of gravity.

11.15 Tools

Three special tools should be designed and fabricated: an array stand to support the 
array during static charging (unless, as shown in Fig. 11.4, the array is hinged from 
one side of the car), a jack for changing tires, and a wheel chock. Making the latter 
is simple and could be done from plastic pipe, as is the chock under the right front 
wheel in Fig. 11.3, or wood. Figure 11.36 shows a jack in the “up” position. The bar 
at the top fitted into the socket built into each wheel strut. A lever placed into the 
horizontal tube was used to pivot the car up or down around the hinge at the bottom.

Fig. 11.36  A tire jack. (Jules LeDuc)
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11.16 Completion

After many months of meetings, calculations, choices, spending, fund raising, plan-
ning, trips, public relations, attention to detail, missed holidays, arguments, and 
hours of devoted work, your car has been built—at last. Your team has learned a 
priceless lesson: the meaning of commitment. In this they have become profession-
als. Figure 11.37 shows the proud moment.
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Chapter 12
Testing

12.1 Introduction

This chapter discusses ways of measuring the characteristics of a vehicle and that 
of some of its components. Emphasis has been placed on methods that are straight-
forward and economical. Wind tunnel testing of models is not economical unless 
the team can obtain the wind tunnel time as part of a sponsorship. Nevertheless, a 
section documenting the construction and test of a quarter-scale model of the Table 
Top concept has been included. It will be useful, should an opportunity to test in a 
wind tunnel arise.

12.2 Center of Gravity

Refer to Fig. 12.1. The objective of this measurement is to find the coordinates of 
the center of gravity of a vehicle: x = a, y = c, and z = h. The vehicle front points in 
the positive x-direction.

The upper drawing of Fig. 12.1 shows the setup for measuring a and c. Scales 
are placed under each tire to measure the wheel reactions. The wheel base, L, and 
track, T, must be known. Then:

 (12.1)

where, NB = N3 + N4, the total reaction of the back (rear) tires (or tire), and taking 
moments about the x-axis.
 

(12.2)

Thus, c > 0, if NR > NL, where:
NR = N2 + N4 and NL = N1 + N3. Note that for a three-wheeled car, the single back 

(or front) tire reaction does not appear explicitly as its moment about the x-axis is 
zero.

BNa L
W

=

c =
NR −NL

W

T

2
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The lower drawing in Fig. 12.1 shows the setup for finding h for either a three-
wheeled or a four-wheeled car. This test must be done after the measurements of a 
and c as a and W must be known. NR, e, and the wheel radius, rW, must be measured. 

Fig. 12.1  Finding the center of gravity
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The wheel radius must be measured at the contact patch. The height of the center of 
gravity is given by:

 (12.3)

where, Θ is the tilt angle, positive up, and

 
(12.4)

12.3 Wind Tunnel Testing

Model Testing If wind tunnel services are available, the drag coefficient can be 
measured on a scale model. The drag area of the full-scale car may then be esti-
mated using the drag coefficient of the model. However, as we have mentioned in 
earlier chapters, the drag of the as-built car will usually be higher than that of the 
model. Kurtz (1980) suggests this value to be 10–20 % higher.

Scaling Proper scaling of model measurements requires geometric similarity 
between the model and the full-scale car, and equality between the Reynolds num-
ber at which the scale model is to be tested and at which the full-scale car is to be 
operated. If the temperature and pressure of the air is the same in both cases, this 
equality means that the relationship between the air speeds must be:

 
(12.5)

where, L is the characteristic length (often the wheelbase) in the Reynolds number. 
Therefore, if the model is quarter-scale, the airspeed in the tunnel must be four 
times that at which the full-scale car operates: a 200-mph quarter-scale model test 
represents a 50-mph car.

Figure 12.2 shows a quarter-scale model solar car under construction. To save 
weight and to allow easier shaping, the model was mostly made from the foam in-
sulation placed for strength on a plywood frame. The model must be strong enough 
to take the air loads in the tunnel. The outer surface was sealed with a body filler 
material, sanded very smooth, and covered with yellow high gloss paint.

Errors The maximum possible number of features of a car should be incorporated 
in the model. This will yield the most realistic drag coefficient. A corollary to this 
rule is that the model must be carefully made as the effect of seemingly small flaws 
will be in a sense amplified by the small scale. For instance, the surface of a quarter-
scale model must be quite smooth relative to its dimensions as the height of a small 

h = rW + a cot�

cot � =

√(
L

e

)2

− 1

Vm = V car
L car
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protuberance on the model is equivalent to one four times as high on the full-scale 
car.

Figure 12.3 shows the Table Top model mounted in the test section of the Cana-
dian National Research Center’s Advanced Aeronautical Laboratory (CNRC-AAL) 
wind tunnel. The car rests upon a stationary artificial ground plane. When the tun-
nel is operated, there will be a boundary layer at the ground plane’s surface. In the 
actual case of still air with the car moving, there is no boundary layer on the road 
surface under the car. The ground plane-boundary layer will alter the pressure dis-
tribution about the model, and consequently, the force and moment measurements 

Fig. 12.3  Table top in wind tunnel

 

Fig. 12.2  Constructing 
model of table top
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(Beauvais et al. 1968). A moving ground plane formed by a moving belt is a solu-
tion to this problem. However, such a system is complicated, expensive, not widely 
available, and not free of problems caused by the belt.

Flow blockage caused by the presence of the model between the tunnel walls 
increases the velocity past the model above that of the upstream flow and conse-
quently alters the pressure distribution over it. These effects can be kept small by 
keeping the ratio of the model frontal area to the tunnel cross-sectional area less 
than about 5 % (Hurst et al. 1983). The tunnel’s data reduction scheme also incorpo-
rates blockage correction factors.

When on the road, the vehicle rarely travels through still air; that is, the relative 
wind is usually from a non-zero yaw angle, may be unsteady, may contain large-
scale turbulence, and has a velocity increasing from zero at the surface.1 The first 
condition can be simulated and should be incorporated into the model test plan. No-
tice in Fig. 12.3 that the Table Top model rests on a circular plate set on the ground 
plane. This plate can be rotated to create yaw angles. The latter two conditions are 
not usually simulated in wind tunnels.

Models and full-scale cars, due to their cost and convenience, are usually tested 
with stationary wheels. Hucho (1987) asserts that, when the wheels are integrated 
into the body, the effect of wheel rotation on the forces and moments acting on the 
vehicle is small. Cogotti (1983) showed, for isolated wheels, that it is more impor-
tant to maintain the wheel’s contact with the ground than to reproduce its rotation, 
say by elevating it slightly so that it can spin. However, Cogotti also found that 
streamlining a stationary wheel with a fairing produced a much smaller drag reduc-
tion than similarly streamlining a rotating wheel.

Design teams, obtaining testing services for a model at different tunnels, should 
not be surprised to find different results reported for the same conditions. Hucho 
(1987) summarized results from a systematic comparison of tests on the same car2 
in ten different tunnels in the USA, Europe, and Canada. The standard deviation 
about the mean drag coefficient obtained was ± 2.2 %, which corresponded to a 
drag change of ± 0.009. The largest error was 9.3 %, showing that, although the 
agreement was good on average, large differences could also exist. Moreover, the 
percentage drag change from modifying the same detail can differ by roughly the 
same percentage from tunnel-to-tunnel.

12.4 Flow Visualization

“Flow visualization” refers to techniques for making the flow around the car ob-
servable. We would like to see where the flow separates from the car, or where 
interfering flows exist. Then, we can better understand how to reduce or eliminate 
these flow features.

1 The vehicle operates in an atmospheric boundary layer.
2 A Volkswagen 1600 notchback, type 31.
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In this chapter, three flow visualization methods will be discussed: colored oils, 
yarn tufts, and streaming smoke. These meet the criteria of straightforward applica-
tion. The smoke stream requires the purchase of a smoke generator and a “wand,” 
to create the stream. Thus, it is the most expensive of the three.

Colored Oil The mixture of oil and pigment should be of such consistency that 
it will, ideally, only run when the desired test conditions exist and leave behind 
streaks of pigment showing the direction of the flow. There must be sufficient con-
trast between the streak pattern and the color of the model surface so that the signifi-
cant details of the flow may be examined and photographed easily.

Maltby and Keating (1960) list (in order of increasing viscosity) kerosene, light 
diesel oil, and light transformer oil as suitable3 for low-speed tests. Properly com-
bining one of these oils with a pigment makes a mixture that will start to flow at 
about 75 % of the test air speed and produce a completely developed pattern in 
about 2 minutes.

Lampblack mixed with about three times its weight of oil is a suitable pigment 
for use on light-colored surfaces. The mean carbon particle size should be between 
1 and 10 microns. Titanium oxide, a white pigment, may be used for dark colored 
models. Mix it in about the same proportion as the lampblack. Make a test run on 
a sample of the model’s surface. If the paint does not run at the test speed, use oil 
with a lower viscosity or dilute it with linseed oil. The wind speed could also be 
increased if the Reynolds number is not crucial.

Figures 12.4, 12.5, and 12.6 show streaks on the Table Top model and ground 
plane. The streaks were made by placing small dots or lines of dark-pigmented oil 

3 Note that all three oils are flammable.

Fig. 12.4  Stagnation point 
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Fig. 12.5  Separated flow

 

Fig. 12.6  Array edge vortex
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on the model’s surface and the tunnel floor. In Fig. 12.4, the streaks reveal the stag-
nation region on the pod and the flow near the floor.

The oil streaks cannot be blown through a region where separation occurs. Sepa-
rated flow is, therefore, shown by the unstreaked areas on the rear surface of the 
pod and the strut in Fig. 12.5. These areas show where improved streamlining is 
required. Oil was neither applied to the clear area underneath the pod nor beneath 
the array.

Figure 12.6 illustrates the kind of detail obtainable with the pigmented oil. It 
clearly shows the swirling pattern of the vortex on one side of the array near the 
leading edge.

Tufts Yarn tufts taped to the surface of the car show the pattern of flow (see 
Fig. 12.7). The kind of flow may also be inferred. In laminar flow, the yarns lie 
against the surface, pointing downstream, and almost still. Turbulence produces 
rapid vibrations, but the yarns lie against the surface and point downstream. Zones 
of separated flow are revealed by large, rapid oscillations of the tufts; some tufts 
may even point upstream, indicating backflow. The locations of the beginning of 
turbulence and separation can be observed, approximately, if the yarns are spaced 
closely enough.4 Drag measurement should not be done when tufts are attached to 
the car because the drag of the tufts will alter the measurement. Also, if tufts are 
placed on a model, the size of the yarn should be reduced by the scale of the model. 
Two- or three-inch yarn might be used on a full-scale car, and one half to three 
quarter inch thread on a quarter-scale model.

4 It is possible that the yarns, if too closely spaced or too large, could trip the flow to turbulence.

Fig. 12.7  Smoke and tufts
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The flow about the as-built car, rather than the model, may be visualized during 
actual driving conditions using tufts as shown in Seal (1991). Drive the car at a 
steady speed on a day with no wind. Videotape the tufts from another vehicle mov-
ing with the test car, if possible, or from a stationary video camera. It would also be 
possible to use pigmented oil in this way. The viscosity of the oil would have to be 
reduced to allow it to flow properly at the lower relative air speeds.

Smoke A smoke generator connected to a discharge nozzle, or “wand” produces 
a stream of white smoke from, for example, propylene glycol. Figure 12.7 shows 
such a smoke stream revealing the flow over Clarkson’s 1995 Sunrayce car, Helios. 
The smoke stream shows some turbulence in the wake of the car. Notice the yarn 
tufts taped to the solar array. This was a baseline test, part of the test program 
described in the next section, that Clarkson’s team was allowed to do in the wind 
tunnel at the General Motors Aerodynamics Laboratory.

12.5 Test Plan

A test plan was prepared in order to maximize the information gleaned from time in 
the wind tunnel. The major objective was to examine ways of reducing the drag area 
of the car while improving cockpit visibility. The four objectives for the test were: 
(1) to determine the pitch angle giving minimum drag with the car in a benchmark 
configuration; (2) to measure the reduction in the drag by successive smoothing of 
certain features (the wheel fairing roots, the ventilation intake and exit, the wheel 
fairings, wheel wells, and the solar array); (3) to measure the drag with each of three 
bubble canopy designs; and (4) to measure the drag of the car when yawed with 
respect to the airflow. The drag, lift, side force, pitching moment, yawing moment, 
and the rolling moment were measured during each run. Objective (5) was to look, 
during each run, for dangerous conditions such as large pitch, roll, or yaw moment, 
or a wheel reaction going to zero. After the optimum pitch (0.5 down) was found, 
the remaining tests were made at that pitch. The test plan was specific, spelling out 
the configuration, airspeeds, yaw angles, etc., for each test.

Special apparatus supported the test. To carry out objective (1), shims were made 
that fit into the suspension and changed the pitch of the car and a simple method 
was devised for measuring the pitch. For objective (2), fillets were made that could 
be attached to the wheel fairing roots with duct tape, the ventilation system sealed, 
etc., but in succession, so that both the cumulative and marginal effects of each 
smoothing could be observed. Dummy canopies were made for objective (3), which 
could be tested either in the baseline or smoothed condition as only the additional 
drag would be of interest.

Helios Test Results Figure 12.8 shows the drag coefficient of Helios at three yaw 
angles. Notice the reduction in drag as yaw increases. This is “sailing.”
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12.6 Table Top Model Test Results

Figures 12.9 and 12.10 show wind tunnel data for the Table Top. Note that the drag 
coefficients shown in the graphs are averages of many readings taken rapidly by 
the data gathering system of the tunnel. Although the mean flow is steady,5 at any 
instant the aerodynamic force on the car is not steady, but oscillates rapidly about 
a mean value. The oscillations are caused by turbulence, separation, and vortex 
shedding on the vehicle. Averaging the measurements for a sufficiently long period 
causes cancellation of the small fluctuations because they are random.

In Fig. 12.9, the filled circles mark drag coefficient values measured at dif-
ferent airspeeds with the model at zero pitch and zero yaw. The decrease in the 
drag coefficient until about 55 m/s may be caused by the transition from laminar 
to turbulent flow. After 55 m/s, the drag coefficient increases, but slowly. This is 
typical of behavior in the transition region; compare the curves in Fig. 2.6 with  
Fig. 12.9.

Figure 12.10 shows the result of a yaw angle sweep at an airspeed of 73 m/s 
(equivalent to 18.25 m/s or 65.7 km/h for the full-scale car), at zero pitch. Note 
that between − 5 and 5 ° yaw the drag coefficient hovers about 0.14. At larger yaw 
angles (only positive yaw angles were recorded above 5° as the model was symmet-
ric) it jumps up as high as 0.16 before decreasing steadily with yaw angle. At 30 ° 
yaw it is negative, indicating thrust, rather than drag. The Table Top is an eclectic 
collection of shapes. Subsequently, the jump in the drag coefficient between 5 and 
10 ° yaw may indicate that separation occurred on a portion of the car, maybe the 
pod, but probably not on the large rear wheel fairings. As the yaw angle continued 

5 The flow approaching the model will itself contain some turbulence, although a small amount, in 
well-made tunnels. It is probably impossible to eliminate it entirely.

Fig. 12.8  Helios drag vs. yaw angle
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to increase, the sailing action of the fairings (horizontal “lift” force on the vertical 
airfoils pointing increasingly in the direction of motion) perhaps overcame the drag 
increase from pod separation.

12.7 Coast Down Tests

Introduction A coast-down test is a very economical means of measuring the drag 
area and rolling resistance coefficients of the solar racing car. For many teams, 
coast-down testing will be the only way to acquire the data they need to characterize 
the design of their car or to manage it during the race.

Coast-down testing will be especially helpful during the design phase if the new 
car will be a modification of the preceding one. Then, the effect of shape changes 
can be ascertained by tests with temporary smoothing appliances made of card-
board, balsa wood, or some other convenient way, attached to the car by duct tape. 
The drag of the ventilation system can be assessed by noting the drag area differ-
ence between a test with the ventilation inlet, and one of the outlet taped closed and 
the other open.

The rolling resistance will decrease with increasing temperature of the tires, and 
increase in the roughness of the road surface. When racing, the solar car has no 
opportunity to warm up its tires before it leaves the starting line each morning. 
Therefore, the rolling resistance should be measured, both when the tires are cold 
and when they have been warmed. Warming requires operating the car for at least 
20–30 min before the first test, or if the tires have had an opportunity to cool. The 
rolling resistance should be measured on each of the surfaces of the road course, if 
possible.

Description The car and driver are carefully weighed. Then, the effective mass is 
computed from Eq. (22.15).

The ideal operating conditions of a flat, dry road surface, no traffic, and still air 
will be at first assumed. Some ways of dealing with non-ideal conditions will be 
presented later. The atmospheric pressure and temperature are recorded before each 
run. As the name implies, the car is brought to an initial speed of 55 mph, or at least 
40 mph, the motor is disconnected from the driven wheel and the car coasts straight 
ahead until it reaches 15–25 mph. This may take more than a minute. During the 
coast-down, the vehicle’s speed is recorded as a function of time, and the decelera-
tion, a, is computed from the speed–time data.

A relatively low-budget way of obtaining the speed–time data6 is to temporar-
ily install a video camera in the car. The camera should be able to record the time 
of each video frame, and be positioned to record the speed indicated on the car’s 
speedometer. If the camera cannot, however, record the time, place a watch with a 
sweep second hand in the camera’s field of view. An inexpensive global positioning 
system (GPS) receiver can serve quite well as a speedometer. A cheaper option is a 

6 Buckley (1974) contributes non-low-budget ideas for other measurements.
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digital bicycle speedometer. Korst and Funfsinn (1977) used a small electric genera-
tor attached to the axle of one wheel such that it produced a voltage proportional 
to speed.

SAE (1996) gives a detailed discussion of a standard coast-down test procedure 
that includes a listing of a computer program for reducing the data. The SAE and 
Korst and Funfsinn (1977) use a rolling resistance model that depends on the square 
of the speed, rather than the linear model employed herein.

Equation (2.19), with the tractive force and the gravity term ( T and G) set to 
zero, and solved for the rate of change of momentum, when equated to a quadratic, 
gives:

 (12.6)

The deceleration values and the corresponding speeds are used to select c0, c1, and 
c2 so that the sum of the squared error

 
(12.7)

from each data point is minimum. This is called “curve fitting” because the con-
stants in the quadratic are being chosen to make that expression predict Mea as 
closely as possible along the speed–time curve. Any spreadsheet program can be 
used to perform such a curve fit.7 Once the constants are found, they are given 
meanings based on Eq. (12.6), as follows:

 (12.8)

 (12.9)

 (12.10)

12.8 Deceleration

A good way to calculate the deceleration is to fit a polynomial function of time8 
to the speed–time data. There will be scatter in this data caused by, among other 
things, pairing runs in opposite directions to minimize the influences of wind and 
grade. The best-fit polynomial will smooth this scatter, making it easy to find the 

7 The spreadsheet program probably calls it “regression analysis” or something similar.
8 If the speed is represented by the “Nth-order” polynomial a0 + a1t + a2t
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deceleration: it is the slope of the graph of the polynomial at any time. Second-, 
third-, or may be fourth-order polynomials should be tried to find the best one. 
Compute the mean squared error and see when it is the smallest.9 Always plot a 
graph of the polynomial and the data together. If the graph of the polynomial passes 
through, or near, each data point but wiggles in between, use the next lower-order 
polynomial, even if its correlation coefficient, R2, is smaller. Keep reducing the or-
der until you get the best-fitting polynomial having a smooth graph. Also, note that 
all the “c” coefficients must be negative.

12.9 Number of Tests

Plan to make at least 12 good runs, but make more, if possible. The more data 
collected, the better the fluctuations from run-to-run in the calculated coefficients 
average out. Then the mean of the run results for a parameter will better reflect the 
actual value. Runs in opposite directions should be made, in case the fluctuations 
are biased in some way by the direction of travel. So of the 12 runs, 6 should be one 
way and 6 the other. Another reason for making lots of runs is that the data of a run 
may have to be discarded for a reason that appears later.

12.10 Profile Area

The profile area, AD, must be known before cD can be calculated. A method of mea-
suring AD is to photograph the car or model from the front and the side and find AD 
by scaling it from the photograph. The camera must be far enough away to reduce 
the distortion caused by perspective. Pershing and Masaki (1976) enlarged their 
35 mm black and white negatives to 8 × 10 before taking measurements. The ve-
hicle or model should be photographed against a contrasting background. A square 
reference surface of known area must be located on the car at a known spacing. The 
square is photographed with the front view.

The side view is used to aid in correcting the front view for the apparent narrow-
ing of the parts of the car farther from the reference plane (the plane containing the 
reference square).

No perspective correction is necessary10 for the parts of AD visible in the front 
view photograph. Otherwise, all parts of the profile of AD, not in the reference plane, 
should be orthographically projected onto it using their spacing from the plane. The 

9 Or else, note when the square of the correlation coefficient is closest to 1.0 as calculated by the 
spread sheet.
10 It is possible that the widest and tallest parts of the car may not be at the same axial location. 
Select one or the other as the reference location and project into that plane.
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side view assists in identifying these features and their spacing. This is illustrated 
in Fig. 12.11. Length scales photographed with the car can assist in this correction.

After correcting for perspective, the corrected outline of the car and the reference 
square are very carefully cut out of the photograph and accurately weighed. The 
profile area of the car is calculated from:

 
(12.11)

Tracing the corrected image with a planimeter, if available, is an alternate method 
of measurement.

Pershing and Masaki assert that if the uncertainty in AD is to be not more 
than ± 2 %, and the uncertainty in the location of AD is no more than ± 1 m, the spac-
ing of the camera from the reference cross section should be at least 100 m. Kurtz 
(1980) recommended a spacing of 200 m for full-scale cars and a telephoto lens of 
1000 mm focal length. For models, the spacing may be reduced by the model scale, 
i.e., to 50 m for a quarter-scale model.

Low-Budget AD This is a more accurate version of the method used in Chap. 9. 
Print the engineering drawing of the front view of your car on paper which has a 
rectangular grid on it. Count the number of squares contained within the front view. 
Use the scale of the drawing to calculate the profile area. Using very small squares, 
compared to the size of the front view, makes the calculation more accurate. Again, 
a planimeter could also be used.

12.11 Grade

Constant Grade If the course is not flat, the next best condition is one with small, 
constant slope. The slope should be small so that the car will still decelerate to 
15–25 mph when coasting the downhill way. For a constant up-slope ( positive, 
weight retards motion), add - W sin c to the right-hand side of Eq. (12.6). Reverse 
the sign for a down-slope. Multiply the rolling resistance terms by W cos α, rather 
than W. A constant slope changes the interpretation of c0 and c1 to:

 
(12.12)

where, the positive sign denotes a down slope. However, if runs are made in each 
direction, the tanα  term tends to cancel because its sign reverses for up-hill and 
down-hill runs.

Varying Grade If the test track is of mixed grade, the grade must be known as 
a function of distance. Then, the motion of the car over the test course must be 

AD = (area of square)
corrected image weight

square image weight
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1 2,
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simulated numerically and an optimization procedure used to select the drag area 
and rolling resistance coefficients that give the best fit to the measured data. This 
procedure is explained by Swift (1991).

12.12 Sample Results

Figures 12.12a and b show results for one run of an actual car coasting down a slight 
constant grade. Note the scatter in the data, for the most part, is small and that many 
points were taken. These two characteristics greatly improve the results.

12.13 Wind

Measurement The relative wind speed and direction may be measured by placing 
an anemometer on the solar car, elevated sufficiently to remove it from the influ-
ence of the flow about the car. This is complicated, expensive, and may increase the 
drag of the car by 4−6 % (Passmore and Jenkins 1988). An alternative procedure 
is to measure the wind by a relatively cheap, battery-powered anemometer (which 
could be put in a temporary, home-built stand) located about the midpoint of the 
coast-down course. The wind speed and direction should be recorded about every 
5 s during the coast-down, but at least as frequently as the speed. Find the relative 
wind and yaw angle at each recorded solar car speed from:

 VR =
√
V 2
W + V 2 − 2VWV cos (CW − CV)

  
(12.13)

where, V and CV are the speed and true course of the car at any time, and VW and 
CW are the average wind speed and true course of the wind, respectively. The wind 
direction, DW, is always measured as the direction from which the wind is coming, 
measured clockwise from true north; whereas, the course of the car is the direction 
in which it is traveling, also measured clockwise from true north. To convert  DW to 
CW follow this rule:

 
(12.14)

The yaw angle, β, may be found from:

 (12.15)
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Fig. 12.12  a Coast-down data and curve fit. b Results from coast-down test fit
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If CW > CV, the relative wind will be from the left of the course of the car. Fig-
ure 12.13 shows these relationships.

Yaw Effects A non-zero yaw angle means there is a side force. This causes a slip 
angle and the driver must compensate; thus, increasing rolling resistance. This is a 
small effect, and following Passmore and Jenkins (1988), will be neglected. How-
ever, the effect of yaw on the drag cannot be neglected. We adopt the model used by 
Swift (1991) that was based on the test of Bowman (1966).

Fig. 12.13  Relative wind
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(12.16)

Figure 12.14 shows Eq. (12.16), with kD set to − 0.0581/degree, plotted with yaw 
data from the test of a model of the Shark in the Glenn L. Martin wind tunnel at the 
University of Maryland. The agreement is good out to a yaw angle of 20 °.

Lift Effects Lift may reduce or increase the ground reaction on a tire hence altering 
the rolling resistance force.

The lift coefficient must be known beforehand to compensate for this. Passmore 
and Jenkins (1988) recommend neglecting this effect, which is usually small. Lift is 
usually always present to some extent, so this will introduce an error in the rolling 
resistance coefficients. If the net lift is up, the measured rolling resistance coeffi-
cients will be smaller. The reverse case occurs when the net lift is negative.

12.14 Ambient Temperature

As the static rolling resistance is function of the tire temperature, it can be correlated 
with the ambient temperature. Passmore and Jenkins (1988) used the following rela-
tion to model this correlation:
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Fig. 12.14  Yaw model comparison
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 (12.17)

where, TA is the ambient temperature, µ1,0 is the coefficient at the reference tem-
perature T0, and kR is a constant, which Passmore and Jenkins set at 0.013 1/C°. 
It is found from coast-down test data taken at different ambient temperatures, as 
Fig. 12.15 illustrates (synthetic data). Other test conditions should be the same.

12.15 Problems

Safety Roll-down testing may involve operating the solar car on public roads in 
traffic. In such cases, the car should be under the control of a chase vehicle at all 
times. Radio communications between the driver of the solar car and the test con-
ductor must be established for the entire period of the test.

The car must be legally entitled to operate on a public road.

Clutch A solar racing car may not have a clutch to disengage the drive from the 
driven wheel after the initial speed has been reached. Or, the car may be fitted with 

µ1 (TA) = µ1,0 [1+ kR (TA − T0)]

Fig. 12.15  Finding kR
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a wheel-mounted motor directly driving the wheel. If for either reason the motor 
cannot be disconnected from the wheel, the rotational inertia and mechanical losses 
of the drive will apply an additional retarding torque to the driven wheel. The motor 
should be electrically disconnected.

One could tow or push the car to the test speed and then cast-off. In the first case, 
the car would coast-down in the wake of the towing vehicle, which would introduce 
error in the drag measurement. In either case, the car should have convenient and 
safe towing or pushing features built-in from the outset. If a hill of sufficient slope 
or length followed by a flat stretch of sufficient length is available, the car could use 
the hill to attain an initial speed in the desired range.

Parasitic Torque The drive’s mechanical parasitic torque is, in general, a function 
of rotational speed; so, separating it from drag and rolling resistance requires an 
independent measurement of it. More on this is given in the Sect. 12.18.

12.16 Low Speed Test

The objective of the low-speed coast-down test is to measure µ1 and µ2. Aerody-
namic drag on the rotating wheel makes a small contribution to the rolling resis-
tance, and this test will virtually ignore it, so the speed-dependent rolling resistance 
coefficient will be slightly less. With the rolling resistance coefficients indepen-
dently measured, and the no-load losses of the drive measured as described later, 
the car’s motor can be used to reach the initial speed required for the high speed 
coast-down test.

The time, tS, to coast-down to zero speed when drag is negligible is:

 
(12.18)

where, V0 is the speed entering the coast-down course. The time to zero speed may 
be recorded and used to find the rolling resistance coefficients. However, the exact 
moment when the speed is zero may be less precise than a distance-traveled mea-
surement. The distance traveled to zero speed, S, is:

 

(12.19)

Suppose that several runs are made, m of them. For each, S, V0, and ν (the coast-
down distance, initial velocity, and the kinematic viscosity of the air) are recorded. 
The values of µ1 and µ2 sought are those minimizing the sum of the squared errors.
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(12.20)
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Preparation The preparation for the low-speed test is similar to that for the high-
speed test. Except that a temporary mechanism connecting the driving wheel to the 
chassis should replace the motor, if it is wheel-mounted. The test can be done in an 
area sheltered from the wind and of relatively small extent because the car will not 
coast very far.

Push the car straight ahead and fast enough so that it coasts a few car-lengths. 
Initial speed should not be more than about 2 m/s. The initial maximum instanta-
neous drag will then be less than about 2.3 % of the total force on the car, and of 
course, decreases from that value. The initial speed and coasting distance must be 
recorded for each test. If the initial speed cannot be recorded, record the time to 
coast-down and the distance, and use Eq. (12.18) to calculate (or eliminate) V0. The 
as-tested weight of the car must of course be known.

12.17 Correlation of Wind Tunnel and Coast-Down Tests

In a wind tunnel, the vehicle is at rest on the ground plane (some suspension vibra-
tion will be present, but it will be less than that on the road), all rotating parts are 
still, the test chamber walls are present, and the velocity distribution and turbulence 
level of the air will usually be different from that experienced during coast-down 
tests. However, the correlation between the drag coefficients measured by wind 
tunnel tests and coast-down tests can be good. The coast-down test results must be 
corrected for important effects not present in a wind tunnel test. Tunnel results are 
routinely corrected for blockage.

Morelli et al. (1981) reported negligible errors introduced by energy absorbed 
in suspension motions, and by the effect of braking the air mass in the coast-down 
vehicle’s wake. They found the effect of wheel rotation to not be negligible, but 
this effect is included in the rolling resistance measured during coast-down. The 
corrected drag coefficients of three identical vehicles, excluding ventilation drag 
measured by coast-down, agreed with wind tunnel results to within an average error 
magnitude of 0.71 %. The authors assumed a V2 speed-dependence for the rolling 
resistance. Consequently, the speed-dependent part of the rolling resistance had to 
be measured independently so that it could be separated from the drag.

The results summarized above increase confidence in coast-down tests as a 
source of potentially accurate drag coefficient and rolling resistance coefficient in-
formation.

12.18 Drive Losses

Model The contact patch force equivalent to the windage and friction in the drive at 
no load was modeled by Passmore and Jenkins (1988) as a linear function of speed.
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 (12.21)

Measurement A method for measuring the constants b0 and b1 was outlined by 
Hoerner (1950). The driven end of the car is elevated on a jack. The driven wheel 
is spun up using the motor, then the power is shut off and the drive allowed to coast 
to zero rotational speed. The initial rotational speed and the time to zero rotational 
speed are recorded. The test is repeated several times to gain statistical confidence. 
The moment of inertia of the entire drive (motor, sprockets, and chain) and the 
driven wheel must be known. A solution for the coast-down time, tS, is:

 
(12.22)

where, IE is the moment of inertia of the drive, rW is the wheel radius, and ωW,0 is 
the initial angular rotation rate. An error function, similar to Eq. (12.20), is defined 
to express the sum of the squared error between the measured and predicted coast-
down time. The constants b0 and b1 are chosen to minimize this sum. Note that these 
constants will include wheel-bearing torque and aerodynamic drag on the wheel. 
However, these are small compared to the effects of the drive.

12.19 Correction Summary

To summarize the preceding discussions, Eq. (12.6) below is corrected for wind 
yaw angle, constant up-slope, ambient temperature, and drive losses.

 

(12.23)

where, cD( β) would be given by Eq. (12.16), VR( β) by Eq. (12.13), µ1( TA) by 
Eq. (12.17), and F( V) by Eq. (12.21). The relative wind and the yaw angle would be 
measured during the coast-down. Note that if yaw data available was zero, the yaw 
coefficient, kD, could be found from coast-down data.

12.20 Battery Energy Rate

The coast-down testing allows the energy per unit distance delivered to the driven 
wheel to be found at any speed by Eq. (2.17). Another important piece of informa-
tion about the car is the battery energy it consumes per unit distance, eBATT, when 
unaided by the sun. Measurement of this parameter may be done as outlined below.

F (V ) = W (b0 + b1V )

tS =
IE

r2W W b1
ln

(
1−

ωW, 0 rW b1

b0

)

Mea = −
1

2
cD (β) ADρV

2
R (β)− [µ1 (TA) cos α + µ2V]W −Wsinα − F (V )
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First, locate and survey a standard road course. The course should have a mixture 
of terrain features typical of a race. It should be about 80 km long so that a signifi-
cant amount of battery energy will be consumed when traversing it. Document the 
road surface, grades, and direction, and the distances to each such feature.

Disconnect the solar array from the battery bus and drive the course at some 
average speed. Record the time, the battery bus voltage, and the corresponding am-
pere-hour reading (and other potentially useful data such as the battery and motor 
currents). Measure the barometric pressure, wind speed, and wind direction during 
the test. Repeat this procedure several times at different average speeds (perhaps by 
changing climbing speeds on certain hills) and compute the battery energy reduc-
tion for each run. Compute the battery energy consumed per unit distance as:

 ē BATT = �E BATT
S

 
(12.24)

where, ∆EBATT is the energy removed from the battery and S is the total distance 
driven.

This procedure could be adapted to separate the effect of the driver from the 
performance of the car or to determine the energy consumption differences between 
drivers.

12.21 Solar Radiation Measurement

Intensity on a Surface To measure the global solar radiation on the surface of the 
array requires an instrument called a pyranometer. Commercially-made pyranom-
eters are expensive. However, a solar cell may be made into a pyranometer using the 
upper circuit of Fig. 3.14 at a far less expense. When a cell is purchased, the infor-
mation furnished with it should include the short circuit current at standard tem-
perature and irradiance conditions. To make it into a pyranometer, obtain a small, 
battery-operated, digital multimeter. Mount the cell on a piece of perforated circuit 
board and connect its positive (rear) and negative (front) buses to flexible, insulated 
wires terminated with plugs that will fit into the receptacles on the multimeter. Set 
the multimeter to read the short circuit current from the cell, which is proportional 
to the irradiance normal to its surface.

 (12.25)

where, the symbols have the same meaning as in Chap. 3.

 
(12.26)

The instrument’s reading will change with the cell’s temperature due to the small 
temperature-dependence of ISC, and with changes in the spectral content of the ir-
radiation from the rated conditions. Nevertheless, it will measure the irradiation on 
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the array to within a few percent. To improve this, KG should be recalculated using 
measurements from a commercial instrument (“source”), if the opportunity arises:

 
(12.27)

Solar cells are very fragile and expensive. Even small cells purchased at electronics 
parts stores cost about $ 10.00. Allow for thermal expansion by the cell when glu-
ing it to the board. The wires from the cell should be connected to binding posts, 
not directly to the wires to the meter, and should have bends in them to allow for 
thermal expansion. Use no larger than number 24 braided copper wire. Solid copper 
wire soldered to the cell can easily crack it when the wire is manipulated to attach 
it to the binding post. Make a slot or hole in the PC board for the positive wire. The 
slot allows the cell to lie flat on the PC board; thus, preventing cracking by contact 
with the positive wire.

Angle of Incidence Figure 12.16 shows a device for measuring the angle of inci-
dence on any flat surface. Knowing the height of the threaded rod, measure the 
length of the rod’s shadow, L (or rule the disk’s surface in concentric rings) and find 
the angle of incidence as:

 (12.28)

The device will not work well when there is a high percentage of diffuse irradi-
ance as the shadow of the rod will not be well defined.

There should be provisions (pads, for example) for preventing damage to the 
surface upon which the device rests (which could be covered with solar cells). 
Special care must also be taken to make the rod perpendicular to the disk’s  
surface.

12.22 Solar Cell Tests

Cell I–V Curve and Efficiency The best environment for testing solar cells is a 
clear, calm day, an air temperature of 25 °C, and a time within 1 h of solar noon. 
Use the lower circuit of Fig. 3.14. Place the cell on a flat surface away from other 
objects or buildings that could reflect significant light on the cell. Connect the cell 
to a “decade box.” A decade box contains precision resistors that can be selected by 
switches to give values of resistance ranging from fractions of an ohm up to several 
decades higher. Connect a voltmeter across the decade box. Record the irradiation 
on the cell and the air temperature. Change the resistance from nearly a short to 
effectively an open circuit. Record the voltage and resistance at each setting of the 
box. After the last resistance setting, record the irradiance and air temperature again 
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and average them with the first readings. Calculate the efficiency of the cell at each 
data point. Plot the current, power, and efficiency as functions of the voltage across 
the decade box.

Indoor Testing Testing indoors confers the advantage of control of the test envi-
ronment. The problem that comes with indoor testing is that artificial light only 
approximates the spectral distribution of solar radiation. Quartz-halogen projec-
tion lamps are an economical light source that approximate the spectral distri-
bution of solar radiation and come equipped with a reflector. They are intended 
for use in equipment, such as overhead projectors, and may require non-standard  
voltages.

The electrical setup is similar to outdoor testing. The projection lamp is pow-
ered through a variable transformer, a “variac,” to not only provide the non-stan-
dard voltage11 but to also allow the irradiance level to be adjusted. A wide range of  

11 Be sure not to exceed the rated voltage of the lamp; they are quite easily burned out by this. Have 
some replacements in hand.

Fig. 12.16  Incidence angle 
measurement
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adjustment should be avoided, as major reductions in the lamp’s operating voltage 
will cause its light to redden. To avoid stray light, the apparatus should be put into a 
test enclosure, such as a cardboard box, with blackened walls. In this case, air flow 
should be provided to cool the lamp, which runs very hot, and to keep the cell under 
test at a constant temperature.

Solar Array Efficiency The pyranometer described above can be used to find the 
total radiation striking the array at some particular array orientation. The array 
should be operating with a load, such as when charging the battery bank. Or, the 
load could be a decade box, rated for the power of the array. In this case, the array 
I–V characteristic could be obtained.

Work efficiently so that measurements are taken before the solar conditions 
change enough to introduce significant error. On a mostly clear day, the best time 
of day for this is within 1 h of solar noon. However, the characteristics of the array 
when charging in the morning or evening are of interest.

Record the voltage and current on the main bus and calculate the power being de-
livered ( VBIB). Then, using the pyranometer, measure the irradiance normal to each 
array facet. Multiply a facet’s irradiance by the gross area of the facet. The sum of 
the results from all the facets is the rate of solar energy delivery to the array, Psun. As 
soon as all the facets have been surveyed, record the bus voltage and current again 
and average it with the first values taken. The efficiency in percentage at about the 
midpoint of the measurement time interval is:

 
(12.29)

where, the overbar on Psun denotes the average value.

12.23 Constant Radius Steering Test

This test determines at what lateral accelerations, ay, the solar car understeers, has 
neutral steering or oversteers (Wong 1978).

Procedure Drive the car along a circular path of radius R at different constant 
speeds, V, in succession. Record the speed, the angle, δ, of the steering wheel 
required. The lateral acceleration is ay = V2/R. Plot steering wheel angle versus lat-
eral acceleration in g’s ( ay/g). If, over a range of ay’s, the steering wheel angle is 
the same, this is neutral steer. If the steering wheel angle increases with ay, this is 
understeer. And, if the steering wheel angle decreases as ay increases, it shows over-
steer. All three may appear on the plot; see Figure 12.17 for an illustration. See the 
discussion on steering in Chap. 21.
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12.24 Cross-Wind and Roll Stability

Dominy (1991) presents a general procedure for cross-wind testing of models if 
wind tunnel facilities are available. A basically similar, but highly qualitative, test 
was performed by Clarkson University prior to the first Sunrayce. Clarkson’s car 
was driven through the propeller wash of an aircraft and its tendency to deviate 
from a straight path was noted. The velocity distribution in the wash was sampled 
using a hand-held anemometer.

Van Valkenburgh et al. (1982) describe roll stability testing of three-wheeled 
cars. The techniques used would be applicable to four-wheeled vehicles.
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Chapter 13
Energy Management

13.1 Introduction

This chapter emphasizes energy management. But this skill is not practiced alone; 
it is practiced within the context of race management, and it is influenced by the 
preparations for the race. The fastest racing system wins. Therefore, to put energy 
management in its proper context, these topics will be touched upon as well. For an 
alternative view of energy management, readers may wish to study the variational 
calculus-based method reported in MacCready et al. (1990). A complete description 
of the theory of this method is beyond the mathematical scope of this book. Wright 
(1997) describes an energy management strategy used by a 1995 SunrayceTM team. 
Shimizu et al. (1998) give a description of the energy management strategy and its 
supporting energy management system used by the winner of the 1993 World Solar 
Challenge.

13.2 Energy Management

Energy management refers to the way the solar energy available during the race is 
expended. The goal is to win the race, not necessarily a particular race day. To do 
this, the car must maintain the highest average speed of any entry over the period 
of the race. Energy management has two parts: planning period management and 
micromanagement.

The planning period is the longest period for which reliable hourly weather data 
are available. Probably this will be the next race day plus the day after. However, 
forecasts of general daily conditions are available for periods as long as a week. 
These should be used to guide long-term strategy. Micromanagement is the mo-
ment-by-moment adjustment of the car’s energy consumption to keep it within the 
planning-period strategy. Micromanagement also includes strategies for passing 
through shadows, climbing and descending hills, regeneration, and city driving.

© Springer International Publishing Switzerland 2015
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We begin with planning period management. Study the following example for 
the first 2 days of a race.

13.3 Example 13.1

Cornflower University’s (C.U.) solar car uses Ni-Cd batteries and has the charac-
teristics in Table 13.1. Also, the motor controller in C.U.’s car will shut down at a 
battery bus voltage of 47 V.

C.U. measured the rolling resistance coefficients in Table 13.1 on dry asphalt 
pavement.

Rain or overcast clouds have been predicted for both day 1 and day 2, but day 3 
should be mostly sunny. The average air pressure and temperature will be 101.3 kPa 
and 27 °C, respectively, for both days, and negligible head winds are expected. The 
travel distance will be 115.5 miles for day 1 and 198 miles for day 2. The net change 
in elevation for each day will be zero. Is there an average speed for each of the first 
2 days that will maximize the average speed over both days, that is, minimize the 
total travel time?

Solution We construct a simplified model of the situation in order to highlight the 
important issues. Suppose that:

1. The average acceleration of the car will be small.
2. The drag area and rolling resistance coefficients are constant.
3. The drag area is independent of the relative wind (note that this is conservative 

if cD has the falling characteristic with increasing yaw angle shown in Fig. 2.14, 
but not otherwise).

4. The array efficiency, battery efficiency, and drive efficiency are constant.
5. The average speed may be used to compute the drag.
6. The car is in the cruise condition.
7. Race route information shows that the pavement will be almost exclusively 

asphalt and that the average grade is about zero.

The foregoing are the major simplifications; other assumptions will be introduced 
as the need arises.

The total time to travel distances S1 plus S2 miles is:

cDAD 0.15 m2

µ1 0.004
µ2 0.0002 s/m
M 408 kg, gross
Me/M 1.01

Table 13.1  Data for example 
car
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(13.1)

where the over-bars denote the average speeds for a day.

The average speed over both days is:

 
(13.2)

This is to be maximized (∆ t minimized) subject to energy balance equations and the 
following two constraints:

 
(13.3)

where ∆ tM is the maximum travel time allowed before C.U. must trailer its car, 
taken to be 8 h. For this example, the average speeds for days 1 and 2 must be at 
least 14.44 mph and 24.75 mph, respectively.

Write an energy balance on the power bus between the start and finish times for day 
1. The initial and final speeds are zero. The array and battery each feed the power 
bus. The balance is:

 (13.4)

The subscript “12” refers to the time between start and finish times, t1 and t2. The 
additional subscript “1” appended to each term denotes the day.

W12 is the total work done by the drive (or energy supplied to the drive) to overcome 
the opposing forces of drag and rolling resistance. Hence, the division by ηD, the 
drive efficiency, in Eq. (13.5):

 
(13.5)

For either day, the solar energy delivered to the drive wheel is:

 (13.6)

where ηA is the array efficiency and QS12 is the total solar energy intercepted by the 
array,

 (13.7)
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G is the irradiance on a horizontal surface, and R is the tilt correction factor. Hence 
( )GR is the average irradiance on the array surface. AA is the array area and t2−t1 is 
the time spent racing.

For the battery,

 (13.8)

where ηB denotes the battery transaction efficiency, taken as the same constant for 
charge and discharge, F represents the fractional state of charge, and EB0 is the fully-
charged energy of the battery.

Combining the foregoing with the drive work, Eq. (13.5), and the energy supply on 
the left and right, respectively, gives for day 1

 
(13.9)

The time difference has been replaced by S V1 1/ . The energy equation for day 2 is 
similar.

The state of charge at the starting time, t1, on day 2, depends on the state of charge at 
the finishing time, t2, on day 1. This, in turn, depends on the average day-1 speed, V1.

Take the average values of EB0, F1 (day 1), ηA, ηB, and ηD to be 5.0 kW·h, 1.0, 0.1, 
0.9, and 0.85, respectively. Set the beginning-charge time, t1, and the impound time 
to 6 a.m., to 10:15 a.m., and 8:45 p.m., respectively. The latter two times may of 
course vary, but this variance will not be significant for the purpose of the example. 
The average irradiance will be taken as 300 W/m2 for both days as typical of high 
overcast conditions.

First, examine the solution to Eq. (13.9) as a function of the fractional state of 
charge at the finish line of day 1. Note that the equation is arranged so that the en-
ergy loss per mile must be balanced by the energy available per mile at the average 
speed. In Fig. 13.1, the energy loss and the energy supply per mile1 for each of three 
values of the finishing charge fraction, F2, are plotted separately as functions of the 
average speed. The intersections of the three energy supply curves with the energy 
loss curve give the average speed for each F2.

The lowest value of F2, 0.1, corresponds approximately to a bus voltage of 47 V, 
when C.U.’s motor controller will stop operating. The average speed could be 

1 Because it is presented on an energy per mile basis, the result in Fig. 13.1 is independent of the 
distance to be traveled.
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nearly 42 mph if C.U. were willing to discharge to this level. This could place the 
team high in the day’s standings and would maximize the time available for battery 
charging at the day 1 destination. But the next day’s operation could be quite slow 
(recall that the irradiance will remain about 300 W/m2) and might include trailering. 
At the other extreme, an F2 of 1.0 corresponds to a net zero battery discharge. The 
speed indicated in the figure for this case (16.84 mph) is the speed attainable using 
direct solar energy alone. Fortunately for C.U., it is greater than the minimum speed 
(14.44 mph). This means that it would be possible to travel the entire distance of 
115.5 miles without a net battery discharge. This would maximize the energy avail-
able to run the next day but could reduce the average speed for the 2-day period. 
Charging in the afternoon of day 1 and the morning of day 2 would not be necessary 
(or possible).

With other quantities regarded as constant, the optimum speed would be a function 
of the fractional state of charge at the finish lines of day 1 and day 2. We will search 
for the optimum speed for each day by a trial-and-error process. Successive values 
of ( F2)1 between 0.1 and 1.0 will be set and V1, ( F1)2, and V2 found by trial and error 
until the 2-day average speed is a maximum. The irradiance for day 2 will be the 
same as for day 1, and the other quantities used to develop Fig. 13.1 will also be the 
same. Because day 3 will be sunny, we will set ( F2)2, the fractional state of charge 
at the finish line of day 2, at 0.1.

Fig. 13.1  Solution of Eq. (13.9)
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The results of the solution process are shown in Fig. 13.2. This figure shows the 
average speeds for day 1, day 2, and the 2-day average speed as functions of ( F2)1. 
Also shown are the minimum speeds for each day.

The maximum average speed for the 2-day period was 26.13 mph, giving a total 
running time of 12 h (4.33 h on day 1 and 7.67 h on day 2). Note that the maximum 
is broad, and it would seem that C. U. has wide latitude in expending energy on 
day 1. However, the day-2 minimum speed line intersects the day-2 speed line at 
an ( F2)1 of about 0.57. Thus, traveling at, or above, about 28 mph (estimated from 
Fig. 13.1) on day 1 will risk, or cause, trailering on day 2. However, the maximum is 
broad enough so that the team could hedge its bet a bit (in case the weather predic-
tion for day 3 turns out to be optimistic) by keeping ( F2)1 greater than 0.57 but less 
than perhaps 0.75. This would mean an average speed of less than about 28 mph and 
greater than about 22 mph during day 1.

The minimum speed for day 1 is so low that it does not intersect the day-1 speed 
curve over the range of fractional charge employed. Thus, as mentioned above, the 
team could run even more conservatively on day 1. However, the reader should 
keep in mind that the speed of the car is influenced by traffic and road conditions. 
In order to average about 17 mph (rounded from 16.84 mph), it might be necessary 
to travel much faster at times to make up for the instances when the car was stopped 
in traffic or slowly climbing a hill.

Fig. 13.2  Optimal vehicle speed
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The greatest margin between the minimum speed for day 2 and the optimum speed 
for day 2 is just over 1 mph. In this situation the preparation of the team, especially 
the drivers, is critical. Energy wasted by poor driving technique or by unfamiliarity 
with the car could cause trailering on day 2.

The results above were predicated on a target ( F2)2 of 0.1. If this were set at 0.2, to 
provide additional energy for day 3, what would the results be? The best average 
speed for the 2 days drops slightly to 25.06 mph. The total travel time consequently 
increases to 12.51 h, with 4.51 h expended in traveling on day 1 and just under 8 h 
on day 2.

With a detailed car, route, and weather simulation, the optimum speed could be 
found using the “little tap” method.

Attaining an average speed high enough to win does not necessarily mean that the 
team will finish first on any given day. If a given day is overcast and raining, the 
team must be disciplined and patient and keep its energy expenditure low, as shown 
in the example. This may mean squelching the desire to speed up if another team is 
closing; the team must be willing to finish low in the pack to conserve energy so that 
its average speed can be higher than those of its perhaps more aggressive competi-
tors over the expected period of cloudy days.

The charging and discharging characteristics of the battery bank are vital parts of 
the energy management data base. The team must be able to estimate well the state 
of charge of the battery, the battery transaction efficiency, and must know the lower 
limit of the battery bus voltage. In the example, this limit was not set by the state of 
charge, as it might be with Pb-acid batteries, but by the motor controller shut-down 
voltage.

13.4 Micromanagement

Energy Dead Reckoning Ships navigate by “dead reckoning.” The navigator pre-
dicts the next position by estimating the effects of weather and ocean currents. 
Micromanagement is energy dead reckoning, predicting the energy state from the 
current state and the predicted supply and use. Prior to the run, the average speed 
should be selected to leave the battery at a certain state of charge at the finish line. 
This speed would be the optimum vehicle speed (OVS), or possibly a more con-
servative speed. These choices were brought out in Example 13.1. During the day’s 
run, the speed of the car is adjusted so that energy use remains in the proper relation 
to the energy supply to achieve these ends. Tools to assist in this are discussed in the 
section on the energy information system (EIS). Strategies for hills, cloud shadows, 
and the use of regeneration will now be suggested.
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Hills Climbing a hill is analogous to acceleration. Each results in higher stored 
energy state: the higher potential energy at the top of the hill or the higher kinetic 
energy at the end of acceleration. The energy stored in either case is proportional to 
the vehicle’s mass.

Climbing a hill usually costs additional battery energy depending on the climb-
ing speed. Electrical losses proportional to the square of the current are part of this 
cost. Thus, climbing at low motor torque keeps the losses in the battery, power wir-
ing, and motor smaller. A transmission, or an axial flux motor with an adjustable air 
gap, allows the drive to keep the shaft torque higher to lift the car up the hill, but at 
a lower motor current. This improves the car’s efficiency while climbing, but the 
speed is necessarily less.

A low state of charge will dictate a low-speed climb. The additional current draw 
caused by higher speed could pull the battery voltage below an operational limit, 
such as the motor controller shut-down voltage. However, in other situations we 
may ask: Is there a climbing speed that minimizes the charge removed from the bat-
tery? Consider the following example:

13.5 Example 13.2

The car of Table 13.1 climbs a 1-mile-long hill at various steady speeds between 1 
and 55 mph in still air under battery power only. Its battery consists of 60, 56-A h, 
SAFT STX600 Ni-Cd cells in series. The car is driven by an NGM-SC-M100 wheel 
motor (efficiency curves in Fig. 5.11) with its air gap set to 2.5 mm. The wheel ra-
dius is 0.241 m. The air temperature and pressure are as for Example 13.1. The car 
starts up the hill at the designated speed and fully charged (Fig. 13.3: H = 0), and 
thus its battery voltage is at a maximum.

Plot the charge removed from the battery and the final, that is, minimum battery 
bus voltage as functions of the climbing speed for grades of 1, 2, and 3° (1.75, 3.49, 
and 5.24 %, respectively). For comparison, show the charge removed for a horizon-
tal run of 1 mile under the same conditions.

Solution Figure 13.3 shows the open circuit voltage and the effective internal resis-
tance (mΩ) of the STX600 at 23 °C as a function of its fractional discharge, H (or 
1 − F). A curve fit (solid lines) to each data set has also been plotted. The terminal 
voltage is given by Eq. (4.3), with the current positive for charge and negative for 
discharge.

Using the data of Table 13.1 and the atmospheric conditions and wheel radius 
specified above, Eqs. (2.15) and (2.17) were used to find the shaft torque and conse-
quently the shaft power, PS. The motor characteristics then gave the battery current, 
IB, as

 (13.10)S
B
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The battery voltage was found from the curve fits of Fig. 13.3 by calculating the 
fractional state of discharge as

 
(13.11)

where Q( t) is the present state of charge and Q(0) the initial charge. The “little tap” 
method was used: during each small time step ∆t, the charge IB∆t was subtracted 
from the charge at the end of the previous step and the voltage of the battery calcu-
lated. The total charge removed and the final battery voltage were then plotted in 
Fig. 13.4 and 13.5, respectively.

Figure 13.4 shows that at each grade above zero there was a speed at which 
the charge removed was a minimum. The removed charge at first decreased as the 
speed increases because the time to reach the top of the hill rapidly decreased; there-
fore, the time to remove charge was less. However, this was eventually overcome 
by the increase in the current. The current increased both because the shaft power 
increased as a cubic function of the speed and because the battery bus voltage de-
creased as charge was removed from the battery.

Figure 13.5 shows that the minimum bus voltage, which occurred at the top 
of the hill, passes through a maximum at a particular speed. Following the re-
moved charge, the fractional state of discharge, H, passed through a minimum. 

H Q t
Q

F t= − = −1
0

1( )
( )

( ),

Fig. 13.3  SAFT STX600 characteristics. (Courtesy SAFT engineering)
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Fig. 13.4  Battery discharge vs. speed on four hills

Fig. 13.5  Minimum battery voltage vs. speed on four hills
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Consequently, so did the battery equivalent resistance, RS. This caused the mini-
mum battery voltage to be maximized, but at a lower speed because of the influence 
of the increasing current.

The climbing speed which minimizes the battery discharge is 10–20 mph, de-
pending on the grade.

Rather than climbing at constant speed, the hill could be climbed at constant 
motor current. For example, suppose a motor current of 10 A is required when at 
cruising speed just before the hill. The car will slow to the climbing speed dictated 
by 10 A. Alternately, the battery current draw could be held constant. The car will 
then slow to a climbing speed that depends upon the array current available. The 
advantage of this latter method is that the battery current is directly controlled. This 
may be quite important when the remaining charge is low.

Regeneration A strategy for descending hills is to use the gravity assist to reach the 
local speed limit. The conversion of the potential energy to kinetic energy provided 
by gravity costs the vehicle no battery energy. Then regeneration should be used to 
maintain the local speed limit while descending. The kinetic energy thus attained is 
used to coast up the next hill until the car reaches its desired climbing speed; then 
the motor is used to climb the rest of the way. Regeneration should always be used 
for braking and for controlling the speed while descending hills in towns, where 
speed is restricted anyway. Then at least some of the car’s precious kinetic energy 
will be recovered, rather than dissipated in heating the brakes.

Cloud Shadows Intermittent cloud shadows are best handled by keeping up speed 
and to move out of them as soon as possible.

13.6 Energy Information System

The term energy information system (EIS) refers to the equipment and information 
sources used to estimate the OVS for each day of the planning period and to select 
the highest, practical current speed considering the available solar radiation, the 
state of charge of the battery, and the projected energy requirement for the next hour 
needed to attain the OVS.

The EIS has six parts:

1. A weather and solar radiation forecasting facility
2. Present-time weather and solar radiation monitoring
3. Race vehicle telemetry
4. Energy management software
5. Road data
6. Global positioning information
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13.7 Weather and Solar Radiation Forecasting

Equipment Radio, cellular telephone, and probably Internet communications are 
required in order to query various weather and solar energy prediction services.

From Weather Forecasts The hourly clearness index may be predicted using 
weather parameters that are given by readily available hourly forecasts (Accu-
weather 2013, for example). This avoids the uncertainties arising when attempting 
to predict hourly global radiation from the daily total. The hourly total extraterres-
trial radiation, I0, can be calculated by Eq. (3.8). Then the hourly total radiation on 
a horizontal surface may be calculated from Eq. (3.13).

Weather records going back several years for many locations can be obtained 
from the National Oceanic and Atmospheric Administration (NOAA). Free typi-
cal meteorological year (TMY) data (more than 200 locations are available, see 
Chap. 3) can be obtained from the Solar Energy Laboratory of the University of 
Wisconsin, Madison, and from the National Renewable Energy Laboratory (NREL). 
The following outlines the process of developing the clearness-index correlation for 
Atlanta, GA, for June and July.

13.8 Example 13.3

Outline the process of developing the clearness-index correlation for Atlanta, GA, 
for June and July.

Solution The set of weather parameters for the correlation will be based on those 
used by Jensinius (1983),2 except that day length would have no bearing. And, 
although TMY files contain a large number of weather variables besides hourly 
total solar radiation, they do not contain the cloud probabilities used by Jensinius, 
but simply the total cloudiness in tenths. The work reported by Davies and McKay 
(1988, 1989) suggests that the clearness index is a nonlinear function of this cloud 
cover measure. Suppose we assume that the hourly clearness index, kT, may be 
given by

 (13.12)

where f denotes an unknown formula using the variables in parentheses, c denotes 
cloud cover in tenths, Tdb the dry bulb temperature (°C), Tdp the dew point tem-
perature (°C), $$$$ the air mass, and I0 the total, global, horizontal, extraterrestrial 
radiation (W h/m2). The overbar denotes an average for the hour. We obtain the 
TMY2 data file for Atlanta (13874.tm2, 1,232 KB) and a copy of NREL (1999), 
a free handbook describing the TMY2 data files. The result, Eq. (13.13), may be 

2  See also Jensinius in Hulstrom (1989), Chap. 7.

( )2
db dp 0, , , , , ,Tk f c c T T m I=
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obtained by a specially written program or by using the built-in correlation facility 
invariably supplied with spreadsheet programs.

 

(13.13)

Figure 13.6 shows the global radiation predicted by this correlation plotted against 
the corresponding TMY2 global radiation. The average root-mean-squared error 
was about 21 % with the least error evident at low irradiances.

Weather The energy management software must calculate the drag on the car. For 
this it requires the dry bulb temperature, the atmospheric pressure, and the wind 
speed and direction at the ground. These must be known at least hourly at the cur-
rent location of the car. This information is available from sources such as Accu-
weather (2013). When it was not feasible to use such sources, teams have done their 
own forecasting using student meteorologists from their own or another school.

Satellite Images Solar radiation measurements derived from images received from 
earth-orbiting satellites can be used to predict the solar radiation by predicting 
the cloud cover motion from the images. Methods of predicting the cloud cover 
from satellite images were presented by Muench and Hawkins (1979) and Muench 
(1979). The methods used to measure solar radiation using geostationary satellite 
images were presented in the same papers. The methods used to measure solar 
radiation using geostationary satellite images were surveyed in Noia et al. (1993). 

2
db

dp 0

0.09645 0.32143 0.11614 0.01514
0.007986 0.002056 0.0004356 .

Tk c c T
T m I

= − + +

− − +

Fig. 13.6  Predicted hourly global irradiance
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Justus, et al. (1986) presents results for the USA, Mexico, and South America. The 
statistical method discussed in Cano et al. (1986), Diabaté et al. (1989), and Perez 
et al. (1994) has been tested against ground measurements. Zalenka et al. (1992) 
reported a study of the error in extrapolating daily total radiation from a ground-
based measurement compared to using satellite-derived radiation.

Satellite-based forecasting methods are complex and probably impractical for 
most solar racing teams. However, Kyle et al. (1994) report the superposition of 
the race route on satellite images, thus clearly showing the relation of the route to 
clouds and clear air.

13.9 Software

Components The software must accomplish two purposes: assist in estimating 
the OVS and assist in micromanaging the energy. A simulation code, if it is user-
friendly and conveniently integrated into the EIS, could serve the first purpose. A 
spreadsheet program would probably be more convenient for micromanagement.

Simulation The operation of the simulation code must be convenient. Push button 
or point-and-click operations should be programmed to calculate a new solution 
from the current location and time, to edit the road data file (so “what if” can be 
played) or select a new one, to create or select new weather files, and to change the 
parameters of the car model.

The code should be configured to interpolate in space and time between the lo-
cations for which weather correlations have been prepared in order to estimate the 
solar and weather parameters at the current location of the simulated car. This was 
done by Craparo and Thacher (1995), for example.

The route information used by the simulation may be obtained by survey-
ing the route, or it may be constructed by the use of commercial map software. 
Some commercial map codes can be used to find the grade and direction of seg-
ments of the day’s race route as functions of the distance traveled. This method 
is easier and cheaper than traveling the route. But the resolution of the resulting 
topographical data will probably not be as good as that of a survey. Start several 
months before the race to allow time to garner the data and set it up to be read by 
the simulation code.

Surveying the route provides information about traffic conditions, road surfaces, 
stop lights, etc. This is not provided by the map software. The surveyors also be-
come valuable guides to the team for navigating through unfamiliar cities and in 
choosing convenient hotels. A surveying trip would be done during the summer 
before the race or perhaps as late as the spring break before the summer of the race. 
The final route selected by the race organizers may deviate from that followed by 
the surveyors, requiring corrections to route data. By the time these are known, the 
only practical method of making these corrections is by map software.
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Map software that can accept data from a Global Positioning System (GPS) re-
ceiver can be used to show the position of the car on the route and relative to up-
grades and downgrades. This is valuable information for micromanagement.

Energy Display The spreadsheet program would receive the telemetry from the 
solar car, current solar irradiance measurements, and the predictions from the simu-
lation. Figure 13.7 shows such a display as it might appear at 1 p.m. (13:00). The 
total solar energy received since starting the run, ES( t), the energy in the battery, 
EB( t), and the energy that has been expended to move the car, EW(t), both actual 
(symbols) and those predicted by the simulation (lines) are shown. These are refer-
enced to the driving wheel. The simulation should be set up to allow the operator 
can play “what if” by changing the speeds over the remaining course at any time. 
The actual values for ES, EW and EB would be produced by the spreadsheet using 
telemetry data.

The energy manager can now estimate the effect of hills and speed changes and 
also see at a glance how the energy usage and predicted usage compare.

13.10 Preparations

Preparations should be carried out against the background of the realization that, 
from the racing system viewpoint, racing begins the moment the team decides to 
enter the race.

Preparations culminate in the testing of the racing system. This has two compo-
nents: thorough car testing and thorough team training. The car testing, methods for 
which are discussed in detail in Chap. 12, has two objectives: to measure the drag 
area and rolling resistance coefficients of the car (on both wet and dry pavement) 
and to drive the car at least as many miles as the total length of the race and under 
various conditions—particularly over hilly terrain and in inclement weather. This 
driving tests the durability of the racing system and provides opportunities to train 

Fig. 13.7  Example of an energy display
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the team. The team must learn how to race the car when it is overcast and raining, 
as in Fig. 13.8, and in heavy traffic, as in Fig. 13.9. There must be strategies for 
every eventuality. There should be a mix of training and testing trips, some short 
and some long. Short trips focused on testing should be made over the same route 

Fig. 13.8  Racing in the rain

Fig. 13.9  Racing in heavy traffic
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so that the route itself will be removed as a variable affecting the energy consump-
tion of the car.

If the car has accumulated many hundreds of miles before the race, probably 
all the wheel bearings should be replaced. Leave enough time so that you can run 
50–100 miles with the new bearings, then remeasure the rolling resistance coef-
ficients. When racing, carefully inspect the car after each day’s run, and especially 
during and after trailering, including all welds and suspension elements. Do not 
assume that such vital parts cannot fail, even if they have shown no wear during the 
training period. Come to the race with spare parts, such as shock absorbers. Bring 
welding equipment. Take nothing for granted.

13.11 Race Management

The average speed is influenced by the performance of the race team as race manag-
ers. Race management comprises solar car energy management and management of 
ancillary race activities. There are a multitude of these.

Flats Flat tires will result from improperly adjusted wheel spokes or poor matching 
of tires to rims as well as running over broken glass. Flats cause lost time. Rapid tire 
changes are a function of good wheel design, but they are also the result of having 
replacement wheels on hand, balanced and pressurized. This means that the wheels 
and tools must always be in a designated place in the chase or lead vehicle. Mem-
bers of the team must be preassigned to do the change and should know exactly 
what to do so that no extra time is lost milling around. This means tire-change train-
ing must be accomplished during the prerace period.

Organizational Scope As the tire-changing example above shows, a racing team 
must be efficient. That is, every activity must be carried out in the smallest possible 
time. This implies rapid action but also minimum error; error requires repeated 
action. Rapid and error-free action requires organization, training, and reliable 
communications.

The race organization must account for both large and seemingly small activi-
ties. The large activities include feeding the team, sleeping accommodations, and 
fuel for the support vehicles. The seemingly small activities include awakening the 
team in sufficient time each morning so that all may be fed, the car removed from 
impound and put on charge, etc. This activity seems small, but it can loom large if 
time elapses and the team is not ready to start at its appointed time.

Communications Radio communications between the driver and the lead and chase 
vehicles must be available at all times when racing. Reliable communication is a 
function of proper equipment and propagation conditions, but also of making sure 
the batteries in the radio handsets are charged. Radio procedure must be disciplined. 
There must be no unnecessary chatter and only those designated to give information 
to the solar car driver should speak. This prevents confusion, which is unsafe.
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Under the rules in Chap. 16, support vehicles must not travel on the race route. 
Therefore, at times during a race day, the suggested route for the off-route crew op-
erating the vehicle towing the trailer may be separated by many miles from the race 
route. Therefore, communication with the off-route crew must be reliable over these 
distances. The personnel operating the towing vehicle must try to remain within 
the radio communication range, in case its services are needed.3 This procedure is 
best worked out during the prerace period. However, remaining within the radio 
communication range is not always possible. Cell telephone communication is usu-
ally more reliable than radio communication over longer distances. Cell coverage 
during the 1999 race was excellent, but during earlier races there were regions with 
no cell coverage. Another drawback of this method of communications is that it is 
expensive.
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Chapter 14
Fund Raising and Public Relations

14.1 Introduction

Experience shows that developing a racing system from scratch and competing in a 
cross-country race, such as the American Solar Challenge, costs $ 50,000–190,000, 
in cash and in kind, over a 2-year period.1 Most schools cannot afford this expense. 
Therefore, the solar car team must seek sponsorships from individuals and agen-
cies, principally businesses, outside the school. However, this is on balance a good 
thing because it provides an opportunity to involve students in yet another phase of 
real work. And if the university has a business school, then seeking sponsorships is 
made to order for that school’s marketing majors.

Public relations work is coupled to raising funds. Publicity for their participa-
tion is the principal quid pro quo for the team’s major sponsors. Also, the school 
will want to publicize the solar car team to attract students, and solar car teams do 
attract students. High school and grade school teachers and service organizations 
frequently request visits by the solar car and talks on solar energy by the team. This 
builds community support and may result in donations.

14.2 Fund Raising

Budget The first step in fund raising is to estimate how much money must be 
raised. This requires a budget, which in turn requires a project plan; these two must 
be developed together. The first try at either will probably not be well informed so 
revisions will be necessary as the project proceeds. The major categories of the bud-
get might be: solar vehicle, race logistics, energy management, communications, 
training, administration, and fund raising and public relations. A brief discussion 
of each of these categories follows. Bear in mind that the figures in the tables that 

1 2013 dollars; teams have spent far more, and much less. However, this range represents an ap-
proximate threshold for fielding a competitive team.

© Springer International Publishing Switzerland 2015
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follow may represent either cash or in-kind donations. Most of the construction 
was assumed done by the solar car team, with the principal exception of the body 
mold. Note also that costs for some of the reusable equipment would be one-time 
expenditures.

Solar Vehicle Table 14.1 shows the components of this budget category and typi-
cal cost ranges for each. Each entry should be taken to include all elements of the 
component. For example, the array entry includes the solar cells, tabbing, diodes, 
underlayment, and encapsulate. Only the maximum power point trackers are listed 
separately. The high end of the range is based on ordering two times the number 
of cells actually needed. This provides ample replacements for breakage. The bat-
tery entry ranges from lead-acid modules at the low end to nickel-metal hydride 
modules at the high end. The high end of the chassis and body shell range assumes 
a shell made from pre-impregnated composite material and a commercially made 
mold. (The mold is very expensive and should be a prime sponsorship target.) The 
running gear includes wheels, tires, suspension, and steering. The auxiliary power 
and instrumentation cost includes numerous small components such as wire ties, 
wire, DC-DC converters for low-voltage DC, running lights, circuit bakers, fuses, 
cockpit instruments, etc.

Race Logistics Table 14.2 shows logistics costs for a solar race including the Qual-
ifier. The Qualifier is usually about a month and a half before the team must leave 
for the race. The Qualifier for the 1999 Sunrayce™ was held at the General Motors 

Component Cost range ($)
Solar cell array 2500–25,000
Maximum power point trackers 2500–4700
Battery 2800–40,000
Motor and controller 3000–21,000
Chassis and body shell 2000–20,000
Wheels, tires, and brakes 2000–14,000
Steering and suspension 2600–10,000
Auxiliary power and instrumentation 2500–7200

Table 14.1  Solar vehicle 
costs

Item Cost or cost range ($)
Fuel and oil 600–1900
Vehicle rental 3000–5500
Food 700–3000
Accommodations 2500–5000
Spare parts 1000–1500
Uniforms 500–1000
Fees 8000

a The fees include insurance cost and race entry. These 
costs are now higher than in Chapter 16.

Table 14.2  Logistics costs
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Proving Ground in Milford, Michigan, and required a 5-day round trip by eight 
people. This was the basis for the budget item cost. The race itself typically requires 
a 3-week round trip of 4000–5000 miles by about 12 people operating four vehicles 
(lead, chase, solar, and trailer towing.) The race costs in Table 14.2 includes the 
rental of two of the service vehicles and fuel. The remaining vehicle was assumed 
to be obtainable from the school.

Energy Management Two or three persons could travel down the proposed race 
route during the summer prior to the race. This survey team would collect infor-
mation about the route, such as road surface conditions, grades, and so on. This 
information will be invaluable in managing the energy of the car during the race. 
The cost for this trip follows the “chart route” item in Table 14.3.The computer and 
software would be used to reduce the telemetry data from the car and to operate a 
vehicle simulation code. A cell telephone is useful for obtaining weather predictions 
and of course for communications when on the road.

Communications Amateur radio gives the team great flexibility in choice of com-
munication frequency and in equipment. This may be important in races with many 
teams. The drawback is that, race team members who will use it must obtain their 
technician-class radio amateur licenses. Citizen’s Band (CB) radio equipment, 
while more frequency-restricted, is cheaper and easier to obtain.2 Licenses are not 
required. Cell telephones may also be used. But cell service may not be reliable over 
the entire race route. The costs are based on CB equipment in the solar, lead, chase, 
scout, and trailer-puller (Table 14.4).

Training A major goal of the project should be to finish the car early enough so that 
vehicle testing and race team training can be done before the race.3 The cost shown 
in Table 14.5 shows three or four 1-day trips in full racing configuration.

The race organization holds a workshop in the spring of the year before the race. 
It is important to send some team members to this event.

2 Teams must monitor the designated official race CB channel in the chase vehicle.
3 This may seem obvious. Nevertheless, accomplishing it often turns out to be quite challenging.

Item Cost range ($)
Chart route 2000–2500
Computer 1500–2000
Software 200–500
Telemetry 1000–2500

Item Cost range ($)
Radio equipment 500–700

Table 14.3  Energy 
management

Table 14.4  Communications
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Administration The telephone costs in Table 14.6 include costs incurred for 
fund raising and public relations as well as those associated with design and 
procurement.

Fund Raising and Public Relations The major expenses in this category arise 
from preparing and printing the proposal sent to corporations. This proposal, like 
the race proposal and the structural report, is a pivotal document. The experience 
of the advisors should be brought directly to bear on its preparation to bring out 
the best in the students. They strongly desire to produce an excellent, professional 
proposal. And they are capable of so doing. Often a trip to formally present the 
proposal at the corporate headquarters is required. This is excellent experience, of 
course.The “Adopt-A-Cell” program is discussed in more detail in the following 
section (Table 14.7.)

Methods There are four means of fund raising: donations from individuals and ser-
vice organizations, sponsorships by corporations, grants by foundations, and grants 
from government agencies.

To solicit individuals and service organizations, Clarkson University’s team pro-
duced an “Adopt-A-Cell” program brochure. The brochure contained information 
about the team, information about the cars used in previous races, and information 
about the Adopt-A-Cell program. This latter information included four levels of 
monetary support. Each level included certain rewards, such as a team T-shirt and a 

Table 14.7  Fund raising and public relations
Item Cost range ($)
Press kits 100–700
Adopt-a-cell 500–700
Corporate proposals 1000–3000
Presentation trips 500–1000

Item Cost or cost range ($)
Training trips 600–2000
Workshop 1000
First aid training 50–100

Table 14.5  Training

Table 14.6  Administration
Item Cost or cost range ($)
Telephone 1000–2000
Local trips 500–1000
Paper 100–200
Photocopying 500–500
Postage 300–400
Printing 200–400

Table 14.6  Administration

Table 14.7  Fund raising and 
public relations



29914.2 Fund Raising  

subscription to the team’s newsletter. A coupon with blanks to be filled with infor-
mation about the donor and the level of support was also included.

Corporate sponsorships are obtained by submitting a formal proposal to corpora-
tions that could conceivably have some interest. This would include corporations 
employing a few, but highly placed alumni of the school, corporations that hire large 
numbers of the school’s graduates, and corporations whose business interests might 
be served by an association with solar car racing. Benefits, such as whether the 
sponsor’s trademark would be placed on the race car, should depend upon the level 
of support. Less-prestigious locations for the trademark could be the support ve-
hicle, team uniforms, and other promotional materials. Other benefits could include 
making the race car available for display at events, such as trade shows or technical 
conferences, in which the sponsor participates. The team’s marketing group should 
work out a list of such benefits to place in the proposal. Of course it is absolutely 
necessary to deliver the promised benefits once a sponsorship has been received.

The procedure for soliciting foundation support is similar, except that a formal 
presentation is usually not necessary. There are literally hundreds of foundations in 
the USA representing a great variety of interests. Some fund projects only within a 
particular city; others have national scope. The school’s Development Office (see 
next section) will have publications that give details about the foundations’ objec-
tives and what they have supported in the past. A foundation proposal must show 
how the requested support would serve the foundation’s objectives.

Government support is also possible. For example, if the state has an organi-
zational unit that fosters energy research, this unit may be receptive to a proposal. 
However, this unit will probably find it must support all the solar race teams in the 
state or none of them.

Liaison Every school has an organizational unit that is charged with raising money 
for new buildings, scholarships, etc. This unit was referred to above as the “Devel-
opment Office.” Some of the same corporations and foundations to which the solar 
car team may contemplate sending sponsorship proposals for $ 25,000 may also be 
on the Development Office’s “ask” list for millions. It is therefore imperative that 
the Solar Car Team’s Marketing Group work through and with the Development 
Office, obeying its policies and procedures at all times. This may result in some 
corporations being off-limits for solar car team sponsorship proposals. However, 
establishing good relations with the fund raising professionals in the Development 
Office will result in long-term benefits for both the team and the office. The pro-
fessionals cultivate corporate contacts over time and can therefore be very helpful 
to the solar car team. Furthermore, the mentoring effect of a close liaison with the 
development office is valuable training for the students. Finally, the public relations 
value of the solar car is very high. This is appealing to potential donors to the school 
and consequently may help the development office raise money.

The team should also maintain good liaison with the school’s legislative repre-
sentative. This person will have cultivated contacts in the legislature and in units of 
the state bureaucracy. These contacts may be receptive to sponsorship proposals.
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14.3 Public Relations

At first, the engineers on the solar car team may feel that public relation is an an-
noying interference with their work. However, the contrary is true: it is part of 
their work. It benefits the school and therefore gains the support of the school. It 
interests high school and grade school children in building solar cars and therefore 
helps educators raise the level of knowledge and achievement in secondary and in 
grade schools. It garners public support; people begin to think, “This is our solar 
car team.”

This work is done in different venues. Fig. 14.1 shows Clarkson’s 1995 car, He-
lios, on display in a shopping mall. This particular trip required trailering Helios for 
75 miles and was arranged by a service organization from the town containing the 
mall. Display boards behind the car show pictures of the design and construction 
sequence, information about solar energy, and Clarkson University. A steady stream 
of adults and children peppered the team members with questions. This points to an 
important aspect of the team’s training: all members of the team, business school 
students not excepted, must acquire a certain level of understanding of the technical 
aspects of the solar car. This level must be such that when they speak to the public 
or the press their statements will be correct.

Perhaps the most frequent activity is visits to schools to speak about solar cars 
and to demonstrate the car. The most inquisitive students are often those in grade 
school. Their questions are good and sometimes come so rapidly that one can 
scarcely finish an answer before another question is asked. This interest is most 
gratifying to the participating team members.

Fig. 14.1  A solar car at a public relations venue
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Opportunities to show the car at alternative energy events occasionally occur. 
These events may involve both static displays of the car and parades. One of most 
enjoyable features of parades is the obvious pleasure people of all ages take in see-
ing the car whir by. A solar car is a true, locally nonpolluting vehicle. As such it is 
an icon of what many hope our transportation system will become.

Liaison Contact should be maintained with the unit charged with public relations 
for the school. Let us call this unit the “Public Relations Office.” This office will 
usually be staffed by energetic, articulate folks who recognize the public relations 
value of the solar car project. Keep them informed of the team’s activities and of 
opportunities for photographs and stories. The public relations office will often ini-
tiate ideas for public activities and serves as a contact point for persons interested in 
learning more about the team. Most of these initiatives will be practical. An “unveil-
ing,” however, should be most carefully considered.

An unveiling is an official presentation of the solar car to the sponsors and the 
public. Requests for it will naturally occur in the spring before the race because 
the car must be finished in this period. Do not agree to participate in such an event 
unless the car is in all respects race-ready and unless there is no possibility of inter-
ference with the preparation schedule. The spring before the race is a very crowded 
time. Unless the car has been completed in the preceding fall or early in the spring, 
there will be no time, energy, or money to spend on an unveiling. Once such an 
event is scheduled, invitations issued, and plans set in motion, it will be nearly 
impossible to stop. Even if the production schedule should slip, the unveiling must 
go forward. It will control the project schedule because of the public commitments 
that have been made. This could lead to public embarrassment, rather than public 
acclaim, and loss of precious time.

Remember also that student volunteers do not necessarily share the school’s pub-
lic relations goals and have their own heavy scholastic obligations. Extra pressure 
put on them may cause a loss of workers during the most crucial period of the 
project. On the other hand, having a non-slippable milestone may help motivate the 
students. Both outcomes have occurred in the writer’s experience.

The best scenario is to finish the car by early spring and to abide by the thumb 
rule: “substance first; public relations later.”

14.4 Newsletter

14.4.1 Public Relations

A newsletter is a way of informing the public, sponsors, and Adopt-A-Cell pro-
gram participants about the team’s activities. It should contain articles about the 
progress of the car and preparations for the race. Leavening this strictly technical 
mix should be articles about members of the team. Parents should be particularly 
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pleased about this. It tends to compensate them for giving up the company of their 
sons and daughters during holidays and summers spent working on the car. Also, it 
puts information about the folks on the team before potential employers.

14.5 Management of Funds

It is imperative to train the team to manage its money (and other resources) profes-
sionally. The project is too large and diverse for the advisors to maintain detailed 
management control. Proper accounting records must be kept by the team and re-
ports made at administrative meetings. Otherwise there will be chaos and many 
headaches for the advisors. Competent student managers have to be found, trained, 
and held accountable. This of course also serves the purpose of the project, whereas 
detailed management by the advisors would work counter to it. Nevertheless, final 
control of funds must rest with the advisors. This should be exercised through the 
school’s purchasing system. Usually, this system will have the advisors listed as the 
managers of the accounts used by the team. This means that the signature of an ad-
visor will be required for purchases above a certain cost. However, local purchases 
below this cost may be handled by a voucher recognized by local merchants. The 
voucher may not require an account manager’s signature. The advisor must work 
with the students to make sure that such a system is carefully supervised.

Choosing student managers must be carefully done, but the talent will be there. 
The challenge of the project will attract students who want to learn to be profession-
als and who are willing to make the sacrifices of time that are requisite.
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Chapter 15
A Solar Car-Based Learning Community

15.1 Introduction

Most of the ideas in this chapter are originally from Thacher and Compeau (1999). 
That material is copyrighted by Roskilde University Press and is used with permis-
sion. I gratefully acknowledge the contributions of Dr. Larry Compeau, my col-
laborator for several years, and co-advisor of Clarkson University’s Solar Car Team.

Chapter 1 asserted that acquiring the art of solving ill-posed problems should 
be the primary objective of education. This chapter explores four questions raised 
by that assertion. What should be the means for acquiring the problem-solving art? 
What knowledge and skills facilitate problem solving? What should be the general 
structure of a curriculum designed to teach ill-posed problem solving? Into what 
form might an institution evolve when it centers itself on teaching problem solving?

15.2 Acquiring the Art

The PBLC The ill-posed problem-solving art includes the art of collaboration. 
Hence, it must be learned in a collaborative setting. Formal collaborative associa-
tions, teams, are not necessarily the easiest or most efficient means of solving a 
problem. But ill-posed problems are often complex enough so that collaboration is 
the only practical alternative. On the other hand, the concept of a lone creator gener-
ating a solution in isolation is probably a myth. Collaboration, that is, idea exchange 
and complementary work, even if carried on only through the technical literature 
and between persons unknown to each other and separated by space or time, is part 
of the solution of every ill-posed problem.

A team of students and mentors working on a project constitutes a project-based 
learning community (PBLC). PBLCs have the defining characteristics given below.

1. Collaboration must not be artificial, but driven by the demands of the problem to 
be solved. A PBLC should therefore be centered on a project that is multidisci-
plinary, thus requiring collaboration between students and faculty from different 

© Springer International Publishing Switzerland 2015
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academic departments. It should be functionally demanding so that all of the 
students are challenged in their complementary work.

2. A PBLC is not necessarily destroyed and created as semesters come and go. Its 
schedule is shaped by the requirements of its project, and not by the regular aca-
demic year schedule.

3. Students of all grade levels, freshman through graduate, may participate.
4. The project goal, not grades, provides the motivation.
5. The project forces engineering and business cooperation with industry and other 

professionals outside of the school.
6. Students in the PBLC have real responsibility and authority, and the possibility 

of success or the risk of failure that accompanies them.
7. Learning takes place primarily through mentored experience. The mentoring 

may come from faculty, from other professionals on- or off-campus, and from 
students in the PBLC.

Solar car-based PBLCs have all of the preceding characteristics. They operate con-
tinually. Developing and racing a solar car includes many technical and business 
issues, as the reader has seen. Beyond this, the relatively small amount of energy 
available drives the PBLC to seek the lowest weight, most efficient racing system. 
However, the possibility of failure, the safety requirements, the concurrent demands 
of the academic schedule, and the need to sell the project in order to acquire re-
sources, provide constraints. These conflicts force trade-offs and tend to balance 
the project on the sharp edge of reality. Students must mature and grasp the require-
ments of professional work.

Motivation The characteristics of a PBLC motivate students to accomplish tasks 
that would be impossible in ordinary courses. This motivational engine is the 
PBLC’s principal advantage. It unlocks the door to professional-level experience. 
This high-level experience, properly mentored, can produce graduates who are 
actual entry-level professionals, that is, junior engineers, not proto engineers.

Knowledge originally comes from the need to solve problems: it is created out 
of necessity or curiosity. After the problems are solved, the knowledge of them is 
written in books for students to study. In a PBLC, the need for solutions is reunited 
with learning and, therefore, tends to motivate study.

Integration Large multidisciplinary projects, such as a solar car, force students to 
apply integrated knowledge. For example, the design and manufacture of a solar 
cell array on a car is a balance of electrical, mechanical, and aerodynamic require-
ments. Students are often required to learn beyond their specialty. An engineering 
major may have to work with marketing majors to develop and present proposals to 
prospective sponsors, or to speak about the project to the local Rotary Club. Also, 
skills and knowledge already acquired, but untapped by conventional courses, are 
often utilized. The SCP makes use of machining and welding expertise, and radio 
communications experience. This characteristic gives students avenues for making 
contributions which are valued, even if not academic.
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Business A PBLC is essentially a small business, embedded in an academic institu-
tion. It is product driven. The profit it returns to its members is experience, which 
cannot be conventionally measured. Its costs are direct, and financing them is part 
of the experience the PBLC supplies. The monetary benefits to the school are indi-
rect, but real.

A PBLC may require office space, computers, service vehicles, manufacturing 
facilities, extensive travel, and insurance. If it is properly operated, a PBLC will 
continually seek to improve its plant and equipment to provide an ever-higher level 
of experience. There is no apparent reason why a PBLC should not rise to operate at 
the highest professional level, with state-of-the-art equipment. The institution must 
provide a supporting framework in the form of administration and design space, 
manufacturing facilities, schedule and organizational innovation, and flexibility. 
When a particular community’s members realize that the potential of their PBLC is 
really in their hands, this will further fuel the motivational engine. So, most of the 
cost of its operation and growth should be born by the PBLC itself.

Mentoring The relationship between students and faculty in a PBLC tends toward 
that between senior and junior colleagues. This has proven much more fruitful than 
the somewhat adversarial relationship characteristic of conventional courses.

If asked to define teaching, many would consider it to be imparting knowledge. 
Further, they might describe it as taking place in a classroom and from a specially-
trained teacher. However, following the definition of “education” adopted herein, 
teaching may be pragmatically defined as any activity that facilitates the acquisition 
of the art of the application of knowledge by the students in the PBLC. A mentor’s 
intent must be to create an environment in which such activities may go on.

Mentors must be willing, and able, to relinquish some real authority to the stu-
dents—and sometimes to allow them to fail, or nearly fail—while still maintaining 
overall control so that one can maintain safety, solvency, legality, and continue to 
progress. This is difficult and requires seasoning. It requires irregular working hours 
because to keep fully informed and to gain the trust of the students one must, to a 
certain extent, be present when they are working.

Faculty are used to being consulted and to pontificate. But to be an effective 
mentor, one must know when and how to speak, and when to keep silent. This is 
not always easily learned. One must always keep in mind that discovery is the best 
method of learning; what a student discovers is her own and has a vivid relevance. 
A remark by motion picture producer-director Steven Spielberg succinctly defines 
the art of mentoring (Corliss and Ressner 1997): “The delicate balance of mentoring 
someone is not creating them in your own image, but giving them the opportunity 
to create themselves.”

Although one may have a Ph.D., one may still not be well trained in all areas of 
a large, multidisciplinary project. One must be willing to endure the loss of student-
perceived omniscience to show them how research proceeds from the known into 
the unknown. Not every student is mature enough to retain her respect for the men-
tor when the perception of omniscience is lost. Respect must sometimes be built, or 
rebuilt, on shared accomplishment, rather than credentials.
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Portfolio A portfolio provides a way of recording and giving structure to the expe-
riential learning of the PBLC. It can help to create a symbiosis between the PBLC 
and the laboratories and classroom courses that relate to it, provide the basis for 
the mentoring staff to certify the experience credits of the students, establish cross-
training requirements between the disciplines of a PBLC’s project, and provide the 
requirements for training peculiar to the PBLC, such as solar race-team training. 
Portfolio also provides a place to record special qualifications and reward excellent 
work, say by inserting letters of commendation.

An element of the symbiosis, mentioned above, is to have portions of the port-
folio incorporated as assignments in relevant courses and laboratories. Selling this 
idea to the relevant departments is a job for the mentoring staff.

The Solar Car Project (SCP) portfolio might have three elements: satisfactory 
written answers to a set of questions, passing oral examinations on the solar car’s 
systems, and satisfactory performance of a set of operations. These three elements 
would be divided into basic and specialized levels of knowledge. Each student in 
the PBLC would complete both the basic portion of the portfolio and the specializa-
tion section appropriate to her position in the team. She could also be allowed to 
complete as many other specialization sections according to her ability.

The questions, oral examinations, and operational qualification requirements 
might be focused on topics or areas such as vehicle dynamics, body system, sus-
pension and steering, wheels and brakes, power system, instrumentation, energy-
management system, race operations, marketing and public relations, and project 
administration. A few sample questions, oral examinations, and operational quali-
fications follow. These are intended to suggest the level and scope of the material 
that should be considered.

 15.2.1 Vehicle Dynamics

Basic Explain the origin and characteristics of each force acting on a solar car in 
the cruise condition, and how these forces are influenced by the characteristics and 
speed of the car.

Mechanical Specialist Using a mathematical model, predict the energy required 
by a solar car to traverse mixed (hilly and flat) terrain at different average speeds.

 15.2.2 Power System

Basic How do solar cells convert solar energy into electric energy?



30715.2 Acquiring the Art  

Electrical Specialist Design, construct, and test a small solar cell array to supply 
a direct current (DC) load. Compare its actual and predicted performance. Explain 
any differences.

 15.2.3 Marketing and Public Relations

Basic Write an essay describing an event that required you to speak to the public 
about the SCP.

Business Specialist Develop and deliver a presentation to solicit a corporate part-
nership. Include visual, audio, and scripted elements. Present in a convincing and 
professional manner.

 15.2.4 Project Administration

Basic Construct an organization chart of the SCP. Fill in the names, telephone num-
bers, and e-mail addresses of each manager and mentor. Show your position on the 
chart.

Mechanical or Electrical Specialist Participate in the development of a plan, a set 
of milestones, and a budget for the design, construction, and test of your portion of 
the car.

 15.2.5 Examinations

Oral Each oral exam would be conducted at the car and consist of both theoreti-
cal and operational questions. The questions would be keyed to the section of the 
portfolio the student desired to complete. For example, a basic question from the 
wheels and brakes area would be to explain how the brakes work while pointing to 
and naming each component. The examiner (a qualified SCP member) would be 
free to take the examinee as far as she could go in the subject area.

Skill The operational skills demonstration would also be keyed to a subject area. 
For example, as part of the power system basic subject area, the student could be 
asked to demonstrate how to set up the solar array for charging (other team mem-
bers would of course be needed here). Or, the student could be asked to show how to 
turn on and shut off the car, operating each switch in its proper sequence. Students 
specializing as race-team drivers would demonstrate race-qualification maneuvers, 
highway operation (highway convoy procedures, passing), urban operation, blow-
out procedure, and minimum energy operation.
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15.3 Attainments that Promote Problem Solving

Listed below are the knowledge, characteristics, and skills that graduates should 
have in order to effectively participate in the solution of ill-posed problems.1 Com-
ments are included that support or amplify each item, especially as it relates to 
experiential learning in mentored learning communities.

1. Competence in employing the “design process.”

The term “design process” refers to the process used to work through the solution 
of an ill-posed problem. This is the heart of problem-solving art. The parts of this 
process were illustrated by the house-building example in Chap. 1. The process can-
not be effectively taught academically, that is, in the abstract. A student may study 
a book about design, receive an “A” on a test covering the book, but be unable to 
solve an actual ill-posed problem. The process must be taught by an experienced 
mentor.

The design process should be the unifying theme in education because it is the 
process used by all the persons who solve ill-posed problems, and because real 
problems are ill-posed. Then what would differentiate one student’s educational 
path from the other would be the kind of problem being solved, its context, or the 
form the solution must take. An author produces a book; an engineer produces a 
machine; an artist produces a quilt.

If this unifying theme were woven through all education, it would revolutionize 
its results: Students would become creatively mature much earlier, and in larger 
numbers, because they would understand and utilize the design process routinely. 
Such is not the case now, of course; there is no such unifying theme. In grade school 
and high school, students take an eclectic set of courses in separate subject areas. 
In college, students enter “disciplines.” These disciplines, such as mechanical en-
gineering, are rubrics for sets of related specialty areas in which the faculty are 
studying, such as heat transfer or chemistry. But even though the specialty areas are 
related, there is generally no unifying theme.

Furthermore, well-posed problems, like the distance–time example described in 
Chap. 1, are pervasive in our technical-education system. Students are quite accus-
tomed to, and expect, them. Thus, when students are given an ill-posed problem 
to solve for the first time, the problem’s lack of definition is disconcerting. What 
should be done first? Where are the formulas? What specific result is required? What 
information should be used? It is as if an implied contract between the students and 
the educational process had been violated. Their task had always been: To study 
analytical techniques and facts, do well-posed homework problems, and then take 
well-posed tests. This was the definition of “learning,” to them and to their teachers.

This culture must be changed to one that embodies Whitehead’s idea. Examples 
from the other creative arts2 confront engineering educators. A composer does not 

1 Based partly on a list in Redish (1988).
2 Yes, engineering is quintessentially a creative art. Can anyone who has seen a well-executed 
solar car doubt this? Before you is a concrete expression of an ideal: transportation with minimum 
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simply study music theory, he composes. Painters and sculptors do not just study 
abstract techniques, they create objects of art. Who would think of awarding a mu-
sic degree to a trumpet player who had neither performed a solo nor played in a 
band? In other professions, a heavy emphasis is placed on professional-level experi-
ence under tutelage.

2. An integrated understanding of mathematics, science and the engineering sci-
ences, and applied disciplines built upon them.

“Integrated” means that the student should grasp the connections between these 
subjects, not just view them as disconnected specialties. A very effective way of 
forcing the integration of knowledge is to give students multidisciplinary problems 
to solve; the knowledge is integrated in its application, which is the natural state of 
things.

3. A strongly-developed physical intuition and an ability to apply a variety of 
insights to evaluate the plausibility of a proposed solution.

The design process is a decision-making process, whatever the problem to which 
it is applied. The basis of a decision can often be physical intuition, which brings 
insight. This is more effective than constructing an elaborated computer model for 
certain decisions, particularly in early phases of the design process when alternative 
concepts are being generated and selected. Competency in the application of intu-
ition and insight is developed over time by mentored experience.

4. Competence in transforming a physical system into a mathematical model and in 
extracting meaning from that model by numeric or analytic solutions, approxi-
mation, or estimation.

Model-making is an important design-process tool. Students often can be quite ex-
pert at getting answers when the model has been constructed. Teachers tell them 
“Given that…” and “Assume that…” but this does not exercise them in the most 
important skills: To make the model and to understand the limits of the model and 
the errors it introduces. When students are given a physical object to model they are 
often quite reluctant to make modeling assumptions.

Partly because of this reluctance, there is a tendency to jump directly to sophis-
ticated computer packages, and then to accept their results uncritically. Skepticism 
should be taught; naiveté in the design process leads to errors. Make a simple model 
first and find out which football field, or which part of the field, the solution is in, 
and to provide a check on the sophisticated model. Also, in the design process, 
time–money is often important. If a decision can be made with a calculation on the 
back of an envelope, it should be that The philosophy of modeling should be taught.

Confidence and skill in modeling comes with modeling experience, especially 
experience in which the predictions of the model can be compared to the actions 
of the object modeled. Mentored project experience creates many opportunities to 
teach and to learn modeling skills and philosophy.

waste. Thus it’s beauty derives from the intelligence it expresses and because it is a realization of 
how our hearts know things should be, but are not.
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5. Clear communication in written, oral, or graphical form.

Communication on a project team requires effort; it is not the casual conversation 
on familiar subjects or the quick exchange of greetings to which people are accus-
tomed. It means discussing design choices, writing technical specifications, report-
ing calculations, keeping clear and complete records, and finally making drawings 
of the design that contain the information necessary to build it. This kind of com-
munication was illustrated in the house-building example of Chap. 1.

This more intense, detailed, and focused communication is often difficult for stu-
dents to achieve at first. It needs to be taught and practiced. Mentored experience, 
again, is requisite.

6. Competence in collaboration with professionals of differing backgrounds.

This characteristic cannot really be separated from characteristic 5, communication: 
The essence of collaboration is communication. However, there are other issues 
bearing on collaboration, or teamwork, that arise when training students to work 
in teams.

Students are not accustomed to working in teams. They have different academic 
schedules and thus different overall objectives and priorities, are accustomed to 
working at their own pace, and have widely varying levels of knowledge and matu-
rity. Consequently, the work load is often nonuniformly distributed over the team, 
consistent attendance at meetings is difficult to achieve, and assignments made by 
the team to its members are often not completed when required.

Overcoming these obstacles and learning teamwork is a maturing process re-
quiring time and consistent mentoring. The time required to thoroughly learn these 
skills is probably much longer than one semester. Joining a learning community as 
a first-year student would provide four years to learn the skills.

7. An understanding of the effects of a proposed action on the social, economic, 
man-made, and natural environments.

The interactions of the device being designed with the social, economic, man-made, 
and natural environments enters forcefully and specifically into the design process. 
It is these interactions that shape the design. As Chap. 8 illustrates, the entrance be-
gins with the design specification where weight, cost, appearance, and other charac-
teristics that constrain the design are listed. The limits of these are quantified, other-
wise there is no ruler against which the design can be measured. The quantification 
is developed by benchmarking against other products, market studies, researching 
environmental regulations, experimental results, etc.

More generally, it is important for professionals not to be simply producers of 
technology for sale. The work they do affects, in some way, the life on this planet. 
So they must be aware of the social, economic, and environmental context of their 
work also from a philosophical perspective. Life is an ill-posed problem; humanity 
is the ultimate design team. What are the guides we have to solve this problem?

8. Knowledge of the range and history of ideas.
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An engineer, or other professional, should know what ideas have been proposed and 
explored in both the narrow “literature search” sense and also in the broad cross-
disciplinary and historical senses. What is the history of the effects of the genre of 
the technology that engages him? What is its relation to other areas of thought? It 
seems almost dangerous for an individual’s intellect to be only narrowly informed. 
Would such an individual be too easily manipulated to be trusted with higher re-
sponsibilities?

9. Ethical professional behavior.

Struggling to solve a real complex problem in close collaboration with others of dif-
fering views tends to remove any abstract, academic sense about ethics. It replaces 
this sense with direct experience of their relevance to the problem at hand. There is 
an ethics of collaboration. It is difficult to collaborate with someone, one does not 
trust.

Ethical issues play an important role, sometimes in the design process, and fre-
quently in engineering practice, as the Challenger disaster and other cases show. 
Profitability can be a false guide in the engineering business, but it is not easy to 
recognize when this is so. Experience in actual work, but with mentors present to 
point out ethical issues when they arise, strengthens the student’s ability to navigate 
ethically in professional life.

10. A philosophy of continuous intellectual growth.

New ideas are constantly being uncovered. Some computer equipment retailers say 
that about every two months much of what they have for sale becomes obsolete. 
Global competition forces companies to be flexible. Consequently, they look for 
employees who are flexible, and can move from project-to-project with a minimum 
of retraining. The employee must adopt a policy of continuous learning to avoid 
obsolescence.

Ideally, experience in a PBLC forces students to recognize that they are respon-
sible for their own learning; that in professional life it will not be prepackaged and 
handed to them. A properly-selected, posed, and mentored problem should force the 
members of the PBLC to study beyond their current academic training. However, 
not all students are mature enough to appreciate the opportunity to acquire this ele-
ment of professionalism. Weaning these individuals from their dependency is one 
of the important activities of the mentor.

Beyond this, intellectual growth is necessary to life, to a sense of progress and 
unfoldment. In the long run, perhaps this is its strongest justification.

15.4 Curriculum Structure

PBLC Core Learning ill-posed problem solving is the primary goal of a curriculum, 
the project work (the application of knowledge to ill-posed problems) in the cur-
riculum, rather than the accumulation of knowledge, becomes the most important 
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part. It becomes the trunk of the tree, instead of just one of the branches because that 
is where the “art of the utilization of knowledge” is acquired. This experience would 
be provided by the integration of a set of PBLCs into the curriculum. The combi-
nation of the PBLCs, which emphasize mentored, but professional-level, design 
process experience, and the traditional courses, which emphasize knowledge, will 
the meet the educational objective. Both components would be present and support 
each other as an integrated system. Learning the art of the application of knowledge 
cannot be separated from learning the knowledge. The roots, branches, and trunk of 
the tree are one; they are related symbiotically.

Organization No organizational feature or rule should compromise the defining 
features of the PBLCs. Such compromise will limit or destroy the motivational 
engine. This engine is indispensable.

A line and task organization is required. The task groups are the PBLCs; the 
line organizations are the regular academic departments and schools. Each PBLC 
would be continuously supported by several academic departments, depending on 
the technical, social, and economic demands of the project. The support would have 
two levels: “embedded” and “ancillary.” Embedded support from a department 
means the department would supply a teacher to the PBLC, academic support to its 
portfolio, and a basic level of financial support. Ancillary support means the depart-
ment would only give academic support to the PBLC’s portfolio. For example, the 
SCP would be embedded in the (local equivalents of the) Mechanical Engineer-
ing, Electrical Engineering, and Marketing departments. The Physics, Mathematics, 
Civil Engineering and Chemical Engineering departments would furnish ancillary 
support.

“Academic support” means that the essays and projects in the PBLC’s portfolio 
would be integrated into the courses taught by the department in some combination 
of the following points: by direct assignment; by instruction in the subject areas 
supporting the portfolio; by consulting with individual students.

Each PBLC would have its own budget. Each school would support the PBLCs 
via the embedded departments’ budgets. This would be a floor, seed money, and not 
intended to meet the entire expense of the PBLC; the PBLC must make industrial, 
and other outside contacts and raise support.

Let us call the PBLCs, the departments supporting them, and the facilities as-
signed to them the Experiential Learning Project (ELP). Some representative body, 
a Deans’ Council perhaps, should have general oversight of the ELP and help to 
guide its growth. The objective would be to promote the evolution of the ELP into a 
“super-learning community,” explained below. The presence of all the Deans would 
be necessary because of the integrated nature of the ELP.

Staff The staff of a PBLC should include faculty mentors from the embedded 
departments. It may also include advisors from other organizational units from 
inside, or from outside, the school. The more genuine connections the PBLC makes 
to the expertise present in the University and external communities, the more effec-
tive it will be in accomplishing its objective

The PBLC faculty mentors, with the student managers, set up the portfolio re-
quirements for the PBLC, specific to the PBLC but based on the general rules here-
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in, set standards and certify their attainment, insure safety, the proper management 
of funds, and establish a framework so that the product of the PBLC is properly 
designed, manufactured, marketed, and operated.

Mentors would be assigned to the project by their departments as part of the 
teachers’ regular course load, and not a voluntary add-on. By agreement between 
the embedded departments, one teacher would be designated as in charge of the 
PBLC. When the schedule of a PBLC requires summer work, faculty would be 
compensated for summer time spent on the project.

A successful PBLC requires continuity of faculty presence and effort. Therefore, 
faculty assignments should last at least for two periods over which a PBLC goes 
through a characteristic cycle, such as the 2-year race cycle of the SCP. Departments 
would be required to insure that replacement faculty are trained, and not just simply 
rotated in with no preparation. If the success of the ELP depends upon the continued 
presence and energy of particular persons, the ELP will eventually fail. A goal of the 
Deans’ Council should be to continually broaden the faculty base of ELP. Mentor 
training and rotation will help to do this.

Registration and Credit Students of any grade level could register for the PBLC 
as a course. Ideally, each PBLC should constitute a single course, not segmented 
by grade level. These might be called “Multi-disciplinary Project” courses, or MP 
courses. The enrollment should be limited to keep the PBLC to a practical size. 
Students not registered may earn credits if they execute independent study topics 
based on their PBLC work while volunteering, or use part of their PBLC work for 
a conventional, department-centered, or design course (PBLCs will exist side-by-
side with conventional design courses at first). Graduate projects can sometimes be 
based on PBLC work.

15.5 Evolution of the School

Industrial and governmental “in kind” donations include, in effect, training for the 
learning community members. For example, Clarkson University’s SCP members 
obtained a donation of wind-tunnel time at the Advanced Aerodynamic Laboratory 
in Ottawa and tested a quarter-scale model of their car there (Chap. 12). The wind 
tunnel engineers trained the team members. Team members have also helped high 
school students with solar car projects and made presentations at high schools and 
grade schools on the SCP. Building up such outside contacts and alliances incorpo-
rates them into the school. The “campus” becomes enlarged and decentralized. The 
school plus the outside organizations becomes a super-learning community linked 
by project-team visits and modern communications: electronic mail and perhaps 
video conferencing and groupware.

At the core of the super-learning community, would be the project teams both 
continuing and noncontinuing. The continuing PBLCs would be engineering com-
petition teams or teams doing nationally-recognized work, such as designing and 
flying space shuttle payloads. Projects of this magnitude tend to attract sponsor 
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support and are multifaceted enough to keep many students involved. So the ac-
tual number of continuing, core projects, would not be large. There would be a 
mechanism for establishing new projects, which projects would not necessarily be 
continuing.

Each evolutionary step should be managed such that the ELP always builds on 
the foundation of ideas that work, and that preserve the amazing driving engine of 
the PBLC: The thirst of the students for real experience. The evolution will prob-
ably never quite reach an end; the school must always be considering the next step 
of improvement of community building.

The connections made between academic departments by the necessity to sup-
port multidisciplinary projects at levels commensurating with national competitions 
will tend to unify the campus around this curriculum. The boundaries between de-
partments will fade as the campus reorganizes to support multidisciplinary projects, 
rather than disciplines.

At first, this evolution may be most developed among the professional schools 
of Engineering and Business.

15.6 Educational Outcome

Business and engineering undergraduates would leave the school as junior profes-
sionals with a certain level of knowledge certified by course grades and a certain 
level of project experience certified by an approved PBLC portfolio.

As the super-learning community develops, the boundary between the world 
of its industrial and governmental members and the world of the school will blur. 
Companies will find the school’s graduates require far less in-house training be-
fore becoming contributing professionals. Graduates will find the transition from 
mentored experience at the school to professional experience in industry to be an 
extension or continuation, rather than a discontinuous jump.

Note that the benefit of the ELP is not primarily the raising of grades, although 
that it will probably take place because of the motivation for study supplied by the 
PBLC. The primary benefit will be to supply an element that may be mostly missing 
in the school’s curriculum: training and experience in the solution of multidisci-
plinary, ill-posed problems at a professional, or near-professional level.
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Chapter 16
American Solar Challenge™ Regulations

Official Version April 30, 2001.

16.1 Purpose

16.1.2 The Fundamental Missions

The fundamental missions of the American Solar Challenge™ are to promote and 
celebrate educational excellence and engineering creativity. Fuelled by the spirit of 
friendly competition and teamwork, the American Solar Challenge (ASC) champi-
ons the creative integration of technical and scientific expertise across a range of 
exciting disciplines.

Our mission includes:

1. The support and encouragement of bright young minds to succeed in the fields 
of engineering, sciences, mathematics, in multidisciplined learning and in subse-
quent careers.

2. The creation of public awareness and enthusiasm, both for education excellence 
itself, and for the technologies that emerge from that excellence.

16.2 Administration

16.2.1 Application of Regulations

These regulations will apply to the Formula Sun-American Solar Challenge (the 
“Event”), which includes the selection of teams, registration of teams, the inspec-
tion of solar cars (“Scrutineering”), the qualification of solar cars (the “Qualifier”), 
and the cross-country competition (the “Rayce”).

Used by permission. Intended as sample rules only. See http://americansolarchallenge.org for 
the latest version. See also http://americansolarchallenge.org/about/formula-sun-grand-prix/ for 
FSGP rules.

© Springer International Publishing Switzerland 2015
E. F. Thacher, A Solar Car Primer, DOI 10.1007/978-3-319-17494-5_16
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16.2.2 Supplemental Documents

Additional documents may be distributed to all teams entered in the event to supple-
ment these regulations. These documents will clearly state that they are a supple-
ment to the regulations, and they will have the same force and effect as these regula-
tions. If there is a conflict between a supplemental document and these regulations, 
the document having the later date shall take precedence. Supplemental documents 
specifically referenced in these regulations include the Formula Sun newsletter, of-
ficial interpretations, and instructions for scrutineering.

16.2.3 Acceptances of Regulations

All persons or groups selected to participate in the event are assumed to know these 
regulations. Their participation in the event will constitute acceptance of them.

16.2.4 Interpretation of Regulations

Prior to scrutineering all interpretations must be published in the Formula Sun 
newsletter or posted to the Internet under “Official Interpretations” on the ASC page 
in order to become official. During and after scrutineering, all official interpreta-
tions will be announced at briefings and posted at headquarters and on the Internet. 
The only group authorized to interpret the regulations is the regulations committee.

16.2.5 Advertising, Promotion, and Publicity

All advertising, sales promotion, and publicity material produced by the teams or 
their sponsors concerning or referring to the event will refer prominently to the 
event as the Formula Sun-American Solar Challenge. All teams, by entering the 
event, specifically agree to abide by this regulation. By entering the event, all teams 
and team members agree to the use of their names and their likenesses in any public-
ity materials (brochures, magazines, videos, photographs, etc.) that may be issued 
by the event’s sponsors or organizers.

16.2.6 Headquarters

During scrutineering, the Qualifier, and the Rayce, a headquarters will be estab-
lished at the site of each function and will assume the management functions for 
the event.
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16.2.7 Officials 

A team of officials to conduct registration, scrutineering, the Qualifier, and the 
event will be selected by American Solar Challenge organizers. Officials having 
specific duties shall be announced to the teams through the Formula Sun newsletter 
and briefings.

16.2.8 Jury 

A jury will be formed to evaluate protests on conformity with these regulations, to 
resolve team disputes, and assign penalties. In addition, the jury is empowered to 
decide cases not specifically covered by these regulations. The jury will be avail-
able to teams during the Rayce.

16.3 Entries

16.3.1 Entry Registration 

The event is open to all to participate. Each team wishing to participate in the event 
must submit an entry package consisting of a team information sheet and a signed 
participation agreement. No team will be officially registered until the team in-
formation sheet and entry fee are submitted to headquarters. Thef schedule is as 
follows:

16.3.1.1 Open Class—US$ 2000

16.3.1.2 Stock Class—US$ 1000

16.3.2 Registration Deadlines 

Registration opens May 1, 2000 and closes June 1, 2001

16.3.3 Number of Entries 

In the interest of safety, the number of solar cars entered in the Rayce will be limited 
to 60 (sixty), and (with the exception of seeded teams—see Sect. 16.3.4) will be 
registered on a first come, first served basis.
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16.3.4 Seeded Entries 

The top two finishing vehicles in any International Solar Racing Federation (ISF) 
sanctioned event worldwide since 1996 will be awarded seeded status in American 
Solar Challenge provided they submit an intent to register before January 1, 2001 
and complete their entry for American Solar Challenge before the registration cutoff 
date of June 1, 2001. These “seeded” teams must still comply with the requirements 
of these regulations to ensure their entry in the Rayce.

16.3.5 Faculty Advisor 

Teams representing an educational institution must have at least one faculty advisor 
who will provide guidance as needed throughout the solar car design, building, and 
testing process. The advisor will be responsible for signing documents representing 
the school.

16.3.6 Technical Documents 

Technical documents describing the solar car’s structure, batteries, and solar cells 
must be submitted to ASC Headquarters by April 1, 2001 for approval. Early sub-
missions will receive prompt review by headquarters. The technical information 
provided in these documents will not be made public. The information contained in 
each team’s final submission must match the solar car presented at scrutineering.

16.3.6.1 Structural Report 

Safety should be the primary concern with regard to the structural development 
and fabrication of the solar cars. The structural report must present and address the 
design issues involved in impact, roll over, and suspension scenarios. Particular at-
tention should be paid to the roll over and impact protection systems for the driver. 
Document with calculations and/or testing, photos, drawings, and anecdotal refer-
ences are acceptable. The entire document including appendices shall not exceed 
fifty (50) pages (not sheets) in length.

16.3.6.2 Battery Approval 

All storage batteries used in the solar car must be approved by ASC Headquarters. 
Each team must provide a copy of the manufacturer’s battery specification sheet, 
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the material safety data sheet (MSDS) obtained from the battery manufacturer, and 
the following battery information:

a. Manufacturer’s name and contact information
b. Stock number, type, or description
c. Module voltage (e.g., 6, 12, or 24 V)
d. Buss voltage
e. Number of modules to be used in the solar car
f. Manufacturer’s specifications, including capacity (kWh), weight (kg), and cost 

(US$)
g. Spill/damage protocols and procedures (if these are not provided in the MSDS 

then the team must obtain this information from the manufacturer and submit it 
to headquarters with the MSDS)

16.3.6.3 Solar Cell Approval 

All solar cells must be approved by ASC Headquarters. Each team must provide a 
copy of the manufacturer’s solar cell specification sheet, and the following solar 
cell information:

a. Manufacturer’s name and contact information
b. Stock number, type, or description
c. Manufacturer’s quote for cell area (cm2)
d. Manufacturer’s quote for performance
e. Cost (US$) per cell
f. Cell area (cm2) after trimming or cutting or placement on the solar car

16.3.7 Team Data 

Each team must submit team photos and data sheets to American Solar Challenge 
Headquarters by May 1, 2001. The photo and data will be publicly released and used 
in event brochures. Late submissions will be omitted. Early submissions will not be 
made public prior to June 15, 2001 without permission of the team representative.

16.3.7.1 Team Photo 

The team photo shall be submitted as a color print measuring approximately 20 
by 25 cm. The photo must clearly show the solar car and the team members. Team 
members in the photo must be identified by name and by their company or institu-
tion when there is more than one company or institutional sponsor. The photos will 
be used in the ASC programs and other publications.
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16.3.7.2 Data Sheets 

The data sheet must include solar car weight (with battery but no driver), solar car 
dimensions, motor type and rating, solar cell type and manufacturer, estimated peak 
solar array power in both Raycing and charging configuration (overhead sun, clear 
sky), battery weight and estimated capacity, chassis description, braking system, 
and wheel type and size. All specifications must be provided in metric units (SI). 
The team leader, crewmembers, designated drivers, and faculty advisor(s) must also 
be listed.

16.3.7.3 Team Data Changes 

Teams may change specifications of the solar car and crew up to the scheduled time 
of scrutineering, with the exception that solar cell and battery specifications may 
not change after April 1, 2001 without specific approval from ASC Headquarters. 
Any changes submitted after June 1, 2001 may not appear in print.

16.3.8 Registration 

All people taking part in the event must be registered with headquarters. This in-
cludes team members, sponsors, officials, guests, and the media. Badges will be 
issued and used to obtain access to restricted areas. These badges must be visible 
at all times.

16.3.9 Crew Requirements 

All team members involved in the (“crew”) must present themselves at registration 
to complete all required forms. Team members will be required to complete and 
sign liability waivers and emergency medical information forms.

16.3.10 Driver Requirements 

Only registered solar car drivers will be allowed to drive solar cars during the event. 
A team shall have a minimum of two (2) drivers available at all times. In addition to 
meeting the crew requirements, solar car drivers must be 18 years or older, present a 
valid driver’s license, and must supply their own ballast container and ballast (sand 
or metal shot only). The official weight of each driver, including driving clothes, 
helmet, and shoes, will be 80 kg. If the driver weighs less than 80 kg, ballast will 
be added to make up the difference. If the driver weighs more than 80 kg, no credit 
will be given.
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16.3.11 Insurance 

All teams must purchase the liability insurance provided by the organizers or show 
a certificate of commensurate purchased insurance or self-insurance.

16.4 Event Components

16.4.1 Scrutineering 

Each team registered for the event must submit their solar car for inspection prior to 
the Qualifier to verify compliance with these regulations. In addition, spot checks 
for regulation compliance may take place during and immediately after the Quali-
fier and Rayce, and the top five overall finishing cars will be impounded immedi-
ately following the Rayce for a final inspection.

16.4.1.1 Scrutineering Time and Location 

The date and location of scrutineering for the American Solar Challenge is yet to be 
determined. The order of inspection will be determined by drawing. Teams that fail 
to present their solar car at their designated time will drop to the back of the queue, 
and will risk not having enough time to complete the scrutineering process.

16.4.1.2 Scrutineering Format 

Scrutineering will involve inspection stations for sizing, body, electrical, and me-
chanical; plus dynamic tests to verify handling and braking performance. Instruc-
tions for scrutineering and a detailed description of the scrutineering tests will be 
distributed in advance to all registered teams.

16.4.2 Qualifier 

Each team must successfully participate in the Qualifier, a 2-day track rally for solar 
cars, before they will be allowed to compete in the Rayce. The date and location of 
the Qualifier for American Solar Challenge is yet to be determined. A maximum of 
60 (sixty) Qualified teams will be permitted to participate in the Qualifier. The team 
with the most officially logged laps will be declared the winner and will gain pole 
position for the Rayce.
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16.4.3 The Rayce 

A maximum of 60 (sixty) qualified teams will be permitted to participate in the 
Rayce, a cross-country rally for solar cars. Solar cars must Rayce in the same con-
figuration used at the Qualifier. The team with the shortest official elapsed time will 
be declared the winner of the Rayce or class thereof.

16.4.4 Safety 

Each team is responsible for the road-worthiness of its solar car. Passing scrutineer-
ing or implementing changes suggested in comments on the team’s structural report 
does not relieve the team of any liability. All solar cars and support vehicles must 
be maintained in a safe, road-worthy condition and be operated safely at all times. 
A team may be disqualified and withdrawn from the event at any time if it is judged 
to be operating their solar car in an unsafe manner.

16.4.4.1 Team Safety 

Each team is required to have at least one member trained in basic first aid, includ-
ing CPR. Proof of training will be required.

16.4.5 Withdrawals 

Any team wishing to withdraw must notify American Solar Challenge Headquar-
ters in writing. All written withdrawals signed by the team representative are final. 
American Solar Challenge Headquarters may withdraw teams that do not meet the 
technical document deadlines or fail to present a solar car at scrutineering or the 
Qualifier.

16.5 Solar Car Regulations—Electrical

16.5.1 Power 

Global solar radiation received by the solar car without artificial external augmenta-
tion is the only source of energy that can be used for propulsion, except for energy 
stored in the solar car’s battery system at the beginning of the first day of Raycing. 
Wind energy as well as direct and diffuse radiation is the considered form of global 
solar radiation. With the exception of the effects of wind on the basic shape of the 
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car, all components used to convert global solar radiation for propulsion shall be 
considered part of the solar array described below.

16.5.2 Solar Array 

At any given moment, the solar array comprises all components that are involved 
in the conversion of solar energy for use by the vehicle. In addition to direct en-
ergy conversion components (such as photovoltaic cells), the solar array includes 
any reflective surfaces, refractive lenses, or thermal-cooling systems employed to 
increase power output. Components that carry or process the energy after conver-
sion are not considered part of the solar array, nor are structural members whose 
sole function is to support the solar array. The entire solar array must fit within an 
imaginary right rectangular parallelepiped (“box”) of limited size whenever the so-
lar array is connected to the solar car’s motor or battery. The “box” may not exceed:

16.5.2.1 Stock

For Classic Dimension Solar Cars 

Up to 5 m in length, 2 m in width, 1.6 m in height. Furthermore, the product of the 
length and width, less any single rectangular region not occupied by solar array 
components, may not exceed 8 m2.

For New International Standard (NIS) Solar cars 

Up to 5 m in length, 1.8 m in width, 1.6 m in height

16.5.2.2 Open

For Classic Dimension Solar Cars 

Up to 5 m in length, 2 m in width, 1.6 m in height. Furthermore, the product of the 
length and width, less any single rectangular region not occupied by solar array 
components, may not exceed 8 m2.

For New International Standard (NIS) Solar cars 

Up to 5 m in length, 1.8 m in width, 1.6 m in height. (The reason for the two sets of 
dimensions is to allow bodies and arrays built for previous ISF events to compete. 
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It is the intent of the organizers of ASC and other solar car organizers to phase out 
the “Classics” over a period of 3 or 4 years.)

16.5.3 Raycing Configuration 

Whenever the solar car is moving under its own power, the solar array must be in its 
Raycing configuration. In Raycing configuration, the “box” must be defined such 
that the length and width lie parallel to the ground. Furthermore, all portions of the 
solar array must remain fixed with respect to the solar car chassis, in the same orien-
tation and configuration used when the solar car was inspected during scrutineering.

16.5.4 Charging Orientation 

Whenever the solar car is stationary, the solar array may be reoriented to maximize 
solar exposure for charging. Reconfiguration of the array is not allowed. In charg-
ing orientation, the “box” can have any orientation relative to the ground. Charging 
configuration will be demonstrated as part of scrutineering.

16.5.5 Electrical Connection 

All connections between the solar array and the solar car must be carried by the 
solar car.

16.5.6 Water Spray 

Ambient-temperature water from an external source may be applied to the solar 
array using hand-pumped sprayers if the water is applied while the solar car is 
stationary and the application does not present a shock hazard. This is a unique 
exception to the general requirement that cooling systems must be considered part 
of the solar array.

16.5.7 Solar Cell Technology Limitation

16.5.7.1 Stock Class 

If photovoltaic technology is used, only solar cells that are listed on the ASC Sup-
pliers list will be allowed. These will have been determined to be available to all 
registered teams at a price not exceeding US$ 10/watt for bare cells; teams may pay 
extra for cutting, tabbing, or lamination of the cells. Substantial modification of the 
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crystal structure, junction, or metallization constitutes manufacture of a new cell. 
Teams or suppliers wishing to make an addition to the list must submit all appropri-
ate data to ASC Headquarters by January 15, 2001.

16.5.7.2 Open Class 

There are no limitations on cells that may be used.

16.5.8 Storage Batteries 

All solar cars are allowed to store solar-generated energy in a battery system com-
posed of individual modules having a weight determined by the technology used 
(see Sect. 16.5.8.2).

For both Stock and Open Class entrants, the battery weights will include all 
charge control devices that were packaged with the batteries. The actual pack to 
be used during the Rayce must be weighed. Sample batteries may not be used for 
weighing.

Adherence to weight limitations does not imply automatic battery approval. Bat-
tery approval forms must be submitted to headquarters before official approval may 
be issued. ASC officials reserve the right to refuse approval of modules.

16.5.8.1 Stock Class 

May use up to 165 kg of sealed (non-spill) lead-acid battery. Battery size shall be 
based on the manufacturer’s published specifications submitted by the team. The 
solar car storage battery may be composed only of rechargeable, commercially pro-
duced lead-acid modules. Batteries must be available in sufficient quantities to be 
accessible to all participating teams. The battery modules may not be modified in 
any manner, including the addition of electrolyte additives; case modification; or 
plate addition, removal, or modification.

16.5.8.2 Open Class 

May use up to:

• 165 kg of sealed PB-acid battery
• 60 kg of NiMH battery (see section “Grandfathering of Ovonics NiMH” for 

exception)
• 100 kg of NiCad battery
• 30 kg of Li Ion battery
• 30 kg of Li Ion Polymer/Li Ion Alloy (polymer) battery
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(This weight will be determined using scales provided by the organizers).

Grandfathering of Ovonics NiMH 

Open Class entrants may use the Ovonics NiMH battery that was approved for Sun-
rayce 99 only if the batteries were purchased prior to January 1, 2000. Teams must 
submit the model number and proof of purchase date to Headquarters for approval. 
ASC officials reserve the right to refuse approval of modules considered under this 
category.

Hybrid Battery Packs 

Allowances for hybrid packs will be based on percentages of the weight allowances 
for the types of modules used, i.e., if a NiMH/Lead acid hybrid pack comprises 
50 % of the allowable weight for NiMH, then the lead acid allowance for that pack 
will be 50 % of the 165 kg allowance for lead acids. The total of the percentages 
used in the pack may not exceed100 %.

16.5.8.3 Supplemental Batteries 

Supplemental, replaceable batteries carried in the solar car may be used to power 
only the following accessories: radios, electronic panel meters, driver ventilation 
fans (if solely for driver ventilation), main disconnect relay, horn, and data telem-
etry.

16.5.8.4 Other Storage Techniques 

If a power condenser is used, the electric charge must be proved to be zero before 
the start of each day of the Rayce. If a flywheel is used, it must be proved not to be 
rotating before the start of each day of the Rayce. Fuel cells may not be used.

16.5.9 Battery Enclosures 

All battery modules must be fully contained in enclosures that are electrically iso-
lated from the solar car. The enclosures must be constructed from nonconductive, 
electrolyte-resistant material. The battery enclosure covers must be constructed 
from the same material used in the fabrication of the rest of the enclosure. The cover 
must be firmly secured. The resistance measured between the battery terminals and 
any portion of the solar car chassis shall be greater than 1 MΩ for applied potentials 
up to 500 V. The battery enclosures must be secured to the solar car chassis so as to 
prevent them or the modules within from coming loose in the event of an accident 
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or rollover. Velcro fasteners/straps will not be approved. All sides of each battery 
enclosure, including top, must be marked using 10-mm-high letters with “Caution: 
Chemical Hazard” and “High Voltage” and any other standard hazard markings 
specific to the type of battery enclosed.

16.5.9.1 Battery Removal 

Battery enclosures must be designed such that the entire set may be removed and 
placed in impound overnight. Cell/module level removal is allowed but discour-
aged.

16.5.9.2 Battery Stacking 

Stacking the batteries is discouraged. If it is necessary to stack the batteries, a battery 
rack must be used. The rack must be made of nonconductive, electrolyte-resistant 
material that is strong enough to support the weight of the entire battery system. The 
rack shall meet the same electrical isolation requirements as the battery enclosures.

16.5.9.3 Battery Ventilation 

Battery enclosures must be equipped with a forced ventilation system rated at a 
minimum of 280 L per min. It must operate whenever the battery system is electri-
cally connected to the solar car or to the solar array. Such ventilation systems must 
exhaust to the exterior of the solar car and must be powered by the battery system.

16.5.10 Main Fuse 

A separate fuse (not a circuit breaker) must be placed in series with the battery sys-
tem and the rating must not exceed 200 % of the maximum expected current draw. 
All low-voltage taps from the battery system must be separately fused. All fuses 
must be placed first in series with the battery starting at the positive connection.

16.5.11 Battery Switch 

The battery system must be equipped with a manually operated, high-current switch 
to quickly disconnect the battery from the electrical system. This switch must be 
capable of interrupting the full load current. The switch must be located within easy 
reach of the driver.
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The switch must be plainly marked in letters at least 10-mm high as the “Bat-
tery Switch” with “ON” and “OFF” designations. These markings must be clearly 
visible to the driver inside the solar car and to rescue personnel outside the solar car 
(canopy removed); use two sets of markings if necessary. Relays for this purpose 
must be normally open, and power for the relay may be supplied by auxiliary bat-
teries

16.5.12 Motor Switch 

All solar cars must have a motor switch wired to disconnect all power to the motor 
from either the battery or the solar array. The switch must be able to interrupt full 
load current, and it must be separate from the battery switch. It must be within easy 
reach from the driver’s position and clearly marked in letters at least 10-mm high as 
the “Motor Switch” with “ON” and “OFF” designations. These markings must be 
clearly visible to the driver inside the solar car and to rescue personnel outside the 
solar car (canopy removed); use two sets of markings if necessary.

16.5.13 Cable Sizing 

All electrical cables must be properly sized to expected system currents.

16.5.14 Electrical Shock Hazards 

All exposed or easily exposed conductors, junction boxes, solar cells, etc., operating 
at greater than 36 volts must be protected from inadvertent human contact and must 
be marked “High Voltage” in letters at least 10-mm high.

16.5.15 Lighting 

Solar cars must have amber front indicators, red or amber rear turn indicators and 
red brake lights which must all be clearly visible from 30 m in full sunlight. Turn 
signals must be located at the front extremity of the vehicle with a 1.5-m minimum 
left to right separation. Turn signals and brake lights must be located at the rear ex-
tremity of the vehicle with a 1.5-m minimum left to right separation. The geometric 
visibility of each light shall be 30° from center and 15° up and down. Additional 
brake lights may be centrally located if desired.
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16.5.16 Horn 

Solar cars must be equipped with a horn that can be heard at a sound power level 
between 75 and 102 dBA at a distance of 15 m in front of the solar car. The horn 
must be permanently mounted and must be acoustically coupled to the air outside 
the solar car.

16.5.17 Accelerator 

Accelerator mechanisms on solar cars must be free moving, and when released, 
must return to the zero current position. If the solar car is equipped with cruise 
control, it must be designed with an automatic shut-off when the brake is activated.

16.5.18 Control 

Acceleration, braking, and steering must be under the sole control of the driver.

16.6 Solar Car Regulations—Mechanical

16.6.1 Solar Car Dimensions 

The solar car (including solar array) will have the following maximum dimensions 
when moving under its own power. These define both open and stock Classes (see 
Sect. 10.10 for array dimensions)

16.1.1.1 Classic 

Length = 6 m, height = 1.6 m, width = 2 m. When turning corners, wheels and wheel 
fairings may exceed these dimensions.

16.1.1.2 NIS 

Length = 5 m, height = 1.6 m, width = 1.8 m. When turning corners, wheels and 
wheel fairings may exceed these dimensions.
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16.6.2 Tire and Wheel Requirements 

The solar car shall have a minimum of three tires in contact with the ground at all 
times. The wheels and tires shall be designed for the intended application.

16.6.3 Tire Ratings 

Tires in contact with the ground shall be loaded and inflated within the manufac-
turer’s rating at all times during vehicle operation. Each wheel and tire on a single 
axle must be rated for the full weight applied to that axle.

16.6.4 Dynamic Stability 

All wheels and their suspensions, steering linkage and geometry will be inspected 
for safe operation in normal and adverse conditions.

16.6.5 Driver Cockpit 

The driver’s cockpit may not subject the driver to excessive strain during normal 
operation, and must be designed to protect the driver from injury in the event of an 
accident. The driver must be clear of moving parts and linkages, so as to provide 
adequate space for safe operation of the vehicle.

16.6.5.1 Seating Position 

The normal driving position must place the driver’s entire head higher than the 
highest point of his or her legs. No headfirst positioning is allowed for the driver.

16.6.5.2 Belly Pan 

The cockpit must be equipped with a full belly pan to isolate the driver from the 
road. The belly pan must be strong enough to support the full weight of an 80-kg 
driver.
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16.6.5.3 Roll Cage 

All solar cars must be equipped with a roll cage that encompasses the entire driver. 
The roll cage shall be a fixed, integral part of the solar car structure. The protection 
provided for the driver in a collision must be documented in the team’s structural 
report. In addition to providing collision and rollover protection, the roll cage must 
be designed so as to deflect body/array panels of the car away from the driver in 
the event of an accident. There must be 5 cm of clearance in all directions between 
the roll cage and the helmet of the driver seated in the normal driving position. The 
roll cage must be of steel tubing having a minimum carbon content of 0.18 %. The 
roll cage tubing must have a minimum outside diameter of 2.5 cm and minimum 
wall thickness of 2 mm. Alternate materials which afford equivalent protection for 
the driver are permitted, provided they are fully documented in the team’s structural 
report.

16.6.5.4 Padding 

The roll cage must be padded with energy-absorbing material wherever it may come 
into contact with the driver’s helmet. This energy-absorbing material may be in-
cluded within the required 5 cm of clearance. In addition, a headrest of at least 2 cm 
thick resilient material must be mounted behind the driver’s head.

16.6.5.5 Crush Space 

The driver, when seated, must have a minimum of 15 cm of horizontal distance 
between his or her shoulders, hips, and feet and the car’s outer body surface.

16.6.5.6 Safety Belts 

All solar cars must be equipped with a minimum of a five-point lap and shoulder 
belt (harness system). The use of safety belts is mandatory. The safety belts must 
be attached securely, as recommended by the manufacturer, to a strong compo-
nent connected to a main frame member, or to a main frame member itself in the 
solar car. The harness must be attached with bolts and nuts; bolts threaded into a 
structural member or “insert” are not allowed. If a hammock-type seat is used, the 
safety belts must remain functional in the event of a structural failure in the driver’s 
seat. Only commercially manufactured safety belts are allowed. They must bear the 
manufacturer’s emblem, and they must not be modified in any way from the condi-
tion in which they were received from the manufacturer.
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16.6.5.7 Fresh Air Circulation 

Fresh intake air from vents or wheel openings must be provided for the solar car’s 
driver.

16.6.5.8 Egress 

The driver’s cockpit must provide for the driver’s unassisted exit within 10 s. Driv-
er’s doors and/or canopies may not be taped shut at any time.

16.6.6 Visibility

16.6.6.1 Eye Height 

In the normal driving position with ballast on board, the driver’s eyes must be at 
least 70 cm above the ground.

16.6.6.2 Windshield 

All solar cars must have a windshield made of shatter-resistant material. The wind-
shield must be free of excessive distortion. This will be tested by having the driver 
identify 2-cm high letters at a distance of 3 m through any of the required viewing 
angles referenced below. Solar cars must have a method to clear at least 0.1 m2 of 
the windshield of rain. The clearing method must operable at all times and must be 
in use when it becomes necessary to use the windshield wipers on the team’s sup-
port vehicles.

16.6.6.3 Forward Vision 

From the normal driving position, the driver must be able to see at all times without 
artificial assistance: (1) a point on the ground 8 m in front of the solar car, (2) a min-
imum of 17° above the horizon on level ground, and (3) a full 100° to either side of 
center. To provide an “encompassing” roll cage, some elements of the roll cage may 
obstruct a portion of the forward vision. However, this view must be essentially un-
obstructed by the solar car structure so the driver can easily see the road and traffic.

16.6.6.4 Rear Vision 

All solar cars must be equipped with a rear view system that will allow the driver at 
all times to see a vehicle 15 m directly behind the solar car and up to 30° off center. 
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The system must provide the driver with a single reflex type image. Having the 
driver identify 20-cm high letters at a distance of 15 m will test this.

16.6.7 Fasteners 

All fasteners must be of suitable type, strength, and durability for their application, 
with the following minimum requirements:

16.6.7.1 Bolts 

Bolts used in the steering, braking, suspension, seat mounts, safety harness, drive 
train, and battery box systems must at minimum meet SAE grade 5, metric grade 
M 8.8 and/or AN/MS specifications. Bolts must be of the correct length, and extend 
at least two threads beyond the nut. Bolts in tension must not have shaved or cut 
heads

16.6.7.2 Securing of Bolts 

The bolts described above must be secured from unintentional loosening by safety 
wire, cotter pins, and nylon lock nuts. In difficult areas only, Inspectors may allow 
Loctite, or other means deemed appropriate. Lockwashers may not be used.

16.6.7.3 Hose Clamps 

Hose clamps must not be used to secure any structural or critical members of the 
car. Their use to secure ducting or wire cables is allowable.

16.6.8 Covers and Shields 

All moving parts must be suitably covered to prevent accidental human contact 
when the solar car is fully assembled. The driver must be shielded from contact with 
all steering linkage and other moving parts.

16.6.9 Steering Stops 

The steering system must include steering stops to prevent dangerous or damaging 
steering travel.
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16.6.10 Clearance 

Interference or rubbing of the wheels with the solar car’s body, wheel well, or struc-
ture at full steering lock or suspension travel is not permitted. Movement of rod-end 
bearings may not be obstructed in any axis throughout the full travel of suspension 
and steering. Other moving parts, such as the motor shaft, must not contact station-
ary parts except through properly designed bearings.

16.6.11 Ballast 

Any solar car driver weighing less than 80 kg will require ballast to bring his or her 
weight to 80 kg.

16.6.11.1 Ballast Carrier 

Teams must supply a single sealable container for the purpose of ballasting each 
driver. The container itself will be loaded to the weight required for the driver. This 
container must be shown to securely fasten to a structural member of the solar car 
and/or be demonstrated to remain fixed in the event of an impact.

16.6.11.2 Ballast Access 

The ballast container and its identification and security markings must be visually 
accessible during driver changes.

16.6.12 Brakes 

Solar cars must have a balanced, co-reactive, dual braking system so that if one sys-
tem should fail, the solar car can still be stopped. All wheels must have at least one 
component of this dual system. The two systems must be operationally independent 
and may be either front/rear or redundant front and rear (one-sided systems, left or 
right, are not permitted). Hydraulic systems must have separate master cylinders. 
Regenerative brakes may not be considered as one of the braking systems.

16.6.12.1 Braking Performance 

Solar cars must be able to repeatedly stop from speeds of 50 kph or greater with 
an average deceleration on level-wetted pavement exceeding 17 kph per second. 
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The time interval over which the deceleration is averaged shall be from the first 
indication that the driver should stop until the solar car comes to a complete halt. 
When braking, the solar car must not veer excessively to the left or right, or exhibit 
structural instability. The tire pressure and mechanical systems settings used in this 
test will be considered Raycing configuration.

16.6.13 Handling Performance 

Solar cars must be able to negotiate a figure-8 course (of which the center circle of 
each half of the figure-8 has a radius of 4 m) with a 5-m-wide-lane without knock-
ing over any of the cones or exhibiting signs of structural instability in less than 
11 s per side.

16.6.14 Turning Radius 

Solar cars must be able to make a U-turn in either direction, without backing up, 
such that all wheels remain within a 16-m-wide lane.

16.6.15 Graphics 

Solar cars must prominently display their assigned number, Institution name, and 
the event logo such that they are clearly visible from a roadside vantage point. 
Additional graphics related to the team’s Institution(s) or sponsors are permitted, 
provided they are neither offensive nor disruptive.

16.6.16 Solar Car Numbers 

Each team registered for the event will have a unique number approved by Ameri-
can Solar Challenge Headquarters (positive integer, three digits maximum). This 
number must be clearly displayed on both sides of the solar car. Each number must 
have a minimum of 5 cm of unobstructed background color on all sides. These col-
ors can be black on white, white on black, or another high-contrast color approved 
by American Solar Challenge Headquarters. The numerals themselves must be a 
minimum of 25 cm high, 12 cm wide (except the numeral one), and have a mini-
mum brush stroke of 4 cm. Numbers containing more than one digit must have a 
minimum of 2.5 cm spacing between them.

a. Teams fielding a vehicle that has participated in previous ISF events and regis-
tering on time for the by American Solar Challenge have the right to retain the 
number they used formerly.
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b. If a conflict arises, American Solar Challenge Headquarters will determine the 
numbers assigned.

16.6.17 Institution/Company Name 

The name of the institution(s) or organization sponsoring the team must be dis-
played on the solar car. American Solar Challenge Headquarters must approve the 
use of abbreviations or initials. The institution’s name shall be larger and more 
prominent than any team sponsor’s logo or name.

16.6.18 Event Logo 

The event logo must be applied on both sides of the solar car. The logo will be 
provided by American Solar Challenge Headquarters and will measure no more 
than 20 cm in height by 30 cm in width. The logo must be mounted with 5 cm of 
unobstructed background color on all sides.

16.7 Raycing Regulations

The Rayce will start in Chicago, IL on July 15, 2001 and will finish in Claremont, 
CA on July 25, 2001.

Any location where all of the competitors are released from the same point is 
termed a “Staged Start.” The first stage of the Rayce will run from Chicago, IL to 
Rolla, MO, where all the vehicles will stage again according to rank at the time of 
staging. The second Staged Start will be in Barstow, CA.

The distance between the two staging areas is such that it is unlikely any vehicle, 
falling within these regulations, will complete that distance in one Raycing day. At 
the end of any Raycing day during which an entry has not reached the next planned 
staging area (and does not trailer to the staging area), the team will stop where they 
are. They will begin the next morning at the same point, following regulations es-
tablished for non-staged starts.

16.7.1 Traffic Laws 

During the course of the Rayce, all state and local traffic laws must be obeyed. Solar 
cars must observe a maximum speed limit of 65 mph (Note: while event organizers 
may or may not be aware of or enforce specific local regulations, under no circum-
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stances does this imply that jurisdictions will not enforce local ordinances, laws, or 
regulations).

16.7.2 Team Uniforms 

On Rayce days, from 6:00 a.m. to 9:00 p.m. team members shall wear uniforms 
representing their institution(s)/company(s). The only information or graphics ap-
proved to appear on the front of the team uniform (jacket, shirt, hat, or other wear-
able) shall be the institution/company name/logo, team name/logo, car name/num-
ber, and ASC logo.

Team sponsors may also be displayed, but only on the back of the team uniform 
shirt or jacket. If team sponsors are displayed, the event sponsor must also appear 
in a similar manner on the back of the team uniform. Artwork for ASC logo and for 
the event sponsors may be obtained from ASC Headquarters.

16.7.3 Rayce Time 

Official clock time for each team each day of the Rayce will be based on the local 
time at that day’s start line, as displayed by the officials. The same official time 
(“Rayce Time”) will remain in effect for each team for the entire day (until mid-
night), even though that day’s route may cross into a different time zone.

16.7.4 Drivers 

Only one person, the authorized driver, may ride in the solar car at any time.

16.7.4.1 Driver Helmets 

Drivers must wear a helmet while operating the solar car. The helmet must meet 
or exceed the Snell M95 or DOT motorcycle standard. Bicycle helmets will not be 
allowed.

16.7.4.2 Driver Shoes 

Drivers must wear closed-toed shoes in the solar car. Sandals are not permitted.
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16.7.4.3 Driver Ballast 

Drivers and ballast will be identified with unique identification tags. The tags on 
the ballast carried by the solar car must match the tags on the solar car driver at all 
times.

16.7.4.4 Driving Time 

Drivers may not drive more than a total of 6 h in a given Rayce day.

Water/Fluids The driver must have sufficient quantities of water/fluids in the cock-
pit to stay properly hydrated. (Minimum 1 L for each driver switch).

16.7.5 Briefings 

A briefing will be held each staged morning and in the case of emergency. Atten-
dance at this meeting by a team representative and driver(s) is required. Briefing 
notes and other daily updates will be available at checkpoints, posted to the Internet, 
broadcast by e-mail and available by phone. All official statements, rule interpreta-
tions, and special instructions will be contained in these postings.

16.7.5.1 Official Statements 

These include starting order official statements, rule interpretations, and special 
instructions are announced at briefings.

16.7.5.2 On Non-staged Days 

It will be the responsibility of the team to check available outlets for updates and 
instructions.

16.7.6 Starting Line

16.7.6.1 Staged 

Each team will be assigned a start time each day, which will be distributed to the 
teams at the briefing. If the start of the Rayce is delayed then all assigned start times 
for that day will be adjusted accordingly. If the team leaves the starting line at their 
assigned time, then that becomes their official start time for that day. If the team 
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leaves before their assigned time because they were moved forward in the queue 
by the start line officials, then the team’s official start time is their actual start time. 
If the team leaves after their assigned time because they were not ready, then the 
team’s official start time will remain their assigned time. The solar cars will be 
released from the official starting line at 60 s intervals beginning at 9:00 a.m. All 
solar cars must report to their starting position by 8:45 a.m. Each team’s lead and 
chase vehicles must merge with their solar car after it leaves the starting line. The 
movement of all vehicles in the start-line area is under the control of the start line 
officials.

16.7.6.2 Non-staged 

Solar cars will be released from their start point at 8:00 a.m.

16.7.7 Starting Order 

The starting order for the first day of the Rayce will be determined at the Qualifier. 
On all other staged days, the order is based on the solar cars’ official total elapsed 
time available at 7:00 a.m. of that morning, from shortest to longest. In case of a tie 
on any day, the first of the two teams to cross the previous stage’s finish line will 
precede the other in the starting line-up.

16.7.7.1 Teams Not Ready 

If a team’s solar car, lead, and chase vehicles are not in their assigned starting po-
sitions at 8:45 a.m., the start line officials may, at their discretion, move all of the 
following cars up one slot, and the tardy team must move to the end of the starting 
queue.

16.7.8 Delayed Start 

The start of the Rayce, at any stage, may be delayed if inclement weather or other 
hazardous conditions appear likely to pose a threat to the solar cars or their drivers.

16.7.9 Rayce Route 

An American Solar Challenge Route book will be distributed to each team that 
qualifies for the Rayce. The Route book will contain information to direct the team 
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along the official route. It will specify days, distances, directions, route numbers, 
maps, and points of reference. For a team to receive an official time, they must fol-
low the official Rayce route.

16.7.9.1 Route Revisions 

Due to unforeseen events, it may be necessary to detour. When advance warning is 
available, Rayce headquarters will correct the official route accordingly and provide 
revisions to the Route Book to all Rayce teams, or provide written revisions at the 
briefing, at checkpoints, by e-mail, and on the Internet.

16.7.9.2 Teams Departing from the Rayce Route 

Any team leaving the Rayce route must rejoin the route at the same intersection 
where they left the route, or they will receive no credit for distance driven beyond 
that point.

16.7.9.3 Checkpoints (“Media Stops”) 

A checkpoint, otherwise referred to as a media stop, is a mandatory stop. Check-
points will be established along the Rayce route. Checkpoints will remain “active” 
for a specified number of days (or portions of days) and “open” from 7:45 a.m. to 
6:00 p.m. within those days. After the specified number of active days (or portions 
of days), checkpoints will be permanently shut down and will be referred to as 
“Closed.” Failure to stop at an active checkpoint will result in no credit for distance 
driven beyond that point. A “missed Checkpoint” is one that has closed before a 
team arrives at it, not an active checkpoint that a team failed to stop at. The distance 
between consecutive checkpoints will be referred to as an “interval”.

Checkpoint stops are mandatory for all solar cars. The length of the checkpoint 
stop time will be specified by Rayce officials (typically this will be 30 min). Check-
points may be added or subtracted as needed by Rayce officials. Within the check-
point area, the movement of all team vehicles shall be under the control of check-
point officials.

Solar charging of solar car batteries and solar car maintenance are allowed dur-
ing the mandatory checkpoint time. However, teams must not interfere with or 
block any other team’s passage through the checkpoint. Teams unable to leave the 
checkpoint area after the mandatory time must move their solar car and support 
vehicles elsewhere. Mandatory time spent in an active/open checkpoint will not be 
factored into a team’s “Interval Time.”
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Late Arrival at Active Checkpoints 

If a team fails to arrive at an active checkpoint during open hours, they must remain 
at the checkpoint until open hours to officially check-in at that stop.

Arrival at Closed Checkpoints (Missed Checkpoints) 

Teams that arrive at a checkpoint after it has closed (i.e., a missed checkpoint), must 
reach the next checkpoint while it is active and check-in during open hours.

If a team misses one checkpoint and has not trailered any section of that interval, 
the team may drive without trailering to the next checkpoint while it is active. They 
will then receive credit for the entire distance driven to that active checkpoint.

Teams that miss two consecutive checkpoints must arrive at the next checkpoint 
while it is active and check-in during open hours. Teams must then trailer directly 
to the end of that stage and will receive no credit for the distance to the end of that 
stage, or for the distance driven past the first missed checkpoint.

Teams that miss three consecutive checkpoints will be disqualified from the 
Rayce and their observer will be withdrawn.

16.7.10 Trailering 

Should it become necessary to load the solar car onto a trailer for transport, it may 
be pushed onto the trailer. Battery charging from the solar array while trailering is 
allowed during non-impound hours.

16.7.10.1 Trailering Penalties 

Teams will be assessed a prepublished driving time for each interval trailered, plus 
a penalty per uncompleted (driven by solar car) mile of the interval trailered of 
1.5 min per mile. Once a team has decided to trailer, they must trailer to the next 
active checkpoint before they can drive again.

If a team trailers any section of an interval, they must check-in at the next active 
checkpoint. The team will receive a trailering penalty for the portion of the interval 
trailered. Credit will then be given for distance driven after the team has checked-in 
at an open checkpoint.

If a team drives through an interval but misses the checkpoint, and trailers for 
any portion of the interval to the next active checkpoint, they will receive a traile-
ring penalty for that entire second interval.
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16.7.11 Support Vehicles 

All vehicles and trailers associated with a team other than the solar car itself, are 
support vehicles. These vehicles must be registered with ASC Headquarters.

16.7.11.1 Support Vehicle Graphics 

All support vehicles, including trailers, must be marked with the team’s solar car 
number (at least 15-cm tall) on both sides and the rear. The name of the team’s spon-
soring institution(s)/company must also be displayed prominently on each vehicle. 
Additional graphics are permitted provided they are neither offensive nor disrup-
tive.

16.7.11.2 Scout Vehicle 

Each team will be permitted to include a “scout vehicle” in their convoy for the 
purpose of investigating road and traffic conditions ahead of the solar car. The scout 
vehicle must meet US Federal Motor Vehicle Safety Standards. The scout vehicle 
must display the team’s solar car number on its front windshield (at least 15-cm 
tall), in addition to both sides and the rear. The scout vehicle shall not be larger in 
height or length than a standard 15-passenger, full-size van. The scout vehicle may 
not tow a trailer, and must maintain at least a 500 m separation from the solar car 
caravan. The scout vehicle should not obstruct traffic or other solar car convoys.

16.7.11.3 Lead Vehicle 

Each team must provide a support vehicle meeting US Federal Motor Vehicle Safe-
ty Standards to alert oncoming traffic to the presence of the solar car. This “lead” 
vehicle must travel within 500 m ahead of the solar car, with its headlights on and 
with roof-mounted flashing amber lights. The lead vehicle may not tow a trailer. 
The lead vehicle must display the team’s solar car number on its front windshield 
(at least 15-cm tall), in addition to both sides and the rear. The lead vehicle shall not 
be larger in height or length than a standard 15-passenger, full-size van.

16.7.11.4 Chase Vehicle 

Each team must provide a support vehicle meeting US Federal Motor Vehicle Safe-
ty Standards to protect the solar car from the rear. This “chase” vehicle must follow 
directly behind the solar car, with roof-mounted, flashing amber lights. The chase 
vehicle may not tow a trailer. The chase vehicle must display the team’s solar car 
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number on its front windshield (at least 15-cm tall), in addition to both sides and 
the rear. A sign provided by ASC Headquarters must appear on the rear of the chase 
vehicle to warn overtaking traffic of the solar car caravan. The chase vehicle shall 
not be larger in height or length than a standard 15-passenger, full-size van.

16.7.12 Other Support Vehicles 

Other support vehicles may travel on the Rayce route, but must maintain at least a 
500 m separation from the solar car caravan. (The intent of this rule is to allow sup-
port vehicles to be close but not to obstruct other traffic.)

16.7.13 Radios 

The chase vehicle must be in two-way radio communication with the solar car at all 
times. All two-way radio channels must be registered with ASC Headquarters. All 
teams must also have a separately monitored CB radio in the chase vehicle tuned to 
a designated channel to communicate with other nearby teams and officials.

16.7.14 Passing Traffic 

When six or more vehicles are lined up behind a team’s chase vehicle, the team 
must pull over as soon as safely possible to allow the traffic to pass.

16.7.14.1 In Traffic 

Teams need not disrupt their own progress to permit other vehicles to pass when 
they themselves are traveling at the posted speed limit or trapped behind other traf-
fic.

16.7.15 Passing Teams 

In the event that one team is overtaken by another, the overtaking team can signal 
their intention to pass by flashing the headlights of their lead vehicle between high 
and low beam. The overtaking team must also attempt to make CB radio contact 
with the team being passed to coordinate the pass. Once the overtaking team has 
signaled their intention to pass, the team being passed must facilitate the pass at the 
first available safe opportunity, either by slowing down by at least 8 kph (5 mph) 
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in a zone where passing is permitted and feasible, or by pulling completely out of 
the traffic lane.

16.7.16 Drafting 

Drafting by a solar car is prohibited. A solar car will be considered to be drafting if 
it continuously follows behind another vehicle at less than a three-second interval. 
The only exception to this is in congested traffic at speeds of 40 k/hr (25 mph) or 
less.

16.7.17 Pushing 

Except for the following situations, solar cars may not be pushed or pulled from the 
time they are moved into their starting position for the daily start until they reach 
the finish line later that day. In no case shall regenerative braking be engaged while 
pushing or pulling the solar car.

16.7.17.1 Checkpoint 

Solar cars may be pushed within the confined area of the checkpoint.

16.7.17.2 Emergency 

In an emergency or breakdown situation, the solar car must be removed from the 
road. In this circumstance, the car may be pushed or lifted off the roadway. The 
solar car may then be pushed or lifted back onto the roadway at the same location 
where it left the roadway.

16.7.17.3 Weather 

The solar car may be pushed onto and off of a trailer to protect it from the weather, 
provided the solar car is moved back to its original location after it is unloaded from 
the trailer.

16.7.18 Accidents and Reinspection 

All accidents involving either solar cars or support vehicles must be reported imme-
diately to ASC Headquarters. In the case of an accident involving personal injury, 
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notification of the appropriate emergency medical services and public safety offi-
cials shall take priority. If a solar car is involved in an accident it must:

16.7.18.1 Team Inspection 

Stop and be visually inspected by team members and the observer.

16.7.18.2 Reinspection

Be reinspected by an inspector at or before the next checkpoint. The inspector may 
require repairs prior to resuming the Rayce.

16.7.19 Timing

Timing and distance determinations for the event will be the responsibility of ASC 
timing officials. ASC Headquarters will recognize no other timing or distance in-
formation.

16.7.20 Raycing Hours

16.7.20.1 Staged start days 

These are 9:00 a.m. to 6:00–6:30 p.m. (depending on official start time—i.e., an 
entry with an official start time of 9:00 a.m. may officially Rayce until 6:00 p.m. 
where an entry with an official start time of 9:32 a.m. may officially Rayce until 
6:32 p.m.)

16.7.20.2 Non-staged start says 

These are 8:00 a.m. to 6:00 p.m. (see Sect. 16.7.22.2 for allowable stop time win-
dow)

16.7.21 Elapsed Time

Interval time 

It will be based on the actual Rayce time that elapsed during the interval. Rayce 
time will begin from the official start time or the end of the last checkpoint time and 
will continue until the team enters the checkpoint at the end of the interval.
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Teams Off Course 

If a team departs from the Rayce route but then returns properly to the route and 
continues, their Interval time will be determined in the normal manner; no credit 
will be given for the time the team was off-course.

Official Interval Time 

Official interval time will be the team’s interval time plus any penalties and any protest 
filing fees. Note that protest filing fees are counted against the interval on which the 
protest is filed, whereas penalties are counted against the interval in which the infrac-
tion occurred. Thus, the official interval time is not final until after the end of the Rayce.

Official interval time = Interval time + Penalties + Protest filing fees

Official Elapsed Time 

Each team’s official elapsed time for the Rayce will be the sum of the team’s official 
interval time for all of the intervals of the Rayce.

16.7.22 Overnight Stops

16.7.22.1 Finishes in a Staged Area 

Once a team’s solar car crosses the finish line of each stage, the movement of that 
team’s vehicles shall be under the control of finish line officials. Specific areas will 
be designated for solar charging, impound, support vehicle parking, Rayce Head-
quarters, and food service. These areas will become the staging area for the start of 
Raycing the following morning. Solar cars may be pushed within and between these 
areas, but regenerative braking may not be used during such times.

16.7.22.2 Finishes in a Non-staged Area 

Official Rayce time ends at 6:00 p.m. each day in the interest of safe bivouac teams 
may stop as much as 15 min before or as late as 30 min after their official stop 
time without penalty. The following day they must start as much early or late as 
they ended the night before. Example: Team A elects to drive 17 min late to find an 
appropriate over night venue. The following morning they may not begin Raycing 
until 8:17 min. Conversely, Team B elects to stop Raycing 7 min early. The next 
morning they may start as early as 7:53 a.m. Teams that elect to stop Raycing more 
than 15 min early will gain no additional credit. Teams that Rayce beyond 30 min 
past their official stop time will be penalized 2 min for every minute beyond that 
limit. These time adjustments do not apply to staged starts.
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16.7.23 Impound 

All registered and sealed batteries must be removed from the solar car and kept 
overnight in battery storehouses or under the direct supervision of the observer. 
Headquarters should be appraised of special issues for impound (i.e., other than 
ambient temperature, super ventilation needs, propensity to explode, etc.)

16.7.23.1 Impound Times 

Batteries must be impounded by 9 p.m. each evening and will be released from 
Impound at 6 a.m. the following morning.

16.7.24 Accommodations and Lodging 

All teams are responsible for team accommodations and food during the Rayce. 
Teams are responsible for their own reservations.

16.7.25 Charging Area

16.7.25.1 Staged 

A charging area will be provided for the teams. Internal combustion generators will 
not be permitted within the charging area. Solar cars must be charged within this 
designated area.

16.7.25.2 Non-staged 

Teams may choose appropriate charging areas.

16.7.26 Observers 

Trained observers, selected and sponsored by ASC Headquarters, will travel with 
each team to alert the inspectors to possible infractions of these regulations, and 
to help teams deal with unforeseen events. The observer has the authority to warn 
teams when they believe that a rule infraction is imminent. Observers will deter-
mine official start times for non-staged starts. Observers may not interpret these 
regulations or give advice on Rayce strategy.

Observers will be rotated in their team assignments at checkpoints.
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16.7.26.1 Observer Access for Inspection 

Observers will be assigned to keep each solar car in sight from the release from 
impound to the time of impound each day. The observers shall witness any and all 
work done on the solar cars during this period. The observers must be allowed ac-
cess to the solar cars for inspection of ballast during all driver changes.

16.7.26.2 Observer Record of Performance 

The details of the activities of a team will be recorded in a logbook carried by the 
Observer. The team leader will be permitted to review the book each day; however, 
failure to do so does not make any record invalid. The records kept by the Ob-
server include the Official Start Time, stopping times (including Checkpoint), the 
distances traveled, and any apparent rule infractions either by their assigned team 
or by any other team.

16.7.26.3 Observer Accommodations

During Raycing Hours 

Teams must allow the observer the seat of his or her choice behind the driver in the 
chase vehicle. The observer must be able to see the solar car and read the chase ve-
hicle’s speedometer from this location, and must also be able to determine, at least 
periodically, how many vehicles are following behind the team.

Before and After Raycing Hours 

Teams must provide a secure shelter for the observer and the battery impound box.

Meals and Lodging 

Observers should be considered another team member for whom the team will sup-
ply adequate food, drink, shelter, and amenities.

16.8 Penalties

Any team failing to comply with these regulations during scrutineering, the Quali-
fier, or the Rayce will be penalized. Penalties range from official warnings to dis-
qualification from the event. It is the responsibility of the chief inspector, with input 
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from the other inspectors and the observers, to determine whether an infraction 
occurred, the severity of the incident, and the appropriate penalty. All time penal-
ties will be submitted by the chief inspector to Rayce Headquarters for subsequent 
posting. Disqualification of a team from the event requires concurrence of the direc-
tor. Penalties will generally be applied to total elapsed time on the official elapsed 
time sheet (posted by 7 a.m.) on staged days, at the start of non-staged days, or at 
checkpoints.

16.8.1 Posting of Penalties 

Except for the last day, all compiled time penalties will be posted and broadcast by 
Rayce Headquarters by 8 a.m. each morning. On the last day of Raycing, time pen-
alties will be posted no later than 30 min after the finish of the Rayce.

16.8.2 Conduct 

Penalties, including disqualification from the event, may be imposed for improper 
conduct or the use of alcohol or illegal substances. Improper conduct may include, 
but is not limited to, improper language, unsportsmanlike conduct, unsafe behavior, 
or cheating.

16.8.3 Non-solar Charging of Batteries 

After the start of the Rayce until the official finish, teams will be disqualified from 
the event for charging their solar car’s storage batteries from any source of energy 
other than the solar car’s solar array, without specific written instruction from Rayce 
officials. Such charging of a solar car’s storage battery will constitute replacement 
and is subject to regulation Sect. 16.8.4.

16.8.4 Replacement of Batteries 

Decisions to exchange (or externally recharge—see Sect. 16.8.3) all or part of a 
battery must be communicated formally to the team’s observer or an Inspector. The 
penalty will be computed as follows:

Time penalty (minutes) = 480 * ( n + S)/N, where:
n = number of replacement modules
S = sum of all modules previously replaced
N = total number of modules in solar car battery pack
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16.8.5 Disturbing Official Battery Seals 

Solar car batteries will be marked with an official seal. Disturbing these seals in a 
manner that prevents proper identification by Inspectors will be penalized as though 
all of the battery modules affected had been replaced.

16.8.6 Traffic Violations 

Any solar car committing a traffic violation will be penalized up to 15 min for each 
violation. Any solar car driver who commits three traffic violations over the course 
of the Rayce will be individually disqualified from the event.

16.8.7 Failure to Allow Other Traffic to Pass 

Any team failing to properly facilitate passing by traffic or other teams will be pe-
nalized up to 15 min for each offense.

16.8.8 Drafting 

A penalty of up to 1 min will be assessed for each minute that a solar car drafts 
behind another vehicle.

16.8.9 Pushing 

A penalty of up to 30 min will be assessed each time it is necessary for a team to 
push or pull their solar car in order to advance along the Rayce route. Teams push-
ing or pulling their solar car along the Rayce route for more than 15 s (except as in 
Sect. 16.6.11.2) will be assessed a time penalty. The penalty may be as great as if 
the team had made no further progress beyond that point on that day.

16.8.10 Improper Ballast 

A penalty of up to 60 min will be assessed each time a team operates their solar car 
with ballast that does not match the solar car driver.
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16.8.11 Failure to Impound 

A penalty of up to 3 min will be assessed for every minute between 9 p.m. and 
6 a.m. that a solar car’s Raycing batteries are not in Impound.

16.8.12 Exceeding Size Specifications 

Oversized solar arrays will be penalized up to 10 min per Rayce day per excess 
centimeter in each dimension beyond the allowed size specification. Oversized so-
lar cars will be penalized up to 5 min per Rayce day per excess centimeter in each 
dimension. If both the array and car are oversized, both penalties will be applied.

16.8.13 Protests 

Any team desiring to file a protest must do so by submitting an official protest 
(signed by the team leader) to Rayce Headquarters. Protests may be filed for any 
reason, including disputing a penalty levied against any team, correcting timing 
errors, or protesting the actions of another team. A “filing fee” of 10 min will be 
assessed against the team’s official elapsed time for the day on which the protest is 
filed. The jury will hear all protests.

16.8.14 Protest Judgments 

The decision of the jury is final and no further appeals are allowed. The jury will no-
tify Rayce Headquarters of their decision, and Rayce Headquarters will then inform 
the affected teams. The jury may refund some or the entire filing fee, which will be 
credited to the day the filing fee was assessed.

16.8.15 Opportunity to Be Heard 

Protests will normally be heard by the jury at the earliest possible jury sitting. It 
may be necessary in some instances for the jury to postpone the hearing on a protest.

16.8.16 Time Limit 

Except for the last day, all protests against penalties must be filed by 8:30 p.m. the 
day the penalty is posted. Protests that do not directly relate to a penalty must be 
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filed by 8:30 p.m. on the day after the offence occurred. On the last day of Raycing, 
protests for any purpose must be filed within 60 min after the finish of the Rayce.

These regulations are copyrighted by New Resources Group (NRG) April 2001 
and may not be sold or used without written consent of NRG.

“American Solar Challenge,” “Formula Sun,” and the Formula Sun Logo are all 
trademarks of NRG.
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Chapter 17
The Drag Build-up Method

17.1 Description

A way of making an estimate of the drag area is to model the car as a composite of 
shape elements which have known drag coefficients. The drag areas of these shape 
elements are added to give the drag area of the car at a particular speed. This is 
called the drag build-up method.

Figure 17.1 shows two views of a solar car. An arrow representing the drag of 
each shape element is shown attached to that element. The front view shows the 
profile areas of each element. The profile area of the car is the sum of the element 
profile areas; likewise, the total drag force is the sum of the element drag forces. 
But each element drag force can be represented by Eq. (2.1), and dividing out the 
dynamic pressure, q, which is the common factor, gives an equation for the drag 
area of the composite shape. Therefore, if there are nE shape elements, the drag area 
estimate would be, including ventilation drag,

 

(17.1)

Both viscous friction and separation are included in the drag coefficient measure-
ments of the individual shape elements. Chapter 18 explains how to estimate the 
ventilation drag, represented by cV in Eq. (17.1).

Corrections When shapes are assembled into a car or brought near the ground, 
their drag contributions are altered by the change in the airflow caused by the near-
ness of the other shapes or the ground. Also, the surface of an actual car will usually 
be rougher than that of a more idealized mathematical model and the smoothed 
shape elements tested in wind tunnels.

Furthermore, objects such as rearview mirrors and antennas must be attached to 
some of the shape elements. The drag contributed by these protuberances must also 
be included.
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The drag measurement of a shape element that has been taken free of the influ-
ence of the other elements, the ground, the roughness that comes from fabrication, 
and protuberances is called a free air measurement. It is denoted by cD∞. Corrections 
for interference, ground effect, protuberance, and roughness must be added to the 
free-air drag to produce an estimate of the actual drag. When all drag corrections 
have been referred to the element’s profile area, ADi in Eq. (17.1), the corrected drag 
coefficient for the a shape element may be found from

 
(17.2)

The subscript “G” denotes ground effect, “I” interference effect, “P” a protuber-
ance, and “R” refers to extra roughness. The corrections, each beginning with “∆”, 
increase (usually) the drag from the free-air measurement.

Flow Regime The discussion in Chap. 2 pointed out that most of the operation 
of the solar car will be in turbulent, separated flow with Reynolds numbers in the 
0.5(106)–107 range. In this range the drag coefficient increases slowly with Reyn-
olds number, i.e., essentially the vehicle’s speed, as Fig. 2.6 shows. So it is possible 
to speak, in a shorthand way, of “the” drag coefficient, as if it were a constant. By 
this is meant the slowly increasing drag coefficient in the characteristic Reynolds 
number range mentioned above. Note also that the drag coefficients of very blunt 

.D D DG DI DP DRc c c c c c∞= + ∆ + ∆ + ∆ + ∆

Fig. 17.1  Drag elements
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bodies, like the disk shown in Fig. 2.6, are nearly constant once separation occurs 
and quite insensitive to the flow regime in the boundary layer.

When combining shape elements and applying corrections, as described earlier, 
we must use data often taken at different Reynolds numbers. So we rely on the 
insensitivity of the drag coefficient to Reynolds number changes when the flow 
regime is separated on a small, blunt body, such as a rearview mirror, or turbulent 
on a more streamlined body, such as a basic body in the shape of an ellipsoid with a 
large fineness ratio. As their individual drag coefficients are insensitive to Reynolds 
number, combining these elements produces a vehicle drag coefficient estimate in-
sensitive to Reynolds number and this is what we observe in testing.

Shape Geometry Figure 17.2 shows a side and front view of a wheelless, basic-
body shape. The length, L, and profile area, AD, already defined, are shown. The 
camber line is the mean line of the shape; that is, it passes through the centroid of 
every cross-section between the nose and tail. The chord is the straight line connect-
ing the points where the camber line intersects the boundary at the nose and tail. The 
camber, b, is the perpendicular distance between the camber and chord lines at any 
location along the chord. The pitch angle, π, is the angle between the chord line and 
the horizontal, positive up. The chord length, LC, and the body length, L, are related 
by L/LC = cos π. The ratio of the minimum ground clearance to the width, hmin/W, is 
called the clearance ratio. The ratio of the maximum camber to the chord, bmax/c, 
is called the camber ratio. The ratio of the height of the profile area to the width, 
hD/W, is called the aspect ratio. The ratio of the length to the diameter of a circle of 
area AD, L/d, is called the fineness ratio.

Steps The drag build-up method may be divided into eight steps.

1. Set the design ambient temperature, pressure, and airspeed relative to the car. 
Calculate the air density from the ideal gas law.

2. Make at least side- and front-view drawings of the vehicle to scale on cross-
hatched paper (see Fig. 9.2).

Fig. 17.2  Shape geometry
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3. Divide the car into shape elements for which free-air drag coefficients are 
available.

4. Calculate the profile area of each shape element and that of the car by count-
ing the scaled squares or partial squares their respective front-view drawings 
include, allowing for overlap.

5. Estimate the free-air drag coefficient of each shape element for the design condi-
tions and the characteristic length of the shape element.

6. Correct the free-air coefficients for the effects symbolized in Eq. (17.2).
7. Sum the element drag areas as shown in Eq. (17.1) and include the ventilation 

drag, using the method of Chap. 18 .
8. The drag coefficient is the quotient of the drag area and the vehicle’s profile area 

found in step 4.

Two examples of the application of steps 1 through 8 are presented in Chap. 9. 
Hoerner (1965) uses this method to predict the drag of an ME-109-G, a German 
fighter aircraft used in World War II.1

17.2 Shape Elements

The remainder of this chapter is devoted to presenting free-air drag coefficient in-
formation for shape elements and protuberances, and means of correcting for in-
terference and ground effect. Some information is presented as graphs. These were 
constructed by carefully measuring points from the data in the referenced source 
and then fitting interpolating curves through these points. Each such curve has a 
correlation coefficient2 of at least 0.99. This information is limited to that required 
for the examples in Chap. 9. However, a very large amount of information is avail-
able in the literature. Consult the references at the end of this chapter.

Ellipsoid Table 17.1, from White (1986), presents drag coefficient data for 
ellipsoids of various fineness ratios and circular cross-sections. The data are for 
both laminar separated flow and turbulent separated flow. The reference area is 
πd2/4. To interpolate in Table 17.1, use cD = 0.4311( L/d)0.3994 for laminar flow and 
cD = 0.1835( L/d)−0.4590 for turbulent flow.

1 Page 14−3
2 As previously explained: a measure of the goodness of the fit, with 1.0 indicating an exact fit.

Table 17.1  Free-air drag coefficient of ellipsoid ( Rd ≥ 104)
L/d Laminar Turbulent
0.75 0.5 0.2
1 0.47 0.2
2 0.27 0.13
4 0.25 0.1
8 0.2 0.08
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Airfoils The zero-lift drag coefficient data in Table 17.2 was read from the airfoil 
section data in Abbott and von Doenhoff (1959) and that in Table 17.3 from Bulli-
vant (1941). “RC” is the Reynolds number based on the section chord. The reference 
area used to define cD is the unit planform area, that is, the product of the chord and 
the unit span. Hence, to convert to a profile area reference,

 
(17.3)

The tables show both four-digit and six-digit airfoil designations. The meaning of 
the four- and six-digit designations is given in the next two Tables (17.4 and 17.5).

Wheels Adding wheels to a basic body shape can give the largest increase in drag. For 
example, Morelli (1983) reported a drag coefficient increase of about 0.09 from adding 
four wheels to a basic body which had an initial drag coefficient of about 0.06. Thus 
the wheels alone increased the drag by more than the drag of the entire basic body.

A wheel is essentially a short, rotating cylinder. In free air, friction and separation 
cause drag on the wheel. When the wheel is rolling on the ground, ground interfer-
ence comes into play. Finally, when the wheel is installed on a car inside a wheel 
housing, additional effects are induced by the housing and the external flow about the 
car. Clearly this is in general a complex situation not easily reduced to simple rules.3

However, Cogotti (1983) pointed out that according to Morelli (1969), the drag 
coefficient of an isolated wheel, when based on the profile area of its unshielded 

3 Fortunately, solar racing cars can take advantage of some options that passenger cars usually can-
not. Solar racing cars can use wheels with smaller thickness-to-diameter ratios, and thus smaller 
drag areas. They can partially enclose the wheels in streamlined fairings or in nearly-sealed wheel 
housings.

.
profilearea planformareaD D

cc c
t

=

Table 17.2  Free-air airfoil section drag coefficients (Lift = 0)
RC 3(106) 6(106) 9(106)
NACA section
0006 0.0043 0.0050 0.0053
0009 0.0052 0.0055 0.0055
0012 0.0057 0.0057 0.0057
2415 0.0070 0.0065 0.0065
2418 0.0074 0.0066 0.0065
2421 0.0078 0.0070 0.0070
2424 0.0087 0.0081 0.0075
632–015 0.0053 0.0051 0.0048
633–018 0.0057 0.0052 0.0049
634–021 0.0064 0.0056 0.0053

Table 17.3  More free-air airfoil section drag coefficients (Lift = 0)
RC(10−6) 1.75 2.00 2.50 3.00 4.00 5.00 6.00 7.50
NACA 
section
0018 0.0080 0.0079 0.0077 0.0076 0.0075 0.0073 0.00715 0.0070
0025 0.0089 0.0088 0.0082 0.0081 0.0081 0.0081 0.0081 0.0081
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portion, is approximately unchanged when the wheel is partly enclosed by the fair-
ing. These results suggest the thumb rule that the drag of the wheel is proportional 
to the profile area of its unshielded portion,

 (17.4)

where, ADW is the unshielded profile area, h is the height of this area above ground, 
and bW is the width of the wheel.

Figure 17.3 shows the drag coefficient of an isolated, stationary wheel as a func-
tion of yaw angle. Accounting for the forgoing discussion, the drag of a wheel (the 
jth one) would be

 (17.5)

Where, 
isolatedDWc would be taken from Fig. 17.3, and q is the dynamic pressure 

defined in Chap. 2. The equation of the curve in the figure is

 (17.6)

Where, β is the yaw angle in degrees. Interpret this as the “free-air” drag coefficient 
of the wheel.

The airflow changes direction at the front of the car in order to pass around the 
car. Therefore, the wheel yaw angles will probably differ from zero for vehicles 
with two wheels in front.4 Figure 17.3 shows that this will probably cause the drag 
to increase.5 The yaw angle will depend upon the direction of the relative wind near 
the wheels, which will be difficult to estimate.

4 The flow would be symmetric with respect to a centered single wheel.
5 The drag coefficient passes through a maximum at β≈ 15̊ (not shown).

,DW WA hb=

,
j isolated jW DW DWD qc A≈

4 4 20.5272 3.2289(10 ) 4.8399(10 ) ,
isolatedDWc β β− −= − +

 

Table 17.4  NACA four-digit airfoil designation
Digit Meaning
1 Maximum distance of mean line from chord 

(%c)
2 Distance from leading edge to maximum 

camber ( c/10)
3 & 4 t/c (%)

Table 17.5  NACA six-digit airfoil designation
Digit Meaning
1 Series designation
2 Position of minimum pressure from leading 

edge (c/10)
3 cL range ± design cL of low drag (10ths)
4 Design cL (10ths)
5 & 6 t/c (%)
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Cogotti’s data show that the rotation of the wheel may slightly increase or 
decrease the drag of wheels in housings. Which effect occurs depends upon the 
inner and outer housing shape and the location of the wheels relative to the front of 
the car. We will make no attempt to account for wheel rotation.

Cogotti also found that placing a flat or nearly flat fairing over standard wheel 
rims decreases the drag of the car (not the wheel alone) by an amount

 (17.7)

The subscript “rf” denotes “rim fairing.”

Protuberance This category includes items such as rearview mirrors and anten-
nas which are small enough not to cause significant interference drag. They can 
therefore be included using only their free-air drag characteristics. In addition, 
as Pershing and Maskai (1976) pointed out, their characteristic lengths are small 
enough to ensure that the flow about the protuberance is in the laminar-separated 
region. Based on information in Hoerner (1965) the drag coefficients for cylindrical 
protuberances, such as flat mirrors and antennas, are all about 1.1 and for cup-like 
shapes which are convex in the upwind direction, are about 0.4.6

6 Pershing and Maskai also point out that such items may be located in regions of accelerated or 
locally-separated flow. This will change their drag contributions.

0.009 0.003.
rfDc∆ = − ±

Fig. 17.3  Drag coefficient of an isolated wheel. (adapted from Cogotti 1983)

17.2 Shape Elements  
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17.3 Interfering Flows

For most of the plots in this section, the original data has been normalized by the 
tested cD∞. This helps to minimize dependence on the airfoil shapes tested.

Parallel Airfoils Consider the two identical symmetric airfoils used as fairings 
over the rear wheels of the car in Fig. 17.1. Figure 17.4 shows first the flow around 
the airfoil shape when tested independently at zero angle of attack to the wind.7

There is no lift force on the airfoil because the angle of attack is zero. Thus the 
free-air drag coefficient could be selected from Tables 17.2 and 17.3. Figure 17.4 
shows that free-air drag exists when ym/t is greater than 5.

7 The angle of attack is the angle between the chord line and the relative wind.

Fig. 17.4  Interference between parallel airfoils
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When the airfoils are brought near each other on the car, the symmetry of the 
flow is disturbed because of the Bernoulli effect (Chap. 2). The figure shows that 
the lower pressure region created between the fairings by the acceleration of the 
flow creates an inward-directed “lift” force with an associated increase in drag. The 
increase in the drag coefficient over the free-air drag has been plotted in Fig. 17.4 as 
a function of ymin/t, the minimum spacing divided by the airfoil thickness. The curve 
was based on the data reported in Biermann and Herrnstein (1933).

 

(17.8)

The interference is zero for ymin/t more than about 5.
The drag increase is defined as

 (17.9)

In the parallel airfoil case, the symmetry of the geometry implies that D1 + D2 = 2D1 
or 2D2, and that the total profile area will be twice the profile area of one airfoil. 
Such is not the case for airfoils in tandem.

Tandem Airfoils Figure 17.5 shows two identical symmetrical airfoils in tandem. 
Cogotti also found that placing a flat or nearly flat fairing over standard wheel  x/c 
is greater than 4. The free-air drag coefficients could be selected from Tables 17.2 
or 17.3. The upstream and downstream curves are, respectively,

 

(17.10)

and

 

(17.11)

Hoerner (1965) assumes that the increase in the drag of the rear airfoil is caused by 
separation induced by the wake of the upstream airfoil. The decrease in the drag of 
the upstream airfoil is explained by the increased static pressure between the airfoils 
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when they are close together. Note that these two effects tend to offset one another 
so that the sum of the interference corrections is approximately zero.

Airfoil-Wall Figure 17.6 shows an airfoil attached to a wall. According to Hoerner 
(1965) the interference drag is

 
(17.12)

Hoerner writes that this interference drag is independent of the span of the airfoil. 
Hence, it is referenced to the “thickness area,” t2, instead of the profile area. Fig-
ure 17.6 shows ∆cDt going to zero below a t/c of 0.1. Hoerner points out that the 
data upon which Eq. (17.12) was based suggests this, but does not actually extend 
to zero beyond 0.1.

Equation (17.2) requires that cD∞ and corrections to it be referenced to the 
shape element’s drag area. This is DA tS= , where S is the airfoil’s span. Using this 

formula, the reader can show that 2
I D

DI Dt Dt
D

D A tc c c
qA SS
∆

∆ = = = .

2 2
0.00030.75 .I

Dt
D tc

cqt t
c

∆  ∆ = = −    
  

Fig. 17.5  Interference between tandem airfoils. (Adapted from Bierman and Hermstein 1933)
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Fairing Figure 17.7 shows a fairing (which could be a canopy) placed on a plane 
surface. Hoerner (1965) summarizes the results of a number of tests. The drag of the 
fairing or canopy is a function of its height ratio, h/x, and (specially defined) fine-
ness ratio, L/h, width ratio, e/b, and the angle, β, between the tangent to its leading 
edge and the plane wall.

Following Hoerner, we assume a cD∞ of 0.03. As the height ratio becomes less 
than about 0.3, ∆cDI/cD∞ rises, reaching a maximum of about 1.0 at about 0.1. At 
height ratios larger than 0.3, ∆cDI/cD∞ is about zero. All tests that Hoerner summa-
rizes were done at RL greater than the critical Reynolds number. Hence, he attributes 
the influence of h/x to be the interference drag associated with junction between the 
surface and the fairing.

Fig. 17.6  Airfoil-wall interference

 

Fig. 17.7  Canopy dimensions
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The shape of the canopy, described by β, L/h, and e/b, also affects the drag. 
Although, Hoerner gives no measurements of the tangent angle, he shows that re-
ducing β to considerably less than 90 can reduce ∆cDI/cD∞ by as much as 43 %. The 
effect of increasing L/h is generally to increase the interference drag.

 

(17.13)

17.4 Ground Effect

The discussion in Chap. 2 explained that when a shape element is moved toward the 
ground from free air, lift and drag forces are created by the alteration in the pressure 
distribution caused by the Bernoulli effect between the element and the ground. 
This is similar to the parallel airfoil interference effect, with the plane of symmetry 
between the foils representing the “ground.” As we shall presently see, ground ef-
fect is dependent upon the shape and pitch angle of the element.

We present curves that have been derived from the results of Morelli (1983). 
This paper presented data from wind tunnel tests of the lift and drag forces on 
cambered, wheelless, basic-body shapes (similar in appearance to Fig. 17.2) 
designed to minimize the drag near the ground by adjusting the camber ratio. Call 
these “shark” shapes, as in Chap. 9. Three ∆cD/cD∞ curves for these shapes, are plot-
ted in Fig. 17.9. They display ∆cD/cD∞ for zero pitch and camber ratios of 3.7, 5.3, 
and 6.9 % as a function of clearance ratios from 0.05 to 1.08. Morelli (1983) shows 
that the zero pitch data approximately represents small pitch angles, say between 
± 1°. At larger pitch angle magnitudes the drag coefficient is higher.

Morelli (1983) also displayed cD data for a family of teardrop shapes of differ-
ent camber ratios as a function of clearance ratio at zero pitch angle. The results for 
± 1o pitch were nearly the same. The 0 and 3 % camber ratio curves from this family 
are also shown in Fig. 17.8. The data were taken at a chord Reynolds number of 
4.7(106).

The free-air drag coefficients of all the shapes are given in the figure.
The curves show the strong effect of clearance ratio on the drag. For the teardrop 

shapes, as the clearance ratio increases the drag decreases, with the lowest value 
occurring in free air. However, for the shark shapes at the two higher camber ratios, 
the drag coefficient passes through a minimum in the clearance ratio range 0.1–0.2, 
followed by a shallow maximum.

The general form of the equation of the curves for the shark shapes is

 
(17.14)

8 According to Morelli (1983), most automobiles lie between clearance ratios of 0.05 and 0.2.
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Table 17.6 gives the set of a’s for each of these curves.
The equation for the teardrop curves has the form

 
(17.15)

Table 17.7 gives the a’s for each teardrop camber ratio case

17.5 Flat Plate

The critical Reynolds number for a flat surface with the flow parallel to it is

 
(17.16)

1 2
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c h h
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− −

∞

∆    = + +      

5 65(10 ) 3(10 ).
cxR ≈ −

Table 17.6  Shark shape curve constants
Camber ratio 
(%)

ao a1 a2 a3 a4 a5 a6

3.7 0.00031 − 0.00132 0.01741 − 0.00254 0 0 0
5.3 0.00776 − 0.05589 0.08372 0.12379 − 0.00117 − 0.02897 − 0.00599
6.9 − 0.0041 − 0.0069 − 0.0928 0.2371 0.1303 0.0203 0

Fig. 17.8  Ground effect for two shapes. (Adapted from Morelli (1983))
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The upper limit corresponds to a very smooth plate. The symbol “xc” is the distance 
from the leading edge of the plate to the flow transition. The friction drag coefficient 
is defined as

 
(17.17)

where, AW is the wetted area of the surface and the subscript “F” denotes “friction.” 
The following expression gives the friction drag coefficient of one side of the plate 
when the laminar—turbulent transition occurs on the plate and the width of the 
transition region in the flow direction is ignored.9

 

(17.18)

Bear in mind that Eq. (17.18) applies to flow over a smooth plate.

17.6 Roughening

Joints occur around access doors or around other portions of the body that must be 
repositioned. There may be isolated defects such as cracks or pits, or there may be 
wires and fasteners that project into the airflow. The distinguishing parameters dif-
fer in each case. Hoerner (1965) contains methods for accounting for many of these 
relatively isolated defects.

Now, suppose the roughness is approximately uniformly distributed over the sur-
face. Then it makes sense to characterize the smoothness of the surface by the ratio 
L/ε, where ε(Greek “epsilon”) is the mean roughness height. The larger this relative 
roughness, the smoother the surface is relative to its length. For example, the 800-
odd cells of the solar array are often applied directly to the array substrate and thus 
are raised above it by perhaps 1–2 mm. In addition, there may be 1.0 mm thermal 
expansion gaps left between the cells. If the glazing does not smooth the array suf-
ficiently, the cells will contribute additional surface roughening which could be 
characterized by a relative roughness.

9 DF was calculated over the laminar and turbulent regions (x = 0 to xC and xC to L, respectively). 
The results were added and (17.17) applied.
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Table 17.7 Teardrop shape curve constants
Camber ratio (%) a0 a1 a2

0 − 0.1256 0.1541 − 0.0041
3 − 0.1218 0.1168 − 0.0029
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We will consider the flat surface of the previous section. (The surface of an 
actual vehicle will be curved. But for practicality we will ignore this when con-
sidering roughness as long as we judge that the flow is strongly one-dimensional.) 
Suppose the flow is turbulent over the entire surface ( xc = 0 in Eq. (17.18)). If 
the Reynolds number continues to increase, the flow will enter the fully rough 
regime. Then the friction drag coefficient no longer depends upon the Reynolds 
number, but only on the relative roughness. Also, the Reynolds number at which 
this condition occurs becomes smaller as the relative roughness is reduced. If we 
were to measure the friction drag coefficient on a smooth surface, L/ε about 106 
perhaps, in laminar flow at a Reynolds number of 5(105), we would find a value 
of about 0.002. Suppose we were to paint that surface with a roughening agent 
that reduced L/ε to 500. At the same Reynolds number the flow would move into 
the fully rough regime and the friction drag coefficient would rise to 0.01, a 5-fold 
increase.

The critical relative roughness is that which precipitates fully rough flow. From 
information in White (1986),

 
(17.19)

17.7 Other Methods

Drag Rating White (1967) presented a method in which features of vehicles were 
assigned to nine categories and then awarded a score, with the lowest score (one) 
assigned to the feature contributing the least to the drag. The sum of the category 
ratings is the drag rating, R, of the vehicle. The method does not incorporate ventila-
tion drag or ground and pitch angle effects. The correlation relating the drag rating 
to the drag coefficient is

 (17.20)

This relation was developed from drag data for 141 vehicles and it correlates that 
data is within ± 7 %.

Note that even if a vehicle received a drag rating of zero, Eq. (17.20) would 
predict a drag coefficient of 0.16, higher than most solar racing cars. However, the 
method would be useful in the initial stages of design when selecting shape ele-
ments, or when modifying a stock body to reduce its drag.

Feature Build-up Pershing and Masaki (1976) reported a method that is well 
adapted to predicting the drag of automobile shapes similar to that of the typical 
sedan. Equations for the drag contribution of the elements of the body’s shape were 
developed from the available test data. These equations were in terms of the details 
of the shape element. For example, the front hood drag coefficient is to be calcu-
lated from

2 3654963 335446.3 57477.5( ) 3299.78( ) .L L L
c

L logR logR logR
ε

  = − + − +  

0.16 0.0095 .Dc R= +
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(17.21)

Ah is the projected area of the body below the hood-windshield intersection, Lh 
is the length of the hood, AF is the front end projected area, and AR is the projected 
area of the car (less protuberances). If the difference Ah—AF is negative, it is to be 
set to zero.

The method does not account for the effects of lift, side wind, and ground clear-
ance, and it assumes a fixed wheel drag coefficient of 0.14. It accounts for ventila-
tion drag.

Smalley and Lee (1978), reported that this method agreed with wind tunnel data 
to within ± 10 % for 13 of 17 vehicle tests. Five of which were duplicate tests using 
a different tunnel blockage correction method. Three of the outliers were 12–18 % 
below the tunnel tests and one was 16.5 % higher.

Due to its correlation with details of the vehicle’s design, this method will be 
very useful for setting shape details, that is, actual dimensions rather than qualita-
tive features, when starting with stock bodies. Its major drawback is the use of a 
large, constant, wheel drag coefficient. As in the drag rating method case, this value 
alone is larger than the drag coefficient of most solar racing cars.

Ashley and Carr (1982); Rose (1986); and Calkins and Chan (1998) have fur-
ther developed the feature build-up method. Calkins and Chan have incorporated 
a refined version of the method in a drag prediction tool called CDaero. CDaero is 
a component of the Automobile Design Support System reported by Calkins et al. 
(1996). The refined feature build-up method estimates the drag of the wheels from 
their exposed projected area, as in this chapter, instead of assuming a constant val-
ue. The calculation is for zero yaw and does not account for ground effect.
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Chapter 18
Ventilation System Analysis

18.1 Ventilation Design

Purpose The ventilation system influences the cockpit comfort conditions and 
removes battery-evolved gases and battery-heated air from the battery compartment 
at a specified minimum rate.

Discussion Restrictions There may be separate cockpit and battery ventilation sub-
systems. But we consider only the case in which each subsystem (or entire system) 
has one inlet and one outlet. This will keep the analysis for the flow through the 
system simple and focused on the basic ideas.

Battery Ventilation The race rules specify the minimum flow requirements for the 
battery compartment. Chapter 16 gives this requirement as a fan-forced flow of at 
least 280 L/min. This flow must be present whenever the battery is connected to the 
main bus, and it must exhaust to the exterior of the car. The designer’s task then is 
to insure that this flow is present under the most limiting condition. This will occur 
when the car is stationary and the battery fan, or fans, must supply the flow unaided 
by the motion of the car.

Driver Comfort Figure 18.1 shows the summer human comfort zone (adapted from 
ASHRAE (1981)) defined by lines of constant temperature (T) and relative humid-
ity (Φ).

We would like the cockpit conditions to remain within this zone. But if the out-
side air temperature is typical of a late June day, say an air temperature ( dry bulb 
temperature) of 30 °C and relative humidity of 70 %, the figure shows that this can-
not be done without air conditioning. The weight and power penalties that accom-
pany air conditioning preclude its use in solar racers

Therefore, the temperature and humidity of the air entering the cockpit will be 
those of the outside air. Our objectives then become to prevent the air temperature in 
the cockpit from exceeding that of the outside air and to minimize the direct heating 
of the driver by solar radiation.

© Springer International Publishing Switzerland 2015
E. F. Thacher, A Solar Car Primer, DOI 10.1007/978-3-319-17494-5_18
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The options available are: reducing the solar gain through the canopy, reducing 
the absorption of solar radiation by surfaces in the cockpit, and changing the air in 
the cockpit. The latter can be done by providing forced circulation of outside air 
through the cockpit. Making the cockpit surfaces more reflective reduces absorp-
tion. The former can be done by shading, tinting or coating the glazing, and reduc-
ing the amount of glazing, subject to meet the visibility requirements of the race 
rules and to provide sufficient light to read the instruments.

Analysis Outline We would like to know the static pressure at the inlet and outlet of 
the ventilation system so that the ventilation drag and the ventilation drag coefficient 

Fig. 18.1  ASHRAE summer comfort zone
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can be calculated. We would also like to know the flow through the battery box, to 
see if it is sufficient, and the temperature in the cockpit, to see if we might be in 
danger of frying the driver.

The first problem we will consider, then, is how to get an approximate pres-
sure distribution around the car. This will be followed by an explanation of how to 
calculate the flow through the ventilation system, once the pressure at its inlet and 
outlet is known. Finally, a method for estimating the cockpit temperature will be 
explained. An example of each of these calculations is in Chap. 10.

18.2 Inlet and Exit Pressures

Inlet and Outlet Locations The pressure distribution in the external flow is a func-
tion of the vehicle’s shape (see the list of assumptions below). This flow is approxi-
mately frictionless and therefore, may be analyzed by Bernoulli’s equation. Thus if 
the velocity at a point in the flow can be found, then the static pressure at that point 
can also be found.

Bear in mind that the above statements do not apply to regions of separated flow. 
Also, near the inlet or outlet, the flow is deflected inward or outward, respectively, 
and this alters the static pressure at that point because the “shape” of the car at 
that point is effectively changed. For example, suppose an inlet for cockpit air is 
installed just ahead of the canopy. Some flow enters the car, so there is more flow 
just upstream of the inlet than just downstream of it. Velocities upstream of the inlet 
are therefore higher and the pressure is lower. Figure 18.2, adapted from Wallis 
(1971), illustrates this situation. Wallis observed that at a particular vehicle speed, 
the average inlet static pressure remains constant for any inlet flow, even though the 
pressures upstream and downstream of the inlet shift, as previously described, as 
the inlet flow changes.

Locating inlets at or near stagnation points will not only maximize flow but may 
also increase drag. Figure 18.2 shows an inlet near the stagnation point in front of 
the canopy. However, wind tunnel measurements of ventilation flow have shown 
that if the inlet is small and is located at the stagnation point in the nose of a highly 
streamlined car, the ram flow may be sharply reduced by small pitch changes which 
shift the stagnation point away from the opening. Wallis (1971) recommends plac-
ing a small outlet in a region where p−p∞ is negative or a large, low-loss outlet 
where p−p∞ is zero or slightly positive.

Approximate Pressure Distribution We now describe a simple method for estimat-
ing the pressures at the ventilation inlet and outlet using Bernoulli’s equation. How-
ever, some idealizations must be made. These are:

1. The air outside the boundary layer behaves as if it had no viscosity.
2. The thickness of the boundary layer may be neglected.
3. There is no heat transfer to the air.
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4. There are no regions of separated flow in the area of the car’s surface that is of 
interest.

5. The flow is steady.
6. The flow about one car length upstream and downstream of the car is uniform.
7. The velocity distribution transverse to the vertical plane through the car’s longi-

tudinal axis is uniform.
8. The air density is constant.

The fundamental assumption of boundary layer theory is that viscous effects may 
be thought of as residing solely in the boundary layer. This implies assumption 1. 
Assumptions 1, 3, and 4 greatly simplify the description of the flow external to the 
boundary layer, allowing Bernoulli’s equation to be used.

The boundary layer thickness is small compared to the dimensions of the car. 
The average error introduced by assumption 2 will be small. The boundary layer 
thickens as the flow moves toward the rear of the car, thus deflecting the stream 
surfaces away from the surface of the car. This displacement causes the velocity 
estimate near the car to be lower than the real flow. Therefore, by Bernoulli’s equa-
tion, the pressure estimate will be higher than in the real flow.

Fig. 18.2  Qualitative pressure distribution
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Assumption 5 further simplifies the problem by removing time dependence from 
the variables. Assumption 6 allows the inlet and outlet properties of the flow to be 
calculated.

Assumption 7 relies on the observations that, in view of assumption 6, the flow 
is symmetric with respect to the car’s centerline and, near the centerline, the trans-
verse slope of the surface is usually small. Assumption 7, therefore, allows the flow 
to be approximated as two-dimensional (2D). That is, to be treated as if the velocity 
depended only on the coordinates perpendicular and parallel to the car’s long axis.

The air density has been taken as approximately constant. This assumption will 
be used throughout this chapter. The error it introduces is small, but the simplifica-
tion it allows is large.

Imagine the car placed in a 2D wind tunnel (H, height, and length, x, only: no 
flow perpendicular to the plane defined by H and x) that supplies the uniform up-
stream flow. A rule of thumb used in designing actual wind tunnels is that the tunnel 
cross-sectional area should be at least five times the profile area of the car. This 
makes the blockage effect that arises when the flow is confined between the car and 
the tunnel walls negligible. The tunnel is of width W and height H. But because the 
flow is 2D, W may be set to unity. Therefore the height, H, of the tunnel must be 
such that

 (18.1)

Because there are no boundary layers and no flow separation, the tunnel walls and 
the car’s surface are stream surfaces. Using this fact and the known entrance and the 
exit conditions, we can sketch a plot of the stream surfaces (or streamlines in our 
2D representation). From this information we can estimate the pressure distribution.

Flow Net A flow net is a net of streamlines and intersecting lines, called constant 
velocity potential lines. The flow net is constructed such that the streamlines and 
the lines intersecting them form, approximately, curvilinear squares. This means 
that the lines intersect at right angles and the sides of the figure thus constructed are 
approximately equal, as Fig. 18.3 shows.

First, the car is carefully drawn on crosshatched paper. Then the flow net is 
drawn by trial-and-error. The smaller the squares, the more accurate the approxima-

1 5 DH A× ≥

Fig. 18.3  Curvilinear square 



376 18 Ventilation System Analysis

tion. Figure 18.4 shows a streamline next to a surface and a curvilinear square with 
the center of its upstream side at a distance x2 from the origin. We wish to estimate 
the pressure at this position.

Because of assumptions 1, 3, 4, 5, and 6, Bernoulli’s equation is a constant 
throughout the flow. Therefore

 (18.2)

We solve Eq. (18.2) for the pressure difference p2−p∞ and divide by the dynamic 
pressure at the origin, q∞. This quotient is called the pressure coefficient, cP.

 (18.3)

The f low has a unit depth into the page, and so we may substitute

 (18.4)

in Eq. (18.3). Note that the first of Eq. (18.4) gives the average velocity between the 
streamlines. As the flow net is made finer, this average approaches the true, ideal-
flow velocity. The substitution produces

 (18.5)
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Fig. 18.4  Partial flow net near a surface
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after canceling common factors. Measurement of l1 and l2 from the flow network 
gives the pressure coefficient. Measurement of the lengths, which are curved, by a 
ruler, which is straight, will only be approximate. However, this approximate mea-
surement is consistent with the approximation to V2 just discussed.

The pressure at point 2 is then

 (18.6)

Flow Around a Car Fig. 18.5 shows a vehicle body in a 2D flow. (Some of the 
features that make the actual flow three-dimensional (3D), such as the wheels, are 
shown in dashed lines.) Note that unlike the flow in Fig. 18.4, the air must flow on 
both sides of the body.

The flow between the streamline at height l1, Q1 must divide at the front stagna-
tion point such that

 (18.7)

The previous method cannot be applied unless QU and QL are known. One way 
of estimating them would be to locate the stagnation streamline. The streamline 
should bisect the angle between the velocity potential lines labeled “l1U” and “l1L.” 
In Fig. 18.5, the streamlines were drawn such that QU ≈ QL.

A more analytical approach, which could be used as a check on the flow net near 
the car, is as follows. Locations 1 and 2 are imagined to be at pressures p1 and p2, 
respectively, and each to be “at” the point of flow division. Applying the Bernoulli 
equation to the flow along the upper surface of the car gives

 (18.8)

22 Pp p c q∞ ∞= +

1 1U LQ Q Q U l∞= + =

2 2
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2 U Up p V Vρ− = −

Fig. 18.5  Divided flow
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Applying Eq. (18.4) at each end of the surface gives

 (18.9)

The same procedure is now applied to the lower surface and the pressure changes 
are equated, giving

 (18.10)

where kL and kU are defined as

 (18.11)

 (18.12)

Using Eq. (18.10) with Eqs. (18.11) and (18.12) gives

 (18.13)

 (18.14)

Note that these relations require the flow net to be drawn such that

 (18.15)

Therefore, kL and kU both must be positive or negative.

18.3 Design Strategy

Design Operating States The vehicle operational states that factors controlling the 
ventilation design are zero speed operation and the cruise condition. In the former 
state, drag is zero but so is the ram flow. The latter state not only causes the most 
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drag but can also provide the most ram flow. Therefore, the design strategy will be 
to locate the inlet and outlet, and design the ducting to minimize ventilation drag at 
the cruise condition and to size the fan, or fans, to provide the minimum required 
flows at zero speed.

Equation 2.8, repeated below as Equation (18.16), shows that the ventilation 
drag is the sum of the pressure force difference and the reaction force from the 
momentum change. Subscripts 1 and 2 denote the inlet and outlet, respectively. The 
subscript “x” denotes the component of the force or air speed parallel to the direc-
tion of motion. The bar over the gauge pressure symbol, pG, denotes the average 
over the inlet or outlet. The symbol “A” denotes the area of the opening normal to 
the entering flow or pressure. If there is more than one subsystem, the drag contri-
bution of each one must be calculated using Eqn (18.16). The total ventilation drag 
will be the sum of the subsystem drags.

 (18.16)

As for flow between streamlines, the cross-sectional area and speed for a given 
steady, constant-density flow in a duct (no leakage) are related by

 (18.17)

The subscripts refer to any two stations in the flow path, and Q is the volumetric 
flow rate (m3/s). The mass flow rate (kg/s) is

 (18.18)

18.4 Component Pressure Losses

The energy used to force the flow through components such as inlets, lengths of 
duct, sudden expansions and contractions, and valves causes a pressure drop in the 
flow direction. The net pressure drop (i.e., including pressure increases caused by 
fans) through the ventilation system must be equal to that imposed by the external 
flow. If this flow is zero, then the pressure rise caused by the fans must exactly can-
cel the total pressure loss at the desired internal flow.

The pressure loss in a component may be expressed by the product of a head loss 
coefficient, K, and a reference kinetic energy per unit mass.

 (18.19)

The pressure loss would then be ρghL (N/m2). The location of the reference kinetic 
energy will be identified for each loss coefficient case presented below.
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The units of Δp/ρ are N m/kg⋅ , or J/kg. This quotient represents the work per unit 
mass of air necessary to drive the flow through the component. Division by g, the 
acceleration of gravity, converts the units to meters. The power, or the rate of doing 
this work, would be

 (18.20)

The head loss coefficients of the components are approximately independent of 
Reynolds number, that is, independent of the speed of the internal flow, as long as 
the flow is fully turbulent. However, in the case of components such as the cockpit 
or the battery box, the flow cross-sectional area is much larger than in the ducting 
connecting them, so the reference flow speed will be smaller. We must be sure to 
check the Reynolds number in such components.

We begin a flow calculation by assuming that the flow is turbulent and that the 
Reynolds number at each component is within the limits associated with the loss 
coefficient data for that component. The flow-dependent loss coefficients for the 
next iteration would be estimated from the flow just calculated. This procedure 
would be continued until the changes in the flow from the previous calculation are 
satisfactorily small.

Coefficient Sources Handbooks such as Idel’chik (1966) and Crane (1969) pres-
ent information on loss coefficients for many different devices. Textbooks such as 
White (1986) also contain such information, but for a smaller variety of devices. 
The loss coefficient cases presented below may be found in any of these references. 
The loss coefficient curve for each component has been fitted with an interpolation 
formula.

Rounded Inlet from Reservoir Suppose the flow enters a pipe from an approxi-
mately infinite reservoir, such as the atmosphere, energy is lost from the flow at the 
entrance. This loss can be reduced by rounding the edge of the entrance. Figure 18.6 
shows how K12 for the rounded inlet changes as a function of the rounding radius. 
Vref is V2, the velocity at the exit of the inlet. The equation for Fig. 18.6 is

 (18.21)

where r is the rounding radius, and d is exit diameter. Table 18.1 gives the constants.

Any Exit to a Reservoir Because all the kinetic energy of the flow is lost by dissipa-
tion into the reservoir,

 (18.22)

Sudden Expansion and Contraction When the flow from a duct enters a larger duct 
through an abrupt transition, that is, no gradually sloping duct connecting the two 
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conduits, energy is lost in the sudden expansion. When the flow leaves a larger duct 
and abruptly enters a smaller, energy is lost in the sudden contraction. The reference 
velocity in both cases is that in the smaller pipe, denoted by the subscript “1.”

The loss coefficient for the sudden expansion is

 (18.23)

and for the sudden contraction is

 (18.24)

Diffuser A diffuser is a conical-shaped duct that widens in the flow direction. Its 
purpose is to slow the flow and thus increase the static pressure. Figure 18.7 shows 
a diffuser and its associated loss coefficient. Note the minimum loss coefficient 
at a cone angle of about 5 °. Below this angle, the length of the diffuser becomes 
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Table 18.1  Constants for Eq. (18.21)
a0 a1 a2 a3 a4

0.499540 − 15.415485 − 40.244830 721.990759 − 2432.856432

Fig. 18.6  Rounded inlet loss coefficient
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extreme and frictional losses increase. Above this angle flow separation occurs, 
beginning near the discharge end. As the cone angle increases the separation loss 
likewise increases until at about 40 ° the loss coefficient exceeds that of the sudden 
expansion.

The loss coefficient curve presented is for the so-called fully-developed1 en-
trance flow. In this condition, the developing boundary layer inside the pipe has 
thickened until it reached the centerline of the pipe. This inlet condition yields the 
largest loss coefficient at a particular cone angle.

The diffuser pressure recovery coefficient, cP, is the dimensionless pressure in-
crease.

 (18.25)

The pressure and loss coefficients are related by

 (18.26)

1 If an initially uniform flow enters a duct, the boundary layer begins to thicken, just as on a flat 
plate.Eventually, it meets itself at the centerline.After that, the velocity profile no longer depends 
on the distance down the duct, but only on the radius from the centerline. Thus it is called fully-
developed.
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The equation of the loss coefficient curve is

 (18.27)

Table 18.2 gives the constants for Eq. (18.27).

Pipe, Tubing, and Ducting The loss coefficient of duct, pipe, and tubing is

 (18.28)

where f is the friction factor. The friction factor depends upon whether the flow is 
laminar or turbulent and how rough the surface of the duct is.

The roughness is measured by the relative roughness, e/d, (or d/e as in Chap. 17) 
where e is the mean height of the bumps and d is the pipe’s inside diameter. The 
roughness of commercial steel pipe is about 0.046 mm. Three-inch, schedule 40 
pipe has an actual inside diameter of 3.068 in. or 77.95 mm. The relative roughness 
of this pipe would then be 0.00059. When the flow is turbulent, the loss coeffi-
cient increases with the relative roughness. However, when the flow is laminar, the 
roughness plays no role in the friction factor.

Figure 18.8 shows how the friction factor depends on e/d and the Reynolds num-
ber.2 Laminar flow ends at Rd ≈ 2300 and a transition region begins; the flow is fully 
turbulent by Rd ≈ 4000. Note that in much of the turbulent region the friction factor 
is nearly independent of Rd, except for very smooth surfaces, whereas in the lami-
nar region it varies inversely with Rd. Note the similarity in this respect between 
internal pipe flow and flow over a flat plate (Chap. 17). There are no reliable friction 
factors in the transition region.

In the case of a noncircular duct use the hydraulic diameter, dh, defined as

 (18.29)

where AF is the cross-sectional flow area, and PW is the wetted perimeter of the duct. 
This approximation gives “reasonable accuracy,” according to White (1986), who 
recommends the use of 2dh/3 for “extreme accuracy.”

The friction factor in Fig. 18.8 is given by

2 This is a simplified Moody Chart, named after L.F. Moody, who published a more elaborate 
chart in 1944.
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Table 18.2  Diffuser constants
a0 a1 a2

1.359836 − 1.926919 0.605670
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(18.30)

The first result, due to Prandtl, may be found in many textbooks, for example, White 
(1986). The second equation was given by Haaland (1983).

18.5 System Characteristic

Consider the ventilation system diagrammed in Fig. 18.9. Let us suppose that we 
have estimated the pressure distribution around the car. We would now like to de-
velop a composite loss coefficient for the system and use it to find the flow under 
the cruise condition and to size the fan so that we get at least the required minimum 
flow when the car is stopped.

1.11

2

64 , 2300

0.3086 , 4000

6.9log
3.7

 ≤



≥=    
     +         

d
d

d

d

R
R

Rf e
d

R

Fig. 18.8  Friction factor

 



38518.5 System Characteristic  

The system has an inlet, a cockpit branch, and a battery branch, and then the 
ducts join and connect to the fan. The fan discharges through a diffuser to the ex-
ternal flow. Also shown are heat inputs to the cockpit from the sun (qs, arrow) and 
from the driver and the instruments (qI, rayed circle).

We will ignore the fan for now and discuss only the system external to it. Note 
that some of the components are in series with the flow so that the pressure drops to 
an additional amount as each component is traversed by the air. So the rule for se-
ries components is to add the pressure (or head) loss for each. The flow is the same 
through each series component, although the velocity may vary because of flow 
area changes. We can use Eq. (C.16) to convert the velocity to the volumetric flow. 
This can then be factored from the sum. For example, suppose the flow area of duct 
length l2,3 is A3 and the discharge area of the rounded inlet is A2.

 (18.31)

The lower case k represents a pressure loss coefficient, rather than a head loss coef-
ficient, referenced to the entering flow.

But how about the parallel cockpit and battery branches? Proceeding in a fashion 
similar to the analysis of the divided flow around the car, we can develop an equiva-
lent flow resistance, kE3 10,  to represent the pressure loss of those two paths together.

 (18.32)

Substituting this into Eq. (18.7) gives

 (18.33)
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Fig. 18.9  A ventilation system
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Where kE3 10,  is the equivalent loss coefficient of the parallel branches and kU3 10,
 and 

kL3 10,  are the series loss coefficients of the upper and lower branches, respectively. 
Now, the equivalent loss coefficient can be summed with the series loss coefficients 
for the components between stations 1 and 3 and stations 7 and 12.

 (18.34)

The pressure loss for the system is

 (18.35)

This equation is plotted as the “system characteristic” in Fig. 18.10.

18.6 Fan

The purpose of the fan is to add energy to the air flow to offset the head losses. 
This head gain is a function of the flow rate and the rotational speed of the fan. 
We will consider herein a single-speed fan because this represents the usual case. 
Figure 18.10 shows a fan head-flow characteristic. The filled circles indicate that 
this curve must be obtained from the data furnished by the manufacturer. Note that 
the head produced is a function of the flow rate.
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Fig. 18.10  Fan and system characteristic
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The intersection of the fan and system characteristics determines the flow through 
the system. This point usually must be calculated by trial-and-error, although it may 
be easily read from a graph (to within the scale) like Fig. 18.10.

18.7 Heating

Design Heat Load The rate of solar heating of the cockpit, plus the contribution 
of the instruments and the driver’s body, is the load that must be used to design the 
cockpit’s ventilation system. The radiation entering the cockpit causes negligible 
direct heating of the air through which it passes. However, surfaces in the cockpit 
absorb some of the radiation. This energy input tends to cause the temperatures of 
the absorbing surfaces to rise, thereby heating the air in contact with them. If the 
air flow through the cockpit cannot remove this energy at the rate it is absorbed, the 
temperatures in the cockpit will increase. Chap. 7 mentions that an air temperature 
of 120°F was measured in a solar racer cockpit when the racer was in slowly-mov-
ing traffic on a hot day in summer.

Battery The heat given off by the battery can be estimated with the knowledge of 
the battery’s efficiency. For instance, suppose at the ventilation design condition, 
the battery was discharging at 120 V and 10 A, that is, at 1200 W. Then, if the dis-
charge efficiency was 80 %, 240 W would have been dissipated in the process. The 
battery box air temperature is estimated by assuming that the walls of the box are 
essentially insulators and therefore all of the battery heat must be carried off by the 
air.

Solar Gain The fraction of the solar energy incident on the cockpit’s glazing and 
absorbed in the cockpit surfaces is

 (18.36)

(Duffie and Beckman 1991). Where cτ  is the transmittance of the glazing for the 
incident solar radiation, dτ  is the transmittance for isotropic diffuse solar radiation 
(calculate as for beam but with an effective angle of incidence of 60°), Aa is the 
area of the cockpit’s glazing, Ai is the area of the surfaces inside of the cockpit (not 
including the glazing), and αi is the mean absorbance for diffuse radiation of these 
inner surfaces.

Siegel (1973) presents a more elaborate model.

Instruments The heat dissipation of each instrument or cockpit light is equal to its 
operating power. For example, if an instrument requires 12 V at 1 mA, then it dis-
sipates 12 mW of heat.
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Temperature We will assume that the ventilation and heat flows are steady and that 
the air temperature is uniform across the inlet and outlet of the cockpit. Accounting 
for all energy flows gives Toutlet, the cockpit outlet temperature, as

 (18.37)

Where the symbol Q denotes the heat inputs previously discussed, m is the mass 
flow rate, cP now represents the specific heat at constant pressure of the entering air. 
This is a conservative calculation because it assumes that all the absorbed radiation 
will be transferred to the ventilation air.

18.8 Relative Humidity

The design environmental conditions should include a relative humidity and an air 
temperature. These should be assigned to the incoming ventilation air.
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Chapter 19
Performance Simulation

19.1 Purpose

This chapter suggests a method by which the performance of a solar–electric car 
over a route may be simulated. The motivation for writing such a simulation is to 
study the battery energy consumed as a function of the speed, the road course, or 
the parameters of the car.

19.2 Simulation Methods

A practical method of achieving a realistic solar car simulation is to move the car 
over short intervals of time during which the quantities entering in to the accelera-
tion may be assumed approximately constant. The intervals may be as short as a 
second. A short time step is required to simulate speed changes without excessive 
error. This is the “little tap” method discussed in several places in this book.

The simulation should be written for the cruise condition, at least. This will 
capture the forces that make the largest contributions to the energy consumption of 
the car. One technique is to specify the speed over different segments of the route. 
The tractive force needed to achieve the specified speed may then be computed. 
From this information and from models of the solar array, motor and controller, 
and the battery, the net battery energy consumed may be estimated. Alternatively, a 
specified motor torque may be supplied and the resulting speed computed. Torque 
specification gives direct control of the energy consumption per unit distance. 
Specifying the speed is nearer the usual actual method of operation, so this will be 
discussed herein.

The simulation will consist of six parts: a means of entering information, a model 
of the car, information about the road course, information about the solar radiation 
and weather along the course, instructions for logically connecting the previous 
three parts as a function of time, and a means of communicating the results.

© Springer International Publishing Switzerland 2015
E. F. Thacher, A Solar Car Primer, DOI 10.1007/978-3-319-17494-5_19



19 Performance Simulation390

19.3 Entering Information-Reporting Results

Spreadsheet Building the simulation with a spreadsheet program makes data entry 
convenient. Several sheets constitute a “notebook” that may be given a unique 
name. Each sheet may also be given a unique name. These features help to organize 
the calculation. The data may be entered directly into a sheet designated and orga-
nized to receive it. Some programs provide dialog boxes that may be used to prompt 
for and accept entries. These are handy for making sure that all data is entered and 
entered correctly. Data files created elsewhere, suitably formatted, may be imported 
into the sheet. Data on that sheet may be accessed from any other sheet. Formatting 
features allow the appearance of each sheet in the notebook to be modified to suit 
the needs of the calculation.

Results are always available in tabular form. However, flexible plotting abilities 
allow the user to graph the simulation results in almost any form desired.

Languages Programming environments of great power have been developed for 
time-based simulations. These environments do not provide the same ready-made 
data entry convenience as the spreadsheet. But they provide libraries of functions 
that may be used to create a convenient interface with the user. Their strengths 
lie in their calculation engines, specialized for forward-time-marching analysis, in 
the relative ease with which a simulation can be constructed, and in their function 
libraries. The user may write functions to perform calculations not available in these 
libraries.

Plotting capabilities are extensive. And many language commands are available 
to customize the appearance of the plots. In addition, printed output may be format-
ted and controlled in various ways.

19.4 Car

The model of the car will have parts that account for the car’s interactions with the 
road and the atmosphere, for the motor and controller, for the battery, and for the 
solar array.

Interactions The interactions with the road and the atmosphere were summarized 
in Eq. (19.1)

 (19.1)

The design route should be divided into segments on each of which the speed, 
course angle, grade, and certain other information has been specified. A new seg-
ment begins whenever one of these characteristics changes. The section on road 
data contains an example.

From the discussions in Chap. 2 and 13, we know that the tractive effort repre-
sents the energy required at the driving wheel per unit distance traveled. A handy 

.e XT M a D R W sinα= + + +
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unit for this quantity is kilowatt-hours per kilometer (kW·h/km) because battery 
energy is customarily expressed in kW·h. So the energy consumed (kW·h) at the 
wheels while traversing a distance S (km) at constant speed is

The “wheel energy” is of interest because it is a measure of the efficiency of the 
design. Keep a running total like this:

 (19.2)

Where PW and EW are the power (kW) and energy (kW·h) required at the driven 
wheel.

Note that if the segment is downhill, the grade angle α will be negative. If the 
magnitudes of the drag and rolling resistance terms in (19.1) are equal or less than 
the magnitude of the gravity term, the tractive force, that is the energy consumed per 
unit distance, will be zero or negative. If zero, gravity supplies the required tractive 
force and no battery or solar energy is consumed for propulsion. If less than zero, 
gravity not only maintains the steady motion, but regeneration converts gravita-
tional potential energy into electrical energy that is stored in the battery.

Motor The power the motor must supply to the drive shaft is

 (19.3)

Where ηG is the efficiency of the transmission. The power demanded from the main 
bus will then be

 (19.4)

Where ηD is the drive (motor plus controller) efficiency and VB is the main bus volt-
age.

Chapter 5 explains that the efficiency of the motor will depend upon its rotational 
speed and torque. The rotational speed (rpm) of the motor is related to the speed of 
the car by

 (19.5)

Where nG is the ratio of the rotational speed of the motor to that of the wheel (the 
reduction ratio of the transmission). The flattening of the wheel at the contact patch 
has been neglected. The shaft torque, τS (N·m), required of the motor (or supplied to 
the motor, in the case of regeneration) is
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 (19.6)

The efficiency may be found by entering the motor efficiency characteristics (sup-
plied by the motor manufacturer) with the torque and speed. These characteristics 
should be tabulated for convenience in interpolation. Or, interpolating functions, 
written in terms of torque and rotational speed, may be developed from samples 
taken from the original curves.

Loads Chapter 6 points out that some of the electrical loads, such as the turn sig-
nals, will be switched on intermittently, and others, such as the battery fan, will be 
switched on continuously. It is possible, especially when the simulation is built in 
a programming environment, to simulate each of these loads. But the added preci-
sion is probably not worth the extra effort. An alternative would be to represent the 
average load by a suitably-chosen resistor connected in parallel with the battery bus.

Battery Equation (19.4) gives the motor current once the bus voltage is known. 
Chapter 4 explains that the bus voltage is determined by the battery’s charge, Q, and 
shows how the voltage is related to the charge through an equivalent resistance, RS. 
Chapter 13 shows RS as a function of Q for a particular battery (Fig. 13.3). If this 
information is available it is a simple and effective way to model the effect of charge 
on the bus voltage. Other, more complicated, methods exist.1 The charge, Q, must 
be found by keeping a running tab (IB denotes the magnitude of the battery current).

 (19.7)

The usual convention is that IB is positive when charging the battery and negative 
when discharging it. Note that (19.7) does not account for charge loss during charg-
ing or discharging: the Coulomb efficiency is taken to be 100 %.

On discharge, the energy change in one time step equals that delivered by the 
battery plus that consumed in the equivalent internal resistance, RS. The running tab 
for the energy in the battery is

 (19.8)

Array The solar array supplies current to the main bus through maximum power 
point trackers. Let us suppose the array is flat, so that the angle of incidence of each 
sub-array is the same. Faceted arrays are more complicated to model (and are not 
as efficient)2. And let us also suppose that each sub-array has the same number of 

1 See model and references in Craparo and Thacher (1995).
2 VM ≈ constant and A S A0 S0I G I / G≈ , where GS0 is a reference irradiance. Then 
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cells in series and that the temperatures of corresponding cells in different strings 
are equal. The array power (kW) would be

 (19.9)

Where GT (W/m2) is the total solar irradiance normal to the array’s surface, AA 
the total area included in the array (cells plus unused space), ηA is the array effi-
ciency (including the area efficiency), and ηMT is the maximum power point tracker 
efficiency. The area efficiency is the ratio of the total cell and total array areas. The 
array efficiency is the product of the area efficiency and the cell efficiency.

The efficiency, ηA, should be that at the maximum power point. It may be 
estimated from the I–V curves furnished by the cell manufacturer. These curves 
should show the current as a function of voltage at different irradiances normal to 
the array and at the standard cell temperature of 25 °C. The efficiency at the maxi-
mum power point is approximately independent of irradiation. These efficiencies 
should be slightly reduced using the methods of Chap. 3 to allow for the thin glaz-
ings applied during construction. Chapter 3 showed that the array will be hot when 
in operation, often well above the cell rating temperature of 25 °C. This will reduce 
the maximum power point efficiency. Duffie and Beckman (1991) point out that 
the change in VM with temperature is approximately the same as the change in the 
open circuit voltage with temperature. The temperature dependence of VOC may be 
derivable from the cell manufacturer’s data. Some manufacturers supply I–V curves 
at different cell temperatures at a particular irradiance. Hu and White (1983) give 
− 2.0 mV/K for silicon-based solar cells and state that this value agrees well with 
measured temperature sensitivities. Call this value sT. Duffie and Beckman (1991) 
establish ηA as a linear function of temperature

 (19.10)

Where ηA0 and T0 are the reference maximum efficiency and its corresponding 
temperature (25 °C would be convenient), sTM is the sensitivity of the efficiency 
to temperature, and T denotes the average temperature of the array3. These authors 
give sTM as

 (19.11)

Chapter 5 discussed the three modes of operation of the power system: battery 
charge, battery float, and battery discharge. The logic of the model must account for 
these scenarios and calculate the bus voltage and currents properly. For example, 

3 A better simulation would be obtained by breaking the array into “thermal pieces” and estimat-
ing the temperature of each piece, then combining them. This is a much more complicated task, 
however.
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if the motor current calculated for the current time step exceeds the available array 
current, the logic must force the battery to discharge and reduce the main bus volt-
age and stored charge accordingly.

Speed Changes The discussion of Fig. 2.16 of Chap. 2 explained two methods of 
changing speed. In the first, the tractive force at the new steady speed was computed 
and held until the new speed was reached. This, as the figure showed, could take 
a relatively long time. The second method was to multiply the new tractive force 
by some factor greater than one, and then to reduce the tractive force to the steady 
speed value as the new speed was approached.

19.5 Predicting Solar Radiation

Chapters 3 and 13 presented methods for predicting the total solar irradiance and 
its beam and diffuse components during an hour. This chapter will present the list 
of weather stations used in the National Weather Services (NWS) daily total irradi-
ance predictions (mentioned in Chap. 13) followed by a means for estimating the 
total beam and diffuse components of the solar irradiance over intervals less than 
an hour.

NWS Daily Total Table 19.1 gives the weather reporting stations used by the 
National Weather Service.4 The locations of the stations may be used to interpolate 
in the charts shown in Chap. 13 for other locations. These values may be broken 
into hourly total beam and diffuse components using the techniques of Chap. 3. The 
WBAN station designator is an acronym for “Weather-Bureau-Army-Navy,” “Lat,” 
“Lon,” and “Hte” are abbreviations for “Latitude,” “Longitude,” and “Height” 
(above mean sea level). Finally, “TZ” is the difference in hours between Greenwich 
(England) Mean Time and the time zone of the station.

Approximating G(t) From Hourly Data Solar radiation values approximating G(t), 
the instantaneous solar irradiation on a horizontal surface, and its beam and diffuse 
components must be supplied to the simulation. Only hourly total global radiation 
data are generally widely available, so these will be used.

Figure 19.1 shows a synthetic G(t) (solid line) for a day beginning at 6 a.m. and 
ending at 6 p.m., hour 18. The values of G at dawn and sunset have been set to zero, 
thus neglecting the pre-dawn glow and evening twilight. The jagged parts of G(t) 
represent cloud cover. This figure will be used to illustrate techniques for estimat-
ing G(t).

The I(n) values derived from this G(t) for each hour are plotted as “data” points 
in Fig. 19.2 (filled squares). Also plotted in this figure is the accumulated solar 
energy at the end of each hour of daylight, E(t(n)) (kJ/m2, solid line).

 (19.12)

4 Check with the NWS for changes to this  and for international weather station locations and data.
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Station Name State WBAN Lat Lon Hte TZ
ABE Allentown PA 14,737 40.65 75.43 385 − 5
ABI Abilene TX 13,962 32.42 99.68 1790 − 6
ABQ Albuquerque NM 23,050 35.05 106.62 5314 − 7
ABR Aberdeen SD 14,929 45.45 98.43 1300 − 6
ACT Waco TX 13,959 31.62 97.22 508 − 6
ACY Atlantic 

City
NJ 93,730 39.45 74.57 67 − 5

AGS Augusta GA   3820 33.37 81.97 148 − 5
AHN Athens GA 13,873 33.95 83.32 803 − 5
ALB Albany NY 14,735 42.75 73.80 292 − 5
ALO Waterloo IA 94,910 42.55 92.40 878 − 6
AMA Amarillo TX 23,047 35.23 101.70 3604 − 6
Y62 Sault Ste 

Marie
MI 14,847 46.48 84.36 721 − 5

APN Alpena MI 94,849 45.07 83.57 693 − 5
AST Astoria OR 94,224 46.15 123.88 22 − 8
ATL Atlanta GA 13,874 33.65 84.43 1034 − 5
AUS Austin TX 13,958 30.30 97.70 621 − 6
AVL Asheville NC   3812 35.43 82.55 2170 − 5
AVP Scranton PA 14,777 41.33 75.73 948 − 5
BDL Hartford CT 14,740 41.93 72.68 179 − 5
BDR Bridgeport CT 94,702 41.17 73.13 17 − 5
BFD Bradford PA   4751 41.80 78.63 2150 − 5
BFF Scottsbluff NE 24,028 41.87 103.60 3958 − 7
BFL Bakersfield CA 23,155 35.42 119.05 492 − 8
BGM Binghamton NY   4725 42.22 75.98 1629 − 5
BGR Bangor ME 14,606 44.80 68.82 192 − 5
BHM Birmingham AL 13,876 33.57 86.75 630 − 6
BIL Billings MT 24,033 45.80 108.53 3570 − 7
BIS Bismarck ND 24,011 46.77 100.75 1660 − 6
BKW Beckley WV   3872 37.78 81.12 2514 − 5
BNA Nashville TN 13,897 36.12 86.68 605 − 6
BNO Burns OR 24,134 43.58 118.95 4170 − 8
BOI Boise ID 24,131 43.57 116.22 2868 − 7
BOS Boston MA 14,739 42.37 71.03 29 − 5
BRL Burlington IA 14,931 40.78 91.12 702 − 6
BRO Brownsville TX 12,919 25.90 97.43 20 − 6
BTR Baton 

Rouge
LA 13,970 30.53 91.15 76 − 6

BTV Burlington VT 14,742 44.47 73.15 340 − 5
BUF Buffalo NY 14,733 42.93 78.73 706 − 5
be Boothville LA 12,884 29.33 89.40 12 − 6
BWI Baltimore MD 93,721 39.18 76.67 155 − 5
CAE Columbia SC 13,883 33.95 81.12 225 − 5

Table 19.1  National weather service reporting stations. (Courtesy National Weather Service)
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Station Name State WBAN Lat Lon Hte TZ
CAK Akron 

Canton
OH 14,895 40.92 81.43 1236 − 5

CAR Caribou ME 14,607 46.87 68.02 628 − 5
CDC Cedar City UT 93,129 37.70 113.10 5618 − 7
CHA Chattanooga TN 13,882 35.03 85.20 688 − 5
CHS Charleston SC 13,880 32.90 80.03 48 − 5
CLE Cleveland OH 14,820 41.40 81.85 805 − 5
CLT Charlotte NC 13,881 35.21 80.95 769 − 5
CMH Columbus OH 14,821 40.00 82.88 833 − 5
CNK Concordia KS 13,984 39.55 97.65 1484 − 6
CON Concord NH 14,745 43.20 71.50 346 − 5
COS Colo. 

Springs
CO 93,037 38.82 104.72 6170 − 7

COU Columbia MO   3945 38.82 92.22 898 − 6
CPR Casper WY 24,089 42.92 106.47 5290 − 7
CRP Corpus 

Christi
TX 12,924 27.77 97.50 44 − 6

CRW Charleston WV 13,866 38.37 81.60 982 − 5
CVG Covington KY 93,814 39.05 84.67 877 − 5
CVS Cannon Afb NM 22,008 34.38 103.32 4295 − 7
CXY Harrisburg PA 14,751 40.22 76.85 351 − 5
CYS Cheyenne WY 24,018 41.15 104.82 6141 − 7
DAB Daytona 

Beach
FL 12,834 29.18 81.05 41 − 5

DAG Daggett CA 23,161 34.87 116.78 1929 − 8
DAY Dayton OH 93,815 39.90 84.20 1003 − 5
DBQ Dubuque IA 94,908 42.40 90.70 1080 − 6
DCA Washington DC 13,743 38.85 77.03 65 − 5
DDC Dodge City KS 13,985 37.77 99.97 2592 − 6
DEN Denver Intl CO   3017 39.87 104.67 5382 − 7
DFW Dallas-Ft.

Worth
TX   3927 32.90 97.03 596 − 6

DLH Duluth MN 14,913 46.83 92.18 1417 − 6
DRT Del Rio TX 22,010 29.37 100.92 1027 − 6
DSM Des Moines IA 14,933 41.53 93.65 963 − 6
DTW Detroit MI 94,847 42.23 83.33 664 − 5
EAU Eau Claire WI 14,991 44.87 91.48 895 − 6
EKN Elkins WV 13,729 38.88 79.85 1997 − 5
EKO Elko NV 24,121 40.83 115.78 5077 − 8
ELP El Paso TX 23,044 31.80 106.40 3916 − 7
ELY Ely NV 23,154 39.28 114.85 6262 − 8
ERI Erie PA 14,860 42.08 80.18 737 − 5
EUG Eugene OR 24,221 44.12 123.22 373 − 8
EVV Evansville IN 93,817 38.05 87.53 388 − 6
EWR Newark NJ 14,734 40.70 74.17 30 − 5

Table 19.1 (continued) 
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Station Name State WBAN Lat Lon Hte TZ
EYW Key West FL 12,836 24.55 81.75 21 − 5
FAR Fargo ND 14,914 46.90 96.80 899 − 6
FAT Fresno CA 93,193 36.77 119.72 327 − 8
FCA Kalispell MT 24,146 48.30 114.27 2973 − 7
FLG Flagstaff AZ   3103 35.13 111.67 7018 − 7
FMN Farmington NM 23,090 36.75 108.23 5502 − 7
FMY Fort Myers FL 12,835 26.58 81.86 18 − 5
FNT Flint MI 14,826 42.97 83.73 766 − 5
FSD Sioux Falls SD 14,944 43.57 96.73 1427 − 6
FSM Fort Smith AR 13,964 35.33 94.37 463 − 6
FWA Fort Wayne IN 14,827 41.00 85.20 828 − 5
GEG Spokane WA 24,157 47.63 117.53 2365 − 8
GGW Glasgow MT 94,008 48.22 106.62 2298 − 7
GJT Grand 

Junction
CO 23,066 39.12 108.53 4839 − 7

GLD Goodland KS 23,065 39.37 101.70 3688 − 7
GRB Green Bay WI 14,898 44.48 88.13 702 − 6
GRI Grand 

Island
NE 14,935 40.97 98.32 1856 − 6

GRR Grand 
Rapids

MI 94,860 42.88 85.52 803 − 5

GSO Greensboro NC 13,723 36.08 79.95 886 − 5
GSP Greenville-

Spart.
SC   3870 34.90 82.22 971 − 5

GTF Great Falls MT 24,143 47.48 111.37 3657 − 7
HLN Helena MT 24,144 46.60 112.00 3898 − 7
HON Huron SD 14,936 44.38 98.22 1289 − 6
HSE Hatteras NC     0 35.23 75.62 11 − 5
HSV Huntsville AL   3856 34.65 86.77 644 − 6
HTL Houghton 

Lake
MI 94,814 44.37 84.68 1160 − 5

HTS Huntington WV   3860 38.37 82.55 838 − 5
HVR Havre MT 94,012 48.55 109.77 2599 − 7
IAD Wash-Dulles VA 93,738 38.95 77.45 323 − 5
IAH Houston TX 12,960 29.97 95.35 108 − 6
ICT Wichita KS   3928 37.65 97.42 1340 − 6
ILG Wilmington DE 13,781 39.67 75.60 80 − 5
ILM Wilmington NC 13,748 34.27 77.92 38 − 5
IND Indianapolis IN 93,819 39.73 86.28 808 − 5
INL Interna-

tional Falls
MN 14,918 48.57 93.38 1183 − 6

INW Winslow AZ 23,194 35.02 110.73 4883 − 7
IPT Williamsport PA 14,778 41.25 76.92 525 − 5
ISN Williston ND 94,014 48.18 103.63 1905 − 6
JAN Jackson MS   3940 32.32 90.08 331 − 6

Table 19.1 (continued) 
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Station Name State WBAN Lat Lon Hte TZ
JAX Jacksonville FL 13,889 30.50 81.70 31 − 5
JFK New York-

Kennedy
NY 94,789 40.65 73.78 22 − 5

LAN Lansing MI 14,836 42.78 84.60 874 − 5
LAS Las Vegas NV 23,169 36.08 115.17 2180 − 8
LAX Los Angeles CA 23,174 33.93 118.40 104 − 8
LBB Lubbock TX 23,042 33.65 101.82 3241 − 6
LBF North Platte NE 24,023 41.13 100.68 2787 − 6
LCH Lake 

Charles
LA   3937 30.12 93.22 32 − 6

LEX Lexington KY 93,820 38.03 84.60 989 − 5
LFK Lufkin TX 93,987 31.23 94.75 316 − 6
LGA New York-

Laguardia
NY 14,732 40.77 73.90 31 − 5

LGB Long Beach CA 23,129 33.82 118.15 40 − 8
LIT Little Rock AR 13,963 34.73 92.23 257 − 6
LND Lander WY 24,021 42.82 108.73 5558 − 7
LOL Lovelock NV 24,172 40.07 118.55 3904 − 8
LSE La Crosse WI 14,920 43.87 91.25 663 − 6
LYH Lynchburg VA 13,733 37.33 79.20 937 − 5
MAF Midland TX 23,023 31.95 102.18 2862 − 6
MCI Kansas City MO   3947 39.32 94.72 1025 − 6
MCN Macon GA   3813 32.70 83.65 362 − 5
MCO Orlando Intl FL 12,815 28.43 81.32 105 − 5
MCW Mason City IA 14,940 43.15 93.33 1225 − 6
MDW Chicago-

Midway
IL 14,819 41.78 87.75 623 − 6

MEI Meridian MS 13,865 32.33 88.75 310 − 6
MEM Memphis TN 13,893 35.05 90.00 284 − 6
MFR Medford OR 24,225 42.37 122.87 1329 − 8
MGM Montgomery AL 13,895 32.30 86.40 202 − 6
MIA Miami FL 12,839 25.82 80.28 12 − 5
MKE Milwaukee WI 14,839 42.95 87.90 693 − 6
MKG Muskegon MI 14,840 43.17 86.23 633 − 5
MLI Moline IL 14,923 41.45 90.52 594 − 6
MOB Mobile AL 13,894 30.68 88.25 221 − 6
MOT Minot ND 24,013 48.27 101.28 1714 − 6
MSN Madison WI 14,837 43.13 89.33 866 − 6
MSO Missoula MT 24,153 46.92 114.08 3189 − 7
MSP Minneapolis MN 14,922 44.88 93.22 838 − 6
MSS Massena NY 94,725 44.93 74.85 214 − 5
MSY New 

Orleans
LA 12,916 29.98 90.25 30 − 6

OAK Oakland CA 23,230 37.73 122.20 7 − 8

Table 19.1 (continued) 
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Station Name State WBAN Lat Lon Hte TZ
OKC Oklahoma 

Cty
OK 13,967 35.40 97.60 1304 − 6

OLM Olympia WA 24,227 46.97 122.90 200 − 8
OMA Omaha NE 14,942 41.30 95.90 982 − 6
ORD Chicago-

O’hare
IL 94,846 41.98 87.90 674 − 6

ORF Norfolk VA 13,737 36.90 76.20 30 − 5
OTH North Bend OR 24,284 43.42 124.25 17 − 8
PBI W Palm 

Beach
FL 12,844 26.68 80.12 21 − 5

PDT Pendleton OR 24,155 45.68 118.85 1495 − 8
PDX Portland OR 24,229 45.60 122.60 39 − 8
PHL Philadelphia PA 13,739 39.88 75.25 28 − 5
PHX Phoenix AZ 23,183 33.43 112.02 1107 − 7
PIA Peoria IL 14,842 40.67 89.68 662 − 6
PIH Pocatello ID 24,156 42.92 112.60 4478 − 7
PIR Pierre SD 24,025 44.38 100.28 1726 − 6
PIT Pittsburgh PA 94,823 40.50 80.22 1225 − 5
PNS Pensacola FL 13,899 30.47 87.20 118 − 6
PUB Pueblo CO 93,058 38.28 104.52 4720 − 7
PVD Providence RI 14,765 41.73 71.43 62 − 5
PWM Portland ME 14,764 43.65 70.32 63 − 5
RAP Rapid City SD 24,090 44.05 103.07 3168 − 7
RBL Red Bluff CA 24,216 40.15 122.25 353 − 8
RDM Redmond OR 24,230 44.27 121.15 3084 − 8
RDU Raleigh-

Durham
NC 13,722 35.87 78.78 441 − 5

RFD Rockford IL 94,822 42.20 89.10 734 − 6
RIC Richmond VA 13,740 37.50 77.33 177 − 5
RKS Rock 

Springs
WY 24,027 41.60 109.07 6745 − 7

RNO Reno NV 23,185 39.50 119.78 4400 − 8
ROA Roanoke VA 13,741 37.32 79.97 1176 − 5
ROC Rochester NY 14,768 43.12 77.67 555 − 5
RSL Russell KS 93,997 38.87 98.82 1869 − 6
RST Rochester MN 14,925 43.92 92.50 1320 − 6
SAC Sacramento CA 23,232 38.52 121.50 25 − 8
SAN San Diego CA 23,188 32.73 117.17 28 − 8
SAT San Antonio TX 12,921 29.53 98.47 794 − 6
SAV Savannah GA   3822 32.13 81.20 51 − 5
SBN South Bend IN 14,848 41.70 86.32 773 − 5
SBP San Luis 

Obispo
CA 93,206 35.23 120.63 207 − 8

SCK Stockton CA 23,237 37.90 121.25 27 − 8
SDF Louisville KY 93,821 38.18 85.73 488 − 5

Table 19.1 (continued) 
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The real E(t) would be a continuous function, but the lines joining the Ej values 
are straight and change slope abruptly at each hour. Thus they describe a “faceted” 
approximation to E(t). Note the changes in the slope caused by the clouds.

The slope of E(t) at any time is G(t), the function sought. The slope of E(t) can 
be computed by numerical approximation. Equation (19.12) is the simplest form of 
this approximation. Taking the time interval as 3600 s and I(n) in J/m2, it gives the 
average slope for the hour in W/m2.

Station Name State WBAN Lat Lon Hte TZ
SEA Seattle-

Tacoma
WA 24,233 47.45 122.30 450 − 8

SFO San 
Francisco

CA 23,234 37.62 122.38 18 − 8

SGF Springfield MO 13,995 37.23 93.38 1270 − 6
SHR Sheridan WY 24,029 44.77 106.97 3968 − 7
SHV Shreveport LA 13,957 32.47 93.82 259 − 6
SJT San Angelo TX 23,034 31.37 100.50 1908 − 6
SLC Salt Lake 

City
UT 24,127 40.77 111.97 4227 − 7

SLE Salem OR 24,232 44.92 123.00 201 − 8
SPI Springfield IL 93,822 39.83 89.67 613 − 6
SPS Wtchita 

Falls
TX 13,966 33.97 98.48 1030 − 6

STL St. Louis MO 13,994 38.75 90.38 564 − 6
SUX Sioux City IA 14,943 42.40 96.38 1103 − 6
SYR Syracuse NY 14,771 43.12 76.12 407 − 5
TCS Truth Or 

Consq
NM 93,045 33.23 107.27 4858 − 7

TLH Tallahassee FL 93,805 30.38 84.37 68 − 5
TOL Toledo OH 94,830 41.60 83.80 692 − 5
TOP Topeka KS 13,996 39.07 95.63 885 − 6
TPA Tampa FL 12,842 27.97 82.53 11 − 5
TPH Tonopah NV 23,153 38.07 117.08 5434 − 8
TRI Bristol TN 13,877 36.48 82.40 1525 − 5
TUL Tulsa OK 13,968 36.20 95.90 676 − 6
TUS Tucson AZ 23,160 32.12 110.93 2555 − 7
TVC Traverse 

City
MI 14,850 44.74 85.57 630 − 5

TYS Knoxville TN 13,891 35.82 83.98 980 − 5
UIL Quillayute WA 94,240 47.95 124.55 205 − 8
VCT Victoria TX 12,912 28.85 96.92 117 − 6
WMC Winnemuca NV 24,128 40.90 117.80 4314 − 8
YKM Yakima WA 24,243 46.57 120.53 1066 − 8
YNG Youngstown OH 14,852 41.27 80.67 1186 − 5
YUM Yuma AZ 23,195 32.67 114.60 206 − 7

Table 19.1 (continued) 
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 (19.13)

This average is the same for each moment in the hour and is shown superimposed 
on the synthetic G(t) in Fig. 19.1. During each hour, E(t) may be estimated from

 (19.14)

To find GB and GD on a horizontal surface, first find ID from I as in Example 3.5 and 
then apply the preceding method to give GD. GB is equal to the difference between 
G and GD. Figure 19.3 shows GB and GD for the Massena, NY, on June 11 derived 
using this method and the cumulative hourly solar energy values of Fig. 19.2.

Discussion Some improvement over the simple approximation may be obtained by 
using an approximation to G(t) at each hour:

 (19.15)

G(n) may be transformed into GD
(n) by defining an instantaneous diffuse fraction 

fGD
(n) such that
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 (19.16)

Where

 (19.17)

GB
(n) can be found by subtraction, as before. An interpolating polynomial can then 

be fitted through the sets of G(n), GB
(n) and GD

(n) to find values at intermediate times. 
The results of this method using a straight line interpolating polynomial are also 
shown superimposed on the original G(t) in Fig. 19.1. Notice the smoothing of the 
sharp points of G(t). However, the approximation is better than using the average, 
G , during the periods of clear sky. Figure 19.1 also suggests that the average values 
could be assigned to the midpoint of each hour during clear periods, at least. This 
procedure could double the number of estimated values available for interpolation 
and improve the approximation at the peaks at 9 a.m. and noon.

19.6 Road Data

Road data is created by first decomposing the route into segments and assigning 
certain properties to each segment. These are: distance traveled to the start of the 
segment (km), grade (percent, positive for climb, negative for descent), direction 
of travel (degrees true), road tilt angle (degrees), road surface (represented by the 
static rolling resistance coefficient), ground reflectivity, event code, and event du-
ration (minutes). A new segment begins whenever one or more of these properties 
changes.

Figure 19.4 shows a 40 km road course. Table 19.2 shows how the course’s seg-
ments could be entered road data file. Observe from the segments beginning at 30 
and 35 km that a stop, because it is a change, should be entered at the beginning of 
a new segment. Other properties that must be changed are given their new values. 
Then when the stop time expires, the car will be moved into the new segment and 
use these new values.

The final entry in Table 19.2 is 41 km, not 40 km. The road data file must always 
end with an extra distance entry for the “Driver” (next section) to read. Otherwise 
an error will result. The extra, dummy, entry will play no role because the car will 
already be stopped.

 (19.18)

Battery charging with sun tracking and stops for some specified interval may be 
initiated with event codes. These are segment properties, too. Table 19.3 shows 
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possible codes and their meanings. In the road data file, event code 1 should have 
an accompanying time interval during which the car is to be stopped.

Driver The “driver” is the logic that connects the parts of the simulation. In a 
spreadsheet-based simulation, this logic will be embedded in the various sheets. In 

Fig. 19.4  Sample road course. (Craparo and Thacher 1995)
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a modular language-based simulation, it may be a separate program unit (or units). 
Some tasks performed by the driver would be:

 1. Keeping the running sums, including the time and the total distance traveled,
 2. Reading the road data,
 3. Comparing the distance traveled to the distances in the road data file and estab-

lishing the new speed (including regeneration braking) and road properties, if 
necessary,

 4. Taking the action required by event codes,
 5. Keeping track of the sun’s position,
 6. Keeping track of the car’s latitude and longitude,
 7. Reading in solar data,
 8. Interpolating to find solar radiation at car’s position,
 9. Reading in weather data, and
10. Interpolating to find the weather data at the car’s position.

In language-based simulations, not all of these tasks are conveniently done in a 
single program unit. If they were, the unit would be large, complex, and cumber-
some to write and debug. Items 5–10 would very likely be done by separate routines, 

Table 19.2  Sample road characteristics
Distance 
(km)

Grade 
(deg)

Course 
(deg)

Speed 
(kph)

Tilt 
(deg)

Road 
surface

Ground 
refl.

Event 
code

Event 
interval (h)

0.0 0 030 88 0 0.004 0.2 0 0
4.0 5 030 40 0 0.004 0.2 0 0
5.0 0 030 72 0 0.004 0.2 0 0
7.0 − 5 030 88 0 0.004 0.2 0 0
8.0 0 030 72 0 0.100 0.2 0 0
10.0 0 030 88 0 0.004 0.2 0 0
12.0 2 150 72 0 0.004 0.2 0 0
17.0 0 150 88 0 0.004 0.7 0 0
20.0 − 2 150 88 0 0.004 0.2 0 0
25.0 0 225 40 0 0.004 0.2 0 0
30.0 0 315 40 0 0.004 0.2 1 0.0167
35.0 0 270 88 0 0.004 0.2 1 0.25
40.0 0 0 0 0 0.004 0.2 2 20:75
41.0 0 0 0 0 0 0 0 0

Table 19.3  Event codes
Event code Action
0 Continue on
1 Stop for a specified interval given in hours then resume with segment’s parameters
2 Stop. Enter solar-tracking battery charging mode until the battery is charged, a 

specified time is reached, or the simulation time expires, whichever is first
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for example, and the libraries of some program environments may have routines to 
perform some of the tasks.

Weather Data The barometric pressure (mbar), air temperature (°C), wind speed 
(km/h), and wind direction (degrees, measured from true north) should be speci-
fied. Generally, only hourly values of these parameters are available from the NWS. 
Values for more closely-spaced times must be interpolated between the hourly 
values. Table 19.4 shows a sample of weather data at 10 a.m. local time.

The data could be from a single weather station. In this case, the car must be 
operating the entire time near that station, or the weather system must be taken as 
uniform over the route.

For a more realistic simulation, hourly typical meteorological (TMY) data from 
several weather stations in and around the route should be used. The simulation 
would interpolate in space and time between the values at these stations to find the 
value at the car’s location during each time step.

References
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55(3), 221–234.
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Table 19.4  Weather parameters
Date Time Cloud 

cover 
(tenths)

Pressure 
(mbar)

Temperature 
(°C)

Wind 
speed 
(km/h)

Wind direc-
tion (dgr. 
true)

6/11 10:00 5 1013.25 25 5 180
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Chapter 20
Rolling Resistance Calculation

20.1 Purpose

This chapter provides a means for estimating the rolling resistance coefficient of a 
wheel. This information has two uses: it can assist the designer in choosing among 
candidate wheels and bearings, and it provides rolling resistance coefficients to be 
used in energy consumption analysis.

Van der Plas (1983) and Kyle (1990) relate the rolling resistance of the small-
diameter, narrow tires typically used by solar racing cars and bicycles, to the char-
acteristics of those tires. Bandyopadhyay et al. (1994) present a similar discussion 
centered on automobile tires. Cenek (1994) and Pillai (1995) are interesting in-
depth readings.

20.2 Resistance and Tire Characteristics

Casing, Tread, and Tube According to Bandyopadhyay et al. (1994), loss of energy 
through working of the tire material when it “passes through” the contact patch is 
the largest contributor to rolling resistance, causing 90–95 % energy loss. If the cas-
ing, tread, and inner tube are made of more elastic, resilient materials the energy 
loss will be less. Latex-based rubber is better than butyl rubber (Kyle 1990).

Dimensions Larger tire cross-sectional size and larger wheel diameters produce 
less deformation at the contact patch, and therefore, less rolling resistance.

Pressure and Temperature A higher tire pressure makes the tire stiffer so that it 
deforms less thus reducing the rolling resistance. The internal friction of rubber 
decreases as the rubber’s temperature increases, lowering the rolling resistance. 
Cold tires can have as much as twice the rolling resistance than when they are 
warmed to typical operating temperatures. Rolling resistance tests should not be 
run without first warming the tires, if typical values are to be found. However, it is 
of interest to know the rolling resistance of a solar racer’s tires when they are cold. 

© Springer International Publishing Switzerland 2015
E. F. Thacher, A Solar Car Primer, DOI 10.1007/978-3-319-17494-5_20
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The energy consumption of the rolling resistance of a solar racer, when it leaves the 
starting line in the morning, will be higher than later in the day after the tires have 
warmed. This should be accounted for in the day’s energy management strategy.

20.3 Resistance and Operational Parameters

Wheel Load Reducing the wheel load reduces the rolling resistance in direct pro-
portion because the tire deforms less. However, the rolling resistance coefficient 
is approximately independent of the wheel load.1 A stiff suspension, because it 
requires the tire to deform more, will increase the rolling resistance compared to the 
one soft enough to follow most of the bumps in the road (MacCready et al. 1990).

Speed Rolling resistance increases with speed because the wheel rotational air 
drag, the bearing frictional torque, and rate of flexing of the tire are all increased 
by speed. In high-pressure bicycle tires, the flexing effect is small and the rolling 
resistance coefficient varies linearly with speed. However, the rolling resistance 
coefficient of automobile tires varies with the square of the speed.

Pavement The smoother the pavement, the lower the rolling resistance. Smoother 
pavement causes less tire distortion; very rough pavement can double the rolling 
resistance (Kyle 1990).

Drive Torque Higher-drive torque increases tire distortion and therefore increases 
rolling resistance.

20.4 Model

The rolling resistance coefficient, μ, for an individual wheel is defined as in Chap. 2,

 
(20.1)

where R denotes the rolling resistance force on the wheel and N the road surface 
force on the wheel, normal to the contact patch. In Chap. 2, the coefficient is taken 
to be a linear function of the vehicle’s speed.

 (20.2)

1 At high loads on automobile bias-ply tires Bandyopadhyay et al. (1994) reported a tendency to 
increase with load.

R
N

µ =

1 2Vµ µ µ= +
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Both μ and μ1 are dimensionless and μ2 has reciprocal speed dimensions. The results 
of tests on bicycle tires reported in Kyle (1990) show that 2 1/µ µ  ∼ 2 %.

The discussion herein accounts for wheel air drag, bearing friction, tire pressure, 
wheel diameter, and vehicle weight on the wheel. The model does not directly ac-
count for casing, tread, and tube effects. Consequently, it requires a material prop-
erty (next section) to account for a particular tire’s material of construction.

Tire Contribution The formulation used to calculate the rolling resistance of the 
tire itself is that of Kyle (1990). The sinking rate of a wheel under a vertical load is 
the amount of flattening of the tire at the center of the contact patch. Figures 20.1 
and 2.10 illustrate this idea. The rolling resistance force of the tire is taken to be 
proportional to the sinking rate.

 (20.3)

The constant K is characteristic of the material of the tire and the road surface. 
Kyle’s formulation relates the sinking rate (inches) to the wheel diameter, dW (inch-
es), wheel road force, N (or L) (lb), and tire inflation pressure, p (psig), as

 

(20.4)

Kyle used a reference diameter, d0, of 26 in. and a reference inflation pressure, p0, 
of 220 psig. He found that a K-value of 2.47 gave a very good match between the 
μ measured and predicted for a Continental Olympic racing tire by Eq. (20.1). The 
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Fig. 20.1  Sinking rate (h)

 



20 Rolling Resistance Calculation410

model showed the correct variation with wheel diameter and tire pressure. It also 
correctly predicted that the tire load would have a negligible effect on μ.

Kyle’s equation for the sinking rate applies to bicycle-like tires. He found by 
experiment that these tires have approximately elliptic contact patches and pressure 
distributions across the contact patch. These observations were built into Eq. (20.4). 
This equation does not apply to relatively low-pressure automobile radial tires. 
These tires have approximately square contact patches and pressure distributions 
that tend to peak near the outer edges of their contact patches.

Air Drag The flow field about a rotating tire installed on a vehicle moving over a 
road is complex. This chapter considers only the effect of rotating the wheel about 
its own axis in still air. This drag would be incurred when testing the wheel on some 
specialized apparatus, such as a rotating drum. It is therefore intended to approxi-
mate the aerodynamic resistance to rotation, not the contribution by the wheel to 
the drag of the vehicle. The rotational air drag is usually small. Walter and Conant 
(1974) estimate it as 1.5− 3 % of the total drag.

The resisting force on the wheel perimeter contributed by air drag torque, Dτ , is

 (20.5)

The torque from air drag depends upon the speed, but this dependence is a func-
tion of whether the rim is solid or is spoked. The air drag torque on a spoke will be 
similar to that on a cylinder in cross-flow, but the drag on a wheel with solid rims 
will be similar to that on a disk. Each will depend on the speed and the dimensions 
of the spokes or covering disk. Thus

 
(20.6)

where cR depends on V and the rim geometry.
Suppose the rims are spoked. Kyle idealized the spokes as ns cylinders with one 

end attached to the wheel hub. Typically, the spoke diameter, ds, is small, around 
0.1 in. For characteristic wheel dimensions and conditions, even at a vehicle speed 
of 100 mph, turbulent flow will not occur on one of these spokes. Instead it will ex-
perience laminar separated flow over nearly its entire length. A cylinder in this flow 
has a drag coefficient of 1.2. This model treats each spoke as if it were isolated. In 
reality each spoke creates a wake. If the spokes were all in the same plane (which 
they are not) the effect would be to induce turbulent flow about each spoke in re-
gions where the separation between them is at least four spoke diameters, according 
to the data of Biermann and Herrnstein (1933). This implies a drag coefficient of 
about 0.3. Closer to the wheel hub the spokes are closer together and near the hub 
even cross each other, complicating the flow. However, this region is small and the 
spoke Reynolds numbers associated with it are small. This implies a small contribu-
tion to the drag.
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Ignore these complications and use Kyle’s model, realizing that it may overesti-
mate the drag. This model gives cR for spoked wheels as

 
(20.7)

where r1 and r2 are the inner and outer spoke radii, respectively, and cD is 1.2.
Assume the drag on a wheel with solid rims to be approximated by that on a solid 

disk rotating in free air. This is conservative. The tire actually rotates in a partial 
housing, but data in Schlichting (1968) for completely-housed rotating disks show 
that the drag on the free disk is higher. Based on the free-air result

 
(20.8)

where cM, the moment coefficient, is

 

(20.9)

for laminar and turbulent conditions, respectively. The Reynolds number is defined 
as

 
(20.10)

The symbol ν , m2/sec, is the kinematic viscosity, the ratio of the air’s viscosity to 
its density.

Bearing Friction The torque required to overcome friction in the bearings also con-
stitutes a resistance to rotation of the wheels. The rolling resistance contributed by 
bearing the friction torque, τB, is

 
(20.11)

Kay (1988) tested four bicycle wheel ball bearings at a constant load of 105 lb and 
over a rotational speed, nr, (rpm), range of 200–400 rpm. His results show a gener-
ally linear dependence on rotational speed. Morelli et al. (1981) tested a particular 
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ball bearing over a 225–1250 rpm range and at loads of 367, 723, and 942 lb. Their 
results also showed an approximately linear dependence on speed at or below 400 
rpm, but a higher-order dependence on speed over their entire speed range, except 
at the lowest wheel load. At this load, the torque was relatively insensitive to speed 
but showed a slow increase up to the maximum speed tested. The torque increased 
nonlinearly with the wheel load. This behavior is represented as follows,

 
(20.12)

where f( nr) means that the exponent has, in general, a dependence on the rotational 
speed and L1 is a reference load.

The foregoing remarks on the data of both papers suggest that at wheel loads 
characteristic of solar racers, the bearing torque may be approximated as a linear 
function of speed at a constant load. Also, for L/L1 ratios of less than 2, the load 
ratio exponent is approximately independent of nr and has a value of 2. This ap-
proximation was derived by an analysis of the data of Morelli et al. (1981). So, 

2 0,a ≈  and ( ) 2rf n ≈ . Equation (20.12) may be put in terms of the car speed, V (m/

sec). Neglecting contact-patch flattening of the tire, nr equals 30

W
V

rπ
and putting 

30

W
c

rπ
= gives

 
(20.13)

Total Resistance The total rolling resistance is the sum of the three resistances dis-
cussed above

 (20.14)

Dividing Eq. (20.14) by the wheel vertical load, separating it into static and speed-
dependent parts, and comparing the result to Eq. (20.2) gives these approximations,

 

(20.15)

20.5 Discussion of Errors

The aerodynamic torque resisting the rotation of wheels which have disk-like rims 
is probably overestimated by the theory presented. Such wheels housed in wheel 
wells have been shown to have lower drag than wheels rotating in free air, as the 
present theory supposes.
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It has already been mentioned that the theory for the static rolling resistance co-
efficient does not apply to passenger car tires. Also, the rolling resistance coefficient 
of such tires depends more nearly upon the square of the speed at highway speeds.
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Chapter 21
Stability Calculations

21.1 Purpose

This chapter shows how to investigate certain critical stability limits of a solar car 
as a function of important design parameters, such as the location of the carʼs center 
of gravity (CG). The aim is to present calculations that may be done by hand on 
a digital calculator or on an electronic spreadsheet. The calculations are therefore 
based on simplified models. The results still capture the relative importance of the 
main parameters. However, the errors thus introduced are not always conservative. 
These errors are qualitatively discussed in each section. For convenience, the 
notation for moments and forces has been changed from that of Chap. 2.

21.2 Stability

The remarks in this section introduce the concept of stability and provide the 
justification for the more detailed discussions that follow.

Directional Stability A gust of wind from the side will apply a side force to the car 
causing motion transverse to the direction of travel. This force will in general not be 
applied at the CG. Consequently, it will also cause a yawing moment about the CG 
that will cause the car to turn. The behavior of the car under this sort of disturbance 
depends upon its directional stability.

The driver will react to steer the car back to its intended motion. However, this 
reaction will not be immediate because the driver’s response will lag behind and 
because there will be a lag in the response of the car to steering inputs. We focus 
on the motion of the car in the interval between the application of the force and the 
beginning of the car’s response to the driver’s correction. This lag time is variable. 
However, Emmelmann (1987) reported tests that suggest 0.8 s is a representative 
value. We shall adopt this interval herein. During the lag time, the steering angle 
will be constant.

© Springer International Publishing Switzerland 2015
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The weight distribution on the front and rear wheels has an important influence 
on the directional stability. For example, to be directionally stable, a four-wheeled 
car should have its CG in the front half of its wheelbase. (This rule will be explained 
later.) Then, the initial transverse and yaw motions caused by a momentary force 
acting transverse to the car’s motion, like the gust in the preceding paragraph, 
quickly decay. This decay makes the car controllable, and therefore it may be 
returned to its intended motion.

Now consider the effect of shifting the CG toward the rear wheels. At some more 
rearward location, oscillations in the gust-induced transverse and directional motions 
appear. At first, these die away as before; the car is still controllable. However, at 
a certain weight distribution the car becomes directionally unstable. The gust now 
causes large and possibly increasing oscillatory directional and transverse motions 
during the lag time. The driver may not be able to return the car to its intended 
motion before entering an emergency.

Instead of a momentary application, the gust could be suddenly applied and con-
tinue relatively steadily, as when the car emerges from a tunnel on a windy day. 
The continued presence of the side force exacerbates the deviation of an unstable 
car from its intended motion. The transient response of a stable car dies out, as 
described before. But the driver’s subsequent steering corrections must counter the 
continuing side force before some emergency occurs, such as departure from the 
traffic lane.

Roll Over A side gust also creates a rolling moment about the direction of motion 
that will tip the car over if it exceeds the stabilizing moment of the weight. Rollover 
also occurs during turns when the rolling moment of the inertial force transverse to 
the motion overcomes the stabilizing moment of the weight.

Skid Skidding occurs when the longitudinal inertial force from braking or accel-
erating or the transverse inertial force from turning exceeds the tire adhesion limit.

21.3 Results Presented

This chapter presents, for three- and four-wheeled cars:

1. Rules for locating the car’s CG such that the car will be directionally stable in the 
sense explained above with respect to a rapidly applied side force

2. A method to estimate the wind gust speed and direction that will cause a direc-
tionally stable car to leave its driving lane before corrective steering can take 
effect

3. A method for estimating the wind gust speed and direction that will cause rollover
4. A method for investigating the resistance to rollover in a circular turn at steady 

speed when braking and when accelerating

The preceding items require knowledge of the location of the CG and of the polar 
moment of inertia of the car about that location. Therefore, methods for estimating 
this information are presented.
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21.4 Tires and Turning

This section contains background material that will be used later and may not be 
familiar to all readers.

Geometry Figure 21.1 shows the geometry of the three cars to be considered: a 
four-wheeled car, a three-wheeled car with two wheels in front, and a three-wheeled 
car with two wheels in back. The perpendicular distance, L, between the front and 
rear axles is called the wheelbase. The perpendicular distance, T, between the center 
planes of the wheels is called the track. The tipping axes are drawn anticipating a 
left turn, resulting therefore in tipping forces in the direction of the negative y-axis. 
Figure 21.2 shows the steering angles, δ1 and δ2, of the front tires of the four-
wheeled car in a circular turn. These are the angles between the direction of the carʼs 
wheelbase and the vertical plane through the center of each wheelʼs contact patch. 
The drawing shows, because the inside wheel is closer to the turning center, that the 
steering system must turn the inside wheel through a larger angle to keep its axis of 
rotation pointing, approximately, at the turning center.1

Cornering The tire axis is pointing only approximately at the turn center because 
the tires must develop cornering forces on their contact patches, pointing inward 
parallel to the axis of each wheel, to make the car turn. The faster the car is going, 
the greater the cornering forces must be to balance the inertial force tending to move 
the CG of the car away from the turning center.

Figure 21.2 shows how this cornering force is created by tire 1. The sidewise 
force from the vehicleʼs rate of change of momentum causes the driver to increase 
the steering angle past the point where the tire axis points at 0 by an angle called 
the slip angle, α1. Notice that the slip angle is the angle between the vertical plane 
through the center of the wheelʼs contact patch and the direction of travel, which is 
along the turning circle. The cornering force is proportional to the slip angle.

 (21.1)

The proportionality factor, Cα, is called the cornering force coefficient or the cor-
nering stiffness. The cornering stiffness is influenced by the tire construction, the 
inflation pressure, the load on the tire, and the slip angle. But at slip angles below 
about 5, the cornering stiffness is independent of the slip angle. A bias-ply tire at an 
inflation pressure of 32 psig has a cornering stiffness of about 150 lbf/degree, for 
example.

Figure 21.2 also shows that the cornering force is not applied at the center of the 
contact patch but is offset along the patch by an amount called the pneumatic trail, 
P. This creates a moment about the vertical axis of the tire called the self-aligning 
torque. It is so called because the pneumatic trail is always positioned such that the 

1 This arrangement, called Ackerman steering, minimizes scrubbing of the tires during turns. From 
the geometry if follows that (Wong 1978) cot δ1 – cot δ2 = T/L.

F C1 1= αα
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torque tends to rotate the vertical plane of the tire into alignment with the direction 
of motion. Because this would reduce the cornering force, the driver must balance 
out the self-aligning torque through the steering system.

 (21.2)τF F P
1 1=

Fig. 21.1  Vehicle geometry
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The self-aligning torque is a function of slip angle and, therefore, also of the quan-
tities that influence the slip angle. At small angles, it is approximately directly 
proportional to the slip angle. But at larger angles, it varies nonlinearly with the slip 
angle and may pass through a maximum (Steeds 1960).

Fig. 21.2  Turning geometry
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Camber The cornering force can be increased by causing the wheelʼs plane of rota-
tion to tilt toward the turn center, as shown in Fig. 21.3. The tilt is called camber, 
and the angle of tilt is called the camber angle. The camber angle is positive when 
the camber is toward the turn center, that is, when the cornering force is increased.

21.5 Skid Limits

Skidding begins when the side force in a turn, or the longitudinal force when brak-
ing or accelerating, on the contact patch exceeds the static limit for the existing 
combination of road surface and tire. Van Valkenburgh et al. (1982) give average 
values of 0.75 g when cornering and 0.85 g when braking or accelerating for pas-
senger car tires. Figure 21.11 shows the tire traction limit for any combination of 
cornering and longitudinal acceleration. The curve was assumed to be an ellipse2 
with the cornering and longitudinal traction limits as its minor and major axes, 
respectively.

Discussion of Error The g-limits for braking and acceleration for the narrower, 
possibly smooth-surfaced, higher-pressure tires used on student-built solar cars may 
not be those given above. Consult the tire manufacturer for the g-limits for the tires 
used on such cars.

The g-limits were based on many tests, but the authors did not characterize the 
test surfaces. It is reasonable to assume that these surfaces were dry concrete or 
asphalt.

2 This shape was suggested by Van Valkenburgh et al. (1982) as the “theoretical” skid boundary. 
The test results of Van Valkenburgh for several four- and three-wheeled cars all appear elliptical.

Fig. 21.3  Effect of camber
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21.6 CG Location Rules

A model will now be presented from which rules for locating the CG may be ex-
tracted. It will also be used to investigate the response of the vehicle to wind gusts 
from the side.

Path Geometry Figure 21.4 shows the curved path of the CG of a car and its condi-
tion at two times. It also shows the “global” coordinates X and Y which are fixed to 
the earth. The x- and y-axes are fixed to the CG of the car, as in Fig. 21.1. The course 
angle, CV, measured from the Y-axis (usually pointing true north), is the actual direc-
tion of motion of the CG. This is not the direction in which the car is pointing, that is, 
the direction of the x-axis, except at the beginning, at zero time. The steering angles 
are zero, so the slip angle, α, is now the angle between the x-axis and the direction of 
motion. Vx and Vy are the components of V, the carʼs velocity in the x- and y-directions.

Simplifications The model incorporates the turning geometry of Fig. 21.2, but with 
the steering angles the same for each front wheel, and the linear cornering force 
model (constant Cα) of Eq. (21.1). It further requires a small steer angle and accounts 
only for transverse forces, that is, in the y-direction. The speed of the car ( Vx) in the 
x-direction remains constant, and the motion of the car is assumed not to affect the 
weight distribution on the wheels. The simplified equations of motion resulting from 
these assumptions have been used3 to investigate lateral stability. 

3 For example, see Wong (1978). Steeds (1960) also discusses more sophisticated models. Sorgatz 
(1975) reported a detailed model which agreed well with test data, but which also implied that the 
simplifications of the earlier models were justified. Baker (1991a, b) presented studies for both 
steady and unsteady wind forces.

Fig. 21.4  Body and global coordinates
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They are

 (21.3)

where Fy( t) is the net side force in the y-direction ( Y in Fig. 2.1), Mz( t) is the net 
yawing moment about the z-axis through the CG ( YM in Fig. 2.1), ay is the accelera-
tion in the y-direction, ω is the rate at which the car’s course angle is changing, Iz is 
the car’s polar moment of inertia, M is the car’s mass, and αz is the angular accelera-
tion, that is, the rate at which ω is changing, and

 (21.3a)

 (21.3b)

 (21.3c)

 (21.3d)

If a side force and a yawing moment are suddenly applied to a vehicle modeled as 
above, Eq. (21.3a–d) predicts that for directional stability to hold at any forward 
speed,

 (21.4)

K, the understeer gradient, is

 (21.5)

WF and WR are the weight on a front and rear wheel, respectively, and CαF and CαR 
are the corresponding cornering stiffnesses.

Because L > 0, if K ≥ 0, the car will be directionally stable at all forward speeds. 
This requirement means that

 (21.6)

But if there are nF front wheels and nR rear wheels,

 (21.7)
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Using Eq. (21.7) transforms the inequality Eq. (21.6) into

 (21.8)

We assume4 that for each of the tires (subscript “T”)

 (21.9)

A and B are constants derived from tire data and WT is the weight on a tire. Using 
this equation (and L = a + b) in the inequality Eq. (21.8) gives

 (21.10)

Table 21.1 shows what the inequality Eq. (21.10) requires for the cars in Fig. 21.1.
According to Table 21.1 the CG of the four-wheeler must be at or within the front 

half of the wheelbase, as previously asserted.
Suppose that K < 0. This could be arranged in a two in front–two in rear (2F-2R) 

car, for example, by shifting weight toward the rear wheels such that b becomes suf-
ficiently less than L/2. The inequality Eq. (21.4) shows that as the forward speed, Vx, 
increases from zero, the car will be directionally stable until

 (21.11)

The speed that satisfies Eq. (21.11) is called the critical speed. Solving Eq. (21.11) 
for this speed gives

 (21.12)

Above VCRIT the car will be directionally unstable.
It can be shown5 that the steering angle of the car model under consideration is 

given (in radians) by

4 Following Huston et al. (1982).
5 See Gillespie (1992), for instance.
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Table 21.1  CG rules
Car 2F-2R 2F-1R 1F-2R
nR/nF 1 1/2 2
b ≥ L/2 2 L/3 L/3

2F-2R two in front–two in rear, 2F-1R two in front–one in rear, 1F-2R one in front–two in rear
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 (21.13)

for a circular turn of radius R. Thus, the understeer gradient, K, is the slope of the 
graph of steering angle versus Ay/g. If K > 0, the steering angle must increase with 
the transverse acceleration to generate the required cornering forces, that is, it must 
increase with the square of the speed. This characteristic is called understeer. If 
K = 0, the steering angle is independent of the acceleration or speed. This is called 
neutral steer. And if K < 0, the required steering angle decreases as the speed and 
acceleration increase. This is called oversteer.

Notice that following the CG limit rules of Table 21.1 will give understeer 
when the “greater than” is followed ( K > 0) and neutral steer when the “equality” 
is applied ( K = 0). Violating those rules produces oversteer ( K < 0). Thus, oversteer 
corresponds to directional instability under side force loading when at or above the 
critical speed.

Discussion of Error The model captures the relative importance of main param-
eters. It does not account for the effect of the suspension, the weight shifts induced 
by the motion, nor the effect of vertical tire load on the cornering stiffness. Thus, it 
is best adapted to describing motion at low slip angles and turning at low to mod-
erate ay/g. Suppose the vehicle were designed for only slight understeer, that is, K 
were positive but small. Then, it would be possible for the weight shift in a turn 
to precipitate oversteer. But this would not be revealed by the model used in this 
section. This effect was reported by Van Valkenburgh et al. (1982) in tests of three-
wheelers. The plots of steering angle versus ay/g show this shift to be relatively 
rapid. Thus, it would be a safety hazard, possibly inducing rollover, if the driver 
were not expecting it.

21.7 Side Gust

If the yaw angle of the relative wind is not zero, there will be a transverse 
aerodynamic force component distributed over the side of the car. This side force 
will induce motion in the y-direction, rolling about the x-axis through the CG and 
yawing about the z-axis through the CG. The rolling moment about the x-axis may 
be large enough to tip over the car.

It is convenient to think of this distributed force as an isolated force applied at a 
point on the car. The location of this point is such that the moments induced about 
the x-, y-, and z-axes through the CG by the isolated force are the same as those 
induced about those axes by the actual, distributed force.

Lateral Deviation Traffic lanes on US highways are about 3.66 m wide. If a 
2-m-wide solar car is in the center of the lane, then there is a 0.83-m margin on 
either side. The question is: will the car travel transversely at least this distance 
during the 0.8 s lag time?

δ = +
L
R

a
g

Ky
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Figure 21.5 illustrates the situation imagined. The car is moving at steady speed 
in a straight line. On the windward side, a wall prevents the wind, blowing steadily 
at VM m/s, from striking the car until the car enters the partial jet formed at the end 
of the wall. The wind speed in the jet is described by6

 (21.14)

The mixing length, XM, the distance from the beginning of the jet to its core, is 
proportional to the distance of the car from the wall, LC. The parameters XM and 
VM should be varied over a range to explore the car’s behavior in different gust 
shapes. Note that vertical variation of VW has been assumed to be small over the 
car’s height.

6 Based on the cosine gust shape used by Hucho and Emmelmann (1978).
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Fig. 21.5  Side gust scenario
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The lateral deviation is calculated using Eq. (21.3), described in the previous 
section. We will use the little tap method mentioned in Chap. 2. We imagine that the 
taps occur at short, equal time intervals, called Δt. We select it such that it is related 
to the car’s length, Lcar, by

 (21.15)

where the number of length segments, nL, is an integer. The coordinate “u” is the 
distance measured rearward from the car’s nose. If we want to use the “little tap” 
method to predict the transverse velocity after the ( n + 1)th interval from the trans-
verse and angular velocities at the end of the previous interval, n, we would write

 (21.16a)

 (21.16b)

The parentheses around the time superscripts distinguish them from exponents. And 
for ω

 (21.17a)

 (21.17b)

The new course angle, using the average of the predicted and previous angular ve-
locities for better accuracy, is

 (21.18)

The new global position of the CG is

 (21.19)

The speed, V, is given at any time by

 (21.19a)

At the beginning of the first time interval (or “time step”), the time t, Fy, Mz, Vy, and 
ω are all zero and CV, X, and Y have their initial values. The car penetrates a distance 
Δu in Δt s into the wind, and Fy and Mz are found (as described later) for t = Δt. The 
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car is “moved” transversely and rotated by this first tap. This process is repeated for 
t = 2Δt, 3Δt, etc., until at least 0.8 s has elapsed.

An example of the results of this calculation may be found in Chap. 9.

Wind Overturn The aerodynamic rolling moment can be strong enough to overturn 
a small, relatively light vehicle like a solar racing car, as wind gusts during the 
World Solar Challenge in Australia have done. We assume the car to be traveling 
approximately in a straight line at a constant speed. A side force is applied to each 
of the three configurations in Fig. 21.1 by summing moments about the associated 
tipping axis. The maximum tolerable wind gust is that which just causes the contact 
patch forces of the upwind wheels to be zero.

For the four-wheeled car of Fig. 21.1, a moment balance about the tipping axis 
(situation similar to Fig. 21.10) gives

Therefore, the limiting tipping moment is

 (21.20)

For a three-wheeled car with one wheel in front (angle θ is defined in Fig. 21.1)

 (21.21)

And similarly for a three-wheeler with two wheels in front

 (21.22)

The product hAFy is limiting, not Fy alone, because hA may be a variable. The next 
two sections will make this clear. Note that for the three-wheeled cars, the limit 
depends on a/L or b/L, both of which are less than one. Therefore, the limiting side 
force is smaller for these cases, if T and W are the same.

Side Force and Its Moments Figure 21.6 shows the silhouette of the side view of a 
car. The wind force on this two-dimensional view will represent that on the three-
dimensional car.7 The x-axis extends from the first intercept of the car’s nose with 
the gust. Let u represent the distance from the nose of the car along the x-axis to a 
point on the car; u cannot exceed LC.

7 The approach taken by Hucho and Emmelmann (1973).
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Let the area of the side view be Ay. The shape of this area may be approximated 
by dividing it into vertical rectangular area elements, each of length Δu and of area 
Ayj, where j = 1, 2, 3,…, nL. The area elements enter the gust of Fig. 21.5 in sequence, 
starting with Ay1. The two labeled elements enter the gust at Δt and 2Δt, respectively, 
for example. The next two elements are also shown to illustrate the shape errors 
introduced at the fairings and wheels by the approximation.

The force perpendicular to each area element is estimated by assuming the flow 
over a segment to be mostly in the y- and z-directions. That is, the car is assumed to 
be slender compared to its length. The normal force will be taken as caused mostly 
by the separation of this two-dimensional flow at the upper and lower boundaries of 
the rectangular segments.

Because it is separation-driven, the normal force will be approximately 
independent of the Reynolds number (like the disc in Fig. 2.6). But it will be 
dependent on the yaw angle, β. This dependence will be through a normal force 
coefficient, cN( β), and the dynamic pressure, q( β), of the relative wind (defined 
in Chap. 2). Equation (21.23) shows how this works. The “j” subscript refers to a 
particular area element.

According to Fig. 21.5, the wind speed will be highest near the nose and lowest 
at the end of the section in the wind. Thus, as it penetrates the gust, the car will turn 
downwind. This will change the yaw angle at every location the wind hits. There-
fore, the side force on each area element must be recalculated at every time step.

Fig. 21.6  Side force area segments
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The total side force on the car at any time t = nΔt, where n = 0, 1, 2,…, will be the 
sum of the forces on the elements:

 (21.23)

where nt is the number of elements in the gust at time, t. How to find cN will be 
explained later.

The yawing moment about the CG caused by Fy may be estimated at a particular 
time as

 (21.24)

where positive moments are counterclockwise viewed from the top, as shown in 
Fig. 2.1. If the forces are assumed to act at the centroid of each segment (located at 
( , )u zj j ), applying Eq. (21.23) and simplifying gives the u-coordinate of the total 
force, Fy( 

n), at a particular time as

 (21.25)

And taking moments about the x-axis gives the z-coordinate as

 (21.26)

at a particular time.
The rolling moment about the tipping axis from the side force would be at a 

particular time

 (21.27)

A rolling (and pitching) moment may also be caused by upward lift generated by 
flow from the side. This could occur if the car is tilted up in the direction of the 
relative wind. This might happen if the car were traversing a banked turn, or if the 
wind were blowing up a slope toward the road. If lift coefficient data for the car’s 
cross-sectional shape can be found, a lift estimate for 90 ° yaw could be done using 
the segment approach above. This would be the limiting case. However, finding the 
rolling moment would require estimating the pressure distribution about each seg-
ment so the point of application of the lift could be calculated.

Element Geometry To find the area elements and the coordinates of their centroids, 
make a careful, to-scale, side-view drawing of the car on crosshatched paper. Mea-
suring from the nose rearward, find the z-coordinates of the upper and lower edges 
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of the shape at each u-coordinate. Be sure to capture the beginning and ending of 
each major feature, such as a wheel fairing. Curved surfaces need more samples 
than flat surfaces. The set of measurements can be interpolated to estimate the 
z-coordinates of the upper and lower edges at any distance from the nose.

The center of the first area element in Fig. 21.6, Ay1, is at ( , )u z1 1 , where

and zL1 and zU1, the coordinates of the lower and upper edges, respectively, are 
interpolated at u1  from the measurements previously taken. The area of element 1 is

The geometry of each element may be calculated in the way just illustrated and used 
for all subsequent calculations that have the same time step.

Calculation Outline To begin a calculation, we set the car’s true course as east. This 
gives a CV

(0) of 90 ° clockwise from true north (now the positive y-direction). We 
also choose the ambient temperature and pressure and calculate the density from 
the ideal gas law, Eq. (21.3) of Chap. 2. The wind heading, CW, we will set as north, 
or 0 °; this is a constant. The car’s speed, VX, the wind jet core speed, VM, and the 
mixing length, XM, must also be chosen; these are also constant. Equation (21.14) 
then gives VW1 at u1 . After one time step, we find the relative wind speed at the 
centroid of area element 1 using Eq. (12.14), the angles of Fig. 21.6, V = 88.5 kph, 
and VW = 50 kph,

Note that at any time the course angle is the same for all area elements. Equa-
tion (12.15) gives the yaw angle as

Next, the dynamic pressure, using VR1 and assuming ρ = 1.20 kg/m3, is

Using β1
(1) in Eq. (21.29), the side force on Ay1 may now be calculated using 

Eq. (21.23) and supposing Ay1 = 0.1 m2.
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Now find the two moments, supposing uCG = 2.6 m and u1  = 0.25 m:

And the rolling moment for four wheels and putting z1  = 0.5 m:

where

 (21.28)

Finally, if the constants defined by Eq. (21.3a), Eq. (21.3b), Eq. (21.3c), and 
Eq. (21.3d) have been calculated, we can substitute the force and moment into 
Eqs. (21.16)–(21.18) and “move” the car. The elapsed time is now Δt. Then 
Eq. (21.18) and Eq. (21.19) are used to get a new course angle CV

(1) and the coordi-
nates of the CG, ( X(1),Y(1)).

Take another time step. The wind is now blowing on both Ay1 and Ay2. So, the 
previous steps must be repeated for both area elements. When the summations are 
made to calculate the total side force and its associated moments, nt = 2 is put in 
Eq. (21.23), Eq. (21.24), and Eq. (21.27). Then, find CV

(2) and ( X(2),Y(2)) as for step 1.
Adding one area element for each new time step continues until the entire car is 

in the gust. Time continues at least until the specified response delay has elapsed.
The product hAFy may be plotted and compared to the appropriate rollover limit, 

Eq. (21.20), Eq. (21.21), or Eq. (21.22) to learn if rollover occurs. This event may 
then be related to the car’s speed and the gust parameters. From the course angle 
and y-coordinate of the CG and the layout of the car, the time at which the most “at 
risk” point on the car leaves the traffic lane can be determined.

Normal Force Coefficient Hoerner (1965) cites experimental results for the normal 
force on a two-dimensional cylinder with its long axis inclined at a yaw angle to the 
flow to show that

 (21.29)

Equation (21.29) expresses the experimental observation that in cases such as 
the cylinder, the velocity component normal to the inclined axis determines the 
flow pattern and pressure forces. In the absence of experimental data for a two-
dimensional plate with its long axis yawed to the flow, we will use Eq. (21.29), but 
with

 (21.30)
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This value was given in Hoerner (1965) for a two-dimensional plate normal to the 
flow. Note that the force used in obtaining cN(0) was the force per unit length of the 
plate. The length is the dimension along which the flow (and force) is uniform. The 
coefficient is therefore defined as

Equation (21.23) then gives the force on an area element of length Δu and height 
zU−zL = h, or Ayj = h(Δu).

Discussion of Error The word “conservative” will characterize assumptions that 
cause overestimation of Fy. Neglected flow in the x-direction that goes around the 
ends of the car, or around vertical edges such as those of wheel fairings, helps to 
increase the pressure on the downstream side. This flow therefore reduces the nor-
mal force. Consequently, its neglect is conservative. On the other hand, by collaps-
ing the car to a plate, the model substitutes friction over the plate for friction over 
the top and bottom of the car. The former is parallel to the plate and so makes no 
contribution to Fy. This substitution is not conservative. Also, the plate data strictly 
apply to a plate in free air; ground effect is not present. The ground effect of the 
yawed flow very likely produces lift on the car, probably downward and thus resist-
ing roll. Lift creation would induce drag, that is, add to the side force, through vor-
tex formation, as explained in Chap. 2. The increase in the side force thus induced 
on the car probably is not large compared to the side force from separation. Separa-
tion on the two-dimensional plate model is even more severe.

The mixing length, XM, was assumed to be constant. This simplifies the calcula-
tion, but it is not the case. The car moves transversely under the influence of the side 
force. This causes XM to change because it depends on the distance of the car from 
the object creating the gust (the wall, in the case of Fig. 21.5). The error, which may 
be conservative or not depending on the car’s motion, is small because the motion 
of the car compared to XM is small.

The car follows a curved path. Hence, the wind penetration distance in a time 
step is shorter than Δu. However, because the time interval of the calculation will 
probably always be on the order of seconds, the error in using Δu will be small.

Bundorf et al. (1963) simulated an aerodynamic side force by applying the thrust 
from a hydrogen peroxide rocket motor to the side of a station wagon. The motor 
was placed at one of four locations on the side of the car and operated for about 3 s. 
The resultant lateral acceleration along the y-axis fixed to the vehicle and the yaw 
angular velocity about the z-axis were measured. Representative data were plotted 
in the paper as functions of time.

Because careful measurements of all the relevant parameters of the test vehicle 
were reported in the paper, it was possible to calculate the parameters c1, c2, d1, and 
d2 used in Eq. (21.3). Then, these equations were used to simulate the motion of a 
rigid-frame vehicle subjected to the rocket thrust. The rocket was located at “posi-
tion 2,” approximately at the intersection of the hood and the windshield.

c
F

hqN
y=
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per unit length
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The resulting lateral acceleration was plotted in Fig. 21.7 along with points taken 
at 1/8-s intervals from the graph of the measured lateral acceleration in Bundorf 
et al. (1963). Notice that Eq. (21.3) predicts a more rapid motion change and, on 
average, a greater lateral acceleration. Also, there are oscillations in the data not 
predicted by the model. The higher-frequency oscillations were caused by unfil-
tered road noise. The lower-frequency oscillations (which were also captured by 
the more complicated model used by the authors) were the response of the sprung 
mass of the car. This complicated response was of course not included in the current 
model. However, it is apparent that the simplified equations of motion, Eq. (21.3), 
presented herein are generally conservative at yaw angles near 90 °.

The assumption that the two-dimensional normal coefficient model of Eqs. (21.29) 
and (21.30) is conservative at yaw angles below 90 ° was tested by measurement in 
a small wind tunnel. The normal force coefficients of three 1/18-scale car models 
were measured at different yaw angles and wind speeds. The coefficients were based 
on the silhouette area of the model cars. The wind speed range was 10–40 mph. This 
produced a Reynolds number range of 1.58(104)–7.38(104), based on the average 
height of each model, given by h A Ly= / car , where Ay is the silhouette area. The 
upper end of this range is below the onset of turbulence at roughly 105, as shown 
in Fig. 2.6. Figure 21.8a, b, and c show the three scale models, which are realistic. 
Figure 21.9a shows the comparison with Eq. (21.29) for 20–40 mph and Fig. 21.9b 
shows the comparison at 10 mph. The data for these figures were adapted from data 
in Wong et al. (2002).

Fig. 21.7  Comparison to Bundorf et al. (1963)
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Also shown in each figure is Eq. (21.29). Figure 21.8a shows that this model is 
conservative for all cases above a yaw angle of about 45 °. Below this angle, the 
model lies about in the middle of the data. The dashed curve shows the result of ar-
bitrarily selecting an exponent of 3/2 for sin β. This empirical model is conservative 
over a greater range of yaw angles.

The measured results vary widely at 10 mph, as Fig. 21.8b shows, except at 90̊. 
The variation reflects the changing interaction of details of the models’ shapes with 
the flow at different yaw angles. This also occurred at higher Reynolds numbers. 
However, cN was more sensitive to yaw at the lowest Reynolds number. Perhaps less 
of the model cars’ shapes was already imbedded in separated flow, as they would be 
at higher Reynolds numbers, but was tripped into separation by yaw.

At 10 mph, the cN-models both predict coefficients that lie roughly in the middle 
of the data and are not conservative. However, the side force at this wind speed is 
small and this lack of conservatism will not contribute much error when calculating 
the motion of the solar car.

21.8 Turning Model

The results below relate the design parameters of the car to the combination of 
speed, turning radius, acceleration, or deceleration, causing rollover. The car will be 
represented as one of the rigid frames shown in Fig. 21.1.

The inertial force, May, caused by turning acts at the CG and points outward rela-
tive to the instantaneous turning center. This is the coordinate direction “y” shown 

Fig. 21.8  a VW Beetle scale model (Wong et al. 2002). b Chevrolet Impala scale model (Wong 
et al. 2002). c Mercedes SUV scale model (Wong et al. 2002)
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a

b

Fig. 21.9  a Comparison at 20–40 mph. b Comparison at 10 mph
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Fig. 21.11  Skid and rollover limits

 

Fig. 21.10  Rollover forces 
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in Fig. 21.1. The inertial force, Max caused by braking points in the instantaneous 
direction of motion. This is the coordinate direction “x” shown in the figure. That of 
acceleration points opposite to the direction of motion, or – x in the figure.

Four Wheels Consider the four-wheeled car of Fig. 21.1. Figure 21.10 shows a 
rear view of this car in a left turn. The car may be braking ( ax positive) or acceler-
ating ( ax negative). The contact patch forces on the inside wheels will then be zero 
at the instant roll begins. A moment balance about the tipping axis at that instant 
gives

Dividing through by the weight and expressing the relation as an inequality gives

 (21.31)

The inequality symbol means that rollover will occur when ay/g equals or exceeds 
the value on the right-hand side. Notice that the roll stability of a four-wheeled ve-
hicle is independent of an acceleration in the forward or rear direction because the 
associated inertial force is parallel to the tipping axis.

Single Wheel in Back A moment balance about the tipping axis of the second 
vehicle of Fig. 21.1 predicts rollover if

 (21.32)

The roll stability depends on ax because a braking ( ax > 0) or an accelerating ( ax < 0) 
inertial force is not parallel to the tipping axis and therefore creates a moment about 
it. The rollover limit is increased by braking.

Single Wheel in Front A moment balance about the tipping axis of the last vehicle 
of Fig. 21.1 predicts rollover if

 (21.33)

The rollover limit is increased by acceleration, rather than by braking as in the 
previous case.

Figure 21.11 shows qualitatively each of the above inequalities. It also shows the 
skid ellipse discussed earlier. The “forbidden” regions to the right of the limit lines 
are indicated by crosshatching.

Three-Wheel Roll Caution It is possible in the three-wheel cases for the roll limit 
to lie inside the skid ellipse: The car could roll before skidding. To prevent this, the 
roll intercepts must satisfy
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 (21.34)

where A and B are the longitudinal and cornering skid limits, respectively. For 
A = 0.85 g and B = 0.75 g

 (21.35)

For the same T/2h, the roll limits for both three-wheelers are less than a 2F-2R car. 
To give the same or better roll limit, T/2h for the three-wheelers must satisfy

 (21.36)

Limiting Speed If the turn is circular and at a steady speed, V, the lateral accelera-
tion is related to the speed and radius, R, by

 (21.37)

This means, in the case of a four-wheeled car, that the car will roll if

 (21.38)

The limiting speeds for the three-wheeled cars may be found by substituting 
Eq. (21.37) into Eq. (21.32) or Eq. (21.33).

Discussion of Error The rigid frame model leads to an overestimate of the rollover 
stability of the vehicle. The suspension’s flexing and tire distortion allow the CG to 
move toward the tipping axis as the body rolls, thus reducing the restoring moment 
arm upon which the weight acts. These effects may not be large in solar cars, which 
usually have relatively stiff suspensions and high-pressure tires.

Nevertheless, the operators of the vehicle should be aware of this lack of conser-
vatism and drive conservatively.

21.9 Center of Gravity

The vehicle must be designed to be stable. Hence, a calculation of the center of 
gravity (CG) location must be done repeatedly during the design process to assess 
the effect on stability of configuration changes. This section presents an approxi-
mate method for this calculation.
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Figure 21.12 represents a solar car design drawn to scale on crosshatched paper 
(hatching not shown). The drawing may be done freehand. Freehand drawings can 
be done relatively quickly and changed just as quickly. The crosshatching allows 
dimensions and areas to be estimated conveniently.

The location of the CG may be estimated by dividing the car up into pieces. The 
pieces are chosen such that the location of the CG of each one is known or easily 
calculated. (The driver should be one of the pieces. The CG shift caused by the size 
range of the drivers should be calculated.) The mass of the car is the sum of the 
masses of the pieces. Suppose there are “m” of them; the mass of the car would be

 (21.39)

The CG of each piece has three coordinates. The coordinates of the car’s CG are 
found from these coordinates and the masses of the pieces.

 (21.40)

Adopt a convention for the sign of each piece’s coordinates that accounts for its 
moment about the appropriate axis. The arrows in the drawing represent the coordi-
nates of the CG of the left-front wheel, the battery pack, and a segment of the body 
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shell measured from an origin on the centerline of the car below the nose and in the 
horizontal plane of the wheel contact patches.

We assume the wheel to be symmetric about its rotational axis and with respect 
to the vertical plane perpendicular to that axis and bisecting the wheel. Hence, its 
CG is located at the point where the axis of rotation pierces this bisecting plane. 
The moment of the wheel’s mass about the x-axis is M1y1, taking positive moments 
to be clockwise when viewed in the positive axis direction, and about the y-axis is 
M1x1. Imagine the car experiencing a centrifugal acceleration in the y-direction, as 
when turning. The wheel mass would then have a moment −M1z1 about the x-axis.

Let us assume that the distribution of mass in the battery box is uniform. The 
CG would be located at the centroid of the box, the point where its three planes of 
symmetry intersect. The battery box mass has no moment about the x-axis because 
the y-coordinate of its CG is zero. The other two moments would be calculated 
similarly to those of the wheel.

The CG of the body shell, or of the canopy, is more difficult to find because the 
shapes of these objects are in general only symmetric with respect to the plane y = 0. 
Approximate coordinates can be found by dividing the shell into segments. One 
is shown in Fig. 21.13. The segments should be short. Then, the error caused by 
approximating the curved shell with flat surfaces when calculating properties will 
be small. The shorter the segments, the smaller this error will be. On the other hand, 
the shape may be such that large portions of it are uniform along the car’s length 
and may be treated as one segment. Look for such simplifications. Shortening the 
segments increases the labor in the calculation.

If a segment is of a known cross-sectional shape, such as a rectangle, and has a 
uniform or at least a mass distribution symmetric with respect to its centroid, its CG 
will be at its centroid. The segments that have nonstandard cross-sectional shapes 
must themselves be subdivided. These pieces should be small so that they can be 
modeled by shapes the volumes of which can be calculated. A subdivided segment 
is shown in Fig. 21.13.

Fig. 21.13  Shell segment
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The x-coordinate of the segment’s CG is taken to be the x-coordinate of the mid-
plane of the segment, as shown in the figure. Because of the segment’s symmetry 
about the plane, y = 0, the y-coordinate of the CG is zero. The z-coordinate remains 
to be found. The mass of the segment is

 (21.41)

The symbol ΔM represents the mass of a piece. The sum is over the subdivided half 
of the segment and so must be multiplied by 2. The letter “n” represents the number 
of pieces. For example, the z-coordinate of the segment’s CG is

 (21.42)

The zk are measured in the mid-plane x = xj and up to the center-plane of the piece. 
The coordinates of the shell’s CG are obtained from the segment CG coordinates 
using equations Eq. (21.40). The y -coordinate of the body shell CG is zero because 
of symmetry about the z-axis.

If the construction of the shell is not uniform through its thickness, this can be 
accounted for by creating additional segments and segment pieces to isolate the 
nonuniformities. Then, they are treated as described above.

The forgoing calculations, while not difficult, are tedious and should be auto-
mated (as much as possible) in an electronic spreadsheet.

Discussion of Error The method agrees reasonably well with the measured location 
of the CG (see Chap. 12) in actual solar cars. The error in calculating the contri-
bution of odd-shaped members like shell segments can be reduced by increasing 
the number of pieces into which they are subdivided. Fortunately, the masses that 
dominate the calculation are the battery, the motor and controller, the driver, and 
the wheels. The method works well overall if these components are done carefully.

A loaded wheel is actually not symmetric with respect to its axis of rotation 
because of the flattening of its tire in the contact patch. Ignoring this causes the CG 
height to be slightly overestimated because the car is actually closer to the ground.

The mass distribution of the battery box is not uniform. However, each battery 
module is usually much more massive than the air spaces or other lightweight com-
ponents of the box. The effect of these components on the box’s CG is therefore 
relatively small.

21.10 Moment of Inertia

The moment of inertia, IZ, of the car about the vertical axis through its CG must 
be known in order to estimate the motion of the car caused by a side gust (see 
Eq. (21.3)). It may be estimated by a method similar to that just described for 
finding the CG.
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The components used to find CG calculation may also be used for this calcula-
tion. We assume each component may be idealized as a well-known shape (i.e., a 
cylinder, a disc, etc.) of uniform density. The moment of inertia of each such shape 
about the vertical axis through its CG will be found in standard mathematical tables. 
We denote this moment as Ij. Figure 21.14 shows the mass Mj of a component 
(shown as a box for convenience) in a solar car (drawn as before, on crosshatched 
paper).

The parallel axis theorem then gives the component’s moment about the car’s 
CG as

 (21.43)

The distance hj is the distance in the x–y plane from the component’s CG to the car’s 
CG. From the figure,

 (21.44)

The IZ of the car is the sum of all the IZ j
:

 (21.45)

A shell or canopy element would be divided into pieces as shown in Fig. 21.13. We 
assume that the pieces are small enough so that the moment of the jth element about 
its CG is
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Fig. 21.14  Calculating IZ 
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 (21.46)

where nj is the number of pieces in the element. We have again idealized the shell 
segment piece as a point mass and taken advantage of the symmetry of the segments 
with respect to the z-axis. The yk is the y-coordinate of the CG of the kth piece.

If some of the pieces can be modeled as well-known shapes, their Ij’s can be 
found from a mathematical table. The bottom of the segment in Fig. 21.13 could be 
modeled as a box, for example. These cases would be added to the summation of 
Eq. (21.46). Each such piece would have a moment of the form

 (21.47)

where rk denotes the radius of gyration about the piece’s CG. A point mass Mk at 
radius rk would have the same Ik about the z-axis through the segment’s CG as the 
actual piece. The moment of the box-shaped object in Fig. 21.13 (assumed to be 
of uniform density) about the vertical axis through its CG is tabulated in standard 
reference tables as

 (21.48)

where Δx and Δy are the piece’s lengths in the x- and y-directions, respectively. The 
radius of gyration would then be

 (21.50)

Discussion of Error This method has not been tested by the author against actual 
measurements, which are difficult. It suffers from the same kinds of errors that 
afflict the CG calculation previously discussed. And, as in the CG case, the error is 
reduced by increasing the number of pieces into which the car is divided and paying 
close attention to the masses that dominate the calculation.
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Chapter 22
Structural Load Estimation

22.1 Purpose

This chapter suggests ways to establish design structural load sets for the cruise 
condition (including remarks on transport of the solar car by trailer) and emergency 
maneuvers. These load sets can be used by the designers to calculate the loads in the 
members of the suspension, steering, and frame of the car. The chapter also provides 
some guidance for the design of the structure under collision loadings.

22.2 Safety and Structural Design

Rules and Inspections The race regulations supply rules for protective structures 
to enclose the driver and for some other structural elements of the car. The pre-
race structural inspection (together with the required structural report) ascertains 
the car’s compliance with the rules. The inspection is professional and strict. Each 
inspector will interpret omissions in the rules or broadly written rules, conserva-
tively. Therefore, the inspection may seem to the competitors to go beyond the 
literal requirements of the rules. However, inspectors are like umpires: they do not 
change their calls. So, to avoid serious problems with inspections, teams should 
adopt the viewpoint of the inspectors in their design work. Race experience helps 
here, of course, as does putting questions to the race headquarters in advance.

Design for Safety The sizing and construction of parts can only be done when their 
loads, and the loads’ points of application, have been specified. This is “safety” 
reduced to practice. The generation of these loads involves judgments about the 
limiting conditions the structure must withstand, and therefore about the interac-
tions of the solar racing car with its environment that cause these conditions.1

1 Chap. 8, Solar Racer: Specification, points out the need to study the route over which and the 
conditions in which the car will operate.

© Springer International Publishing Switzerland 2015
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The objectives of the structural design should not merely be to obey race rules 
and pass inspection, important as these are. Each design team must decide for itself 
how robust the structural design of its car should be to be safe, because “safe” is a 
relative term. The loads calculated as suggested herein should be regarded as start-
ing-points; they may not be conservative (i.e., large) enough to satisfy the criteria 
set up by the design team. However, increased structural strength usually involves 
either a weight increase or a cost increase (sometimes both). A 2-m wide by 6-m 
long by 1.6-m high armored tank will resist collapse during a collision very well, 
but it probably would not be a competitive solar racing car. A titanium space frame 
will be light and strong, but it will also be expensive and require special welding 
skills.

22.3 Cruise Condition Loads

Design Objectives The aim of the design under cruise conditions and emergency 
maneuvers should be to endure the specified vibration, bump, braking, and maneu-
vering loads without structural damage (although tires may go flat) and continue to 
race.

Fatigue Cruise condition (defined in Chap. 2) loads are applied only in the x- and 
z-directions. The average loads applied to the car under these conditions will be less 
than those in the emergency maneuver and collision categories, and thus not limit-
ing if thought of as static loads. However, the constant vibration about these average 
values imparted to the car by normal driving over the period beginning with the first 
testing of the car, extending through the race, and including any post-race driving, 
causes fatigue. The effects of fatigue are cumulative and may therefore cause failure 
near the end of the design life of the vehicle, even under the cruise condition loads. 
The average load, fluctuating load, and number of cycles are a matter of judgment.

Trailering In the author’s experience, transporting the car has caused the most 
structural failures. Why? The solar car is moving at highway speeds and the thus-
aggravated bouncing of the trailer interacts with the solar car’s suspension and 
structure. The motion of parts of the car may be out of phase with the trailer’s 
motion. For example, the portion of the body shell behind the rear wheels may 
behave in this way. It will wave up and down like a cantilevered beam with the 
trailer bed motion fed through its fixed end. As a consequence, it may fail near its 
junction with the rest of the shell.2 Severe bouncing and vibration may go on for 
many hours, perhaps more than eight, as the team strives to reach its destination. 
This causes fatigue failure.

Take a hard look at the car-trailer system and deduce the failure modes that could 
result. By “hard look” it is meant that do not assume that just because the car is 

2 Cracking of the shell of Clarkson’s 1999 solar car occurred in exactly this way.
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strapped into the trailer that this is sufficient projection. Individuals charged with 
the trailer system may not be experienced enough to do this properly. And often 
that system is an after-thought built at the last moment. This situation is a recipe for 
disaster. Listen to the experience of those who have done it before and always think 
of your racing system, not just the solar car.

To design the car for these trailer failure modes, to some extent at least, is pru-
dent. But it is better to look at possible failure modes and cradle the car effectively 
against them and of course to drive more gently when transporting. As a rule, the 
better-prepared teams will travel to the race at a deliberate pace, instead of a last-
minute rush, and trailer less during the race. Therefore, their cars will not be ex-
posed to the stress of transport as much as those of other teams. Transport damage 
is inversely proportional to preparation.

Bump Also included in the cruise condition is a load that occurs sporadically, but is 
typical: driving over a bump.3 The bump loads are calculated for the suspension and 
wheel with the highest static load on its contact patch. This wheel traverses a bump 
of specified height and length, as shown in Fig. 22.1.

  (22.1)

The bump in Fig. 22.1 is modeled as a parabola by Eq. (22.1), where h(x) is the 
height of the bump above the normal road surface at a distance x from the beginning 

3 This event has been studied extensively. See, for example, Oluwole(2012) and Mohammadzadeh 
and Haidar (2009).
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Fig. 22.1  Bump scenario
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of the bump, H is the maximum height of the bump, and L is the length of the bump. 
When the wheel is at x = − a, it contacts the bump at height h(b). Fig. 22.2 shows 
the contact geometry.

Conservatism, that is, the normal force (N, in Fig. 22.1) will be overestimated, is 
introduced by assuming that the point at which the suspension is attached to the car 
body does not move up while traversing the bump because MS > > MU, that the tire is 
rigid, and that the spring-damper mechanism must absorb the full vertical motion of 
the wheel. The effect of the tractive force, T, the rolling resistance, R, and the drag 
on the wheel have been neglected.

The goal is to find an expression for the normal force as a function of the bump 
parameters, the suspension damping coefficient, c, and the spring constant, k. Just 
before rolling up the bump, a force balance in the z-direction gives the normal force 
(subscript “0”) as

 

 (22.2)

WS is the “sprung” weight on the suspension-wheel assembly. As the figure shows, 
it is the portion of the car’s weight above the spring and damper. WU, the “unsprung” 
weight, includes the wheel, brake, wheel motor, etc., anything below the suspen-
sion.

Equation (22.3) gives the vertical force on the wheel after entering the bump 
(neglecting the vertical components of drag, tractive force, and rolling resistance).

  (22.3)
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Fig. 22.2  Bump traverse
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where  ( )za x and ( )zV x  are the vertical acceleration and velocity, respectively. 
Figure 22.1 shows that
  (22.4)

Assume that the tire does not slip while on the bump. Therefore, the velocity V is 
steady and tangent to the bump. Since the x-position of the tire on the bump is a 
function of time, x(t), so is h(x). The velocity components in the z- and x-directions 
are

  (22.5a)

  (22.5b)

where, the overdot indicates the rate of change with time.
Two overdots means acceleration. The tangent angle, θ, is given by the inverse 

tangent of the slope of the bump

  (22.6)

The acceleration is

  (22.7)

where

  
(22.8)

22.4 Example 22.1

Suppose the Shark encounters a speed bump on its right front side. The bump is 
approximately parabolic and is 1.0 ft (0.3048 m) long with a maximum height of 
2.25 in. (5.715 cm). The Shark’s wheel radius is 10 in. or 25.4 cm. If the suspen-
sion spring constant and damping coefficients are 18,000 N/m and 370 N sec/m, 
respectively, what will be the maximum vertical force on the wheel at a speed of 
5 mph (2.2352 m/s)?

Solution Equation (22.2) gives N0 as 988.6 N, 98.3 % of which is sprung weight. 
Equating Eq. (22.1) and h(x) at x = b

  
(22.9)
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and solving by trial-and-error gives

Therefore, b = 4.572 cm. From Eq. (22.6),

The position of the wheel when contact is first made with the bump is

The vertical force then shifts abruptly from the pavement to the bump.
Setting up the problem on a spreadsheet and calculating N at intervals of 0.015 m, 

gave the maximum vertical force as 2125.1 N at x = 0.105 m. The maximum occurs 
between x = b and x = L/2 because the spring force increases with x, while the damp-
er force, proportional to Vz, decreases as the maximum bump height is approached.

Discussion of Errors The normal force calculation is conservative (overestimates 
the force) because the car body is held stationary. If it were allowed to move up, 
the spring force would be reduced. Additionally, if tire deflection were allowed, this 
deflection would reduce the force transmitted to the suspension.

The method presupposes that the H/L of the bump is small enough, on the order 
of a typical artificial speed bump, to allow the tire to roll up. The method will not 
work for an abrupt bump, like a curb.

The drag, rolling resistance, and tractive force act approximately in the x-direc-
tion, while on the bump. Therefore, their influence in the z-direction will be small 
compared to that of the bump.

22.5 Emergency Maneuvers

Straight-Ahead Stop Each solar car is required to demonstrate its ability to stop 
from an initial speed V1 with an average deceleration, aR. The minimum accept-
able magnitudes of each are given in the race regulations (sample: Chap. 16, Sect. 
16.6.12.1). The equation developed below estimates the total, constant, braking 
torque, τBR (N·m), necessary to do this. Drag and rolling resistance were neglected, 
therefore the result overestimates the actual torque needed. The calculation allows 
for the reaction time of the driver-braking system4 after the need to stop is perceived 

4 The reaction time could be that used by Emmelman (1987), 0.8 s. Even through this includes the 
delay in the steering system it is at least a place to start having some basis in experience.
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by the driver. The magnitude of the deceleration required when a delay of ΔtD sec-
onds is included in the total time interval to stop, Δ tS, is

The allowed total stopping time is V1/aR. Substituting this in the deceleration 
equation gives

Multiplying by the effective mass, Me, and rW, the wheel radius, and converting aR 
to kph/sec gives the equation for the torque as

  (22.10)

The braking torque is the total torque developed by all the braked wheels.

22.6 Example G.2

Suppose Me is 330 kg, V1 is 50 kph, and Δ tD is 0.8 s. Find the required decel-
eration and total braking force and torque necessary to satisfy Chap. 16, Sect. 
16.6.12.1.

Solution The required total stopping time is

Allowing for 0.8 s of reaction time, the deceleration must be

The total braking force is at least

a V
t tB
S D

=
−
1

∆ ∆
.

1

.
1

R
B

D R

a
a t a

V

=
∆

−

1

0.278 .
1

e R W
B

R
D

M a r
at
V

τ =
− ∆

∆t kph
kph
sec

secS = =
50

17
2 94. .

a kph
sec

kph
secB ≥

−( )
=

50
2 94 0 8

23 35
. .

. .

F kph
sec

kg

m
km
sec
h

NB ≥ × × =23 25 330
1000

3600
2140 6. . .



22 Structural Load Estimation452

Assume a wheel radius of 10 in. or 25.4 cm. The brakes must supply a total torque 
of at least

Equation (22.10) gives a conservative estimate of the torque required to decelerate 
the car to meet the race rule requirement. However, the achievable braking force 
is a function of the friction coefficient between the tire and the road surface. (Note 
that Chap. 16, Sect. 16.6.12.1 requires the braking test be done on a wetted surface.) 
This braking coefficient is defined as the ratio of the braking force to the normal 
force. For a particular tire

  
(22.11)

The achievable total braking force must of course at least equal that required by 
Eq. (22.10).

The braking coefficient is a strong function of the relative motion, or slip, be-
tween the tire and the road. In the cruise condition, the distortion and recovery 
of the tire as it deforms and rolls through the contact patch and over road surface 
roughness gives rise to the rolling resistance. When the brakes are applied, the addi-
tional braking force, FX, applied at the contact patch depends upon both the energy 
absorbed by the flexing of the contact patch caused by the surface texture of the 
road and the adhesion of the tire to the road. The adhesion dominates the braking 
force. The wheel begins to decelerate and a difference between the vehicle’s and 
the tire’s speed develops. This difference, normalized by the speed, is called the 
(longitudinal) slip.5

The braking force, at first, increases rapidly with slip. The adhesion causes stretch-
ing of the tire material, exerting a retarding force on the wheel, just as when a rub-
ber band is stretched. As the slip increases, the stretch also increases, and so does 
the braking force. This behavior is shown in Fig. 22.3. However, the figure shows 
a maximum in the braking coefficient, µBM, occurring at about 25 % slip on a dry 
surface and about 17 % slip on a wet surface. At this point, the adhesive bond to the 
road is overcome by the stretching of the “rubber band” caused by slip. The smallest 
coefficient at a particular speed, µBS, occurs at 100 % slip; that is, when the brakes 
have locked and the wheel cannot rotate.

That part of µB caused by roughness hysteresis is also shown in the figure. Its 
dependence on slip is much less than that of the adhesive force and it is not affected 
by wetness. Like rolling resistance, roughness hysteresis arises from the flexing of 

5 Lateral slip occurs because of side forces when cornering (see Chap. 21).
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small portions of the tire as the contact patch passes over the texture of the road 
surface. Energy is stored in the small deformations of the tire material and then 
partially recovered when the tire rolls past the small deformation. The portion not 
recovered is lost as heat. Hence, the term “hysteresis.”

Compare this to the flattening of the contact patch characterized by the “sinking 
rate” described in Chap. 2 and Chap. 20. Adhesion and hysteresis must be present; 
else the tire would not exert a tractive force on the car. But the rolling resistance is 
dominated by the pressure difference caused by the unequal deformation of the tire 
between the leading and trailing portions of the contact patch.

Like the rolling resistance coefficient, µBP and µBS characterize a particular road–
tire combination. Besides the construction of the tire and the road surface, the com-
bination includes the vehicle’s speed, inflation pressure, and vertical load on the 
tire. Both coefficients are reduced as speed increases, are insensitive to inflation 
pressure on dry roads but increase with inflation pressure on wet roads, and are re-
duced by increasing vertical load. They are reduced roughly 0.01 by a 10 % increase 
in load near the tire’s rated load (Gillespie 1992). Note the different effect of infla-
tion pressure on rolling resistance.

Effective Mass Equation (22.10) includes the effective mass. The kinetic energy of 
the car, neglecting the inertia of the rotating parts of the transmission and the sink-
ing rate (both of which will be small in solar racing cars), is

( )2 2 21 .
2CAR W W W W WKE MV n I Iω ω= + +

Fig. 22.3  Braking coefficient. (Source: Meyer and Kummer 1962)

    



22 Structural Load Estimation454

Where M and V are the car’s mass and speed, respectively, nW is the number of 
wheels, IW the moment of inertia of a wheel about its axis, ωW is the angular velocity 
of the wheels, and IM and ωM are the moment of inertia of the motor about its axis 
and its angular velocity, respectively. The angular velocity of the wheels is 2V/dW, 
where dW is the wheel diameter, and that of the motor is 2nGV/dW, where nG is the 
gear ratio of the transmission. Substituting for the angular velocities and collecting 
terms on V2/2 gives

  
(22.12)

The term in parentheses is the effective mass.

Wheel Vertical Load The wheel reactions are calculated considering only the iner-
tial effects. By race rules all wheels must be braked. A moment balance about the 
rear contact patch gives the total reaction, on the front wheels during braking as

  
(22.13)

where, FX is the total braking force. A moment balance about the front contact 
patch gives the total reaction on the rear wheels when braking as

  (22.14)

Recognizing that the braking coefficients may be different because of different ver-
tical loads

  (22.15)

Using (22.13) and (22.14)

  
(22.16)

which reduces to

  (22.17)

if the front and rear braking coefficients are sufficiently close.

Braking While Turning The wheel carrying the maximum load will be the outside 
front wheel, in the case of four-wheeled cars or three-wheeled cars with two wheels 
in front. This wheel must carry the combined effect of the roll and braking weight 
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shift, the cornering force, and the rolling resistance force. The left rear wheel of a 
1F–2R three-wheeler carries the transverse inertial load, but reduced by the forward 
weight shift from braking.

As the discussion of roll over in Chap. 21 implies, the interaction of lateral and 
longitudinal slip when braking and cornering near the traction limits reduces both 
the cornering and braking forces. This is shown by the lower g-limits on the skid 
ellipse, Fig. 21.11, for points where both braking and transverse acceleration exist.

Discussion of Errors Neglect of the deceleration caused by drag and rolling resis-
tance makes the average braking torque estimate in Eq.  (22.10) conservative. Not 
reducing the wheel radius by the sinking rate (defined in Chap. 20) increases the 
conservatism.

Neglect of rotating gears and shafts causes Eq. (22.12) to underestimate Me.

22.7 Collisions

Design Objective The objective when designing the vehicle’s structure for colli-
sion is to protect the driver. That is, to reduce the magnitude of accelerations the 
driver experiences and to prevent her or him from being struck by pieces of the car 
set in motion by the collision. Note that the objective is not to prevent failure such 
that the car can remain in competition (as in the cruise and emergency maneuver 
categories), but to have the structure fail in such a way that the driver is protected.

Nature of Collisions We consider only events that have the potential to cause major 
damage, such as striking or being struck by another vehicle, or striking a nearly 
rigid object, such as a wall, and at an appreciable relative speed–40 kph or above 
perhaps. What distinguishes the loads arising from these events from the loads in 
the previous two categories? The intervals over which the cruising condition and 
emergency maneuver loads are applied are long compared to the time required to 
propagate the load-caused deflections to the structure away from the point of appli-
cation. This structure (the suspension A-arms, say) has time to react to the load and 
contribute to the strength.6 The interval over which the collision load is applied 
is short compared to the speed with which the deformation caused by the impact 
can propagate through the structure. Therefore, the reinforcing members that could 
provide strength to resist the deformation cannot contribute and the structure tends 
to fail locally. Also, loads in the cruise and emergency maneuver categories are 
applied at locations designed to receive them. It is likely that collision loads will be 
applied first to portions of the solar car’s structure which are not intended to carry 
large forces or deformations, such as the shell supporting the solar cell array. Dam-
age is therefore more probable.

Methods A means of accomplishing collision energy management is by controlled 
deformation. Race rules mandate this, requiring a certain minimum crush space so 

6 This is not true in the special case of fatigue, which causes local failure.
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that collision energy is absorbed by the work necessary to deform structure through 
the crush space. Also, the average deceleration rate is reduced, and therefore the 
force exerted on the driver, because of the lengthened time required to bring the 
vehicle to rest. A complementary strategy is deflection: configuring the roll cage of 
the solar car so that portions of the car’s structure set in motion by the collision are 
directed away from the driver. Deflection is also mandated by the race rules. Nor-
ton (1983) reported a small, three-wheeled vehicle incorporating deformation and 
deflection in the design of its roll cage.

Each registered team is required to submit a structural report, the detailed re-
quirements for which do contain minimum loads for the following cases: roll over, 
front impact, side impact, and rear impact.7 These loads are typically expressed in 
“g” units, previously defined. Thus a 3-g side impact load on a car weighing 2000 N 
at 1 g would be equivalent to a force of 6000 N.

Analysis The best design tools are codes that have impact analysis capabilities and 
consequently provide a good picture of how the structure behaves during a colli-
sion. However, these codes are expensive, large, run best on husky work stations, 
and require some training to be used effectively. Analysis may also be done with 
codes intended for static problems, and by hand calculations. The structure should 
be modeled conservatively, so that a safety margin exists, especially when using 
static codes or hand calculations. Safety margins provide extra strength to compen-
sate for possible errors in the judgments about how the structure fails. These judg-
ments must be made to accomplish simpler analyses.

Proof Tests In addition to analysis, the behavior of solar cars in collisions can be 
evaluated by crash-testing driverless cars with a dummy inside to simulate the 
driver, as is done by commercial car companies. This has been done in simplified 
ways by solar car teams using just a chassis on wheels. It must be done sufficiently 
in advance of the race, perhaps during the late spring or summer of the year preced-
ing the race, to allow time to incorporate the lessons learned.

At the other end of the scale is testing by applying large (therefore conservative) 
static loads, non-destructively. To support its hand calculations in a structural report 
for a race, the Clarkson University Solar Knights submitted a picture of the com-
posite shell of their car undergoing negligible deflection while supported at its ends 
between two chairs and loaded by six men standing near its center.
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Chapter 23
Nomenclature

A

a Acceleration (m/s2); distance from front axle to CG (m)
A  An area (m2), with a subscript to indicate AD, profile area; Ampere, unit of 

electric current

B

b  Camber (m); a distance, for example, from the rear axle to the CG or the 
maximum width of a wheel; a constant

B Magnetic field strength (Weber/m2)
BM Wheel bearing torque (N·m)

C

c  A coefficient with subscript to indicate cD, overall drag coefficient or cV, 
ventilation drag coefficient; chord length (m); a constant

C Battery charge storage capacity (Ah)
CG Center of gravity (also termed “center of mass”)
CV True course angle of vehicle (degrees)
CW True course angle of wind (degrees)
Cα Cornering stiffness of tire (N/degree)

D

d  Diameter (m); a constant
D  Total drag force (N); subscripts indicate component of drag, for example, 

DV, ventilation system drag
DM Wheel rotational drag moment (N·m)
DW True direction from which the wind is blowing (degrees)

E

e Surface roughness (m); base of natural logarithms
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E  Energy (kW.h or J), with subscript to indicate storage location, for exam-
ple, EB, battery

F

f Frequency (Hz)
F  Force (N); a subscript indicates direction, for example, FX, a force in the 

x-direction

G

g Acceleration of gravity (m/s2)
G  Solar irradiance at an instant (W/m2) on a horizontal surface or with a sub-

script to indicate a particular surface, for example, GT, a surface tilted with 
respect to the local horizontal plane, or source

H

h Height (m); sinking rate of a tire (m); head loss of a fluid (m); an hour
H  Daily total radiation on a horizontal surface (kJ/m2) or with a subscript to 

indicate a particular surface, for example, HT, a surface tilted with respect 
to the local horizontal plane, or source.

I

I  Electric current (A); hourly total radiation on a horizontal surface (kJ/m2) 
or with a subscript to indicate a particular surface, for example, IT, a sur-
face tilted with respect to the local horizontal plane; moment of inertia 
about an axis indicated by a subscript (kg.m2), for example, IZ, the vertical 
axis through a point, usually the CG.

J

J Joule, a unit of energy

K

k  Hourly average clearness index; proportionality constant, usually with a 
subscript to indicate kS, shaft torque constant of a motor (N·m/A)

K  Extinction coefficient (m−1); fluid head loss coefficient; Kelvin, a unit of 
absolute temperature; with overbar, monthly average clearness index

L

l Length (m)
L  Lift force (N); vertical load (N); longitude (degrees); distance with a sub-

script to indicate LW, length of wheel base (m)
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La Latitude (degrees)
Lo Longitude (degrees)
λ  General symbol for reference length in Reynolds number, also called the 

“characteristic length”

M

m Mass flow rate (kg/s)
M  Mass (kg), with subscript to indicate location or kind, for example, Me, 

effective mass of vehicle

N

n Index of refraction; quantity, for example, nG, transmission gear ratio
N Rotational speed (rpm); normal force (N)
N Newton, unit of force

P

p  Static pressure (N/m2) with subscript to indicate source, for example, pA, 
atmospheric pressure (in Chap. 2, p without a subscript indicates atmo-
spheric pressure)

P Power (W); perimeter (m)
PM Pitching moment about y-axis through vehicle’s CG (N·m)

Q

q Dynamic pressure (N/m2)
Q Volumetric flow rate (m3/s); electric charge (A.h or Coulomb)
Q Rate at which energy is transferred (W)

R

r Radius (m), usually with a subscript to indicate rw, wheel radius
rw* Wheel radius (m) reduced by sinking rate in contact patch
R  Total rolling resistance force (N); electric resistance (ohm); radiation tilt 

correction factor, including a subscript to indicate what radiation compo-
nent, for example, RB, beam radiation

RA Gas constant for air (kJ/kg K)
Re Reynolds number
RM Rolling moment about x-axis through vehicle’s CG (N.m)

S

s Second
S  Distance along a road (km); slope of a line; tire rotational slip (fraction 

or %)
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T

t Time
T Temperature (°C or K); tractive force (N); track width of vehicle (m)

U

u Horizontal distance measured rearward from the nose of a car (m)
U Overall heat transfer coefficient (W/m2 K)

V

V Vehicle velocity (m/s)
VW Wind velocity (m/s)
VR Relative wind velocity (m/s)
VD Drag speed (m/s)

W

W Weight (N); width (m); Watt, unit of power
WW Weight on a wheel (N)

X

x  Coordinate direction, usually the direction of motion; with subscript, a par-
ticular distance in the x-direction

Y

y  Coordinate direction coplanar with x and perpendicular to it; with sub-
script, a particular distance in the y-direction

YM Yawing moment about z-axis through vehicle’s CG (N·m)
Y Side force in y-direction (N)

Z

z  Coordinate direction perpendicular to the plane containing coordinates x 
and y; with subscript, a particular distance in the z-direction

GREEK LETTERS
Note: angles may be measured in degrees or radians, as appropriate

α  Angle of inclination; absorptivity; slip angle; angular acceleration (degrees 
or radians/s2)

β Yaw angle; tilt angle of plate from horizontal
γ Azimuth of sun measured from south; camber angle
δ Solar declination angle; steering angle
Δ Indicates a change in a quantity, for example, ΔE, a change in energy
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η  Efficiency (usually %) and with subscript to indicate ηG, transmission 
efficiency

θ Angle of incidence
θZ Zenith angle
μ Dynamic viscosity (N·m/m2)
μBP Peak braking coefficient (nondimensional)
μBS Smallest braking coefficient (nondimensional)
μ1 Static rolling resistance coefficient
μ2 Dynamic rolling resistance coefficient (s/m)
π Pitch angle (+up)
ρ Density (kg/m3)
ν Kinematic viscosity (m2/s)
τ Torque (N·m)
ω Local hour angle; angular speed (degrees or radians/second)
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Index

A
Accelerator, 329
Accidents, 344
Armature resistance, 102, 104, 107, 110
Array current, 118, 123
Array I-V characteristic, 119

B
Ballast

access, 334
carrier, 334

Battery
approval, 318, 325
bus, 118, 122
charge, 123
current, 120, 123
discharge, 123
enclosures, 326
float, 123
removal, 327
stacking, 327
switch, 328
ventilation, 327

Belly pan, 330
Braking performance, 335
Buck regulators, 118
Bus voltage, 118, 123

C
Cable sizing, 328
Chase vehicle, 342, 348
Checkpoint, 338, 340, 341, 344, 347
Commutator, 104, 106, 110
Counter-electromotive force, 104
Covers and shields, 333
Crew requirements, 320
Crush space, 331

D
Delayed start, 339
Drafting, 344, 350
Driver cockpit, 330, 332
Driver requirements, 320
Drive train, 333

E
Eddy currents, 108
Egress, 332
Elapsed time, 345

official, 346, 351
Electrical connection, 324
Electrical shock hazards, 328
Electric motor, 99
Electronic commutation, 106, 107
Energy management, 306
Event logo, 336
Eye height, 332

F
Forward vision, 332
Fresh air circulation, 332
Fuses, 327

H
Handling performance, 335
Horn, 329
Hose clamps, 333
Hybrid battery packs, 326
Hysteresis, 108, 114

I
Impound times, 347
Interval time, 345
I-V curves, 118, 121, 122

© Springer International Publishing Switzerland 2015
E. F. Thacher, A Solar Car Primer, DOI 10.1007/978-3-319-17494-5



466 Index

L
Lead vehicle, 342, 343

M
Main fuse, 327
Maximum power point tracker (MPPT), 118
Mechanical commutation, 106, 107
Mechanical energy, 99
Media stop, 340
Motor switch, 328
Motor types, 110

N
Neutral axis, 102, 104, 106

O
Overnight stops, 346
Ovonics NiMH

grandfathering of, 326

P
Padding, 331
Passing teams, 343
Passing traffic, 343
Penalties, 317, 349, 351

posting of, 349
trailering, 341

Project-based learning community (PBLC), 
303

Q
Qualifier, 315, 317, 321, 339

R
Radios, 326, 343
Rayce route, 339, 340, 350
Rayce time, 337, 345
Raycing configuration, 324, 335
Rear vision, 333
Regeneration, 123
Relative roughness, 108
Replacement of batteries, 349
Roll cage, 331, 332
Route revisions, 340

S
Safety belts, 331
Scout vehicle, 342
Seating position, 330
Securing of bolts, 333
Shaft power, 103, 105, 110
Shaft torque, 102, 111
Solar array, 104, 117, 118, 324, 327, 349
Solar car dimensions, 320, 329
Solar car numbers, 335, 336
Solar cell, 307, 324
Speed reduction, 99, 115, 116, 117
Stall torque, 103
Start days

non-staged, 345
staged, 345

Starting order, 338, 339
Steering stops, 333
Stock class, 325
Storage batteries, 325, 349
Supplemental batteries, 326
Support vehicles, 322, 342, 344
Suspension, 114
Switches, 104

T
Team safety, 322
Teams off course, 345
Team uniforms, 337
Tire and wheel requirements, 330
Tire ratings, 330
Torque, 101, 102
Traffic violations, 350
Trailering, 341
Trailing edge, 107
Turning radius, 335

W
Water spray, 324
Windshield, 332, 342, 343
Withdrawals, 322
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