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1  The Big Idea
For my second semester ASR project, I decided to build a radio 
controlled solar-powered car. As our oil reserves are rapidly exhausted, 
alternative forms of energy are becoming more and more important, 
so I thought it would be interesting to work on a project involving 
alternative forms of energy. In addition, I really enjoy engineering, so 
I thought it would be fun to build something instead of conducting an 
experiment. As part of my brainstorming process, I visited Dr. Dann’s 
“Green Energy” website.1 Among many other things, I considered 
building a generator that used wave energy, but ultimately decided to 
build a solar-powered car.

I intend for this solar-powered car to be able to run on solar energy 
when it is in the sun and automatically switch to back-up rechargeable 
batteries when there is not enough sunlight available to power the 
motor. It will be a two-wheel drive vehicle, most likely with rear-wheel 
drive,2 so one motor will be attached to the rear wheels providing the 
force necessary for the vehicle to move. A second motor will be used 
to rotate the front axle, allowing the vehicle to turn. A receiver will 
also be attached to the car, in order to receive radio signals sent by a 
transmitter in the remote control.3 The vehicle will also contain solar 
panels for its primary source of power and rechargeable batteries as its 
back-up power source.

Aside from my experiences in this class during the first semester 
and some discussions in various physics classes, I have very little 
experience with electronics and solar panels. Through this project I 
hope to drastically increase my understanding of various electronic 
parts, such as transistors and switches, as well as solar panels. I also 
have no experience building radio-controlled vehicles; I hope to learn 
about how radio-controlled vehicles work as I build my own.

This paper was written for Dr. James Dann’s Applied Science 
Research class in the spring of 2009. 



2  Introduction
As early as 1956, Marion King Hubbert predicted that oil reserves are 
limited and that they were likely to be quickly exhausted. Over the 
next decade he created what is now known as “Hubbert’s curve” and 
the “Hubbert peak theory” (shown in Figure 1). His conclusion was 
that for any given region, oil production would follow a bell-shaped 
curve;4 in 1969 he postulated that worldwide oil extraction would peak 
between 1993 and 2000.5 In fact, using Hubbert’s method of fitting 
logistic curves to production and discovery data and using the data 
now available forty years after Hubbert’s first predictions, Kenneth 
Deffeyes created graphs suggesting that U.S. oil production peaked 
in 1975. The actual year of peak production was 1970, but this still 
suggests that Hubbert’s method was accurate. Hubbert’s method also 
predicts that world oil production would peak around 2005; it is still 
too soon to know for sure whether it did actually peak around that 
time.6 Because oil production does seem to be following the trend 
predicted by Hubbert, it would behoove humans to find other reliable 
and sustainable sources of energy to use.

Figure 1: Hubbert’s 1956 prediction of worldwide oil production rates.4
For full-color image, see http://roundtable.menloschool.org.
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Figure 2: Energy sources worldwide. The upper chart shows all the energy 
sources, the lower chart shows only renewable sources (excluding hydropower).7
For full-color image, see http://roundtable.menloschool.org.
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Many other sources of energy have been proposed as alternatives to 
oil: coal, nuclear, biofuels, and numerous forms of renewable energy. 
However, the most practical of these are renewable forms of energy, 
because unlike fossil fuels they can never be exhausted. Some might 
argue that we should simply replace oil with coal whenever possible, 
but coal is a fossil fuel like oil and is available only in finite quantities. 
We may be able to continue to use coal for a few more centuries, but 
not millennia. In addition, the burning of any fossil fuel releases carbon 
dioxide into the atmosphere, with negative consequences for the 
environment. Right now, worldwide energy production is dominated 
by coal, with hydropower contributing the most significant amount of 
renewable energy, as shown in Figure 2.7 Solar energy contributes a 
very small fraction of all nonhydropower renewable forms of energy, 
which comprise only two percent of total worldwide energy use. 
Clearly solar power is not being used in very large quantities; in fact it 
only comprised 0.08% of all energy consumed in the U.S. in 2007.8 

However, in terms of energy efficiency, solar power has the potential to 
be far more efficient than any other form of renewable energy because 
it involves directly capturing solar energy. All other forms of renewable 
energy ultimately come from solar energy. Solar energy powers the 
water cycle, being converted to potential energy as water is raised up 
to new elevations, which is turned into electricity as water flows down 
through waterwheels and dams. Plants capture solar energy as they 
photosynthesize and store it in chemical bonds which are then broken, 
releasing energy, when biofuels are burned. Surface winds on earth are 
largely steered by the Coriolis Effect but powered by solar energy as 
differential heating across the earth’s surface causes air to flow from 
areas of high pressure to areas of low pressure, so wind power truly 
originates from solar energy as well. With the exception of geothermal 
energy, all renewable forms of energy are derived either directly 
or indirectly from solar power. Geothermal energy in fact comes 
from heat generated inside the earth as radioactive elements such as 
uranium, thorium, and potassium decay, releasing large amounts of 
energy.9 Although nuclear power might seem like a renewable source 
of energy, there are finite quantities of radioactive elements such as 
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uranium on earth, so nuclear power, like coal, is not renewable over 
very large time scales. 

Unfortunately, solar cells are not yet able to harness solar energy 
very efficiently. In order for them to generate a reasonable amount of 
power they usually require a large area of space. Solar-powered cars 
are therefore a particularly interesting problem because they require 
a fair amount of energy but occupy a very limited amount of space. 
Most solar vehicles to date have been built simply for demonstration 
purposes and would be impractical for everyday use. One such vehicle 
is shown in Figure 3; it was the winner of the 1996 World Solar 
Challenge, and utilizes solar cells that are more than 20% efficient.10 
As we begin to depend more and more on renewable forms of energy, 
such as solar, the existence of solar-powered vehicles will become more 
and more probable. Because we may all end up driving solar-powered 
vehicles one day in the future, it will be very interesting to build one 
myself, understand exactly how it works, and examine the problems 
that solar-powered vehicles face.

Figure 3: The Honda Dream, winning car of the 1996 World Solar Challenge.
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3  Theory: Radio-wave Transmission
In order to build a radio-controlled vehicle, I will use radio transmission 
to control the vehicle. Such communication requires a transmitter in 
the remote control and a receiver in the vehicle. Pressing a button on 
the remote control causes two metal contacts to touch, closing the 
circuit.11 Once this circuit has closed, the transmitter emits radio waves, 
i.e., electromagnetic waves in the radio-wave frequency. Different types 
of radios use different frequencies of waves, ranging from 50 MHz to 
1000 MHz, as shown in Figure 4.12

Figure 4: The electromagnetic spectrum. Radio waves have frequencies ranging 
from 50 MHz to 1000 MHz.12
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Then, using an antenna, the receiver picks up the signal sent by the 
transmitter, recognizes it, and closes a circuit in the receiver. This closed 
circuit can then be used to start a motor or connect to a transistor, 
which allows for a larger current to power a motor. Both the transmitter 
and receiver of a working radio must be set to the same frequency, 
but by varying the pulse sequence one transmitter can vary its own 
message. A pulse sequence is usually altered by changing either the 
number of pulses in the sequence or the amplitude of each pulse. Such 
variations in the pulse sequence can allow one transmitter-receiver 
pair to communicate several different messages, such as “forwards,” 
“backwards,” “turn left,” and “turn right.”

It is possible to vary the amplitude of a radio wave without changing 
the frequency because frequency depends on speed and wavelength 
(υ= f * λ where υ is speed, f is frequency, and λ is wavelength); waves 
with the same frequency, speed, and wavelength can have different 
amplitudes.

4  Electric Motors
Electric motors will be needed to drive the vehicle and steer it. One 
will rotate the rear axle, applying the force necessary to move the 
vehicle, while the other will rotate the front axle in a plane parallel to 
the ground, causing the vehicle to turn. As I have already completed 
an extensive paper describing how such motors work, I will not discuss 
the mechanism behind such an electric motor in great detail (see 
Appendix B). Motors can be brushed or brushless, direct current or 
alternating current. I will use direct current motors because all power 
sources involved in this project (solar cells and batteries) produce 
direct current, not alternating current. Brushless motors tend to be 
more efficient than brushed motors, simply because there is less friction 
involved, so I will probably use brushless DC motors.
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One of the main challenges faced when building a solar-powered car 
is that of obtaining enough energy per unit of surface area to move the 
vehicle. This is a problem because many solar cells, especially those 
small enough to be used for such a project, are not very efficient or 
powerful, resulting in a low voltage produced. As shown in Figure 5, 
the power output by a motor is a function of current and voltage.13 If 
you substitute in for voltage or current, using the equation for voltage 
(V = I * R), you can determine power as a function of any two out 
of current, resistance, and voltage. The resulting equations reveal that, 
given a circuit with a certain amount of resistance, in order to increase 
the power output by a motor in that circuit, you must increase the 
voltage of the energy source (P = V2 / R). Therefore, in order to have a 
powerful motor in my vehicle, I will need solar panels that produce as 
large a voltage as possible.

5  Design of Circuitry

5.1  Solar Panel and Battery Characteristics
Before building the solar vehicle, detailed plans of it must be made; 
before these plans are made, a great deal of information must be 
gathered about the components involved. First, voltage and current 
were measured for a simple circuit containing either one thin film solar 
panel or two AA alkaline rechargeable batteries in series, as shown 
in Figure 6. The voltage and current were measured over resistances 
ranging from 10 Ω to 560 Ω.

Figure 5: Equations for voltage and power.
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The graphs of voltage vs. resistance for both the solar panel and the two 
batteries are shown in Figure 7. PowerFilm Inc., the manufacturer of 
the “Flexible Thin Film Solar Module,” claims that this particular solar 
panel (Part No. 171061) operates at 3.0 V14. Based on the results in 
Figure 7 this appears to be accurate for resistances of 120 Ω or greater. 
For low resistances, the solar panel is probably unable to supply high 
enough amounts of current to maintain voltages near 3.0 V. In addition, 
the voltage of the solar panel probably varies significantly based on 
weather conditions; the data shown in Figure 7 was recorded around 
10:45 am on a sunny February day. It is likely that in more cloudy 
conditions, or around noon in the middle of summer, the voltages 
produced by this solar cell would be noticeably lower or higher, 
respectively. As for the 2 AA alkaline rechargeable batteries, they also 
approximated their claimed voltage of 3.0 V (1.5 V each, or 3.0 V in 
series), for resistances equal to or exceeding 56 Ω. The solar panel and 
two batteries produced similar voltages for resistances greater than 120 Ω; 
thus ideally they should be used in circuits containing at least 120 Ω 
of resistance to avoid huge changes in voltage when switching between 
the two power sources.

Figure 6: This diagram shows the simple circuit used to measure the voltage and 
current of 1 thin-film solar panel and 2 AA batteries in series across varying 
amounts of resistance. The voltage source shown represents either 1 solar panel 
or 2 batteries, depending on which was being tested at the time.
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Figure 7: Voltage vs. resistance for one thin film solar panel (shown as squares) 
and for two AA Alkaline rechargeable batteries placed in series (shown as 
triangles). These voltage sources were tested separately in the circuit shown in 
Figure 6. The data for the solar panel was recorded outside in the sun around 
10:45 am on 2/25/09; the data for the batteries was recorded around 5:30 pm on 
3/10/09. Note that for resistances larger than about 50 Ω, the batteries provide 
almost constant voltage (although this voltage is slightly larger than the 1.5 + 1.5 
= 3.0 V claimed by the manufacturer); for the solar panel the voltage varies more 
with changes in resistance.

Figure 8: Current vs. resistance for one thin solar panel (shown as filled circles) 
and for two AA Alkaline rechargeable batteries placed in series (shown as empty 
circles ). The data was recorded at the same time as the data used to generate 
Figure 7. Note that the current was more constant for the solar panel than for 
the 2 batteries; the batteries were better able to supply a large current when 
the resistance was small than the solar panel was.
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The graphs of current vs. resistance for the solar panel and 2 batteries 
are shown in Figure 8. The current produced by the solar panel was 
fairly consistent, although it did decrease with increasing resistance. 
Even so, the current was consistently lower than the claimed 50 mA 
operating current of this solar cell.14 The current produced by the two 
batteries varies much more; it increases drastically for resistances lower 
than 56 Ω. This is most likely because the manufacturers of the battery 
want to maintain a voltage as close to 1.5 V per battery as possible, and 
for smaller resistances this is only possible with drastic increases in 
current. Even so, it is difficult for a small battery to generate extremely 
large currents, thus the voltage of the battery decreases slightly for 
small resistances (as mentioned in reference to Figure 7). Again, the 
two batteries and one solar panel are fairly interchangeable if placed in 
circuits with higher resistances (in this case, resistances of 56 Ω or more).

Figure 9: Power vs. resistance for both one thin film solar panel (shown in grey) 
and two AA batteries (shown in black). The data used to generate this graph is 
the same as that used for Figures 7 and 8. In order to calculate average power, 
power was calculated using three different equations: P=IV, P=I2R, and P = V2/R. 
Thus each equation used two of the three variables measured in this experiment 
to approximate the power produced (because in real experiments, due to internal 
resistance in the batteries and wires, V doesn’t exactly equal the product of I and 
the load’s R). The results were fairly similar (the variation in power was at most 
0.014W out of an average of 0.095W, which is about 15%, but the variation was 
usually smaller). Then the results of these three equations were averaged to obtain 
the values graphed above. Note that the batteries supply higher power for very 
low resistances, while the solar panel provided decreasing amounts of power 
for resistances below 75 Ω.
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Next, the power output of each voltage source was graphed versus the 
resistance of the circuit in order to determine at what resistance power 
output is maximized (see Figure 9). For the batteries, the power output 
decreased steadily with increasing resistance. This makes sense because 
batteries are supposed to provide a fairly consistent voltage output. As 
demonstrated by the equation P = V2/R, if voltage is held constant while 
resistance is increased, power will decrease. Therefore, power output for 
the batteries is maximized when resistance is minimized. However, the 
solar panel behaves differently. For small resistances, those less than 
75 Ω, power increases as resistance increases; for resistances above 75 Ω, 
the power decreases with increasing resistance; thus power output by 
the solar cell is maximized for circuits with resistances close to 75 Ω. 
This makes sense because, unlike a battery, a solar cell generates fairly 
constant amounts of current and allows the voltage to fluctuate more 
instead. As demonstrated by the equation P = I2R, when current is 
fairly constant and resistance increases, power output also increases (as 
is the case for small resistances). However, at some point the decreases 
in the size of the current become more significant than the increases in 
resistance and the power output begins to decrease. Therefore, in terms 
of power output, the ideal resistance for the circuit containing the solar 
panels and batteries is 75 Ω. Circuits with resistance larger than 75 Ω 
will still function, because the power outputs for the batteries and the 
solar panel will still be similar. However, if the resistance drops below 
75 Ω, the power output by the battery drastically increases while the 
power output by the solar panel decreases. This means that when the 
vehicle switches between the two power sources there will be severe 
spikes or drops in power output, which are undesirable.
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5.2  Motor Characteristics

Figure 10: This diagram shows the simple circuit used to measure the voltage and 
current through the FA-130 motor, in order to calculate the motor’s resistance. 
The voltage source shown represents either 2 AA batteries, while the load 
represents the FA-130 motor.

Figure 11: This chart shows the maximum running resistance for the FA-130 
motor at three different levels of voltage, and the resulting current that each 
voltage and resistance combination produced. For the relevant range of voltages 
(3-4 V), the FA-130 motor requires about 140-170 mA of current to run.
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In addition to measuring characteristics of the solar panels and batteries, 
various characteristics of the vehicle itself were measured. The kit used 
to build the car included a Mabuchi FA-130 motor. According to its 
specifications sheets (see Appendix C), this motor requires 1.5-3.0 V 
in order to operate. This is not a problem, because just one of the solar 
panels used in this project can provide 3.0-4.0 V, depending on the 
intensity of the incident sunlight. However, one solar panel is unable to 
power the FA-130 motor by itself, because it does not produce enough 
current. The FA-130 motor was connected to 2 AA batteries, and the 
voltage across it and current through it were measured simultaneously 
(as shown in Figure 10). The voltage was 2.932 V, and the current was 
0.2508 A, meaning that the resistance of the motor is approximately 
11.69 Ω (V = IR; R = V/I; R = 2.932 V/0.2508 A = 11.69 Ω). 

The FA-130 motor was also placed in a simple circuit in series with a 
resistor for a couple of different amounts of voltage. For each voltage 
level the resistance was increased until the motor was barely running, 
and the current in the circuit was then measured. (See Figure 11 for 
results). By maximizing the running resistance at each voltage level, 
the minimum running current was obtained (because current times 
resistance equals voltage, so maximizing resistance means minimizing 
current). In order to calculate the current at each level of voltage and 
resistance, the resistance of the resistor was added to the resistance 
of the motor (11.69 Ω) to find the total equivalent resistance of the 
circuit. (To find the equivalent resistance of multiple resistors in series, 
one simply sums the resistance of the resistors). Then the voltage was 
divided by this equivalent resistance to calculate the current. As shown 
in Figure 11, the amount of current necessary to run the motor over 
the relevant range of voltage (about 3-4 V) is about 140-170 mA.

5.3  Choosing Solar Panels
Unfortunately, even at the low resistance of the FA-130 motor (11.69 Ω), 
one solar panel still only provides about 40 mA of current (as shown in 
Figure 8). Thus, in order to provide enough current to run the motor, 
4-5 of these small solar panels must be used. Other sizes of solar panels 
were therefore considered in order to determine which size of panel 
provided the most current/area and minimize the amount of area 

68              Amy Ousterhout



on the car that would have to be covered with solar panels. This is 
particularly important given that the car’s platform is only about six 
inches long and two inches wide at its widest part (it is only one inch 
wide in the front), meaning that its total surface area is less than twelve 
square inches. The various different types of Flexible Thin Film Solar 
Panels available from JAMECO electronics are shown in Figure 12. 
The panel type with the highest current/area ratio is JAMECO Part No. 
171061, the type of panel that was already being used in this project. In 
order to achieve the necessary 170 mA to barely run the FA-130 motor, 
at least 4 panels are needed. Even using the most area-efficient panels, 
the necessary surface area (assuming that the panels actually generated 
50 mA of current each) was 23 cubic inches, which is almost double 
that of the vehicle itself.

Thus it was decided that five of the solar panels (part no. 171061) would 
be placed in parallel to power the vehicle. This was increased from four 
to five because the calculations in Figure 12 assume that each panel is 
producing its “Operating Current,” but as shown in Figure 8, the actual 
amount of current produced by these panels is usually slightly less than 
the “Operating Current.” In addition, adding more solar panels makes 
the motor generate more power (P = I*V) and provide more torque 
(see Figure 13 and Appendix C). 

Figure 12: This chart shows the various PowerFilm Flexible Thin Film Solar 
Modules that can be purchased from JAMECO Electronics, the amount of current 
they provide (in mA) per cubic inch of surface area, and the area and number 
of solar panels necessary to provide 170 mA of current (the amount of current 
necessary to run the FA-130 motor at about 4.1 V). See Appendix D.
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5.4  Switching Between Power Sources

Vehicles powered purely by solar power are great in theory but would 
not work out very well in practice. A car dependent upon solar power 
to run would slow down or stop when it moved through the shade 
of a tree or building, or when a cloud moved in front of the sun. 
Consequently this vehicle was designed so that it would normally be 
powered by the solar panels (its primary power source), but when 
these panels provided significantly less voltage than the batteries (the 
secondary power source), it would switch to using the batteries instead. 
Figure 14 shows a basic circuit for how a primary power source and a 
secondary power source can be used to power the same load. (In this 
sample circuit, the load is simply a resistor.) When the solar panel is 
on, current flows through the middle vertical wire and the load and 
then back into the solar panel, completing the circuit. Some current 
also flows into the base of the PNP transistor, out through the emitter, 
and through the load as well. A small amount of current flows into the 
collector from the battery, out through the emitter and through the 
load, completing the battery circuit (as demonstrated by the faint glow 
of the light bulb when this circuit was tested), but the majority of the 

Figure 13: This diagram shows how five solar panels are connected in parallel to 
create one voltage source.
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current flowing through the load is from the primary power source, the 
light bulb. If, however, the solar panel turns off, there will be no current 
in the base of the transistor, which will then allow current to flow freely 
into the collector and out the emitter. Thus the load will be powered 
by the secondary power source, or the battery in this case, instead. The 
circuit shown in Figure 14 was successfully built and demonstrated 
to work using three LEDs or ammeters, each placed in series with the 
load or one of the power sources.

To more formally check that this system works, two variable voltage 
sources were added into the circuit shown in Figure 14, each one 
replacing the primary or secondary power source. A LabQuest was set 
up to record the voltage across each of the power sources and the current 
through each of the power sources. (The results are shown in Figures 15 
and 16.) The load was simply a 100 Ω resistor. The experiment started 
with both voltage sources as close to zero as possible; the actual voltage 
across each was approximately 0.05 V. The current was also as low as 
possible, about 3 mA through each power source. Over the first 13 
seconds, the voltage across the secondary power source was increased 
manually until it reached approximately 3 V, the amount of voltage 
typically provided by 2 AA batteries, which will be the secondary 

Figure 14: This simple circuit diagram 
demonstrates how a PNP transistor can be 
used to switch between a primary (solar 
panels) and secondary (batteries) power 
source, once the primary power source turns 
off. ‘E’ designates the emitter, ‘B’ the base, 
and ‘C’ the collector of the transistor. When 
the solar panel is on, current into the base 
of the transistor prevents any current from 
entering through the emitter, so the battery is 
not drained. When the solar panel turns off, 
however, there is no current into the base, so 
current is allowed to flow into the collector 
and out the emitter, allowing the battery to 
power the load.
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power source in this project (actually about 3.15 V). As this voltage 
was increased, the measured voltage across the primary power source 
also increased, even though the voltage supplied by the primary source 
was still zero (as demonstrated by the fact that the current through the 
primary power source approximated 0 mA for the first 13 seconds). As 
the secondary power source voltage was increased, the current flowing 
through it also increased, up to about 38 mA. Then, between seconds 
23 and 32, the voltage of the primary power source was increased until 
it also approximated 3 V (actually 3.07 V). As this occurred, the current 
in the primary power source increased from 0 mA up to about 42 mA, 
while the current through the secondary power source dropped from 
38 mA to about 3 mA.

Figure 15: This graph illustrates the controlled voltages of two power sources in 
an experiment conducted to check the effectiveness of the circuit which switches 
between a primary and secondary power source. The voltage of the primary power 
source was increased over the first 13 seconds, until it reached about 3 V (actually 
3.15 V). Then the voltage of the secondary power source was increased up until 
around 32 seconds, when it also approximated 3 V (actually 3.07 V).
For full-color image, see http://roundtable.menloschool.org.
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The results depicted in Figure 16 demonstrate that the circuit depicted 
in Figure 14 does actually work if two variable voltage sources are used 
instead of batteries and solar panels. For the first half of the experiment 
the primary power source was off, just as if the vehicle were in intense 
shade and the solar panels provided absolutely no current. The second 
half of the experiment simulated the vehicle moving out of the intense 
shade to progressively less and less shaded areas until it was fully 
exposed to the sun again; once the voltage across the primary power 
source reached about 2.4 V, the current through the primary power 
source increased drastically and that through the secondary power 
source dropped essentially to zero, thereby demonstrating that this 
circuit successfully switches between primary and secondary power 
sources. This also demonstrates that the solar panels will be used as 
long as the voltage provided by them exceeds 2.4 V. In addition, though 
the total current through the load does drop slightly, from about 38 
mA to 35 mA (an 8% drop) while the vehicle switches between the 
two power sources, the current remains fairly constant over the course 
of the experiment, once the secondary power source has been turned 
on completely. Even so, the total current through the load is slightly 
higher when the primary power source is on than when it is off (44 
mA instead of 38 mA). This is because it is difficult to block all current 
from the batteries, so a small amount of current still flows from the 
batteries through the load. Thus even if the vehicle is only driven when 
and where its solar panels are fully in the sun, the batteries will still 
eventually be drained, because they are always used at least a little bit.
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5.5  Wiring the Transistor and Encoder
There will be two separate sets of circuits involved in this project: one 
on the transmitting end (the remote control) and one on the receiving 
end (the vehicle). The TLP434A Ultra Small Transmitter is shown in 
Figure 17. This transmitter has 4 pins; from left to right they are the 
ground or negative voltage (VSS), the data in (where encoded data to 
be transmitted will be sent into the transmitter), the positive voltage 
(VDD), and the RF output, which is the antenna.15 The encoder, the 
HT12E, is depicted in Figure 18. A0-A7 are the address pins, VSS is 
negative voltage or ground, VDD is positive voltage, DOUT is the code 
output, OSC1 is the oscillator input pin, OSC2 is the oscillator output 
pin, TE is the transmission enable, and AD8-AD11 are the address/
data pins.16

Figure 16: This graph illustrates the current through both of the power sources 
used in the experiment described in Figure 15, as well as the total current flowing 
through the load. As the secondary voltage was increased, the current through 
that source increased. When the voltage across the primary power source was 
increased, the current through that power source increased, while the current 
through the secondary power source dropped to almost zero. The total current 
through the load remained fairly constant once the secondary power source 
was turned on, regardless of whether the primary power source was on or 
not (it varied by less than 20%). For full-color image, 
see http://roundtable.menloschool.org.
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The circuit connecting the transmitter and encoder is diagrammed 
in Figure 19 and depicted in Figure 20. Pin 1 on the transmitter (the 
leftmost pin in Figure 20) is connected via a purple wire to negative 
voltage (on the breadboard, a wire simply connects this pin to the “-” 
channel), because the transmitter needs current in order to run. The 
transmitter can run on voltages ranging from 2-12 V, but the range of 
the transmitter is proportional to the voltage used, so 12 V was used 
for this project. Pin 2 on the transmitter, the code input, is connected 
via an orange wire to the code output (DOUT) on the encoder. The 
encoder takes in the signals from the data bits and address bits and 
combines them into one code, which it sends through DOUT to the 

Figure 17: This picture shows the transmitter (TLP434A) with each of its four pins 
labeled. VSS is connected to negative voltage or ground, while VDD is connected 
to positive voltage.

Figure 18: This picture and diagram depict the HT12E-18 DIP encoder, 
a Binary 12 bit Encoder from Holtek Semiconductor, Inc.
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transmitter, which transmits the code through the RF output antenna 
to the receiver. Pin 3 is connected via a yellow wire to the positive 
voltage, and also via a red wire to a 10 μF capacitor, which connects 
directly to the negative voltage channel. This capacitor helps to smooth 
out the voltage across both the transmitter and encoder when they are 
being turned on and off, avoiding sudden drastic changes in voltage 
across either. Pin 4 is connected, via a green wire, to the antenna. It 
seems that the signal through the antenna is weak enough to be subject 
to heavy influence by other electrical components of this circuit, such 
as resistors and other wires which produce magnetic fields. Thus 
the antenna works much better when it is placed far away from the 
other components of the circuit (in this case, at the other end of the 
breadboard). Ideally the length of the antenna would be optimized in 
order to achieve the maximum transmittable range. However, due to 
time constraints only a few different types and lengths of wire were 
tested, and all tests were informal. The wire being used as the antenna 
is about 40 cm long.

Pins A0-A7 on the encoder (the 8 leftmost pins on the bottom in Figure 
20) are the address pins. These can be connected to either positive or 
negative voltage, but they must exactly match the 8 address pins on the 
receiver. The presence of these address pins allows one transmitter to 
control many receivers. The VSS pin is connected via a green wire to 

Figure 19: This circuit diagram shows how the transmitter circuit, including the 
transmitter (TLP434A) and the encoder (HT12E), was wired.15
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the negative voltage channel at the bottom of the breadboard, which 
is connected via a red wire on the far left to the main negative voltage 
channel at the top of the breadboard. Like the transmitter, the encoder 
needs power in order to function. It will work with voltages ranging 
from -0.3 V to 13 V, but for the sake of simplicity the encoder was also 
supplied with 12 V.

The VDD pin (the leftmost on the top of the encoder in Figure 20) is 
connected via a yellow wire to the positive voltage channel, and also via 
a grey wire to the same 10 μF capacitor as the transmitter. The DOUT 
pin is connected via an orange wire to the data input of the transmitter. 
The osc1 pin is connected to a 1 MΩ resistor, which is then connected 
to a 100 kΩ resistor, which is then connected to the osc2 pin.17 The 
encoder has an internal oscillator, but the resistance between osc1 and 
osc2 determines the frequency at which the internal oscillator oscillates. 
The oscillator resistance depends upon the oscillator frequency and the 
supply voltage, as shown in Figure 21. For an oscillating frequency of 
about 3 kHz and a supply voltage of 12 V, the resistance between osc1 
and osc2 should be about 1.1 MΩ. The two resistors are 1 MΩ (brown, 
black, green = 10 * 105 Ω = 106 Ω) and 0.1 MΩ (brown, black, green = 
10 * 104 Ω = 105 Ω). When placed in series, these two resistors add up 
to 1.1 MΩ of resistance. 

Figure 20: This picture illustrates the transmitting circuit diagramed in Figure 19.
For full-color image, see http://roundtable.menloschool.org.
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The transmitter enable pin is connected via a red wire to the negative 
channel, so that once it has been turned on, the transmitter will always 
be transmitting. Three of the data pins are connected directly to the 
positive or negative channels. (AD11 is connected to negative via a 
yellow wire, AD10 is connected to positive via a yellow wire, and AD9 
is connected to negative via a blue wire.) This was for testing purposes, 
so that hopefully the corresponding LEDs on the receiver would be 
on, off, and on. The last data pin, AD8, is connected via a grey wire 
to a push-button switch, which is connected via a green wire to the 
negative channel. When the switch is not pushed, the pin remains at 

Figure 21: This graph shows what Rosc (the resistance between the oscillator 
input and output pins on the encoder) should be, depending upon the oscillating 
frequency and the supply voltage. In this case, the oscillating frequency fosc = 
300 MHz or 3.00 kHz (according to the manufacturer’s specifications), and 
VDD = 12 V, so Rosc should be about 1.1 M ohms.16
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positive voltage. However, when the switch is pushed, adjacent pins 
are connected instead of just pins opposite from one another. Thus the 
top two pins are connected and AD8 is connected via the switch to 
the negative channel. This push-button switch made testing very easy, 
because pushing it automatically caused an LED on the receiver to 
turn on if and only if both the transmitting and receiving circuits were 
working.16 For the complete sheet of specifications for the transmitter, 
see Appendix E.

5.6  Wiring the Receiver and Decoder
The second set of circuits involves the receiver, and is located on the 
vehicle itself. As shown in Figure 22, the receiver has eight pins instead 
of four; these pins are, from left to right, the ground or negative voltage 
(VSS), digital code output, linear code output, positive voltage (VDD), 
another positive voltage pin, two more ground or negative voltage 
pins, and an antenna. The decoder, the HT12D, is depicted in Figure 
23. The pins of the decoder are identical to those of the encoder, 
except that the DOUT pin is replaced with the VT pin (VT stands for 
“Valid Transmission”), and the TE pin is replaced with the DIN pin 
(data input).18 

Figure 22: This picture shows the receiver (RLP434) with each of its eight pins 
labeled. VSS is connected to negative voltage or ground, while VDD is connected 
to positive voltage.
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The circuit containing the receiver and decoder is diagrammed in 
Figure 24 and depicted in Figure 25. Pin 1 on the receiver (the leftmost 
pin in Figure 25) is connected via a yellow wire to the negative voltage 
or ground (VSS) channel of the breadboard. Pin 2 on the receiver is 
connected via a green wire to the DIN (data input) pin on the decoder; 
through this wire the message received by the receiver is sent to the 
decoder. Pin 3 is not connected to anything, because like Pin 2, it is a 
data output pin but simply in another form. This decoder takes data 
input in digital form, not linear, so Pin 3 is not used. Pin 4 is connected 
to a 10 μF capacitor, which connects directly to the negative voltage 
channel. Just like in the decoder/transmitter circuit, this capacitor 
increases the time over which the voltage applied to the receiver 
changes, thereby decreasing the chances of the device being harmed 
by a sudden change in voltage. Pin 5 is connected via an orange wire 
to the positive voltage channel. The receiver functions with voltages 
ranging from 4.5-5.5 V, so three AA batteries were used to power this, 
providing approximately 4.5-5 V. Pins 6 and 7 are both connected by 
orange wires to the negative voltage channel. Pin 8 is connected via a 
yellow wire to the yellow antenna. Just like the transmitting circuit, the 
receiving circuit works better when the antenna is placed away from 
the other wires and chips involved in the circuit.15

Figure 23: This picture and diagram depict the decoder (HT12D). Its appearance 
is identical to that of the encoder. However, the decoder differs for two of the pins 
(VT and DIN), and functions differently from the encoder.
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Address pins A0-A7 on the decoder (the 8 leftmost pins on the bottom 
in Figure 25) are connected to the positive and negative voltage 
channels in the exact same configuration as those on the encoder: both 
start with A0 connected to negative, and alternate between positive 
and negative for the other 7 address pins. If these pins did not match 
those on the encoder, this decoder would not respond to messages 
transmitted by the transmitter. The VSS pin is connected via a green 
wire to the negative voltage channel at the bottom of the breadboard, 
which is connected via a red wire on the far left to the main negative 
voltage channel at the top of the breadboard. The decoder will work 
with voltages ranging from 2.4-12 V, but for the sake of simplicity it 
was supplied with 4.5-5 V, like the receiver.

Figure 24: This circuit diagram shows the receiver circuit, including the receiver 
(RLP434) and the decoder (HT12D).15
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The VDD pin (the leftmost on the top of the encoder in Figure 25) is 
connected via an orange wire to the positive voltage channel. The VT 
pin is connected via an orange wire to the positive voltage channel, so 
that the encoder will always continue to receive information from the 
receiver. The osc1 pin is connected to a 12 kΩ resistor, which is then 
connected to a 27 kΩ resistor, which is connected to another 12 kΩ 
resistor, which is then connected to the osc2 pin. The decoder has an 
internal oscillator, but the resistance between osc1 and osc2 determines 
the frequency at which the internal oscillator oscillates. The oscillator 
resistance depends upon the oscillator frequency and the supply 
voltage, as shown in Figure 26. For an oscillating frequency of about 
150 kHz and a supply voltage of about 5 V, the resistance between osc1 
and osc2 should be about 51 kΩ. The three resistors are 12 kΩ (brown, 
red, orange = 12 * 103 Ω = 12,000 Ω), 27 kΩ (red, purple, orange = 27 * 
103 Ω = 27,000 Ω), and then 12 kΩ again. When placed in series, these 
three resistors add up to 51 kΩ of resistance. The DIN (data input) pin 
is connected via a green wire to the data output pin of the receiver.

The first three data pins (D11-D9) are connected to LEDs, which are 
connected to the positive voltage channel. When the corresponding 
pins on the encoder are connected to the positive channel on the 

Figure 25: This picture illustrates the receiving circuit diagramed in Figure 24. V+ 
and V- denote the positive and negative voltage used to power a separate circuit, 
which is switched on and off by the PNP transistor. For full-color image,
see http://roundtable.menloschool.org.
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transmitting breadboard, the decoder applies positive voltage to the 
LEDs on the receiving breadboard, and they do not light up. However, 
when the pins on the transmitting breadboard are connected to the 
negative voltage channel, the LEDs on the receiving breadboard are 
supplied with negative voltage by the decoder, current is able to flow 
through them, and they light up. Thus given the configuration of the 
data pins in Figure 20, when both circuits are turned on, the LEDs on 
the receiving breadboard are on, off, and on.

Figure 26: This graph shows what Rosc (the resistance between the oscillator 
input and output pins on the decoder) should be, depending upon the oscillator’s 
frequency and the supply voltage. In this case, the oscillator frequency fosc = 150 
kHz (about three times the encoder’s oscillator frequency, which is 3.00 kHz), and 
VDD = about 5 V, so Rosc should be about 51 kΩ.18 
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As for the last data pin, this was not connected directly to an LED. 
As shown in Figure 27, for voltages applied to the decoder of 3.5 or 
5.0 V, the voltage across each LED was 1.79 or 1.88 V respectively. In 
addition, even at a supply voltage of 5.0 V and with only one LED 
turned on at once, the current through it was only 10.19 mA. Because 
the FA-130 motor requires 3-4 V and 140-170 mA of current in order 
to run, it could not simply be connected directly to the decoder and 
the positive voltage channel of the receiving breadboard. Instead, the 
last data pin (D8) was connected via a red wire to the base of a PNP 
transistor. The leftmost pin of the transistor, the emitter, was connected 
via a blue wire to the negative voltage channel, as well as to one end of 
an LED. The other end of the LED was connected via a yellow wire to 
the negative terminal of a set of two AA batteries (designated “V-” in 
Figure 25). The collector of the battery was connected to the positive 
terminal of the two batteries (designated “V+” in Figure 25). When 
the last data pin on the encoder (the one attached to the push-button 
switch) is connected to negative voltage, a negative voltage is supplied 
to the base of the PNP transistor on the receiver breadboard and 
current is allowed to flow from the collector to the emitter and through 
the LED and batteries. Thus this small circuit, including the transistor, 
LED, and two AA batteries, represents any additional circuit, which 
can be turned on and off by pushing the push-button switch on the 
transmitting breadboard. By placing this transistor next to the load 
in the solar panel circuit diagrammed in Figure 14, the solar panel 
circuit can be turned on and off by the transmitter, thus allowing the 
car’s forward motion to be controlled by the transmitter. The other 
three data pins on the receiver can be used to control other aspects of 
the vehicle. For example, it was originally planned that the car would 
be able to move forwards, backwards, and steer; these actions could 
each be controlled by a different data pin. If more than four different 
functions were desired, different combinations of pins could be used 
to produce 24 different possible functions, since each of the 4 pins can 
either be on or off at any given time, thus allowing this transmitter and 
receiver to determine up to 16 different states. For the complete sheet 
of specifications for the receiver, see Appendix F.
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6  The Next Step
Right now, all the components of my project work individually, but 
I simply have not had enough time to connect them all together. 
Specifically, the transmitter and receiver work together well, and the 
vehicle is able to switch easily between solar power and battery power. 
However, the solar-powered vehicle is not connected to the receiver 
and thus is manually controlled, not radio controlled. All that must be 
done to finish this project would be to solder all the receiver parts onto 
a smaller lightweight breadboard that can fit on the vehicle, so that it 
no longer needs to be manually controlled.

In addition, there are several aspects of the vehicle that I would modify 
or improve if I had more time. I would like to spend more time testing 
out different lengths of antenna so that the transmitter could transmit 
over distances of more than just a few feet. I would like to improve the 

Figure 27: This chart shows the varying voltages across and currents through the 
LEDs connected to the decoder data pins, for decoder supply voltages of 3.5 and 
5.0 V, and 1-4 LEDs turned on at once.
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power-switching mechanism so that it blocks 100% of the current from 
the battery when the solar panels are in use, thus making the vehicle 
100% solar-powered when it is in the sun. In addition, I would like 
to explore different kinds of solar panels; I used PowerFilm Flexible 
Thin Film Solar Modules because they are lightweight, durable, and 
fairly easy to work with. However, there are other form of solar panels 
or solar cells that are more efficient, thus potentially reducing the 
necessary surface area of vehicle covered in solar panels. Originally 
I also intended to make this vehicle able to do more than just drive 
forwards and stop; ideally it would be able to turn and go backwards 
as well. With more time I could add these additional features. Another 
interesting feature to add would be sunlight sensors, so that the solar 
panels would automatically rotate towards the sun when it was not 
directly overhead. However, this would be very complicated and would 
require a lot more time to accomplish.

7  Appendix A: Materials List

Materials Already Available (in ASR room, etc.)
1 RLP434 Receiver
1 TLP434A Ultra Small Transmitter
Capacitors, resistors, transistors, LEDs, wire, etc.

Materials Not Readily Available

MATERIAL COST

Buggy Car Chassis Set (a kit for the basic body 
of the vehicle)19

$21.50

8+ AA Alkaline Rechargeable Batteries 
and Charger

$16.99

2 Binary 12 bit Encoders $2.95 * 2 = $5.90

2 Binary 12 bit Decoders $2.95 * 2 = $5.90

7 PowerFilm Flexible Thin Film Solar Modules 
(only 5 were actually used)

$5.89 * 7 = $41.23

Total: $91.52
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8  Appendix B: Excerpt from Electric Car Paper20 
Theory of Operation
My electric motor is a brushless direct current motor, with four magnets 
on the rotor. An electromagnet is placed a few millimeters from the 
magnets on one side of the rotor, and a reed switch is a few millimeters 
from the magnets on the other side (180° away). My motor is set up 
the same way as that in Figure 5, except that it has four magnets on the 
rotor instead of two, and the reed switch in my motor is aligned with 
the magnet, rather than perpendicular to it, as shown in the diagrams 
in the next section.

The reed switch is essential to my motor because it basically creates 
alternating current from direct current by switching the current on 
and off at the appropriate times. As shown in Figure 6, a reed switch 
has four contacts. Two of the contacts each attach to a metal contact 
inside the reed switch, while two of the contacts connect to a coil of 
wire surrounding the two internal contacts. When a current is sent 
through the two contacts connected to the coil of wire, a magnetic 
field is produced, causing the end of one contact to become negatively 

Figure 5: A Reed Switch Motor with two magnets.

Figure 6: A basic Reed Switch.
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charged, while the end of the other contact becomes positively charged. 
The two contacts attract each other, stick together, and the switch closes, 
allowing current to flow [7]. The switch can also be directly activated 
by a magnet placed near one end of it, which produces the magnetic 
field itself. This is how the reed switch was used in my motor.

As shown in Figure 5, when magnet 2 is adjacent to the reed switch, 
the internal contacts connect and current flows throughout the circuit. 
The flow of the electric current through the coils of the electromagnet 
produces a magnetic field, which repels magnet 1. If the electromagnet 
and reed switch are exactly 180° opposite each other, the rotor could 
rotate in either direction. Therefore, it is advantageous to have the 
electromagnet placed just slightly above or below the magnet (which 
side depends upon which direction you want the rotor to rotate in), 
so that it will always repel the magnet in the same direction and the 
rotor will not reverse direction. As the rotor spins slightly, magnet 2 
moves away from the reed switch, which then closes due to the absence 
of a magnetic field. Without a current in the electromagnet, which 
would cause it to repel the approaching magnet 2, the momentum 
of the rotating coil carries it around 180° until magnet 1 is next to 
the reed switch and magnet 2 is next to the electromagnet. The reed 
switch turns on, allowing current to flow through the electromagnet, 
forcing magnet 2 away, and the process repeats [5]. The only difference 
between my motor and that depicted in Figure 5 is that mine contains 
four magnets instead of two. This simply means that a magnetic force 
is applied to the rotor every 90° instead of every 180°.
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9-12  Appendices C-F 

Appendices C-F are available online at 
http://roundtable.menloschool.org.

Appendix C: Mabuchi FA-130 Motor Specifications21

Appendix D: Flexible Thin Film Solar Module Specifications22

Appendix E: Ultra Small Transmitter Specifications15

Appendix F: Receiver Specifications15
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