
February 2, 2022 Electrical and Electronic Circuits Jeffrey La Favre

Before working on the exercises in this document, you should read the GEAR document 
titled Electricity and Electronics for Robotics authored by Jeffrey La Favre. 
http://lafavre.us/robotics/electricity.pdf 

As a GEAR first year senior you will build a line following robot. As you build this robot, you
will learn about electronics and the functions of various electronic components.  I am sure 
you are anxious to begin work on the robot, but before you do, it is a good idea to have a 
foundation in electrical and electronic circuits.  Just as you learned the alphabet in 
preparation for learning how to read, learning the basics about circuits will prepare you for 
understanding how your robot functions.  While it is fun to build the robot and watch it 
operate, your GEAR advisors believe it is more important that you understand how the 
robot functions.  We believe you will find the robot more interesting if you understand how 
it works. 

There are three words that you must understand as we begin: voltage, resistance and 
current. We can use the analogy of water flowing in a pipe as a way to understand 
electricity. It is not a perfect analogy, but it will do for your learning purposes.  The amount 
of water flowing in a pipe is analogous to electrical current.  Current is the amount of 
electrical charge flowing in a circuit.  Voltage is analogous to water pressure in a pipe.  If 
there is high water pressure, water will exit the open end of a pipe quickly.  If voltage in a 
circuit is high enough (thousands of volts), electric current can jump across a short air gap 
between two metal electrodes. Voltage is the word we apply to quantify electrical 
pressure, which can also be named electromotive force (emf). The higher the voltage, 
the more current will flow in a circuit.  The word resistance can also be applied to the flow 
of water in a pipe.  Water will flow more freely though a large pipe than a small pipe.  
Resistance in an electrical circuit, in partnership with voltage, determines how much 
current will flow.  Under the same voltage (pressure), less current flows in a circuit with 
higher resistance.  Resistance has the opposite effect of voltage (higher resistance, less 
current, higher voltage, more current).  Components called resistors are used in electrical 
circuits to control the amount of current.  Excessive current can damage components in a 
circuit and even melt metal.

What is a circuit?  You might notice that
this word seems similar to the word 
circle.  In fact, we can envision an
electrical circuit as a circle. In practice,
the physical shape of a circuit is rarely a
circle, more likely a square or rectangle. 
But in any case, all of these shapes have
one thing in common, they are closed.
There are no end-points in a closed
circuit.  We can follow a path along a
circle, beginning at any arbitrary point
and follow along the circle until we return
to that same point. It is a continuous
pathway for current to flow.  If we cut a wire in a circuit, then that cut makes two end-points
in the wire and the circuit becomes open.  Electrical current cannot flow in an open circuit.
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Figure 1: Electrical Circuit
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An electrical circuit must have three parts: 1) a source of electrical energy 2) a path for the 
electricity to travel along and 3) a load, the object that consumes the electrical energy.  In 
your GEAR work you will be using batteries as the electrical energy source because it is 
the safest way to work with electricity. Electrical wire is commonly used to provide a path 
for the electricity to flow between the battery and load and return to the battery.  The load 
may be various electrical or electronic components that consume the electrical energy.  

In these exercises you will be using three different kinds of loads: 1) resistor 2) LED (light 
emitting diode) 3) electric motor.  Loads of these kinds are in common use in your home.  
You have many lights in your home so that you can see during the night.  There are a 
number of appliances in your home that have electric motors: refrigerator, washer, dryer, 
heater, mixer, blender.  Perhaps you can think of others.  In your home you have a number
of appliances that use resistors as heating elements.  

As a resistor consumes electrical energy,
it becomes warm. The electrical energy is
converted to heat energy.  Depending on
the amount of energy converted, the
resistor can become red-hot, like the
heating element of a kitchen electric
stove.  The toaster in your kitchen also
has wires that are a kind of resistor.
When electricity flows through these
wires, they become red-hot.  Have you
noticed this?

Figure 3 is a photo of a refrigerator
compressor.  Inside the compressor there
is an electric motor connected to a pump
which compresses refrigerant. The
refrigerant is moved through copper
tubes that are also visible in the photo.
As the refrigerant is compressed, it
becomes hot.  The hot refrigerant is
pumped through a heat exchanger which
allows the refrigerant to cool.  Then the
refrigerant passes through a device that
allows the pressure to drop.  When this
happens, the refrigerant becomes very
cold.  The cold refrigerant is then
transported through another heat
exchanger which cools air passing
through it.  The cooled air is circulated
into the interior of the refrigerator.  Then
the refrigerant is returned to the
compressor, where the cycle repeats.
That is how a refrigerator works and an important part of the refrigerator is the electric 
motor, which drives the compressor pump.  Electrical energy is first converted to 
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Figure 3: Photo of the back of a refrigerator.  The 
black object is the compressor.

Figure 2: Heating elements of an electric stove
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mechanical energy and then the mechanical energy is converted to heat energy. By using 
some clever engineering, the heated refrigerant is converted to cold refrigerant by causing 
the heated refrigerant to loose heat energy to the room air.

Figure 4 shows the compressor with the top
removed so we can see the interior parts. The
electric motor is on the right side.  You can see
the copper wire coils of the motor.  In this
photo the motor is operating.  At the top of the
spinning part of the motor, there is a part that
connects to the compressor pump. The pump
is visible is on the left.  The connecting part
looks blurry in the photo because it is moving.

Let us now continue our discussion of circuits.
Figure 5 shows the most basic circuit possible.
Using two wire jumpers with alligator clips, the
red wire is connected to the positive terminal of
the battery (notice the + label on the battery) and
the black wire is connected to the negative
terminal of the battery. It is standard practice to
use red color to indicate the positive side of a
power supply and black to indicate the
negative side. The other ends of the red and
black wires are connected to the yellow LED. 

In a circuit like the one in Figure 5, current flows
out of the positive terminal of the battery into the
red wire and through the wire to the LED.  As the
current passes through the LED, some of the
energy is converted to another form of energy,
light.  Then the current continues to flow through the black wire to the negative terminal of 
the battery.  A complete, or closed circuit, provides a path whereby the current can leave 
the battery, flow though the load and return to the battery.  If we break apart the circuit 
anywhere along its length, even after the load, current cannot flow because it must have 
a path back to the battery. 

Current will not leave the positive terminal of a battery unless there is a complete path to 
the negative terminal.  This should make sense if you think about it. Where will the current 
go after it leaves the battery?  The only place it can go is back to the battery.  If a path to 
the negative terminal is not provided, electrons can’t leave the negative terminal of the 
battery. Then no current will flow and the circuit is characterized as open.    

Current leaving the battery at the positive terminal have a higher energy content than the 
current returned to the negative terminal of the battery.  The energy is lost from the current 
as it passes through the load.  
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Figure 5: Simple Circuit

Figure 4: Interior of compressor
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A circuit that has a break in the path is called an open circuit, as opposed to a closed 
circuit.  Switches can be used to open and close a circuit, like the light switches in your 
home.  You will learn how to use switches in this series of exercises.

A third type of circuit condition is the short circuit.  This kind of circuit must be avoided.  
Short circuits do not contain a load between the terminals of the battery.  You can create a 
short circuit by connecting one wire jumper to both battery terminals.  When this happens, 
a very high amount of current will flow in the circuit due to very low resistance. As a result, 
the wire will heat up.  Depending on the reserve power of the battery, there may be 
enough current flowing through the wire to melt the metal of the wire.  Obviously, we want 
to avoid this dangerous situation.  In addition, connecting a battery to a short circuit may 
damage it.  Please make every effort not to short circuit a battery.  The rechargeable 
batteries used in the GEAR circuit boards are expensive to replace. 

As I have already mentioned, it is standard practice to use red wires to indicate the 
positive side of an electrical source and black wires to indicate the negative side.  In your 
GEAR kit for these lessons you should find wire jumpers of various colors.  It is OK to use 
any color you wish, but red and black colors help remind
you of the positive and negative connections to the battery.
Use those colors if you have them available.

It is helpful to use a light emitting
component (such as an LED) in
your practice circuits because
the glowing light provides a
visual indication that electricity is
flowing in the circuit. However, I
must tell you that my circuit in
Figure 5 will not allow current to
flow.  The reason is that LEDs
usually require more voltage
than the voltage supplied by one
battery cell.

The circuit board you will be
using for these exercises
contains two batteries in series.
Batteries in series are positioned
as seen in Figure 6 and their
voltages add together.
Therefore, the battery supply on
your GEAR circuit board will
supply about 2.7 to 2.8 volts
when freshly charged and will
supply about 2.4 volts when they
need to be recharged.  The
batteries are housed in a holder
that contains the batteries side
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Figure 6: Two batteries in 
series

Figure 7: Battery supply of 
GEAR circuit board
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by side (Figure 7).  However, the negative side of one battery actually connects to the 
positive terminal of the other battery in the holder.  Therefore, even though it might appear 
that the batteries are connected in parallel, in actuality they are connected in series, 
supplying double the voltage of a single cell.  Note also that a red wire with alligator clip is 
attached to the positive terminal of the battery holder and a black wire with alligator clip is 
connected to the negative terminal of the battery holder.

Most LEDs operate on voltages of about 1.8.  Furthermore, LEDs should be protected 
from excess current, which can lead to premature burn-out of the LED.  In order to add this
protection, a 100 ohm resistor is added in series with each of the three yellow LEDs on 
your GEAR circuit board, as seen in the example in Figure 8 below.

The resistor in Figure 8 above limits the amount of electrical current that can flow through 
the LED.  You might think of it as similar to the valve on the sink in your bathroom that 
controls the amount of water that will flow.  The amount of current that will flow through the
resistor depends on its resistance value.  The value (100 ohms in this case) is coded in the
color bands on the resistor.  Later in this series of lessons you will learn how to read the 
color code of resistors.  In the specific case of our GEAR circuit board, with about 2.7 to 
2.8 volts of electrical pressure (emf or electromotive force), a 100 ohm resistor will limit the
current flowing through the LED to slightly less than the maximum amount allowed. 

When working with electric and electronic circuits, it is helpful to draw
a schematic diagram of the circuit.  Having a schematic drawing can
help when you are studying circuits, especially if they are complicated.
In a schematic diagram, we use symbols for components (parts).
Figure 9 to the right is a schematic of the circuit seen in Figure 5. The
top symbol is the LED.  The part inside the circle is the symbol of a
diode, which reminds us that the LED is a type of diode.  Diodes are
important electronic components that allow current flow in one
direction but not the opposite direction.  The arrow part of the
symbol reminds us that the current flows in the direction of the arrow,
but is blocked in the opposite direction, symbolized by the vertical line
at the tip of the arrow.  The circle part of the symbol with the two
diagonal arrows outside the circle remind us that this is an LED, a
light emitting diode, a special category of diodes.  The symbol at the
bottom of the schematic represents the two batteries in series, one set
of long and short vertical lines for each cell.  The longer vertical line represents the positive
terminal of the battery cell. A plus sign is also applied at the left side of the symbol to 
remind us that this is the positive side of the battery supply.
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Figure 8: Yellow LED and 100 ohm resistor in series on GEAR circuit board

Figure 9: 
Schematic drawing
of simple circuit 
with battery and 
LED
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Because an LED passes electrical current only in one direction, we must connect it 
properly to the battery supply.  Otherwise, current will not pass through the LED and it will 
not glow.  The positive battery wire must connect to the positive wire of the LED and the 
negative battery wire to the negative wire of the LED. Notice in Figure 8 that I have 
soldered a red wire to one wire of the LED. It happens to be the LED’s positive wire. How 
did I know which is the positive wire?  If you look closely in Figure 5, you should notice that
the positive battery wire (red) is connected to the LED wire that is slightly longer than the 
other one.  That is how we can determine the positive wire of the LED, it is the longer 
one. In the case of your GEAR circuit board, I have soldered a red wire to the positive wire
of each LED.  The negative wire of each LED is soldered to a 100 ohm resistor and the 
other end of the resistor has a black wire soldered to it.   The wire colors will assist you in 
connecting the LED properly to the battery.   

A long time ago scientists decided to establish a standard in describing the direction of 
electrical current flow, which should be the direction of flow of positively charged 
particles.  By this convention, we say that current exits a battery from its positive terminal 
and returns to the negative terminal (Figure 10).  This standard was established before 
scientists discovered the true nature of
electricity.  By the early 20th century it
became known that the charged
particles of electricity traveling in a solid
metal wire were electrons, not
positively charged particles.  Electrons
travel in the opposite direction of
positive current.  Nevertheless, it was
decided that we would continue to draw
circuits with the direction of positive
current.  It is the rule we should follow
even today.

It is interesting to note that electrical
current INSIDE the battery is positively
charged ions, which travel in the
direction which is the standard
direction. In Figure 10a I have drawn
the TRUE direction of charged particle
flow in the circuit.  However, because
we must follow the rules established
long ago, we are only supposed to
show the direction of positive current in
our drawings (as in Figure 10).  This will
be the last time I draw current in the
direction of electron flow, since it goes
against the rules. Notice that I have
added a symbol of a diode in the circuit
in Figure 10a.  Also notice that it points
in the direction of positive current flow.
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Figure 10a: True current direction in a simple circuit

Figure 10: Correct standard direction of current flow
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Exercise One – wire your circuit board with a simple circuit

If you have been reading this lesson carefully, you should now know how to wire the 
battery to one of the yellow LEDs on the board.  I am not going to give you specific 
instructions on how to wire it.  I want you to try it with the information I have provided to 
you so far in this lesson.  If you wire it properly, the LED should glow with a yellow light.  
Once you have your light glowing, I want you to draw the schematic of you circuit.  You 
already know the symbols for an LED and the batteries.  The LEDs on the GEAR circuit 
board are permanently connected in series with resistors and you must include the resistor
in your schematic diagram.  
                 
The symbol for a resistor is: 

In the space below, draw a schematic for your simple circuit.  The schematic should 
include the battery supply, the LED, the resistor.  Draw lines between the parts to 
represent the wires of the circuit. Make sure the arrow in the LED symbol points in the 
proper direction, the direction of positive current flow, which exits the battery from the 
positive terminal.
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Exercise Two – measuring voltage,
resistance and current with a meter

In this exercise you will use a GEAR Fluke
Multimeter to make measurements of voltage,
current and resistance.  The LED must be glowing
when you measure voltage.

Measuring Voltage

1.  Make sure the two meter probe wires (red and
black) are connected to the correct sockets on the
meter as seen in Figure 11.  

2.  Rotate the selector knob until it points to the
symbol for DC volts

3. Firmly touch the meter probes to the wires on
each side of the LED. The red probe should touch
the positive side of the LED.  The meter will
display the voltage drop across the LED (it will be
a negative value if the probes are reversed).
Write the displayed value in the table provided for
this exercise below.

4. Firmly touch the meter probes to the wires on each side of the resistor body. The meter 
will display the voltage drop across the resistor.  Record the voltage drop in the table.

5.  Now measure the total voltage drop of your circuit.  To do this, touch the probes to the
alligator clips at the ends of the battery supply wires.  Record the total voltage drop in the 
table.  When you write a measurement, include V or volts after the number.

6. Once you are finished making the three voltage drop measurements, rotate the meter 
selector knob to the OFF position.  Leaving the meter on while not in use wastes battery 
power (the meter has a 9 volt battery inside). 

Voltage Drop LED Voltage Drop Resistor Total Voltage Drop Calculated Total 
Voltage Drop

After you have entered the three voltage measurements, add the two values for LED and 
resistor together and write the answer in the column labeled Calculated Total Voltage 
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Figure 11: Meter set to measure DC volts
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Drop.  Compare the measured Total Voltage Drop value to the Calculated Total Voltage 
Drop value.  They should be the same or nearly the same value.

Measuring Current

1. For measuring current, the positive (red)
probe wire must be inserted into one of the
sockets on the left side of the meter.  The socket
labeled 400mA is used to measure currents up
to 400 milliamps. Above that level you will need
to use the socket labeled 10A (up to 10 amps).  
In the exercises in this paper you will use
only the 400mA socket.

2. Rotate selector knob to mA for measuring
milliamps (Figure 13).  The meter selector for mA
actually has three settings: 1)  AC current
2) DC current 3) Frequency.  Notice that the
curved line symbol representing AC current is
white (Figure 13a below).  It is the default setting.
Also notice that the symbols for DC current and
Frequency are in yellow.  These settings can be
selected by pressing the yellow button as
described in the next step.

3. When the meter selector is set to the millliamp position, it is
initially set to measure alternating current (AC), as indicated in
the display (see Figure 14).  To measure current produced by
batteries you need to set the meter to direct current (DC).  There
is a yellow shift button below the display (Figure 14).  Press the
yellow button one time to select DC current
(every time you press the button it toggles
to next setting).  When you have the meter
set properly, the display should look like
the image in Figure 15 to the right.
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Figure 12: Meter probe cables set for 
measuring milliamps

Figure 13: Set meter selector to mA

Figure 14: Yellow shift 
function button

Figure 15: Meter set 
for DC current

Figure 13a: Current label
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4. Your meter is now ready to measure current.  Unlike voltage readings, where you only 
need to touch the meter probes on both sides of the component to measure, for current 
you must break open the circuit.  Current must pass through the meter in order to make 
the measurement.  Remove the positive battery supply wire from your circuit and 
connected it to the red probe of the meter.  Then touch the black meter probe at the place 
where the positive battery wire was formerly connected.  The LED should now be glowing. 
Look at the meter display to note the number of milliamps measured.  Record the milliamp 
measurement below (make sure you write milliamps or mA after the number):

Current value measured: __________________________________

5. Set the selector knob to OFF

Measuring Resistance

Your final measurement for Exercise Two will be resistance.  Before you attempt to make 
this measurement, MAKE SURE THE BATTERY WIRES ARE DISCONNECTED FROM 
YOUR CIRCUIT.  Attempting to measure resistance in a circuit that is energized may
damage the meter. 

1. Connect the meter probe cables to the
meter as seen in Figure 16.

2. Set the selector knob to resistance.  This
setting is represented by the Greek letter
omega (Ω).  Omega is the symbol that
represents Ohms, the unit we use for
measuring resistance.  When you record a
resistance reading, say for example a value of
100, write it like this: 100Ω  Or if you prefer
you can record the reading as: 100 ohms.  For
high resistance measurements, the meter may
display the value with a k or M after the
number. For example, a display of 1.00k is the
value 1,000 ohms.  A display of 1.00M is the
value 1,000,000 ohms.

3. Firmly touch the meter probes to the wires
of the resistor that is in series with the LED of
your circuit (it does not matter which probe
goes to the left and which to the right of the
resistor body).  The meter should now display
the resistance value measured.  Write the
value below.

Resistance value measured: ___________________________________
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Figure 16: Meter set to measure resistance
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4. Set the selector knob to OFF

The meter cannot measure the resistance of certain kinds of electronic components.

The GEAR meter is not capable of measuring the resistance of the LED in case you are 
wondering why I have not asked you to measure it.  The meter will display a resistance 
value for the LED if you try to measure it but it will not be a correct value. 

LEDs and all diodes are in a class of electronic components named semiconductors.  
Transistors are also semiconductors.  Semiconductors are said to be non-ohmic or non-
linear.  What does that mean?  An ohmic electronic component, like a resistor, behaves in
a linear fashion with regards to the voltage applied in a circuit.  Suppose we apply one volt 
to a resistor and find that it results in 1 amp of current flow.  Then if we apply two volts, we 
discover that two amps of current flow.  If we apply four volts, four amps of current will flow.
This is what we mean by a linear response.  If a semiconductor is tested by applying 
different voltages, it will not respond in a linear fashion.  The GEAR meter you are using is 
designed to measure resistance of electronic components that behave in a linear fashion.  
Since semiconductors are non-linear, the meter can’t directly determine their resistance. 

Now here is the interesting thing about non-ohmic components.  They do have a 
resistance to current flow.  You have already measured the voltage drop of the LED in your
circuit.  The fact that voltage drops as current flows through the LED proves that it has 
resistance to current flow.   But that resistance is a little bit strange.  You might say it is 
dynamic resistance.  Another way to say it is that the resistance changes with a change in
current flow. Resistors have static resistance, they do not change in resistance with a 
change of current flow.  That is why the meter can measure resistance of resistors but not  
LEDs.

By using the term non-ohmic, we imply that a component does not obey Ohm’s Law. But in
what seems to be a contradiction, we can use Ohm’s Law to calculate the resistance of the
LED. If we measure the voltage drop of the LED and measure the current flow through the 
LED, then we can calculate the resistance using Ohm’s Law.  In the next exercise you will 
learn how to apply Ohm’s Law in your studies of electrical and electronic circuits.

  Exercise Three – Using Ohm’s Law to analyze circuits

Wikipedia has an article on Ohm’s Law: https://en.wikipedia.org/wiki/Ohm%27s_law 

Ohm's law states that the current through a conductor between two points is 
directly proportional to the voltage across the two points. Introducing the 
constant of proportionality, the resistance, one arrives at the usual 
mathematical equation that describes this relationship:

I = V
R

In the above equation, I is the symbol we use to represent electrical current, V is voltage 
and R is resistance. The unit we must use for current is the ampere (or amp).  The unit for 
volts is the volt and the unit for resistance is the ohm.  Check my document Electricity 
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and Electronics for Robotics for definitions of these units.  You can also find them 
defined at Wikipedia.  

Notice that resistance in Ohm’s Law is said to be a constant.  I am not sure I can do a 
good job of defining for you what the word constant means as used for Ohm’s Law.  
However, I can say this.  The resistance, R, is not a constant for non-ohmic electronic 
components.  That is why some people say semiconductors do not obey Ohm’s Law.  

If we want to calculate the current expected to flow in a circuit using Ohm’s Law, we have 
a problem with the LED because for LEDs, R is not a constant.  In solving the equation on 
the previous page for current, we need to measure voltage and resistance in the circuit.  
Voltage is not a problem, but as we have already learned, we can’t directly measure the 
resistance of an LED.  We are stuck if we try to use Ohm’s Law in the equation form 
provided on the previous page.

Happily, there is a way around the problem.  We can rearrange the equation to solve for 
resistance rather than current.  I am not sure what you have learned in school about 
equations, so let me explain how to rearrange the equation.  What we want to do is move 
R to the left side of the equation and move I to the right side. Then we can solve for R 
even though we can’t measure it with a meter!  Without presenting to you the complete 
explanation for this mathematical procedure, I will just tell you how to do it.  You can swap 
the values as shown below:

In the rearranged form of the equation we can calculate the resistance by dividing the volts
by the current.  We can measure voltage drop across the LED and we can measure 
current flow though the LED.  Suppose we measured the voltage drop to be 1.80 volts and
the current to be 5.0 milliamps.  We can use these values to calculate the resistance.  But 
we have a small problem.  The current must be in units of amps, not milliamps.  There are 
1,000 milliamps to one amp.  Therefore, divide your meter reading in milliamps by 1,000 to
convert to amps.  The easiest way to do this is just by moving the decimal point three 
places to the left.  For example, 5.0 milliamps = 0.005 amp.  Now we can solve the 
equation:

R = 1.80 volts
0.005 amp

= 360 ohms

We divide 1.80 volts by 0.005 amp and derive a resistance of 360 ohms for the LED!

Now let us do another calculation with some different voltage and current values. We can 
control the amount of current flowing through an LED by selecting resistors of various 
values to place in series with it.  Now suppose we have a current-controlling resistor that 
limits the current through the LED to 0.5 milliamp and in this circuit we measure the 
voltage drop across the LED and find it to be 1.87 volts.  Let us now solve the equation for 
resistance on the next page.
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R = 1.87 volts
0.0005 amp

= 3,740 ohms

Now we discover that the resistance of the LED has changed, increasing more than ten-
fold.  Resistors don’t do that.  Their resistance is constant, at least within reasonable 
operating ranges where the resistor does not become excessively hot.

I hope that this discussion of resistance in the LED is not too confusing.  My purpose here 
is to show you the interesting behavior of the LED. Its resistance changes depending on 
the amount of current flow.  That is why I said earlier it can be characterized as having 
dynamic resistance.  In other words, the resistance we can calculate changes with 
variation in current.  And as I said, that just does not happen with resistors operating within
the normal range of conditions they are designed to withstand.

Calculate the resistance of the LED in your circuit.

Now that you have seen how I calculated resistance of the LED, I want you to do the 
same. Use the voltage drop of the LED you measured and recorded on page 8 and the 
current you measured and recorded on page 10.  Copy the measured values below:

Voltage drop of LED: ________________

Current of LED: ______________

Remember to convert your current measurement to amps (divide milliamps by 1,000)

Now in the space below, calculate the resistance of your LED.  Circle the answer in your 
work for the LED resistance calculated (remember to include “ohms” as the units of 
resistance).
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Exercise Four – Using Ohm’s Law to analyze series and parallel circuits

In connecting electronic components together to form a circuit, there are two primary 
configurations that can be used: parallel and series.

Figure 17 depicts the two basic arrangements of
components.  Just by looking at the two schematic
arrangements, we can make some statements or
predictions about the behavior of electricity in the
circuits. 

Parallel Circuits – Current Flow and Resistance

Imagine current flowing through the parallel circuit.
First it exits the positive terminal of the battery.  As
current travels in the wire it comes to a “fork in the
road.”  Each charged particle has one of two options:
1) continue straight or 2) turn right. What do you imagine happens to the current if both 
resistors in the circuit have the same resistance?  We can find out by measuring the 
current flowing through each resistor.  When we do this, we find that the resistors have the 
same amount of current flowing through them. In other words, half of the current flows 
through one resistor and half through the other resistor.  This should make sense.  If both 
pathways present the same resistance to flow, half the current will flow through one 
pathway and the other half the other pathway.  If we place three resistors of equal 
resistance in a parallel arrangement, then one third of the total current will flow through 
each resistor.  And so forth.  

Suppose we place two resistors in parallel, each having exactly 100 ohms resistance.  
What do you suppose the total resistance in the circuit will be?  The answer is 50 ohms.  
That should make sense if you think about it.  If we have two water pipes of the same size 
running parallel to each other, combined they can transport twice the amount of water that 
one pipe can transport.  Therefore, the combined resistance to flow is half that of a single 
pipe.  

What if the two resistors in parallel do not have the same resistance?  You should be able 
to reason out this situation as well.  The resistor with less resistance will have more current
flow through it than the one with higher resistance.  Suppose we have a 50 ohm resistor 
and 100 ohm resistor in parallel.  And we apply one volt to the circuit.  How much current 
will flow through each resistor?  We use Ohm’s Law to calculate the current for each 
resistor.  

I = 1.0 volt
50 ohms

= 0.02amp

I = 1.0 volt
100 ohms

= 0.01 amp
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The current passing through the 50 ohm resistor will be 0.02 amp and for the 100 ohm 
resistor current will be 0.01 amp. This should make sense.  The 50 ohm resistor has half 
the resistance of the 100 ohm resistor and twice the current.   Total current in the circuit 
will be 0.03 amp (0.01 + 0.02).

What do you suppose is the total resistance of a parallel circuit with a 50 ohm resistor 
and 100 ohm resistor?  At this point we may wish to use a formula to calculate the total 

resistance.  In the equation below, Rtotal is the total resistance, R1 is resistance of first 

resistor, R2 is resistance of the second resistor.  If you have more than two resistors in 

parallel, just add each one as an additional fraction, which is what Rn indicates.  

Here is how to set up the equation for our example:

1
R total

= 1
50 ohms

+ 1
100 ohms

I realize that you may not know how to solve the above equation, because you may not 
have learned this yet in your math class.  I will show you step by step how to solve the 
equation. First we must reduce each fraction of individual resistors to a decimal number by
dividing the numerator (1) by the denominator.  Let us do that now: 1 divided by 50 = 0.02 
and 1 divided by 100 = 0.01. Now our equation looks like the one below.

1
R total

= 0.02 + 0.01

Now add the two decimal numbers together: 0.02 + 0.01 = 0.03.  Now our equation looks 
like the one below.

1
R total

= 0.03

The problem now is that Rtotal is in the denominator of our equation on the left side.  We 
need to change that, which we can do by rearranging the equation. A term on one side of 
the equation can be moved to the other side, but in this case its position must be changed 
from denominator to numerator or from numerator to denominator of a fraction. We move 

Rtotal to the right side of the equation and place it in the numerator position and move 0.03
to the left side and place it in the denominator position.  Our equation now looks like the 
one below.

1
0.03

= Rtotal
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Now in this last step, reduce the fraction on the left side of the equation to a decimal 
number: 1 divided by 0.03 = 33.3.  Our equation now looks like the one below and is 
solved.

33.3 ohms = Rtotal

Normally Rtotal should be on left side of equation but I kept it on the right side because I 
think then you can follow my steps in solving the equation without confusion.  Using the 
equation, we have computed the total resistance of a 50 ohm and 100 ohm resistor in 
parallel and found it to be 33.3 ohms.  Notice that the total resistance is less than the 
lowest resistor used in the circuit, 50 ohms.  This will always be the case in a parallel 
circuit arrangement of resistors. Total resistance will be lower than the lowest value 
resistor.

Now we use Ohm’s Law to calculate total current by using the total resistance value we 
just calculated by formula. What will be the current with one volt?  Divide 1 volt by 33.3 
ohms:

1 volt
33.3 ohms

= 0.03amp

Notice we got the same answer for total current as we did previously, when we 
determined the current through each resistor individually.  Yes, the second way took more 
effort to compute.  However, when you need to calculate the total resistance in a circuit 
with several resistors in parallel, the above procedure is useful.

Voltage Drop in Parallel Circuits

In parallel circuits all resistors experience the same voltage drop.  In the simple parallel 
circuits shown in this paper, the voltage drop of all resistors in parallel will be the same as 
the voltage provided by the batteries.

Series Circuits - Resistance

 Calculating the total resistance in a series circuit is
much easier than for the parallel circuit.  You just add
all the resistances of individual resistors together.  The 
total resistance of resistors in series is the exact opposite
of resistors in parallel.  As we continue to add resistors in
parallel, the total resistance in the circuit drops.  In a
series circuit, the more resistors added, the higher the total
resistance.

If you think about the series situation, it should also make
sense.  If a water pipe of a certain length provides a certain resistance to the flow of water,
doubling its length will double the resistance to the flow of water.  The same thing happens
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in a series circuit.  If we connect two resistors of 100 ohms resistance in series, the total 
resistance in the circuit will be 200 ohms.  

Series Circuits – Calculating Voltage Drop of Individual Components

In series circuits, each resistor drops a fraction of the voltage applied to the circuit.  If we 
add all of the voltage drops together, then we obtain the total voltage drop of the circuit, 
which equals the voltage supplied by the battery supply.  In this section you will learn how 
to calculate the expected voltage drops of resistors in a series circuit.  

Suppose we have a series circuit containing 3 resistors with the following values: 100, 150 
and 350 ohms.

1. The total resistance in the circuit is 100 + 150 + 350 = 600 ohms

2. Now suppose we apply 2.8 volts to the circuit.  What will be the current through the 
circuit?  Use Ohm’s Law:

I = V
R

I = 2.8 volts
600 ohms

= 0.00467 amp

Current flowing through the circuit will be 0.00467 amp.  We have the resistance of each 
resistor and current through the circuit.  With these values we can apply Ohm’s Law to 
calculate voltage drop across each resistor.  First we need to rearrange Ohm’s Law to the 
form for solving voltage:

We can rearrange the formula by moving resistance from the denominator on the right side
of the equation to the numerator on the left side.  In this rearranged form, we can see that 
if we multiply current by resistance, we will obtain the voltage.

3. Calculate voltage drop of 100 ohm resistor:

V = 100 ohms x 0.00467 amp = 0.467 volt

4. Calculate voltage drop of 150 ohm resistor:

V = 150 ohms x 0.00467 amp = 0.700 volt
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5. Calculate voltage drop of 350 ohm resistor:

V = 350 ohms x 0.00467 amp = 1.634 volt

6. Add voltage drops together: 0.467 + 0.700 + 1.634 = 2.80 volts

The calculations above show that in a series circuit containing resistors of 100, 150 and 
350 ohms, the voltage drops across each resistor will be 0.467 volts, 0.700 volts and 1.634
volts respectively.  Furthermore, when we add these voltages together, we obtain a total 
voltage drop of 2.80 volts, which is the voltage supplied to the circuit by the batteries.

I have now completed presenting to you some mathematical methods that can be used 
with Ohm’s Law to make calculations of voltage, current and resistance in parallel and 
series circuits.  This mathematics is useful to the engineer who wants to design an 
electronic device.  It should also be useful to you as you learn how electronic circuits 
function.

So now let us summarize by comparing the two wiring schemes. Suppose we utilize two 
100 ohm resistors to make both kinds of circuits..  The parallel circuit will have a total 
resistance of 50 ohms while the series circuit will have a total resistance of 200 ohms, 
four times greater than the parallel circuit even though both circuits employ the use of two 
100 ohm resistors. Total resistance in a series circuit is easy to calculate, just add the 
resistances of the resistors together. Total resistance in parallel circuits is more difficult to 
calculate and usually involves the use of a formula.  There is only one voltage drop in 
parallel circuits and that voltage drop is the same as the voltage supplied by the battery 
supply.  If resistors in series have different resistances, they will have different voltage 
drops, which can be calculated using Ohm’s Law. The voltage drops of each resistor in a 
series circuit are added together to calculate the total voltage drop.

(continued on next page)
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Connecting resistors in parallel or series can be useful in situations where you don’t have 
a resistor of a desired value in your parts box.  Suppose you need a 300 ohm resistor but 
only have some 100 ohm resistors.  No problem, just connect three 100 ohm resistors in 
series and you create a 300 ohm resistor.  What if you need a 25 ohm resistor, but the 
lowest value resistors you have are some 50 ohm resistors.  Again, no problem.  You can 
make a 25 ohm resistor by connecting two 50 ohm resistors in parallel.  There are many 
other reasons why resistors are connected together in series and parallel.  When you 
study the circuits in the line following robot you will build, you will begin to understand 
other reasons why series and parallel resistors are designed as part of an electronic 
device.

About Resistors

One of the most basic components (parts) used in electronics is the resistor. Resistors are 
used to control the amount of current that flows in a circuit and to reduce voltage supplied 
to other components. Some components require specific voltage for proper operation in a 
circuit, often lower than the voltage supplied by the power source. In this situation a 
resistor can be used to reduce the voltage supplied by the power source. All electronic 
components have limits on the amount of current that can flow through them without 
causing damage and a resistor is commonly used to limit current as a protective measure. 

The photo of Figure 19 is a close-up view
of three typical resistors. You will notice
that the bottom one is smaller in size than
the other two. A wire is connected to each
end of each resistor body. Inside the
resistors there is a material that resists the
flow of current. The smaller resistor is a
lower wattage resistor. The larger resistors
are half-watt resistors and the smaller one
is a 1/8th- watt resistor. When you buy
resistors, they should be marked on the
package with the wattage rating. With experience you can guess at the wattage by their 
size, but it is better to note the wattage on the package if it is available. It is important to 
use a resistor of adequate wattage when designing electronic circuits so that the resistor 
does not overheat and become damaged. Below I provide to you the formula for 
calculating wattage:

watts = volts x amps

When an engineer designs a circuit, he or she knows how to calculate the voltage drop 
and current expected for each resistor.  It is a simple matter of multiplying these values 
together to obtain the watts of electrical power that will be consumed by each resistor.  The
engineer will insure that the proper wattage resistors are used to build the circuits. 
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Most resistors are quite small and it would be
difficult to print numbers on them that you could
read without a magnifying glass. Instead,
resistors are commonly marked with colored
bands. The bands are a code for the amount of
resistance, in ohms, of the resistor. With my old
eyes there is no way to see the colors on the
small resistor in Figure 19, but I can tell you the
colors on the other two. Reading from the left
side the top one is red, red, orange and gold.
Using the color code, I know this is supposed to be a 22,000 ohm resistor of 5% tolerance.
The next resistor is: yellow (hard to see), purple, brown, gold (470 ohms). How do we 
decode the colors? Well, for example, red is the numeral 2, orange 3. Let’s decode the first
one: red, red, orange. The first two bands we just write down as is, 22. The third band, 
called the multiplier, is the number of zeroes to add (three for orange). Therefore, the 
resistance is 22,000 ohms. But what about the gold color? The fourth band of color is the 
tolerance of the resistor. Tolerance is a measure of how close the true resistance should 
be to the number given in the code. The color gold represents 5% tolerance. Suppose we 
had a resistor coded as 100 ohms with a gold fourth band. That resistor should have a true
resistance between 95 and 105 ohms. We can find the true resistance by using a 
multimeter. You will notice in the diagram in Figure 20 that the tolerance band is supposed 
to have a greater space between it and the other bands so that you will know the proper 
end to start reading the bands. But that may not be so clear on actual resistors (see Figure
19). Since most resistors you are likely to work with will have 5% tolerance, just look for 
the gold band and start reading the code from the opposite end. In any case, it is good 
practice to check resistors with a meter to confirm the resistance. 

The Color Code for Resistors 

Here is the color code: black = 0, brown = 1, red = 2, orange = 3, yellow = 4, green = 5, 
blue = 6, purple = 7, gray = 8, white = 9. Let’s decode the resistance of the resistor in 
Figure 20: red 2, purple 7, green 5…. 27 and add 5 zeroes = 2,700,000 ohms. In order to 
save space in some situations, a large number for resistance can be abbreviated. For a 
thousand use the letter k and for a million use the letter M. In abbreviated form, 1,000 
ohms can be written as 1kΩ . And, 2,700,000 ohms can be written as 2.7MΩ. It is a good 
idea to learn this now because your multimeter may display resistance in this fashion. For 
example, suppose you test a resistor with your meter and the display is this: 0.980kΩ. That
is the same number as 980 ohms. 

(continued on next page)
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Decoding the resistance of the resistors on the GEAR circuit board

Your GEAR circuit board has 7 resistors.  Three of them are used to limit the current 
flowing through the yellow LEDs and are permanently soldered to the LEDs.  All three of 
these resistors have the same value of resistance.  The remaining four resistors are 
located on the right side of the GEAR circuit board.  Two of these are permanently 
soldered together in a series configuration.  The remaining two resistors are installed on 
the GEAR board as individual resistors.

Above is a photograph of the LED and current limiting resistor in series that is used on the 
GEAR circuit board.  I will decode the resistance of the resistor for you.  First, notice that 
the gold band is on the left.  Therefore, we read the code starting on the right (of course if 
the resistor was flipped horizontally, then we would read starting from the left).  The 
sequence of colors, as we should read them is: brown, black, brown, gold.  The first three 
colors determine the resistance value and the fourth color the tolerance (gold = 5%).

first color = brown = 1
second color = black = 0
third color = brown = 1

Write down the first two digits: 10  

The third number specifies the number of zeros to add to first two digits, for brown add 1 
zero to the digits

Add one zero to the digits 10: = 100….the resistor is decoded as 100 ohms

Why did I decide to use a current limiting resistor with a value of 100 ohms?  I wanted to 
limit the current through the LED to a level no higher than the maximum current that 
should be used.  But how do I discover the maximum current allowed? Different LEDs can 
handle different amounts of maximum current.  We need to consult the datasheet for the 
specific product we are using.  The LEDs on the GEAR circuit board were purchased from 
a company named Digikey.  We can find the datasheet for the LED at the Digikey web site 
if we know the product number. Depending on when your GEAR board was made, it will 
contain yellow LEDs of one of two product numbers. The Digikey product numbers for the 
LED are:

160-1851-ND and 754-1741-ND

Look at the top of your GEAR board and you should find a label that provides the product 
number for the LEDs used on your board. Let us now find the datasheets for the LEDs.
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1. Go to Digikey website: https://www.digikey.com/

2. Enter the product number in the search slot
(be sure to use the product number for your
board): 

3. Now the LED product page should appear on your screen.  Here you will find the price 
of the LED and other information, including a link to the datasheet. I will give you the link in
the next step

4. The link to datasheet  for 160-1851-ND is: 
https://media.digikey.com/pdf/Data%20Sheets/Lite-On%20PDFs/LTL2R3KYD-EM.pdf

The link to datasheet for 754-1741-ND is:
https://www.kingbrightusa.com/images/catalog/SPEC/WP7113YT.pdf 

The datasheet has information about the LED.  We want two specific pieces of information,
the maximum continuous forward current and the forward voltage, which we can find 
in the datasheet.  The maximum continuous forward current for the LED is 10mA (160-
1851-ND) or 30mA (754-1741-ND) and the forward voltage is about 1.95 volts when the 
LED is operating with a current of about 7mA (see graphs in datasheets).  What does the 
forward voltage mean? We can expect that the typical LED of both products will have a 
voltage drop of about 1.95 volts when it is operating with a current of about 7mA.  Since 
the LED will be in series with a resistor, each component will drop a portion of the supplied
voltage according to the resistance of each component.  We have already discussed the 
dynamic resistance of the LED.  To make our calculations, we need the voltage drop that 
the resistor will experience.  If our GEAR board supplies 2.7 to 2.8 volts and the LED 
drops the voltage 1.95 volts, then the resistor will drop the remainder of the voltage, or 
about 0.8 volts. 

If we operate the 160-1851-ND LED with a current above 10mA, it will damage the LED 
and shorten its expected life time before failure.  We want the LED to last a long time 
before failing, so we need to limit the current through it to no more than 10 milliamps.  OK, 
so how much current will a 100 ohm resistor in series with the LED allow?  Here we will 
use Ohm’s Law to make the calculation.  First we need to know the voltage drop of the 
resistor, which will be 0.8 volt.  The resistance I have selected is 100 ohms.  Now let us 
apply Ohm’s Law:

I = V
R

I = 0.8 volt
100 ohms

= 0.008 amp

Remember that there are 1,000 milliamps in one amp.  Therefore, our calculation indicates
that the expected current through the LED will be 8mA which is below the 10mA maximum 
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allowed.  Therefore, the selection of a 100 ohm resistor in series with the 160-1851-ND 
LED will provide the proper protection.  Even though the 754-1741-ND LED can withstand 
more current, 100 ohm resistors are also used on these boards to keep things consistent. 

(continued on next page)
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Decode the resistance values of resistors on right side of board

The above photo is the resistor pair found at bottom right part of the GEAR circuit board.  
First notice that the gold band of each is on the left side of the resistor body.  Therefore, 
read the codes for these resistors starting on the right side.  I will list the colors for you 
below and you should fill in the blanks with values. Also measure the resistance of each 
resistor with the meter and record the measurement in the place provided. (remember, 
battery wires must not be connected for resistance measurements)

Resistor on left (this resistor may be on right on your board)

first color = blue…….value of blue = _________

second color = gray…… value of gray = ________

third color = black…….value of black = _________

coded value of resistance = ___________________  measured value =_______________

Is the measured value within 5% of the coded value? (yes or no) ___________

Multiply the coded value by 0.05 then add and subtract that value from the coded value.  
To be within the 5% tolerance, the measured value must fall within the range calculated.  
For example, for coded value of 80 ohms: 80 x 0.05 = 4 80 + 4 = 84
80 – 4 = 76:  5% tolerance range is 76 to 84 ohms, the measured value must not be less 
than 76 or greater than 84 to be within 5% tolerance range

Resistor on right (this resistor may be on left on your board)

first color = brown…...value of brown = _________

second color = black…...value of black = _________

third color = brown…...value of brown = ___________

coded value of resistance = _______________ measured value =  ______________

Is the measured value within 5% of the coded value? (yes or no) ___________
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Note that in above photo the gold band is on right, so read the code starting on the left

first color = orange…...value of orange = _________

second color = black…...value of black = _________

third color = brown…...value of brown = ___________

coded value of resistance = ___________________  measured value = ___________

Is the measured value within 5% of the coded value? (yes or no) ___________

Review of Ohm’s Law Equation Forms

There are three factors: voltage, current and resistance, that are related in the law.  If 
you know two of these you can use Ohm’s Law to calculate the third.

To solve for current: I = V
R

divide voltage by resistance

To solve for resistance: R = V
I

divide voltage by current

To solve for voltage: V = I∗R multiply current by resistance

I, the current, must be in the unit ampere (amp)

R, the resistance must be in the unit ohm

V, the voltage must be in the unit volt
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Exercise Five – Build Circuits With Resistors

On the right side of your circuit board you have four resistors that you can wire in different 
configurations.  In this exercise you will connect resistors to the battery power supply to 
measure current and voltage. You will also measure resistance, but with battery wires 
disconnected.  In addition, I will ask you to draw schematic diagrams of your wired 
circuits. 

First Circuit: two resistors in series

1. Use the resistors soldered in series at the bottom of the right side of the board for your 
first circuit.

coded resistance of left resistor = ___________________

measured resistance of left resistor = ________________

coded resistance of right resistor = __________________

measured resistance of right resistor = ________________

measured resistance (total resistance) of both resistors in series = __________________

add together the measured resistances of the two resistors (R1 + R2) = _______________

Are the above two values the same or nearly the same? (they should be)   Yes   No

2. After you have measured the resistances of the two resistors, you can now apply battery
power.  Connect one battery wire to one end of the resistor series and the other battery 
wire to the other end.  Now current will be flowing through the circuit.  You can now 
measure the voltage drop across each resistor:

voltage drop measured across left resistor = _________________

voltage drop measured across right resistor = _______________

voltage drop measured across both resistors (total voltage drop) = _______________

add together the measured voltage drops of the two resistors (R1 + R2) = _____________

Are the above two values the same or nearly the same? (they should be)   Yes   No

(continued next page)
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3. Now I would like you to measure the current through the circuit.  Remember that you will
need to change the connection of the red probe wire on the meter to measure current. 
Prepare the meter to measure DC current.  Remove red battery wire from its connection 
on the board and connect to red meter probe.  Firmly touch the black meter probe to 
location where red battery wire was formerly connected.  Now meter should display DC 
current in units of mA.

current measured flowing through the circuit = _________________

Now that you have made some measurements, it is time to apply Ohm’s Law to see if your
measurements agree with Ohm’s Law.  You have measured the total resistance of the 
circuit and the total voltage drop. Use these values to calculate the expected current in 
the circuit according to Ohm’s Law.    As a reminder, I will provide the formula below:

I = V
R

calculated current through circuit using Ohm’s Law = _______________________

Are the measured and calculated current the same or nearly the same?  Yes   No
If not, check your work to make sure you did not make a calculation error.

In the following circuit assignments I will ask you to draw the schematic of your circuit.  I 
will do it for you for this first one so you can see what I
want.

Notice that I have labeled the resistors R1 and R2.
This is a standard way to reference the components.
We can use other letters for other categories of
components.  For example, use the letter D for a
diode.  Each component also has a number after the
letter.  Then in a key at the bottom of the drawing, we
include the values for the components.  In a
complicated circuit, this is an efficient way to draw the
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schematic.  Then if you want to write up an explanation for how the circuit works, you can 
reference the individual components by their labels.

Second Circuit: two resistors in parallel

1. Use the two individual resistors on the right side of the board (the top two) for your 
second circuit.  This time wire the resistors in parallel.  But before wiring do four items 
below.

coded resistance of top resistor = ___________________

measured resistance of top resistor = ________________

coded resistance of middle resistor = __________________

measured resistance of middle resistor = ________________

Once you have entered above set of requested information, then wire the two resistors 
together in a parallel configuration.  This is done using one jumper wire to connect the left 
ends of the two resistors and another wire to connect the right ends.  Now that the 
resistors are wired in parallel, you can make the next measurement.

Before measuring, calculate what you think the total resistance should be?___________

measured resistance (total resistance) of both resistors in parallel = __________________
(for this measurement, just touch one meter probe to each of the jumper wires)

Are the above two values the same or nearly the same? (they should be)   Yes   No

2. Now apply battery power to your circuit, one wire to each side.  Current will now be 
flowing through the circuit.  Measure the voltage drop across the resistors (remember 
there is only one voltage drop in a simple parallel circuit):

voltage drop measured across resistors = _________________

3. Now you will measure current flow in your circuit.  Set your meter up to measure DC 
current.  I will ask you to make three measurements: 1) total current  2) current through top
resistor 3) current through middle resistor.  This might be challenging. See the photo on 
the next page and text that should help you connect the meter for the different 
measurements.
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Figure 24 shows how to make meter
connections to measure current
through one resistor in a parallel circuit.
The connections will be slightly different
for each resistor.  The photo shows the
setup for the lower (middle) resistor,
that initially had the jumper wire and
positive battery wire connected to it.
Both of these wires are disconnected
from the lower resistor, but maintaining
their connection to each other.  Then
the red meter probe is added to that
connection.  The black meter probe is
firmly touched to the lower resistor wire.
Now, only the current flowing through
the lower resistor passes through the
meter, which is what we want.  You
should be able to see that current going
to the upper resistor does not go
through the meter.  Reverse these
connections to measure current
through the upper resistor.

To measure current passing through both resistors, only remove the red battery wire from 
its connection to the board and connect it to the positive meter probe (the positive probe 
and battery wire are only things connected to each other).  The jumper wire between the 
resistors should connect to both resistors.  Then touch the black meter probe to either one 
of the alligator clips of the jumper wire.  Now all current must flow through the meter before
reaching the resistors on the board.  Total current will be measured.

measured current of top resistor __________________

measured current of middle resistor _______________

measured total current _____________________

Use Ohm’s Law to calculate the total resistance in the circuit

R=V
I

For voltage use the measured total voltage drop and for current the measured total current

total resistance calculated by Ohm’s Law is:  _________________
does the calculated value agree closely with the resistance value measured with meter?  
Yes No
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In the space below, draw the schematic for your two resistors in parallel.  Make sure you 
label the resistors and provide a legend that lists the resistance values for the resistors.

Third Circuit: four resistors in series

For this circuit I want you to wire all four resistors on right side of board in series.  You 
have already measured the resistance of all of the resistors and have decoded the labeled 
resistance. You may use that information as needed.

Add the separately measured resistances together and enter value here: ____________

Measure the total resistance of the resistors wired in series (without any battery power 
applied): ______________________

do the above two values agree closely?  Yes No

connect the battery to the circuit

measure the voltage drops of all resistors:    ______    _______    _______    ________

measure the total voltage drop of the circuit _______________

add the four voltage drops measured together ____________

do the above two values agree closely? Yes  No   

measure the total current flowing through the circuit __________________
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Now apply Ohm’s Law to calculate the current through the circuit.  You have the total 
voltage drop and total resistance, use those figures to calculate the current.

I = V
R

calculated current in the circuit is ____________________

Does the above calculated value compare closely to the measured current flow?  Yes No
If not, check your work.

In the space below, draw the schematic for your four resistors in series.  Make sure you 
label the resistors and provide a legend that lists the resistance values for the resistors.
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Fourth Circuit: three resistors in parallel

In this circuit you will treat the two resistors wired permanently in series as one resistor.  I 
will refer to it as the double resistor. Wire the three resistors on the right side of the board 
in parallel. You may copy the coded and measured resistance values of resistors you have
already determined.

Top resistor
Coded resistance  _____________    Measured resistance ____________

Middle resistor
Coded resistance ______________   Measured resistance _____________

Bottom resistor (double) – add values of the two resistors together
Coded resistance ______________   Measured resistance______________

Total resistance measured ______________ (all three resistors must be wired in parallel, 
then measure with meter – this value must be less than any individual resistor)

Total resistance calculated ______________ (see page 15 for method to calculate – 
record your math on a separate piece of paper and label it “Fourth Circuit total resistance 
calculation”  turn in your math with this page to your advisor)

Voltage drop measured ______________ (remember, there is only one voltage drop in a 
parallel circuit)

Calculate the total current using Ohm’s Law (use total resistance measured and voltage 
measured)

  I=V
R

  

Calculated total current ________________

Now measure the total current with your meter

Total current measured __________________
Are the calculated and measured current the same or close?  Yes No
If no, then check your work for errors.

Now calculate the current for each resistor using Ohm’s Law (use individual resistance 
measured and voltage measured) – hint: use the resistance of each resistor, not the total 
resistance.  And also measure current for each individual resistor using the meter.

Top resistor calculated current _____________   measured current __________

Middle resistor calculated current _________   measured current ___________
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Bottom (double) resistor calculated current _________   measured current __________

Are the calculated and measured values of the three resistors (the two single resistors and
the double resistor) the same or close?  Yes  No
If no, then check your calculations.

Draw a schematic of your wiring below and label all four resistors.

Fifth Circuit: two resistors in parallel and connected in series to a third resistor

In this last resistor circuit, you may use coded and
measured values of individual resistors you have
already determined.  The top two resistors on the
board, the ones with the same value, should be
wired in parallel and the bottom double resistor
should be wired in series with the parallel resistors,
like the schematic diagram to the right.

I want you to calculate the total resistance in the circuit.  It is not as difficult as it might 
seem.  If you treat the two resistors in parallel as one resistor, then the problem becomes 
one of three resistors in series.  Remember that resistors in series are added together to 
calculate the total resistance.  This is a two step problem 1) calculate the resistance of the 
two resistors in parallel 2) add the answer of step one to the resistances of the other two 
resistors (the double resistor).

1) the resistance of the two resistors in parallel is calculated to be _____________

2) the calculated total resistance of the circuit is _________________
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measure voltage drop of resistors in parallel __________________

measure voltage drop of the left resistor in double resistor ____________

measure voltage drop of the right resistor in double resistor ___________

measure total voltage drop (touch meter probes to battery wires) _____________

calculate total voltage drop by adding together the three voltage drops measured 
________

are the above two values the same or nearly the same?   Yes   No   
If they are not, then check your work for errors.

Exercise Six – Direction of Current Flow

There are two basic types of electric current: 1) Direct Current (DC) and 2) Alternating 
Current (AC).  Up to this point in these lessons I have been discussing only DC current, 
current that flows only in one direction.  Batteries deliver DC current and since we are 
using batteries in our exercises, it is the kind of current we are focused on.  But you should
also know something about AC current.  The electrical service delivered to your house is 
AC current.  This is due to the method of electric generation.  Electric generating stations  
employ AC generators, also called alternators.  The design of these generators results in a
current that rapidly changes direction, which is related to the spinning of the generator. I 
don’t want to write a detailed explanation of AC and DC generation. If you want to learn 
more, read this Wikipedia article: https://en.wikipedia.org/wiki/Electric_generator  

There is one key reason why AC is the preferred electric generation method.  AC is readily 
converted from low voltage to high voltage by using a transformer (transformers don’t work
with DC current, unless is it pulsed DC).  Electricity generated at a station is converted to a
very high voltage for transmission over long distances to the places where it is consumed. 
Near the places where the electricity is used, the voltage is stepped down by additional 
transformers. This method of electrical transmission results in much less loss of energy 
during transmission than electricity transmitted at lower voltage.

 You may have noticed a transformer near your home, attached on an electrical service 
pole.  Many look like large cans, commonly painted a gray color with electrical wires 
attached to it.  In the United States, the electrical service is standardized as 60 cycle AC.  
That means the electrical current has 60 cycles per second.  Said another way, the current
changes direction of current flow 120 times per second.

For many uses in the home and industry, AC current can be used without conversion to 
DC current.  Most of the motors in home appliances use AC current.  The heating 
elements in a kitchen electric stove and a toaster use AC current.  However, when it 
comes to electronic devices, like your TV or computer, these need to operate on DC 
current. You have already learned that diodes only allow current to pass in one direction.  
Many other electronic parts in your TV or computer can not tolerate AC current.  Therefore,
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nearly all electronic devices powered by AC
current include a power supply that converts the
AC to DC.  These power supplies commonly use
a clever arrangement of diodes that converts the
AC to DC.  Figure 25 is a schematic of a full-
wave bridge rectifier that contains four diodes.
This arrangement takes an input of AC current
from the wires on the left and changes that
current into DC current available at the points
labeled plus and minus.  The AC input lines
alternate between being plus and minus.  When
the lower line is plus, then you can see that the
lower diode to the right allows current to flow to the point labeled plus.  When the top line 
becomes plus, then current can flow through the top diode on the right to the point labeled 
plus.  The two diodes on the left work in tandem with the ones on the right to convert the 
alternating current to direct current.  There are other parts of this power conversion circuit 
that I have not shown because I just wanted you to concentrate on the diodes to keep it 
relatively simple. 

We can leave the subject of AC for now and concentrate on DC current.  DC current flows 
only in one direction.  Of course we can make it flow clockwise around a circuit or 
counterclockwise, depending on how the battery is oriented.  The key here is that the DC 
current does not change direction during operation of a circuit.  It either flows one direction
or the other, depending on how the DC power source is connected.  If we connect a diode 
in the circuit, oriented to allow current to flow in a clockwise direction, then we also need to
connect the battery properly to insure that it delivers current in the proper direction.

Confirm direction of current flow using an LED

An LED can be used to check the direction of current flow.  Suppose the battery you have 
is a type you have never seen before.  The manufacturer neglected to label the plus side 
of the battery, but did label the voltage supplied, 2.8 volts.  You could use a meter to 
determine which side is the plus side.  But let us use an LED instead.  In the process you 
will confirm that current can only flow in one direction through a diode.  Before we do this 
test, we should consult the datasheet for the LED to make sure we don’t damage the LED.
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Figure 26: battery oriented to cause 
current flow in clockwise direction

Figure 27: battery oriented to cause 
current flow in counter-clockwise 
direction
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https://media.digikey.com/pdf/Data%20Sheets/Lite-On%20PDFs/LTL2R3KYD-EM.pdf

OR

https://www.kingbrightusa.com/images/catalog/SPEC/WP7113YT.pdf 

We want to find the maximum reverse voltage allowed.  For both LEDs we learn that the 
maximum reverse voltage is 5 volts.  OK, then it is safe to connect our LED in the reversed
orientation since our GEAR circuit board battery supply is only 2.7 to 2.8 volts when fully 
charged. 

Does the LED glow when the red wire of the battery supply is connected to the red wire of 
the LED and the black wire of the battery supply is connected to the black wire of LED 
resistor?    Yes   No

Does the LED glow when the black wire of the battery supply is connected to the red wire 
of the LED and the red wire of the battery supply is connected to the black wire of the LED 
resistor?     Yes  No

If you did this test correctly, the LED should glow when the red battery wire was connected
to the red LED wire and it should not glow when the black battery wire was connected to 
the red LED wire (the reversed condition).  You have confirmed that current will flow only in
one direction through a diode.

You could make a test LED like the one on the GEAR circuit board, with a red wire 
soldered to the positive wire of the LED.  As long as you are testing batteries of 5 volts or 
less, when the red wire of the LED connects to the positive terminal of the battery, then the
LED glows.

Testing Current Flow with a DC motor

Motors designed to operate with AC current are designed differently than motors designed 
to operate with DC current.  An interesting property of DC motors is that the direction of 
rotation is controlled by the polarity of the power wires connected to the motor.  In your 
GEAR kit you should have a DC motor, the same kind you will use when you build your 
line following robot.  There should be two wires, one green and one black, attached to the 
motor. The wires have alligator clips on the end so you can connect them easily to your 
GEAR circuit board.

1. Connect the battery supply to the motor and observe the direction of rotation (clockwise 
or counterclockwise)

When I connected the red battery wire to the green motor wire and the black battery wire 
to the black motor wire, I observed that the motor rotated in a clockwise  counterclockwise 
direction (circle correct word)
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Now reverse the connections to the motor 

I observed that the motor rotated in a clockwise  counterclockwise direction (circle correct 
word) when the wire connections were reversed.

You should have observed that the rotation direction of the motor changed when the wire 
connections were reversed.  We can take advantage of this property of DC motors in 
applications where we want the motor to be able to rotate in both directions.  A good 
example would be a robot that needs to move forward and backward.

Exercise Seven – Switches

Think for a moment about all the devices in your house that are powered by electricity. Are 
they always on? Nearly all electrical devices have some type of switch that is used to turn 
the device on and off. If a light fixture is permanently attached to a ceiling or wall, then 
most likely there is a wall switch that turns the light on and off. How do you turn on your 
TV? Maybe there are two ways: 1) by using a remote 2) by pressing a button on the TV. 
Both methods use a switch. In the first method the remote control causes an internal 
switch in the TV to turn the power on and off (this may be a type of switch called a relay). It
is likely that pressing the power button on the TV itself also controls the same internal 
switch of the TV. What about the electric stove in your kitchen (I am assuming you have an
electric stove, not a gas one)? If you want to make one of the stove elements hot, then you
may need to turn a knob on the stove for that element. The knob is connected to a special 
kind of switch that turns the element on and also controls how hot the element becomes by
controlling the amount of electrical current flowing through the element. Do you use a hair 
dryer? When you plug the hair dryer into a wall receptacle does it power on? Most likely 
there is a power switch on the hair dryer. Now here is a trick question. Is there a switch on 
the refrigerator in your kitchen? Well, you may not be able to find one, but there is one 
inside. The refrigerator is equipped with a thermostat to control the temperature. When the
temperature inside is not cold enough, the thermostat turns on the electric motor that is 
connected to a compressor pump. The action of the compressor causes the refrigerator to 
cool down. When it is cold enough again, the thermostat turns off the electric motor. You 
have probably noticed that your refrigerator makes a soft running noise (on) sometimes 
and sometimes it does not make any noise (off). The thermostat includes a switch that 
turns the refrigerator motor on and off. These are just some examples of switches on 
electrical devices in your house. 

Electrical engineers use various terms to describe different types of electrical switches. A 
single throw switch is a simple type. In one position the switch is open (off) and in a 
second position it is closed (on). A double throw switch is more complex. It may have two 
or three positions. If it has two positions, then both positions are on. However, each on 
position controls a separate circuit. Suppose you had two light bulbs, each on a separate 
circuit. And let us say you wanted to turn either one or the other light bulb on. Then you 
could use a double throw switch for this job. If the double throw switch has three positions, 
then one position is open (off) and two positions are closed (on). 
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Switches can also be described by the number of poles. A one pole switch has only one 
arm for making and breaking electrical contacts. A double pole switch has two arms that 
are not connected electrically to each other. We can combine the terms throw and pole 
together to describe a switch. For example, a single pole single throw switch (SPST) has 
one on and one off position and is used to control one circuit. Although you may not realize
it, you probably use single pole double throw switches (SPDT) every day. In your house do
you have a light in the ceiling that can be turned on and off by
two different switches? Those switches are the SPDT type (also
called “3-way”). A double pole double throw switch (DPDT) is
even more complex. It can be used for tasks like reversing the
direction of rotation of a DC electric motor, which you will
discover in this lesson. 

You can find diagrams (schematics) of switches in the table
below. There is a DPDT switch mounted on your circuit board
like the one in Figure 28 (your switch may look slightly different).
There are two arms of metal connected to an insulating black
handle. Each of the arms is part of one pole. When the switch is
positioned down on the right side, the center terminal of each

pole is connected to its respective right terminal. When the switch is positioned down on 
the left side, the center terminal of each pole is connected to its respective left terminal. 
There are six terminals on this switch where wires can be connected. I have selected this 
DPDT switch for you to use because it can also be wired for the other types as well (SPST,
SPDT, DPST). 

The terminals of a switch are represented by circles in the diagrams above. These are the 
symbols engineers use for switches when drawing schematics of circuits. The angled lines
represent the arms of the switches and the horizontal lines
represent the wires connecting to the terminals. For the double
pole switches notice that there is a dotted vertical line, which
indicates that the two poles are connected mechanically but
not electrically. In other words, if the switch handle is down,
both arms must be down and if up, both arms must be up.
However, there is no electrical connection between the two
poles. 

In this lesson, you will need to use the switch in Figure 28 as a
SPST switch, as a SPDT switch, and as a DPDT switch. This
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Figure 29: SPST switch 
with light bulb



February 2, 2022 Electrical and Electronic Circuits Jeffrey La Favre

can be done by using only some of the terminals for the SPST and SPDT switches. All six 
terminals must be used to make the switch function as a DPDT. 

Figure 29  is a very simple circuit schematic, containing
a battery for power (the battery symbol has plus and
minus signs to indicate polarity), one incandescent light
bulb, and a single pole single throw switch (SPST). As
you can see in the figure, the SPST switch has only
two terminals (circles). It is a one pole switch because
it has one arm. There are only two positions for the
switch. If the arm touches both terminals the switch is
closed (on). If the arm only touches one terminal, the
switch is open (off). 

The circuit schematic in Figure 30 is the typical “3-way”
switch configuration of house lighting, where two
switches are wired to turn a light on or off. The circuit
contains two SPDT switches. Each switch has three
terminals and two positions. Together, the two switches
provide four combinations of switch positions. Each of
the combinations is illustrated. Two of the combined
switch positions result in a closed circuit and the other
two in open circuits. Therefore, either switch can be
used to turn the light on and off. Suppose there is a
light in the ceiling of a hallway and you would like to
place a switch at each end of the hallway. Each switch
should be capable of turning the light on or off. The
circuit diagrammed in Figure 30 is the solution to that
problem. 

Figure 31 is a photo of an actual 3-way switch used in
house wiring. Notice that it has three terminals. The
common terminal is the one that is connected inside to
the switch arm. The traveler terminals are the terminals
that the arm contacts. When the switch is in the up
position, one of the traveler terminals is connected to the
common terminal. When the switch is in the down
position, the other traveler terminal is connected to the
common terminal. 

(continued on next page) 
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Figure 31: 3-way light switch
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Motors that run on direct current (DC) spin
clockwise or counterclockwise depending
on the polarity of wire connections to the
DC power source (battery). A DPDT switch
can be wired to make the motor spin in one
direction or the other depending on the
switch position. Suppose we are designing
an electric golf cart that must move forward
and backward. We could control the
direction of the cart with a DPDT switch as 
diagrammed in Figure 32. Notice that when
the switch arms are up, the plus side of the
battery is connected to the top terminal of
the motor. However, when the switch arms
are down, the plus side of the battery is
connected to the bottom terminal of the
motor. The polarity of the connections to the
motor are opposite for up and down
positions of the switch (this symbol:  
indicates that the crossing wires do not
connect to each other). 

Figure 33 is a DPDT toggle switch. Notice that it has six
terminals for wire connections. You will use a switch like
this when you build your line following robot later this
year. 

Using a SPST switch to turn on and off a LED

Using a jumper wire and the battery supply wires on the
circuit board, wire the switch on the board to operate like
a SPST switch that will turn on and off one of the LEDs
on the board (see Figure 34).  Connect the black battery
wire to the center terminal of one of the
poles of the switch.  Connect a black
jumper wire to an end terminal of the same
pole where the battery wire is connected to
the center terminal.  The other end of the
black jumper connects to the resistor which
is in series with the LED.  Connect the
positive battery wire (red) to the red wire of
the LED.  Then operate the switch.  Does it
turn on and off the LED?  Yes   No
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Figure 32: wiring of a DPDT switch to control the 
direction of spin of a DC motor

Figure 33: DPDT toggle switch

Figure 34: wiring the switch to act like SPST 
switch
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In the space below, draw a schematic of your circuit.  Include the battery, LED, resistor, 
and switch.  Connect the parts with straight lines representing the wires.

Using a SPST switch to turn on and off one of three LEDs

Now I want you to rearrange the wiring on the board so that two LEDs remain on all the 
time and the third one turns on and off by a switch.  Did your wiring work?  Yes No
Draw your schematic of the wiring below.
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Using a SPDT switch to separately turn on and off two LEDs

In this challenge you will wire the switch like a SPDT switch.  When the switch is in one 
closed position, one of the LEDs on the board will glow.  When the switch is set for the 
other closed position, a second LED on the board will glow.  After you are finished wiring 
the switch and LEDs test the switch.  Were you able to alternately turn on an off the two 
LEDs.  That is, when one LED was on the other was off and when set in the other position 
of the switch, the second LED turns on while the first one turns off.  Did it work?   Yes   No

In the space below, draw a schematic of your circuit. (then go on to next page)
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Using a DPDT switch to control the direction of rotation of a DC motor.

Now wire the switch as a DPDT
switch that will cause the DC
motor to rotate in one direction
at one ON position of the
switch and rotate in the
opposite direction when switch
is set in the second ON
position.

Wiring the switch is a bit tricky,
so follow the image in Figure
35.  The battery wires are
connected to the middle
terminals of the switch.  Two
jumper wires are used to
connect the terminals on
diagonal corners of the switch. 
Then connect the motor wires
to the end terminals on the left. 
This wiring scheme causes a
swapping of the positive and
negative wires of the battery in
their connections to the motor.

Figure 36 is a diagram of the switch wiring which should
also help you wire the switch.  The key here is the diagonal
wire connections between the end terminals.  This is what
causes the reversal of battery connection to the motor.

When the switch lever is in the up position, the motor
should not be running and in the two down positions, the
motor should rotate in opposite directions.  Did this happen
for you?   Yes    No

(continued on next page)
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Figure 35: wiring switch to control motor rotation direction

Figure 36: diagram for wiring 
switch
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Exercise Eight – Wiring LEDs at three light output levels

In this last exercise you will wire the three LEDs on the board so that they operate with 
different amounts of current.  While all three are glowing, you will be able to compare the 
brightness of the three LEDs.

If we take a look at the 160-1851-ND LED datasheet again (the 754-1741-ND is similar):

https://media.digikey.com/pdf/Data%20Sheets/Lite-On%20PDFs/LTL2R3KYD-EM.pdf

On page four there is an interesting graph about the amount of light the LED will produce 
at different levels of current flow.

Figure 4 to the right is the graph from the
datasheet.  The graph depicts a linear relationship
between the amount of current flowing through the
LED and the amount of light the LED produces.
For example, at 2.5 mA current the LED puts out a
relative luminosity of 0.5.  At 5 mA of current the
relative luminosity is 1.0.  In other words, when we
double the current, the LED puts out twice as
much light.

The thought occurred to me that we could tie this
exercise to a subject in astronomy.  The stars
visible to the naked eye were cataloged in the
second century by the famous Greek astronomer
Claudius Ptolemy. His catalog was published as part of his monumental work in 
astronomy, known today as the Almagest. It was Ptolemy’s work that laid the basis for 
astronomical knowledge that was believed by scientists until Galileo proved that the Earth 
was not in the center of the Solar System.

https://en.wikipedia.org/wiki/Almagest 

In Ptolemy's catalog (I have an English translation published in 1915) the stars are 
categorized into 6 major levels of brightness.  In 1856 Norman Robert Pogson formalized 
this system of stellar brightness.

https://en.wikipedia.org/wiki/Apparent_magnitude 

Pogson set the range in brightness of stars such that the brightest stars (magnitude 1) 
were to be 100 times more luminous to the human eye than stars humans can barely see 
(magnitude 6).  Since there are five steps up in the brightness scale from the 6th 
magnitude, then each step up in magnitude should be the 5th root of 100, which is about 
2.512.  In other words, a star of 5th magnitude is 2.512 times brighter than a star of 6th 
magnitude.  And a star of 4th magnitude is 2.512 times brighter than a star of 5th 
magnitude, and so forth.
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In this system, a star one magnitude brighter than another appears to be about twice as 
bright.  I thought it would be interesting to wire three LEDs so that they were separated in 
brightness by about one magnitude each.  Then you can look at them while they are 
glowing and compare their brightness.

The resistors included on the GEAR circuit board can be used to limit the current flowing 
through the LEDs and the values match closely to what is required to a jump in current of a
factor of roughly 2.5.  

Wire the LEDs as follows:

Brightest LED: LED + 100 ohms resistance in series

Medium LED: LED + 268 ohms resistance in series

Low LED: LED + 700 ohms resistance in series

LED Measured LED voltage 
drop

Measured Total resistor 
voltage drop

Measured current in 
circuit

Brightest

Medium

Low

After all LEDs are operating, make measurements with the meter and enter the data in 
table above.

Look straight down on each LED and judge the relative brightness of each.  Do you think 
the medium LED is twice as bright as the low LED?  Yes No
Do you think the brightest LED is twice as bright as the medium LED? Yes No 

Divide the current of brightest LED by current of medium LED = ______________

Divide the current by medium LED by current of low LED = ________________

Are above 2 values approximately 2.5?  Yes No

Congratulations!  You have now finished these exercises.  You will now begin working on 
your line following robot!
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