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1 Abstract
The objective of this project was to create an electric motor. Specifically,
this project aimed for high rotational velocity, with emphasis placed on
build quality, stability, and adjustability. The final motor is a brushless
DC motor with three phases and four poles, controlled by bipolar Hall
chips and high-speed relays. The peak motor speed observed was 5526
rpm at a voltage of 41.3 V and current of 5.39 A. On a separate run, the
peak dynamic torque was calculated to be 0.017 Nm at a power output
of 2.49 W with 2.1% efficiency.
2 History
2.1 Sturgeon’s Commutator
William Sturgeon developed the first electromagnet able to lift more
than its own weight. He went on to develop the commutator, an essential component of DC electric motors. Commutators are rotary electrical switches capable of periodically reversing current direction. Using
“brushes”—flexible, low-friction electrical contacts—the position of
the motor shaft determines the flow of electricity through the electromagnet, resulting in alternating pushes and pulls that cause the shaft to
rotate. He constructed the first electric motor using a commutator in
1832. [1]
2.2 Davenport’s DC Brush Motor
In 1837, the United States approved Thomas Davenport’s application
for a patent for “Improvement in Propelling Machinery by Magnetism
and Electro-Magnetism”—his electric motor. [2] It was a DC motor
This paper was written for Dr. James Dann’s Applied Science
Research class in the fall of 2010.
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using brushes to alternate the circuit direction. Davenport used the
commutator as an integral part of his design.
2.3 Gramme Ring
In 1873, Zénobe Gramme, a Belgian inventor, discovered that his previous innovation for a DC generator, which stood out for its unique
ability to produce nearly constant current, could be used as an efficient
electric motor. He had created a generator using coils that overlapped
in magnetic field, thus creating a near constant output. By accidentally
connecting the output leads of two generators, he directed DC current
into one by turning the other. At this point he observed that his generator could work as a motor. The Gramme generator was the both the first
generator and motor efficient enough for widespread industrial use. [3]

Figure 1: One set of coils outputs a current with high current variance. [3]
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Figure 2: Multiple coils and multiple poles create overlapping current output,
creating more constant current. [3]

2.4 Sprague’s Elevator Motor
By 1886, Frank Sprague had developed a DC electric motor that could
maintain constant speed with varying amounts of load weight. Its ability
to return power back to its power supply led to widespread industrial
use. Sprague motors were essentially the first practical electric motors,
and were soon applied in intensive situations such as elevators and street
cars. Sprague’s work in electric motors showcased the potential for this
technology, leading to its graduation from the realm of lab experiments. [4]
2.5 Tesla’s AC Motor
In 1888, Nikola Tesla created the first practical AC induction motor to
accompany his work in the creation of AC power distribution grids. [5]
Tesla’s motor used three-phase AC power, reducing vibration over existing single-phase AC motors and offering the additional trait of being
self-starting. The motor was also an improvement over contemporary
DC motors due to its brushless design: commutators were extremely
high-maintenance parts, and the lack of any in Tesla’s motor made it

96		

Ryan Goulden et al.

durable. The polyphase AC motor has become the standard choice in
today’s heavy industry. [6]
2.6 The Modern Motor
The first variable-speed brushless DC motors were developed in 1962
and saw widespread use in the electronics industry. [7] With the introduction of modern electronics, motor designs previously incapable of
such abilities as variable speeds or adjustable torque could be completely controlled, and the distinction between AC and DC motors became
largely irrelevant. Refinements have been made across the board, and almost
all motor designs, new and old, have their uses in the world today.
3 Theory of Operation
3.1 Electric Motors
Rotational motors operate through carefully sequenced applications
of force around the axis of rotation. These forces can be created by
almost anything: pneumatic or hydraulic motors use compressed air
or fluid pushing on the vanes of a turbine, while combustion engines
use pistons actuated by expanding gases. In electric motors, the rotational forces are magnetic. In general, the magnetic force acts between
an electromagnet and a permanent magnet, but any pair of regularly
fluctuating magnetic fields can be coordinated to work as a motor. Electromagnets are ideal because of the amount of control afforded to the
operator. They can be turned on, turned off, and reversed at virtually
any speed, which is very important to a motor when the forces need to
be applied at the correct time lest they counteract the rotational motion.
To achieve this fine timing, the orientation of the rotor must be sensed.
Brushed motors have commutators, mechanical switches that actuate
based on their rotor’s orientation, while brushless motors have sensors (reed switches or Hall effect sensors) detecting magnetic field for
timing an electromagnet. [8]
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3.2 Electromagnets
Electromagnets generate a magnetic field when electricity is applied to
them. They work because of a property of electricity: when a current is
passed through a wire, a magnetic field proportional to the amount of
current is generated along the length of it. Current is the flow of charge,
which is created by a difference in potential or voltage. Voltage and current are related by the equation V=IR: the voltage difference in a circuit
is equal to the current multiplied by the resistance. For an electromagnet, one must create a voltage difference across a wire using some sort of
power supply. A single wire will not produce much of a magnetic field,
however; in order to strengthen the field, many wires can be aligned in
the same direction. This can be achieved by wrapping a single wire into
a solenoid coil, which has the effect of concentrating its magnetic field
into the shape of a torus. The field is directed out one end of the coil
and into the other—the electromagnet’s north and south pole, respectively. Switching the current reverses the poles. To further increase the
strength of the electromagnet, a core can be added. This is usually some
variety of ferrous metal around which the coil is wrapped. The magnetic field produced by the coil induces a field in the core, which serves
to amplify and extend it hundreds or thousands of times over a “core”
of air. [9]
3.3 Hall Effect Sensors
Discovered in 1879 by Edwin Hall, the Hall effect describes the effect
of a magnetic field on an electric current. [10] It was known at the time
that a change in magnetic flux creates a voltage potential (a property
called electromagnetic induction); however, the Hall effect showed that
a constant magnetic field could be detected. When a conductor carrying a current is placed in a magnetic field, the electromagnetic interaction produces a lateral force on the moving electrons resulting in a
potential difference perpendicular to the flow of current. The Hall effect
sensor takes advantage of this by observing the potential difference and
outputting a voltage representing the strength and polarity of the magnetic field. By interpreting the output voltage of a Hall effect sensor,
the electromagnets can be timed to spin a motor. [11]
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4 Design
4.1 Mechanical Design
This motor was originally designed to have nine phases—three rings
of three electromagnets, offset at 40 degrees from each other. Due to
time constraints, only a third of the motor was completed—a single
ring of three electromagnets, spaced at equiangular intervals of 120
degrees around the enclosure—but the design is such that any subset
of the electromagnets constitutes a working motor. The rotor has four
permanent magnets of alternating polarity in an aerodynamic seat to
minimize air resistance. The seat is a plastic part generated by a rapid
prototyping machine that secures the magnets at precise right angles.
Each electromagnet attracts a nearby permanent magnet until it comes
directly beneath the electromagnet. At this point the current is switched,
causing the electromagnet to repel the permanent magnet, pushing it
past and increasing speed. Because the polarity of adjacent magnets
is opposite, whenever one permanent magnet is being attracted to the
electromagnet the adjacent magnet is being repelled. This is favorable
because the sequence of electromagnets does not need to include a
“break” period; rather, the current can just be reversed at appropriate
times so every electromagnet always has current running through it,
with the exception of a short downtime due to inductance while switching current. Because the direction of the current in each electromagnet
depends on the polarity of the upcoming permanent magnet, bipolar Hall chips are required. When a magnet of a new polarity enters
the Hall chip’s sensory field, it will reverse its own output voltage. The
current of the associated electromagnet reverses accordingly.
The base is made of a single wooden plank, important for aligning the
bearings. To maximize speed, friction must be minimized, and misaligned bearings can create large amounts of friction. The wood was cut
with a miter saw and care was taken to ensure the squareness of perpendicular pieces. The original design included three bases with 3 coils
each, although only one was used in the final motor. These were kept
separate in a modular design to facilitate the orientation of Hall effect
sensors, insertion of axle, and general alignment. The coils themselves
were wound around steel bolts with two nuts securing them to a section
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of PVC pipe. PVC carries advantages over the more popular wooden
frame: its circular nature makes coil positioning intuitive; trading many
brackets for some glue eases alignment; and it affords sturdy, compact
construction, which minimized the effects of vibration. It is advantageous to have the coils as close to the permanent magnet core as possible,
and the nuts enabled their adjustability. A final important design decision was to include washers in front of and behind the coils. These were
extremely important in keeping the coil uniform and neat while allowing a larger number of turns. The Hall sensors were secured to semirigid sections of wire, which in turn were secured to the pipe. The Hall
sensors, being of negligible mass compared to the rigidity of the wire
stands, were easily positionable, providing further adjustability.

Figure 3: An isometric overview of the motor.
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Figure 4: A side view of the motor.

Figure 5: An isometric overview of the rotor. The magnets, which slot into the
rectangular cavities, are not shown.
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Figure 6: A top-down view of the rotor. Different axles of varying length were used
in the project.

Figure 7: A front view of the stator. The top number is the outside diameter of the
housing. The middle number is the inside diameter of the housing. The bottom
number is the diameter of the axle. Figures representing the mounting locations
of the Hall chip stands can be seen as the lines in front of the coils. They are of
indeterminate length as they are flexible wire and bent as needed. The coils themselves
are similarly of indeterminate length because they are on adjustable bolts.
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Figure 8: A rear view of the base.
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Figure 9: A view into the front of the stator. Thick copper wires serve as Hall chip
mounts, while the rubber wires leading to the left connect Hall chips to the circuit.
Magnetic coil wire from the solenoids also connects to the circuit. The rotor in the
middle of the axle is wrapped in tape.

4.2 Electrical Design
The axle is propelled by magnetic interaction between stationary electromagnets and rotor-mounted permanent magnets. The function of
the circuit is to periodically switch the polarity of the electromagnets
in order to keep the rotor from reaching an equilibrium position, and
thus keep the axle in perpetual motion. These polarity switches are
coordinated to produce a net torque on the rotor, thereby causing
the axle to rotate. For optimal performance, the design geometry ensures that each electromagnet–permanent magnet pair will at all times
produce a positive torque, as opposed to merely the system as a whole
producing a net positive torque.
In the circuit, each electromagnet is connected to the main DC power
supply through a monostable DPDT relay such that the direction of

104		

Ryan Goulden et al.

current through the electromagnet is dependent on the state of the relay: switching the relay switches the polarity of the electromagnet. Each
relay is controlled by a bipolar Hall effect sensor mounted near the rotor. Responding to the magnetic field generated by the permanent magnets, each sensor independently produces a voltage that changes sign
based on the orientation of the rotor. A Hall effect sensor alone does
not produce enough current to switch a relay, so signal output is amplified with a small NPN BPJ transistor. Thus, mediated by the circuit,
the orientation of the rotor controls the polarity of the electromagnets.
The exact relationship between the two (i.e., at which angles each electromagnet flips polarity) depends on the location of the Hall chips. In
accordance with the overall goal of a spinning electric motor, the Hall
chips are positioned such that each electromagnet will switch from attracting a nearby permanent magnet to repelling it at the moment that
the permanent magnet passes underneath it, which occurs once every
quarter revolution of the rotor.
Given the initial decision to use Hall chips and polarity-reversing electromagnets, the only major design choice was the use of DPDT relays.
Relays were not initially selected; instead, a solid-state circuit consisting
of BPJ transistors was constructed. This circuit was dysfunctional due
to both construction errors (transistors were overheated in the soldering process) and design errors (breakdown voltage would have theoretically been exceeded in one quarter of the transistors). With simplicity
in mind, relays were selected for use both because their switching behavior is well understood and because a single DPDT relay is required to
switch the direction of a current, as opposed to four SPST-like switches
(including transistors).
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Figure 10: Circuit diagram for a single coil. A total of three coils are present in
the electric motor.

Figure 11: Photographs of the completed circuit, with leads to the solenoids
and Hall chips

5 Results
5.1 Rotations Per Minute
The first attempt to measure the motor’s average rotational speed
was made by attaching a small piece of black tape to the end of the
axle, creating a spinning orthogonal protrusion. A LabQuest photogate was then set up across the top of the piece of tape, blocking and
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unblocking the gate once per rotation. However, the motor rotated with
a period below the minimum sensitivity of the photogate, indicating
speeds in excess of 3000 rpm. To attain more accurate measurements
of rotational speed, the photogate was removed and a high-frequency
adjustable strobe light was directed at the piece of tape. Starting the
motor with a voltage known (through use of the photogate) to produce
a speed of around 2000 rpm, the strobe frequency was matched to that
of the motor, causing the black tape to appear stationary. Then, the voltage was slowly increased—increasing the rotational speed—while the
strobe frequency was increased to match. A maximum of 5526 rpm was
achieved at around 39.6 V.
5.2 Torque
The starting torque was measured using a LabQuest force sensor.
A light string was connected to the axle of the motor and hooked to
the force sensor. The motor was then started and the force sensor held
stationary. Peak force was measured and the torque determined based
on this maximum force and the radius of the axle.
Torque = Fd
Torque = (sensor output) * (axle radius)
Torque = 13.16 N * 0.003535 m
Torque = 0.04652 Nm
The dynamic torque was measured by connecting the string to a hanging weight of known mass, such that the running motor would cause
the string to wind around the axle and raise the weight. The force and
dynamic torque on the rising weight were calculated by measuring its
acceleration using a LabQuest motion detector.
F = ma
F = (mass of weight) * (sensor output)
F = 0.389 kg * (2.591 m/s2 + 9.8 m/s2)
F = 4.82 N
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Torque = Fd
Torque = (calculated force) * (axle radius)
Torque = 4.82 N * 0.003535 m
Torque = 0.017 Nm
5.3 Efficiency
The efficiency calculation requires the power output of the motor. The
relevant data was obtained in the measurement of dynamic torque
using the calculated force on the weights and velocity data from the
LabQuest motion sensor.
P = Fd/t
P = (force from torque calculation) * (sensor output)
P = 4.82 N * 0.516 m/s
P = 2.49 W
The power input into the motor is necessary as well. The voltage during
the measurement of power output was read off the display on the power
supply; however, the displayed current is not reliable: the switching of
the relays causes the displayed current to be much less than one would
expect, and using it would have resulted in a measured efficiency in
excess of 20%. Instead, a maximum current was used, obtained by running 30 V through the three coils in parallel, without any circuitry, and
reading the power supply display then.
P = IV
P = (maximum current) * (power supply voltage)
P = 3.97 A * 30 V
P = 119 W
Knowing power input and output, efficiency was calculated.
Efficiency = Pout / Pin
Efficiency = 2.49 W / 119 W
Efficiency = 0.021

108		

Ryan Goulden et al.

The torque and efficiency data can be found in Appendix C. Additional
data and graphs can be found in Appendix D.
6 Conclusion
6.1 Areas of Success
This motor was successful in that it was relatively quiet, cool, fast,
and efficient. It also had a relatively large amount of both starting and
dynamic torque. The bipolar design worked quite well, with the added
property of being self-starting. The construction is solid and rugged.
Finally, the foresight to allow adjustability of the electromagnets and
the Hall effect sensors paid off: tuning produced visible performance
gains. Ultimately, all the original goals were met in effect, if not
completely in execution.
6.2 Potential for Improvement
The outstanding issue with the motor is that only one of the three
armatures is operational. With experience from setting up the first, the
remaining two would be relatively simple to introduce given additional
time. The additional coils bring expected gains in speed and torque output, but likely at the expense of efficiency. The motor is capable of handling this higher rotational velocity; the first hard limit is at 15000 rpm,
at which point the relays are unable to switch faster (on average) than 1
ms, according to their data sheet.
While running the motor, it is evident that there is some vibration,
which represents a loss in efficiency. This could be improved by procuring
a straighter, more balanced axle, and creating a tighter fit between it and
the inner ring of the bearings. The bearings should also be secured to
their seats to ensure that they do not move.
Perhaps the most interesting improvement would be to replace the
relays with custom-made H-bridges. These were attempted in the earlier iterations, but proved to be more difficult than anticipated. A solidstate design made entirely of transistors could potentially be faster than
relays, allowing for higher switching frequencies.
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With more time and money, this motor could be improved with higher
power supplies, better relays, lower-friction bearings, and more optimal
electromagnet cores. At the extreme end, air resistance could be negated
in a vacuum and vibration dampening systems could be employed.
6.3 Measurement Errors
The torque measurement involved the motor winding up a cord, so presumably the effective radius for the torque calculation changes as more
cord is wound up. This was not accounted for, and causes our torque
and efficiency values to be lower than in reality.
Current measurements could not be made while the motor was running.
The current displayed by the power supply was deemed incorrect, as the
efficiency result using those numbers is an order of magnitude larger
than expected (and, according to those numbers, the relays burnt out
at values well below their rating). The numbers used in our calculations
represent a maximum bound on the current, measured by running all
the coils directly and without switching circuitry. The actual average
current in through the electromagnets was lower due to both the resistive effects of inductance and the theoretical 70%–80% duty cycle of
the relays when switching at high speeds. Using a better upper bound,
the calculated efficiency is about 37% higher than what is shown by the
calculations above (see Appendix B).
The rotational speed was measured using the strobe light with increments of 4 rpm. A strobe just below the motor’s rpm produces an
apparition effect moving slowly in the same direction as the axle, while
a strobe just above produces an apparition in the reverse direction. The
strobe measurements thus have an intrinsic error of ±4 rpm.
6.4 The Big Picture
Electric motors are critical to modern society, seeing use in such varied
fields as medical devices, consumer electronics, power tools, children’s
toys, the automotive sector, space exploration and aeronautics. Though
the challenges encountered in real-world development of motors are
dissimilar to ours, this project did serve to demystify what goes on
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inside an electric motor and bring them into the realm of comprehension. And even though this project certainly wasn’t on the cutting edge
of technology, engineers around the world continue to push the envelope
on motor development—looking for incredible power-to-weight ratios,
99.9% efficiency, or practical motors the size of a pinhead. Electric motors
will remain relevant for the foreseeable future, and innovation will
never cease.
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8 Appendices
8.1 Appendix A: Specifications
Top Speed: 5526 rpm
Starting Torque: 0.04652 Nm
Dynamic Torque: 0.017 Nm
Power: 2.49 W
Efficiency: 2.1%
8.2 Appendix B: Upper Bound on Current
The power supply display could not be trusted for accurate or even useful current readings when the motor was active. An upper bound at
any desired voltage was obtained by connecting three coils in parallel
directly to the power supply, and used in the calculations in the results
section. However, a better upper bound can theoretically be obtained
by approximating a duty cycle for the relay (an Axicom IM04NS), by
comparing the period of the relay switches to the switching and bounce
times, known from the data sheet to each be 1 ms. It is assumed that the
relay is disconnected for 50% of the sum of its relay and bounce times,
for a total downtime of 1 ms per switch. At the high-ish speed of 4000
rpm, a 73% duty cycle turns the measured upper bound of 2.92 A to an
upper bound of 2.14 A.
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Period = 1/4000 min/rev ÷ (4 relay switches/rev) * 60,000 ms/min =
						
3.75 ms/switch
Uptime = 3.75 ms / switch - 1 ms / switch = 2.75 ms / switch
Duty = 2.75 ms / switch ÷ 3.75 ms / switch = 73.3%
Current = 2.92 A * 73.3% = 2.14
8.3 Appendix C: Torque and Efficiency Measurement

Figure 12: Output from the motion sensor module of the Vernier LabQuest suite.
Relevant data is from 1 to 1.2 seconds, after which swinging in the hanging mass
produces inexplicable data.
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Figure 13: Photograph of measurement setup. The device on the floor is the motion
sensor. The weight consists of a physics-lab style hanging mass with a D-cell battery
and a piece of cardboard taped to it. The cardboard eases detection by the motion
sensor at the expense of additional, unaccounted-for air resistance.
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8.4 Appendix D: Graphs of RPM at Varying Voltages
A controlled run was performed with voltage increasing from 3 V
to 33 V. Rotational speed measurements were taken every 3 V using
the strobe light. A measured upper bound is supplied for current (see
Measurement Errors).
Potential

Speed

Max Current

3.0 V

1284 rpm

0.40 A

6.0 V

1404 rpm

0.81 A

9.0 V

1884 rpm

1.22 A

12.0 V

2664 rpm

1.61 A

15.0 V

3072 rpm

2.01 A

18.0 V

3552 rpm

2.43 A

21.0 V

3960 rpm

2.81 A

24.0 V

4176 rpm

3.22 A

27.0 V

4524 rpm

3.6 A

30.0 V

4824 rpm

3.97 A

33.0 V

4932 rpm

4.36 A

Figure 14: Raw data from controlled run.

Figure 15: Multiplot of raw data.
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Figure 16: Rotational speed against upper bound of input power. A LOESS fitting
curve is drawn.
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8.5 Additional Media

Figure 17: An overview of the final running setup.

A video of the motor reaching 5526 can be found at
http://www.youtube.com/watch?v=SDdCFSfj9kc.
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