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1 Abstract
In this project, an electric motor was designed, built, and tested. The
main goal of this three-phase, four-pole motor was to achieve a high
rotational speed. Electromagnets were operated by direct current and
were turned on and off via Hall chips. The magnetic forces created by
the electromagnets acted on the four magnets and forced the inner
rod, to which these four magnets were attached, to spin. The highest
measured rotational speed was approximately 1800 rpm, the highest
rotational torque was measured to be 0.0078 N ∙ m, and the efficiency
of the motor was found to range from 7.08% to 0.37%.
2 Motivation and History
The goal of this project was to illustrate and understand the concepts of
an electric motor by building a simple one. An electric motor is a device
that converts electric energy into mechanical energy. The first attempt
to build an electric motor was performed by Sir Humphry Davy and
William Hyde Wollaston at the Royal Institution in London in 1821
[1][2]. Though they were unsuccessful, they discussed their points of
difficulty with the British chemist and physicist Michael Faraday [1].
In that same year, Faraday went on to build two devices demonstrating
electromagnetic rotation, the more notable being the first homopolar
motor [1][2][3][4].
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Figure 1: Faraday’s homopolar motor

For this motor, Faraday suspended wires into two cups of mercury with
permanent magnets protruding out of each cup (See Figure 1). On the
left, the magnet is attached with wire while the wire is immobile. On
the right, the magnet is immobile and the wire is suspended freely.
When current flowed through the circuit (mercury is a good conductor), an electromagnetic field was produced, which interacted with the
magnetic field from the permanent magnet. This caused the magnet to
rotate around the wire on the left, or the wire to rotate around the magnet on the right. Barlow’s Wheel, a refinement of Faraday’s homopolar
motor, was created by the British mathematician and physicist Peter
Barlow in the following year [3][4]. In 1827 and 1828, the Hungarian
Ányos Jedlik experimented with devices he called “lightning-magnetic
self-rotors,” which introduced three main components of a practical
DC motor—the stator, rotor, and commutator—though the motor described in this paper did not use a commutator [4][5]. Also unlike our
motor, Jedlik’s only used electromagnetic components, with no perma-
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nent magnets. Electric motors had to this point been largely used for
teaching purposes only, with few practical applications. But in 1832,
the British physicist William Sturgeon created a motor capable of turning machinery [4][6].
Today there are many types of motors, mostly of two types—alternating current (AC) or direct current (DC). A synchronous electric
motor is an AC motor that is synchronized in that the coils on the
rotor pass magnets on the stator at the same rate as the alternating
current. Single-phase synchronous motors are used in mechanical
clocks, audio turntables, tape drives, telescope drive systems, and strip
chart recorders. Three-phase synchronous motors are used in traction
motor applications and TGV locomotives in France. An asynchronous electric motor or an induction motor is an AC motor in which a
rotating magnetic field induces a current in the conductors on the
rotor via electromagnetic induction. Single-phase induction motors
are used for household appliances such as fans, washing machines, and
clothes dryers. Three-phase induction motors are used for high-power
applications such as heavy-duty electrical networks and locomotives.
The brushed DC motor is the classic DC motor with carbon brushes
and slip-ring commutators that allow current to flow through electromagnets on the rotor. The electromagnetism of the rotor interacts with
magnetic fields from the stator that cause the rotor to turn. They are
used for treadmills and automotive starters. A brushless DC motor is
similar to a brushed DC motor except that the brushes and commutators are replaced with external electronic switches that are triggered
according to the rotor’s position. They are used in computer hard
drives; CD, DVD, and tape cassette players and recorders; and office
products such as laser printers and photocopiers. A stepper motor has
“toothed” electromagnets arranged around a gear-like rotor. The electromagnets are controlled by an external circuit, and the motor takes
“steps” according to which electromagnets are turned on or off. Thus,
the rotor can be turned at precise angles and step forwards or backwards. They are used in sophisticated positioning drives such as printers and floppy drives. Finally, universal motors can operate on both
DC and AC current. They are found in vacuum cleaners, food blenders
and mixers, small power tools, hair dryers, and other appliances that
operate at high speeds for short periods of time.
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3 Theory of Operation and Design
The motor designed is a three-phase four-pole brushless DC motor.
It is composed of a rod with four magnets attached to it at 90 degrees
from each other, with the magnets glued on opposite sides of the rod
having the same magnetic pole protruding outward. The rod and the
magnets have the ability to rotate freely. Surrounding this setup are
three locking Hall chips evenly spaced at 120-degree intervals and facing towards the center of the motor. They are placed so that when the
rod begins to spin, the magnets attached to it pass within millimeters
of the Hall chips, providing for maximum effect. In addition, there are
three electromagnets, also evenly spaced at 120 degrees and facing the
center. However, these solenoids are placed such that each one is directly opposite the Hall chip that controls the current flow through it.
The theory behind this motor is that when the North pole of one of the
magnets passes a Hall chip, it switches on the electromagnet directly
opposite from that Hall chip. That electromagnet generates an electric
field that repels the North pole magnet, which is directly next to the
electromagnet in question, and attracts the South pole of the magnet
that is already rotating towards the electromagnet due to momentum.
As soon as the South pole of the magnet reaches the switched-on electromagnet, the other magnet with the South pole protruding outwards
(which is positioned 180 degrees away from the first South pole magnet) is coming into contact with the Hall chip that initially turned the
electromagnet on, causing the solenoid to shut off so that it does not
continue attracting the magnet after it has passed. Thus there is always
at least one electromagnet that is switched on (and two at most).
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Diagram 1: The circuit diagram for this motor. Each locking Hall chip controls
one transistor and can turn its electromagnet on or off by controlling the current
passed into the electromagnet.

Figure 2: Top view of motor.
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Figure 3: Cross-section.

Figure 4: Side view.
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Figure 5: End view.

Figure 6: Perspective view.
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4 Results (see Appendix A for example calculations)
This motor was designed to achieve a high speed in rotations per minute. To measure the rotational speed, a photogate was used along with
voltage probes. The rotational speed was calculated by counting the
number of times the photogate detected itself being blocked, and the
voltage was measured using the voltage probe. During construction,
the motor was primarily tested at approximately 6 V. When the performance at 5.82 V was calculated with the photogate, the motor operated
at approximately 13 rotations per second. When tested at 11.79 V, the
motor was found to be rotating at approximately 26 rotations per second. The highest voltage test, at 14.9 V (see Table 2), measured a speed
of 30 rotations per second. A test was conducted at even higher voltages, but an unglued magnet flew off of the motor and the Hall chips
burned out without measurements being taken.

Voltage (V)

Current (A)

Rotations per second

5.82

0.82

13

9.93

1.02

23

11.79 (Calculated)

1.42

26

Table 1: Rotations per second tests performed with a HP/Agilent 6237B DC
power supply.

Voltage (V)

Current (A)

Rotations per second

6.06

0.42

21

12.45 (Calculated)

1.5

28

13.28 (Calculated)

1.6

28

14.94 (Calculated)

1.8

30

Table 2: Rotations per second tests performed with an Instek DC power supply.
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Figure 7: A graph of current vs. rotations per second. The squares are from tests
performed with an Instek power supply, and the circles are from tests performed
with the HP/Agilent power supply. At low current the motor seems to have an
unreliable rotational speed.

To measure the torque of the motor, multiple tests were performed at
both approximately 4.2 V and approximately 6 V. A string was attached
between a force meter and a piece of PVC pipe wrapped around the rod.
The string was long enough that it could wrap around the PVC pipe
while the motor was reaching its maximum rotational speed; when
the slack in the string finally ran out, the motor was forced to stop.
After the motor appeared to reach an equilibrium where it was pulling
on the string but wasn’t moving, the force was recorded. The distance
was simply the length of the string between the rod and the force motor, which in the tests conducted was 70 cm. The measured force varied between runs, primarily due to the position where the motor was
stopped. In a position where the magnets were far away from the electromagnets the torque was low, and in a position were they were close
the torque was high. At both voltages, the highest force measured was
approximately 0.56 N. Though it is surprising that the force was almost
equal at both voltages, the measured data does make sense because
the force is proportional to voltage and inversely proportional to the
distance from the magnets to the electromagnets. Rotational torque
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is merely force multiplied by the distance from the center of rotation,
which for this data was 14 mm. Therefore, the largest rotational torque
measured for this motor was 0.00784 N ∙ m.
Voltage (V)

Current (A)

Force (N)

Torque (N ∙ m)

5.98

0.79

0.56

0.0078

6.01

0.79

0.24

0.0034

4.23

0.072

0.12

0.0017

4.15

0.11

0.56

0.0078

6.00

0.053

0.23

0.0032

Table 3: The measured torque for a variety of tests.

Figure 8: A graph of current vs. torque. This graph suggests current has little to
do with the torque. However, the most likely explanation was that the torque
depended on what position the motor was stopped in.

To measure the efficiency of the motor, the power that was outputted
was divided by the power used. To calculate the power outputted, a
drill bit weighing 11.39 g was lifted vertically 70 cm. The time taken to
lift it was measured, and the power output calculated by multiplying
the force times the distance lifted divided by the time. The best power
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test that was performed lifted the drill bit 70 cm in 2.51 s. Measuring
the time was hard, because there were only a few positions where the
motor would start lifting under its own power without human assistance. However, in that run the power output was 0.032 W. Because the
energy output is power times time, the energy output during this run
was 0.080 J. Measuring the power input was easier, because power is
equal to the voltage times the current. The voltage was measured by the
LabQuest as 6.04 V, and the calculated current was approximately 0.79
A. Therefore the power input was 4.77 W, and the efficiency was 0.7%.

Time
(s)

Voltage
(V)

Current
(A)

Power Input
(W)

Power Output
(W)

Efficiency
(%)

6.53

4.23

0.075

0.32

0.013

4.06

4.93

4.23

0.056

0.24

0.017

7.08

6.76

6.04

0.54

3.26

0.012

0.37

2.51

6.04

0.79

4.77

0.032

0.67

Table 4: The calculated power inputs, outputs, and efficiencies for this motor.

Figure 9: A graph of current vs. power output. As in Figure 3, it is difficult to tell
whether the motor was properly running at 4.23 V and whether the motor was
started in the optimum position.
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5 Conclusion
The motor built functioned well. The circuit elements, which were not
rated for the high voltages and currents used, started to break and the
frame of the motor started to experience structural weakness, but at
normal voltages the motor proved very stable. Though the motor was
not as fast as some of its competitors, a rotational speed of 30 rotations
per second shows that the project was successful. A notable advantage
of the design was the ease of making adjustments. All three of the electromagnets could be moved closer and further from the rod, and the
bottom two were able to rotate and face a different direction.
Still, some elements of the design could have been improved. The most
notable feature that separated this motor from its competitors was the
scale. This motor used larger magnets, on a larger rod, with larger electromagnets. Minimizing the size of the magnets on the rod might give
the motor less mass to accelerate and less air resistance, allowing it to
increase its rotational speed. During the final stages of testing, there
were several questions about the placement of the Hall chips and the
electromagnets they controlled. In the current design there are certain
positions where the electromagnets attempt to drag the motor backwards, and while those positions do not cause visible problems they
are nonetheless slowing it down. Another problem was determining
how close the magnets could be to the electromagnets. The closer they
were the more force the electromagnets could exert, but at a certain
distance the force of magnetic attraction between the magnet and the
screw inside the electromagnet became too great and the motor would
not spin.
The measurements taken for this motor, with the exception of the rotational speed, were very difficult to record. Perhaps the largest problem
with the data was that a number of data points were taken when the
voltage was approximately 4 V. The collected data at that voltage appears to be extremely unreliable, and one likely reason is that the Hall
chips used were not rated for that low a voltage. At such a low voltage
they may not have been locking or unlocking at the appropriate times.
Another recurring difficulty was calculating the current and voltages
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at high levels. The 1 Ω resistor that was inserted in series with the rest
of the circuit was most likely not exactly 1 Ω. In fact, the highest calculated voltage, 14.94 V, appears to be too low. Because resistors are
only guaranteed within a certain tolerance, the resistor used likely was
at a lower resistance than 1 Ω and reduced the accuracy of the calculated currents and voltages. The torque measurements were most likely
the least accurate of the three measurements taken. Figure 8 suggests
that the torque has nothing to do with the current, but since the magnetic field created by the electromagnets is proportional to the current,
that is most likely wrong. Instead, the most likely explanation is that
the equilibrium position where the motor was applying a force on the
force meter without moving kept changing and was independent of the
current. Because the distance from the electromagnets kept changing,
the force applied on the magnets kept changing and so the torque kept
changing. The power measurements were also difficult for similar reasons. To avoid wrecking the apparatus the motor was allowed to start
spinning and pulling up the drill bit itself instead of having a human
spin it initially. However, depending on the starting position of the
magnets the initial rotational speed could vary greatly.
In the big picture, this motor is primarily useful as a teaching tool.
As an illustration of designing a very simple brushless DC motor out
of easily accessible materials it functions very well. The construction
and circuit are simple and easy to understand, and the results are very
impressive. However, there are many ways that it could be improved,
especially as to the efficiency of the motor. This motor is entirely
useless for practical purposes, but so were the early experiments of
Faraday and Jedlik.
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6 Appendices
6.1 Appendix A
The following are examples of the calculations used in the results.
Current:
I = V1 Ω resistor / 1 Ω
I = 0.82 V / 1 Ω
I = 0.82 A
Torque:
τ = Force · Distance from center of rotation
τ = 0.56 N · 14 mm
τ = 0.0078 N · m
Power input:
P = IV
P = 0.79 A · 6.04 V
P = 4.77 W
Power output:
P = Force · Distance / Time
P = (11.93 g · 9.8 m / s2) · 70 cm / 2.51 s
P = 0.032 W
Efficiency:
Efficiency = Poweroutput / Powerinput
Efficiency = 0.032 W / 4.77 W
Efficiency = 0.67%
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6.2 Appendix B
After collecting all of the data with a Vernier LabQuest, we discovered
that the voltage probes could not measure voltages above 10.114 V. A
method was devised to calculate the voltage, but it assumed that the
resistor obtained was almost exactly 1 Ω. Because that is a tenuous
assumption and the voltage of the power supply was set near the 20
V mark, the validity of this number is in doubt. This calculation relies
upon placing voltage probes across a 1 W resistor that was placed in
series with the rest of the motor’s circuit. By calculating the resistance
of the entire circuit with data that was taken while the voltage was
below the 10.114 V threshold, a calculated voltage should be more
accurate than the 10.114 V the LabQuest measured.
To calculate the resistance of the entire circuit:
R=V /I
R = Vpower supply / (V1 Ω resistor / 1 Ω)
R = 5.8 V / (0.7 V / 1 Ω)
R = 8.3 Ω
To calculate the voltage:
V = IR
V = (V1 Ω resistor / 1 Ω) · 8.3 Ω
V = 1.8 V/ Ω · 8.3 Ω
V = 14.9 V
7 Bibliography
[1] Michael Faraday. Wikipedia; [updated 2009 October 16; cited 2009
October 18]. Available from: http://en.wikipedia.org/wiki/Michael_Faraday.
[2] Archives Biographies: Michael Faraday. Stevenage: The Institution
of Engineering and Technology; [cited 2009 October 18].
Available from: http://www.theiet.org/about/libarc/archives/
biographies/faraday.cfm.

64		

Alex Chang et al.

[3] J. Jenkins, The Development of the Electric Motor.
Spark Museum; [cited 2009 October 18]. Available from:
http://www.sparkmuseum.com/MOTORS.HTM.
[4] Electric Motor. Wikipedia; [updated 2009 October 17;
cited 2009 October 18]. Available from:
http://en.wikipedia.org/wiki/Electric_motor.
[5] Ányos Jedlik. Hungarian Patent Office;
[updated 2009 July 30; cited 2009 October 18].
Available from: http://www.mszh.hu/English/feltalalok/jedlik.html.
[6] William Sturgeon. Jerusalem: The Institute of Chemistry at The
Hebrew University of Jerusalem; [updated 2003 April 24; cited 2009
October 18]. Available from: http://chem.ch.huji.ac.il/history/sturgeon.html.
[7] The Electric Motor: Here and Now. Freescale Semiconductor, Inc.;
[cited 2009 October 18]. Available from: http://www.freescale.com/
webapp/sps/site/overview.jsp?nodeId=02nQXG3MYxCKS2JjTF.
[8] About Electric Motors. Zycon Global Services, LLC;
[cited 2009 October 18]. Available from:
http://www.zycon.com/Products/Motors-Electric.html.

