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Kenneth McNelly and Akshay Srivatsan
1 Abstract
The goal of this project was to learn about alternating electric current,
magnetism, and how both interact to power an AC motor. We built a
single-phase, 2-coil, 2-pole AC motor, known as a synchronous motor.
The motor has a maximum speed of 12,900 RPM, produces an average
torque of 0.0204 N*m, and is approximately 34.30% efficient.
2 Motivation and History
We decided to take up the challenge of designing a motor that doesn’t
use hall chips or digital logic, but instead rotates based on the analog
signal produced by alternating current. Our primary goal with this motor was to maximize its efficiency, leading us towards constructing a
synchronous motor, one of the most efficient types of motor. As the
name suggests, the synchronous motor depends solely upon synchronizing the rotation of its rotor to the frequency of the supplied current. While synchronous motors may have different numbers of poles,
the principle is the same. The multiple-phase electromagnets fixed to
the stator of the motor create a rotating magnetic field, with which the
magnet-attached rotor spins in time.
According to US Patent 382279, Nikola Tesla was the first to unveil the
AC synchronous motor on May 1, 1888 [1]. With the brushless DC motor arriving around 1962 [2], the synchronous motor provided a better
alternative to the common brush electric motor of the time, as the commutators of the brush motors would often wear out.
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Despite being one of two main categories of AC motor, the synchronous motor is by far the less-used motor. While induction motors are
used in a wide variety of applications, from household appliances to
powering a Tesla, the AC synchronous motor is used for much more
specific tasks, such as ball mills and centrifugal pumps. Synchronous
motors are used in ball mills not only for their efficiency, as the ball
mill is a low-speed operation, but also for their precision at holding a
constant speed [3]. Ball mills grind ores and other materials for applications such as paints and pyrotechnics, which require the fineness of the
grinding to be controlled [4]. By using synchronous motors, ball mills
may keep track of the amount of crushing through holding the motor
at exact speeds regardless of the load.
Synchronous motors are also being used in hydraulic dams as the roles
of the motor and generator with synchronous machines can be easily
switched around [5]. As with most dams, the motor for the most part
functions as an electric generator. However, when there is a surplus of
electric energy, it may reverse to be an actual motor and pump the water upstream to fill up the dam, thus storing the energy.

Figure 1: Diagram of a dam system in which its motor may reverse between generator
and motor mode [6].
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3 Theory of Operation
3.1 Alternating Current
The potential difference between the two contacts on the power supply
is constantly changing, creating a sine wave. As the polarity of the output switches (the potential difference crosses zero volts), the direction
of the current reverses. This is the form in which power is transmitted
over long distances, and the form in which it is available in wall outlets.
AC power is typically measured by its frequency (the number of times
per second the potential difference reaches its maximum voltage) and
its root mean squared (rms) voltage (the average potential difference,
which is the maximum voltage divided by √2). In the U.S., the AC power available from outlets has a frequency of 60 Hz and an RMS voltage
of 120 Volts. While direct current, where the potential difference between the contacts on the power supply is constant, is more commonly
found in small devices, AC has several advantages [7]. In the late 19th
century, when Nikola Tesla was working with AC power and Thomas
Edison was working with DC power, AC won out because it was more
efficient to transmit over long distances and it was easy to change the
voltage of AC power (at the time, it was difficult to increase the voltage
of DC power). Even though these issues are less important now, they
led to AC power being adopted as the standard form of transmitting
power to buildings. DC power is commonly used in battery-operated
devices, but any DC device that needs to be connected to a standard
outlet requires an AC-DC converter.
3.2 Alternating Current Electromagnets
While DC motors require some form of sensing to switch their electromagnets on and off or to reverse the direction of current flowing
through the electromagnets, AC current will do this without any additional circuitry. At the moment when the voltage is at its maximum, the
electromagnets act as if they are powered by DC current. The strength
of the electromagnet then falls as the voltage falls, until both equal zero.
The polarity of the current is then reversed, and the voltage increases
with respect to the new polarity. Since current is now flowing the oppo-
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site way, the electromagnet switches the direction of its magnetic field
and gains strength in the new direction.
3.3 AC Motors
Motors that are powered by AC current are usually simpler and more
power-efficient than their DC counterparts. They fall into two main
categories: induction motors and synchronous motors. The stators of
both types of motor are similar: multiple electromagnets, positioned at
equal intervals around the rotor, are powered by AC current of differing
phases. In an induction motor, these electromagnets cause an induced
current in “squirrel cage” wiring within the rotor, which then causes a
torque on the rotor itself. In a synchronous motor, the electromagnets
push and pull magnets (or electromagnets) in the rotor, similar to a
brushless DC motor.
3.4 Synchronous Motors
Synchronous motors operate by varying the current in the electromagnets in time with the rotation of the rotor. The exact relationship
between frequency and rotation speed depends on the number of
poles in the rotor: the rotor will rotate by one pole pair during every
period. With a two-pole motor, this causes a 1:1 relationship—the rotor will make a full rotation once per period. With a four-pole motor, this causes a 1:2 relationship—the rotor will only rotate halfway
per period, and require two periods for a full rotation. In general, the
synchronous speed of a given motor can be found using the equation
ωRPM =

120*f
P

where ωRPM is the rotational speed in revolutions per minute, P is the
number of poles and f is the frequency of AC. At 60 Hz, the frequency of standard wall power, a 2-pole synchronous motor would spin at
3,600 revolutions per minute.
A major downside to the synchronous motor is that it is not self-starting; if the speed of the rotor differs from the synchronous speed of the
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motor, the rotor will fail to spin. This also means that, in order to get the
motor started, another device must be used to get the motor spinning at
its synchronous speed. Typically, synchronous motors overcome this by
including a “squirrel cage” in their rotors, essentially acting as induction
motors at low speeds. Because they often use DC-powered electromagnets in their rotors rather than permanent magnets, these rotors can be
left unmagnetized until the squirrel cage wiring can bring them up to
full speed.
Since squirrel cage windings are difficult to manufacture, usually requiring custom tools and machines, our motor used an alternative approach. Our motor starts at low speed (less than 1200 RPM), allowing
the rotor to be started manually. It then uses the voltage across a discharging RC circuit to regulate its speed, slowly speeding the rotor up
to the motor’s maximum speed.
3.5 Resistor-Capacitor (RC) Circuits
In order to slowly increase the synchronous speed of the motor, we used
the voltage across an RC circuit to regulate the frequency of our AC
power source. The specific frequency generator we used had a feature
where an input voltage from 0-10 Volts could be used to adjust the frequency output. At 0V, the output frequency would be equal to the frequency programmed into the generator. At 10V, the output frequency
1
would be approximately 10 of the selected frequency. To keep the motor
in synchronism, the frequency must be adjusted gradually—although
the motor can handle rapid frequency increases at low speeds, the
amount of acceleration it can tolerate decreases as the speed increases.
The logarithmic discharging of an RC circuit fit this well—the circuit
would discharge quickly at first but slowly at the end.
An RC circuit is, at its simplest, a circuit with a resistor and capacitor
wired in series. When voltage is applied across the circuit, the capacitor will charge at a rate governed by the RC time constant, τ=RC. Every
τ seconds, the capacitor will charge 63.2% of the difference between its
starting value and its maximum charge. When the voltage is removed, the
capacitor will discharge to 36.8% of its starting charge every τ seconds.
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4 Design
4.1 Full Motor
The general design of the motor was intended to make the motor as
easy to modify as possible. The horizontal layout of the system allowed
us to easily lift the rotor off its axle and make adjustments if necessary. Additionally, the electromagnets were secured only by tape for
the majority of the building process for the same reason (see previous
generations in Appendix E). Constructing a synchronous motor was a
discovery process that involved lots of trial-and-error, so modifications
needed to be easily added and removed.

Figure 2: Diagram of a synchronous motor.

4.2 Axle Dimensions
In order to optimize the efficiency of the motor with the provided resources, the overall setup was built to limit friction by incorporating
only one bearing.

Figure 3: Diagram of axle close up.
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4.3 Electromagnet Holders
The electromagnet holders were designed to allow further adjustments
even in the final stages of construction.

Figure 4: Diagram of electromagnetic holders.
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4.4 Rotor
Although parts of the permanent magnets stuck out of the top and bottom of rotor, causing the rotor to be less aerodynamic, adding another
laser-cut disc would greatly increase the rotor’s rotational inertia, preventing it from reaching its maximum rotational speed.

Figure 5a: Close up of rotor.

Figure 5b: Dimensions of rotor parts.
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Figure 5c: Dimensions of rotor.

4.5 Electromagnets
The electromagnets are made out of 26-gauge wire as a compromise between size and maximum current. The borrowed electromagnets in the
first prototype used red 24-gauge wire, which was able to handle a large
amount of current without heating up too much. However, the magnetic field was unnecessarily large and spread out. This was revealed
when a magnet almost 20 cm to the side of the electromagnet vibrated
in response to the current. The prototype electromagnets used green
28-gauge wire, which allowed more windings and produced a stronger
magnetic field. This prototype, however, heated up more than was tolerable. The final electromagnets, made from gold-colored 26-gauge wire,
were capable of handling the current without overheating quickly, and
were also small enough to create a localized magnetic field. The length
of the electromagnet was conserved to around 1.5 inches as it was all
that was needed to sufficiently magnetize the iron core. The core was an
iron screw with a length much longer than the coils of the electromagnet, so the excess length was used as a heat sink.
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Figure 6a: Magnet components.

Figure 6b: Magnet component assembly.
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4.6 Electromagnets (Main Motor Circuit)
Since synchronous motors do not require any form of sensing or any
control over the AC power, the primary motor circuit is simple. AC
power is supplied to both electromagnets, which are wired in parallel.
The electromagnets are positioned so that they are 180º out of phase
with each other—when one electromagnet is pulling a magnet, the electromagnet on the opposite side of the rotor is pushing the same magnet.
A 0.1 Ω resistor, while not strictly necessary, is included to regulate the
maximum current flowing through the circuit and provide a means for
measuring the current.

Figure 7: Diagram of main motor circuit.
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4.7 Motor Speed Control
In order to increase the speed of the motor without allowing the rotor
to slip out of synchronism, the frequency of the AC power needs to
be increased smoothly and slowly. When power is applied to this RC
circuit, it will charge logarithmically at a rate governed by the RC time
constant (τ=RC). Every τ seconds, the capacitor will charge by 63.2%
of the amount remaining between its starting charge and its maximum
charge. While discharging, it discharges to 36.8% of its starting charge
every τ seconds. In this particular circuit, τ=22 seconds. The voltmeter
in the schematic was actually the “sweep” input of the frequency generator in the motor. The frequency output of the generator is proportional
to the voltage detected across the “sweep” input: at 0V, it outputs the
1
frequency selected on its dials; at 10V, it outputs 10 of the selected frequency. As the capacitor in the RC circuit discharges, the voltage across
the capacitor drops from the capacitor’s maximum voltage to 0V, raising the frequency from its minimum value to the value programmed
into the generator. The range of frequency output can be controlled by
adjusting the frequency generator and the voltage across the RC circuit.
The rate of change of frequency can be controlled by adjusting the values of the resistor and capacitor.

Figure 8: Diagram of motor speed control circuit.
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4.7 Speed Measurement Circuit
In order to confirm that the motor was spinning at a speed equal to its
input frequency and not a harmonic of that frequency, a unipolar hall
effect sensor was connected to an oscilloscope which was configured to
measure frequency. In later trials, the oscilloscope was replaced with a
Vernier LabQuest, as described in section 5.1 (Rotational Speed). Since
the hall sensor pulls its output low when in a magnetic field, its output
was connected via a 10K pullup resistor to a power supply. An LED is
present in the circuit to provide visual feedback to the operator that
the circuit is functioning properly, and to provide a means for incompatible technology to interface with the sensor, such as the aforementioned LabQuest. The simplicity of this design made it popular among
many of the groups. We experimentally verified that the hall sensor was
triggered once during every rotation of our motor; some other motor
designs triggered the hall sensor multiple times per rotation, requiring
experimenters to divide the frequency displayed by the oscilloscope.

Figure 9: Diagram of oscilloscope connection to hall sensor.
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4.8 Overall Connection Diagram
The motor used both standard components, such as power supplies and
amplifiers, and components that were designed specifically for this motor. The motor can theoretically function with only a frequency generator, amplifier, and the main motor circuit; the other components
are only for convenience and/or measuring speed. When the motor is
at full speed, DC Power Supply 1 is completely powered off; since DC
Power Supply 2 is not part of the motor itself, both DC power supplies
were excluded when measuring input power (only the output of the
amplifier was considered).

Figure 10: Overall connection diagram.
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5 Results
Maximum

Average

Notes

Sustained Speed (RPM) 14,022

N/A

The motor is
sometimes unable
to sustain this speed.

Official Speed (RPM)

12,900

N/A

N/A

Peak Speed (RPM)

14,160

N/A

Only sustained for
a few seconds.

Torque (N·m)

0.0384

0.0204

Maximum achieved
at 1,200 RPM.

Power Out (W)

8.977

5.847

Maximum achieved
at 2,400 RPM.

Efficiency

51.01%

34.30%

Maximum achieved
at 2,400 RPM.

Power In (W)

16.87

17.60

Minimum achieved
at 1,200 RPM.

Figure 11: Specifications.

<

Figure 12: This plot shows how the speed set on the frequency generator compares to
the mean speed measured at each setting. The linear regression for this data has the
equation y = 1.002 * x - 30.11, and r2=1.
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Figure 13: This plot shows the relationship of the motor’s efficiency and its speed.
The trend is generally positive and linear, but the 44.84% efficiency at 2,400 RPM
seems to be an optimum.

Figure 14: This graph shows almost the same trend as shown in Figure 13; the output
power generally increases linearly with speed, but has an optimum at 2,400 RPM.
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The Dependence of Torque on Speed

Figure 15: This graph shows an inverse relationship between speed and torque,
interrupted by an optimum speed at 2,400 RPM.

The collected data from the trials are in Appendix A. Additional data
about the motor, which is required for calculating these values, is in Appendix B. The computed results of each trial are in Appendix C.
5.1 Rotational Speed
The highest rotational speed this motor can achieve is 14,022 RPM, at
an input frequency of 234 Hz. The speed measurement circuit reported
detecting the motor spinning at approximately 234 revolutions per second, and a strobe light set to 233.7 Hz was in sync with the rotor. However, the highest speed that could be achieved consistently was only
12,900 RPM, at an input frequency of 215 Hz. When the frequency was
raised beyond 234 Hz, the rotor would drop out of sync (the frequency
could sometimes rise to 236 Hz before the motor desynchronized, but
it was never able to maintain a constant speed of 236 Hz).
When measuring rotational speed at the same time as running torque,
in order to calculate output power, the oscilloscope attached to the
speed measurement circuit was replaced by a Vernier LabQuest. A Vernier Photogate was configured to have an external light source (typical-
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ly a laser), and its light input was attached to the circuit’s LED. Since the
LED turns off when the hall sensor detects a magnet, it simulates an object blocking the photogate. With the photogate configured in “pendulum” mode, Vernier’s datalogging software, Logger Lite, displayed the
period of the pendulum. However, since a pendulum would obstruct
the photogate twice per swing and the hall sensor only “obstructs” the
photogate once per rotation, Logger Lite had to be configured to cal2
culate the frequency as Period
. With this configuration, Logger Lite displayed the appropriate speed, as confirmed by the frequency input and
the oscilloscope.
5.2 Running Torque
To calculate running torque, a piece of laser-cut wood attached to a
Vernier force sensor was pressed gradually against the side of the rotor.
After a uniform layer of duct tape was applied to the circumference of
the rotor, it was brought up to the correct speed. The force sensor was
slowly pressed against the rotor (at 90º) until the rotor dropped out of
sync. The force and speed data collected during this were then analyzed
in Logger Lite, and the maximum force applied before the rotor’s speed
dropped was recorded as the maximum normal force that could be applied on the motor. (In practice, the rotor’s speed tended to “wobble”
sinusoidally around a certain value. Instead of the motor’s speed dropping, a change in the sinusoidal wobble was used to determine when
the motor dropped out of sync). Once the normal force had been calculated, the force of friction was calculated, based on the pre-calculated
coefficient of friction between laser-cut wood and duct tape, using the
equation Ffriction = μFNormal.
5.3 Power Out
Since running torque and speed were calculated at the same time, they
could be used to calculate output power. Rotational speed was first converted to angular speed using the equation ω = 2 * π * RPM
. Power was
60
then calculated using the equation Pout = τ×ω.
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5.4 Power In
In addition to the force sensor and photogate, a voltage sensor was
attached to the LabQuest. Its leads were connected across a 0.1 Ohm
resistor. The voltage across this resistor was measured during the trials, and the average voltage was used to calculate the current through
Ohm’s Law (V=IR). This current was then multiplied by the RMS voltage of the AC power, which was measured to be 14.708 Volts, in order
to calculate the input power.
5.5 Efficiency
Pout

Efficiency was computed using the equation P , since both input and
in
output power were measured at the same time.
6 Conclusion
Our final synchronous motor design is mechanically and electronically
simpler than most brushless DC motors that can achieve equivalent
speeds. The simplicity of the theory behind synchronous motors made
construction very efficient: the first working prototype, which could
achieve speeds up to 1,200 RPM, was constructed out of scrap materials within a few hours. The second prototype, which could run at 8,400
RPM (already faster than the maximum speed of some DC motors), was
made within four days of the first prototype. The final design, which can
run at up to 12,900 RPM, follows the same basic design as the prototypes
(one phase, with an additional “phase” created by inverting the polarity
of the first phase; two electromagnets; two poles in the rotor).
The final design of the motor, in addition to reaching 12,900 RPM (and
sometimes even reaching 14,022 RPM), can exert 0.0204 N*m of running torque on average. As shown in Figure 15, the torque generally
decreases at higher speeds, except for a maximum at 2,400 RPM. However, the decrease in torque at high speeds is less significant than the
increase in speed, so, as shown in Figure 14, the output power of the
motor does increase with speed. On average, the output power is 5.847
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Watts. However, the input power does not increase as significantly with
speed (Appendix C), causing the motor to grow more efficient at higher
speeds, as shown in Figure 13. On average, the motor requires 17.60
Watts of power and is 34.30% efficient.
An important benefit of synchronous motors is the fact that their speed
is directly controlled by the frequency of their power source. This particular rotor design “wobbles” in speed around the target speed (the
speed varies sinusoidally around the target speed), but it still offers
almost exact control over the motor’s speed. As shown in Figure 12,
there is a linear relationship between the target speed and the measured
speed, with a slope approximately equal to 1. This means that, for the
most part, the motor’s speed is not limited by the switching speed of
electronic components: the maximum speed of the motor is governed
only by the physical limitations of the rotor.
The primary downside to synchronous motors—the fact that they can
only operate at their synchronous speed—was mostly taken care of by
the speed control circuit. The logarithmic discharge of the capacitors
accounts for the lower torque of the motor at high speeds: the acceleration of the rotor decreases as it reaches full speed, allowing the rotor to
stay in sync. Although the motor is still not capable of self-starting, it is
easy to manually start at its low speed while the speed control circuit is
active. If the speed control circuit did not exist, like in many of the early
prototypes, the user would have to manually increase the frequency of
the input power. Without the precision of electronics, the user must increase the frequency very slowly to minimize the chance of accidentally
pulling the rotor out of sync; this process is cumbersome and time-consuming. To manually increase the frequency to the motor’s maximum
speed would likely take more than an hour, while the speed control circuit can accomplish it in approximately a minute.
A modification which would allow the motor to self-start is the addition of a second phase, offset by 90º. This would give the motor a fixed
direction of rotation, whereas the single-phase design can spin in either direction. The most common way of creating a 90º phase shift is
through a capacitor wired in series with the electromagnets; however,

THE MENLO ROUNDTABLE

101

any given capacitor will only cause a phase shift in AC power of a certain frequency. This motor was designed to allow for the possible future
addition of a second phase, which would manually be activated once
the motor reaches the appropriate speed.
As the speed of this motor is limited by the physical attributes of the
rotor, multiple replacement rotors were tested to attempt to achieve
higher speeds. The first two replacement rotors, which were 3D printed,
were warped in the 3D printing process; if they were used, the rotor
would be too unbalanced to sustain its synchronous speed. The second
two, which were 3D printed on the Makerbot, had the wrong dimensions—the first was too small for the magnets to fit in it, and the second
was large enough that the magnets rattled and wasted energy. Another
replacement, made out of acrylic, was too brittle to provide the centripetal force necessary to hold the magnets in place; when the motor began to speed up, the acrylic cracked and one of the magnets was
ejected from the rotor. The final replacement rotor, which was made out
of stacked laser-cut wood, just like the original rotor, functioned well,
but did not surpass the performance of the original. Additionally, an
attempt to use oil to reduce friction on the bearing had no significant
effect. In the future, more time spent experimenting with rotor designs
would help to find a more efficient design.
In addition to the issues with the 3D-printed rotor, the 3D-printed electromagnet holders caused trouble. Because of the sizing issues with the
Makerbot, the holders were too loose to lock in place when they were
adjusted; they were eventually epoxied in place, making it impossible
to adjust the position of the electromagnets. This reduced the motor’s
maximum speed, since the electromagnets were permanently mounted
in a suboptimal position.
Although this synchronous motor was designed for efficiency, the efficiency measurement is the most prone to error. The torque on the
motor was measured using a Vernier force sensor to cause friction on
the rotor; however, the duct tape around the rotor’s circumference was
not perfectly uniform. This caused the force sensor to detect a wave
as the distance between the sensor and the rotor changed. Although,
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by analyzing the amplitude of the wave, it was possible to measure the
maximum force exerted on the rotor, the measurement would have
been much more precise had the surface been uniform. Additionally,
the power input calculation is probably underestimating the amount of
power the motor is using. The power input was calculated using Ohm’s
Law, V=IR, which is meant to be used in DC circuits. The equivalent
for AC circuits, V=IZ [8], requires a measurement of impedance, which
was not possible with the tools in the lab. As a result, the calculation of
efficiency is probably an overestimate.
Synchronous motors are generally useful in applications that require a
fixed speed. Using 60 Hz wall power, synchronous motors can be designed to run at 3,600 RPM or a lower harmonic, such as 1,800 RPM.
This could be useful in applications such as washing machines, where
power can be drawn directly from the wall socket to power the electromagnets. In addition, this could be useful for CD or DVD players, since
the disk needs to rotate at a fixed speed. The high efficiency also makes
this a good design for any application where power is limited, especially
since its power consumption is relatively low and relatively constant.
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9 Appendices
Appendix A
Target Frequency, Normal Force, Resistor Potential & Actual Frequency
Trial

Expected
Speed
(Hz)

Normal
Force
(Hz)

Minimum
Resistor
Potential
(V)

Maximum
Resistor
Potential
(V)

Minimum
Speed
(Hz)

Maximum
Speed
(Hz)

Mean
Speed
(Hz)

1

20

1.981

-0.1187

0.1108

18.67

18.91

18.79

2

20

2.874

-0.1187

0.1157

18.47

19.22

18.89

3

20

1.308

-0.1187

0.1157

18.44

19.98

19.21

4

40

1.906

-0.1187

0.1157

39.49

42.12

40.49

5

40

2.314

-0.1187

0.1157

39.52

41.63

40.57

6

40

2.66

-0.1236

0.1157

39.64

40.5

40.19

7

40

2.283

-0.1187

0.1157

39.69

40.92

40.46

8

70

0.7675

-0.1236

0.1205

65.82

72.36

69

9

70

1.032

-0.1236

0.1157

67.65

71.82

69.75

10

100

0.7046

-0.1236

0.1205

95.49

103.4

99.56

11

100

0.8304

-0.1285

0.1205

95.37

102.9

99.5

12

100

1.013

-0.1285

0.1205

96.75

101.9

99.67

This data was obtained by analyzing the graphs of frequency vs. time,
force vs. time, and potential vs. time during the last wavelength before
the motor dropped out of sync. The speed was continuously “wobbling”
in a sine wave around the mean speed, so a discrepancy from this sine
wave was used to determine when the motor had dropped out of sync.
In the graphs that involve the “actual speed” of the rotor, the mean
speed for each trial is used.
The graph of potential vs. time was approximately a square wave oscillating around 0V, so the mean of the absolute values of the minimum
and maximum potentials was used as the average potential drop across
the resistor.
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(Appendix A continued from previous page)
An additional trial at 70 Hz was discarded because it was an outlier. The
data for that trial were:
Trial

Expected
Speed
(Hz)

Normal
Force
(Hz)

Minimum
Resistor
Potential
(V)

Maximum
Resistor
Potential
(V)

Minimum
Speed
(Hz)

Maximum
Speed
(Hz)

Mean
Speed
(Hz)

Outlier

70

2.522

0.1236

0.1205

67.02

70.91

69.08

Appendix B
Other Motor Parameters
Input Amplitude
(V)

Input RMS
(V)

Coefficient of
Kinetic Friction

Radius
(m)

Resistance
(Ω)

20.8

14.708

0.477

0.028

0.1

These measurements were taken separately, and their values do not depend on the motor’s speed.
Input Amplitude
This is the amplitude of the sine wave produced by the frequency generator when no load is connected. When the electromagnets are attached,
the back-emf causes the apparent amplitude to drop; however, the frequency generator produces waves with this amplitude.
Input RMS
This is the root-mean-squared voltage of the sine wave produced by the
frequency generator.
Coefficient of Kinetic Friction
This is the coefficient of kinetic friction between plywood and duct
tape. The calculation of this value is in Appendix D.
Radius
This is the radius of the rotor.
Resistance
This is the resistance of the resistor used to measure current. The resistor was a 5% 0.1 Ω ALSR10.
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Appendix C
Calculated Measurements by Trial
Trial

Rotations
Per
Minute

ω
(rad/s)

Friction
(N)

Torque
(N*m)

Power
Out
(W)

Average
Resistor
Potential
(V)

Current
In (A)

Power
In (W)

Efficiency

1

1,127.40

118.06

0.95

0.03

3.13

0.11

1.15

16.88

18.52%

2

1,133.40

118.69

1.37

0.04

4.56

0.12

1.17

17.24

26.45%

3

1,152.60

120.70

0.62

0.02

2.11

0.12

1.17

17.24

12.24%

4

2,429.40

254.41

0.91

0.03

6.48

0.12

1.17

17.24

37.60%

5

2,434.20

254.91

1.10

0.03

7.88

0.12

1.17

17.24

45.73%

6

2,411.40

252.52

1.27

0.04

8.98

0.12

1.20

17.60

51.01%

7

2,427.60

254.22

1.09

0.03

7.76

0.12

1.17

17.24

45.00%

8

4,140.00

433.54

0.37

0.01

4.45

0.12

1.22

17.95

24.77%

9

4,185.00

438.25

0.49

0.01

6.04

0.12

1.20

17.60

34.35%

10

5,973.60

625.55

0.34

0.01

5.89

0.12

1.22

17.95

32.82%

11

5,970.00

625.18

0.40

0.01

6.94

0.12

1.25

18.31

37.89%

12

5,980.20

626.25

0.48

0.01

8.48

0.12

1.25

18.31

46.30%
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Appendix D
Friction Measurement

Friction was calculated using the setup depicted in the Free Body Diagram above. A uniform layer of duct tape was used to cover the top of
a table, and a pulley was attached to the end. A string was tied on one
end to a mass of mass m, and on the other side to a piece of plywood.
Metal washers, used as masses, were placed on top of the plywood (the
mass of the washers and the plywood together is M). The system was
released, and the time it took for the system to travel a known distance d
was measured. Since the system was known to start from rest, kinematics equations can be used to find the acceleration of the entire system.
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Masses, Distance Travelled & Time Elapsed
M (kg)

m (kg)

d (m)

t (s)

a (m/s2)

0.39

0.2

0.069

4.89

0.00577

0.457

0.2

0.069

19.45

0.000364

0.414

0.2

0.069

5.74

0.00419

Using Newton’s Second Law on each subsystem, marked in the Free
Body Diagram by dotted lines:
F = ma
Hanging Subsystem:

mg - T = ma

Table Subsystem:

T-μk Mg = Ma

Table Subsystem:

T = Ma + μk Mg

Substituting for T:

mg - Ma - μk Mg = ma

Isolating μ:		

μk =

ma - mg + Ma
- Mg

Using this equation, the following values for μk can be found:
μk = 0.512
μk = 0.448
μk = 0.482
The average coefficient of kinetic friction is therefore 0.477.
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Appendix E
Pictures

The motor set-up to measure speed, torque, and input power.
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The interface between the speed measurement circuit and the LabQuest.
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The speed control circuit connected to the sweep input of the frequency generator.
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The four generations of the motor. From back to front, they are: the induction
motor prototype, the “scrap material” prototype, the 8,400 RPM prototype,
and the final design.
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Close-up of the three electromagnet versions. The top electromagnet was reused from
previous years, the middle one tended to overheat, and the bottom one is used in the
final design.

