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Abstract

A high torque electric motor was designed, built, and tested in this
project. A 4-pole 2-phase brushless outside-field design was chosen that
used a Hall effect sensor to alternate between phases. The motor out-
puts 2.54 W of power and has an efficiency of 2.15% due to large energy
loss from deficiencies in the control circuit and problems in the coil and
permanent magnet geometry. Although the rotor has a relatively high
moment of inertia, 1.06 · 10−3 kg · m2, the motor generates 0.169 N · m of
torque and spins at 143 rpm.

1 Motivation and History

The motivation for this project was the interest to build a high speed and high
torque motor. The authors were initially interested in a high speed motor but
realized that a high torque motor was more practical in terms of appliances. This
is because if a load was put on the motor, it would not spin unless there was a
good amount of torque. In order for the motor to operate, it must first provide
torque before being able to generate high speeds. For application purposes,
therefore, a high torque motor seemed more useful.

The motor also has a somewhat experimental design and is a proof of con-
cept. Rather than having a central spinning axle, like the majority of DC motors
used today, the authors decided on an outside-field design with a spinning ring
rotor. In addition to providing high performance in theory, such a design was
substantially more interesting to the authors.

Finally, this project provided an opportunity to study a fascinating method
of propulsion that despite its long history is of ever-increasing importance today.
The theory of the electric motor was first developed by the British scientist
Michael Faraday in 1821. His prototype consisted of a pool of mercury with a
fixed permanent magnet in the middle and a hanging wire suspended next to
it (see Figure 1). The pool of mercury was electrically connected to one end
of a voltage source, and the wire to the other. A current then flowed through
the wire, generating a magnetic field and causing it to revolve around the fixed
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magnet. This demonstrated the possibility of converting electrical energy into
mechanical energy.[1, 2]

Figure 1: Faraday’s Electric Motor.[1]

Of the electric motor’s many applications, the electric vehicle is the most
interesting. Faraday’s work allowed Hungarian scientist Ányos Jedlik to develop
the first model vehicle powered by an electric motor in 1828. In the 1840’s, the
first “electric car” was invented by businessman Robert Anderson.[3] In the
late 1800’s, electric vehicles were widely used, but in 1908, the Ford Model T,
inexpensive to build and to buy, caused the electric motor to become more and
more obsolete. Furthermore, gasoline was much cheaper than electricity in the
early 20th century. Gasoline was therefore a much more reasonable choice in
terms of both availability and price, and the electric vehicle industry never took
off.[4]

Starting in the late 20th century and continuing today, electric vehicles (EVs)
are being welcomed back more and more into society. This is traceable both to
shortages of gasoline and increases in greenhouse gases produced by conventional
car engines. The need for more EVs has been taken on by the likes of Toyota,
Honda, and other companies. More recently, in 2003, Tesla Motors of San
Carlos, California, was founded to develop the fledgling high performance vehicle
market. In 2006, their first prototype was introduced and proved that EVs are
able to perform and behave like sports cars.[5] Although battery life has proved
a major issue, the vehicle industry is slowly turning to EVs to reduce emissions
and to provide a different source of energy for transportation. Battery life
is currently being researched so that vehicles can travel further with a single
charge, and it looks increasingly as though EVs will dominate the car industry
in the future.
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2 Theory of Operation

The outside-field brushless DC motor that was built has an outer ring that is
free to rotate about the central axle, and eight banks of permanent magnets
evenly spaced around it with alternating polarity. There is a Hall effect sensor
set up on the outside of the outer ring which alternates whenever a bank of
magnets passes by it. Inside the ring are four stationary electromagnetic coils
spaced at equal intervals. When the motor is turned on, current flows through
the coils in one direction, which creates a magnetic field. The field attracts the
permanent magnets on the outer ring, which rotates one eighth of a revolution.
When the ring rotates, the Hall effect chip senses that the magnets have passed
and activates circuitry to switch the direction of the current flow through the
coils. They then pull the neighboring magnets, of opposite polarity to the first
set, towards them and cause another one-eighth revolution. This process repeats
indefinitely until the motor is turned off.

The field generated by an electromagnet with N coils, µ core permeability,
L core length, G air gap, and I current is given by the following equation [6]

B =
NI

L
µ + G

µ0

When all other characteristics of the electromagnet are held constant, B
increases as G decreases. This means that a large magnetic field can be achieved
by making the air gap as small as possible. Therefore one design goal was
to minimize the gap between the electromagnets and the permanent magnets.
Additionally, the strength of the magnetic field depends on the permeability of
the core of the electromagnet. More turns and more current translate into a
stronger magnetic field as well. Therefore the motor uses relatively thick wire
to get as much current as possible, a steel core for high permeability, and as
small an air gap as possible.

3 Design

3.1 Motor Type

Preliminary research made clear that high torque could most easily be achieved
in a motor of the outside-field brushless type. This design has several advan-
tages. Since it has no brushes, there is significantly less friction on the rotor
and no possibility of poor electrical contact. Also, since the coils themselves are
on the stator and do not spin, they can be made as large as desired without
negatively affecting the motor speed. Finally, the outside-field configuration of
the motor allows a greater number of magnets to be used than an inside-field
design where the magnets must fit around a small central axle.

Having decided on the basic design of the motor, it became necessary to
determine the number of poles and phases. It was found in [7] that the four-
pole, two-phase motor had the largest and most consistent torque of a number
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of configurations tested. Unfortunately, it was unclear from the article how
this motor, which had two empty spaces in addition to the two pairs of per-
manent magnets, actually worked. Also, the motor described in the article had
four “auxiliary salient poles” in addition to the four coils. These appeared to
be rods in the same shape as the coils but not actually electromagnets. An
explanation of their purpose was not given, but the most likely would be to
change the aerodynamic properties of the motor during rotation. In the interest
of simplicity the design for the motor was changed to a four-pole, two-phase
configuration with eight permanent magnets as described above.

3.2 Motor Construction

The stator consists of a wooden central square dowel with four coils. The coils
have steel cores (primarily iron) and are wrapped with approximately 100 turns
of 24 AWG wire. The square dowel is attached on both ends to round dowels
which are connected to the side supports. Around each round dowel is a ball
bearing allowing free rotation of the rotor. The rotor is made of a cylinder of
PVC attached to the bearings on either side by three aluminum plates. Eight
groups of six neodymium permanent magnets (3 long by 2 across) are spaced
evenly around the ring. Bird’s eye views of the motor are given in Figure 2. For
to-scale side and front views of the motor with dimensions, see Appendix A.

Figure 2: Bird’s Eye Views of the Motor.

3.3 Control Circuitry

The electrical circuit used in the motor is shown in Figure 3. The purpose
of the circuit is to provide current in the appropriate direction to the motor
coils. As explained above, in each phase the current direction in all coils must
reverse, causing the rotor to rotate one-eighth of a revolution. Furthermore, as
the motor accelerates the current must reverse more rapidly. In order to take
into account the instantaneous speed of the motor, the switching is controlled
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by a Hall effect sensor. It is positioned on the outside of the rotor, slightly above
one of the coil positions. During each phase, the rotor spins and the next set
of magnets is brought past the sensor to the coil. This causes the Hall effect
sensor to trigger and switch an internal latch which stores its state. The sensor
is attached to a pull-up resistor which converts its open-collector output into
either 0 V or the full 35 V. The result is that the sensor stage outputs a 35 V
square wave in coordination with the spinning of the rotor.

The output from the sensor stage cannot be used to drive the transistors
in the driver stage directly, because the Hall chip can sink very little current.
Therefore two transistors in the control stage are used to amplify the signal up
to the several hundred milliamps necessary. The middle transistor in the control
stage is used to invert the base of one of the amplifying transistors, so that only
one of the control stage outputs is on at a time.

The driver stage of the circuit is an H-bridge comprised of four NPN power
transistors. Turning on either pair of transistors allows current to flow through
the motor coils in the desired direction. The outputs of the control stage are
therefore used to alternate between the pairs and periodically reverse current
flow through the coils. Flyback diodes are placed across each transistor to
prevent possible damage due to voltage spikes from the inductive load. 100 Ω
resistors are used to prevent a short circuit while allowing sufficient base current
to fully turn on the transistors. Since the coils must all be polarized in the same
direction at the same time, they are wired in series and driven together.

4 Results

4.1 Specifications

After construction the motor was tested to determine pertinent specifications.
The results of these tests are given in Table 1.

Supply Voltage 25 V 35 V

Current Drawn 2.95 A 3.37 A

Power Consumption 73.8 W 118 W

Angular Speed 12.6 rad
s 15.0 rad

s

Stall Torque 0.170 N·m 0.169 N·m
Power Output 2.14 W 2.54 W

Efficiency 2.90% 2.15%

Moment of Inertia 1.06 · 10−3 kg ·m2

Table 1: Motor Specifications.
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Figure 3: Motor Circuit Schematic.
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4.2 Testing Procedures

The motor was tested at two different supply voltages, 25 V and 35 V. When
testing at 25 V, the voltage divider seen powering the Hall chip in the schematic
(Figure 3) was not used, and the chip was connected directly to the voltage
source. The motor was connected to a variable voltage power supply, with the
voltage set to the desired values. Current was measured using the ammeter built
into the power supply. Power consumption was calculated using the standard
formula

P = IV

Angular speed was calculated by marking a position on the rotor, allowing
the motor to accelerate to its final velocity, and measuring the time taken for
the rotor to spin 30 times. This procedure was repeated twice, and the small
variation was not sufficient to warrant further trials.

The stall torque was calculated by attaching one end of a thread to the top
of the rotor and the other to a force sensor. The motor was then activated with
the coils polarized in the appropriate direction to pull the thread. This was
repeated a large number of times with the rotor in slightly different positions in
order to find the maximum torque. The largest force measured was then used
in the lever-arm formula with the outer radius of the ring to find the torque:

τ = F · d
Note that this procedure yields a torque more like the stall torque, i.e., the

torque the motor can exert to lock itself in place. This is generally higher than
the spinning torque, although not necessarily less useful. The authors could
not devise a method to measure the spinning torque, especially given its small
magnitude. However the stall torque still gives a reasonable indication of the
strength of the motor.

In order to find the efficiency of the motor it was necessary to find its power
output. The power can be found from the torque and angular speed using the
relation

P = τω

Note again that the spinning torque is intended to be used in this equation,
but with that unavailable the stall torque is used as an approximation. Once
the power output has been calculated, it is divided by the power consumption
to yield the efficiency.

The moment of inertia, useful for example in determining the torque nec-
essary for a particular acceleration, was calculated by adding the moments of
each of the components of the rotor. The ball bearings and the PVC ring were
treated as cylinders of uniform density with outer diameter r1, inner diameter
r2, and moment of inertia equal to

I =
1
2
m(r21 + r22)
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The permanent magnets were considered point masses, their size basically
negligible compared to their distance from the center, with moment of inertia
equal to

I = mr2

The metal support plates were treated as infinitely thin planes with height
h, width w, and moment of inertia equal to

I =
mh2

3
+
mw2

12
Each of these individual moments of inertia were added up, yielding a value

of 1.06 · 10−3 kg ·m2 for the entire rotor.

4.3 Discussion

Given that the design of the motor was chosen to have high torque, it is perhaps
surprising how weak the motor is. There are a number of possible reasons for
this, mostly involving the geometry of the motor. For one, the air gap between
the coils and the permanent magnets is approximately one centimeter. In real
motors of this design, the gap is on the order of millimeters if not smaller.
Since the strength of the magnetic field falls off rapidly as the distance from the
coils increases, making the gap smaller might dramatically increase the torque.
However, this improvement is only important when the permanent magnets are
next to the coils. When the rotor is mid-spin, the magnets are between coils
and the air gap distance is negligible compared to the distance along the ring.
Therefore decreasing the air gap would only increase the stall torque of the
motor and not the spinning torque.

This brings up a second problem. When the rotor is mid-spin, the magnets
are very far from the coils they are being attracted to. When the rotor is aligned
with the coils but the current flow has just switched, the situation is even worse.
In this position the magnets are at their maximum distance from the attracting
coil, nearly 6 cm. At this range the magnetic attraction is extremely small
compared to when the rotor is in alignment. The essential problem is that
between the eight sets of magnets there are large empty gaps on the rotor. This
could be overcome by using more sets of magnets with smaller gaps. Even using
sixteen sets of magnets, which would require no increase in the size of the ring,
would double the minimum force on the rotor and hence the spinning torque.

Another reason for the low torque and efficiency of the motor is suggested by
the voltage and current measurements. The resistance of the four coils in series
was measured, and was approximately 3.4 Ω. Given a supply voltage of 35 V,
Ohm’s law predicts a current of over 10 A through the motor. However, the
current draw was only about a third of this. There are several possibilities for
this discrepancy. First, it is possible that the power transistors in the H-bridge
are not turning on completely due to insufficient base current. However, the 100
Ω base resistors permit a base current of approximately 350 mA, which, given
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an hFE (current gain) of 15-20 for 2N3055s, should allow a collector-emitter
current of over 5 A. Therefore it is unlikely that the transistors not turning on
completely is the only factor responsible for the decreased current.

A more likely explanation is the voltage drop from the collector to the emitter
of the transistors. It appears from the specifications of the 2N3055 that this
drop is at least 4 V. With two such transistors on each half of the H-bridge, at
least 8 V are lost. This corresponds to more than 2 A of lost current through
the motor coils. Furthermore, measuring the drop with an oscilloscope indicated
that it may be several volts higher than the minimum 4 V. The large voltage
drop across the transistors, perhaps combined with insufficient base currents,
most likely explains the decreased current draw.

Another interesting result was that increasing the supply voltage only slightly
increased the motor speed, while leaving the stall torque unchanged. The power
output did not go up in proportion with the increase in power consumption,
leading to decreased efficiency. There are several possible reasons for this. First
of all, the hFE of the transistors falls as the collector-emitter current increases,
meaning more base current is required. This might cause the transistors not
to be turned on completely, limiting the current through the coils. Also, the
collector-emitter voltage drop across the power transistors seems to be directly
related to the current. If the drop increased with the supply voltage, the tran-
sistors would dissipate more heat and less of the newly-added power would be
available to drive the motor coils.

5 Conclusion

Overall, the project was a success, but not completely. The motor spins at 143
rpm and has a torque of 0.169 N·m, which is decent but not nearly as high as
possible for this design. One limitation was the control circuit that was used. In
addition to the problems discussed above, the supply voltage was limited by the
switching transistors’ listed maximum of 40 V. Experimentally, the transistors
could not even handle 40 V and melted when it was applied across them, so
the final voltage was limited to 35 V. With more voltage, the motor would have
received more current, which would have given the motor a more respectable
speed and torque. The efficiency, 2.15%, was also fairly low for the reasons
discussed above.

An unfortunate side effect of the inefficiency of the transistors was that when
running the motor they dissipated a significant amount of heat. The large power
transistors were designed to be hooked up to heat sinks but there was insufficient
time to make some, so it was necessary to keep a high-powered fan aimed at the
transistors to prevent overheating. Without the fan, it was not safe to run the
motor for longer than 30 seconds without risking damage to the transistors.

There were some significant challenges in the process of building the motor.
It originally seemed that it would be easy to cut the PVC pipe in such a way
that both sides were straight, but after trying to cut it with a hacksaw, sanding
it down, and asking Facilities personnel to cut it, it was clear that a perfectly
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straight cut was out of the question. The imperfections in the ring, fortunately,
ended up not having a significant effect at all on the motor’s operation.

Additionally, the original plan was to use more than forty-eight permanent
magnets and have them spaced closer together around the ring. However, the
process of gluing the magnets to the PVC with epoxy proved very challenging.
In order to hold the magnets in place for fifteen minutes while the epoxy was
drying, a clamp had to be used. This slowed down the gluing significantly, and
production was slowed to the speed of two magnets every fifteen minutes in
order to allow for proper drying. Since the magnets repelled each other when
they were aligned in the same direction, it was hard to space the magnets evenly
and uniformly. Luckily, the effect of the imperfect spacing of the magnets was
negligible. For all other purposes, the epoxy proved to be extremely useful and
strong.

There was a significant amount of error inherent in the way that the moment
of inertia for the rotor was calculated. First, it was assumed that the permanent
magnets were just points instead of cubes. The metal support beams were
assumed to have no thickness. It was also impossible to measure the mass of
just the rotating part of the ball bearings, so an estimate that three quarters
of the mass of the ball bearing spins was used. It was also determined that
the effect of the epoxy on the moment of inertia was negligible so it was not
included in calculations. In total this means that the moment of inertia that
was calculated is only useful for rough estimates and not precise calculations.

Another large error in measurement was the force scale that was used to
mass some of the components. The scale was only accurate to 1.2 N, and the
scale could not remain zeroed for more than a few seconds. To compensate,
objects were measured multiple times and the results were averaged in order to
find as accurate a mass as possible. For the permanent magnets, however, the
scale was not nearly accurate enough because the magnets were so light. Even
the combined weight of all of them was too small, so a triple-beam balance was
used instead to find a more accurate mass.

The outside-field electric motor has many applications in the real world.
Brushless DC electric motors are typically used in hard drives, CD or DVD
players, and electric vehicles because they are typically efficient, last a long
time, and require little maintenance.[8] While this motor is perhaps not quite
powerful enough to drive an electric car, the experience of building it was highly
educational and rewarding for each of the authors — and, indeed, it spins.
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A Dimensions

The dimensions in Table 2 were measured (except for those with tildes) using
calipers with a precision of 0.01 mm. However, the error in some measurements
is likely much higher (perhaps 1 mm or more) due to stray epoxy, etc. All
dimensions are in millimeters. Identifying letters correspond to those on Figures
4, 5, and 6.

A Ring Thickness 5.25

Width ∼40 (irregular)

Inner Diameter 164.75

B Coil Diameter 24.91

Length 20.00

C Magnet Size (cube) 6.31

D Square Dowel Size (square) 19.32

Length 40.00

E Round Dowel Diameter 29.00

Length ∼40 (irregular)

F Ball Bearing Outer Diameter 55.20

Inner Diameter 42.66

Width 12.93

G Ring Support Length ∼60 (irregular)

Width 25.94

Thickness 1.91

H Side Support Width 87.81

Thickness 11.58

Height ∼23 (approximate)

I Base Thickness 11.58

Table 2: Motor Dimensions.
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Figure 4: Side View Cutaway.

Figure 5: Side View Less Cutaway.

Figure 6: Front View.
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