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Unit 1
DC Motors

1. History and Background

At the most basic level, electric motors exist to convert electrical
energy into mechanical energy. This is done by way of two interacting
magnetic fields—one stationary, and another attached to a part that can
move. A number of types of electric motors. exist, but most BEAMbots
use DC motors in some form or another. DC motors have the potential for
very high torque capabilities (although this is generally a function of the
physical size of the motor), are easy to miniaturize, and can be
“throttled” via adjusting their supply voltage. DC motors are also not
only the simplest, but the oldest electric motors.

The basic principles of electromaghetic induc:tion were distovered in
the early 1800’s by Oersted, Gauss, and Faraday. By 1820, Hans
Christian Oersted and Andre Marie Ampere had discovered that an electric
current produces a magnetic field. The next 15 years saw a flurry of
cross-Atlantic experimentation and innovation, leading finally to a simple

DC rotary motor. A number of men were involved in the work, so proper
credit for the first DC motor is really a function of just how broadly you
choose to define the word “motor”.

2. Michael Faraday (U. K._ )

Fabled experimenter Michael Faraday decided to confirm or refute a
number of speculations surrounding Oersted’s and Ampere’s results.
Faraday set to work devising an experiment to demonstrate whether or not
a current-carrying wire produced a circular magnetic field around it, and
in October of 1821 succeeded in demonstrating this.

Faraday took a dish of mercury and placed a fixed magnet in the
middle; above this, he dangled a freely moving wire (the free end of
the wire was long enough to dip into the mercury). When he connected a

torque; n. the measure of
a force’s tendency to

produce  torsion  and
rotation about an axis,
equal to the vector product
of the radius vector from
the axis of rotation to the
point of application of the
force and the force vector

HiE, %58

flury: n. a stirring mass,
as of leaves or dust; a
shower X%, #.5%
a flurry of; — 3

fabled; adj. made known
or famous by fables;
legendary, existing only in
fables; fictitious

refute; &. v. disprove to
deny (a c]aim, clmmy
allegation, etc. )
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battery to form a circuit, the current-carrying wire circled around the
magnet. Faraday then reversed the setup, this time, with a fixed wire
and a dangling magnet—again the free part circled around the fixed part.
This was the first demonstration of the conversion of electrical energy into
motion, and as a result, Faraday is often credited with the invention of

the electric motor. Bear in mind, though, that Faraday’s electric motor !

is really just a lab demonstration, refer to Figure 1-1, as you can’t
harness it for useful work.
Also note that if you plan on repeating this experiment yourself, you

should use salt water (or some similar non-toxic but conductive liquid)
for the fluid, rather than mercury. Mercury can be very hazardous to

your health, and requires siringent precautions on its use.

&

Figure 1-1  Faraday’s Electric Motor

3. Joseph Henry (U.S. )

It took ten years, but by the summer of 1831 Joseph Henry had

improved on Faraday’s experimental motor. Henry built a simple device |

whose moving part was a straight electromagnet rocking on a horizontal
axis. [ts polarity was reversed automatically by its motion as pairs of wires
projecting from its ends made connections alternately with two
electrochemical cells. Two vertical permanent magnets alternately
attracted and repelled the ends of the electromagnet, making it rock back
and forth at 75 cycles per minute, refer to F: igure 1-2,

Henry considered his little machine to be merely a “philosophical
toy”, but nevertheless believed it was important as the first demonstration
of continuous motion produced by magnetic attraction and repulsion. While
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dangle: v. to hang loosely
and swing or sway to and

from $842; BE

mercury: n. a chemical
element; mercury is a poiso
-nous silver-white liquid
metal, used in thermo-
meters 7K; K4R
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being more mechanically useful than Faraday’s motor, and being the first real ‘
use of electromagnets in a motor, it was still by and large a lab experiment.

Wi
mxi,'

Figure 1-2 Joseph Henry’s Motor

4. William Sturgeon (U. K. )

Just a year after Henry’s motor was d'e;nonstrated_‘, William Sturgeon

commutator; n. a device

invented the commutator, and with it the first rotary electric motor—in ! used to reverse the direction
many ways a rotary analogue of Henry’s oscillating motor. Sturgeon’s ; o flow of an electric cumrent.
e

motor, while still simple, was the first to provide continuous rotary
motion and contained essentially all the elements of a modern DC motor,
refer to Figure 1-3. Note that Sturgeon used horseshoe electromagnets to
produce both the moving and stationary magnetic fields (to be specific,
he built a shunt-wound DC motor). '

Figure 1-3 William Sturgeon’s Motor

Many later experimenters contributed a number of further
refinements ; let’s skip forward in time to see just how a modern DC motor

works.
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BEAM is a school of robotics, ina “bottoms-up” approach. The majority of BEAM robots are non-
computerized ( although simple CPUs can be used to drive them, in a “horse and rider” sort of way).
Unlike many traditional processor-based robots, BEAM robots are cheap, simple, and can be built by a
hobbyist with basic skills in a matter of hours. Because of this, BEAM is an excellent way of getting
started in robotics, and of learning about electronics. BEAM is an acronym standing for Bieclogy,

Electronics, Aesthetics, and Mechanics.

Torque is the combination of force applied at a point with the right angle ( perpendicular) distance
from that point to the axis of rotation (in our case, this will be an axle). You can think of torque as
being essentially a “twisting force”. The formula to compute torque about an axis is simply this:

T =F xd, where T =Torque; F =Force (here, the force applied perpendicular to the axis) ; d =
Distance. -

In 2 dimensions, you can visualize this simply, refer to Figque 1-4;

Figure 1-4 Torque’s Explanation

d

DC; Direct Current—an electric current flowing in one direction alone. EIJfiH .
Compare AC: Alternating Curreni—an electric current that periodically changes or reverses its

direction of flow in a circuit. S5A5¥EFITHE

(@ DC motors have the potential for very high torque capabilities (although this is generally a
function of the physical size of the motor) , are easy to miniaturize, and can be “throttled” via
adjusting their supply voltage. ,

HitBEEH U RRNAE (REAEAMATERGSINNYERY), &
RASPRAEZ /MR, ER BP0 LU 8% b B T “#H”,

@ Also note that if you plan on repeating this experiment yourself, you should use salt water
(or some similar non-toxic but conductive liquid) for the fluid, rather than mercury. Mercury

can be very hazardous to your health, and requires stringent precautions on its use.
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FINEERE, MRKACHUAEEX/ LR, FUREARIEK (RRYUKWLES
HBE), TIARR. RMFHBFERAE, HEREMEA LA E BB,

Supplementary

Michael Faraday, Sept.22, 1791, Newington,
Surrey, England; Aug.25, 1867, Hampton Court

Early life: Michael Faraday was born on Sept. 22, 1791 in a poor and very religious family
in the country village of Newington, Surrey, now a part of South London. His father was a
blacksmith who had migrated from the north of England earlier in 1791 to look for work. His
mother was a country woman of great calm and wisdom who supported her son emotionally through
a difficult childhood. Faljaday.was one of four children, all of whom were hard put to get enough
to eat, since their father was often ill and incapable of working steadily. Faraday later recalled
being given one loaf of bread that had to last him for a week. The family belonged to a small
Christian sect, called Sandemanians that provided spiritual sustenance to Faraday throughout his
life. It was the single most important influence upon him and strongly affected the way in which
he approached and interpreted nature. Faraday himself, shortly after his marriage, at the age of
30, joined the same sect, to which he adhered till his death. He kept science and religion
strictly apart, beﬁeving that the data of science were of an entirely different nature from the direct
communications between God and the soul on which his religious faith was based.

Faraday received only the rudiments of an education, leamning to read, write, and cipher in
a church Sunday school. At an early age, he began to earn money by delivering newspapers for a
book dealer and bookbinder, and at the age of 14, he was apprenticed to the man. Unlike the
other apprentices, Faraday took the opportunity to read some of the books brought in for
rebinding. The article on electricity in the third edition of the Encyclopaedia Britannica
particularly fascinated him. Using old bottles and lumber, he made a crude electrostatic
generator and did simple experiments. He also built a weak voltaic pile with which he performed

experiments in electrochemistry.

He was also among other young Londoners who pursued an interest in science by gathering to
hear talks at the City Philosophical Society. Faraday’s great opportunity came when he was
offered a free ticket to attend chemical lectures by Sir Humphry Davy at the Royal Institution of
Great Britain in London. Faraday went, sat absorbed with it all, recorded the lectures in his
notes, and returned to bookbinding with the seemingly unrealizable hope of entering the temple of
science. He sent a bound copy of his notes to Davy along with a letter asking for employment,
but there was no opening. Davy did not forget, however, and, when one of his laboratory
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assistants was dismissed for brawling, he offered Faraday a job. His first assignment was to
accompany Sir Humphry and his wife on a tour of the Continent, during which he sometimes had
to be a personal servant to Lady Davy. Then Faraday began as Davy’s laboratory assistant and
learned chemistry at the elbow of one of the greatest practitioners of the day. It has been said,

with some truth, that Faraday was Davy’s greatest discovery.

Figure 1-5 Faraday Announcing His Discovery to Figure 1-6 Michael Faraday with
His Wife on Christmas Merning, 1821 His Wife Sarah

When Faraday joined Davy in 1812, Davy was in the process of revolutionizing the chemistry
of the day. Antoine-Laurent Lavoisier, the Frenchman generally credited with founding modemn
chemistry, had effected his rearrangement of chemical knowledge in the 1770s and 1780s by
insisting upon a few simple principles. Among these was that oxygen was an unique element, in
Which it was the only supporter of combustion and was also the element that laid at the basis of all
acids. Davy, after having discovered sodium and potassium by using a powerful current from a
galvanic battery to decompose oxides of these elements, turned to the decomposition of muriatic
(hydrochloric) acid, one of the strongest acids known. The products of the decomposition were
hydrogen and a green gas that supported combustion and that, when combined with water,
produced an acid. Davy concluded that this gas was an element, to which he gave; the name
chlorine, and that there was no oxygen whatsoever in muriatic acid. Acidity, therefore, was not
the result of the presence of an acid-forming element but of some other condition. What else
could that condition be but the physical form of the acid molecule itself ? Davy suggested, then,
that chemical properties were determined not by specific elements alone but also by the ways in
which these elements were arranged in molecules. In arriving at this view he was influenced by
an atomic theory that was also to have important consequences for Faraday’s thought. This theory,
proposed in the 18th century by Ruggero Giuseppe Boscovich, argued that atoms were
mathematical points surrounded by alternating fields of attractive and repulsive forces. A true

~ element comprised such a single point, and chemical elements were composed of a number of
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such points, about which the resultant force fields could be quite complicated. Molecules, in
turn, were built up of these elements, and the chemical qualities of both elements vand
compounds were the results of the final patterns of force surrounding clumps of point atoms. One
property of such atoms and molecules should be specifically noted: they can be placed under
considerable strain, or tension, before the “bonds” holding them together are broken. These

strains were to be central to Faraday’s ideas about electricity.

Figure 1-7  Faraday at Work in-His Bottle-Lined Laboratory in the
Basement of the Royal Institution in London.

Variable Speed Drives

The speed of a motor can be controlled by using some type of electronic drive equipment,
referred to as variable or adjustable speed drives. Variable speed drives used to control DC
motors are called DC drives. Varighle speed drives used to control AC motors are called AC
drives. The term inverter is also used to describe an AC variable speed drive. The inverter is
only one part of an AC drive, however, it is common practice to refer to an AC drive as an

inverter, refer to Figure 1-8.

[Solar Micro-Inverter System]

® Productive

A Micro-lnverter per Module Ensures
Maximum Energy Harvest.

Reliable

Highest System Availability,

Smart
Simplifies Design, Installation & Management.
Plug and Play Communication.

Figure 1-8  Solar Micro-Inverter System

Before discussing AC drives, it is necessary to understand some of the basic terminology
associated with drive operation. Many of these terms are familiar to us in some other context.

Later in the course we will see how these terms apply to AC drives.
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Unit 2

Principles _of Operation

In any electric motor, operation is based on simple electromagnetism.
A current-carrying conductor generates a magnetic field; when this is

then placed in an external magnetic field, it will experience a force

proportional to the current, in the conductor, and to the strength of the

external magnetic field. You are well aware of from playing with magnets
as a kid, opposite ( North and South) polarities attract, while like
polarities ( North and North, South and South) repel. The internal
configuration of a DC motor is designed to harness the magnetic interaction

between a current-carrying conductor and an external magnetic field to

generate rotational motion.

Let us start by looking at a simple 2-pole DC electric motor, refer to
Figure 2-1 (here the right part represents a magnet or winding with a
“North” polarization, while the left part represents a magnet or winding

with a “South” polarization).

«— Stator

“North”

3 %
“South nn
Polarization

Polarization

Field Magnets

Figure 2-1 2-Pole DC Electric Motor

Every DC motor has six basic parts axle, rotor ( a k. a.,
armature), stator, commutator, field magnet (s), and brushes. In
most common DC motors ( and all that BEAMers will see), the external
magnetic field is produced by high-strength permanent magnets. The

stator is the stationary part of the motor—this includes the motor casing,

proportional ; adj. properly
related in size, degree, or
other measurable character-
istics; usually followed by
“w” HEKH; R
H; 9%, 50 #
A

a pat of a
machine that tumns around
a central point ¥ F, #¥
S

stator: n. The stationary
part of a motor, dynamo,
turbine, or other working
machine about which a
rotor turns (R HLHL )
EF; EH

rotor; n.



{ Unit 2 @rinciples of Operation

as well as two or more permanent magnet pole pieces. The rotor i

( together with the axle and attached commutator) rotates with respect to
the stator. The rotor consists of windings ( generally on a core), the
windings being electrically connected to the commutator. Figure 2-2

shows a common motor layout—with the rotor inside the stator (field)

magnets.

The geometry of the brushes, commutator contacts, and rotor |
RCE 1

windings are such that when power is applied, the polarities of the
energized winding and the stator magnet (s) are misaligned, and the
rotor will rotate until it is almost aligned with the stator’s field magnets.
As the rotor reaches alignment, the brushes move to the next commutator
contacts, and energize the next winding. Given our example 2-pole
motor, the rotation reverses the direction of current through the rotor
winding, leading to a “flip” of the rotor's magnetic field, driving it to

continue rotating.

Figure 2-2 A Common Motor Layout - -

In real life, though, DC motors usually have more than two poles,
(three is a very common number). In particular, this avoids “dead
spots”, refer to Figure 2-3 in the commutator. You can imagine how
with our example 2-pole motor, if the rotor is exactly at the middle of its
rotation (perfectly aligned with the field magnets) , it will get “stuck”
there. Meanwhile, with a 2-pole motor, there is a moment when the
commutator shorts out the power supply (i. e., both brushes touch both

commutator contacts simultaneously). This would be bad for the power

supply, waste energy, and damage motor components as well. Yet |

another disadvantage of such a simple motor is that it would exhibit a high

i
]
1
1
»
I
»
’
]
»
]
]
.
.
]
.
.
]
H
.
[}
i
.
!
.
]
i
]
i
.
H
'
H
’
]
.
.
[}
.
.
[}
'
1
v
'
]
.
b
1]
H
1
1
H
»
]
.
H
]
H
.
[}
H
v
]
.
.
1
1
.
1
.
'
]
1
|
)
!
'
1
'
i
[}
i
»
1
H
‘.
[}
.
.
[}
.
.
[}
.
.
]
'
|
'
!
.
1
'
'
1
H
2
[}
H
.
]
i
.
1
Il
'
]
.
H
1
H
'
'
i
'
]
'
H
[}
«
v
[}
i
'
]
.
H
]
.
'
[}
H
Il
1
H
H
I
1
!
v
t
»

geometry: n. JLfi (%£);

align: to place in a line or

; orrarge so as to be parallel

or straight HE¥ETT; HME;
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amount of torque “ripple” (the amount of torque it could produce is

cyclic with the position of the rotor).

Figure 2-3 3-Pole DC Electric Motor

Since most small DC motors are of a 3-pole design, let us tinker with
the workings of one via an interactive animation. You will notice a few
things from this—namely, one pole is fully energized at a time, refer to
Figure 2-4 (but two others are “partially” energized). As each brush
transitions from one commutator contact to the next, one coil’s field will
rapidly collapse, as the next coil’s field will rapidly charge up (this
occurs within a few microseconds). We will see more about the effects of
this later, but in the meantime you can see that this is a direct result of

the coil windings’ series wiring:

Figure 2-4  3-Pole Motor Wiring

There is probably no better way to see how an average DC motor is
put together, than by just opening one up. Unfortunately this is tedious

ripple; n.

1. a small wave on the
surface of a liquid,
especially water in a
lake, etc. P E; M
o

2. a thing that looks or
moves like a small
wave (JM Bk iE &)
b2 pN ]

collapse: v. an abrupt
failure of function or
health. to fall down or fall
in suddenly, often after
breaking apart ( %€ #R )
iR, 8

tedious: lasting or taking
t00 long and not interesting
TR BRE; AR
ZERIY
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work, as well as requiring the destruction of a perfectly good motor.
Luckily for you, I have gone ahead and done this in your stead.
The guts of a disassembled Mabuchi FF-030-PN motor (the same model
that Solarbotics sells) are available for you to see here (on 10 lines / cm
graph paper). This is a basic 3-pole DC motor, with two brushes and

three commutator contacts.

The use of an iron core armature (as in Figure 2-5) is quite
common, and has a number of advantages. First off, the iron core
provides a strong, rigid support for the windings—a particularly important
consideration for high-torque motors. The core also conducts heat away
from the rotor windings, allowing the motor to be driven harder than
might otherwise be the case. Iron core construction is also relatively

inexpensive compared with other construction types.

But iron core construction also has several disadvantages. The iron

armature has a relatively high inertia which limits motor acceleration.

This construction also results in high winding inductances which limit

brush and commutator life.

Iron Core Construction

Figure 2-5

In small motors, an alternative design is often used which features a
“coreless” armature winding. This design depends upon the coil wire
itself for structural integrity. As a result, the armature is hollow, and
the permanent magnet can be mounted inside the rotor coil. Coreless DC
motors have much lower armature inductance than iron-core motors of

comparable size, extending brush and commutator life.

The coreless design also allows manufacturers to build smaller
motors; meanwhile, due to the lack of iron in their rotors, coreless
motors are somewhat prone to overheating. As a result, this design is
generally used just in small, low-power motors. BEAMers will most often
see coreless DC motors in the form of pager motors.

Again, disassembling a coreless motor can be instructive—in this
case, my hapless victim was a cheap pager vibrator motor. The guts of

this disassembled motor are available for you to see here (on 10 lines/cm

armature: n. a part in an

electric motor that is inside

a coil which carries electric
current (ELELEY) HLHX,
L

inertia: n.

1.

hapless: adj.

luckless ;

lack of energy; lack of
ability to
move or change fji =
&7 W R

a property { = charact

desire or

-eristic ) of matter

( =

which it stays still or,

a substance ) by
if moving, continues
moving in a straight
line unless it is acted

on by a force outside

itself {14

not lucky;

1

unfortunate

P BE; RER



