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DC Machines
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DC Machine Construction

The construction of the DC machine can be divided into two
fundamental components;

e Stator
* Rotor
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DC Machine Construction
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The stator is the stationary (outer) portion of the machine that
provides the primary magnetic field required for operation.

This field will be referred to as the “stator field”.
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DC Machine Construction
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The rotor is the rotational (center) portion of the machine that
provides the mechanism for energy conversion (elec>mech or
mech-elec) as it rotates within the stator field.
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Although they are magnetically coupled together, the stator and
the rotor can initially be considered individually to obtain a
basic understanding of the machine’s operation.

DC Machine Construction

Note — The following presentation covers the construction of a
conceptual, 2-pole, DC machine.

Although the construction of an actual DC machine may vary from
the conceptual machine shown, the operational mechanisms and
characteristics will be similar.
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Stator Construction

The stator functions as the primary field source for the DC machine.

The stator can either utilize electro-magnets or permanent magnets
to create this field.
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Electro-Magnet Stator
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The stator shown above utilizes a single “field winding”, one-half
of which 1s wrapped around each of the magnetic pole faces that
are placed on opposite sides of the stator housing.

Electro-Magnet Stator

The two halves of the winding are wrapped such that the overall
field winding creates a net magnetic flux that (ideally) passes
through the rotor region in a linear manner.
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Electro-Magnet Stator
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Although the flux lines will be constant in magnitude and direction
when the field winding is sourced with a steady-state DC current
(1), the magnitude of the flux can be varied by varying the
magnitude of the field current.

Permanent Magnet Stator
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Note that the same stator field could be obtained by placing two
permanent magnets on opposite sides of the rotor region as
shown above.
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Permanent Magnet Stator
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Permanent magnets are often used in small DC machines to
simplify the construction of the machine and to eliminate the
power consumption of the field winding.

Permanent Magnet Stator

Although larger DC machines can be constructed using permanent
magnets, they are costly, more difficult to assemble, and they lack
ability for “field” control, which is often desired for industrial
applications.
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Rotor Construction

The rotor of the DC machine is very complex, both in terms of its
construction and in terms of its operation.
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Because of this, we will begin this discussion with a simple rotor
and then add-in components or modify the rotor step-by-step
until the overall rotor for a DC machine is realized.

Rotor Construction

To begin, a cylindrical rotor is attached to a central shaft that
provides an axis of rotation.

Embedded into the rotor are two conductive bars, the rear-ends
of which are shorted together.
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Stator Field — Rotor Interaction
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The above figure shows the rotor placed within the stator field
with the rotor conductors arbitrarily aligned vertically.

Note that the stator’s “field coil” has been removed to simplify the figure.

Stator Field — Rotor Interaction

This analysis will begin with the “generator” mode of operation,
during which:
- an external force is being applied to the shaft in order to
rotate the rotor at a constant speed.

10
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Stator Field — Rotor Interaction
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As the rotor rotates, the conductors embedded within the rotor
will cut across the lines of stator flux.

Stator Field — Rotor Interaction

And as the conductors cut the across flux lines, a voltage (e) is
induced across the conductors:

e=B-1-v,

where v, is the component of the conductors’ velocities that are

orthogonal to the flux lines.

11
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Stator Field — Rotor Interaction
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For this analysis, the vertically-aligned position shown in the
above figure will be referenced as the 0° position.

At this position, the velocity vectors of the rotor conductors are
orthogonal to the lines of flux.

Stator Field — Rotor Interaction

[4 —2
/ External
Rotational
/ Force Appied

to the Shaft

Note that the individual conductors are cutting across the flux lines
in opposite directions.

Because of this, the polarities of the voltage-rises induced across
the conductors will be in opposite directions.




o
o9
@,

_
=
e

0

Stator Field — Rotor Interaction
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The opposing polarity relationship results in a net voltage rise
across the two conductors, e, that is the sum of the two
individual conductor voltages:

e,=€ete=2e

Conductor Voltage vs. Rotor Position
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Although the opposing polarity relationship will hold true regardless
of the rotor’s orientation, we must also consider the manner in
which the rotor’s rotation affects the magnitudes of the conductor
voltages.
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Conductor Voltage vs. Rotor Position
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If the rotor is rotating at a constant speed, the instantaneous
velocity vector of the conductors will be constant in magnitude
and have a direction that is tangent to the surface of the rotor.

Conductor Voltage vs. Rotor Position
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But the voltage induced across the conductors:
e=B-lv,

is proportional to the component of the velocity vector that is
orthogonal to the flux lines.




=
29
@,

_
=
e

0

Conductor Voltage vs. Rotor Position
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Even though the magnitude of the tangential velocity vector is
constant, the orthogonal component of the velocity varies
with rotor position, in-turn causing the conductor voltages
to vary with rotor position.

Conductor Voltage vs. Rotor Position
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For example, after 45° of rotation, the orthogonal component
of the velocity vector, v, , has decreased to 70.7% of the
value it had while in the 0° position.
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Conductor Voltage vs. Rotor Position
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Since v, has decreased to 70.7% of its original value, the net
voltage induced across the conductors, e, will also have
decreased to 70.7% of its original value.

Conductor Voltage vs. Rotor Position
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After a total of 90° of rotation, the velocity vector of the
conductors will be parallel to the flux lines, resulting in a
0-volt potential being induced across the conductors.
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Conductor Voltage vs. Rotor Position
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After a total of 180° of rotation, v, is back to its peak value,
but in the “negative” direction.

Since the velocity vector is in the negative direction, the
polarity of e, will be negative.

Conductor Voltage vs. Rotor Position
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If the voltage e, is characterized through one complete
revolution of the rotor, the voltage will vary in a sinusoidal
manner:
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Voltage Induced in the Rotor

Although we have conceptually introduced a method for generating
an AC voltage, the topic at-hand is DC Machines.

Thus, we need a method for converting the voltage from AC to DC
(without using an external rectifier or other electronics-based circuit).

But there’s also another issue that we must address:
how do we access the voltage generated by the rotor conductors?

Cap
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Stationary Connection to Rotor

As discussed, the sinusoidally varying voltage, e,,, is the voltage
present across the front-ends of the rotating rotor conductors.

Thus, from a practical aspect, a stationary, external, electrical
connection to the rotating conductors must first be provided.

To accomplish this task, we will initially utilize a pair of slip rings
and brushes to provide this connection, and then we will
modify in components in order to convert the voltage to DC.

18
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A pair of conductive slip rings will be mounted on the shaft of the
rotor such that they are electrically insulated from each other and
from the steel shaft.

Slip Rings

The front ends of the rotor conductors will then be connected to
the slip rings (one conductor per ring) by wires that are run along
the shaft of the rotor, in-turn causing the conductor voltage e,
to appear across the rings.
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Brushes

Stationary brushes are then mounted in a spring-loaded housings
such that one brush is pressed against each ring, and an external
conductor is bonded to each of the brushes.

brush

Brushes

Since the brushes are only being pressed against the slip rings,
they can easily be replaced.

Thus, the are constructed from a soft material, allowing them to
wear down over time without damaging the rotating slip rings.

20
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Brush — Slip Ring Connection

As long as the brushed remain pressed against the slip rings, the
contact-based connection between the stationary brushes and
the rotating slip rings provides the necessary external electrical
connection to the rotating rotor conductors.

Brush Terminal Voltage

And since the brushes are always connected to their respective
slip rings, the conductor voltage e,, that appears across the
rings will also appear across the brush terminals.

21
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Brush Terminal Voltage

Brush Terminal Voltage e,, = ¢,

Mechanical Rectifier

Now that a stationary connection has been provided to the
rotor conductors, the next step to converting the AC voltage
into a DC voltage is to rectify the waveform.

[ Ideal DC Voltage

% 120 150 180

g
N
=8
H
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Mechanical Rectifier
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Now that a stationary connection has been provided to the
rotor conductors, the next step to converting the AC voltage
into a DC voltage is to rectify the waveform.

A simple modification to the brush — slip ring connection can
be made to perform this task.

l

Mechanical Rectifier

The two slip rings are replaced by a single “split” ring, the
halves of which are electrically isolated from each other.

The brushes are mounted such that they are directly opposing
each other in order to provide a contact connection to both
sides of the ring.
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Mechanical Rectifier
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The top half of the ring is then connected to the front end of
the top conductor and the bottom half of the ring is
connected to the front end of the bottom conductor.

Mechanical Rectifier

Starting at the 0° position, brush A will be pressed against
ring-half a and brush B will be pressed against ring-half b.
(eAB = eab)
This will remain true for almost the 1%t 90° of revolution.

e/l B
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Mechanical Rectifier
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As the rotor reaches the 90° position, the brushes will short
across the gaps that separate the ring-halves a and b.

This is not a problem because the potential difference between
the ring-halves is 0-volts at this position.

e
1.500 AB

1.000
0.500 -\
0.000
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-0.500
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Mechanical Rectifier

Slightly past the 90° position, the ring-halves a and b will have
rotated under brushes B and A respectively, effectively
negating the polarity of the brush terminals at the same time
that the rotor voltage becomes negative.

(eAB = _eab)

e
1.500 AB
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Mechanical Rectifier

By negating the polarity of the brush terminals at the same
time that the rotor voltage becomes negative, the sinusoidal
rotor voltage is effectively rectified such that the voltage seen
at the brush terminals will be the same as that seen at the
output terminals for a full-wave rectifier.
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Mechanical Rectifier

Thus, for almost the next 180° of rotation, the ring-half a will
remain under brush B and ring-half b will remain under
brush A, maintaining an overall positive voltage at the

stationary brush terminals.

(eAB

= _eab)
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Mechanical Rectifier

When the rotor rotates a total of 270°, the brushes will once
again short across the gaps that separate ring-halves a and b.

As before, this is not a problem because a 0-volt potential
difference exists between the ring-halves at this position.
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Mechanical Rectifier

When the rotor rotates past the 270° position, the ring-halves
will reconnect to the original brushes at the same time that
the rotor voltage becomes positive, again reverting back to a
positive polarity and maintaining a positive terminal voltage.

(eAB = eab)

e/l B
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1.000
0.500 \/\/
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-0.500
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Mechanical Rectifier

The trend will continue as the rotor rotates for a total of 360°,
(i.e. — back to the original 0° position) at which point the
process repeats so long as the rotor continues rotating.

e
1.500 AB

1.000
0500 W
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Mechanical Rectifier

Unlike the original sinusoidal waveform, the rectified sinusoid
does have a constant or average (DC) component.

Despite this fact, the voltage seen at the brush terminals is still
far from the desired DC output voltage.

e/l B

1.500
desired brush-terminal DC voltage
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Mechanical Rectifier — 2 Conductor Pairs
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Two pair of conductors w/ four-section ring.

Mechanical Rectifier — 2 Conductor Pairs

Consider the addition of a second pair of conductors that are
embedded within the outer surface of the rotor, the rear-ends
of which are shorted together and the front-ends of which are
connected to the appropriate sections of the shaft-mounted
ring that is now split into four sections.
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Mechanical Rectifier — 2 Conductor Pairs

The voltage across the second pair
of conductors will be the same as
the voltage across the original
pair of conductors, but delayed
with respect to rotor position by
Y4 revolution of the rotor.
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Two pair of conductors w/ four-section ring.

Mechanical Rectifier — 2 Conductor Pairs

If the brushes are placed correctly,
then only the peak portions of the
rectified conductor voltages from
both pairs will be present across
the brush conductors as the rotor
rotates beneath the brushes.
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Two pair of conductors w/ four-section ring.
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Mechanical Rectifier — 2 Conductor Pairs
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If the brushes are placed correctly,
then only the peak portions of the
rectified conductor voltages from
both pairs will be present across
the brush conductors as the rotor
rotates beneath the brushes.
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-0.500
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Two pair of conductors w/ four-section ring.

Mechanical Rectifier — 2 Conductor Pairs

Starting at the 0° position, brush A will be pressed against
blue-a and brush B will be pressed against blue-b.
(eAB = eab)
This will remain true for almost the 1%t 45° of revolution.

30 60 90 120 150 180 210 240 270 300 330 360
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Mechanical Rectifier — 2 Conductor Pairs
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But, when the rotor reaches the 45° position, brush A will
transition to red-a and brush B will transition to red-b.
(eAB = eab)
This will remain true for the next 90° of revolution (135° total).

30 60 90 120 150 180 210 240 270 300 330 360

Mechanical Rectifier — 2 Conductor Pairs

When the rotor reaches the 225° position, brush A will then
transition to blue-b and brush B will transition to blue-a.
(eAB = eab)
This will remain true for the next 90° of revolution (225° total).
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Mechanical Rectifier — 2 Conductor Pairs
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Then, when the rotor reaches the 135° position, brush A will
transition to red-b and brush B will transition to red-a.
(eAB = eab)
This will remain true for the next 90° of revolution (315° total).

15 ‘ eub eab 1 ‘

30 60 90 120 150 180 210 240 270 300 330 360

Mechanical Rectifier — 2 Conductor Pairs

And finally, when the rotor reaches the 315° position, brush A
will transition back to blue-a and brush B back to blue-b.

(eAB = eab)
This will remain true for the next 90° of revolution, and the
rotation will repeat. (e,=¢e, >e, > —¢e, >—¢,—>...)
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Mechanical Rectifier — 2 Conductor Pairs
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Thus, brush conductors effectively
sample the conductor voltages in
repeating 90° sections during
which the voltages vary from 70%
to 100% of their peak values.
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Two pairs of conductors w/ four-section ring.

Mechanical Rectifier — 4 Conductor Pairs

Four pairs of conductors w/ eight-section ring.
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Mechanical Rectifier — 4 Conductor Pairs
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Four pairs of conductors w/ eight-section ring.

Mechanical Rectifier — 8 Conductor Pairs

Eight pairs of conductors w/ sixteen-section ring.
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Modeling the DC Machine

Generator Operation

Modeling the DC Machine

As with the squirrel-cage induction machine, it can be useful to
derive a circuit model for the DC machine in order to predict
or analyze its operational characteristics.
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DC Machine — Stator (Field) Circuit Model
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Stator of a DC Machine w/ Field Coil

When modeling the stator of the DC machine for steady-state
operation, only the resistance of the field coil needs to be
considered.

Note that in the case of a permanent magnet DC machine, the stator flux is provided by the
permanent magnets and thus there is no “field circuit” associated with the machine.

DC Machine — Stator (Field) Circuit Model
I,

/
—
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AAAA
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Field Circuit

Thus, a single resistor can be used to model the field circuit,
where V is the voltage applied to the field coil and I, is the
resultant field current that creates the stator flux, ¢, within the

rotor region.
¢ = f(lf)
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DC Machine — Stator (Field) Circuit Model
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Field Circuit

Note that, since the magnetic properties (B vs. H) of the materials
used to form the stator and rotor of a typical DC machine are
non-linear, the relationship between the stator flux (@) and the
field current (1) will often resemble a saturation curve.

DC Machine — Armature Circuit Model

Armature of the DC Machine

The armature (rotor) portion of the DC machine consists of both
the rotor conductors and the brush-commutator connection.

38
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DC Machine — Armature Circuit Model
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Armature of the DC Machine

The circuit model for the armature must account for the voltages
that are induced across the rotor conductors as they rotate
through the stator flux, but from the perspective of the armature
(brush) terminals.

DC Machine — Armature Circuit Model

Armature of the DC Machine

Since the brush-commutator connection provides a mechanism
that rectifies and samples the peaks of the rotor conductor
voltages, the brush terminal voltage approaches DC as the
number of conductor pairs increases.
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DC Machine — Armature Circuit Model
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Armature of the DC Machine

For this reason, a DC source with magnitude E, can be used to
model the induced armature circuit voltage.

DC Machine — Armature Circuit Model

A
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Deriving the Induced Armature Terminal Voltage Relationship

The magnitude of the voltage E is a function of the peak value
of the rotor conductor voltages that were previously
characterized based on the Faraday’s Law expression:

e=B-l-v,
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DC Machine — Armature Circuit Model
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Deriving the Induced Armature Terminal Voltage Relationship

Since the opposing rotor conductors are connected in series,
the voltage induced across the commutator bars is 2x the
voltage (e) induced across the individual conductors.

E,=2e=2-B-l-v,

DC Machine — Armature Circuit Model
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Deriving the Induced Armature Terminal Voltage Relationship

Furthermore, if the brushes are placed such that they always
connect to the rotor conductors that are traveling orthogonal to
the stator field, then the brush-commutator connection results in
a DC armature terminal voltage that is equal to the peak value

of voltages developed across the commutator bars.

41



o
o9
@,

_
=
e

0

DC Machine — Armature Circuit Model
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Deriving the Induced Armature Terminal Voltage Relationship

(X )
““ When traveling orthogonal to the field, _ 2T T
. . 1 —
e the linear speed of the conductors is: 60

thus:

nT'
Eq=2-B:lcp-2mv

DC Machine — Armature Circuit Model

A
n,
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Deriving the Induced Armature Terminal Voltage Relationship

But in a practical machine, a coil of wire would be used instead of
a single pair of conductors, resulting in an induced voltage that
is also proportional to the number of turns (V) of the coil:

E =2-B-N-1-2X.2
a = 607TT
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DC Machine — Armature Circuit Model
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Deriving the Induced Armature Terminal Voltage Relationship

And if the flux density (B) of the stator field is
defined in terms of the total stator flux (¢):

then: b

E=2.2.n.1.00 5
a= %" 60 ‘T

¢
B=14

DC Machine — Armature Circuit Model
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E, =k, -¢-n

i

Deriving the Induced Armature Terminal Voltage Relationship

Reordering the terms:

n 2:2m-r-N-1
Eazz.f-N-l-—T-Zn-r= -

A 60 60-A

¢ -ny =kg-¢-n,
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DC Machine — Armature Circuit Model

<t>Ea :kG‘¢'nr

Induced Armature Voltage
E =k;,-¢-n

where: ¢ is the flux created by the stator field winding (or permanent magnets),
n, is the rotational speed of the rotor (in rpm), and
k¢ 1s a machine constant the depends on the physical parameters of
the machine along with some unit-conversion factors.

DC Machine — Armature Circuit Model

Armature of the DC Machine

In addition to the induced armature voltage, if current is flowing
in the rotor conductors, then the armature circuit model must
also account for the overall resistance of the armature circuit.

The armature circuit resistance may include both the resistance of the rotor conductors as well
as a factor to account for the non-ideal connections between the brushes and the commutator.
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DC Machine — Armature Circuit Model
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Armature of the DC Machine

If a series resistance 1s added to account for the overall armature
circuit resistance, then the voltage, V, , can be defined at the
armature (brush) terminals such that:

V.=E,+I ‘R,

DC Machine — Overall Circuit Model

If ]a(motor) Ra
— T Z
=
Vy SR,
-
Field Circuit Armature Circuit

Thus, the complete model for the DC machine consists of two parts;
a field circuit and an armature circuit.
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DC Machine — Overall Circuit Model

1 R

a(motor) a

——
—— J:IT‘WW\!_
a(gen)
= +
v E:Rf Va <_
Field Circuit Armature Circuit

Although the field and armature circuits may be electrically
isolated from each other, their operation is linked due to the
relationship between armature voltage E, and stator flux ¢,
which in-turn is a function of the field current /.

DC Machines

Separately-Excited DC Generators
Operational Characteristics
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Separately-Excited DC Generator
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Ea = kG ¢nr

b0
-
i1}
\Si
AAAAA
\AAAA
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I

Field Circuit Armature Circuit

When operating as a separately-excited DC generator:

A voltage is applied to the field winding in order to create the
required stator flux while a mechanical force is applied to the
shaft of the machine in order to rotate it at a constant speed,
causing the machine to develop an armature voltage E,,.

Separately-Excited DC Generator

I ;
—
= ER E,=k.én,
Field Circuit Armature Circuit

Under open-circuit conditions, the armature terminal voltage V,
will equal the induced armature voltage E, since there is no
current flowing in the armature circuit.
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Separately-Excited DC Generator

1 ! R,
» < AAAAA
+ > + I‘ vy
a(gen)
r— = = +
=7 SR =T _ ) E.=k¢n,
- -
Field Circuit Armature Circuit

But if a load is connected to the armature terminals, then the
induced armature voltage E, will cause a current to flow out
of the positive terminal of the armature circuit, such that:

Va :Ea _Itl .Ra

\_ ) 2 g
0%Q SeQes Je2e%eTs2e0
%0208 Ze%Se.4-0%0

Separately-Excited DC Generator

I ;
—
=7 =R, = E,=k;¢n,
< <
Field Circuit Armature Circuit

Note that, when operating as a generator, to electric power
produced by the source E, must equal to the total mechanical
power converted to an electric form, thus:

P .=E I

mech
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Separately-Excited DC Generator

F=B-1-1

095 . 59T
2207 %
96%e.0-6

Also note that, due to the orientation of the rotor conductors within
the stator field, opposing forces (F) will be created upon the
conductors when a current (/,) is flowing in the conductors.

F=B-1-1

Separately-Excited DC Generator

F

The opposing forces cause a torque (7)) to be developed upon the
rotor that opposes its rotation, such that:

TD :km '¢'Ia

k,, is another machine constant, similar to %, that also depends on the physical parameters of the machine
along with some unit-conversion factors, the exact details of which will not be presented at this time.
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Separately-Excited DC Generator

1 R,
> o= ———MWW——
+ +
1 a(gen)
—_— = +
=V =k Ve _ ) E.=k;dn,
Field Circuit Armature Circuit

When operating as a separately-excited DC generator, a voltage
source must be connected to the field circuit in order to supply
the field current (1) required to create the stator flux (¢) and,
in-turn, the armature voltage E,,.

Self-Excited DC Generator

<

Ea = kG ¢nr

AN
=
AAAAA

Shunt-Connected Field & Armature Circuits

If an external source is not available to supply a field current,
the machine can be configured as a self-excited DC generator,
in which the field and armature circuits are connected in parallel.

| shunt-connected = parallel-connected |
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Self-Excited DC Generator

Ra
& &< AAAAA
A + + I? vvyvy
d(gen)
v/ f

> +
ERj Va <_> Ea = kG ¢nr

AAAAA

Vt( W

Shunt-Connected Field & Armature Circuits

In this configuration:

Self-Excited DC Generator

Ra
L —
oy Il M I Ia(gen)
A 4 f
I/l‘ V} §ER;‘ Vé Ea:kG¢nr

Shunt-Connected Field & Armature Circuits

Although no initial source of field current exists in this configuration,
a residual magnetization (¢) often exists in the machine’s core.

Exposure to an externally-created flux will cause most ferro-magnetic materials to become magnetized,
at least to some small extent, resulting in a residual magnetism to remain within the materials even
after the externally-created flux is removed.
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Self-Excited DC Generator
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Shunt-Connected Field & Armature Circuits

Thus, when an external force is applied to the shaft of the machine
to rotate it at some speed, the residual stator flux (¢) will cause
a small voltage (E,) to be induced within the armature circuit.

Self-Excited DC Generator

<

lza:: kbqénr

AN
=
AAAAA

Shunt-Connected Field & Armature Circuits

Provided the field resistance isn’t too large, a small current will
begin to flow through the armature and field circuits due to the
small armature voltage (E,) that resulted from the residual field,

in-turn causing the field coil to develop a slightly larger flux (¢).
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Self-Excited DC Generator

Ra
< < ﬁhﬁh’
+ + + a v
]i Ié@m)
"If

S
BN
AAAAA

> +
ERj Va <_> Ea = kG ¢nr

Shunt-Connected Field & Armature Circuits

The increasing flux (¢b) causes a further increase in the induced
armature voltage (E,) and, in-turn, the field current, which results
in an even larger flux to be created by the field winding.

Self-Excited DC Generator

Ra
P —
oy I[ M I ]a(gen)
A 4 f
AR AE TARY E,=k,¢n,

Shunt-Connected Field & Armature Circuits

This buildup of voltage will continue until a steady-state operating
point is reached based on the electrical characteristics of the
machine and the magnetic properties of the core material.

The exact mechanism that results in steady-state operation of a
Shunt-Excited DC Generator will not be discussed in detail at this time.
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Separately-Excited DC Motors

Operational Characteristics

Separately-Excited DC Motor

If Ia(motor) Ra

~—
S = ER E,=k.¢n,
()
.
[ 1] _
(D)
S . o o
o0 Field Circuit Armature Circuit

When operating as a separately-excited DC motor:

A voltage is applied to both the field winding (in order to create the
required stator flux) and the armature terminals.




o
o9
@,

5e Separately-Excited DC Motor

'...‘ ]/ Ia(motor) Ra

T > > AAAAA

[T + T VVVVy

L0

()

..‘ —t— < ——

o =" ER = E,=0
() Y

'S

“. _ _

At start-up (n, = 0), the induced armature voltage E, will be zero,
resulting in a large armature current and in-turn, a large developed
torque:

o age
2000
~
Q
I
=
|
S
Q
I

Va
R_a Tp =km-¢ I

And when a current flows into the armature circuit, a field will be
induced around the armature conductors that will interact with
the stator field, resulting in a developed torque that will try to
accelerate the rotor.

TD :km '¢'Ia
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Separately-Excited DC Motor

[f Ia(motor) Ra
» » AAAAA
T T VVVVy
-_— = -_— + _
=7 SR, =7 _ ) Ei=kogn,
-

But as the motor begins to accelerate, the armature voltage E, will
increase, in-turn causing a decrease in both the armature current 7,
and the developed torque T, :

_Va_Ea
a — Ra

TD :km '¢'1a

Separately-Excited DC Motor

If Ia(motor) Ra
T >
ot— :
= Zr E,=k,¢n,

Under “no-load” conditions, the motor will continue to accelerate
until the developed torque 7,, = 0, which occurs when E, =V,
resulting in an armature current I, = 0:

_Va_Ea
I, = R
a

=0 when V,=E,
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Separately-Excited DC Motor

[f Ia(motor) Ra
» » AAAAA
T T VVVVy
-_— = -_— + _
=7 SR, =7 _ ) Ei=kogn,
-

If a mechanical load is applied to the shaft of the motor, then the
motor will slow down, resulting in a decrease in the armature

voltage E, and an associated increase in the armature current /.

Va_Ea
a — Ra

Separately-Excited DC Motor

If Ia(motor) Ra
T >
ot— :
= Sk, E,=k;¢n,
<

The “loaded” motor will slow down to a steady-state operational
speed at which the associated armature current results in a
developed torque T, = T},,,-

Va - Ea

I, = R, Tp=kp-¢ I
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Separately-Excited DC Motor

R

a
AAAAA

[f Ia(motor)
+ > + >
o— : o—
=7 E’Rf =7,

vvvy

Note that for a DC motor, the power “consumed” by the source E,
in the model is the amount of electrical power converted to a

mechanical form:

¢ 4 2 \
0%Q SeQes Je2e%eTs2e0
02002 %% % . 0-6"0

Separately-Excited DC Motor

If Ia(motor)
T >
ot— :
=v| E»

R

a

V,=1,-R, E,=V,-1,-R,
[,elec:Va.Ia_i_Vf'If Ea:kG'¢.nr
Pmech:Ea.Ia TD=km.¢.Ia

TD

(-fry =

Ea = kG ¢nr

V,—E
2 "2 1hp=746W
R(l
Pmech(hp) ' 5252
n

r(rpm)
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DC Machines

Shunt-Excited & Series-Excited DC Motors

If only a single source is available to supply a DC motor, then the
field and armature circuits can be connected together in either
a parallel or a series format.

Shunt Excited DC Motor
R,
T ; - * ; A'A'A'A'A'
t VIf a(motor)

AR T C)Ea:kmnr

Parallel-connected Field and Armature Circuits

If the field and armature circuits are connected in parallel to a
single source, then the machine is being operated as a:
“Shunt Excited” DC Motor.
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Shunt Excited DC Motor

R,
AAAAA
vy

+
&~
+
+
~NY

a(motor)
Y [f

AR Tl C)Ea:kmnr

Due to the parallel connection of the field and armature circuits in a
shunt-excited motor:

Since a shunt-excited motor only has
V _ V _ V one pair of terminals to which an
t — Ta= "y external source can be connected,
V,is used to define the terminal
I =1 +1 voltage and 7, is used to define the
t a S/ terminal current.

Shunt Excited DC Motor

"If

~
AAMAA
VVVVy
=

C) E,=ksdn,

If a constant voltage source V, is connected across the motor’s
terminals, then the field current I, (and the stator flux ¢) will
remain constant during the motor’s operation since:

Ve

Ip=—t

f
Ry
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Shunt Excited DC Motor

R,
AAAAA
vy

y
y

+
2~
o~
Y

A —e
VVVy
=

Ci) E,= kg ¢nr

VVWY ¥
=

ext

A}ill

In order to provide a method for controlling the speed of a
DC shunt-excited motor, an external (variable) resistance can
be connected in-series with the field circuit:
V
I; = 't
Rf + Rext

Shunt Excited DC Motor

R,
> > A'A'A'A'A'
; It Y If a
—_— =R +
Vt e L _ Ea: kG ¢nr

2%
= et
-<

During normal operation, increasing the field circuit resistance,
in-turn decreasing the field current /; (and the stator flux ¢),
will cause the motor to speed-up to a new, higher, steady-state
operating speed.
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Shunt Excited DC Motor
Summary of equations for a “Shunt Excited” DC Motor.
R,
V.=V, = I(f E, =k, °¢5°11r o ;; :; MWWy
&

I=1,+1, Tpy=k, 91,

~
A~
AMAA
VWY
b
O
&)
IN)

E =V, -I,-R, I, =—t

P

elec

=v,-1, P

mech

=E, I

P .5252
Lhp=T746W T,y 5 = —2

nr(rpm)

\_ ) 2 g
0%Q SeQes Je2e%eTs2e0
%0208 Ze%Se.4-0%0

Shunt DC Motor — Example Problem

1, 1
) - AMA
+ > VVWVv

O

AAAAA
vy
=

Ky

Given a 240V shunt-excited DC motor having field and armature resistances
R,=120Q and R, = 0.322,

If the motor draws 90A and rotates at 900rpm when supplied with rated voltage,
determine:

P

elec

— the total electrical power supplied to the motor by its source,
P,,., — the total mechanical power produced by the motor, and
T, — the total torque developed by the motor.
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Shunt DC Motor — Example Problem

1, =90A I,
AAAAA
+ i > yvyvvy

1, R,=03Q

E R,=1200 C‘_D E,

Potec = 21,600W  F; =240V | =

AAAAA

Since a shunt-excited DC motor is supplied by a single voltage source,
the total electrical power, P,,,., supplied to the motor is:

elec >

Porec = Vi - I, = 240V - 90A = 21,600 W

Shunt DC Motor — Example Problem

I, = 90A I,
» > AAAAA
i > \AAALS

V]/'ZZA Ra: O3Q

E R/= 1200 Cf) E,

Perec = 21,600W V=240V | =

AAAAA

Since a shunt-excited motor’s field and armature circuits are connected
in parallel:

V=V, =V =240V
and thus, the field current I, is:

Ve 240V,
I~ R 1200
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Shunt DC Motor — Example Problem

I, =90A I,=88A
AAAAA
+ > i yvvvyy

rlf:ZA Ra:0.3Q

E R,=1200 C‘_D E,

Potec = 21,600W  F; =240V | =

AAAAA

Now that both the terminal current /, and the field current I, are known,
the armature current /, can be determined based on the KCL equation:

Io=1—1=90—2=88A

Shunt DC Motor — Example Problem

=
|
)
>
=
5
S
[
o)

Pojec = 21,600W V=240V | =

S R Cf)Eazzls.ﬁv

AMA
vy
%\
= |
|
—_
)
3

The induced armature voltage E, can then be determined based on the
KVL equation:

E,=V,—1, R, = 240V — (88A)(0.3Q) = 213.6 V
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Shunt DC Motor — Example Problem

I, =90A I,=88A
AAAAA
+ i > yvyvvy
_oa R,=03Q
[p=2A "« Ppioch = 18,797 W

E R,=1200 C‘D E,=213.6V Py =25.2hp

Potec = 21L,600W 1, =240V | =

AAAAA

And now that both the induced armature voltage E, and the armature current I,
are both known, the total mechanical power P, produced by the motor is:

Priech = Eq - 1, = (213.6V)(88A) = 18,797 W
which can also be expressed in terms of horsepower:

1hp
Prech = 18,797W - m = 25.2hp

Shunt DC Motor — Example Problem

=
|
)
>
=
5
S
[
o)

Ppech = 18,797 W

S R Cf) E,=213.6V P, = 25.2hp

Tp = 147 Ib-ft

AMA

vy

% ~
= |

I

—_

)

3

Pojec = 21,600W V=240V | =

The total torque 7, developed by the motor can then be determined based on
the total mechanical power P,,,, and rotational speed n,. of the motor:

T, = Prnecn(np) * 5252 — 25.2-5252 = 147 Ib-ft
N (rpm) 900
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Shunt DC Motor — Example Problem

I, =90A I,=88A
AAAAA
+ > i yvvvyy

VIfZZA Ra:0.3Q

Ppuech = 18,797 W

E R,=1200 C‘D E,=213.6V Py =25.2hp
Tp = 147 Ib-ft

Potec = 21L,600W 1, =240V | =

AAAAA

Although it was not requested, the operational efficiency # of the motor can
be determined based on the previous results:

)

Py Pyoen 18,797
— 0% 100% = " . 100% = ——~ - 100% = 87.0 ¢
=" o= % =71600 100% %

Note that the motor’s mechanical losses were not considered in this problem. If mechanical losses are included,
then the output power of the motor would be the shaft power P, which is equal to:

Pshaft = Fmech — Pmechlosses

Shunt DC Motor — Example Problem pt. 11

The original values from I,=90A [,=88A
part I are currently >
shown in the figure.

=
|
)
>
=
5
S
[
o)

Ppech = 18,797 W

E R Cf) E,=213.6V P, = 25.2hp

Tp = 147 Ib-ft

AMA

vy

% ~
= |

I

—_

)

3

Pojec = 21,600W V=240V | =

Given the results of the previous problem, and assuming that the motor is driving
a constant torque load and that the terminal voltage remains constant,

If a resistance is added in series with the field circuit such that the increased
resistance causes the stator flux ¢ to decrease by 20%, determine:

the new operational speed n for the motor.

r(new)
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Shunt DC Motor — Example Problem pt. 11

The original values from 1,=90A [,=88A

part I are currently ¥ > > MW kn-¢ = 16705 Ib-ft
shown in the figure. R =030 A
lp=2A e Ppocn = 18,797 W
Porec = 21,600 W V; =240V | = §§ Ry=120Q C‘_‘) E,=213.6V P, = 25.2 hp

Tp = 147 Ibft

Based on the previous results and the expression for developed torque 7,:

Tp=kpm-¢-1,

the original value for k,,* ¢ can be determined:

T, 147 1b-ft
b+ 6 = 77 = 5= 16705 1

Shunt DC Motor — Example Problem pt. 11

The original values from I,=90A [,=88A
part I are currently K > MW kn ¢ =1.6705 %

shown in the figure.
Pech = 18,797 W

f) E,=213.6V P, =252 hp
Tp = 147 Ib-ft

- ke - ¢ = 0.23733 rplm

=
|
)
>
=
Q|
S
[
o)

Pojec = 21,600W V=240V | =

AMA
VVVy
=
<
I
—_
%)
3

Based on the previous results and the expression for armature voltage E,,:
Eqg=kg ¢ -n;y
the original value for k¢ can be determined:

ko= D2 2130 on0as V
¢ =5, =900 " rpm
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Shunt DC Motor — Example Problem pt. 11

Original values I g

from part I that are > . > AMAM . _ Ib-ft
needed for part II: ¥ I Ra':"()','?)Q km - dnew) = 1.3364 _A

- ¢ = 16705 12t _ R, L
V; =240V C_) E,

kg - ¢ = 0.23733 rplm

I, =88A Rext

E, =213.6V

Since k,, 1s a constant, if the stator flux ¢ decreases by 20%, then the value of
k,, ¢ must also decrease by 20%, thus the new value for k- ¢,,,,, will be:

Ko - Bnew) = Kk - Blorigy - 0.8 = 1.6705 - 0.8 = 1.3364 %

Shunt DC Motor — Example Problem pt. 11

Original values I

from part I that are > . > MW . — 1b-ft
needed for part II: - 1 Ra:HEQ fon * new) = 13364 A

ke - § = 1.6705 10t 1 R, -
=240V | = C) E,

kg - ¢ = 0.23733 rme

I, =88A v
i kg - = 0.18986 =
E, =213.6V ¢ " Pnew) Fpm

Similarly, since kg is a constant, if the stator flux ¢p decreases by 20%,
then the value of k' ¢ must also decrease by 20%, thus the new value
for kg ..., Will be:

ke - Bnew) = K6 - Porig) - 0.8 = 0.23733 - 0.8 = 0.18986 rplm

68



926,090 2021 % %5 . 5%Y= %
020%2 Ce¥ " 0g0e¥5%:Z 5
030,.0% 202 2% % . 0-076

Shunt DC Motor — Example Problem pt. 11

Original values 1; Loy = 110A

from part I that are > . > AMA . _ Ib-ft
needed for part II: ¥ I Ra':"()','?)Q km - dnew) = 1.3364 _A
1b-fi
- ¢ = 16705 12t 1 R, 1
v V; =240V | == E,
ke - ¢ =0.23733 Tpm T —
R
I, =88A ext V
E, a— 213.6V x k¢ * Pnew) = 0.18986 Fpm
@ = .

But based on the relationship:
Tp=ky-¢-1,
if the motor is driving a constant torque load, then a new value for the
armature current 7, can be determined:
Tp 147

I = = =110 4
AMeW) T ke Plnewy  1.3364

Shunt DC Motor — Example Problem pt. 11

Original values 1; Loy

from part I that are > 1 : MW . — 1b-ft
needed for part II: - I Ra:HEQ fon * new) = 13364 A

ke - § = 1.6705 10t 1 R, -
v V=240V | = C_) Eyp=207V

ke - ¢ = 023733

Rf.’Xt

. ke - Penew) = 0.18986 rplm

I, =88A
E, =213.6V

And given the new armature current /,,,,, , a new value for the induced

armature voltage E,,,,, can be determined:

Eatewy = Va — la(new) - Ra = 240V — (110A)(0.3Q) = 207 V
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Shunt DC Motor — Example Problem pt. 11

Original values 1 Loy = 110A

from part I that are > . > AMA . _ Ib-ft
needed for part II: ¥ I Ra':"()','?)Q km - dnew) = 1.3364 _A

- ¢ = 16705 12t A1 R, L
ke ¢ =023733. Y =20V I= C‘)E“m‘“"’:zmv
e d=0. v
Rext
v

pm
I, =88A
. ke - ¢ = 0.18986 v
E, = 2136V (new) rpm

Now that new values for both k- ¢,,,,, and armature voltage E,,,,, have been
determined, a new operational speed n,,,,, can be determined as follows:

n _ Ea(new) _ 207
") T kG Pnewy  0.18986

= 1090 rpm

Series Excited DC Motor

V,=V,+V,

v, () E,
I,=1,=1I,

Series Field and Armature Circuits

If the field and armature circuits are connected in series with a
single source, then the machine is being operated as a:
“Series Excited” DC Motor.
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V,=V,+V,

1,=1,=1,

E,=V,~1,-(R,+R,)

Lhp = T46W

Ea =kG.¢.nr
TD=km'¢'Ia

a

cchihp) * D22

Series Excited DC Motor

Summary of equations for a “Series Excited” DC Motor.

n

r(rpm)
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