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CHAPTER ONE
DC MACHINE BASICS

DC machinesinclude dc motors and dc generator in both cases, machine operation isbased on
two fundamental electromagnetic interactions:

I) A conductor moving in amagnetic field will have an electromotive force induced in it.

1) A conductor carrying current and lying in a magnetic field have a mechanical force
developed on it. This chapter reviews these principles, and explains how dc machines are
arranged to make use of them.

1.1 BascInteractions

Consider astraight conductor laying inamagnetic field asinfig. 1.1 thefield isuniform along
the length of the conductor and perpendicular to it. Let

b =magnetic flux density in tesla, and L /'1

L =active length of the conductor in meters.

The active length of the conductor isthe part which isactualy ===
subjected to the field. If, for example, the conductor extends
beyond the region of thefield, the part that is outside the region
isnot includedin L.

Now, the first electromagnetic interaction occurs if the conductor is moving:
Motion +field ~ induced el ectromotive force (emf).

The value of the emf is given by:

e =ubLsin(a)volts (1.1)
Where u =speed of conductor perpendicular -to itslength in meters per second.

and.a. =small angle (ielessthan 180°) from direction of motion (u) to direction of field b. The
direction of the induced emf e is given by the right-hand (RH)rule applied as follows: the
fingers of theright hand are extended in the direction or motion in such away that they can be
rotated to the direction of the field through the small angle between them; the extended thumb
then givesthe direction of the emf in the conductor. Fig. 1.2 shows examples of the application
of the RH rule; in fig. 1.2a. e=ubL because sin(a) = 1, but in.fig. 1.2b the emf is less because
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Fig. 1.2 Examples of the application of the right-hand rule to determine thedirection of the emf
induced in a conductor moving in a magnetic field

It is important to understand that egn. 1.1 does not tell us whether or not there is any current
in the conductor, nor does it depend on whether the force causing the motion is produced by
the conductor itself or by some external means.

The second el ectromagnetic interaction occurs if the conductor of fig. 1.1carries a current:
current +field ==> mechanical force.

The value of the developed forceis given by

f =i bL newtons (1.2
Where
o VF -
I =current flowing in the conductor in amperes. : o = -
1& » b (o)—= b
. . 1
f acts on the entire active length of the conductor . -
in a direction given by the RH rule as follows : - =

rotate the right-hand fingersfromthedirection of  Fig. 1.3 Examples of the application of the
the current to the direction of the field through  RH rule

the small angle between them; the extended

thumb then gives the direction of the devel oped force.

Fig.1.3shows examples of the application of the RH rule.

It is important to understand that egn. 1.2 does not tell us whether or not the conductor is
moving, nor does it depend on whether the source driving the current is the conductor itself or
some external source.
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To help you remember the application of the RH rule, note that for both types of interaction,
the fingers of the right hand are rotated towards the direction of the magnetic field.

In general, an active conductor in adc machine will be in motion and carrying current, both at
the same time. Therefore, it will have both an induced
emf and a developed force. The relative directions of
the various quantities involved depend on whether the
machine is operating as a generator or as a motor, as = = gy - '
we shall seein section 1.7. =7 :

N[ 773
) s b /
1.2 Wire Loop // .
/
P—— A

In rotary machines, the active conductors are formed
into loops. Fig. 1.4 shows a wire loop placed in a
uniform magnetic field. The loop hastwo active sidesmarked x and y in fig. 1.5; these are the
parts of the loop that are perpendicular to the field and in which the

Fig. 1.4 Wire loop in magnetic field.

two fundamental interactions occur. The end-connections are . [end-comection ) o
necessary to complete the circuit, and the leads are necessary to % =
connect the loop to an external circuit. Y " : o

B v
Let usfirst see what happens when the loop is rotating about its axis,

end-cormection

as shown in cross-section in fig. 1.6a. Here we have motion in a laada
magnetic field, which results in induced emf. Application of the RH  Fig. 1.5 Loop parts.
rule to sides x and 'y yields the emf directions shown. The emfs add

up around the loop, fig. 1.6b, so that the loop emf e is equal to (e+g)).

i
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Fig. 1.6 Loop emf due to rotation in Fig. 1.7 Torque developed by current carrying
uniform field loop in uniform field.

Next, we see what happens when there is current flowing around the loop, fig. 1.7a.- Here we
have conductors carrying current in amagnetic field, which resultsin forces. Applying the RH
rule from side x and y yields forces in the directions shown. The resultant force on the loop is
zero because fx and f , oppose each other. However, the two forces form a couple, and hence
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produce a torgque about the axis; the developed torgque acts on the loop and attempts to rotate
it.

1.3 Commutator

The €electrical connection between the
rotating wire loop and the stationary external
circuit requires some form of sliding contact.
In principle, this can be achieved using dip-
rings and brushes asin fig. 1.8. The dlip-rings
are made of conducting material, and rotate
with the loop; each terminal of the loop is
soldered to one of the rings. The brushes are
stationary; they are connected to the external
circuit. The brushes press against the rings to

/ Fig (1.8) Slip-rings and brushes.

make dliding contact. Clearly, the terminal .xl -
emf between brushes & is equa to the loop emf e. X" (5,\ & .
SN

But dip-rings are not suitable for dc machines because the X éﬁ i . $
loop emf e, and hence the termina emf &, are alternating : : Ev

and not steady as required. The aternating nature of e is \@f - ’E.) -
demonstrated in fig. 1.9. The emfs in the two sides of the . » Nl
loop, at a number of positions, are shown in fig. 1.9a for
rotation in auniform magnetic field. The figure shows that
as the loop passes through the vertical position 3, the emfs
in the two sides are reversed, resulting in the aternating

wave shown in fig. 1.9b. _' = A \ /

The value of the emf at any given position depends on the ()

angle between motion and field, iea inegn. 1.1; theemf is  Fig. 1.9 Alternating loop emf
zero in the vertical position 3 because, at that position, due to rotation in uniform
motion is parald to the field. field.

-
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Fig 1.11 Principle of the commutator
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Fig. 1.10 Commutator and
o ) } Fig. 1.12 Unidirectional emf obtained
Thus dlip-rings may be used in ac machines, but not

in dc machines. DC machines use commutators

between brushes

which not only provide dliding contact, but also I S
rectify the alternating loop emf to a unidirectional . A XC>, X

emf between brushes. The commutator is basically a s | ~?“"
conducting ring split into insulated segments; it % % ) b
rotates with the loop, with each terminal of the loop ‘ i | ?‘_’
soldered to one of the segments, fig. 1.10. The . O 1?-—*
brushes are stationary, and are connected to the (5\- . ,

external circuit; they make.slldl ng contact with the Fig. 113 Lodp cur'rentan d developed
commutator segments. Theidea of the commutator is

that when the loop emf e reverses as the loop passes

through the vertical position 3 of fig.1.9, the contact between
segments and brushes is aso reversed as shown in fig. 1.11.
Thus, brush B; will always be at low potential, while brush B,
will always be at high potential. Although the loop emf eis still
aternating asin fig. 1.9, the terminal emf between brushes e is
now unidirectional asin fig. 1.12; that is, e is aways in the
same direction, athough its value is not constant.

forces at different positions.

tim:

Fig. 1.14 Ideal dc conditions

Consider next the effect of the commutator on the devel oped force and torque. Asthe machine
Is a dc machine, the current in the external circuit is always in the same direction. Let us
assumethat the current from the external circuit goesinto brush B, flows through commutator
and loop, and comes out again through brush B;. Thus, in positions 1 and 2 of fig.1.13, the
current flows into conductor y and out of conductor x; but when the loop passes through the
vertical position 3, the contact between segments and brushesis reversed, so that in position 4
the current goes into conductor x and out of conductor y, that is, the loop current is forced to
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reverse by the commutator and brushes. Fig.1.13 aso shows the resulting forces on conductors
x and y at the different positions. It is clear that the torque is aways in the same direction,
clockwise about the loop axis in this case. If the current in the external circuit istruly dc, i.e.
not only unidirectional but also constant, the devel oped torque will have the same wave shape
as g shown infig.1.12. If dlip-rings are used, the loop current would not reverse at position 3,
and the torque would have the wave shape of fig.1.9; that is, the torque would oscillate in both
directions, which is useless in amachine.l, e thus conclude that the emf and current inside the
loop and the force on itstwo sides are aternating, but because of the commutator, the emf and
current between brushes and the loop torque are unidirectional.

1.4 Armature:

Ideally, the emf and current at the brushes and the torque should
be constant with time as in fig.1.14. But we have seen that the
emf and torgue have the wave shape shownin fig.1.12; although
it isunidirectional, it isnot constant :it reaches maximum when
the loop isin position | of figs.1.9 and 1.13, and goes down to
zero when the loop is in position 3. To improve the situation,
we can use two |oops instead of only one, asin fig.1.15. The g5 1 15 Rigidly coupled
two loops are displaced from each other by 90%n space, but are loops displaced 90°
mechanically coupled together to form a single rigid system so

that they rotate together.

X2

1 1 X3 — " 142
Each Igop will give a /O\ ® ~er o
curve similar to that of d b o £ ;
. x)® —_— @fl —_— ) Lorque 1= \’/ Be \,'
fig.1.12, but the two J NA X A\
. \ O ’ 2 ® | / B
curves will be out of \J > =N / TR TR

phase :when one loop has () () -
maximum emf, the other
loop will have zero emf,
as can be seen in fig. 1. 16a. now, if the two loops can be connected in series, the total emf
will be the sum of the two emfs; also, the two torques add, and their resultant will act on the
rigid mechanical system composed of the two loops. Fig. 1.16¢ shows the curves for the two
loops, and also shows their instantaneous sum.

Fig.1.16 Two loops in uniform magnetic field

Clearly, the resultant curveis closer to the ideal dc conditions of fig. 1.14than the individua
loop curves. Therippleistheinstantaneous difference between the curve and its average value,
ideally, the ripple should be zero asin fig. 1.14.
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The ripple of the resultant curvein fig. [.16b is seen to be smaller than the ripple of the curve
infig. 1.12. The ripple can be made smaller by using more loops with suitable displacements
in space; fig. 1.17 shows four loops with 45°displacements. By using alarge number of loops,
the ripple can be made very small, practically negligible; however, it cannot be eliminated
entirely. Therigid mechanical system composed of all theloopstogether is called the armature
of the dc machine; in most practical machines, the copper loops are mounted on an iron
cylinder aswe shall seein section 1.5

In section 1.3, the principle of 8 AR R PN b
the con.wm.u'.[ator was explai r.led 'R —a @™
for aprimitive machine having )

X,y — Y = e A e o 24N
one loop only. The ® ® R Y PR -
commutator had two segments, Q@ — @
one connected to each terminal LI Y2

of the loop. For practical
machines having multiple Fig. 1.17 Four loops in uniform magnetic field
loops as described here, the

commutator has a corresponding number of segments. The
necessary number of segments, and the connection of the
loops to the segmentsto ensure that they arein series, will be &
explained in chapter 3.

Increasing the number of loops displaced in space not only
reduces the ripple, but also increases the emf and torque, as
seeninfigs. 1.16c and1.17. The emf and torque can also beincreased by using multi-turn coils
instead of single-turn wire loops.Fig. 1.18 shows a coil having three turns; each turnisin fact
aloop, with al loops connected permanently in series so that their emfs add up, and the same
current flows through them. Moreover, the loops making up the coil are all located at
practically the same position in space, and not displaced from each other asin fig.1.15; in fact,
each of the two loops of fig. 1.15 can be replaced by a multi-turn coil. Thus, al the active
conductorsin each side of the coil see the same flux density, and hence all the turns of the coil
have the same emf and the same torque; the loop torques, of course, aid each other, see the
same flux density, and hence all the turns of the coil have the same emf and the same torque;
the loop torques, of course aid, each other.

Fig. 1.18 Three-turn coil.

For acoil of N turns. There are N active conductorsin each coil side as can be seeninfig.1.18.
The end-connections at the front and back are necessary to complete the circuit; no useful
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electromagnetic interactions occur in them. The two Leads of the coil are soldered to
commutator segments as was done for the leads of single-turn loops, fig. 1.10.

1.5 Magnetic Field

In the preceding sections we studied the active conductors where the electromagnetic
interactions, leading to the production of emf and torque, occur.

Both interactions require the presence of a magnetic field, represented by the magnetic flux

density b in egns. 1 and P
2. Sofar,wehavesimply |~ [N PM_SL° ;’;ﬁ__r Y
assumed that there is a | LB |
uniform magnetic field |}145_o || all |I . | I|
in the space around the 0 \ e~ )
. oS0 Lol Bl 3+ i
active conductors or the @ P et (b) U- shaped o e lirerical
. . a er'men C) cylindrica
armature. In this section, magnet electro-magnet electro-magnet

we study how thefield is
produced, and we shall
see that it isnot truly uniform.

Fig. 1.19 producing the magnetic field.

The field may be obtained by means of a permanent magnet (PM) as in fig.1.19a, or an
electromagnet asin fig. 1.19b. In both cases, the iron is shaped to direct the magnetic flux to
the region where it is needed, that is, the region where the active conductors of the armature
are placed. Fig. 1.19c shows an alternative way of constructing the electromagnet. From the
view point of the armature conductors, al three arrangementsin fig. 1.19 are the same :they
provide a north pole on the |eft, and a south pole on the right.

Now, the strength of the magnetic field is inversely proportional to the reluctance in its path.
In the arrangements of fig.1.19, most of the flux path isin iron, which has a high permeability,
and hence low reluctance. But the flux has to pass through the region containing the active
conductors; this region is air which presents a high reluctance to the flux. To obtain a strong
field, the path in the air must be made as short as possible. By mounting the armature coils on
an iron core, asin fig. 1.20b, the air path becomes much shorter than in fig. 1.20a. It can be
made even shorter by cutting channels, called dots in the surface of the cylindrical core, fig.
1.20c, and placing the active sides of the armature coils in the dots.
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we can seen that the armature

Is composed of an iron 7{3 °
cylinder, with slots in which 4’\}" o e
the coil sides are placed; the (a) (b) ()
end-connections of the coils Fig. 1.20 Shortening the air path

remain outside the iron

cylinder, in front of it and behind it. The whole .
mechanically-rigid structure is mounted on a shaft |
through its axis; the torques developed by the coils act
on the structure as a whole. Terminals of the coils are
soldered to the segments of the commutator, which is
also mounted on the same shaft. The clearance between
the armature surface and the pole faces is called the air
gap. The air gap is necessary to allow the armature to
rotate but it is usually made very small so as to obtain
the largest possible magnetic flux.

Fig. 1.21Cross-section of a four-
pole machine

In figs. 1.19 and 1.20, there are only two poles. One
north and the other South; or we can say that the machine has one pair of poles. Machines' can
have more pole pairs; let

p =number of pole pairs, Then 2p =number of poles,

So that the number of polesis always even :for every north pole, there must be a south pole.
Fig. 1.21 shows a machine having four poles, ie. 2p =4, and p =2. Opposite poles follow each
other around the armature :every north poleis followed by a south pole, and every south pole
isfollowed by anorth pole :note the flux pathsin fig. 1.21. The center line of the poleiscalled
the pole axis, or direct axis, or d-axis for shortness; all d-axes are marked with the letter d in
the figure. The axis passing through the midpoint between adjacent poles is caled the
guadrature axis, or g-axis, all g-axes are marked with the letter Q in the figure. Now, let

D= diameter of the armature in meters;

Then the perimeter of the armature is tD meters. This distance faces 2p poles, so to each pole
there corresponds a distance of zD/2p meters which is called the pole pitch:

Pole pitch = %meters (1.3)

Clearly, the distance between consecutive d-axes, measured on the armature surface, isapole
pitch; similarly, for the distance between consecutive g-axes. The distance between a d-axis
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and the adjacent g-axis is haf a pole pitch. In fig.1.21, the pole pitch is 7D/4 meters.
Sometimesit is useful to measure the pole pitch as a number of dots; in fig. 1.21 there are 12
slots and 4pole. so that the pole pitch is 12/4=3 dots. The pole pitch can also be measured as
an angle in degrees or radians :the full circle of the armature is 360 degree (or 2z radians). so
that the pole pitch is 360/2p degrees (or2n/2p radians). For the 4-pole machine for fig.1.21,
the pole pitch is 90degrees (or n /2 radians). For a 2-pole machine asin figs. .19 and 1.20,
the pole pitch is 180 degrees (or « radians).

Fig. 1.22 shows the emf directions in a 4-pole machine :in each pole pitch corresponding to
one pole, i.e. enclosed between two consecutive g-axes, the emfs are in the same direction; the
emfsin the next pole pitch are in the opposite direction, and so on. Because of the iron of the
armature, the flux tends to be perpendicular to the armature surface, so that the angle between
motion and field, o in egn. 1.1, is 90° and sin(a) = 1; thus egn. 1.1becomes e =ubL for the
armature conductors. It is very important to observe that if a coil has one side at the position
marked x in figures 1.21 and 1.22, then the second side of that coil must be at position y; or y-
so that the emfs add up around the coil asin fig.1.6b; if the two sides of the coil are placed at
x and z, then the emfs oppose each other around the coil, and the coil emf will be zero.

Thus, the distance between the two sides of each coil, which is called the coil span; must be a
pole pitch; when one side passes under a north pole, the other side passes under a south pol e.
Since the pole pitch depends on the number of polesin the machine, egn. 1.3 then the coil span

also depends on the number of poles.
r| I,/—E\I q

=8 V@

Fig. 1.23 shows the current
pattern in  the armature
conductors and the resulting
forces. All the forces are seen
to aid each other in developing
a torque, CCW in this case.
Because the flux s
perpendicular to the armature

E-["Ea ré}"a"
N

R

o

surface, application of the Fig.1.22 EMF's induced in the Fig. 1.23 Forces developed in
right-hand rule yields forces armature conductors of a 4-pole the armature conductors of a
that are tangentiad to the machine 4-pole machine

surface. Again, it is noted that
x and z cannot be the two sides of the same coil; current goes into one side, and comes out
through the other, asin x and y;, or x and y..
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Conversely, if x and z are assumed to be the two sides of the same coil, then one of the crosses
must be changed to adot, and the forces on the two sideswill produce opposing torques; which
of courseiswrong. Thus, the currentsin fig. 1.23 reverse from one pole pitch to the next.

The general path of flux in the machineis shownin fig. 1.21. The actua distribution of field
Is quite complicated but we shall be mainly interested in the flux density distribution at the
surface of the armature because that is where the active conductors are, i.e. where the two main
el ectromagnetic interactions occur; remember that the symbol binegns 1.1 and 1.2 represents
the magnetic flux density at the location of the conductor. Fig. 1.24 shows a rough sketch of
the flux linesin the air gap, ie. at the armature surface.

Note that the machine is shown in fig. 1.24 in developed form, obtained by making an
imaginary radia cut in the cross-section shown in fig. 1.21, and straightening the poles and
armature; the horizontal length in fig. 1.24 is actually the diameter of the armature.

The curve of the air gap flux density isshown in fig. 1.24. It alternates from one pole pitch to
the next because the polarity
of the pole’s aternates :south =
followed by north followed
by south, etc. Within each
pole pitch, the flux density b
ishigh and constant under the
pole face because the air gap
Is the short and has constant
length; the absence of pole
iron near the g-axis causes .

. . X=n/2
the air gap flux density to Fig. 1.24 Developed diagram of a 4-pole machine corresponding
decreasetill it reaches zero at air gap flux density distribution.
the g-axis; it then reverses as
we go into the next pole pitch.

lg¢— Pole pitch—pbg—— Pole pitch —pl

Itisclear fromfig. 1.24 that the air gap flux density b is periodic :the curve repeatsitself every
two pole pitches. Thus, eectrically, two pole pitches represent 360 degrees (or 2x radians),
and we can say that a pole pitch is 180 electrical degrees (or m electrical radians). Care is
needed not to confuse the electrical angle described here, and the mechanical angle described
all previews page; it should be clear that:

Electrical angle =p x mechanical angle (1. 4)
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for example, the full circle around the armature is always 360 mechanica degrees, but it isP
x 360 electrical degrees :a 4-pole machine has two electrical cycles around the armature, ie
720 €electrical degrees. Moreover.

Pole pitch =%mechanical degrees or =§—Zmechanica| radians (1. 5a)

But, Pole pitch =180 electrical degrees or © electrical radians (1.5b)

Note that the pole pitch in electrical degrees (or b
electrical radians) is constant, and does not depend
on the number of poles. Electrically, everything
repeats after two poles, so that one pole pitch
awaysrepresents half acycle, asexpressedby egn. 0

Bl — e - -

1.5b. 0 }7&) + 0, elec rad
0 B T X, meters
p

A typical curvefor theair gap flux density is shown Fig. 1.25 Flux density distribution over
in fig. 1.25; the details of the curve may differ a . yne pole pitch.
little from machine to machine.

Position along the periphery of the armature be measured as an electrical angle, 0, or as
distance in meters, x. Let

B =average flux density in the air gap in tesla.

B is a constant, shown dotted in fig. 1.25. The actual flux density b, on the other hand, is a
function of position since it may change from point to point around the periphery of the
armature. i.e. b=b(0), or b=b(x). The average B can be obtained by integrating b over one pole
pitch, and dividing by a pole pitch:

D
1 1 r2p
B=—["bd0 = 7 [, bdx (1.6)

2p
If b isknown as afunction of position, the above integration can he perform to determine B.
From fig. 1.26, the cylindrical surface area of the armatureisnDL. Léet:

A =areaon the armature surface that corresponds to one pole pitch, m?;
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Then

» = ”z—ff (1.7)
Next, let ® =flux per polein webers, that is, @ is
the total magnetic flux going out through the face
of a north pole and entering the armature, or going
from the armature into the face of a south pole. ®
has the same value for al poles. It can be obtained

by integrating b over Ap:

D

= [f, bdA = [ 7P bdxdL (1.8a)

Fig. 1.26 Armature dimensions

But b is constant aong the length of the armature in the direction of L; therefore

D

® =L [* bdx = L%B = A,XB (1.8b)

Thus, if the average flux density B is known, the flux per pole ® can be found by multiplying
B by the area per pole Ap; conversely, if @ is known, B maybe found from

(2]
B = ™ (1.9
This, it will be noted, fits the basic definition of flux density as the flux per unit area.
1.6 Armature Coil Equations

In this section we are going to derive the emf and torque equations for armature coils. The
derivations start from egns. 1.1 and 1.2 which give the instantaneous emf e and instantaneous
developed force fg.

For a given armature conductor, e and f4 vary with time because the conductor sees different
values of flux density b asit rotates, fig. 1.24. In fact, e and f 4 have the same wave-shape as
b in fig. 1.24b since the other factorsin egns. 1.1 and 1.2 are constant; this wave-shape has
two kinds of time variation:

(i) It aternates from one pole pitch to the next, and
(i)  Within each pole pitch, it varies between maximum under the pole face and zero
at the g-axis.
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But we have seen how the commutator rectifiers the alternation, fig. 1.12, and how the use of
multiple coils cancels variations about the average, figs. 1.16and 1.17. We are interested in the
resulting average commutated values, which are constant, and not in the instantaneous values
within conductors, which are time-varying. To distinguish between the two kinds of variables,
we shall use capital lettersto denote the average commutated values; thus

E =average commutated emf, volts;

Fq = average commutated devel oped force, newtons,

|= average commutated current, amperes;

T+ average commutated devel oped torque, newton meters.

Recall that the average flux density B and the flux per pole ® are also constant quantities.

1. 6.1 Coil EMF
From egn. 1.1, the instantaneous emf in an armature conductor is
€ con = UbL (1.10)

where sin(a) = 1 because the flux is perpendicular to the armature iron. A loop has two active
conductors placed a pole pitch gpart, so that whatever the flux density seen by one conductor,
the flux density seen by the other is equal and opposite, fig. 1.24; thus the two conductor emfs
add around the loop, fig. 1.6b, giving

Bloop=2XEcond = 2UbL (1.11)
A coil having N turnsis composed of N loopsin series, fig. 1.18, so that
€coil = Nxaoop = 2NubL (112)

To obtain the average commutated coil emf, we replace the instantaneous flux density b by the
average flux density B, so that

Ecil = 2NuBL (1133)

Thisisthe coil emf equation that we require. It can be written in other forms. For example, it
Isusual to express the speed of rotating bodies in revolutions per second rather than in meters
per second. Let

n =rotational speed of the armature, revolutions/second (rps).
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Consider apoint on the armature surface; thetime it takesto complete one revolution issimply
(I/n) seconds per revolution. The distance it covers in one revolution is the perimeter of the
armature, ie tD. But speed is equal to distance divided by time; therefore

D

u=-—=nhn (1.14)

Substituting for uin egn. 1 .13a, we get

Ecot = 2tDLNNB (1.13b)
Next, let

o = angular speed of armature, radians/second.

A point on the armature surface covers 2z radians when it completes one revolution in (I/n)
seconds; thus

W= =201n (1.15)

N
3|H|;‘

Substituting for n in terms of ®, egn. 1.13b becomes
Ewii = DLN®B (1.13c)
finally, we can substitute for the average flux density B in terms of the flux

per pole ® using egn. 1. 9 in this case, egn. 1.13b becomes

Econ = 2nDLNn~ = 2mDLNn 75z = 4pNn® = ZNwd® (1. 13d)

i 2n
Egns. 1.13a. 1.13b. 1.13c. and 1.13d are all expressions for the same quantity, the average
commutated coil emf (Egir). In each form, there is a factor representing speed, and a factor
representing the magnetic field, multiplied by some constant; this reflects the fact that,
fundamentally, the emf isinduced by the interaction between motion and field.

It isinstructiveto show how the expression for E; can bederived in an entirely different way.
Faraday's law states that time-varying magnetic flux induces emf in a coil enclosing it.

aod
€coil = NE (1.16)

where O is the flux linking the coil, that is, the total flux passing through the space enclosed
by the N turns of the coil. Note that this is not the same
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as @ which represents the flux per pole in the machine. Egn. 1.16 gives the instantaneous emf;
the average emf over an interval At isobtained by smplifying egn. 1.16 to

Dy —-Dq

dod
Ecoil:NE:N -
2t

(1.17)

Where @, is the flux linking the coil at the instant t; and ®.is the flux linking it at t,. Let us
take t; asthe instant at which the coil sides are at consecutive g-axes enclosing a north pole as
in fig. 1.27a; the flux linking the coail is the flux per pole ® directed downward, so that ®;=-
.

Next, we take t, as the instant at which the coil has moved so that it encloses the following
south pole, fig. 1.27b; the flux linking the coil is still ®, but it isdirected upward so that @, =
® Eqgn. 1.17 now becomes:

=) _ 2

E.oqi =N
coil ty—ty At

(1.18)

Now, At =t,-t; isthe time it has taken the coil to move one pole pitch. As we have seen, the
time to complete one revolution is (I/n) seconds. But one revolution covers 2p poles, so that
the time to move one pole pitch is:

2p 2pn

Substituting this value for At back into eqn. 1. 18, we get

29

E..o. =N
coil (1/2pn)

= 4pNnd

Which isthe same as egn. 1.13d.

1 f 154 q ]
1.6.2 Coil torque ‘ i 1 ‘ g J ‘ l § J I l g [ '
From egn. 1.2, the instantaneous ' 3 |
force developed in an armature ¥ + P 6 . O
conductor is 0 l 1‘?1 0 | 1¢T : P = | »
o= == |
feond = 1cona DL (1' 20) (a) coil position at instant t1 (b)coil position at instant t,

where icong iISthe current flowing  Fig. 1.27 Motion of an armature coil through one pole pitch.
in the conductor. Because the
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flux is perpendicular to the armature iron, this force is tangential to the armature surface as
shown in fig. 1.23. Therefore, this force produces atorque about the axis of the armature

Teona = feona X D/2 = icongbLD (1. 21)

where D/2 is the torque arm. The two active conductors in a loop carry equal and opposite
currents, fig. 1.7, and see equa and opposite values of flux density, fig. 1.24, so that them
torques are equal and in the same direction about the armature axis, fig. 1.23; thus

Tloop = 2 X Teond = lcond DLD :iloop bLD

Where ijoop = icona. A c0il of N turnsis composed of N loopsin series, so that i il = iieop and the
total torque developed by the coil is:

TCO” = N X T|00p :NDL|CO|| b (1. 23)

T is the instantaneous torque. The average commutated torque is obtained by replacing the
instantaneousi and b by | and B:

Teoil = NDLIcoitB (1.249)

This is the coil torque equation that we require. It can be written ina different form by
substituting for B in terms of ® using egn. 1.9:

D D 2
Teot = NDLIcoi 3 = NDLlcoi 77 = = Nlcou® (1.24b)

2p

Eqgns. 1.24a and 1.24b express the same quantity, the average commutated coil torque Tiln
both forms, current appears as a factor multiplied by afactor representing the magnetic field;
this is to be expected because, fundamentally, the torque is produced by the interaction
between current and field.

1.6.3 Coil Resistance

The resistance of a conductor of length { meters and cross-sectional area s m?s given by

R=20 (1. 25)

S

Where p isthe resistivity of the material from which the conductor is made.
Machine coils are usually made from copper, for which

p=1.72* 108 Qm=1.72 pQcm at20°C
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The resistivity, and hence resistance, increase with temperature according to the ratio

P2 _ R _ Ty (1.26)

P1 Rq T, —To

Where p;and R; are at atemperature T, , and p;and R, are at atemperature T,.T,, iS a constant
of the material; for copper itis

To=-234.5°C

Thus, if the resistivity is known at some temperature T,, it can be found at a different
temperature T, using egn. 1.26; similarly, for the resistance £ in eqn. 1.25 represents the total
length of the conductor. For awire loop as shown in fig. 1.5,

Cioop = 2L +Lend (1. 27)

Where leng represents the length of the end-connections at the back and front. Note that the
entire length of the loop contributes to its resi stance, whereas only the active parts contribute
to the emf and torque. Thus

Pllo0
Rigop = 2Hi2ev (1.28)

S

Asacoil ismade of N loops in series, the coil resistance is given by

{Jmean
Reoit = NxRypop = N 22e02 (1.29)

S

Where {mean IS the mean length of the turns of the coil, since, for a coil of many turns, not all
the turns will have exactly the same length.

1.7 Electromechanical Power Conversion +
The voltage between the two terminals of an armature loop or R

coil is equal to the emf induced in the coil so long as thereis no v
current flowing init. When current doesflow in the cail, it causes o

avoltage drop due to the resistance of the coil, and the terminal [

voltage will be somewhat different from the emf. Fig. 1.28 Equivalent circuit

of an armature coil

Electricaly, then, the coil is represented by a smple equivalent

circuit composed of the coil emf in series with the coil resistance, as shown in fig. 1.28. For
simplicity, in this section we shall drop the subscript ‘coil' on the understanding that all
guantities of interest (E, R, V, I, and T) correspond to an armature coil. It is recaled that the
emf E isinduced in the active sides of the coil due to their rotation in a magnetic field; the
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resistance R, and hence the voltage drops IR, exist along the entire length of the wire from
which the coil ismade, including both the active parts aswell asthe end-connections and leads.

For any circuit element having two terminals, the power is the product of the voltage between
the terminals and the current through the element. The power in the emf-element of fig. 1.28
Isthus given by

P.=E| (1. 30)
Where E and | are the coil emf and current. If we now substitute for E from egn. 1.13d, and
collect terms, we find
P. =ZNwdl = w{ZNio}
The quantity in bracketsisthe coil torque as given in egn. 1.24b; therefore
P.=oT (1.31)

But the product of angular speed and torque isthe mechanical power of arotating system Thus,
egns. 1.30 and 1.31 tell usthat the electrical power in the emf-element of the equivalent circuit
of the coil is the same as the mechanical power of the rotating coil:

P—El =T (1.32)

These equation summaries the electromechanical power conversion that occurs in the coil by
means of the two fundamental e ectromagnetic interactions of emf and torque production. P.
iscalled the conversion power; it is equal to EI on the electrical side, and o T on the mechanical
side. It is the power that is changed from mechanical form to electrical form in a generator,
and from electrical form to mechanical forminamotor. Let uslook at the conversion processes
of the two cases in more detall.
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1.7.1 Generator Action

A generating coil acts as a source in the electrical circuit :it supplies electrical power to the
circuit, fig. 1.29a. The emf-element supplies P. =El to the circuit; part of this power islost as
heat in the resistance of the coil itself, 1°R, and the rest goes to the electrical load, VI.
Conservation of energy and power requires that the power fed into the circuit must come from
somewhere; in the generating armature coil, it comes from the mechanical side as P—=oT.
Therefore, there must be a mechanical source, or prime mover, providing the mechanical

power to rotate the coil.
I/’—\I L=l
®« i N
~ 2 7

+

Jg,e

f

N

fa) (b) {c) {d)

Fig. 1.29 Rotating armature coil in generating mode

mechanical
EOUCCE
.E}
.
N =
ol
1
4-—'.-1.
elecrrical
1aad

=

Assuming the coil is rotating in the CW direction, application of the RH rule at the instant
shown in fig. 1.29b -gives the instantaneous emf directions in the two sides of the coil. Since
the coil is generating, it acts as the source in the electrical circuit, and hence drives the current
in the same direction as the emf as shown in the equivaent circuit of fig. 1.29a. Thus, the
current in the coil sides shown in fig. 1.29c isin the same direction as the emf's shown in fig.
1.29b. But current in amagnetic field produces force, and application of the RH rule gives the
force directions shown in fig. 1.29c.

Clearly, thetorqueisin the CCW direction, that is, the developed torque opposes the rotation.
Therefore, there must be an external torque that forces the coil to rotate in the CW direction;
the mechanical source provides this torque which acts against the opposition of the torque
developed electro-magnetically in the cail.

Fig. 1.29d givestherelative directions for the generating mode. On the electrical side, the emf
drives the current into the load so that

E and | arein the same direction;
on the mechanical side, the devel oped torque opposes rotation so that

T and o are in opposite directions.
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Finaly, let us write down the circuit equation for the generating coil. Applying Kirchhoff's
voltage law to the equivaent circuit of fig. 1.29a. We have

V=E-IR (1.33)

That is, the terminal voltage V is less than the induced emf by the amount of voltage drop in
the coil resistance IR. Multiplying throughout current by the |, egn. 1.33 gives

VI =El - IR (1. 34)

The output power going to the load VI isless than the conversion power P, = El by the amount
of power lost as heat in the coil itself 1?R. We shall see in later chapters that the process of
electromechanical conversion is accompanied by other types of loss, such as friction between
moving parts, and hysteresis and eddy currents in iron cores.

1.7.2 Motor Action

A motoring coil acts as a load in the electrical circuit :it receives electrical power from the
circuit, fig.1.30a. The electrical source supplies the input power V1 to the circuit; part of this

BT : l{é}%\j LE’;E\] #;_;::*

TN = Tl

{a) i) [y {eld
Fig. 1.30 Rotating armature coil in motoring mode

mechanical
load
=
i_'l
L
e s —— |

power islost as heat in the resistance of the coail, 1? R, and the rest goes to the emf-element of
the coil as the electric power El. Conservation of energy and power requires that the power
fed into the emf-element of the circuit must go somewhere; in the motoring coil, it goesto the
mechanical sideasP= oT, whereit rotates the mechanical load.

Let us assume that at a certain instant the coil current is in the direction shown in fig. 1.30b;
application of the RH rule then givesthe force directionsin the two sides of the coil, and these
produce a CW torque. Since the coail is motoring, it causes the rotation of the shaft and load;
that is, rotation is in the same direction as the torque developed electromagnetically, whichis
CW as shown in fig. 1.30c. But motion in amagnetic field induces emf, and application of the
RH rule gives the instantaneous emf directions shown in fig. 1.30c. Clearly, the induced emf
Opposes current.
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Therefore, there must be an external voltage applied to the electric circuit that forces the
current to flow against the emf; the electrical source provides this voltage which acts against
the emf induced electromagnetically in the cail .

Fig. 1.30d givesthe relative directions for the motoring mode. On the el ectric side, the external
source forces the current against the induced emf so that

E and | arein opposite directions;
on the mechanical side, the devel oped torgue causes the rotation, so that
T and o are in the same direction.

The circuit equation for the motoring coil is obtained by applying Kirchhoff's voltage law to
the equivaent circuit of fig. 1.30a:

V=E +IR (1.35)

The termina applied voltage V must be greater than the induced emf E by the amount of
voltage drop in the coil resistance |R. Multiplying throughout by the current I, egn. 1.35 gives

VI=El +I2R (1. 36)

The input power from the electric source VI is greater than the conversion power Pc =El by
the amount of power lost as heat in the coil, I?R.

Examplel: A straight conductors moving at constant speeds through uniform magnetic fields.
Active length 60(z) mM, Flux density 150(+y)m T, Resistance 10 mQ, Current 0.5(+z) A,
Induced emf, 40(-z) mV The indicated directions follow a right-hand Cartesian coordinate

system. Find

+Y
a) Veocity and direction.

b) What action? and why? B

¢) Terminal voltage. e +x
d) Developed force and direction.
e) Conversion power.

f) Copper loss. +2
g) What happen when the direction of flux is reversed?

Solution:
A u=S=— 2007 a4 Ms(x)

BL  150%10~3%60%10~3
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1- By applying the RH rule, the conductor must be moving +Y
perpendicular to the direction of the flux B, so the moving
of velocity must in the direction of x or z axis.

2- The conductor isin the long z axis so the moving must in e +x
x axisonly.

3- From 1 and 2 can to get the direction of velocity u moving
the fingers from | to B then get u in the direction of (-x) +z
also can conclude the direction of emf eisin the (-2).

b) From a can conclude the action is motor because of the
direction of current is opposite to the direction of emf.

c) Formotorv=e+IR=40x10"3+0.5%10% 1073 =45% 1073V

d) F- i BL=0.5*150*10°*60*10°=0.0045 N (-X) in motor action the force is in the
direction of velocity (-x).

e) Pc=EI=40*10°*0.5=20*103W

f) Copper loss=1°R=0.5*10*103=2.5*103W

g) When thedirection of the flux isreversed the direction of rotation speed isreversed aso
(+x) using RH rule.

Example2: the coil span should be approximately equal to a pole pitch. Discuss the effect of

making the coil span very different from the pole pitch on (a) the coil emf and (b) the cail
torque. Use a diagram like that shown in fig. 1.24, and assume first a short-pitched coil
spanning half apole pitch, then along-pitched coil spanning one and a half pole pitches.

Solution:
a short-pitched coil spanning half a pole pitch:

as see in figure for a short-pitched coil spanning half a pole pitch the emf in the coils x1-y1
that islaying under the same pole will introduce the same voltage but opposite polarity x1 and
y1 s0 the resultant emf introduced is zero Ei- Ey1, the also the resultant force is zero because
no current will passing through the cail, in the other coils x2-y2 the emf will introduced in x2
but in y2 there is no voltage introduced that is mean the resultant emf is Y2 of coil emf also the
torque introduced is in the part X2 only and zero in part y2 but as a resultant the torque is ¥2
Teil - @long-pitched coil spanning one and a half pole pitches:

we can see from figure the coil side x1 is lying between poles so no magnetic field will be
cutting the conductors but the other side y1 is laying under the pole and will introduced emf
so the resultant is %2 emf of the coil and ¥2 Ti. The coil x2-y2 will introduced emf coil and
Teoil because of each coil sideis under different pole. The coil x3-y3 is the same of coil x1-y1
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but in other polarity.

The coil X4—y4 isunder xI § = :-'I‘ — Pale pitch l-:--- - Pole piich _.|...:
the pole polarity so the 7+ =& — :
. . E = ‘ :
induced emf s zero ] 1/2 pole pitch' '
also the torque. — -

i E E s n B‘ i
Exercise <1 vl S E

: 3/2 Pnlehﬁ'itchw—(i n
1.1: The table below ,.I&D IE #2240
relates to  straight ) :

I
[}
rl’ T
conductors moving a | [ | .\
|
constant Speeds

through uniform magnetic fields. The indicated directions follow a right-hand Cartesian
coordinate system (a screw turning form x to y advances with z). Complete the table giving
values, aswell as directions where applicable.

I i iii Iv \Y Vi
Flux density, m T 80(+2) 80(+2) 300(-y) 150(+y) ? 120(+y)

Active length, mM 300(y) 300(y) 150(x) 60(2) 250(x) 200(2)

Resistance, mQ 5 5 8 10 0.8 2.5

Velocity, m/s 1.6(+x) 1.6(-x) ? ? ? 2(-x)

Current, A 2(-y) 2(-y) ? 0.5(+2) 12(-x) 4(-2)

Induced emf, mV ? ? 90(-x) 40(-2) -X ?
terminal voltage, mV ? ? 105 ? 60 ?
Developed force, mN ? ? ? ? 750(+2) ?
Conversion power, mW ? ? 450 ? 840 ?
Copper loss, mW ? ? ? ? ? ?
Input power. mW ? ? ? 22.5 ? ?
Output power, mW ? ? ? ? ? ?
Action ? ? mot Mot Gen ?
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1.2 The armature of an 8-pole dc .
machine has 72 dots, and its .l

diameter is48 cm. Find the pole
pitch in (a) meters, (b) mechanical ol

degrees, (c) mechanical radians, (d)

|
electrical degrees, (e) eectricd =™ J
. [a] 1) s .r.h.-_quu?E-h :':; rhe
rad|ans, and (f)number Of SIOtS. armature surfnce
Fig 1.40 Defining the pole arc to Yp = pale picch

Also find (g) the electrical angle
corresponding to a mechanica
angle of 35°, (h) the mechanical angle corresponding to an electrical angle of 35° and (i) the
distances along the armature surface corresponding to the anglesin g and h.

pole pitch ratio, o =Ya/Yj.

1.3 The dlot pitch is the distance from the centre of one slot to the centre of the adjacent dlot,
measured along the surface of the armature. For the armature of question 1.2, find the slot
pitch in (a) meters, (b) mechanical degrees, and (c)electrical degrees.

1.4 (a) Assuming that the air gap flux density of fig. 1.25 can be approximated asin fig. 1.40a,
shows that the flux per pole and the average air gap flux density are given by:

O=aiByDL/2p & Ba=o0Bn (0= Ya'Yp)

(b)Assuming that the air gap flux density of fig. 1.25 can be approximated as in fig. 1.40Db,
shown that the flux per pole and the average air gap flux density are given by.

® = (a+1)mBnDL/4p & Ba=(0+1)Bw/2 (0= YaYp)

1.5 Assuming that the air gap flux density of fig. 1.25 can be approximated by a sine wave,
show that the flux per pole and the average air gap flux density are given by:

where B, is the maximum flux density.

1.6 The armature of a 6-pole dc machine is 80 cm long and has a diameter of 50 cm. The
maximum air gap flux density is 1.5 T. The pole arc covers70 %of the pole pitch (see fig.
1.40). The armature speed is 500 rpm (revolutions per minute). Assumetheair gap flux density
isdistributed asin fig. 1.40b.

a. Find the flux per pole and the average air gap flux density.

b. Find the emf, developed torque, and conversion power for a wire loop on the armature
carrying acurrent of 9 A.
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1.7 The armature of a4-pole dc machine rotates at 840 rpm. The armature length and diameter
are 40 cm and 30 cm respectively. The flux per pole is 65 mWb. Each armature coil has 5
turns, and develops an average torque of 3.0 Nm.

a. Find the coil emf, current, and conversion power.

b. Make arough estimate of the copper (12 R) lossin the coil assuming it is made of 1.0 mm?
copper wire, and the losses during operation raise the temperatureto 80 ° c.

1.8 The armature of a small 2-pole dc machine rotates at 1200 rpm. The armature length and
diameter are 22 mm and 26 mm respectively. Each armature coil is made of 30 turns, with a
resistance of 4 mQ per turn. The coil terminal voltage and induced emf are 2.0 V and 1.8 V
respectively. Find the average air gap flux density and the flux per pole. Also find the cail
torque and conversion power.

1.9 A constant dc voltage of 10V is applied, through brushes and commutator, to a7-turn coil
placed on n 4-pole armature of length and diameter 24 cm and 36 cm respectively. The cail
resistance is 50 mQ, and the average flux density intheair gap is 658 mT.

a. finds the average developed torque when the armature rotates at 240 rpm.

b. Find the average devel oped torque when the speed is (i)decreased by 10%, and (ii)increased
by 10.%

c. Find the copper (1°R) lossin the coil for each of the three casesin partsaand b.
d. What is the mode of operation of the coil in each of the casesin partsaand b ?
e. Derive an equation that gives the coil torque as a function of speed; sketch the relationship.

1.10 If the diagramsiin figs. 1.6 and 1.7 correspond to the same armature loop, is that loop
operating as amotor or asagenerator? If the direction of thefield b isreversed in both figures,
would the mode of operation change? How would you change fig. 1.6 to obtain the opposite
mode of operation? How would you changefig. 1.7 to obtain the opposite mode of operation?

1.11 Repeat question 1.10 for figs. 1.9aand 1.13. Repeat it again for figs. 1.22 and 1.23.
1.12 For the developed diagram of the 4-pole machine shown in fig. 1.24a:

a. The coils on the poles are called field coils. They should be connected in series; draw the
necessary interconnections between them.
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b. Indicate on the diagram suitable directions for motion, currents, emfs, and forces in the
armature conductors for motor operation.

C. Repeat part b for generator operation.

1.13 The armature of a 6-pole dc motor has 24 dots and rotates in the clockwise direction.
Draw a cross-section of the machine showing(@north and south poles, (b)all direct and
guadrature axes, (c)a pole pitch, (d)flux paths, (e)field coils, with their interconnections and
current directions, (f)armature conductors with current and emf directions, (g)directions of
torque and rotation.

1.14 Repeat question 1.13 for a 4-pole generator whose armature has 16 slots and rotates in
the counterclockwise direction.

1.15 The armature of a 10-pole dc machine has a diameter of 48 cm and rotates at 570 rpm.
Find (a)the speed in rps (revolutions per second)(b)the speed in meters per second, (C)the
angular speed, (d)the time it takes to complete one revolution, (e)the time it takes to complete
one electrical cycle, (f)the time it takes to move one pole pitch, (g)the distance a point on the
armature surface covers in one second.

1.16 Infig. 1.37c, let a denote the angle between the inclined surface and the horizontal plane,
and P the angle between the applied force f; and the inclined surface. Use the symbols defined
on the figure, together with o and B, in the following requirements:

a. Write out the force equation along the axis parallel to the surface.
b. Write out the force equation aong the axis perpendicular to the surface.

c. Assuming that the body moves up the inclined surface at a constant speed u, what is the
energy lost by the agent applying the forcef.in a time interval At? Where does this energy go?
What is the power exerted by the moving agent?

d. where does the lost energy in part ¢ go if the speed changes as the body moves up the
incling?

1.8 APPENDI X :Review of mechanics

This appendix reviews some basic principles from mechanics which are important to the study
of electrical machines. First, we consider rectilinear motion (ie motion in astraight line), then
modify our equations for rotary motion.
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1.8.1 Rectilinear Motion

Consider a body of mass m moving with a velocity u as shown in fig. 1. 3la.From Newton's
law, we have

f r =ma=m du/dt newtons (1.37)

wheref  is the resultant force on the body, and a =du/dt is its acceleration, ie rate of change
of speed. To understand the implications of egn. 1.37, let us study the simple case of fig. 1.37b
which shows a body moving along a horizontal surface under the influence of a horizontal
applied force f,. The friction force between body and surface, f;, tends to oppose motion, so
that the resultant force on the body is given by

fo="f a-f (1. 38)

Here we have three possibilities:

fa> f— fi>0—a> 0 —increasing speed; (1.399)
f— fi— fi = 0—a =0 —constant speed; (1.390)
fa< fi— fi< 0—a < 0 —decreasing speed. (1.39¢)

Note in particular the case given in 1.39b :if the resultant force is zero, motion is at constant
speed; conversaly, if abody is moving at a constant speed, we conclude that the resultant force
onitiszero, ietheforcesacting on it are balanced. Of course, a body at standstill will not start
to move unless the applied force f, exceeds the friction force f; to produce the positive
acceleration necessary to raise the speed from zero; once the body is in motion, f, can be
decreased to become equal to f; to keep speed constant.If f, is decreased further, there will be
deceleration (ie negative acceleration)so that the body will slow down, possibly until it stops.

Fig. 1.37c shows a more complicated situation where the body is moving along an inclined
surface. The forces have to be resolved along two axes, one parallel to the surface, and the
other perpendicular to it. The parallel component of the applied force f, is opposed by the
friction force f; and the parallel component of the weight mg, where g is the gravitationa
acceleration.

e £, ! 2
\Q fa— L I_ Il'

LA ECEE ,.'-".' e

M ¥
al {tr B Lol

Fig. 1.37 Forces acting un bodies in rectilinear motion.
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{a) § )]
Fig. 1.38 A particle Fig. 1.39 The force arm.

in rotary motion.

The angular displacement between two points on the circular path is A0 radians, fig. 1.38. The
corresponding displacement in meters along the arc is

AL =270 (1. 45)

The angular speed is w,=d0/dt radians/second, and the angular acceleration is a =dw/dt
radians/second/second.

Eqgn. 1. 37 isreplaced by
T, =Ja =] (1.46)

where Jisthe moment of inertia of the rotating body in Kgm? Eqn. 1.46 can be understood by
analogy with egn. 1.37. The resultant torque T, produces al acceleration, ie achangein speed;
if T, isin the direction of motion, the acceleration is positive, and the angular speed increases,
if T, opposes motion, the acceleration is negative, ie deceleration, and the angular speed
decreases. If, however, the resultant torque is zero, then the acceleration is zero, and speed is
constant; conversely, if speed is constant, we can conclude that the resultant torque is zero, ie
the torques acting on the body are balanced. For the most part of our study of dc machines, we
shall assumerotation to be at constant speed, whichis called the steady state; the torques acting
on the shaft, which include the torque devel oped electromagnetically, the friction torque, the
load torque, etc, are in equilibrium. The dynamic, or transient, state occurs when one or more
of these torque increases or decrease; the balance is disturbed, and there will be a momentary
change in speed until a new steady state, at a different speed, is reached.

The work done in moving a body is given in egn. 1.40. In rotary motion, the displacement is
along the arc, so that egn. 1.45 can be substituted for AL:
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AW = f 2 A
Theforceisaong motion, ietangential to the path asin fig. 1.39b, in which case the torqueis
given by egn. 1.44 so that
AW = tAf (1.47)

The power istherate of doing work, or rate of change of energy, asin egn. 1.41, and for rotary
motion, we get

AO A6

Conservation of energy and power still apply as discussed in section 1.8.1. Answers:

1.1 aE= 38.4 (-y), V=28.4, p =76.8, G; b. 38.4 (y), f = 48 (-x), 76.8, M; C. 2 (-2),5(X), 225(-
2),450; d. 4.44(-X),4.5(-x),20,M; e b=. 250(4y),u= 1.12(-z),E=70, G; f. 0, 0.96 (-y), O, X.

1.2 0.1885 m, 45 deg mech, 0.785 rad mech, 180 deg elec, 3.1416 rad elec, 9 slots,140degel ec,
8.75degmech, 0.1466m, 3.67cm.

1.3 2.09 cm,5 deg mech, 20 deg elec.

1.6 267mWb, 1.275 T, 26.7V, 4.59Nm, 240W.

1.736.4V, 7.25A, 264W, 7-8W.

1.8 835mT, 0.75mWhb, 23.87mNm, 3.0W.

1.9a 0; b. 7.96Nm, -7.96Nm; c. 0, 20W, 20W; d. G (unloaded), M, G;e. T =79.6 -19.9n.
1.15 9.5rps, 14.3 m/s, 59.7 rad/s, 105 ms, 21 ms, 10.5 ms, 1.43 m.

1.16 a. focos(B) - fr -mg sin(o)=rna; b. f 4 sin(B)+ mg cos(a) - f s= 0;c. f.cos(B)u At, fau cos(B)
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CHAPTER 2
CONSTRUCTION

The essential parts of the dc machine are the poles, where the main field is produced, and the
armature conductors, which interact with the field to produce emf and torque. But the actual
construction of the machineinvolves other parts for mechanical support, completion of electric
and magnetic circuits, insulation of conductors, etc. This chapter shows how dc machines are
constructed, and explains some important factors that influence their design.

2.1 Materials

In general, electrical machines are composed of electrical circuits coupled through magnetic
circuits. The dc machine has basically two electric circuits, the field coils and the armature
coils, coupled through the magnetic circuit.

Electric circuits must have low resistance to reduce voltage drop and I?R losses in conductors,
and the material most widely used is copper. Thus, field coils, armature coils, and commutator
segments are al made from copper. The resistance of copper conductorsisdiscussed in section
1.7.3.

To obtain strong magnetic fields, magnetic circuits are made from iron, which has a high
permeability. The permeability is defined as the ratio of the magnetic flux density B to the
magnetic field intensity H producing it:

u=B /H henries/meter (2.2)

It is useful to think of H as an applied quantity, and B as the resulting quantity which depends
not only on the applied H, but also on the permeability of the medium:

B=uH (2.2)

In principle, the permeability of a given material can be measured asillustrated in fig. 2.1. A
ring specimen of the material is made, and awire is wound around it. Current is passed in the
wire to produce flux in the core(applied and resulting quantities respectively). The applied
magneto-motive force is defined by mmf =NI =HE, so that

H =NI /¢ Amperes'meter (2.3)

Where N is the number of turns, and £ is the mean length of the, core. The flux density is
obtained from

B=d/s (2.4)
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Where @ is the flux measured in the core, and s is the cross-sectional area of the core. With
Hand B determined from egns. 2.3 and 2.4, the permeability p is obtained from egn. 2.1. For
air and copper, the permeability is constant and equal to the free space permeability

wo=4m X 107 h/m. r

The permeability of iron is not constant because the
relationship between B and H is not linear, fig. 2.2.
Initially, at low field, the B-H curve has a sharp slope, iea
very high permeability; but as H is increased, the curve
goes through a bend, called the 'knee' of the curve, and
then enters saturation where even large increases in H
produce only negligible increases in B; that is, the flux
density B is amost constant when the field is strong
enough to saturate theiron. Commercial steelsare alloyswhere
the types of additives and their percentages, as well as the
manufacturing process, determine the magnetic characteristics,
ie the actual B-H curve.

Fig. 2.1 Measurement of the B-H
curve using a ring specimen of the
material.

lione prambe

High grade steels are characterized by a high initia
permeability (yur > 1000), and a high saturated flux density (up
to 2 Teda); they are used for magnetic cores (armature and
poles). Low grade steels are used in constructiona parts for
mechanical support. It isto be noted that different types of steel
not only have different magnetic characteristics, but aso
different mechanical characteristics; of course, all parts should be strong enough to withstand
the stresses they are subjected to in addition to copper and iron, electrical machines employ
insulating materials to separate cupper conductors from each other and from iron parts.

-
i} [

Fig. 2.2 Typical B-H curves
of commercial steels.

Different types of insulation are used, including paper and synthetic tapes which may be
impregnated in resins etc; commutator segments are insulated from each other by solid mica
insulators. A main feature of al insulating materials is their sensitivity to temperature rise :
beyond a certain temperature different for each type of material, the insulator breaks down
allowing current to flow between the conductorsit is supposed to separate. Such 'short circuits
are the most common type of fault that occursin electrical machines.

2.2 Temperature Rise

When an electrical machine is working, it tends to heat up because some of the input energy
Is converted to heat energy instead of useful output; that is, the process or electromechanical
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power conversions accompanied by some loss in power. Obvioudly, such power loss is
undesirable because it represents waste. But more importantly, it is undesirable because the
heat generated raises the temperature of the various parts of the machine; temperature rise is
most critical to insulating materials :their insulation deteriorates at around 100 °C, and
ultimately breaks down causing short circuits and possibly total machine failure.

L osses cannot be eliminated, but machines are designed to make them as small as possible,
and also to limit the temperature rise by efficient heat dissipation and ventilation. Aswe shall
see later, certain features of the practical construction of machines are intended specifically to
limit the temperature rise.

L osses are generated in a number of ways. We have aready seen in sectionl.7 that current
flow in conductors produces IR loss; this is called copper loss, and occurs in armature coils
aswell asfield cails.

The rotation of the armature produces mechanical losses due to friction. Losses also occur in
iron cores dueto hysteresis and eddy currents. Hysteresis|oss can be kept small by using steels
whose hysteresis |oops are thin since the [oss is proportional to the area enclosed by the loop.
Eddy currents in the armature iron are driven by the emf induced due to rotation in the
magnetic field; current flow, of course, produces IR loss in the iron itself. The eddy current
loss is reduced by effectively increasing the iron resistance in the path of current flow, which
Is done by constructing cores using stacks of steel laminations instead of solid steel.
Laminations are sheets 0.5 -1.0 mm thick, with their surfaces

electrically insulated using suitable coatings; the laminations =
are stacked and pressed together to form the required core, fig. A
2.3. The laminations are arranged so that the insulated y.
interfaces are in the path of the induced emf and current, but
not in the path of the magnetic flux so as not to increase the \nmf and I

reluctance; that is, the flux paths should bein the plane of the current ¥

r'
o
-
laminations. /Q‘l.ux Y

Thetotal length of the armature block includes both ironand  fig 2 3 (aminated iron part.
insulation; the effective length of the armature includes only

the iron, because the insulation as the permeability of free space poThe stacking factor is
defined as the ratio of the useful effective length to the total length:

ef fectivelength

Stacking factor =
ACKINE factor totallength

The stacking factor ranges from 90 %to 97 .%
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Copper losses and core |osses generate heat inside conductors and iron cores respectively. The
heat is removed by contact with air a the surfaces of the material blocks. When the machine
Is working, the temperature rises until the rate of heat removal is equal to the rate of heat
generation; the temperature then remains constant. The machineis designed so that the various
materials can withstand their steady-state temperatures; that is, the temperature in any part of
the machine does not rise beyond the permissible value for the materials in that part. To
improve the rate of heat removal, and hence limit temperature rise, the contact surfaces with
the cooling air aloe increased, for example by drilling ducts through iron cores, or attaching
metal fins to external surfaces; note that the external surfaces or copper conductors are in
immediate contact with insulating materials which are particularly sensitive to temperature
rise. The machine design should also provide for good ventilation, that is the flow of the heated
air outside the machine, and its replacement by fresh cooling air.

2.3 Machine Rating

DC machines are manufactured in many sizes, and operate on different voltages with different
current and speeds. For each machine there are, in principle, specified values of voltage,
current, speed, torque, power, etc. which are called the 'rated values, ie rated voltage, rated
current., etc. Usually there is a small plate attached to the cover of the machine on which the
rated values are written, together with additional information such as type of machine,
manufacturer name, serial number, etc; this is called the nameplate of the machine. The
specification of rated values does not mean that the machine has to be operated at these values
al the time; for example, a machine rated at1200 rpm may be rotated at 1000 rpm, 1500 rpm,
or even 2000 rpm. The concept of rating may be understood as a sort of contract between the
manufacturer and the user :if the user operates the machine according to its rating, then the
manufacturer guaranteesthat it will give satisfactory service over its specified lifetime, say 20
or 30 years; if, however, the user operates the machine outside its rating, then its useful lifeis
shortened. In severe cases where the user attempts to operate the machine far outside its rating
(for example, rotating a 1200 rpm machine at 5000 rpm), the machine may break down.

The design details of the machine are determined by the intended rated values. Current
determines conductor cross-sectiona areas :higher currents require thick conductors to limit
copper loss and to increase surface area for heat exchange. Voltage determines core size
recalling egn. 1.13c, the average air gap flux density B does not exceed 0.8 T in practice
(corresponding to 2 Tin the core -see section 2.1); to increase the voltage for agiven speed o
and agiven number of turns N, the designer hasto increase the armature diameter D, itslength
L, or both -see fig. 1.26. The voltage also determines the amount of insulation between
conductors. Speed determines mechanical aspects of the design: the armature and its parts
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should withstand the centrifugal forces caused by rotation, and vibration should be as small as
possible.

Insulating materials determine the maximum allowable temperature rise, which in turn,
determines the limits on the alowable losses in the various parts of the machine and the
measures taken to aid heat dissipation.

Operating the machine according to its rating means that the electrical, mechanical, and
thermal stressesin all parts of the machine are within acceptable values for the materia s used.
Operating the machine, alittle bit outsideits rating for short intervals has little effect, although
it may shorten the machine's lifetime dightly. Operating the machine far outside its rating for
long intervals can cause severe deterioration, or damage to parts that have been driven outside
their acceptable limits (for example, insulation breakdown due to severe overvoltage or
temperature rise, mechanical breakdown due to severe over-speed, etc). Implicit in this
discussion is an economic factor: better materials and parts can withstand higher stresses, but
are, of course, more expensive.

The nameplate of the machine usual 1y gives its continuous rating; that is, the machine can be
operated continuously at the rated values listed. The current and power rated values
correspond to full load applied continuously; if the load on the machineis reduced, the current
and power will be less than their rated values, which is acceptable. In certain cases, the rating
IS given as arange of values; for example, motors required to operate at different speeds have
the allowabl e speed range specified, say 1000-2000 rpm (the 1ower limit is determined by the
requirements of ventilation). For certain applications the nameplate gives short-time rating;
for example, a generator may have a continuous current rating of 5 A, but a short-time rating
of, say, 10 A for 2 minutes; this means that the temperature does not rise to a dangerous level
in 2 minutes. Intermittent rating is similar to short-time rating, but also gives the minimum
time interval alowed between successive applications of the high value; this interval alows
the machine to cool down.

On the electrical side, the power of the machine is the product of voltage and current. Aswe
have seen, higher rated voltages require larger cores, while higher currents require thicker
conductors. In general, then, higher power ratings require bigger machines; that is, the physical
overall size of machines tends to increase with their power ratings.

Machines are usually manufactured in standard frame sizesto facilitate their installation. They
also come in different enclosures to suit various environmental conditions. For example,
standard enclosures are for dry environments; however, if the machine isto beinstalled in a
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wet environment, the enclosure should protect the machine; manufacturers can supply
machines that are drip-proof, splash-proof, or even totally submersible.

To select a suitable machine for a given application, the user must know the requirements of
his system, such as the available voltage supply, the required torque and speed, the
environmental conditions, etc. He then studies manufacturers' proposals, and chooses the most
economical machine that meets his specifications.

2.4 Main Partsof The Dc Machine

All rotating electrical machines have a stationary part called the stator, and a rotating part
called therotor; thetwo are separated by asmall clearance, the air gap, to allow relative motion
between them. In dc machines, the poles, where the field is produced, are placed on the stator,
while the armature, whose coils interact with the field, is placed on the rotor. The dc machine
also has acommutator attached to the rotor and rotates with it; the brushes are stationary, being
attached to the stator. Fig. 2.4 shows the main constructional features of dc machines; actual
machines can differ greatly in the details of construction.

2.4.1 Stator:

The cylinder enclosing the machine is called the yoke; the poles are fixed to it, usually by
means of bolts. The yoke provides areturn path for the magnetic flux. Each pole is composed
of a core, around which the field cails are placed, and a shoe, which is the part facing the
armature. The pole shoe has tips extending beyond the core which serve to improve the flux
density distribution in the air gap, fig. 2.5.

The pole tips increase the effective area of the air gap, thus reducing its reluctance to the
magnetic flux. The tips also provide mechanical support for the field coils. The pole shoes are
usually made from laminated steel because the rotating armature slots and teeth cause the air
gap field to fluctuate, resulting in eddy current losses in the pole shoes. The pole care mayor
may not be laminated, but in modern motors operating from solid state drives, even the yoke
Is laminated.

Thefield coils provide the main working flux. In certain machines, there are two coils on each
pole :one coil has many turns of fine wire, and the other coil has few turns of thick wire.
Identical coils are placed on all poles, and the coils of each set are connected in series.
Permanent magnet machines have no field coils; the poles are permanent magnets, with the
flux path completed through the yoke.
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2.4.2 Rotor

The armature is made from circular laminations, punched with holes for slots, vent ducts, and
acentral bore for the shaft. The laminations are stacked together, and clamped to form arigid
cylinder. In small machines, the armature is mounted directly on 'l k, ‘|
the shaft; in large H |

machines, the armature is mounted on a spider, and the spider is " - \

mounted on the shaft. The spider isamechanical fixture, and does J.r’r "‘,\
not need to be made from high grade magnetic steel. The shaft o4
rotates in bearings or bushings fitted to the machine cover which ~ Fig- 2.5 Improvement of air
is attached to the stator. Axial vent ducts are formed by holes 82p fluxdensity

punched in the laminations, fig. 2.4a; radial ventilation in large  @'stribution due to pole
machines is achieved by stacking the armature laminations in

packets, with space between packets for air flow, fig. 2.4b.

The armature coils are placed in slots around :;xlc':l Lng

the periphery; the end connections (see fig. '

1.5) extend outside the iron cylinder of the 2

armature, fig. 2.4b. The coil leads are taken to Wath”

the commutator, and the terminals are

soldered to its segments. Typical slot shapes (a) (b)

N fi : Fig. 2.6 Typical ture slots.
are shown in fig. 2.6; the iron between ig ypical armature slots

adjacent dots forms a 'tooth'. The fixing
wedge helps keep the conductors in
position in the slot against the centrifugal
forces arising from rotation. In large
machines, where currents are high, the
armature coils are made from thick and Fig. 2.7 Armature side view with (a) straight slots, and
rigid copper strap, fig. 2.6a; the coils are  (p)skewed slots.

formed outside the armature, then placed

in the dots. In small machines, the currents are small, and the coils are made from relatively
thin flexible wire, fig. 2.6b; they may be pre-formed outside the slots, or they may be wound
directly on the armature. The insulation occupies a larger proportion of the ot areain small
machinesthan in big machines. The slotsmay be straight asinfig. 2.7a, or they may be skewed
asinfig. 2.7b. Skewing isdone by aslight rotation of consecutive laminations during stacking;
the total skew between the two ends of the armature is usually one slot. Skewing helps reduce
noise and vibration by allowing the active conductors of the armature to enter smoothly under
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the poles during rotation; however, it increases the length of the coil, and hence its resistance,
without any increase in induced emf or torque.

2.4.3 Air gap

The air gap is the space between the pole face and the armature surface; such clearance is
necessary to alow relative motion between the two. The air gap aso helps in heat remova
from the armature surface, and in ventilation. However, it introduces a high reluctance in the
path of the magnetic flux, and is therefore made as short as possible, typically 0.5-5.0 mm.
The armature surface and the pol e shoe facing it require precise machining to ensure symmetry
and avoid vibration.

2.4.4 Commutator

The commutator is mounted on the shaft, so that it rotates with the armature, fig. 2.8. It ismade
up of copper segments insulated from each other and forming a cylinder. The insulation
between segmentsismicaor micanite of thickness 0.5 -1.0 mm; it isundercut below the copper
surface, aso by0.5 -1.0 mm. The number of segmentsis equal to the number of coilsin the
armature; the terminals of each coil are soldered to two different segments.

Each segment has ariser in which the coil terminals are placed and soldered. The segments of
the commutator are held together by means of two V -rings. Which are mounted on the shaft,
fig. 2.4b; the V -rings clamp the segments, but are electrically insulated from them. The brushes
are made from carbon or graphite; they are mounted in stationary holders, with spring pressure
to maintain good electrical contact with the rotating segments. Sparking and friction between
brushes and commutator cause the brushes to wear out, so that they should be replaced

Copper

p— ] sepment -\_\_\-\

riser
gl insulation
WAL T i

o W O 2

=0 - codil /"/ :

— i -Teat= brush

L}

—- hrush

Fig. 2.8 Commutator and brushes
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regularly. The commutator also requires regular maintenance to remove carbon filingsand dirt
that tend to accumulate on it, especially between segments.

2.5 Miscdllaneous items

Section 2.4 explained the main parts of the dc machine; in this section we look at some of the
other items that may be found in the machine.

The machine is protected by a metal cover that gives it the overal shape of a cylinder. The
cover mayor may not extend over the stator yoke, but it has caps that protect the commutator
on the right of fig. 2.4b and the end connections on the left. The cover has windows to aid
ventilation; it also has removable platesin the region of the commutator to allow servicing of
commutator and brushes.

The shaft carries al the rotating parts of the machine, and transmits torque into the machine
or out of it; these mechanical stresses determine the diameter of the shaft. At the two ends of
the machine, the shaft rests in bearings or bushings fixed to the cover; friction in these
mountings is minimized by greasing. At one end, the shaft extends outside the cover to allow
external coupling, which may be through pulley and belt, through gears, or direct. In many
machines, a fan is mounted on the shaft to improve ventilation.

Heavy machines usually have one or more lifting eyes fixed to the yoke. The machine may
also have abase, or some other fixture, for installation.

The leads from the main electrical circuits inside the machine are brought to a terminal box
fixed to the outside of the machine to allow external connections. In the box, there are two
terminals for the brushes, which provide the connections to the armature; there are also two
terminals for each set of field cails.

The armature of very small dc machines, called miniature
machines, may have only three dots and three teeth as shown in
fig. 2.9; the dlot pitch (see exercise 1.3) is two-thirds the pole
pitch. The commutator has three segments, and the terminal's of
each coil are soldered to adjacent segments. The cover at the
commutator end carriesapair of metal-carbon brushes on spring
strips which are aso the terminals. The field in fig. 2.9is an
annular 2-pole permanent magnet. Such miniature motors run
on small batteries, and their power rating istypically around five
watts, they are used in toys, tape recorders, etc. Miniature
motors similar to that shown in fig. 2.9 are also constructed with five dots.

Fig. 2.9 Miniature
permanent-magnet dc
motor (actual size).
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2.6 Exercises

2.1 List the main types of materials found in dc machines, and explain why each is used.
2.2 Discuss the effect of saturation on the permeability of iron.

2.3 Why are armature coils not made from silver? from iron?

+2.4 a. Explain how hysteresis arises in the armature iron.

b. The iron in pole shoes undergoes minor hysteresis |oops; discuss.

2.5 Explainwhy the effectivelengthislessthan thetotal length of alaminated armature. Which
value should be used for L in egns. 1.13and 1.24? Which value should be used in resistance
calculations?

+2.6 Explain why the armature |laminations are clamped together without any bolts going tight
through them.

2.7 Does the use of laminations reduce hysteresis |0ss?

2.8 Sketch a laminated iron cylinder, and indicate the directions of eddy current flow and
magnetic flux. Why are the laminations arranged to be parallel to the flux paths and not
perpendicular to them?

2.9 Laminating iron parts increases their resistance, and hence reduces eddy currents.
Reducing the emf induced in iron also reduces eddy currents. How can the emf in iron be
reduced? and why isthis not considered to be a good method for reducing eddy currents?

2.10 a. A dc generator israted at 150 V and 9 KW. What is the rated current?
b. A 25 hp motor israted at 1200 rpm. What is the rated torque ?

2.11 A machineis rated at 1500 rpm. What damage is to be expected if it is rotated at 3000
rpm? at 300 rpm ?

2.12 List in sequence the parts of the machine in the closed path of magnetic flux.
+2.13 With reference to fig. 2.6, discuss the advantages and disadvantages of
a. using metallic fixing wedges; b. making the teeth thin.

+2.14 Skewing the armature increase the conductor length in the slot. Why then does skewing
not increase emf and torque, both of which are proportional to the active length, egns. 1.13
and 1.24 ?
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2.15 Why does insulation occupy a larger fraction of the ot cross-sectional area in smaller
machines?
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CHAPTER 3
ARMATURE WINDING

In chapter 1 we saw that the armature has a number of coils displaced from each other in space.
The coils are connected to each other at the commutator segments to form the armature
winding. This chapter explainsthedistribution of coilsin dots, the connection of coil terminals
to commutator segments, and the resultant equivalent circuit of the armature.

3.1 Winding details

The coil span isthe distance, along the armature surface, between the two sides of the coil, fig.
3.1; it isequal to a pole pitch so that when one coil side is under a north pole, the other coil
sideisunder asouth pole, and hencetheir emfsadd, section 1.5. The coil span can be measured
in units of length, in mechanical degrees, or in electrical degrees; it can also be measured in
slot pitches, where a slot pitch is the distance g

from the center of one slot to the center of the —+{32 fe—rcoil span—w)
next slot. Thusin fig. 3.1, the coil spanisfour - bexck _connectins
slot pitches, or four slots for short; clearly, the :
coil spans an integer number of dots. .

tooth

slot

Let

T PEIHE T

FTR g

AN sl

N =number of turns per cail;

g

I -
C =tota-number of armature coils; | Front connections

T

Z= total number of armature conductors. Lo COMMUEATCE. SEgEEnLs

_ Fig. 3.1 Developed side view of armature
Each turn has 2 active conductors, so that each

coil has2N active conductors; then

showing locations of two coils.

Z =2NC (3.1) armature coils

It should also be clear that the total number of coil
sides is 2C =ZN, and that the tota number of
armature loops or turnsis NC.

The two terminals of each coil are soldered to the commutator segpmenls
risers of two different commutator segments. Fig. 3.2 Interconnection of armature
Moreover, the riser of each segment has two coils on commutator segments.
terminals, coming from different coils,
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soldered to it. Since there are C coils, there are 2C coil terminals, and hence 2C /2 =C
commutator segments; that is

Number of commutator segments =number of armature coils =C. EQ‘“\\J%
f;

All the coils on the armature are connected together, on the o
commutator, to form asingle closed winding :starting with any coil, =

its end is connected to the beginning of a second coil; the end of the /

second coil is connected to the beginning of athird coil, and so on,

asinfig. 3.2. thisis repeated until the last coil isreached :itsend is  Fig. 3.3 Armature coils are
connected to the beginning of the first coil, and the winding is  connected to form a
closed, fig. 3.3. Thediagramsin figs. 3.2 and 3.3 do not show which  closed winding.

coils are connected to which segments, the sequence of

interconnected coils and segments will be explained in section 3.2. What is important to
understand hereisthat the armature coils form aclosed winding, and that the interconnections
between coils are made on the commutator segments. Note in particular that the closed
armature winding, as shown in fig. 3.3, has no terminals, and we cannot say which coilsarein
seriesor paralé; infact, it isthe brushes, contacting the commutator segments, which provide

the terminals of the winding, and divide the coils into series and parallel groups.

Armature coils are arranged in two layers :for each coil, one side is placed in the top half of
itsslot (top layer), and the other side is placed in the bottom half of its dot (bottom, layer); the
bottom half of the first slot and the top half of the second slot are filled by other coil sides, fig.
3.4.

Two-layer windings allow coil end connections, in the front and the back, to be arranged in a
regular manner; otherwise, the end-connections of adjacent coils will be in each other’s way.
All the coilsin atwo-layer winding can be made identical, which simplifies manufacture, and
results in a symmetric and compact armature winding. Small machines usually have one coil
side per dot per layer, and hence two coil sides per dot, fig. 3.4. Large machines may have
more coil sides per dot; for example, infig. 3.5 there are three coil sides per dot per layer, and
hence six coil sides per slot. Because there are two layers, the number of coil sides per dlot is

aways an even number :two infig. 3.4, and six in fig. 3.5.
Al X2

R fe e

i vz
Fig. 3.4 Two-layer winding.
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Infig. 3.5, X1 and y; are the two sides of one coil; clearly, the coil has 4 turns, and each coil
side has 4 conductors. The two terminals of the coil are soldered to commutator segments.
Similarly, x; and y, are the two sides of another coil which has 4 turns, and whose terminals

are also soldered to commutator segments. Xy %z %y _
Let S= number of armature slots; ‘%‘ |@%ﬂ” % ﬂ ‘
M= number of coil sides per slot per layer. ¥1 ¥2 ¥

Fig. 3.5 Two-layer winding with 3 coil
In fig. 3.5, m=3; aso, N=4, so that the number of sides perslot per layer.
conductors per dot per layer is 3x4 = 12, and the
number of conductors per slot is 2x12 =24. In genera, there are mN conductors/slot/layer,
and hence 2mN conductors/dot.Clearly, then.

Z =2mNS (3.2)
Substituting for Z from egn. 3.1, we find
C =mS; (3.3

thus, the number of coils C is an integer multiple of the number of slots S. The two are equal
when m =1, that is, for windings having one coil side per slot per layer, or two coil sides per
dot, asinfig. 3.4.

In section 1.5, the pole pitch was defined as nD/2p, the distance on the armature surface
corresponding to one pole; it was aso shown how the pole pitch may be measured as a
mechanical or electrical angle. It is often useful to measure the pole pitch by the number of
slot pitches it covers :the armature has atotal of S dots, so that to each pole there correspond
S/2pdlot pitches, or ssmply slots; thus

pole pitch =s/2pslot pitches, or Sots. (3.9

For example, if the armature of an 8-pole machine has 120 dots, the pole pitch is 120/8 =15
slot pitches, or slots. Recalling that the coil span should be equal to a pole pitch, it is also
15dlots in this example. Now suppose that an 8-pole machine has 122 dots in the armature;
the pole pitch is given by egn. 3.4 as 122/8 =15.25 dlot pitches, or dots. But the coil span,
when measured in slots, hasto be an integer because it represents the number of sots covered
in moving from the first coil side to the second coil side, both of which are placed in dots; in
this example, then, the coil span cannot be exactly equal to the pole pitch. In such cases, the
coils arewound with a span just below, or just above, the pole pitch; that is, 15 slotsor 16 slots
in our example. Coils whose span is approximately, but not
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exactly, equal to the pole | coil span =pole pitch - full-pitched coils
pitch are described as being
chorded; the following
terms are also in common | coil span > pole pitch - long-pitched coils
use:

coil span < pole pitch = short-pitched coils chorded coils

Thus, for a pole pitch of 15 dots, asin the first example above, the coils are full-pitched with
aspan of 15 dots. In the second example, with a pole pitch of 15.25 dots. the coils cannot be
full-pitched; they may be short-pitched with 15 slots, or long-pitched with 16 slots. In all cases,
the coil span should not differ too much from the pole pitch to ensure that when one coil side
isunder anorth pole, the other coil sideis under a south pole.

3.2 Some Numbers

C= tota number of coils on armature;

N = number of turnsin each cail;

S = total number of aslotsin armature;

Z=total number of armature conductors; = 2NC.

S = total number of slots/ poles, = pole pitch measured in dots.

NC =total number of loops;

2C=Z/ N = total number of coil sides;

Z | S=2NC/ S=number of conductors/ slots,
2C /| S= number of coil sides/ dat;

NC / S = number of conductors/ slot/ layers,
C/ S=number of coil sides/ dot/ layer.

3.3 Winding schemes

In the last section, it was emphasized that the armature coils form a closed winding, fig. 3.3,
and that the interconnections between coils are made on the commutator segments, fig. 3.2.
This section explains the sequence of interconnected coils and segments, that is, which coils
are soldered to which segments.
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Recalling that the two terminals of each coil are soldered to two different commutator
segments, let us define the commutator pitch as the distance, on the commutator, between the
coil terminals. This distance need not be measured in units of length, but simply in number of
segments advanced aswe go from the segment of thefirst terminal to the segment of the second
terminal; we shall use the symbol y. for the commutator pitch, and it should be clear that y. is
always an integer number of segments.

There are two ways for interconnecting coils and segments, lap and wave, which will be
explained in the following sections. Lap windings are easier to understand, and hence will be
studied first; but it iswave windingsthat are morewidely used. To keep thediagramsrelatively
clear, each cail is shown to have a single turn; moreover, the coil side lying in thetop layer is
shown in full-line, while the coil side lying in the bottom layer is shown dashed.

In certain diagrams, there are arrows on coil sides; these may represent the direction of induced
emf, or the direction of current.

3.3.1 Lap winding

In the lap winding scheme, each coil is connected to the coil that liesimmediately next to it on
the armature. Such adjacent coils
are in approximately the same
position relative to the poles; that
Is, they see amost the same flux
density. The terminals of each coil
ae soldered to  adjacent
commutator segments, so that the (8], progressive, g, =+ ; (b} rebrogressives ye=-1.
commutator pitch y. is one. Fig.  Fig. 3.6 Lap winding

3.6 shows that there are two ways

of forming lap windings, progressive and retrogressive; the choice between these has no
important effects. The commutator pitch is taken to be positive for progressive winding, and
negative for retrogressive winding; thus, for lap windingsin general

ye = zl(lap). (3.5)

In both cases, the connection of the end of one coil to the beginning of the next coil is continued
until the last coil, the Cth coil, is reached, whose end then closes on the beginning of the first
coil.
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As an example, let us consider a4-pole armature with 22 coils (2p=4, C =22). For smplicity,
we assume the armature has 22 dots, so that there are only two coil sidesin each slot, onein
the top layer, and one in the bottom layer (m =1, and C=S in egn. 3.3). The pole pitch is
22/4=5.5 dlots, so that the coils cannot be full-pitched; they can be short-pitched with a coil
span of 5 dots, or long-pitched with a coil span of 6 dots. In our example, we choose short-
pitched coils, which have the advantage of shorter end-connections. The complete winding is
showninfig. 3.7 asadeveloped diagram. L et usfirst study the coilsand commutator segments,
both of which are on the rotor; that :is, they move together. The coils and segments are
numbered sequentially such that the first terminal of coil 1 is soldered to segment 1; of course,
any coil could have been chosen as number 1. Thewinding is progressive, y+ = 1, so that the
second terminal of coil 1 is soldered to segment 2. Also soldered to segment 2 is the first
terminal of coil 2, which liesimmediately after coil 1 on the armature; the second terminal of
coil 2is soldered to segment 3, on which coil 3 starts. Y ou can thus follow the coils, one after
the other, passing through their interconnections on the commutator segments. When you
reach coil 22, you will seethat it starts on segment 22, and ends on segment 1; that is, it closes
on coil 1.

Consider now the dots. Although they are not drawn explicitly in the figure, their positions
are indicated. Each slot contains two coil sides, one in the top layer, drawn in full-line, and
one in the bottom-layer, drawn dashed.

For example, slot 1 hasthefirst side of coil 1 inthe upper layer, and the second side of coil 18
in the bottom layer. The coils are short-pitched with a coil span of 5 slots; thus coil 1, which
hasits first sidein slot 1, has its second side in slot (6=1+5). Coil 20 hasitsfirst side in slot
20 and its second side in slot (3= 20+5-22). Each coil hasitsfirst sidein the top layer (drawn
in full-line), and its second side in the bottom layer (drawn dashed). Note that the two coil
sidesin each dot are at the same position, although in the diagram they appear to follow each
other around the armature.

Consider, finally, the poles; these actually lie above the active conductors, but have been drawn
as shown in fig. 3.7 for clarity. The brushes and quadrature axes positions are also indicated.
The distance between consecutive g-axesis apole pitch, and it is slightly greater than the coil
span; compare, for example, the distance from g4 to g with the distance from slot 11 to slot
16, which represents one coil span, short-pitched.

The poles, g-axes, and brushes are not part of the armature winding; they are stationary, while
the armature is in motion. Assuming the armature is moving to the right, in a short while slot
1 will be in the position of slot 2, which will have moved to the position of ot 3, and so on;
meanwhile, poles, g-axes, and brushes will remain in their positions. Now, we know from
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chapter 1that poles alternatein polarity :if P1isnorth, then P2 is south, P3 north, and P4 south,
and vice versa. The arrows on the active conductors may be taken to indicate the directions of
current flow :all the arrows under each pole are in the same direction, and are opposite to the
arrows under the next pole; we have already studied thisin chapter 1 -see, for example, figs.
1.22 and 1.23.

Cails 6, 11,17, and 22 have no arrows on their active conductors :each of the coils is short-
circuited by a brush at the instant shown in fig. 3.1; such coils are said to be “undergoing
commutation”, ie their currents and emfs are being reversed. To understand this, consider, for
example, coil 10; at the instant shown in fig. 3.7, cail 10 is active. But in a short while, cail
10will have moved to the position of coil 11, so that brush B3 short-circuits it. A little while
later, coil 10 will come out from the short, and it will take the position of coil12, so that its
arrows will be reversed with respect to the arrows of coil 10 in fig. 3.7. This reversal occurs
in each coil every time it passes through a brush short-circuit. But the brushes are placed in
such positions that the coils they short-circuit are the ones which have their active sides at or
near the g-axes; that is, the reversal occurs in each coil when it passes through a g-axis (ie
when its two sides are at g-axes). The g-axis is therefore sometimes called the brush axis:
although the brushes do not themselves lie there, the coils which are in direct contact with the
brushes have their active sides; there. It is noted that the instantaneous emf induced in a cail
passing through the g-axis is zero because the flux density b is zero there, fig. 1.24b.

It should now be clear that in fig. 3.7 the armature coils, slots :and commutator segments are
in motion, while the poles, brushes, g-axes, as well as the arrows, are stationary. The arrows
do not changetheir directions, although the conductorsto which they are attached are changing
al thetime.

The closed winding formed by the coils is shown in fig. 3.8; the diagram shows the sequence
with which the coils are connected to each other. The brushes divide the coilsinto four groups;
for example, cails 1, 2, 3, 4, and 5 are in series between brushes B1 and B2; similarly, coils
10, 9, 8, and 7 are in series between brushes B3 and B2. Each group of series coils provides a
current path between two brushes, and the inter-brush connections connect the four paths in
paralel with each other, as shown in fig. 3.9.
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understand these connections, let us follow some of the paths :the current entering into the
machine divides between brushes B1 and B3; the current into B1 divides between two paths,
coils 1-2-3 -4-5 to theright, and coils 21-20-19-18 to the left; the right path terminates on B2,
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and the left path on B4; but B2 and B4 are
connected externally to each other; therefore, these
two paths are in parallel with each other between
brush Bl and brushes B2/B4.

Similarly, the path 10-9-8-7 and the path 12-13-14-
15-16 arein parallel with each other between brush
B3 and brushesB2/B4. Since, moreover, B1 and B3
are connected to each other externally, all paths are
in paralel asshownin fig. 3.9. The machine in our
example has 4 poles, 4 brushes, and 4 parallel paths;
in generd, for lap windings, the number of pathsis
equal to the number of brushes which, in turn, is
egual to the number of poles. Denoting the number
of parallel paths by 2a (ie ais the number of pairs
of parallel paths), we have

2a =2p (lap). (3.6) B /i i

]

Fig. 3.8 Simple lap winding: sequence

diagram corresponding to fig.3.7

Of course, because the armatureisrotating and the brushes are
stationary, the coils forming the paths are changing al the
time. Let us assume clockwise rotation, and consider coil 10.
At the instant shown in figs. 3.7 and3.8, coil 10 is part of the
path 10-9-8-7. But in a short while, coil 10 will enter into
short-circuit by brush B3, and hence will leave this path.
When it comes out from the short-circuit, coil 10 will join the
next path, which will be 10-11-12-13-14; in this new path, the
current in coil 10 will be reversed :as aready explained with
reference to fig. 3.7, the arrows in fig. 3.8 are stationary in
Space.

'_'ﬂ-..-""-.-'-uu-"h-"-._-‘a_-'-..tLJ"'“l

Fig. 3.9 Simple lap
winding :parallel paths
between brushes.

The above discussion helps explain the function of the commutator and brushes. Consider a
coil that is part of a path, with agiven direction of current, and agiven direction of emf. When
the coil reaches the g-axis, it will aso be short-circuited by a brush. When the short-circuit
ends, the coil will join the next path, with the direction of current reversed; the direction of the
emf is aso reversed because the coil sides are now under poles of reversed polarity. Thus, the
emf and current of the coil are alternating, but the emf and current at the brushes are
unidirectional.
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3.3.2Wave Winding

In the wave winding scheme, each coil is connected to a coil that lies approximately two pole
pitches away from it on the armature, fig. 3.10. Since the air gap flux density curve isawave
that repeatsitself every two pole pitches, fig. 1.24, such coils see almost the same flux density;
remember that the same thing was achieved in the lap winding by connecting adjacent cails,
section 3.2.1. To connect the coils in wave, the two terminals of each coil are soldered to
commutator segments that are separated by approximately two pole pitches on the

commutator, fig. 3.10; that is, the . 'I' j ""”"ﬁ""’*‘h!ml" P1,,,,_.5_."_-‘-;,.A,,,, i

commutator pitch Ye IS o

approximately (C/2p)X2 =C/p. _Z , / \‘:\;..,

To find out the exact value of y. let J f {1 J E

us follow the coil connectionsin fjg. S50 "R ,y. P Ca, 3
3.10. Cail a start from a segment  BepeOPtEascty 0 1 13 4 "_'.'.'_"."".'_'[ T_'_'_'_T.’.'.'.'.-__
which can betaken asnumber 1;the  —& 7 T T et —
coil then ends on segment number V2 ek ) *e H25e

Fig. 3.10 Progressive wave winding for a 6-pole

(1 +y¢) according to the definition of
the commutator pitch y. on page 3.4. At segment (1 +y.) starts coil b, which is approximately
2 pole pitches after coil on the armature; that is, the slot of the first side of coil b is
approximately two pole pitches away from the slot of the first side of coil a and similarly for
their second sides. Coil b ends on segment number (I1+yc)+ yc= (1 +2y).

At segment (1 +2y,) starts coil ¢, which is approximately 2 pole pitches after coil b; coil ¢
ends on segment number (I1+2y¢) + Y. = (I + 3y¢) a which starts coil d which is approximately
2 pole pitches after cail c. But this means that we have moved 6 pole pitches :2 from ato b, 2
frombtoc,and 2 fromctod.

Since the machine in fig. 3.10 has 6 poles, we are back approximately where we started; that
is, coil dis next to coil a, and we have gone around the entire armature once. Similarly, we
have gone around the entire commutator once, and segment number (I +3y.) is actualy
segment number 2, right after segment 1from which we started. Since the number (I +3yc) is
greater than the total number of segments C, we must have

1+3yc—c=2—>yc=%=c::f1 (3.79)
Thisisthe exact value of the commutator pitch, and itisslightly different from the approximate
value CA. If we attempt to make the commutator pitch exactly CA, then coil ¢ will end on

segment 1 instead of 2, and the three coils a, b, and c will form aclosed circuit by themselves,
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whichisnot what we want :we must go through all the armature coilsbefore closing the circuit,
fig. 3.3. The+1in egn. 3.7a ensures that, after moving through p coils, we reach the segment
after the onewe started from. Thewinding showninfig. 3.10isprogressive; for a-retrogressive
winding, we reach the segment before the one we started from. That is, coil ¢ ends on the
segment to the left of segment number 1, ie segment number C; thus

143y, =c —>yc=%=% (3.70)

where the -1 ensures that after moving through p coils we reach the segment before the one
we started from. The general expression for the commutator pitch is thus

Ve = ciTl wave (3.8)
With the positive sign for progressive windings, and the negative sign for retrogressive
windings. In both cases, the connection of the end of one cail to tile beginning of a coil
approximately 2 pole pitches after it is repeated until the last coil is reached, whose end then
closes on the beginning of the first coil to form aclosed winding including all the armature
coils. Every time we go through p connected coils, we complete one turn around the armature;
in lap winding, on the other hand, we have to go through all the armature coils to complete

one turn around the armature, figs. 3.6 and 3.7.

As an example, let us try to reconnect the armature of the previous section in wave. The
armature slots and coils, the commutator segments, and the poles are al unchanged; the only
difference is that the terminals of the coils will now be soldered to different segments. The
example machine had 4 poles and 22 armature coils; to connect the coils in wave, the
commutator pitch must be

Ve = Zzzi = 11.50r 10.5

which isimpossible :the commutator pitch hasto be an integer because it represents a number
of segments, and it is meaningless to have a fraction of a segment. Therefore, this machine,
with 2p=4 and C=22. cannot be connected in wave. In general, to be able to connect awinding
in wave, the number of poles 2p and the number of coils C must be such that egn. 3.8 givesan
integer answer for y.; otherwise, the winding cannot be connected in wave. There is no such
difficulty with the lap scheme :any number of coils can be connected in lap, since the
consecutive coils simply follow each other around the armature.

Let us then change our example alittle :instead of 22 coils, we take the number of armature
coils to be 21; the number of polesis still 4. The commutator pitch is now
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ye=2=110r10

With acommutator pitch of 11, the winding is progressive, and with a commutator pitch of 10
it is retrogressive; we choose a progressive winding, ie y~ 1lsegments. The resulting
developed diagramisshownin fig. 3.11. Coil 1 startsfrom segment 1 and ends on segment 12
(=1+ 11); coil 12 then starts from segment 12 and ends on segment 2 (=12 +11 -21). Thus,
by tracing two coils, we have gone once around the armature, and advanced one commutator
segment, from segment 1 to segment 2. Coil 2 followed by coil 13 then take usto segment 3,
and so on. The last coil which brings us back to segment 1 is coil 11; the sequence of cail
connectionsis shown in fig. 3.12.

Consider next the slots. Assuming one coil side per slot per layer (m =1), the number of sots
Is equal to the number of coils, S =21 according to egn. 3.3. The pole pitch is 21/4 =5.25
slots, and the coil span hasto be either 5 or 6; the figure is drawn for a short-pitched coil span
of 5 dots.It is interesting to note that the winding connections would be unchanged if the
armature had only 7 slots, with 6 coil sides per slot (m =3); the coil sidesin dlots 1, 2, and 3
in the figure would al be placed in a single sot, and the coil sidesin slots 4, 5, and 6 would
be placed in the next slot, and so on.

As discussed with the lap winding, the coils and commutator segments are in motion, while
the poles, g-axes, brushes, as well as the arrows, are stationary. The brushes are placed such
that they contact the coils passing through the g-axes. As a coil passes through the g-axis, its
current and emf are reversed, which is the principle of commutation.

However, the short-circuiting of the coils by the brushes in the case of wave is different from
that in lap. We shall seethat awave winding requires only two brushes; |et ustherefore assume
that brushes B3 and B4 in fig. 3.11are removed. Consider coil 21 :it starts from segment 21,
and ends on segment 11, which isfree (since B3 isremoved). At segment 11 isthe start of coil
11, which ends on segment 1. Therefore, brush Bl, which isin contact with segments 21 and
1, short-circuits coils 21 and 11 in series. Similarly, brush B2 short-circuits coils 5 and 16in
series. It is noted that all these short-circuited coils, 21, 11, 5, and 16, are passing through g-
axes. Tracing the remaining unshort-circuited coils, they will be found to be in the sequence
shown in fig. 3.11, forming two parallel paths between brushes B1 and B2 :the coils in each
path are in series; that is the same current flows through them, and their emfs add up, being in
the same direction along the path. As each coil passes through the g-axis it leaves one path to
join the other, with its current and emf reversed. In general, then, wave windings require only
two brushes, and have only two parallél paths, fig. 3.13; thus

2a =2 (wave), (3.9)
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Irrespective of the number of poles. Thisisone of the mgjor differences between wave and lap
windings -see egn. 3.6.

Let us now see what happens when brushes B3 and B4 are put back in place. Brush B3 is
connected externally to B1, it is aso connected to B1 internally through coils 21 and 10 in
parallel. Both coils arein the g-axis with negligible emf, and coil 21 is aready short-circuited
by B1. Therefore, the only effect of B3 isto remove coil 10 from the active path and add it to
the short-circuited coils. Similarly, brushes B2 and B4 are connected externaly, as well as
internally through the coils 5 and 15 lying in the g-axis. Coil 5 is already short-circuited by
brush B2, so that the effect of B4 is to remove coil 15 from the active path and add it to the
short-circuited coils.

Therefore, the presence or absence of the additional brushes haslittle effect on the performance
of the armature winding :only g-axis coils, with zero emf, are short-circuited or included with
the active paths. The reason for thisisthat similar brushes (say Bl and B3) are placed two pole
pitches apart, and the commutator pitch of the coilsis also approximately two pole pitches, so
that the brushes are connected internally through coils lying in the g-axis with zero or
negligible emf; such coils can be short-circuited, or added to the active path without changing
itstotal series emf. Thus, awave winding can have 2p brushes, but only two are necessary; the
additional brushes are sometimes kept to obtain better current distribution over the
commutator. If only two brushes areto be kept, we can choose B1 and B2 as above, or B2 and
B3, or B3 and B4, or B4 and BI; that is, one brush from each group.
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Fig. 3.13 Simple wave winding :parallel
Fig. 3.12 Slmple wave winding .sequence paths between brushes

diagram corresponding to fig. 3.11
3.3 Armature Calculations

Thelast section explained how the brushes divide the armature winding into a number of paths,
and connect the paths in paralld, figs. 3.9 and 3.13. Each path is composed of a number of
coils in series; dividing the total number of armature coils C by the total number of parallel
paths 2a, we get

C/2a=average number of coils per path. (3.10)

In chapter 1, section 1.7, it was explained that each coil is represented eéectrically by its
average emf in serieswith its resistance, fig. 1.28.

Therefore, the electrical circuit of the armature is as shown in fig.3.14a. Summing the coil
emfsand resistancesin seriesfor each path, the circuit maybe redrawn asinfig. 3.14b. Finally,
Thevenin's theorem may be applied to give the smple equivalent circuit of the armature
winding shown in fig. 3.14c, where

Ea = equivaent average emf of the armature winding in volts,
And
Ra = equivalent resistance of the armature winding in ohms.

The emf induced in the path is the sum of the series coil emfsin the path; similarly, the path
resistance is the sum of the series coil resistances in the path, as there is an average of C/2a
coils per path, we have

C C
Epath = ZXEcoil and Rpath = ZXRcoil
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The path emf and resistance are the same for al paths, so that Thevenin's theorem gives

= 2ax — Ra =Rpan/ 2a

Rpath Rpath

Ea =Epan and i =y

'
—_—
1
|
-—
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T—l--L].J_-l_'r Feoil ]

{a) (h) (c)
Fig. 3.14 The electrical circuit of the armature winding :(a) detailed circuit; (b)

parallel path circuits; (c) Thevenin equivalent.

Using the above resistance equations, together with egns. 1.29 and 3.1, the armature resistance
may be expressed in a number of ways:

14 Sc X C

1
Rp = ZXRpath = P oo hedil 5z Reoil
NC Z
Rp = 4a2 NRloop ha? | Rloop S o8 Rloop (3.11)

Using, next, the emf equations, together with egns. 1.13d, 1.15, and 3.1, the armature emf may
be expressed in a number of ways:

C
Ea :Epath = ZXEcoil

= SapNnd = 22 =22 = k nd
2a a
PZ w pZ
En=220 = Z 0y = kwd (3.12)
a 21 2ma

where ke=pZ/a and k=pZ/2na =ke2n. As dready discussed in section 1.6.1, the emf
expressions aways have a factor representing speed and a factor representing the magnetic
field, multiplied by a constant :the emf isinduced by the interaction between motion and field.
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The voltage between the terminals of the machine and the induced emf in the armature are
equal when there is no current flowing in the armature winding; this happens, for example,
when the machine operates as an unloaded generator.

However, when current does flow in the armature winding, it will produce a voltage drop in
the winding resistance, resulting in a difference between the armature emf and termina
voltage. Current flow through the brushes produces an additional drop composed of two parts.
The first is the drop-in brush and commutator segment resistances; this is usually neglected.
The second is a potentia difference appearing between the brush and commutator surfaces,
which are in diding contact; this is caled the 'brush contact drop', and is approximately
constant at around (1-2) volts. Now, et

V a= voltage between machine terminals (armature terminal voltage) in volts,
| = tota current in the armature winding (armature current) in amperes,
And Vy,=brush contact drop in volts.

With the machine operating as a generator, application of Kirchhoff's voltage law to the
equivalent circuit as shown in fig. 3.15a gives

V= EA—(lARA+Vb) (313)
with the machine operating as a motor, fig. 3. 15b, we get
Va=Ep + (|ARA + Vb) (314)

These are the voltage equations of the dc machine. Under normal operation, the values of
induced emf Ea and terminal voltage V 4 are close to each other; the difference between them
isthevoltage drop (IaRa+ V) Whichis usually small compared to Ea and V 4 The usual circuit
symbol for the armature is shown in fig.3.16.

The total armature current at
the brushes |4 is the sum of
the path currents; as the 2a

e

Ha‘Jﬁ‘ ; Ry T
. T
they carry identical currents, A T ' E T }

parallel paths are identical, Va Vi
SO that IA = 2a. X Ipath.

Moreover, the path currentis ~ “* &peration ‘P Ceration  Fig. 3.16 Armature
smply the coil current Fig. 3.15 Armature equivalent circuit

circuit symbol
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because the path is just a number of coilsin series, fig. 3.14.
Thus

lcoit = lpath = la / 22 (3.15)
Now, let

T4 = tota torque developed electromagnetically by the armature winding (armature devel oped
torque) in newton-meters.

Tq is the sum of the torques developed by all armature coils because the armature winding is
arranged so that all coil torques are in the same direction, fig. 1.23, aiding each other. Noting
that thereisatotal of C coilsin the armature, and using egn. 1.24b for the average coil torque,
aswell asegns. 3.1 and 3.15, we obtain the following expressions

2p 2pNC 1
Ty = CXTeoy = €~ Nlgop® misas 55
. sz%IAQ):ZZn—p;IACD:kIACD (316)

where k =(Zp/2na) as before. As discussed in section 1.6.2, the expression for the developed
torgue has the current as one factor, and the magnetic field as another, multiplied by a constant
the torque is devel oped by the inter action between current and field.

The power in the emf element of the equivalent circuit is Eala. Using egns. 3.12 and 3.16, we
have

Eala= (k(D(D)'|A =0 '(k |A(D):(D + Ty (317)

This power, of courseg, is the conversion power P for the whole armature winding; it is given
by Eala On the electrical side, and by oT40n the mechanical side.

P.=Ea‘la=®*'T4 (318)

The total conversion power in the armature winding is the sum of the conversion powers in
the coils; this can be verified using egns. 3.12 and 3.15:

C
Eqly = (z ’ Ecoil) (2a- Icoil) = CEcoitlcoir (319)

Conversion power and the process of electromechanical power conversion are discussed in
section 1.7. The same discussion applies to the armature winding as a whole with, of course,
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coil quantities (emf, current, resistance, and torque) replaced by the corresponding armature
guantities. Multiplying egn. 3.13 throughout by |4, we get, for generator operation,

Vala =Eala — (|2ARA +|AVb) (320)

The input power to the electrical circuit is Pc = Eala; part of it islost as heat in the armature
winding, 12aRa, and in the brush contact, 14V, and therest, V al a, isthe useful electrical output
power obtained from the generator; see also figs. 3.15aand 1.29a. Multiplying now egn. 3.14
by 1A we get for motor operation

Vala =Eala+ (|2ARA +|AVb) (321)

The input power to the electrical circuit isnow Vala; part of it islost as heat in the armature
winding, 12aRa, andin the brush contact, 1V, and the rest is the conversion power, P. = Eal a,
which will appear as, Tg, on the mechanical side; see aso figs. 3.15b and 1.30a

3.4 Comparison of Winding Schemes

The equations derived in the previous section apply to both lap and wave windings. The
difference between the two types of winding appears through the value of the factor ain the
equations :for lap windings, the number of paralel paths 2ais equal to the number of poles
2p, egn. 3.6; for wave windings, the number of paths 2ais aways 2, egn. 3.9.

First, we note that for a machine having only two poles, there is no difference between lap and
wave :in both cases the number of parallel pathsistwo. In fact, it is meaninglessto talk of lap
and wave windings when the number of polesistwo; thereisjust one type of winding. Section
3.2.2 explained that in wave winding, each cail is connected to a coil that liestwo pole pitches
after it on the armature; but if the machine :has only two poles, then moving two pole pitches
takes us back to the coil we started from, so that it is connected to the coil next to it, which is
precisely the definition of lap winding in section 3.2.1. Also, the commutator pitch for wave
isgiven in egn. 3.8; for a2-pole machine, 2p =2 and p =1, sothat Y= C £ 1. Starting from
any commutator segment, and moving C segments, we come back to the segment we started
from; the £1 then takes us to the segment just after it, or just before it, which, again, is the
commutator pitch for lap.

Clearly, then, it is meaningless to compare lap and wave windings if the number of polesis
only two, sincein this casethey arethe same. Therefore, in the following comparisons between
lap and wave windings, it is assumed that the number of polesis greater than two, i.e 2p> 2,
and p> 1.
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L et us suppose that a manufacturer of electrica machines wants to design dc machine having
acertain rated voltage and a certain rated current; that is, the values of the terminal voltage V a
and the armature current 1 are given.

The machine can be designed with alap winding or with awave winding, and we wish to see
the effect of this choice on the design of the individual armature coils. Before starting the
anaysis, it is recalled from the discussion following egns. 3.13 and 3.14 that the difference
between the terminal voltage V a and the armature emf E is a small voltage drop; neglecting
this drop as a first approximation, we can say that the value of E4 is approximately known
since the value of V 4 isgiven. Our problem may now be stated as follows:

given the values of the armature emf and current, Ex and | 4, find the values of the coil emf and
current, E.ii and | for the case of |ap and the case of wave, and compare the results. From
egn. 3.12, we have:

Ecil =2a'Ea/C
thisgives
Ecoil, 120 = 2P* Ea/C and Ecgil, wave = 2Ea/C;
thus
Ecoil, 1ap =P X Ecoil, wave- (3.22)
Using, next, egn. 3.15, we have
I coit, 120 =1a/2p and | coil, wave =1a/2;

thus
1
Icoil,lap = BXIcoil,wave (323)

Eqgns. 3.22 and 3.23 tell usthat the lap coils must be designed for higher emf and lower current
compared with the wave coils; conversely, the wave coils must be designed for lower emf and
higher, current compared to the lap coils. Assuming the two windings have the same number
of coils C, the lap winding will have fewer coils in series per path because it has more paths
than the wave winding; therefore, each lap coil must have a greater emf to add up to the
required armature emf Ea. Moreover, the total armature current | is divided over a larger
number of paths in the case of lap, so that each path will have asmaller current than the wave
paths, which are only two.
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The above comparison indicates that in the case of Iap winding, each coil will have moreturns
(higher emf)of thinner wire (lower current); conversely, in the case of wave winding, each coil
will have fewer turns (lower emf)of thicker wire (higher current), and this is the main
advantage of wave windings overlap windings :with fewer conductors of larger cross-section,
a relatively smaller part of the slot cross-section is wasted on insulation; that is, a larger
proportion of the slot cross-sectional areais filled with useful copper. The decreased amount
of insulation aso means that wave-wound coil span be cooled more easily than Iap-wound
coils. In practice, wave windings are used in all machines rated at high voltage; they are aso
used in almost all machines of power rating up to 50 KW. Lap windings are used mostly in
large machines rated at low voltage and high current.

Next, let us perform an inverse comparison suppose we have an armature whose construction
has been completed except for the soldering of coil terminals to commutator segments, and
this can be done either in lap or in wave. In this comparison, the coil emf and current are the
same for both cases, and we wish to see the effect of the winding scheme on the overall
armature emf and current.

Using egns. 3.12 and 3.15, we can write

C C 1
EA,lap = gEcoil ) EA,wave e 2 Ecoil _’EA,lap = EEA,wave

and

IA, Iapzzplcoil, |A,wave :Zlcoil, —~ IA, lap =P IA,Wave

These relationships indicate that machines with lap windings tend to have low voltage and
high current at the terminals. The overall conversion power is the same for both lap and wove
wound machines in this comparison.

A lap winding requires 2p brushes, whereas a wave winding requires only two brushes, but
can have up to 2p brushes. This is a minor advantage of wave windings :brushes must be
accessible for maintenance, and it is easier to arrange for access to 2 brushes on one side of
the commutator than for 2pbrushes placed all around the commutator. It is noted in passing
that in large machines of high current, the commutator segments can be quite long, and each
brush is replaced by a group of brushes, with independent springs, for better contact along the
length of the segments.

The magnetic circuit of the dc machine should be symmetric, with the length of the air gap
being exactly the same all around the armature. In practice, however, there might be slight
variationsin air gap length due to imprecision in manufacture or wear of bearings. Asaresult,
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the flux density, and hence the induced emf, under one of the poles may be different. Thisis
no problem for wave windings because the coils of each path are distributed all around the
armature, so that both paths are equally affected by the fault in the magnetic circuit. In lap
windings, however, the fault affects only some of the paths because each path islocated under
a specific pair of poles; for example, the coils of the upper right path of fig. 3.8 are located
under the poles P2 and P3 infig. 3.7. Asaresult, the path emf will not be exactly the same for
al paths. Unequa emfsin parallel produce circulating current, that is, current that flows from
one path to the other without appearing at the machine terminals. Circulating currents heat the
coils unnecessarily, and the heating can be quite heavy because the current is limited only by
path resistances which are quite small. To reduce this effect, large |ap-wound armatures are
sometimes equipped with equalizers, which are connections between points in the winding
which are two pole pitches apart, that is, points that should beat the same potential; the
equalizing connection forces the points to be at the same potential, and hence forces the path
emfs to be approximately equal.

Equalizers add to the cost of the machine, and it is an advantage of wave windings not to
require them.

The simplicity of the lap winding means that it can be made to fit any number of coils and
poles :each coail is connected to the one following it on the armature until the last coil is
reached, which then closes on thefirst coil, section 3.2.1. A wave winding, on the other hand,
can befitted only if the number of coils C and the number of pole pairsp yield aninteger vaue
for the commutator pitch in egn. 3.8. Thisis no problem at the design stage because suitable
values of C and p can always be found. However, it sometimes happens that a manufacturer
needs to modify an armature that has already be unconstructed, and the armatureis not suitable
for the required wave winding.

For example, suppose that the 22-coil winding of fig. 3.7 isto be reconnected in wave; aswe
saw in section 3.2.2, this cannot be done because the machine has four poles. However, it is
possible to form a proper wave winding using only 21 of the coils, with the remaining coil left
unconnected. Such an unconnected coil is called adummy coil; its terminals are not soldered
to any commutator segments. Although dummy coils are useless electrically, they are not
removed from the armature to maintain mechanical balance.

Example: Thefollowing datais given for the armature of a dc machine :conductors/dot/layer
=6; commutator segments =146; Coil sides/ot =4; pole arc/pole pitch =0.65; diameter =28
cm; Length =55 cm ; coil span =12 dlots; flux per pole =70 mWh.

A) Find the total number of armature conductors.
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B) Find the commutator pitch when the machine is connected in simple wave, and state
whether progressive or retrogressive.
C) Find the pole pitch in meters, mechanical degrees, and electrical degrees
Find the average air gap flux density

Solution

Commutator segment=c=146 coils

Coil sides/slot =4=2C/s, s0 s=2C/4; s=2*146/4=73 dlots
conductors/dot/layer =6=NC/S, N=S*6/C =73*6* 146=3 turns

A) Z=2NC=2* 3* 146=876 conductors.
B) Coil span=12= S/2p, 2p=S/12, 2p=73/12 = 6.08 =6 poles

ct1 146+1 .
ye=— Wavey.= = 49 progressive.

C) Pole pitch=n1D/2p =3.14* 28/6 =14.65cm
In mechanical degrees= 360/2p =360/6=60 degree
In electrical degrees = 180 degree
Indots=52p = 73/6= 12.16 dot.

__ mDL _ 3.14%28%55x10~*

D) A, = = 7 = 805.93 * 10™*m?
B=2=—""__ _ 868 mWb
A, 805.93%10
Example: The table below lists some data on the armature windings of 8 different dc

machines. Use the given information to complete the table.

2p=5 coil span MACHIN NO 3
Number of poles

2p=12/3=4 poles Number of slots 12

C=Z/2N=816/2* 17=24 coils LLmpeporteal

B - B Number of conductors 816

Coil sides/dlot=2C/S=2* 24/12=4 Turns /coll 17
Coil sides/dlot

Conductors/ slot =2/S =816/12 = 68 cond. Conductors /slot
Conductors /dlot/layer

Conductors/dot /layer =NC/S = 17*24/12 =34 Coil span (in slots) 3

Pole pitch (in slots)

Pole pitch (in slots) =S/2p=12/4=3 dots

Example: An 8-pole dc generator has 156 slots and 312 commutator segments. The armature
coils are connected in simple lap, with each coil made up of 4 turns. The armature rotates at
670 rpm; its length and diameter are 40 cm and 30 cm respectively.
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A) How many brushes does the machine have?
B) What isthe time for one revolution of the armature?
C) What is the number of conductors per sot per layer?

D) What is the pole pitch? given your answer in meters, electrica degrees, mechanical
degrees, and dots.

E) What isthe cail span?isit short___, full , or long pitched?

F) What will the commutator pitch beif the machine is reconnected in simple wave?
Solution:

A) Number of brushes=2p=8
B) = = ==, t=0.0895 sec
C) conductors per dot per layer=NC/S=4* 312/156=8
D) pole pitch=n* D/2p=3.14*30/8=11.775 cm
mech. Deg.=360/2p=360/8=45°
elect.deg.=180°
in slot =S/2p=156/8=19.5 dots
E) 19 short, long 20 slots

F) y. = CiTl = 31iﬂ:78.25 or 77.75 so cannot wave.

Example: theflux density distribution over one pole pitch
of the machine of Question 8 is as shown in the adjacent
figure. (@) estimate the pole arc to pole pitch ratio and the
width of pole face. (b)plot the flux density distribution
over two consecutive poles; indicate all axes. (c)Also find
the average air gap flux density and the flux per pole.

=

oo
— —|F—

|

|

b, T

=
[ p——
B
e —— e =X

Solution:
5m m
(@) pole arc to pole pitch ratio i—“ = % = 0.667
p

width of poleface y, = z—z ¥, = 0.667 % — 0.667 « 314730

=785cm

(b) plot
D
(©) Bay = o= [ bd6 = =5 [ bdx = ——08 (T +2) = 06T
2p

Vp=r
D
) D 3.14 %30 x40 * 10™*
b = Lf bdx = LZB = Apr = 3 0.6 = 28.26 mWb
0
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3.5 Exercises

3.1 the coil span should be approximately equal to a pole pitch. Discuss the effect of making
the coil span very different from the pole pitch on (@) the coil emf and (b) the coil torque. Use
a diagram like that shown in fig. 1.24, and assume first a short-pitched coil spanning half a
pole pitch, then along-pitched coil spanning one and a half pole pitches.

3.2 What changes must be made in fig. 3.7 if the machine has only 11 slots?

3.3 the g-axisis sometimes called the brush axis; for the same reason, we say that the brushes
are located at the g-axis. Discuss the effect of moving the brushes away from the g-axis on

(@) the path emfs;
(b) the developed torque; and
(c) the currentsin the short-circuited coils.

3.4 (a) Infig. 3.7, which coils have just completed commutation, and which coils are about to
undergo commutation?

(b) Repeat part (a)for fig. 3.11.
3.5 Discuss the effect of removing brush B3 in fig. 3.7.

3.6 :The following datais given for the armature of a dc machine :conductors/slot/layer =6;
commutator segments =146; Coil sides/sot=4; pole arc/pole pitch =0.65; diameter =28 cm ;
Length =55 cm ; coil span =12 slots ; flux per pole =70 mWh.

D) Find the total number of armature conductors.

E) Find the commutator pitch when the machine is connected in simple wave, and state
whether progressive or retrogressive.

F) Find the pole pitch in meters, mechanical degrees, and electrical degrees

G) Findtheaverageair gap

. MACHIN NO 112 |3 4 5 6 7 8
flux density . Number of poles 2 |2 6 4 6 4
3.7 Thetablebelow lists  "Nymper of Sots 5 |9 |12 |12 97 | 147
some data on the armature | Number of coils 5 141 441
Wi ndings of 8 d|fferent dC Number of conductors 816 | 244 222
. . Turns/coil 5013017 |1 2
machines. Use the given Coil Sdes/dot > )
information to Compl ete Conductors/slot 12
thetable. Conductors/dot/layer 6 6
Coail span (in dots) 3 18
Pole pitch (in dots)
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3.8 :An 8-pole dc generator has 156 slots and 312 commutator segments. The armature coils
are connected in simple lap, with each coil made up of 4 turns. The armature rotates at 670
rpm; its length and diameter are 40 cm and 30 cm respectively.

G) How many brushes does the machine have?

H) What is the time for one revolution of the armature?

) What isthe number of conductors per slot per layer?

J) What is the pole pitch? given your answer in meters, electrical degrees, mechanical
degrees, and dots.

K) What isthe cail span?isit short__, full , or long pitched?

L) What will the commutator pitch beif the machine is reconnected in simple wave?

3.9: the flux density distribution over one pole pitch of
the machine of Question 8 is as shown in the adjacent |
figure. (d)estimatethe polearcto polepitchratioandthe & | |
width of pole face. (b)plot the flux density distribution = | |
over two consecutive poles; indicate all axes. (C)Also I |

0 i e
find the average air gap flux density and the flux per 0
pole.

0.8} ———
|

e

|

|

|
EEI]TTTT

6 12
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3.10 :The armature resistance of the machine of question 8is28.8m (ohms. The air -gap filed
Isas given in question 9. Each coil carries a current of 35 A.

A) Find the resistance per turn.
B) Find the armature current.
C) Find the armature terminal voltage
D) Find the developed torque.
E) Find the conversion power.
3.11 An armature has been completed except for the soldering of coil terminals to the

commutator segments, and this can be donein lap or in wave.
Determine the relationship between the armature resistances for the two cases.

3.12 An armature is wound for 2p poles with C coils of N turns each. Let e. i, and r represent
the per turn emf, current, and resistance. Write out the expressions for the armature emf,
current, resistance, torque, and conversion power for lap connection and for wave connection.
Rewrite the expressionsin terms of Z, the total number of armature conductors.

3.13 Inthetable of question 3.6, machines 1-3 are small, while machines 4-8are large. Assume
that the resistance per turn is 25 mQ for small machines, and 1.2 mQ for large machines.
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a. Find the winding pitch and armature resistance for each of the8 machines assuming simple
lap windings.

b. Repeat part a assuming simple wave windings.

3. 14 why is the resistance of small machines high, and the resistance of large machines low?
why is the resistance of wave windings greater than that of lap windings?

3.15 The windings described in section 3.2 are called ssimple or simplex windings wherea =
p, Yc =zl for lap, and a =1, Y. = (Cxl/ p) for wave. Duplex windings are formed by
interleaving two simplex windings on the same armature, and connecting them in parallel; in
thiscase, a =2p, Y.=z2for lap, and a =2, Y .= (Cx2)/p for wave. Similarly, triplex windings
are formed from three simplex windings so that a =3p, Y.=x3for lap, and &=3, y—=(Cx3)/p
for wave. Such windings are called multiplex, and are rarely used.

a. The machine designer may resort to duplex wave windings if the machine being designed
has a high current rating. Discuss the reasons.

b. Find the commutator pitch and winding resistance for each of the five large machines of
guestion 3.13 assuming the winding is(i)duplex wave, and (ii)triplex wave.

3.16 A 10-pole smple wave armature has 157 dots, 3 coil sides/slot/layer, and 2 turns/coil.
The conductors are made from 3 mm x 20 mm copper strap with amean length of 160 cm per
turn. Find the winding resistance at a hot working temperature of 85 °C.

3.17 A 4-pole smple lap winding is placed in 47 slots with 8 conductors per slot per layer. It
Is made from no. 12 AWG wire (AWG stands for American Wire Gage; no. 12 AWG has a
diameter of 80.8 mils, where 1 inch =1000mils). The winding resistance was measured to be
90 mQ at 70 °c. Find the mean length per turn.

3.18 A 750 KW dc generator has aterminal voltage of 500V at rated current. It isbeing driven
at a speed of 450 rpm. The armature resistance is7 m€2, and the brush contact drop isnegligible.
Find the armature emf, devel oped torque, and copper |oss.

3.19 Assume that machine number 6 in question 3.6 is wave-wound with each coil having a
resistance of 0.6 mQ. The terminal voltage, current, speed, and brush contact drop are 110V,
150 A, 900 rpm, and 1 V respectively. Find the flux per pole, torque, conversion power, and
copper loss for(a)motor operation, and (b)generator operation.

3.20 A 6-pole dc machine has 46 slots, 184 commutator segments, and 16 conductors per slot.
| tiswound in simple wave with 4 mm 2 copper wire. The armature length and diameter are
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40 cm and 35 cm respectively. The armature produces an emf of 800 V when it rotates at 500
rpm.

a. Find the number of coil sides per slot, the coil span, and the commutator pitch.

b. Show that the hot armature resistance is approximately 0.6 Q. NB If the working
temperature of the armature winding is not known, a suitable value may be assumed, like 75
°C or 85°C.

c. finds the average air gap flux density.
d. Find the average emf between adjacent commutator segments.

3.21 Assume that machine number 6 in question 3.6 has an average armature emf of220 V,
and that the average flux density inthe air gap is0.85T.

a. at a speed of 800rpm, find the required flux per pole, and hence estimate the value of the
product DL assuming (i)simple lap winding, and (ii)simple wave winding. NB the armature
diameter x length product DL is a simple measure of machine size.

b. repeat part a at double the speed, ie at 1600 rpm.

3.22 A 10-pole lap-wound generator israted at 110 V, 600 A, and 750 rpm. The armature has
163 slots with 4coil sides per slot and 2 turns per coil. The hot winding resistance is 7.2 mQ,
and the brush contact drop is 1.5 V.

a. Find the rated |oad power, the devel oped torque, and the flux per pole; also find the per coil
and per turn resistances and emfs.

b. The armature coils are reconnected to form a simple wave winding with the speed and flux
per pole unchanged. Find the new machine ratings.

c. For both lap and wave connections, find the armature voltage drop in percent of rated
terminal voltage, and the copper lossin percent of rated load power.

d. For both Iap and wave connections, find the average voltage between adjacent commutator
segments.

3.23 Does a dummy coil have an emf induced in it? Should the terminals of adummy coil be
shorted together or left open?

3.24 The armature of a 6-pole dc machine has 116 coils of 2 turns each, with16 conductorsin
each slot. One of the coils is a dummy coil, and the remaining coils are connected in simple
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wave. The armature length and diameter are 25 cm. and 20 cm respectively. The average air
gap flux density is0.8 T. The resistance per turnis2.5mQ at 250 C.

a. Find the commutator pitch and coil span.
b. Find the hot resistance of the armature winding.

C. If the speed is 900 rpm and the developed torque 138 Nm, find (i)the armature emf, (ii)the
total conversion power, and (iii)the current in each cail.

+3.25 A 6-pole machine has 53 slots with 8 conductors per slot. The flux per poleis 50 mWh,
and the speed is 420 rpm.

a. In how many ways can coils be formed from the given armature conductors? For each
possibility, give. the number of turns per coil, and the total number of commutator segments.
(Hint :draw a dot with the conductors inside it, and try to find m.)

b. For each possibility in part a, find the average emf between adjacent commutator segments
assuming (1) lap, and (ii)wave connections.

c. In genera, the cost of the commutator decreases as the number of segments is reduced.
However, the voltage between adjacent segments. should not be allowed to exceed around 20
V to avoid possible damage to the commutator (to be explained in chapter 5). Accordingly,
how many segments should the commutator have, and what is the corresponding number of
turns per coil for (i)lap, and (ii)wave connections?

d. Verify that each of the possibilitiesin part a can, in fact, be connected in simple wave.

+ 3.26 A 4-pole lap-wound dc generator is designed to have an average air gap flux density of
0.8 T. The armature winding resistance is 0.3 Q, and the brush contact dropis1 V. Thereisa
dlight fault in the magnetic circuit which causes the emfs in two of the pathsto be 5 %more
than the nominal value, and the emfs in the other two paths5 %less.

a. If the generator supplies afull load of 4.5 kw at 150 V, find the nominal and actual values
of path emfs, cail currents, and armature copper |oss.

b. Find the nominal and actual values of coil currents and armature copper loss when the
generator has no external load.

ANSWERS TO EXERCISE QUESTIONS
2.1060 A, 148.4 Nm.
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3.7 (1) 500; 2; 100; 50; 2,3; 2(1/2); (2)9;540;60;30;4,5;4(1/2); (3)4,24;4,68;34,3; (4) 122; 2;
2; 1; 20, 21; 20 (1/3); () 47; 564; 6; 12; 11, 12; 11(3/4); (6) 194, 1164; 3; 6; 16, 17; 16.167;
(7) 8; 1764; 2; 6; 12; 18.375; (8a) 37; 37; 3; 2; 6; 3; 9, 10; 9(1/4); (8b) 111; 111;1; 2; 2; 1,
27,28; 271, (8c) 37; 111, 1; 6; 6; 3; 9, 10; 9(1/4).

3.6 a. 876; b. 14.66cm,60degmech, 180 deg elec, 12.167 dlots;c. 49 segments, progressive; d.
868 mT.

3.8a. 8; b.89.55ms; c.8; d. 11.78cm, 45degmech, 180degelec, 19.5 dlots;e. 19 dlots short, or
20dotslong; f.X 3.9a 0.667,7.85cm; ¢. 0.6 T, 28.3 mWh.

3.10 1.48mQ, 280A, 780 (-Vp)V, 3145Nm, 220.7KW..3.11 Ra wave =P°Ra ap.
3.12 Ze/dp, 2pi, Zr/8p?, Zei/dnn, Zei/2; Zeld, 2i, Zr/8, Zei/dnn, Zei/2.

3.13 a 1.56Q2; 1.69Q; 0.64Q; 4.07mQ; 21.2mQ; 19.4mQ; 16.5mQ; 8.33mQ;b. 4,6, 1.56Q; 8,
10,1.69Q; X; 41, 36.6mQ; 70, 71, 84.6m€2; 65,175mQ;110, 265 mQ; 18, 19,33.3 mQ.

3.15 b(i)40, 9.15mQ; X; 64, 43.7mQ;X;X; b(i)X; 69,72, 9.4mQ; X; 111, 29.4mQ;17, 20, 3.
70 mQ.

3.16 135.6 mQ. 3.17 61.56 cm .3.18 510.5V, 16.25KNm, 15.75KW.
3.19 a. 2.0mWhb, 166.5Nm, 15.7KW, 0.8KW; b. 2.2mWhb, 183.6Nm, 17.3KW, 0.8KW.
3.20 a. 8; 7 or 8 dats, 61 segments; ¢. 0.593T; d. 26V.

3.21 &(i) 14.2 mWhb, 318.5 cm? a(ii)4.7 mWhb, 106.2 cm? b(i)7.1 mWhb, 159.2 cm?b(ii)2.4
mwWh, 53.1 cm?.

3.22 a. 66KW, 885Nm, 7.1mWb, 2.2mQ, 3.55V, 1.1mQ, 1.78V; b. 556V, 120A, 66.7 KW;
c. 5.3%, 5.3%, 4.15%,4.15%,d. 34V, 17.1 V.

3.24 a. 38 seg (retro), 5dots (long); b. 0.17 Q; c. 433.5V, 13 KW, 15 A.

3.25 a. (D)l turn, 212 cails, (2)2 turns, 106 coils,(3)4 turns, 53 coils;b(i)4.2 V, 8.4V, 16.8 V;
b(ii)12.6 V, 25.2 V, 50.4 V; ¢(i)53 cails, 4 turns; c(ii)212 cails, 1 turn; d. 71 (prog), 35
(retro), 18 (prog).

3.26 a. nomina :160V, 7.5A, 270W:actua :152 V, 168V, 0.83A, 14.17 A, 483.3W:bh.
nominal :0A, OW; actual :6.61 A, 213.3W.
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CHAPTER 4
MAIN FIELD

4.1 Introduction

The operation of dc machinesis based on the interaction between the armature conductors and
the air gap field, resulting in induced emf and devel oped torque.

Armature windings were explained in the last chapter, and we shall now study the magnetic
field. As explained in section 1.5, coils are placed on the stator poles to produce the required
field, which is the subject of the present chapter.

Permanent magnet machines, which have no field coils will not be considered here; they are
briefly explained in chapter 10 with other special types of de machines.

Now, the purpose of the armature coilsis to produce emf 9
and torque. However, when current flows in them, they
will attempt to produce a magnetic field, which is called
armature reaction. The overall field in the machine will
then be the resultant of the main field produced by the
field coils and the armature field produced by the ,_
armature coils. In this chapter, we shall study the main
field by itself; the armature current is assumed to be zero,

so that there is no armature reaction. Armature reaction

is considered in the next chapter.

4.2 Main Field Distribution q
Fig.4.1 Rough sketch of main flux

The flux produced by the field coils in a 2-pole machine distribution in a 2-pole dc machine.

is distributed approximately as showninfig. 4.1. Most of

theflux in the pole core crossesthe air gap to interact with the active conductors at the armature
surface; this is the useful flux, @ in our equations.

However, some flux lines complete their paths without linking the armature conductors; this
Is the leakage flux, which is not useful because it does not take part in the production of emf
and torque. The leakage flux islimited by the high reluctance of the airpathsit follows; usually
it does not exceed 10-20 %of the useful flux, which is much less than the amount of leakage
showninfig.4.1
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Another approximation in fig. 4.1 isthat the flux appearsto be uniformly distributed in the air
gap between the armature surface and the pole face. This is because the figure assumes the
armature surface to be smooth, ignoring the slots and teeth. In
fact, the air gap flux has a high density at the teeth, where the
air gap isvery short and alow density at the slots, where the air
gap ismuch longer, fig.4. 2.

pole face

In a magnetic circuit the flux is determined by the applied
magneto motive force, or mmf, and the reluctancein the path of ~ Fis- 4.2 Concentration of air
the flux, according to Ohm's law for magnetic circuits: gap flux at teeth.

flux = —=mf (4.1)

reluctance

The main flux is driven by the mmf coils :if each pole has a coil of N; turns carrying a current
I+, then the mmf per poleisgiven by:

mmf =N;+ly ampere-turns/pole. (4.2
If the machine has two or more coils placed on each pole, then
mmf =X;N; + [; Ampere-turns/pole (4.3)

where the summation is, of course, agebraic, and covers the coils on one pole. This mmf acts
on the magnetic circuit in the path of the useful flux. From fig. 4.1, it is seen that the path of
the useful flux is composed of the following partsin series :stator, yoke, pole core, pole shoe,
air gap , armature teeth and slots , and armature core , at low excitation, when |; and hence
mmf are small the iron parts of the path are in the linear regions of their B-H curves, fig. 2.2;
the iron permeability is therefore very high, and its reluctance is very small. Thus, at low
excitation, the overall reluctance is approximately equal to the air gap reluctance only.
However, as the excitation is increased, iron parts begin to saturate so that their reluctance is
no longer negligible compared to the air gap reluctance, and has to be included in the overal
reluctance of the magnetic circuit. The highest flux density occurs in the armature teeth, fig.
4.2, followed by the pole core, fig. 4.1, and it is these parts which saturate first.
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The mmf of the field coil acts on the air gap along the pole face as shown in fig. 4.3a The
resulting flux density distribution in the air gap isshown 1 q q
infig. 4.3b where it is assumed that the armature surface
is smooth. In fact, the slotting effect causes the air gap ‘ Q‘T@ Q‘
flux density distribution to look more like fig. 4. 3c; the v g
ripple moves aong the curve as the armature rotates. ;‘ B i
Whatever the precise shape of the flux density
distribution b, the average flux density B and the total
flux per pole ® can obtained by integration on as
explained in section 1.5, and it is these values that (a)

determined the average emf and torque according to the ‘ .
equations derived in sections 1.6, and 3.3.

men £

flux density

4,3 Field excitation

v

The main field is produced by the field coils. The
machine may have one set of 2p coils, with one cail
placed on each pole; the coils are identical, and are
connected in series to form what is caled the field
winding. Some machines have two or more sets of field ;5 4 3 Air gap distributions

coils; the 2p coils of each set are identical to each other  (a)excitation mmf, (b)flux density
(same wire gauge and number of turns), but are generally  assuming smooth armature, and
different from the coil of the other sets. These setsof field  (c)flux density with the slotting

coils, or field windings, can be fed with current in a effectincluded.

number of different ways. Ina separately-excited

machine, fig. 4.4a, the field winding is supplied from a

separate source, and there is no connection between the field circuit and the armature circuit.

ot 19 9 1% ¢

(a) separate (b)) shunt (c) serles (d) compound - (e) compound -
excitation fong shunt short shunt

lux densi
|

(c)

£

c—

Fig. 4.4 Methods of field excitation in dc machines.
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In self-excited machines, on the other hand, the field windings are connected in parallel or in
series with the armature, figs. 4.4b-e.

In ashunt machine, the field winding is connected in parallel with the armature, fig. 4.4b. The
shunt field coils are made of many turns of thin wire, so that the resistance of the shunt field
winding ishigh, andits current islow; the shunt field current is much smaller than the armature
current, usually not exceeding 10 %. The shunt field current can be controlled by means of a
variable resistor, or rheostat, connected in series with the shunt field winding. In a series
machine, the field winding is connected in series with the armature, fig. 4.4c. The seriesfield
coils, are made of few turns of thick wire, so that the resistance, and hence the voltage drop,
are low. The series field current can be controlled by means of a diverter, which isavariable
resistor connected in parallel with the series field winding.

Compound machines have both shunt and series field windings, that is, two sets of field cails,
with two coils on each pole. Compound machines can he connected in long shunt, fig. 4.4d. or
in short shunt, fig. 4.4€; there is no mgor difference between the two connections because, in
both cases, the shunt winding voltageis (approximately)equal to the armature voltage, and the
serieswinding current is (approximately)equal to the armature current :the voltage drop in the
serieswinding is small compared to the armature voltage, and the current in the shunt winding
Is small compared to the armature current. According to egn. 4.3, the total mmf per pole is
given by

mmf =N Ir £ Ns s (4.4)

where Nf and Ns are the shunt and seriesturn
per pole, and I+ and |sthe shunt and series

currents, respectively. In general, the shunt
winding mmf (N; ly)is much greater than the E m E H H E
series winding mmf (Ndg). Usudly, the
series mmf ads the shunt mmf so that the

compounding is cumulative, fig. 4.5a, and (8 Cumulative (b) differential

the positive sign is used in egn. 4.4. If, Fig.4.5 Two ways of compounding.

however the series mmf opposes the shunt,

the compounding is said to be differential, fig. 4.5b, and the negative sign is used in egn. 4.4,
differential compounding is seldom used.

Some specia -purpose dc machines have more than two field windings; each winding is fed
from a different controlling signal so that the resultant flux per pole is determined by the
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overall combination of the controlling signals. Such machines are used in automatic control
applications.

The main field can also be excited by means of permanent magnets placed on the stator. The
absence of field windings in permanent magnet dc machines means that no supply is needed
for thefield, and operation iseconomical becausethereisno copper lossin thefield; moreover,
they are compact, and hence are widely used as small motors, fig. 2.9, in such applications as
toys.

However, the main field of permanent magnet machines is constant, so that they cannot be
used in applicationsrequiring variablefield. Their main disadvantage isthat permanent magnet
materials tend to be expensive and difficult to machine; however, there is continuing progress
in the technology of permanent magnets, with consequent reduction in production costs.
Section 10.1 discusses permanent magnet dc machinesin more detail.

4.4 M agnetization curve

air gaj
The field coils produce the mmf which acts on P L

the reluctance of the magnetic circuit to produce 85 —H’i 5.
the flux, egn. 4.1. The magnetization curve is, il :
basicaly, the relationship between the applied
mmf per pole (M;) and the resulting flux per pole
®, fig. 4.6; of course, as My is increased, @
increases, but the relationship is not linear
because of the iron in the magnetic circuit. The
path of the useful flux per pole is composed of ﬁ v :
theair gap in serieswith iron partsasdiscussed 0 M, M: My Mg
in section 4.1; thus egn. 4.1 takes the form HE S Eiatin g ©-

L o e —

e e ———

»=—" (4.5)

- SagtSre
where Sy is the reluctance of the air gap and S is the reluctance of theiron parts.
Rearranging egn. 4.5, we can write
Mi = OSyt+ @ See (4.6)

thisis similar to voltage division in series electrical circuits :®Sy is the mmf drop in the air
gap, and @Sy is the mmf drop in the iron. The air gap permeability is po, SO that the air gap
reluctance Sy is constant, ie it does not change asthe excitation is varied; thisgivesthe air gap
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line in fig.4.6, @ Syincreases linearly with ®@. The iron permeability, on the other hand, is not
constant, fig. 2.2, so that the value of S changes as the excitation is varied. As discussed in
section 4.1, at low excitation the iron reluctance and hence mmf drop are negligible compared
to the air gap reluctance and mmf drop; thus, at a low excitation like Mjin fig. 4.6, egn. 4.6
simplifiesto

Mi=D Sag, (47)

that is, practically all the applied mmf is consumed in crossing the air gap. Thus, at low
excitation, the magnetization curve coincides with the air gap line, as shown in fig. 4.6.
However, as the excitation is increased, iron parts enter into saturation so that Ste increases,
and is no longer negligible; the magnetization curve thus moves away from the air gap line,
and at an excitation like M in fig. 4.6, we have

Mo = 0S4+ Do See (4.8)

Asindicated on fig. 4.6, the air gap mmf drop ®S,y IS measured between the vertical axis and
the air gap line, while the iron mmf drop @St IS measured between the air gap line and the
magnetization curve; at low excitation, ®S.is negligible so that the curve and line coincide.

The magnetization curve in fig. 4.6 does not start from the origin; with no current in the field
coils, Mf =0, there is a small residua flux ®,. This is due to hysteresis in the iron, which
remains some of its magnetization when the excitation is brought down to zero. To kill the
residual flux completely, the field windings must be excited in reverse.

Now, in amathematical expression Likey =f(x), the term f(x)isafunction or formulain terms
of x :if we are given a certain value for the variable x, say xi, we insert this value in f(), and
perform the given agebraic operations to obtain the corresponding value of the variable y,
namely yi=f(x;). If the magnetization curve is given, we can think of it, and use it, just like a
function ® =f(My) :given avalue of M we can find the corresponding value for @ from the
curve; indeed, we can do the reverse: given avaue of ® we can find the corresponding value
for M; from the curve.

Of course, our operations are now graphical, and not algebraic. Suppose, for example, that we
need to calculate the developed torque T4 for a given armature current 1, and a given field
excitation My; to use egn. 3.16, we need the value of the flux per pole ®, and thisis obtained
graphically from M; using the magnetization curve. Alternatively, the torque may be given,
and we need to determine the necessary field excitation; here we use egn. 3.16 to find ® and
then the magnetization curve to find M.
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Engineering calculations often use graphical procedures like the one described here in
situations where there are no ready algebraic formulas linking the variables, ® and My in our

case. '_-.- -";r_'-.f l._._...---"-'-'.
If the machine has onefield winding, themmf per pole =" {;{?

M is related to the current in the field winding I; by
egn. 4.2. Since the number of turns per pole N; is
constant, there is direct proportion between M and I,
and the horizontal axis in fig. 4.6 can be scaled in
terms of I1. As an example, letN; = 500 turnsg/pole; a 'k
point on the horizontal axis marked 2000 A-t/polecan T, e, &
also be marked 4 A of field current: simi|ar|y, 3000 Fig. 4.7 Open circuit characteristic at’

A-t/pole becomes 6 A, and so on. speed n.

: ||1=-e'|'| = |}

The flux per pole @ is related to the induced emf Ea by T
egn. 3. 12, one form of which is

EA:ken(D — O :EA/ken

dc source

iIf we consider one constant value of speed n, the factor
(kem)will be constant, resulting in direct proportion
between @ and Ea at that speed; the vertical axisin fig.  Fig. 4.8 Experimental reading of
4.6 can then be scaled in terms of Ea, but the resulting  the OCC. Prime mover rotates
curve is correct for the specified speed -for a different  armature at constant speed n.
speed, adifferent scaling factor (ken)must be used.

Thus, instead of drawing the magnetization curve as a relationship between the applied
excitation M and the resulting flux @ asin fig. 4.6, it can be drawn as a relationship between
the exciting field current I, and the resulting induced emf Ea (at a specified speed n), as shown
in fig. 4.7; in this form, the magnetization curve is called the Open Circuit Characteristic
(OCC) of the machine. The OCC can be measured experimentally by the simple test shownin
fig. 4.8 :the machine is rotated by means of a prime mover at a constant speed n, usually the
rated speed of the machine; the field winding is fed from a separate de source; the exciting
field current I; isvaried, by means of n rheostat in the field circuit, or otherwise. The armature
circuit iskept open, with no connection to any external load or source; under these open-circuit
conditions, a voltmeter connected between the armature terminals as shown will read the
induced emf Ea because thereis no current, and hence no voltage drops, in the armature circuit
-seeegns. 3.13 and 3.14. The emf vaues are recorded for different values of field current, and
the result is plotted as in fig. 4.7. The residual emf E; is measured when there is no field
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excitation, ie when the field current I is set to zero by disconnecting the field winding from
the dc source. Note that in this test the machine is operated as a separately-excited unloaded
generator; it does not matter whether the machine is going to be installed as a motor or
generator, self-excited or separately-excited, etc. It is also noted that the armature is open-
circuited in this test, which is why the resulting characteristic is called the open-circuit
characteristic.

Because it can be measured directly, the OCC isthe preferred form of the magnetization curve.
To scale it back to the original form of fig. 4.6, the horizontal variable It is multiplied by Ny,
and the vertical variable Ea is divided by (ken); in practice, however, the constants Nt and ke
are not always known the OCC can still be used, although the original form of fig. 4.6can not
be obtained.

Compound machines have two field windings, one in shunt and the other in series, figs. 4.4d
and 4.4e. The OCC is obtained with the shunt field winding excited from a separate source as
in fig. 4.8, and the series winding left unconnected; this is because the shunt field is the
dominant one. Clearly, the horizontal scaling factor N represents the shunt turns per pole. But
in operation both windings are excited, and the total mmf is their algebraic sum, egn. 4.4.
Given Iy, Is, Nt, and Ns, the total mmf M;is computed, and the required point can be located on
the horizontal axis of the magnetization curve of fig. 4.6; to locate the corresponding point on
the horizontal axis of the OCC of fig. 4.7, M; must be divided by the scaling factor N; to obtain
an answer in amperes. Dividing Mt in egn. 4.4 by Ns, we can write

M Ng

N—]{ =l =1 £ {N—f} I (4.9)
where | o isthe required point on the horizontal axis of the OCC; it is an equivalent shunt field
current that considersthe additional excitation produced by the seriesfield winding. The factor
(N¢/Ny) effectively 'refers' the series winding current to the shunt winding :(N¢Ny)lsis the
current that must flow in the shunt field winding to produce the same mmf produced by |
flowing in the series field winding.

A given vaue of field excitation, whether expressed as an mmf M; or as a field current I,
produces a specific value of flux per pole @, fig. 4.6, but the corresponding emf Ea depends
on speed n; thisis why the OCC of fig. 4.7 is associated with a particular value of speed :the
same value of field current will produce different values of emf at different speeds, athough
the flux it produces is the same at all speeds. Now suppose the OCC is given at some speed
ny; it is possible to obtain the OCC at any other speed n, by simple scaling. Consider a
particular value of field current |,; it produces the mmf M, and hence the flux ®, whose value
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Is determined by the magnetization curve. Now, the emf produced by @, depends on the speed :
at ny, itis

E1 = keny @, While at n; it is E; = ken,®, Dividing, we get

Ez _np 4100 &

Eiy 1ng

B o

That is, at agiven field current, the emfsare in theratio
of speeds, fig. 4.9. Thus, if the emf is known atone ¢,
speed, it can be found at any other speed using

Na 1y

E, =(n2/n1) ‘E; (411)

Where E; and E; are at the samefield current. Applying
eqn. 4.11 at various values of field current, theOCCat " L Ly A
) / Fig. 4.9 Effect of speed on OCC
n, can be obtained from the OCC at n, fig. 4.9.

4.5 Exercises
4.1 Sketch the cross-section of a 6-pole dc machine showing armature, poles, and yoke.

Insert and mark all direct and quadrature axes. Show the main field flux distribution, including
leakage.

4.2 The addition of tips to the pole increases the pole arc /pole pitch ratio; this helpsimprove
the air gap flux density distribution and decreases air gap reluctance as explained in section
2.4.1 and fig. 2.5. Why, then, are machines designed with pole arc/pole pitch ratios not
exceeding (70 -75) %?

4.3 Fig. 4.2 showsflux linesin the air gap. Complete the figure by extending the linesinto the
pole shoe and armature teeth. What conclusions can you make regarding flux density, and
hence saturation, in teeth?

4.4 Explain how the dotting effect discussed in section 4.1 causes eddy current and hysteresis;
losses in pole shoes.

4.5 a Shunt field windings are designed for low current, ie much less than armature current.
Explain why thisis desirable, and how it is achieved.

b. Seriesfield windings are designed for low voltage drop, ie much |ess than armature voltage.
Explain why thisis desirable, and how it is achieved.
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4.6 Draw the connection diagram of a short-shunt
compound motor, with resistors to control the

currents in the shunt and series field windings. l |
. - * A2 «52 <2 .
4.7 Fig. 4.10 shows the termina box of a dc i —

machine, together with the terminals of adc source 55, .. dc: wachine Peakag
and a resistor. Insert connections for each of the Fig. 4.10 Question 4.7

following cases:

a. A separately-excited generator loaded by the resistor.
b. A shunt motor fed from the source, with the resistor used for field control.
c. A shunt motor asin part b, but rotating in the opposite direction.

d. A short-shunt compound motor fed from the source, with the resistor used to control the
seriesfield current.

4.8 Fig. 4.11 shows a pole excited by five coils, with | : ; /_
currents as indicated by the arrows. Write the expression
for the total mmf per polein terms of the currents and turns
of the individua cails.

,_
N
]

5

T T +
4.9 why is it not possible to measure the OCC unless the  Fig. 4.11 Question 4.8
machine is connected as a separately-excited generator at
no-load?

4.10infig. 4.8, thefield current is varied by means of a series rheostat. Show how it can also
be varied by means of avoltage divider across the supply.

4.11 The OCC ismeasured by increasing the field current in steps from zero to some maximum
value, and recording the corresponding values of armature emf. If now the current is decreased
from maximum to zero, the emf values will be different; why?

4.12 In acompound machine, the shunt field winding has 470 turns/pole, and the series field
winding has 13 turns/pole. What current in the shunt field winding produce an mmf equal to
that produced by 15 A in the series field winding?

4.13 The armature of a 6-pole dc machine is wave-wound with 46 coils and 3 turns/coil. The
field winding has 630 turns/pole. the resistances of the armature and field windings are 75 mQ
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and 40Qrespectively; the brush contact drop is approximately constant at 1.5V. The OCC at
800 rpmisgivenintable4.1

Table 4.1 at 800 rpm

lf(A) |0/03]05[/10 |15 |2 2.5 3 35 | 4 45 |5 6 7 8 9
Ea(V) 828 |46 | 945|143 |175| 1955|211 | 224 | 234 | 243 | 252 | 266 | 277 | 286 | 295

a. Plot the OCC at 800 rpm.
b. On the same sheet of part a, plot the OCC at 600 rpm and at 1000 rpm.

c. Plot, on adifferent sheet, the magnetization curve in the form of fig.4.6, ie flux per pole ®
against mmf per pole M.

d. At 800 rpm, estimate the mmf drops in the air gap and in the iron when the emf is (i)100
V,(i1)200 V, and (iii)300 V.

e. what is the residual flux per pole ®,?
f. what is the air gap reluctance Sy?
g. Determine the reluctance of the iron parts, S, at the 3 emf values of part d.

h. Determine the induced emf when the field current is 5.5 A and the speed is (i)800 rpm, and
(11)2500 rpm.

I. Determine the field current when the emf is 270V and the speed is (1)800rpm, and(ii)1500
rpm.

j. If the field current is 3.8A, at what speed will the emf be(i)200V/? (ii) 300V ?

k. The machine is operated as a separately-excited motor at 1100 rpm; the armature terminal
voltage and current are300 V and 70 A respectively. Find the field current.

|. A series field winding is added to the machine such that .\ 45 occ at when the
speed is 500 rpm and the shunt field current is 3 A, the 1500 rpm armature
emf and current are 150 V and 80 A respectively. Find the number of

turns of the series field winding.

m. The machineis operated as a shunt motor; it draws 80 A from a220 V source. What is the
Speed?
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4.14 An 8-pole dc machine has 266 armature conductors connected in simple wave. The

armature resistance is 0.75Qand the brush contact drop may be

assumed constant at 2.5V. Each field coil has725 turns. The OCC at I (A) Ea (V)
1200 rpmisgivenin table 4.2. 0.0 35
a. Plot the OCC at 1200 rpm. 0.1 105
b. What is the flux per pole when the field current is|.3 A? 0.2 210
c. Find the total mmf and the mmf drops in the air gap and the iron 03 315
when the flux per poleis 04 375
()14 mWh, and (ii)25 mWh. 0.5 412
d. If the machine runs at 1600 rpm with the field excitation set at 0.7 A, 0P 440
what isthe emf? 0.8 4382
e. If theemf is 380 V at 750 rpm, what isthe field current? 1.0 520
f. The machine operates as a generator with a constant field current of fia 550
1.4 A, and a constant 15 585
termina voltage Of 700 v. At what speed will the armature current be z0 630
zero? 2.5 660

g. The machine operates as a motor at 1500 rpm with afield current of 2 A; it develops 80
Nm. Find the terminal voltage and conversion power.

4.15 The machine of question 4.14 is connected as a compound motor in long shunt, with a
series field winding of 20 turns per pole.

a. The motor current is 15 A, and the shunt field current is 1 A. Find the induced emf at 1000
rpm if the compounding is (i)cumulative, and(ii)differential

b. The motor current is 20 A, and the shunt field current is 1.5 A; the compounding is
cumulative, and the resistance of the seriesfield winding is negligible. If the terminal voltage
iIs400 V, find the speed, conversion power, devel oped torque, and armature copper |oss.




DC Machine |
Dr. Settar S. Keream

University of Anbar
College of Engineering
Dept. of Electrical Engineering

4.16 Theresistances of the armature and field windings of a seriesmachineare 0.1 Q and 0.05
Q respectively. The brush contact drop is 1 V. The OCC at 400 rpm is  Table 4.30CC at

givenintable4.3. 400 rpm.
a. The machine is operated as a generator at550 rpm. If theload currentis || (A) | Ea(V)
28 A, find the load power and resistance. 5 103
b. The machine is operated as a motor from a battery whose emf and |19 16.7
internal resistance are 14 V and 0.07 Q respectively. Find the speed and 15 199
conversion power when the motor '

o . 20 21.3
current is (i)12A, and (ii)24 A.

25 21.8

ANSWERS TO EXERCISE QUESTIONS 30 0

4,12 0.415 A4.13d. (1)667A.t, O; (i1)1333A.1, 324At;(iii)2KAtL, 4.1 KAt;
e.0.725 mWhb;f. 73.6 Kat/Wb; g. 0,17.9 KAt/Wb, 151.3 KAt/Whb; h. (i)259V; 485.6V; i.
(1)6.4A; (i1)1.5A;). (1)695 rpm; (ii1)1042 rpm; k. 3.1 A;1.10 turns; m. 658 rpm.

4.14b. 26. 5 mWhb; c. (1)203 At, 203 At, 0;(ii)779 At, 367 At, 412 At; d. 616V; e. 1.74A; 1.
1461 rpm; g. 802V, 12.57KW4.15a. (1)478V; (i1))369V; b. 731 rpm, 7.1 KW, 92.75Nm,
257W4.16a. 698 W, 0.89Q; b. (1)226 rpm, 124W; (i1)142 rpm, 185 W.
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CHAPTER 5
ARMTURE REACTION

5.1 Introduction

The last chapter explained the magnetic field produced by the field coils, with no current in
the armature. In normal operation, however, there will be current in the armature; its flow in
the armature conductors produces an mmf called the armature reaction. The actual flux in the
machine is thus produced by the mmf of the field coils and the mmf of the armature acting
together. The effect of the armature mmf isto distort the field distribution in the machine; the
distortion has a number of adverse effects on the operation of the machine. This chapter
explains armature reaction and its effects.

5.2 Distributed armature mmf !

When current flows in the armature conductors, it tends to
set up a magnetic field. Fig. 5.1 shows the flux distribution
in a 2-pole machine due to the currents in the armature -
conductors acting alone, ie with the field winding unexcited.
The conductors form a single 'pseudo-coil’, with currents
going in at the right and coming out at the left; the axis of
the pseudo-coil istherefore the g-axis, and application of the
right-hand rule will give the flux direction shown in the
figure. Comparing with fig. 4.1, it is seen that the armature
field is perpendicular to the main field :whereas the main
field acts on the d-axis, the armature field acts on the g-
axis. Over a pole pitch corresponding to one pole, the
armature flux isdirected from the armature to the pole over
half the pitch, and from the pole to the armature over the
other half pitch; therefore, it tends to aid the main field
over half apole, and oppose it over the next half pole.

Fig. 5.1 Magneﬁc field due to
armature current acting alone
in a 2-pole machine.

Instead of a single pseudo-coil, it is convenient to think of
the armature conductors of fig. 5.1 asforming two pseudo- '
coils :onein the top half of the armature acting to produce ds

aflux directed out of the armature surface, and the other in ~ F18- >-2 Armature current

the bottom half acting to produce a flux directed into the ~ distribution ina 4-pole machine
armature.
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Going up to the case of 4-pole machine :fig.5.2. we can distinguish four such pseudo-coils:
for example, the conductors enclosed between d; and d,actto produce aflux directed out of the
armature surface in this region; the axis of this pseudo-coil is g.Similarly, the conductors
between d, and dsact to produce a flux directed into the armature, and their axisis qs; and so
on for the remaining two pseudo-coils.

The pseudo-coilsact on the g-axes, whilethe main field coils act on the d-axes. The mechanical
angle between adjacent g -and d-axes is 45° in the4-pole machine of fig. 5.2, but the electrical
angleis90°. Thus, electrically, the armature field is perpendicular to the main field; thisistrue
for any number of poles since the angle between adjacent g -and d-axesis always 90 el ectrical
degrees.

Fig. 5.3 shows a developed diagram of the pseudo-coil % %
between d; and d; in fig. 5.2, or, equally well, the upper
pseudo-coil of fig.5.1. This pseudo-coil attemptsto produce
a flux directed out of the armature surface, ie upward sin
fig. 5.3. Themmf marepresentsthe action of the conductors
of the pseudo-coil in their attempt to produce the flux. The
sides at positions 1 and 6 act on the region from 1 to6; the
sides at positions 2 and 5 act on the region from 2 to 5; and
the sides at 3 and 4act on the region from 3 to 4. By
superposing these mmif's, we obtain the overall mmf of the
pseudo-coil which has the staircase shape shown:in the
regions 1-2 and 5-6, the mmf is produced by the sides at 1 and 6 only; in the regions 2-3and
4-5, the mmf is produced by the coil sides at 1 and 6 as well asthe coil sidesat 2 and 5; in the
region 3-4, the mmf is produced by all the sides, and is therefore maximum, Man. It is
convenient to approximate the actual stepped mmf distribution by the triangular distribution
shown dotted in fig.5.3. The maximum value M 4, occurs at the center of the pseudo-coil, ie at
the g-axis.

¢
‘.
e o/ X X X
2 3 “ s

o,

Fig. 5.3 Distributed mmf of
armature pseudo-coil

Since Man is produced by all the conductors in the pseudo-cail, it is equal to the total number
of turns of the pseudo-coil multiplied by the current in theconductors. The total number of
turnsis equal to the number of conductorsin one side of the pseudo-coil, which isthe number

of conductors in haf a pole pitch, %(Z/Zp); the current in the conductors is the path current
|a/2a. Thus

M, = %(%) (;—‘;) - e;ZEIA - %IA (5.1)
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Fig. 5.4 The mrnf distributions acting on the air gap and the resulting air gap flux density
distribution.

The stepped distribution approach the triangular distribution as the number of steps is
increased, that is, as the number of dotsisincreased.

Clearly, then, the mmf of an armature pseudo-coil is distributed over the entire pole pitch
covered by the pseudo-coil; the statement that "the pseudo-coil acts on the g-axis "simply
means that its maximum mmf occurs at the g-axis.

Consecutive pseudo-coils act in opposite directions :one attempts to produce a field directed
out of the armature surface :and the next one attempts to produce a field directed into the
armature, figs. 5.1 and 5.2. Therefore, if the mmf of one pseudo-coil is taken to be positive,
the mmf of the following pseudo-coil must be considered negative. The overal mmf
distribution of the armature will thus have the triangular wave-shape shown in fig. 5.4a. Note
that the armature mmf is zero at the d-axes.
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5.3 Resultant field

In normal operation, there is current in the armature conductors, and the field winding is
excited; the respective mmf’s, acting on the air gap, are shown in figs. 5.4aand 5.4b. Adding
thetwo mmf distributions point by point givesthe resultant mmf distribution showninfig.5.4c.
This resultant mmf acts on the air gap to produce the flux density distribution shown in fig.
5.4d. The flux density wave follows the resultant mmf wave approximately, and not exactly,
because the flux is determined not only by the mmf but also by the reluctance, and the air gap
reluctance is not constant around the armature periphery :in the region of the d-axis, ie under
the pole face, the air gap is short and hence the reluctance is small; in the region of the g-axis,
ie between poles, the air gap is long, and hence the reluctance is large. The non-uniform
reluctance, and the resulting fringing near the tips of pole shoes, cause the flux density
distribution in the air gap to be somewhat different from the mmf distribution producing it.
Note, for example, how the wave is rounded at the pole tips due to fringing. Also note that the
flux density at the g-axis, athough no longer zero, is still very small because of the high
reluctance there.

Comparing the resultant mmf and flux density of figs. 5.4c and 5.4d with the main field mmf
and flux density of figs. 4.3aand 4.3b, it is seen that armature reaction generally distorts the
distributionsin the air gap. The distortion is apparent both in the region of the d-axis under the
pole, and in the region of the g-axis between poles. Under the pole, the armature mmf aids the
main field mmf over half the pole, and opposesit over the other half; the resultant flux density
is no longer uniform under the pole, being strengthened at one tip, and weakened at the other
tip. Consequently, the instantaneous emf and torque in the armature conductor, which are
proportional to b, undergo change as the conductor moves under the pole. Between poles,
armature reaction applies an mmf so that the flux density is no longer zero at the g-axis; the
point at which b passes through zero is shifted dightly from the g-axis. The presence of a
magnetic field at the g-axis means that the emf and torque in a conductor passing through the
g-axis are no longer zero; they are still very small because b is very small due to the large air
gap, and hence high reluctance, at the g-axis.

Fig. 5.4 includes a developed diagram of the machine showing the sources of the resultant
magnetic field, ie the currentsin the field coils and in the armature conductors. Application of
the right-hand rule indicates that the forces on the armature conductors are towards the right;
that is, the torque is in the clockwise direction for the current directions assumed. Therefore,
iIf the motion is aso to the right, then the machine is a motor; if, on the other hand, motionis
to the | eft, then the machine is a generator.
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In general, then, armature reaction 'pulls the flux in the direction of rotation in generators, and
in the direction opposite to rotation in motors. The distorted flux distribution in a 2-pole
machine is shown in fig. 5.5; asin fig.5.4, rotation is
clockwise for motor operation, and counterclockwise
for generator operation. Compare the resultant flux
distribution of fig. 5.5 with the main field distribution
of fig. 4.1; note, in particular, that the flux density is
no longer uniform around the air gap.

5.4 Effects of Armature Reaction

The last section explained how armature reaction
distorts the field in the machine. The distortion has Fig-5.5 Resultant flux distribution in
three main harmful effects on machine operation; 2-Pele machine, showing distortion
theSGWI” now be eXp|alned due to armature reaction.

5.4.1 Demagnetizing Effect

The armature mmf aids the main field mmf over half the pole, and opposes it over the other
half; the increase in mmf in the first half is equal to the decrease in the second half. We might
therefore expect the flux per pole @ to remain unchanged, the increase compensating for the
decrease. In fact, however, there is a net decrease in ® caused by the nonlinearity of Iron: in
the region where the field is strengthened, the pole tip and armature teeth are driven deep into
saturation, fig. 5.5, so that the increase in flux density there is less than the decrease in flux
density in the region where the field is weakened.

Thus, although theincrease and decrease in mmf are equal, the resulting increase and decrease
in flux density are not, with the increase being less than the decrease. Armature reaction
therefore leads to aslight demagnetization of the machine; that is, it reduces the magnetic field
in the machine. Usually the reduction is small enough to be neglected, but can become
significant for large armature currents, especially under overload or short circuit conditions.

Recalling egns. 3.12 and 3.16, it is seen that any reduction in the flux per pole ® resultsin
corresponding reductions in the average armature emf Ex and devel oped torque Tg.

The OCC is measured with the armature open-circuited so that there is no armature current
and hence no armature reaction; let E, represent the emf under open-circuit conditions. Under
normal operating conditions with nonzero armature current, the actual emf En may be
somewhat less than E, due to the demagnetizing effect of armature reaction; the difference
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AE: Eo - EA (5 2)

thus represents the demagnetizing effect of armature  E. ——ff———— o =T
reaction as a reduction-in induced emf. The effective | ¥, / :
magnetization curve on load, where 1,70, lies below
the OCC, and is lower for higher armature currents,
fig. 5.6. The curves merge at the air gap line because
there is no saturation at low excitation. The difference
between the OCC and the effective magnetization
curve on load is AE, which is a complicated and
nonlinear function of both field and armature mmf’s,
and hence of field and armature currents; in practice,
AE is much smaller than suggested by fig. 5.6. At a
field current I+ and zero armature current, we have

"-.‘\
NN
B

¥

[ !_:' I
Fig. 5.6 Representation of the
demagnetising effect of armature
reaction

Va=Ea=Eo (5.3)

At the same field current I, but with a nonzero armature current |4, Kirchhoff's voltage law
and egn. 5.2 yield

Va =Eax (1a RatVyp) = (Es-AE) £ (In Ra+Vyp)
:Eo + (lA RA+Vb$ AE) (54)

where, according to fig. 3.15 and egns. 3.13 and 3.14, the upper sign applies for motor
operation, and the lower sign for generator operation. If the demagnetizing effect of armature
reaction is negligible, AE is dropped from egn. 5.4, which then simplifiesto egn. 3.13 or 3.14,
depending on the mode of operation.

At agiven fidld current |; and armature current | a, the point (I, EA) represents actua values :
If is the actual current flowing in the field winding, and E, is the actua emf induced in the
armature. This point does not lie on the OCC, as can be seen from fig. 5.6; however, it can be
associated with two pointsthat do lie on the OCC. Thefirst isthe point (5, Eo) lying vertically
up, and the second is (I+’, Ea) lying horizontally to the left I+” can be viewed as the effective
field current that would give the actual emf E5 on the OCC; the difference

Alg =1 —I¢ (5.5)
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represents the demagnetizing effect of armature reaction as a reduction in field excitation.
Thus, the small triangle in fig. 5.6 represents the demagnetization in two ways :the vertica
side gives the reduction in emf AE, and the horizontal side gives the reduction in effective field
current Aly.

5.4.2 Shift of The Magnetic Neutral Axis

The point on the armature surface at which the air gap flux density passesthrough. zero defines
the magnetic neutral axis, or mna. If the main field acts alone, the mna coincides with the g-
axis, fig. 4.3. Armature reaction causes the mnato move away from the g-axis, as can be seen
infig. 5.4d. Thus, the flux density at the g-axisis no longer zero, although it isstill very small
because of the large air gap, and hence high reluctance, at the g-axis. The small field induces
asmall emf in the cail side passing through the g-axis; this coil sideis part of acoil undergoing
commuitation, ie a coil whose current is being reversed by a brush short circuit -see section
3.2. Thus, the shift of the mna from the g-axis produces a nonzero emf in the coil undergoing
commutation.

Another effect of the mna shift is best understood by considering one pole pitch, such as that
enclosed between g and g in fig. 5.4d. In this pole pitch, most of the flux is directed
downwards, but is reversed in the small region between the mna and qp; therefore, the
conductors passing through this small region will have their emfs and torgues opposite to what
they should be, resulting in a dlight reduction of the overall armature emf and torque. This
effect is quite small because the region in question is very small, and the flux density in that
region isitself very small.

5.4.3 Flashover

In each pole pitch, armature reaction tends to concentrate the flux at one pole tip, as can be
seen in fig. 5.4. Section 5.3.1 explained that this redistribution of the flux can cause a slight
reduction in the average emf, and that this reduction is often negligible. Its effect on the
instantaneous coil emfs, on the other hand, can be quite significant :a coil whose sides are
passing under tips where the field is strengthened will have a high emf induced in it. The coil
sides are near the g-axis, which means that the coil is connected to commutator segments that
are near the brushes, wherethe air is highly ionized due to normal sparking between brush and
commutator. The high coil voltage is applied between segments, ieit is applied to theionized
air in the region, which may thus break down, resulting in arcing between segments. The heat
of the arc can melt holesin the segments. Moreover, the arc may itself cause further ionization
and hence further arcing between segments; in severe cases, the arc may extend from brush to
brush, whichis called flashover.




DC Machine |
Dr. Settar S. Keream

University of Anbar
College of Engineering
Dept. of Electrical Engineering

Flashover is a very serious condition because the heat from the arc can melt the commutator
segments, thus causing total machine failure. The machine must therefore be designed to
minimize the possibility of flashover. Under normal operating conditions, the coil voltages are
unlikely to be high enough to cause flashover. However, under severe overload or short circuit
conditions, the distortion caused by armature reaction may be so sharp asto lead to flashover
of the commutator.

5.5 Treatment of Armature Reaction

In normal operation, the distortion caused by armature reaction is relatively small, fig. 5.7a.
The distortion can become quite sharp if the armature current becomes too high, fig. 5.7b, or
if the main field is allowed to become too weak, fig. 5.7c. The adverse effects of armature
reaction discussed in the last section place limits on the acceptable operating conditions of the
machine; in severe cases, flashover can occur, causing total machine failure, section 5.4.3.
Therefore, the design and construction of dc machines must aim at reducing armature reaction
and its effects; below we explain some of the treatments used to counter armature reaction.

The machine is designed to have a strong
main field; that is, the main field mmf M;
is much greater than the maximum Coe . 1 = o
armature mmf M. The distortion due to ‘ k '

armature reaction is then relatively small

asinfig. 5.7a; otherwise, the field may be |f\' /\I ’
‘ I S~~~

- O

distorted asin fig. S.7c v_vhgre the.shlft of / § - W—K -
the magnetic neutral axis is particularly : ()
notable. normal operation ':,f‘.)".“'. ..:':._-:.:': jre weak main field

Fig. 5.7 Distortion due to armature reaction under
various operating conditions.
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Under the pole face, the armature mmif is highest at the pole tips, figs.5.3 and 5.4a. Its effect
can therefore be reduced by increasing the reluctance of the magnetic circuit in the region of
the pole tip. This may be done by constructing the poles with alternate laminations as in
fig.5.8a so that the effective length of theiron in the pole tip is half that in the pole core; with

the area seen by the flux in the tip reduced, the
reluctance of the air gap under the pole tipsis A
effectively increased. Alternatively, the air gap /\
IS made longer under the pole tip by /\
constructing the poleswith eccentric faces asin (a) (b) (c)
fig. 5.8b, or by chamfering the pole facesasin  alternate pole eccentric ~ Chamfered

i : : laminations pole face poie tips
fig. 5.8c. These methods of increasing the '
reluctance at the tips are intended to reduce the
effect of the armature mmf; of course the
increased reluctance also reduces the flux
produced by the main field mmf, ie by the main
field cails, but the reduction in the main field is
much smaller than the reduction in the armature
field :In the magnetic circuit seen by the main field, fig. 4.1, the reluctance at the pole tipsis
in parallel with the reluctance at the d-axis, so that its increase has only a small effect on the
overall reluctance seen by the main field; in the magnetic circuit seen by the armature field,
fig.5.1, the reluctance at the pole tips is the main series component in the path, so that its
increase has amajor effect on the overall reluctance seen by the armature field.

Fig.5.8 Increasing the reluctance at pole
tips:((a)each pole lamination has only one tip,
and the laminations are stacked alternately;
(b)the arc of the pole face is off center with
respect to the armature; (c)the pole face is cut
straight at the tip.

Section 5.4.3 explained that theionized air near the brushes breaksdown if the voltage between
segments becomes too high. Experience indicates that the breakd9wn of air can be avoided if
the maximum instantaneous voltage between adjacent segments is not allowed to exceed 30-
40 volts; the corresponding average voltage is 20 -30 volts. The machine must therefore be
designed in such a way that the average voltage between segments does not exceed 20 -30
volts.

The voltage between segments is directly related to the coil voltage :in a simple lap winding,
the voltage between adjacent segments is equa to the coil voltage, and in a simple wave
winding, it isequa to p times the coil voltage; in general, then, the voltage between adjacent
segmentsis equal to Vi X p/a

The design must therefore ensure that Eqqiixp/a < 20 -30 volts; otherwise, the machine may
experience flashover, resulting in tota failure.
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In some machines, the poles are made with slots in which an additional winding is placed,
fig.5.9a; the winding is called the compensating winding or pole-face winding. The currents
in the conductors of the compensating winding are opposite to the currents in the armature
conductors, fig. 5.9a,so that the corresponding mmf’s also oppose, figs. 5.9b and 5.9c; idedlly,
the two mmf’s cancel out under the pole face, leaving only a small mmf acting in the inter
polar region, fig. 5.9d. The resultant mmf is then as shown in fig.5.9.e, producing the air gap
flux density distribution shown in fig. 5.9f :the distortion under the pole face has been
eliminated, as may be verified by comparison with fig. 5.4d; in this way, the compensating
winding prevents flashover.

The compensating winding also reduces the flux density at the g-axis and the shift in the
magnetic neutral axis; it cannot eliminate them completely because it has no conductorsin the
inter-poles region, figs. 5.9aand 5.9c.

The compensating winding is connected in series with the armature, fig.5.10, so that the
current in its conductorsis | . The maximum mmf of the compensating winding is

1
Mm = = Ncla (5.6)

Where N is the number of conductors in each pole face. For full compensation asin fig. 5.9,
the maximum mmf of the compensating winding must equal the armature mmf at the poletips,
that is

Mcm = Mam (5.7)

Whereo is the pole arc /pole pitch ratio, fig. 1.41. Substituting for M4y from egn.5.1 and for
Mem from egn. 5.6and rearranging, we get

N, = 2 = 2% (5.9)

C " 4pa 2pa
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which givesthe number of conductors that
must be placed in each pole face for full
compensation, ie for  complete
cancellation of armature reaction under the
pole face, fig. 5.9d. The value of N
obtained from egn. 5.8 is unlikely to bean
integer, and a smaller integer number is
used because 60 -70 %compensation is
usually sufficient. The connection of the
compensating winding in series with the
armature fig.5.10 means that
compensation occurs a al loads; for
example, if the armature current Ia
increases, the armature mmf increases, but
the compensating winding mmf also
INncreases.

The compensating winding increases the
cost of the machine very much; therefore,
it is not used except in very large
machines, and in some special-purpose
machines, where the high cost may be
justified economically.

The orientation of the various windingsin
fig. 5.10 indicates the axis on which each
of them acts. The shunt and series field
windings act on the d-axis, which is

perpendicul ar to the brush axis, considered to be
vertical through the armature in the figure. The
armature and compensating windings act on the
g-axis, which coincides with the brush axis.
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5.6 Brush Shift

The brushes are normally located in such positions that they short circuit the coils which are
passing through the g-axis; see for example figs. 3.7 and 3.11. The brush axis coincides with
the g-axis, where the brush axis is defined as the location of the coil sides of the coils
undergoing commutation, ie the coils whose currents are being reversed through brush short
circuit. In the armature cross-section, the brush axis is the

bry.

point at which the conductor currents reverse direction; T ax;Sh

S

normally, this is the same as the g-axis. However, if the
brushes are moved from their normal positions, the brush
axis will be shifted from the g-axis as shown in fig. 5.11 :
note in particular that current reversal does not occur at the
g-axis. Such brush shift is usualy quite small, and results
from incorrect positioning during manufacture, or poor
brush fit, or normal parts wear over the machine's life, etc.
In some smal machines, the brushes are  shifted |

intentionally to improve commutation, as will be explained  Fig, 5.11 Brush s?‘]ift' and the

in chapter 6. resulting distribution of
currents in the armature

Brush shift means that the pseudo-coil formed by the
armature conductors does not act exactly on the g-axis, but
on the shifted brush axis; that is, the peak of the triangular mmf wave of the armature occurs
at the brush axis, which does not coincide with the g-axis, fig. 5.11. The armature mmf may
therefore be considered to have two components :a component acting on the g-axis as usual,
and a new component acting on the d-axis. Depending on the direction of brush shift relative
to the direction of the main field, the d-axis component of armature reaction may aid the main
field, or it may oppose it; that is, armature reaction may be magnetizing or demagnetizing.
Note that most of the armature mmf still acts on the g-axis; it is 'cross-magnetizing', with a
small demagnetizing effect as in section 5.3.1. Also note that brush shift does not ater the
distribution of induced emfs in the armature conductor’s reversal of the induced emf occurs at
the g-axis and not at the brush axis (more precisely, emf reversal occurs at the magnetic neutral
axis).

conductors.

To check that the brushes are correctly positioned at the g-axis, the machine is connected as a
separately-excited generator, and rotated first in one direction, and then in the opposite
direction; in both runs, the machine is loaded so that armature current flows, producing
armature reaction. The speed, field excitation, and armature current are made the same in both
runs. If the brushes are correctly positioned, the magnitude of the terminal voltage turns out to
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be the same for both directions of rotation. If, however, the brushes are incorrectly positioned,
the armature reaction will have ad-axis component which aids the main field for one direction
of rotation and opposesit for the other direction; the magnitude of the terminal voltage isthen
different for the two directions of rotation.

5.7 Exercises
5.1 Redraw fig. 5.4 with the armature current reversed, and compare.

5.2 Using cross-sectional diagrams of a 4-pole machine, show the flux distributions resulting
from (i)the main field acting aone, (ii)the armature field acting alone, and (iii)the main and
armature fields acting together.

5.3 Using developed diagrams of a 2-pole machine rotating counterclockwise, show that:

a. Armature reaction in a motor (i)increases the flux density under the pole in the direction
oppositeto rotation, and (ii)shiftsthe magnetic neutral axisin the direction opposite to rotation.

b. Armature reaction in agenerator (i)increasesthe flux density under the pole in the direction
of rotation, and (ii)shifts the magnetic neutral axisin the direction of rotation.

5.4 Using cross-sectional diagrams of a 2-pole machine, show that:

a. In amotar, brush shift in the direction of rotation produces magnetizing armature reaction,
while brush shift in the direction opposite to rotation produces demagnetizing armature
reaction.

b. In a generator, brush shift in the direction of rotation produces demagnetizing armature
reaction, while brush shift in the direction opposite to rotation produces magnetizing armature
reaction.

5.5 Draw cross-sectional diagrams, as listed below, for a 2-pole motor rotating clockwise.
Show, on each diagram, the g-axis, brush axis, magnetic neutral axis, as well as the currents
and emfs in the armature conductors.

a. Motor unloaded; brushes on g-axis.

b. Heavy load on motor, resulting in a 10° shift in the mna; brushes still on g-axis.
c. Motor loaded asin part b; brushes shifted 20° clockwise.

d. Motor loaded asin part b; brushes shifted 20° Counterclockwise.
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Study the directions of armature currents and emfsfor the various cases, and hence discussthe
effects of brush shift. Pay specia attention to the region between the brush axis and the mna
axis.

5.6 On page 5.5 it is stated that the curves of fig. 5.6 merge at the air gap line because thereis
no saturation at low excitation; explain in detail.

5.7 Hashover can be considered as a short circuit between brushes; discuss and explain.

5.8 Why is the maximum mmf of the compensating winding less than the maximum mmf of
the armature winding? Hence justify egn. 5.7.

5.9 Explain, with the aid of suitable diagrams, how incorrectly positioned brushes can cause
the voltage of a generator to be different for the two directions of rotation.

5.10 Armature reaction can cause demagnetization in two ways, explain.

5.11 A 6-pole dc machine has 95 dlots. The armature winding is connected in simple lap with
2 coil sides/dlot/layer and 3 turns/coil. The pole face covers 70 %of the pole pitch. The full-
load armature current is 600 A.

a. At full load, find the armature mmf at (i)the d-axis, (n)the g-axis, (iii)the poletip, and (iv)=/3
electrica radians from the g-axis.

b. How many conductors should be placed in each pole face to compensate for armature
reaction? What is the resulting maximum mmf of the compensating winding?

5.12 The commutator of a 6-pole wave-wound machine has 29 segments. Each armature coil
has 12 turns and carries 80 A. The machine is connected in long shunt cumulative compound :
the shunt field winding has 700 turns per pole and carries 20 A; the series field winding has
25 turns per pole. The pole arc is45 mechanical degrees. Find (i)the main field mmf per pole,
(i1)the maximum mmf of the armature, and (iii)the number of conductors per pole face and
maximum mmf of the compensating winding.

5.13 A 2-pole machine is designed to have an armature emf of 600 V. The armature has 35
slots with 16 conductorsin each slot. Find the maximum allowable number of turns per cail,
and the corresponding number of commutator segments.

5.14 The machine of question 4.14 rotates at 1200 rpm with an armature current of 16 A and
afield current of 1.0 A. It isfound that armature reaction reduces the induced emf by 38 V.

a. Find the main fiddld mmf and the maximum armature mmf.
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b. Find the effective reduction in field current due to armature reaction.

c. Find the effective field mmif.

Table 5.1 OCC at

d. Find the reduction in the flux per pole due to armature reaction. 1400 rpm

e. Find the conversion power. It (A) |Ea(v)

5.15 The machine of question 4.14 rotates at 800 rpm with an armature current |0.0 |28

of 16 A and afield current of 1.4 A. The armature emf isfound to be350 V. |01 |51

Determine the demagnetizing effect of armature reaction as(i)a reduction in 55 102

induced emf, (n)a reduction in effective field current, and (iii)a reduction in

03 |145
the flux per pole.

04 |182
5.16 A 4-pole dc machine has a hot armature winding resistance of 0.8Q; the 06 b=
brush contact drops maybe assumed constant at 1.5 V. The OCC at 1400rpm |_
iIsgivenintable5.1. 08 |266

10 286
a. The machineis operated as a separately excited generator at 1400 rpm with 15 313

the field current fixed at 1.2 A. It supplies a 15 Q load resistor with 5 KW.

Determine the demagnetizing effect of armature reaction as(i)areductionin  t5p1e 5.2 occ

emf, and (ii)areduction in effective field current. at 800 rpm.
b. The machine is operated as a shunt motor from a 220 V source. It is | It (A) | Ea(V)
loaded so that the speed is 1000 rpm and the armature current isl5 A. 0 3
Assuming that armature reaction reduces the flux per pole by 5 %, 03 28
determine the actual and effective field currents; also compute the motor 95 | 46
line current and the devel oped torque. 1.0 94.5
5.17 The dc machine whose [ a) [ Ea voits %'5 147]:53
OCC is given on table 5.2 has IA=100A | 1A=80A | IA=60 A 55 1955
a wdg resistance of 75 mQ and | 3 217 219 221 3.0 211
a constant brush contact drop |40 2255 228 230.5 35 | 224
f 1.5 v. the mag curves at 3> 2% 235 2385 4.0 234.5
oF Lo V. g 50 |2395 243 246.5 : :
different armature loadings [60 | 252 256 260 45 | 2435
ond consint spoed 800 rpm | 2328 8PS 2020
are listed in the adjacent table. o0 277 283 2835 7:0 276:5
(a) Plot these curves, together 100 |283 290 2% 8.0 286
with the OCC, over the field current range shown here. 9.0 12945
10.0 | 302
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(b) Determine Ea, Eo, AE, I, I+, and Al when the arm current is 80 A and the field current is
8A and speed is 800 rpm. (c) The machine is operating as a generator at 800 rpm determine
the termina voltage when the field current is7 A and the arm current is 60 A

(d) for motor operation at 1000 rpm with the field current of 7.5A if the armature current is 80
A, find theterminal voltage and the conversion power. (e) if the machineis operating as a 900-
rpm generator with terminal voltage 260 V and arm current 100 A, find Ea, Eaoc, I1, It’, AE,
and Al;. (f) the machine runs as a motor from a 220 V supply. At a certain load, the speed is
650 rpm and the armature current are 90 A find Ea, Eaoc, I1, It’, AE, and Al;. (g) the machine
runs as a motor from a 240 V supply. At a certain load, the field current is 8.4 A and the
armature current is 60 A find the speed and developed torque. (h)A seriesfield winding added
to the machine such that when the speed is 500 rpm and the shunt field current is 3A, the
armature emf and current are 150 V and 80 A respectively. find the number of turns of the
seriesfield winding. (I) the machine is operated as a shunt motor; it draws 80 A from a220 V
supply. Estimate the speed.

5.18 Question 5.17h and 5.17i appear to be identical, respectively, to questions 4.131 and
4.13m. why are the solutions and answers different?

Answers

5.11 a (i)0, (i1)9500At, (i1i)6650At, (iv)3167At; b. 22 conductors, 6600 At. 5.12(i)18 KAt,
(i1)4.64 KAt, (iii)43 conductors, 3.44 KAt.5.13 4 turns/coil, 70 segments.  5.14 a 725 At,
133At; b.0.2A; ¢c.0.8A; d. 1. 786 mWb; e. 7.7KW.  5.15(1)33.3V, (ii)0.37 A, (iii)2.35
mWb .5.16 a (i)9V, (ii)0.145A; b. 1.29A,1.05A, 16.3A, 29.6Nm. 5.17b. 275.5V, 286V,
10.5V, 8A, 6.88A,1.12A; c. 265.5V; d. 346.6V, 27.13KWi;e. 269V, 282.9V, 13.9V, 4.98A,
4.25A,0.73A; f.211.8V, 221.3V, 9.6V, 6.6A, 5.6A, 1 A; g. 660 rpm, 203 Nm; h. 14 turns; i.
678 rpm
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CHAPTER 6
COMMUTATION

6.1 Introduction

The commutator is a characteristic feature of dc machines. Its purpose is to match the
alternating currents and voltages of the armature coils to the direct current and voltage of the
brushes as aready explained in chapters 1 and 3. However, the commutation process is quite
complicated, and gives rise to secondary effects that place limits on the over-all performance
of the machine. This chapter explains the commutation process and its main effects.

6.2 The process of commutation

Fig. 6.1 Shows a genera arm coil C moving to the right as it rotates with the armature; it is
connecter to commutator bars a and b which move with it. (a)When the coil sides are under
the poles, the coil is part of acertain armature path and carries a path current |

la=1a/2a

(b)Asthe coil sides approach the g-axis (or brush axis), there will be an instant t; at which the
brush contacts barsaand b simultaneously; thus, startsthe short circuit of the coil by the brush.

(c)The coil continues to be short-circuited by the brush; it is said to be ‘undergoing
commutation’.

(d)As coil sides move away from the g-axis, there will be an instant t, at which bar b breaks
contact with the brush so that the short circuit ends.

(e)Coil sides move under poles, and the coil isnow port of a different path; the coil current is
|2 @again, but in a direction opposite to the original one.

Clearly, then, the coil is short-circuited for an interval Tc
Tec=t-11

During thisinterval, the coil current changes from I,to -l5; i.e. it reverses or ‘commutates’.
Asshowninfig. 6.2, the changein current must follow some time-curve from the point (t,15)to
the point (t2,-15). Depending on various conditions that will be explained in later sections, we
may have linear commutation (curve 1), over-commutation (curve 2), or under-commutation
(curve 3).
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To calculate the SC interval (or commutation
interval), let u. denote the speed of the bars; thus

Ucs=2mren

Wherer. is the radius at the commutator surface.
From fig. 6.3, it is seen that the leading edge of
bar amove from x; at t; to X; at t;; Thus

u e X% Wy,

. t2_t1 Tc
Therefore
_wovi_ 1 [w_w
TC B Uc y 2nren Ly, 3’0] Yo
1 [w Vi _2mr
- TlC yo yo (YO - C )

As expected, the length of the SC interval, Tc, is
determined by the speed of rotation n, therelative
dimensions of bars and brush, and the number of
commutator bars.

6.3 Equivalent Circuit of Commutating Coil

During commutation, the coil SC current is
circulating in a path composed of: the cail itself,
risers, bars, contact surfaces, and brush (see fig.
6.4). A

Fig. (6.2)

rt

l— w >

Fig. (6.3)

simplified equivalent circuit is shown in fig. 6.5 with:
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R: = coil resistance;

e~rotational emf in coil =2N(blu);

L . = salf-inductance of cail;

r, =contact resistance between brush and trailing bar;

r, = contact resistance between brush and leading bar.

The circuit of fig.6.5 involves the following simplifications:

-The resistance of riser, bar, and brush is negligible w.r.t. contact resistance;
-Mutual inductance with adjacent coilsis neglected;

-Brush assumed to short circuit one coil at atime.

Notethat |lower-case symbolsare
used for quantities that are time-
varying during T¢; these are e,
is, i1, I2, 11, @nd ry; indeed, is and o
possibly e; reverse during Tec.
Also note that from KCL L L =

il: Ia'is and -EI.Ii

io=1at+is Sothat
i1+ 12 =(la-ig)t latig)=2la
As expected,
The terminal voltage of the coil v is given by
V=€ -isRc -L(digdt)

The rotational emf e; is small because field is small around the g-axis (see, for example, fig.
5.5). L¢(digdt) is called the reactance voltage; it isinduced by the change iniis
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6.4 Linear commutation (resistance commutation)

In small machines, the coil voltagev. issmaller than the contact drops
i1 rpandi, r, we assumethat v isnegligibly small, then the equivalent

circuit of fig. 6.5 reduces to that of fig. 6.6. In this case, r; and r, are .

in parallel so that by current division: | PR Ia
I %

A \

f2ia
If we further assumethat r; and r, arelinear resistances (which in fact Fig. (6.6)
they are not), then:
oA
oA | b
Where the contact areas A; and A, are defined in fig. 6.7.  Fiz 67l

Thus i _,LE_ 1Ej
W

A1=w1ilp , Ao=Wolp, Ar=wilp

Where (, = axial length of brush.

I.e. the current division between barsisin direct proportion to their respective contact areas.
If in the above expression we substitute for i; and i, in termsof 1, and | (see section 6.3), and
rearrange, we get:

i = % |.(Derive this equation)
Asthe commutator slides against the brush at constant speed, A; increases linearly with time,
while A, decreases linearly with time. Thus, is varies linearly from I, at t; to —I, a t,, and we
have linear commutation asin curve 1 of fig. 6.2. Linear commutation isaso called resistance
commuitation because the current variation is controlled by the contact resistances r; and r»(see
first equation in this section).

Note that we derived linear commutation as an approximation based on two assumptions :
negligible v and linear contact resistances. These assumptions do not generaly hold in
practice so that we seldom have linear commutation. Commutation approaches linearity in
small machines where these assumptions are approximately true.
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6.5 Reactance voltage

Reactance voltage is the voltage induced in the coil due to the time variation of is; it appears
across L¢ in the equivalent circuit of fig. 6.5, and is equal to L(dis/dt). Reactance voltage has
agreat effect on the commutation process, so that linear commutation. The role of reactance
voltage in the commutation process may be described qualitatively as follows:

The reactance voltage is induced by the change of coil current from 1, to -1, According to
Lenz's law, the reactance voltage will be induced in such away as to oppose what is causing
it, i.e. it opposes the change in current. Therefore, the reactance voltage retards or delays the
changein current.

Due to reactance voltage, then, the current tends to follow a curve above that of linear
commutation, for example curve 3in fig. 6.2; the greater the coil inductance L, the higher the
curve.

If current reversal is not complete (i.e. current has not reached-1,) when bar b breaks contact
with the brush at t,, the curve will beasshowninfig. 6.8. |,

Thisresultsin sparking which is explained as follows: \

At t, the coil current attempts to jump to —l, almost .
instantaneously. This results in very high reactance ‘?MH‘!H'H"
voltage (why?), which causes breakdown in the air. The -Ial- EI--~—'l\:. -

: ' Fig.(6.8) B
arc provides a path between brush and bar b through

which current flows to complete its reversal to —I..

Sparking is harmful because it causes heating and hence wears of both brush and commutator
bars. It becomes more severe as load increases (as the armature current |, increases, so does
the path current 1,).

6.6 Treatment of Sparking:

In some small machines, the resistive contact drop is much greater than the reactance voltage
so that sparking is limited by the effect of resistance commutation, i.e. commutation
approaches the linear case.

In larger machines, some additional means must be found to limit sparking, i.e. to counter the
effect of reactance voltage which is the prime cause of sparking as explained above. Modern
machines use interpoles, while older machines (and some small machines) use brush shift;
these two methods are explained in sections 6.6 and 6.7.
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6.7 I nter poles (Commutating Poles)

Nearly all integrating machines have interpoles.
Interpoles are narrow pole with air-gap placed
between main poles, asinfig. 6.9. There coils are
connected in series with the armature so that the
interpole field is proportional to armature current
Ia (the large air gap prevents saturation in the
iron). The interpole field acts on commutating
coils at the g-axis. The interpole mmf M; is given (a)Armature field

by /\/i/\ry\\/\
M;=N; Ia

. : . (b)Interpole field
Where N; is the number of turnsin each interpole ™, , L /]

coil. The number of turnsN; is chosen to make the ' (N
interpole mmf some 25 %greater than Man, the (c)z(a)“:(b)
cross-magnetizing armature mmf at the g-axis s 7
(see section 5.1); thus Mi=1.25 Man so that  Ni \/I/\'~-~ .f’f\T\/

=1.25(NC/4pa)

(d)Main field+(c)

7t
—

In thisway, M; is made to serve two purposes :(1)
It fully neutralizesthe armature reaction field, and
(2) the additional 25 %neutralizes the
commutating coil flux (which induces the
reactance voltage). This is clear in figs. 6.9 a, b, J—'_\
and c :the interpole field not only reduces the g- | _
axis field to zero, but drives additional flux in the A
negative direction to neutralize reactance voltage.
Fig. 6.10 d and e show the resultant field in Fig.6.9

interpole  machines, without and with
compensating windings; compare them with figs. 5.5 and .6.9

) = (d)+ compensation

©

(NB interpoles treat arm reaction in the g-axis, while compensating wdgs treat arm reaction
under the poles).
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As the machine is loaded, the armature current |5 increases so that armature reaction and
reactance voltage increase; but the interpole field is also proportional to |5, and will increase
automatically to neutralize armature reaction (in the g-axis) and reactance voltage. Interpoles
will continue to do their job properly for either mode of operation, motor or generator, and for

either direction of rotation, forward or reverse. ° .
Q.

Fig.6.10 shows the genera connection of a dc machine. Not ‘\.J § g

all windings shown are present in all machines. Interpole or shunt

commutating wdgs are found on integral horsepower series g

machines (rated power greater than one hp); compensating Rheo, E o0

wdgs are found on large machines and on some special S §

machines;, many machines have only one main field wdg, IS8,

shunt or series, compound machines have both. The terminals of main field wdgs (shunt and
series) are usually brought out to the terminal box to allow user manipulation; the terminals of
compensating and commutating wdgs are not brought out to the termina box so that they are
permanently connected in series with the armature.

6.8 Brush Shift

A second method for improving commutation to limit sparking isto shift the brushes from the
g-axis. The principleis asfollows:

Recall figs. 5.4 and 5.5 which show how the magnetic neutral axis (mna :b=0) moves away
from the g-axis due to armature reaction. If now the brushes arc shifted in the same direction,
they will be in aregion where the armature field opposes the main field. At some location the
two fields cancel out; placing the brushes at this location eliminates the rotational emf e; (see
fig. 6.5). Thisisnot enough becausethere still isthe reactance Voltage. To neutralize reactance
voltage, the brushes are shifted alittle further in some direction; the sides of commutating coil
will then be subjected to a small (but nonzero) field that opposes the coil flux which induces
the reactance voltage. If the opposing fluxes can be made equal, the reactance voltage is
eliminated.

As a method for improving commutation, brush shift is not as good as interpoles because it
has the following disadvantages:

1. As the load on the machine changes, the arm current 15 changes so that AR and the mna
shift also change. For correct operation, the brush shift must be changed accordingly, whichis
impractical. In practice, the brushes are placed in a position that gives minimum sparking at
rated load, so that there may be considerable sparking at other loads (eg no-load!)
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2. Fromfig. 5.4, it isseen that the mna shiftsin the direction of rotation for generator operation,
and in the direction opposite to rotation for motor operation. Thus brush shift (whichisin the
same direction as the mna shift) cannot be used with motors intended to run in both directions,
or with machinesintended for variable mode of operation :if brush shift is correct for one case,
it isincorrect for the other.

3. Brush shift :causes demagnetizing armature reaction

Because of these disadvantages, brush shift is used only in small fractional horsepower
machines (rated power less than one hp) where it is not economical to use interpoles. Brush
shift was aso used in old machines before the invention of interpoles.

6.9 Exercises

6.1 The armature of adc machine has 268 coils and rotates at 900 rpm. Each brush covers four
commutator segments. Find the time for one revolution of the armature, and theinterval during
which abrush short-circuits a coil.

6.2 The armature of an 8-pole machine has 375 coils connected in simple lap. Each segments
of the commutator are 9.5 mm wide, and the mica insulation between segments is 1.3 mm
wide. The brush width is 38mm.

a. Find the diameter of the commutator.
b. Find the commutation interval.

c. for what fraction of arevolution is a coil short-circuited by brushes? For what fraction isit
active?

d. on average, how many coils are short-circuited by brushes at any given instant?

6.3 A 4-pole lap-wound dc machine has 65 armature coils; the inductance of each coil is 0.02
mH. Each brush covers two commutator segments; the width of insulation between adjacent
segments is 1/7 the width of the copper. The armature current is 80 A, and the speed is 1150
rpm. Assuming linear commutation, find the reactance voltage in coils under-going
commutation.

6.4 An 8-pole dc generator has 156 dots and 312 commutator segments. The armature coils
are connected in simple lap, with each coil made up of four turns. The armature rotates at 670
rpm; its length and diameter are 40 cm and 30 cm respectively. Each brush covers 3.5
segments.
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a) Find thetime interval during which the cail is short —circuited by brush.
b) If the machine is fitted with interpoles, find the number of turns of each interpole cail.

6.5 A shunt motor draws 75 A at 220 V and 650 rpm. The field current is 3 A. the armature
has 41 slots, and the commutator has 123 segments. Each armature coil has 4 turns and carries
acurrent of 12 A. if the machine has interpoles, how many turns should each interpole coil
have?

6.6 A 4- pole dc motor has interpoles, and rotates counterclockwise.

a) Draw a developed diagram indicating the currents in the armature, main field coils, and
interpole coils. Also sketch the various mmf distributions, and the resultant air gap flux
distribution.

b) draw the machine cross-section and sketch the flux distribution.

6.7 show by means of suitable diagrams that when the direction of rotation of a motor is
reversed, the interpoles continue to do their job correctly.

6.8 in which mode of operation of a dc machine does the interpole have the polarity of the
main pole that comes after it ?

6.9 justify the following statement: if the interpole winding isleft unexcited, commutation will
be much worse than if the machine did not have interpoles.

6.10 draw a developed diagram covering two poles of a large machine that has interpoles as
well as compensation windings. Indicate all currents, and sketch their mmf distributions. Also
sketch the resultant flux density distribution in the air gap.

6.11 A 6-pole dc machine has 95 dots, the armature winding is connected in simple wave with
2 coil sides per dot per layer, and 3 turns per coil. The pole arc covers 70% of the pole pitch.

a) Find the number of turns in each interpole coil if the machine has interpoles but no
compensation winding.

b) Find the number of conductorsin each polefaceif the machineisfitted with acompensation
winding.

c¢) Find the number of turns in each interpole coil if the machine has interpole as well as a
compensating winding.
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6.12 in section 5.5 it was stated that the brushes may be shifted from the g-axis unintentionally,
for example due to incorrect positioning, or they may be shifted intentionally to improve
commuitation, as explained in section 6.5.3. in section 5.5 it was also stated that, when the
brushes are shifted, armature reaction may be magnetizing or demagnetizing. Sketch suitable
developed diagrams to verify that when the brushes are shifted to improve commutation,
armature reaction is always demagnetizing.

6.13 give two ways in which over commutation can occur.
6.14 on which axis of the machine does each of the following act:

() shunt field winding, (ii) series field winding, (iii) permanent magnets, (iv) demagnetizing
armature reaction, (v) normal armature reaction, (vi) interpolewinding, and (vii) compensating
winding.

6.166.7ms, 1 ms. 6.2a 1.3m;b. (9/n) ms; c. 7.25%, 92.75%; d. 27.2 coils. 6.3 0.5316V.
6.4a 1ms; b.24turns. 6.5 17 turns.

6.11 a 59 turns; b. 66 conductors; c. 18 turns.




DC Machine |
Dr. Settar S. Keream

University of Anbar
College of Engineering
Dept. of Electrical Engineering

CHAPTER 7
POWER CONVERSION AND LOSSES

The input power to the dc machine under generator action is mechanical conversion to produce the output
power; the process yields a number of losses that appear as heat which has harmful effects en the performance of
the machine. In this chapter we study the conversion process and the losses associated with it.

7.1 Power balance

Most of the input power supplied to a dc machine is converted into useful output power; the remainder of the input
power is lost as heat; see fig. 7.1. The principle of conservation of energy requires total power balance

Pin :P0ut + LOSSES (7.1)

It is sometimes useful to think of power as ‘flowing’ through the machine, fig.7.2. Power flow is divided into two
stages, the borderline being the actual electromechanical energy conversion process P, is the conversion power.

Pc = Eala = wr Ty (7.2)

Ea, is the induced emf, T4 the developed torque, Ia the arm current, and w, the angular shaft speed. P. is also called
the internal power because it is defined within the machine; in contrast, Pi, and P,y are external powers that can be
measured. Ea and Ty in eqn.7.2 are internal quantities that cannot be measured directly. Power balance in fig. 7.2
requires that

Pin = Pc +LOSS; and Pc =Pout + LOSS; (7.3)

The total loss is made up of 2 parts :LOSS; occurs before conversion, and LOSS; occurs after conversion. Clearly

Pin> Pc> Pout (74)
losses
LOSS1 LOSS2
1L m )
N 1
> in P
g_ %— > ¢ Pout
J

EIectro-mechanicaIienergy conversion
Fig. (7.1) division of power
Fig. (7.2)
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Fig. (7.3) Flow of power through dc motor
DC generator
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Fig. (7.4) Flow of power through dc generator

7.2 Motor Operation

The input power is electrical, and the output power is mechanical, fig. 7.3. Part of the input power is lost as electrical
(copper)losses in the windings, and the remainder is available for electromechanical energy conversion; part of the
converted power P. is lost in supplying the losses due to rotation, and the remainder is available as a mechanical
output power to drive the load. Note that

Pmech< Pc > W Ti< weTy 2> Ti<Ty (7.5)

That is, the Shaft torque available at the load, Ty, is lest than developed torque Tg; the difference is needed to
overcome opposing torques within the motor (such as bearing friction).

7.3 Generator Operation

The input power is mechanical, and the output power is electrical, fig. 7.4. Part of the input power is lost as
rotational losses, and the remainder is available for electromechanical energy conversion; part of the converted
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power P. is lost as electrical (copper) losses in the windings, and the remainder is available as electrical output power
to supply the load. Note that

PmechZ Pc -> erme Wr Td -> Tpm 2 Td (76)

That is, the shaft torque produced by the prime mover, Tpm, is greater than the developed torque Tg; the difference is
the torque needed to overcome friction and other opposing torques (other than Tg).

Remark

It is good practice to keep power balance always in mind :every power we define must come from
somewhere and, conversely, every bit of it must go somewhere. This is true net only in dc machines, but in all
physical systems; it often helps us in understanding the processes we study.

7.4 L osses

The losses of a dc machine are of various types and occur in different parts of the machine. Although different losses
are produced differently, they all appear as heat, i.e. they represent conversion to useless thermal energy. The heat
generated by the losses has two major effects:

(i)Losses raise the temperature inside the machine, and thus affect the performance and life of the materials of the
machine, particularly insulation. Therefore, losses determine the upper limits on machine rating.

(ii)Losses are a waste of energy, and energy costs money; therefore, losses result in a waste of money (in the
operating cost of the machine).

Losses cannot be eliminated, but they can be reduced by proper design; the design must also provide for ventilation
to disperse the heat generated. Thus, losses have a significant effect on the initial cost of the machine.

The cost of wasted energy in item (ii)above is important with industrial motors where the powers involved are quite
high; it is not important with small control motors where the powers involved are very small. However, the
temperature rise in item (i)is important for all motors.

7.4.1 Electrical Losses

Electrical losses are also called copper losses, winding losses, I°R losses, and ohmic losses. Copper losses occur in all
windings (see fig. 6.11) due to the flow of current through them; they are:

LOSS.rm = a2 Ry =armature circuit copper loss (7.7a)
LOSS:er = Is2 Rs =series field copper loss (7.7b)
LOSSsh = I Re= shunt field copper loss (7.7¢)

In computing LOSS.rm, Ra includes the resistances of commutating and compensating windings (if present). The series
field current Is may or may not be equal to the armature current I, see fig. 4.3.

The copper loss in a given wdg is proportional to the square of the current in that wdg; if the current is doubled, the
copper loss increases four times. LOSSarm and LOSSser depend on armature current, and hence they depend on the
load on the machine (I increases with load) LOSSsh depends on the terminal voltage, and varies with its square.
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The above expressions can be used to calculate copper losses using measured values of winding resistances. The wdg
resistance must be at the correct wdg temperature; if the temperature at which the less is required is not known, it
is assumed to be 75 °C. If the wdg resistance is known (say by measurement) at a temperature Ty, it can be found at
a different temperature T, from

R, _T,+2345

7.8
R T,+2345 78

The brush contact loss is also an electrical loss. Since the brush contact drop V,, is approximately constant over a
wide range of armature currents, the loss is proportional to the armature current itself (and not it’s square as in wdg
losses):

LOSScontact :|A Vb (7.9)

7.4.2 Magnetic L osses

Magnetic losses are also called iron loses or core losses. They result from hysteresis and eddy currents in cores
subjected to varying magnetization, i.e. mainly in the armature teeth and core, but also in the pole shoes (due to

armature slotting -see fig. 4.2b).

Iron losses are distributed in the cores in complicated patterns, so that there are no simple formulae that
give their values accurately. It is known, however, that iron losses depend on the magnetization level (flux density) in
the cores, and on the frequency with which it alternates, f =np. For the hysteresis loss, we have:

LOSShyst af BXMAX (7. 10)

Where the constant of proportionality is determined by the volume of the core and its magnetic characteristics
(hysteresis loop). The Steinmetz exponent x depends on the type of iron used, and ranges from 1.5 to 2.5 (usually
around 2); it is an empirical constant (obtained from experience and testing, not from electromagnetic theory). For
the eddy current loss, we have:

LOSSedqy @ f2 B?yax (lamination thickness)? (7.11)

Where the constant of proportionality is determined by the volume of the core and its electrical characteristics
(resistivity). Clearly, thin laminations reduce eddy current losses. The armature is always laminated, and the pole
shoes are usually laminated. If a motor is to be driven from a modern solid-state controlled rectifier, all cores are
laminated (including poles and yoke).

7.4.3 M echanical L osses

Mechanical losses arise from friction and windage (friction with air) during rotation. They depend on the
speed of rotation, each type mechanical loss being proportional to some power of n. Bearing friction loss depends on

the type of bearing used and on the viscosity of the lubricant; improper lubrication (too little or too much) increases
the loss. Brush friction loss is proportional to the area of contact and to the brush pressure; it also depends on the

brush and commutator materials, their slate of polisn, and the temperature at the contact surface; it is often the
largest friction loss. Windage losses arise from moving the air around the armature (air friction); they depend on the
shape of the rotating surface (smooth or rough).
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Ventilation loss is an additional windage loss duo to fans and vent ducts used to cool the machine.

7.4.4 Stray Load L oss

Stray load losses are additional losses that occur in the machine when loaded, and cannot be included with the
conventional losses listed above. They include:

-Additional core loss resulting from armature reaction distortion;

-Copper loss due to short circuit current during commutation (in commutating coils, commutator segments, and
brushes);

-Non uniform current distribution in large armature conductors.

Stray load losses are small and difficult to calculate. They may be neglected for small machines, and are usually
assumed 1 %of output for large machines.

7.5 Classification of L osses

Table 7.1 is a brief summary of the losses described in section 7.2; it gives their types (electrical, magnetic, or
mechanics) and the main factors they depend on. The table also classifies the losses according to whether or not
they are 'rotational' losses, and according to whether they are constant or vary with load. We now explain these two
classifications.

7.5.1 Rotational losses

Rotational losses are the losses arising from the rotation of the armature. They include friction and windage losses,
as well as core losses (in dc machines, the power lost in the core is not supplied by the source of the field, but by the
torque that rotates the armature-see figures 7.3 and 7.4)

LOSSrot :LOSScore + LOSSmech (7.12)

Rotational losses increase with speed; the various component losses are functions of different powers of speed.
Rotational losses exist even when the machine is running at no load because they do not depend on the armature

current; therefore, they are sometimes called ‘no load losses’.
Rotational losses are supplied by the difference between the external and developed torques:
Motor (fig. 7.3) :LOSSot=Pc-Pmech=w(T4-TL) (7.13)

Generator (fig. 7.4) :LOSSot=Pmech-P=wr(Tom=Ta) (7.14)
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Table 7.1 classification of losses in dc machines.

loss type | Rotational | Withload | dependence

1 | Armaturecircuit copper loss | Elec. | x variable al2A

2 | Seriesfield copper loss Elec. | x variable al2A

3 | Shunt field copper loss Elec. | x constant a Vt2

4 | Brush contact loss Elec. | x variable ala

5 | Hysteresisloss Mag. | constant | a fBmaxx

6 | Eddy current loss Mag. | constant | a f2 Bmax2

7 | Friction loss Mech. | v constant o powers of n

8 | Windageloss Mech. | v/ constant | a powers of n

9 | Stray load loss \ variable indeterminate
Table 7.2typical values of dc machine losses for Table 7.3 typical efficiencies of
industrial meters in the range 1-100 KW. Lower industrial motors.

percentage losses are for the higher rated

Rated power, KW | Efficiency

motors. 1 75%)

L osses % of rated power 50 90%
Armature circuit 3-6% 500 94%
glectrical loss 5000 97%
Shunt field electrical | 1-3%

loss

Rotational losses 3-13%

7.5.2 Constant and Variable L osses

Constant losses are losses that do not change as the load on the machine changes; they are independent of
armature current, and Include -mechanical losses, core losses, and shunt field loss. Variable losses are losses that
increase as the load on the machine increases; they are electrical losses including armature circuit copper loss, series
field loss, and brush contact loss. Copper losses increase with I1a%, while brush contact loss increases with 1, itself. We
may therefore write:

LOSSESiotal :l(()'+'|<1|A'|'|<2|A2 (7.15)

The first term on the RHS represents constant losses, while the second and third terms represent variable losses. At
full load, constant losses are 4-20 %and variable losses are 3-6%; see table 7.2.

Remark

Stray load losses are indeterminate functions of armature current and speed. They complicate classification, but are
small enough to be neglected in most cases.

7.6 M easurement of L osses

There are a number of practical tests to measure the various machine losses. In most cases, a given test yields the
sum of two or more losses together; sometimes the component losses can be separated by further testing.
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In testing, it is quite easy to measure electrical Quantities (resistance, voltage, and current) and speed, somewhat
difficult to measure torque, and quite difficult to measure magnetic quantities (flux and flux density). Powers are
determined, on the electrical side by the product of voltage and current, and on the mechanical side by the product
of torque and angular speed.

In a load test, the machine is loaded at a given speed and field excitation (i.e. field current); the input and output
powers are measured. The total loss at that speed, excitation, and load is obtained from eqn. 7.1:

LOSSEStotalzpin'Pout (7.16)

The total loss can be separated into electrical and rotational losses by calculating I?R products in the various windings
using wdg currents measured during the load test and (hot) wdg resistances measured previously. With the
electrical losses thus calculated, the rotational losses are obtained from

LOSSrot = LOSSEStota| 'LOSSe|ec (7. 17)

Load tests for large machines are impractical in test labs: they require very large loads, and waste large amounts of
energy. There are other tests that yield the losses individually.

In a no-load test, the machine is driven by a suitable prime mover (possibly another machine-see fig. 7.6) with Its
terminals open circuited (i.e. it operates as an unloaded generator). The input power to the test machine is
measured mechanically (torque and speed), or electrically by measuring the input power to the drive motor and
subtracting its losses (which must therefore be known). If the test machine is unexcited then pin = LOSSmech. If the
test machine is then excited but left unloaded we get Pi, =LOSSot; the core loss is obtained from LOSScore = LOSS,ot —
LOSSmech. (Exercise :suggest a test for separating the brush friction loss).

If no suitable drive (prime mover) is available, rotational losses may be obtained by running the machine as a motor
with no external load; this is the running light test, or Swinburne test. The input power will mainly go to rotational

losses, but there will also be a little copper loss (why?) The copper loss may be computed and subtracted from the
input power to yield rotational losses. In the running light test, rotational losses cannot be separated into mechanical
and core losses (why?).

As seen from the above tests, it is always possible to determine copper losses from the measured values of wag
currents during the tests, and previously measured wdg resistances. Winding resistances are measured by standard
methods (voltmeter-ammeter, wheatstone bridge, etc.); the wdg temperatures must be monitored at the time of
resistance measurement (why?), or the measurement is made with the machine hot (for example directly after a
load test).

Test

-

Tpm

machine

Open
circuit

Fig. (7.5) no load test of dc machine
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The no load and running light tests determine machine losses without loading it. Other tests have been
devised to operate the machine at full load conditions without requiring an external load. An example of such tests is
the opposition test (Kapp-Hopkinson test) which requires

Mains—l

two identical machines. The machines are coupled

rl with each

mechanically, and connected in parallel l-.,
the excitation
for one machine and decreasing it for the other, the first
will operate as a generator, and the ﬂ second as a
|

other to the mains, fig. 7.6. By increasing

motor :the generator supplies the motor electrically,

while the motor drives the generator mechanically;

the power input from the mains supplies plus + I the losses to
keep the system running. By suitable Fig. (7.6) Opposition test adjustments of
the field rheostats, the armature currents can be set to

their rated value. With the two machines running at or near rating (current, voltage, and speed), they will develop
full-load losses, yet the disadvantages of a load test have been avoided :no external load is needed, and the mains
supplies only machine losses, not their full power.

In a heat run (or temperature-rise test), the machine is run at full-load to develop full-load losses; the test takes 20-

60 minutes until the temperature reaches steady state corresponding to its rated operating value. The no-load and
running light tests cannot replace the load test in a heat run because they do not generate all machine losses
simultaneously. An opposition test, on the other hand, can be used in a heat run.

7.7 Efficiency
The efficiency of a machine is defined by

P, L LOSSES

P P, +LOSSES P

in out in

(7.18)

77:

The first expression is general, the second is suitable for generators (P.,: measured electrically), and the third is
suitable for motors (Pi» measured electrically). The efficiency is a fraction less than unity, and is usually expressed in
percent. Table 7.3 lists typical values of dc machine efficiencies,

The overall efficiency defined, above can be analyzed into two component efficiencies corresponding to the two
stages of power flow as fig. 7.2:

R

n:PL“t:P %“‘ (7.19)

For a motor, fig. 7.3, this becomes:

P. P
n = —= -1 — (eff. Of conversion) x (mech. Eff) . (7.20)
Pelec c

And for a generator, fig. 7.4, it becomes:
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¢

P Poec =(eff. of conversion) x (elec. Eff.) (7.21)

mech c

]7:

7.8 Maximum Efficiency

In section 7.4, the losses were divided into constant and variable losses (see table 7.1); the losses were then
expressed as in eqn.7.15. Now consider motor operation :neglecting the small shunt field current, the input power is
written:

Pin= Vila (7.22)
Using the third expression in eqn. 7.18, the efficiency is written:

2
p=1-Ntlaroli g Log 14K +K,0,)  (7.23)
Vilg V;
This equation gives efficiency as a function of armature current l,; the general shape of the resulting curve is shown

in fig. 7.7 (where line current is approximately equal to armature current).

To locate the point of maximum efficiency, we differentiate equ. 7.23 and equate to zero:

1
gl—" = —\7(—K0| LHK)=0 = K,=K,l? (7.24)
A t

Thus, maximum efficiency occurs when the copper losses Kala? equal the constant losses Ko(or, as an approximation,
when variable losses equal constant losses (i.e. neglecting the brush contact loss Kila). Industrial machines are
usually designed to have maximum efficiency for I between half and full load values (because the machine operates
at less than full load most of the time); the exact choice is not critical because the efficiency curve is flat around
maximum value, fig. 7.7.

7.9 Importance of Efficiency

For industrial motors, traction motors, and other power-
application motor efficiency is quite 100? . important, but it
is only one of a number of factors that : determine how
good a machine is; the other factors 75 & - include
power/weight ratio, power/cost ratio, -~ : reliability,
maintenance requirements, vibration, E S50 E noise, etc. For
small control motors, efficiency is of § ! secondary
importance; main factors of interest o o : include accuracy,
cost, size, speed of response, ' reliability, noise,
weight, interference, etc. S - :9 - >

Line current /full load
7.10 EXERCI SE: Fig. (7.7) Typical efficiency curve for a dc
Unless otherwise stated, assume that machine (a) winding
resistances are given at the working temperatures, (b)

the demagnetizing effect of armature reaction is negligible, and (c) the brush contact drop is 2V.
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1.

A 6-pole dc machine has 95 dlots, the armature winding is connected in simple wave with 2 coil sides
per slot per layer, and 3 turns per cail. The pole arc covers 70% of the pole pitch. Thefull load armature
current is 600A.
a) Thearmature winding is connected in simple lap; find
1) Thecross- magnetizing armature mmf at the g-axis,
2) The cross-magnetizing armature mmf at the pole tip;
3) The number of turns of each interpole coil;
4) The number of conductorsto be placed in each pole face to compensate for armature reaction;
5) The number of turns of each interpole coil when there is a compensating winding (assume the
compensating winding fully neutralizes the armature reaction under the pole);
6) The cross —magnetizing and demagnetizing armature mmf's (at the g-and d-axis respectively)
when the brushes are shifted 6 degrees from the g-axis to improve commutation.
b) Repeat part (a) for simple wave connection.

NB list your results in a suitable table for case of comparison.

2.

An armature has 268 coils and rotates at 900 rpm. Each brush covers 4 commutator segments.

a) Find thetime for one revolution.

b) Estimate the interval during which abrush short circuits a coil.

¢) Why isyour answer in part (b) approximate?

A 125 KW, 250V, 1800 rpm, cumulative compound generator is connected in long shunt. The

armature, series field, and shunt field winding resistances are 0.025€Q, 0.01€Q, and 30Q respectively.

At rating, the shunt field current is5 A, and the eddy current, hysteresis, frictions, and windage losses

are 2KW, 1.2KW, 1.1 KW, and 700W respectively.

a. Find the value at which the field control resistor is set.

b. Find the electrical loss, rotational loss, and the stray load |oss.

c. Find the input horsepower, the prime mover torque, and the generator efficiency.

A 3/4 hp shunt dc motor runs on 60 V and draws 12 A line current; the field current is0.4 A, and the

shaft speed is 1780 rpm. The temperature of the armature winding is estimated to be 90 °c. the armature

resistance is 0.32 Q at 20 °c.

a) Find theinput power and the conversion power.

b) Find the developed torque and the |oad torque.

¢) Find the conversion, mechanical, and over- all efficiency

d) Find the current a which efficency is maximum, and find the maximum efficency. What
assumption is needed for this calculation?

e) The load on the motor is reduced so that the line current becoms 6 A; the temperature of the
armature winding decreases to 70 °c. (i) find the shaft speed; (ii) repeat part (a), (b), and (c) for the
new load.

A 20 hp shunt motor israted at 150 V and 1400 rpm. A no-load test is performed on the macine using

a 380V drive motor to rotateit at rated speed. With the test machine unexcited, the drive motor current

and losses are 2A and 260W. with the test machine field excited from a separate source, the drive

motor current and losses are 5A and 400W. the armature circuit and field circuit resistances of the test
motor are 0.16Q and 50Q2 respectively.

Find the drive motor shaft torque in the two tests.

Find the mechanical |osses, core losses, and rotational 1osses of the test machine.

Find the motor current at rating.

Find the indevedual electrical losses at rating.

Find the conversion, mechanical, and over all efficencies at rating.

Estimate maximum efficiency. Why is your cacultion approximate ?(speed)

A 45 KW, 220V, 750 rpm, cumul ative compound generator is connected in short shunt; the shunt field

current is 10A at rating. The armature circuit and series field resistances were measured at 30 °c and

SO Q0T
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found to be 0.062Q and 0.005Q respectively. To measure the rotational losses, the machine was run
as an unloaded motor : 240V is applied and the shunt field control resistor is adjusted for rated speed,;
the armature and shunt field currents were found to be 10A and 13A respectively.
a) Findtheindividual losses at rating.
b) Find the input power and conversion power at rating.
¢) Find the conversion, electrical, and over-all efficiencies at rating.
d) Why wasthe running light test performed at 240 V instead of rated voltage? (emf).
€) Estimatetheratio of seriesfield turnsto shunt field turns.
Answers:

1. (8 9.5KAT,; 6.65KAT; 20; 22; 6;7.6 KAT, 1.9 KAT.
(b) 28.5 KAT; 19.95KAT; 59; 66; 18; 22.8 KAT, 5.7 KAT.

2. 66.7 ms, 1ms.
3. (a)20 Q; (b) 11.19KW, 5.00 KW, 1.25 KW; (c) 191 hp, 756N-m, 87.8%.
4. (a) 720 W, 617.9 W; (b) 3.31N-m, 3.00 N-m; (c) 85.8%, 90.5%, 77.7%. (d) 14.2A, 77.9 %; (e) (i).
1866.5 rpm; (ii). 360 W, 312.8 W; 1.60N-m, 1.30N-m; 86.9%, 81.3%, 70.7%.
5. (a) 3.41N-m, 10.23 N-m; (b) 500W, 1000W, 1500W; (c) 132A; (d) 2658 W, 258 W, 450 W; (€) 83.0%,
90.9%, 75.4%; (f) 75.8%(1432.5 rpm).
(a) 3.34 KW, 0.24KW, 0.43KW, 2.21KW , 2.37KW; (b) 53.6KW,51.2KW; (c) 95.6%, 87.9%, 84.0%; (d) (238V) ; (e)
0.0147




