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3.4 DESIGN OF ARMATURE

The armature winding can broadly be classified as concentrated and distributed
winding. In case of a concentrated winding, all the conductors / pole is housed in one
slot. Since the conductors / slot is more, quantity of insulation in the slot is more, heat
dissipation is less, temperature rise is more and the efficiency of operation will be less.

Also emf induced in the armature conductors will not be sinusoidal. Therefore

a) design calculations become complicated (because of the complicated expression
of non-sinusoidal wave).

b) Core loss increases (because of the fundamental and harmonic components of the
non-sinusoidal wave) and efficiency reduces.

c¢) Communication interference may occur (because of the higher frequency

components of the non-sinusoidal wave).
Hence no concentrated winding is used in practice for a DC machine armature.

In a distributed winding (used to overcome the disadvantages of the concentrated
winding), conductors / pole is distributed in more number of slots. The distributed

winding can be classified as single layer winding and double layer winding.

In a single layer winding, there will be only one coil side in the slot having any
number of conductors, odd or even integer depending on the number of turns of the coil.
In a double layer winding, there will be 2 or multiple of 2 coil sides in the slot arranged
in two layers. Obviously conductors / slot in a double layer winding must be an even

integer.
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Figure 3.5.1 Single and double layer winding

[Source: “A Course in Electrical Machine Design” by A.K.Sawhney, page-7.2]
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Since for a given number of conductors, poles and slots, a single layer winding
calls for less number of coils of more number of turns, reactance voltage proportional to
(turn)2 is high. This decreases the quality of commutation or leads to sparking
commutation. Hence a single layer winding is not generally used in DC machines.
However it is much used in alternators and induction motors where there is no

commutation involved.

Since a double layer winding calls for more number of coils of less number of
turns/coil, reactance voltage proportional to (turn)2 is less and the quality of commutation
is good. Hence double layer windings are much used in DC machines. Unless otherwise

specified all DC machines are assumed to be having a double layer winding.

A double layer winding can further be classified as simplex or multiplex and lap
or wave winding. In order to decide what number of slots (more or less) is to be used, the

following merits and demerits are considered.
NUMBER OF ARMATURE SLOTS

1. As the number of slots increases, cost of punching the slot increases, number of

coils increases and hence the cost of the machine increases.
2. As the number of slots increases, slot pitch
As = (slot width bs + tooth width bt)
= D/ number of slots S

decreases and hence the tooth width reduces. This makes the tooth mechanically weak,
increases the flux density in the tooth and the core loss in the tooth. Therefore efficiency

of the machine decreases.

If the slots are less in number, then the cost of punching & number of coils
decreases, slot pitch increases, tooth becomes mechanically strong and efficiency
increases, quantity of insulation in the slot increases, heat dissipation reduces,

temperature increases and hence the efficiency decreases.
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It is clear that not much advantage is gained by the use of either too a less or more
number of slots. As a preliminary value, the number of slots can be selected by
considering the slot pitch. The slot pitch can assumed to be between (2.5 and 3.5) cm.
(This range is applicable to only to medium capacity machines and it can be more or less

for other capacity machines).

The selection of the number of slots must also be based on the type of winding
used, quality of commutation, flux pulsation etc. When the number of slot per pole is a
whole number, the number slots embraced by each pole will be the same for all positions

of armature. However, the number teeth per pole will not be same.

This causes a variation in reluctance of the air gap and the flux in the air gap will
pulsate. Pulsations of the flux in the air gap produce iron losses in the pole shoe and give
rise to magnetic noises. On the other hand, when the slots per pole is equal to a whole
number plus half the reluctance of the flux path per pole pair remains constant for all
positions of the armature, and there will be no pulsations or oscillations of the flux in the

air gap.

To avoid pulsations and oscillations of the flux in the air gap, the number of slots
per pole should be a whole number plus half. When this is not possible or advisable for

other reasons, the number of slots per pole arc should an integer.

Pole shoe

Figure 3.4.2 Flux pulsations with integral number of slots per pole arc.

[Source: “A Course in Electrical Machine Design” by A.K.Sawhney, page-9.43]

Number of teeth/pole shoe = 5 and flux passes through 5 teeth. The reluctance of the air

gap is inversely proportional to the area corresponding to 5 teeth.

Number of teeth/pole shoe = 5 and flux passes through 6 teeth when the armature

iIs moved half tooth pitch to the right.The reluctance of the air gap is inversely
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proportional to the area corresponding to 6 teeth. The reluctance in this case is less and
the flux is more compared to the former case. Therefore, the flux pulsates i.e. Varies in

magnitude.

Number of teeth/pole shoe = (5+ 0.5) and flux passes through 6 teeth. The

reluctance of the air gap is inversely proportional to the area corresponding to 6 teeth.

Number of teeth/pole shoe = (5+0.5) and flux passes through 6 teeth when the
armature is moved half tooth pitch to the right.The reluctance of the air gap is inversely
proportional 6 teeth as before. The reluctance and the flux in both the cases remains the
same in all positions of the armature. However, the reluctance and the flux under the tips
of the pole are not the same for all the positions of armature. Therefore when the armature
rotates the flux under the pole oscillates between the pole tips. This produces ripple in
the voltage induced in the conductors moving under poles. The flux pulsation under inter
pole causes the sparking. A small tooth pitch helps to reduce the effect of armature slots

upon the inter poles.

To obtain good commutation, the flux density in the air gap must decrease
gradually from maximum value under the center of the pole to zero on the center line
between two poles, and the flux densities near the neutral point must be low. A field form
that drops off rapidly from maximum value to zero not only leads to commutation
difficulties but may also give rise to noises in machines with slotted armatures. In order
to achieve good commutation the pole shoe is designed to cover only certain percentage
of the pole pitch. The circumferential distance covered by the pole shoe on the armature
surface is called the pole arc. The ratio of the pole arc to pole pitch is called per unit

embrace or enclosure. That is, per unit enclosure v lies between 0.6 and 0.7.
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3.6 DESIGN OF COMMUTATOR AND BRUSHES

The Commutator is an assembly of Commutator segments or bars tapered in
section. The segments made of hard drawn copper are insulated from each other by mica
or micanite, the usual thickness of which is about 0.8 mm. The number of commutator

segments is equal to the number of active armature coils.
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Figure 3.6.1 Commutator and brushes
[Source: “A Course in Electrical Machine Design” by A.K.Sawhney, page-9.89]
The diameter of the commutator will generally be about (60 to 80)% of the
armature diameter. Lesser values are used for high capacity machines and higher values

for low capacity machines.

Higher values of commutator peripheral velocity are to be avoided as it leads to

lesser commutation time dt, increased reactance voltage and sparking commutation.

The commutator peripheral velocity ve = DC N / 60 should not as for as possible
be more than about 15 m/s. (Peripheral velocity of 30 m/s is also being used in practice

but should be avoided whenever possible.)

The commutator segment pitch tC = (outside width of one segment + mica

insulation between segments) = 1 DC / Number of segments should not be less than 4
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mm. (This minimum segment pitch is due to 3.2 mm of copper + 0.8 mm of mica
insulation between segments.) The outer surface width of commutator segment lies

between 4 and 20 mm in practice.The axial length of the commutator depends on the

space required

1. by the brushes with brush boxes
2. for the staggering of brushes
3. for the margin between the end of commutator and brush and

4. for the margin between the brush and riser and width of riser.

If there are nb brushes / brush arm or spindle or holder, placed one beside the other
on the commutator surface, then the length of the commutator LC = (width of the brush
whb + brush box thickness 0.5 cm) number of brushes / spindle + end clearance 2 to 4 cm

+ clearance for risers 2 to 4 cm + clearance for staggering of brushes 2 to 4 cm.
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Figure 3.6.2 Brushes plased on commutator surface
[Source: “A Course in Electrical Machine Design” by A.K.Sawhney, page-9.89]
If the length of the commutator (as calculated from the above expression) leads to
small dissipating surface 1 DC LC, then the commutator length must be increased so that

the temperature rise of the commutator does not exceed a permissible value say 55°C.

The temperature rise of the commutator can be calculated by using the following

empirical formula.

0C= 120 wattloss /em of dissipating surface D L(_
1 + 0.1 v,

The different losses that are responsible for the temperature rise of the commutator are
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a) Brush contact loss and
b) Brush frictional loss.
Brush contact loss = voltage drop / brush set x la

The voltage drop / brush set depend on the brush material — Carbon, graphite,
electro graphite or metalized graphite. The voltage drop / brush set can be taken as 2.0 V

for carbon brushes. Brush frictional loss (due to all the brush arms)

frictional torque in Nm x angular velocity

frictional force in Newton x distance in meter x 2 © N/60

9.81 uPbAball xDC /2x27 N/60

9.81uPbAball vC

Where p = coefficient of friction and depends on the brush material. Lies between

0.22 and 0.27 for carbon brushes

Pb = Brush pressure in kg / m2 and lies between 1000 and 1500 Aball = Area of the

brushes of all the brush arms in m2

Ab x number of brush arms

Ab x number of poles in case of lap winding

Ab x 2 or P in case of wave winding
Ab = Cross-sectional area of the brush / brush arm
Brush Details

Since the brushes of each brush arm collets the current from two parallel paths,
current collected by each brush arm is 2 1/2 la and the cross-sectional area of the brush
or brush arm or holder or spindle Ab. The current density 6p depends on the brush

material and can be assumed between 5.5 and 6.5 A / cm2 for carbon.
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In order to ensure a continuous supply of power and cost of replacement of
damaged or worn out brushes is cheaper, a number of subdivided brushes are used instead

of one single brush. Thus if
1) tb is the thickness of the brush
1) wb is the width of the brush and
1) nb is the number of sub divided brushes
then Ab =tb wb nb

As the number of adjacent coils of the same or different slots that are
simultaneously undergoing commutation increases, the brush width and time of
commutation also increases at the same rate and therefore the reactance voltage (the basic

cause of sparking commutation) becomes independent of brush width.

With only one coil undergoing commutation and width of the brush equal to one
segment width, the reactance voltage and hence the sparking increases as the slot width
decreases. Hence the brush width is made to cover more than one segment. If the brush
Is too wide, then those coils which are away from the commutating pole zone or coils not
coming under the influence of inter pole flux and undergoing commutation leads to

sparking commutation.

Hence brush width greater than the commutating zone width is not advisable under
any circumstances. Since the commutating pole zone lies between (9 and 15)% of the
pole pitch, 15% of the commutator circumference can be considered as the maximum
width of the brush.

It has been found that the brush width should not be more than 5 segments in
machines less than 50 kW and 4 segments in machines more than 50 kW.The number of
brushes / spindle can be found out by assuming a standard brush width or a maximum
current / sub divided brush. Standard brush width can be 1.6, 2.2 or 3.2 cm
Current/subdivided brush should not be more than 70A.
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