UNIT 1
DC GENERATORS

Principle of Operation of a D.C. Generator:

All the generators work on a principle of dynamically induced e.m.f. This principle nothing but
the Faraday’s law of electromagnetism induction. It states that, “whenever the number of magnetic
lines of force i.e. flux linking with a conductor or a coil changes, an electromotive force is set up in
that conductor or coil.” The change in flux associated with the conductor can exist only when there
exists a relative motion between a conductor and the flux. The relative motion can be achieved by
rotating conductor with respect to flux or by rotating flux with respect to a conductor. So a voltage
gets generated in a conductor, as long as there exists a relative motion between conductor and the
flux.

Such an induced e.m.f which is due to the physical movement of coil or conductor with respect
to flux or movement of flux with respect to coil or conductor is called dynamically induced e.m.f.

Key Point:

So a generating action requires following basic components to exist,
i) The conductor or a coil

ii) The relative motion between conductor and flux.

In a particular generator, the conductors are rotated to cut the magnetic flux, keeping flux
stationary. To have a large voltage as the output, the number of conductors are connected together
in a specific manner, to form a winding. This winding is called armature winding of a d.c. machine.
The part on which this winding is kept is called armature of a d.c. machine. To have the rotation of
conductors, the conductors placed on the armature are rotated with the help of some external device.
Such an external device is called a prime mover. The commonly used prim movers are diesel
engines, steam engines, steam turbines, water turbines etc. The necessary magnetic flux is produced
by current carrying winding which is called field winding. The direction of the induced e.m.f. can
be obtained by using Fleming’s right-hand role.

Single Loop DC Generator:

Figure: Single Loop Generator

In the figure above, a single loop of conductor of rectangular shape is placed between two opposite




poles of magnet.

Let's us consider; the rectangular loop of conductor is ABCD which rotates inside the magnetic
field about its own axis ab. When the loop rotates from its vertical position to its horizontal position,
it cuts the flux lines of the field. As during this movement two sides, i.e., AB and CD of'the loop cut
the flux lines there will be an emf induced in these both of the sides (AB and BC) of the loop.
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Figure: Single Loop Generator

As the loop is closed there will be a current circulating through the loop. The direction of the current
can be determined by Fleming’s right hand Rule. This rule says that if you stretch thumb, index
finger and middle finger of your right hand perpendicular to each other, then thumbs indicates the
direction of motion of the conductor, index finger indicates the direction of magnetic field i.e. N -
pole to S - pole, and middle finger indicates the direction of flow of current through the conductor.
Now if we apply this right hand rule, we will see at this horizontal position of the loop, current will
flow from point A to B and on the other side of the loop current will flow from point C to D.
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Figure: Single Loop Generator

Now if we allow the loop to move further, it will come again to its vertical position, but now upper
side ofthe loop will be CD and lower side will be AB (just opposite of the previous vertical position).
At this position the tangential motion of the sides of the loop is parallel to the flux lines of the field.

Hence there will be no question of flux cutting and consequently there will be no current in the loop.




Ifthe loop rotates further, it comes to again in horizontal position. But now, said AB side ofthe loop
comes in front of N pole and CD comes in front of S pole, i.e. just opposite to the previous horizontal
position as shown in the figure beside.
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Figure: Single Loop Generator

Here the tangential motion of the side of the loop is perpendicular to the flux lines, hence rate of
flux cutting is maximum here and according to Fleming’s right hand Rule, at this position current
flows from B to A and on other side from D to C. Now if the loop is continued to rotate about its
axis, every time the side AB comes in front of S pole, the current flows from A to B and when it
comes in front of N pole, the current flows from B to A. Similarly, every time the side CD comes in
front of S pole the current flows from C to D and when it comes in front of N pole the current flows
from D to C.

If we observe this phenomenon in different way, it can be concluded, that each side of the loop
comes in front of N pole, the current will flow through that side in same direction i.e. downward to
the reference plane and similarly each side of the loop comes in front of S pole, current through it
flows in same direction i.e. upwards from reference plane. From this, we will come to the topic of
principle of DC generator. Now the loop is opened and connected it with a split ring as shown in the
figure below. Split rings are made out of a conducting cylinder which cuts into two halves or
segments insulated from each other. The external load terminals are connected with two carbon
brushes which are rest on these split slip ring segments.




Working Principle of DC Generator:

Fig: Commutation action
It is seen that in the first half of the revolution current flows always along ABLMCD i.e. brush no 1
in contact with segment a. In the next half revolution, in the figure the direction of the induced
current in the coil is reversed. But at the same time the position of the segments a and b are also
reversed which results that brush no 1 comes in touch with the segment b. Hence, the current in the
load resistance again flows from L to M. The wave from ofthe current through the load circuit is as
shown in the figure. This current is unidirectional.
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Fig: Output waveform of generator
This is basic working principle of DC generator, explained by single loop generator model. The
position of the brushes of DC generator is so arranged that the change over of the segments a and b
from one brush to other takes place when the plane of rotating coil is at right angle to the plane of
the lines of force. It is so become in that position, the induced emf in the coil is zero.




Construction of a DC Machine:

A DC generator can be used as a DC motor without any constructional changes and vice versa is
also possible. Thus, a DC generator or a DC motor can be broadly termed as a DC machine. These
basic constructional details are also valid for the construction of a DC motor. Hence, let's call this
point as construction of a DC machine instead of just 'construction of a DC generator.
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Figure 1: constructional details of a simple 4-pole DC machine
The above figure shows constructional details of a simple 4-pole DC machine. A DC machine
consists of two basic parts; stator and rotor. Basic constructional parts of a DC machine are described
below.
1. Yoke: The outer frame of a dc machine is called as yoke. It is made up of cast iron or steel.
It not only provides mechanical strength to the whole assembly but also carries the magnetic
flux produced by the field winding.

2. Poles and pole shoes: Poles are joined to the yoke with the help of bolts or welding. They
carry field winding and pole shoes are fastened to them. Pole shoes serve two purposes; (i)
they support field coils and (ii) spread out the flux in air gap uniformly.
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Figure 2: Pole Core and Poles Shoes representation




3. Field winding: They are usually made of copper. Field coils are former wound and placed
on each pole and are connected in series. They are wound in such a way that, when energized,
they form alternate North and South poles.

4. Armature core: Armature core is the rotor of a dc machine. It is cylindrical in shape with
slots to carry armature winding. The armature is built up ofthin laminated circular steel disks
for reducing eddy current losses. It may be provided with air ducts for the axial air flow for
cooling purposes. Armature is keyed to the shaft.

\\\ /

é )
£ - i \, " a
¢. % . l v
€\ g \‘\\

So¥ mmm .
|

Figure 3: Armature of DC machine

Instead of having just a solid and large piece of material, these thin pieces are capable of
generating a higher resistance. As a result, fewer eddy currents take place, which ensures a lower
amount of eddy current loss taking place. These individual pieces of iron are called laminations

5. Armature winding: It is usually a former wound copper coil which rests in armature slots.
The armature conductors are insulated from each other and also from the armature core.
Armature winding can be wound by one of the two methods; lap winding or wave winding.
Double layer lap or wave windings are generally used. A double layer winding means that
each armature slot will carry two different coils.
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Figure 4: Armature Winding/coil of DC machine




6. Commutator and brushes: Physical connection to the armature winding is made through a
commutator-brush arrangement. The function of a commutator, in a dc generator, is to collect
the current generated in armature conductors. Whereas, in case of a dc motor, commutator
helps in providing current to the armature conductors. A commutator consists of a set of
copper segments which are insulated from each other. The number of segments is equal to
the number of armature coils. Each segment is connected to an armature coil and the
commutator is keyed to the shaft. Brushes are usually made from carbon or graphite. They
rest on commutator segments and slide on the segments when the commutator rotates
keeping the physical contact to collect or supply the current.
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Figure 5: Commutator of DC machine

Armature Winding Terminology:

Now we are going to discuss about armature winding in details. Before going through this section,
we should understand some basic terms related to armature winding of DC generator.

Pole Pitch:

The pole pitch is defined as peripheral distance between centers of two adjacent poles in DC
machine. This distance is measured in term of armature slots or armature conductor come between
two adjacent pole centers. Pole Pitch is naturally equal to the total number of armature slots divided
by the number of poles in the machine.

If there are 96 slots on the armature periphery and 4 numbers of poles in the machine, the numbers
of armature slots come between two adjacent poles centres would be 96/4 = 24. Hence, the pole
pitch of that DC machine would be 24.

As we have seen that, pole pitch is equal to total numbers of armature slots divided by total numbers
of poles, we alternatively refer it as armature slots per pole.

Coil side:

Coil of dc machine is made up of one turn or multi turns of the conductor. If the coil is made up of
single turn or a single loop of conductor, it is called single turn coil. If the coil is made up of more
than one turn of a conductor, we refer it as a multi-turn coil. A single turn coil will have one
conductor per side of the coil whereas, in multi turns coil, there will be multiple conductors per side




of the coil. Whatever may be the number of conductors per side of the coil, each coil side is placed
inside one armature slot only. That means all conductors of one side of a particular coil must be
placed in one single slot only. Similarly, we place all conductors of opposite side of the coil in
another single armature slot.

Coil Span:

Coil span is defined as the peripheral distance between two sides of a coil, measured in term of the
number of armature slots between them. That means, after placing one side of the coil in a particular
slot, after how many conjugative slots, the other side of the same coil is placed on the armature. This
number is known as coil span.
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Figure: Armature windings

If the coil span is equal to the pole pitch, then the armature winding is said to be full - pitched. In
this situation, two opposite sides of the coil lie under two opposite poles. Hence emf induced in one
side of the coil will be in 180° phase shift with emf induced in the other side of the coil. Thus, the
total terminal voltage of the coil will be nothing but the direct arithmetic sum of these two emfs. If
the coil span is less than the pole pitch, then the winding is referred as fractional pitched. In this coil,
there will be a phase difference between induced emf in two sides, less than 1800. Hence resultant
terminal voltage of the coil is vector sum of these two emf’s and it is less than that of full-pitched
coil.

Multi turn Full Pitched Coil Multi tum Short Pitched Coil

Figure: full pitched and half pitched coils

In practice, coil pitch (or Span) as low as eight tenth of a Pole Pitch, is employed without much
serious reduction in emf. Fractional pitched windings are purposely used to effect substantial saving
in copper of the end connection and for improving commutation.




Pitch of Armature Winding:

L e R

Commutator Segments

Back Pitch (Ys)

A coil advances on the back of the armature. This advancement is measured in terms of armature
conductors and is called back pitch. It is equal to the number difference of the conductor connected
to a given segment of the commutator.

Front Pitch (Yr)

The number of armature conductors or elements spanned by a coil on the front is called front pitch.
Alternatively, we define the front-pitch as the distance between the second conductor of the next
coil which connects the front, i.e., commutator end of the armature. In other words, it is the number
difference of the conductors connected together at the back end of the armature.

Resultant Pitch (YRr)

It is the distance between the beginning of one coil and the beginning of the next coil to which it is
connected. As a matter of precautions, we should keep in mind that all these pitches, though normally
stated concerning armature conductors, are also times of armature slots or commutator bars.

Commutator Pitch (Yc¢)

Commutator pitch is defined as the distance between two commutator segments which two ends of
same armature coil are connected. We measure commutator pitch in term of commutator bars or
segment.

Single Layer Armature Winding

We place armature coil sides in the armature slots differently. In some arrangement, each one side
of an armature coil occupies a single slot. In other words, we place one coil side in each armature
slot. We refer this arrangement as single layer winding.

Two Layer Armature Winding

In other types of armature winding, arrangement two coil sides occupy every armature slot; one
occupies upper half, and another one occupies the lower half of the slot. We so place the coils in two
layers winding that if one side occupies upper half, then another side occupies the lower half of some
other slot at a distance of one coil pitch away.




Armature Winding of A DC Machine:

Based on type of winding connections we classified armature winding of a dc machine into two
types. These winding connections are same for DC generator & DC motor.

Types of Windings in DC Machine,

1. Lap winding.

2. Wave winding.

Lap winding of a DC Machine

In this type of winding the completing end of one coil is connected to a commutator segment and to
the start end of adjacent coil located under the same pole and similarly all coils are connected. This
type of winding is known as lap because the sides of successive coils overlap each other
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LAP winding
Lap winding may be simplex (single) or multiplex (duplex or triplex) winding. In simplex lap

winding the connection of the winding is that there are as many parallel paths as there are number
of poles.

Whereas for duplex, the number of parallel paths are equal to twice that of the number of poles and
for triplex it is thrice. For this reason, the lap winding is called multiple or parallel winding. The
sole purposes of such type of windings are,

(a) To increase the number of parallel paths enabling the armature current to increase i.e., for high
current output.

(b) To improve commutation as the current per conductor decreases.
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Notes on Lap winding
1. The coil or back pitch Y must be approximately equal to pole pitch i.e., Ys =Z/P.




2. The back pitch and front pitch are odd and are of opposite sign. They differ from each other
by 2m, where m = 1,2,3 for simplex, duplex, and triplex respectively.
re., Ys=Yr+2m
When Y > Yr i.e., Yr+ 2m then the winding progresses from left to right and such a winding
is known as progressive winding. If Ys < Yri.e., Y= Yr- 2m then the winding progresses
from right to left and such a winding is known as retrogressive winding.
3. The average pitch, Yave= (Ys + Yr)/2.
4. Resultant pitch, Yr is always (as difference between two odd numbers is even) and is
equal to 2m.
5.Commutator pitch, Yc =m ie.,, 2, 3, 4 etc. for simplex, duplex, triplex, quadruplex etc.
6. Number of parallel paths = mP. Where, m = multiplicity.
Example: For instance, the number of parallel paths for a 6-pole duplex lap winding is
given by 6 x 2 = 12 paths.
The total number of poles are equal to the total number of brushes.
8. Ifl. is the total armature current, then current per parallel path is Ia /P.
9. Lap winding is used for low voltage and high current machines.

Wave winding of a DC Machine
In wave winding the coils which are carrying current in one direction are connected in series circuit

and the carrying current in opposite direction are connected in another series circuit. A wave winding
is shown in figure.
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If after passing once around the armature the winding falls in a slot to the left of its starting point
then winding is said to be retrogressive. If it fails one slot to the right it is progressive.
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Notes on Wave winding
The following are the important points to be remembered pertaining to wave winding,




1. Both pitches Ys and Yr are odd and of same sign.
2. Back and front pitches may be equal or differ by 2 and are merely equal to pole pitch.

3. Resultant pitch, Yr=Yr+ Ye=(Z £
2)/2 P = Number of poles

Z = Total number of conductors.
4. Commutator pitch, Yc = Ya (Average pitch)

Y c =(Number of commutator bars + 1)/(Number of pair of poles).
5. Number of parallel paths are equal to 2m, where m is the multiplicity.
6. The number of brushes required are two irrespective of the number ofpoles.
7. If Ia is the total armature current then current carried by each path or conductor is Ia/2.
8. Since a wave winding is a series winding, it is used for high voltage and low current machine.

Important Rules for both lap and Wave Windings:

1. The Front and back pitch are approximately equal to pole pitch.
2. Both Front and Back pitch should be odd.

3. Number of commutator segments is equal to No of slots or coils.
4. Always the winding must be closed.

Emf Equation of a DC Generator:

As the armature rotates, a voltage is generated in its coils. In the case of a generator, the emf of
rotation is called the Generated emf or Armature emf and is denoted as Er = Eg. In the case of a
motor, the emf of rotation is known as Back emf or Counter emf and represented as Er = Eb. The
expression for emf is same for both the operations. I.e., for Generator as well as for Motor.

Derivation of EMF Equation of a DC Machine — Generator and Motor
Let,

e P — Number of poles of the machine

e ¢ — Flux per pole in Weber.

e Z - Total number of armature conductors.

e N —Speed of armature in revolution per minute (r.p.m).
e A — Number of parallel paths in the armature winding.

In one revolution of the armature, the flux cut by one conductor is given as
Flux cut by one conductor = P wb.......(1)

Time taken to complete one revolution is given as




60
t= N seconds .......(2)

Therefore, the average induced e.m.f in one conductor will be

e : N LR} L (3 )
Putting the value of (t) from Equation (2) in the equation (3) we will get,
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The number of conductors connected in series in each parallel path = Z/A.

Therefore, the average induced e.m.facross each parallel path or the armature terminals is given
by the equation shown below.

_PeN Z_PZgN
- 60 A 60A 0° O

_ PZen

E
A

.(5)
Where n is the speed in revolution per second (r.p.s) and given as

N
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For a given machine, the number of poles and the number of conductors per parallel path
(Z/A) are constant. Hence, the equation (5) can be written as

E = Kgn

Where, K is a constant and given as




Therefore, the average induced emf equation can also be written as
E X @n or

E = K, @N

Where K is another constant and hence induced emf equation can be written as
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Where o is the angular velocity in radians/second is represented as
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Thus, it is clear that the induced emf is directly proportional to the speed and flux per pole. The
polarity of induced emf depends upon the direction of the magnetic field and the direction of rotation.
If either of the two is reverse the polarity changes, but if two are reversed the polarity remains
unchanged.
This induced emf is a fundamental phenomenon for all the DC Machines whether they are working
as a generator or motor.
If the machine DC Machine is working as a Generator, the induced emf is given by the equation

shown below.
Where Eg is the Generated Emf
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Ifthe machine DC Machine is working as a Motor, the induced emf is given by the equation shown
below.

In a motor, the induced emf'is called Back Emf (Eb) because it acts opposite to the supply voltage.

Armature Reaction in DC Machines:
In a DC machine, two kinds of magnetic fluxes are present; 'armature flux' and 'main field flux'. The
effect of armature flux on the main field flux is called as armature reaction.




MNA And GNA:

EMF is induced in the armature conductors when they cut the magnetic field lines. There is an axis
(or, you may say, a plane) along which armature conductors move parallel to the flux lines and,
hence, they do not cut the flux lines while on that plane. MNA (Magnetic Neutral Axis) may be
defined as the axis along which no emf is generated in the armature conductors as they move parallel
to the flux lines. Brushes are always placed along the MNA because reversal of current in the
armature conductors takes place along this axis.

GNA (Geometrical Neutral Axis) may be defined as the axis which is perpendicular to the magnetic
field axis.

Armature Reaction:
The effect of armature reaction is well illustrated in the figure below.

Consider, no current is flowing in the armature conductors and only the field winding is energized
(as shown in the first figure of the above image). In this case, magnetic flux lines of the field poles
are uniform and symmetrical to the polar axis. The 'Magnetic Neutral Axis' (M.N.A.) coincides with
the 'Geometric Neutral Axis' (G.N.A.).

The second figure in the above image shows armature flux lines due to the armature current. Field
poles are de-energized.
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Fig: Armature reaction

Now, when a DC machine is running, both the fluxes (flux due to the armature conductors and flux
due to the field winding) will be present at a time. The armature flux superimposes with the main
field flux and, hence, disturbs the main field flux (as shown in third figure the of above image). This
effect is called as armature reaction in DC machines.

The Adverse Effects Of Armature Reaction:
1. Armature reaction weakens the main flux. In case ofa dc generator, weakening of the main flux
reduces the generated voltage.




2. Armature reaction distorts the main flux, hence the position of M.N.A. gets shifted (M.N.A. is
perpendicular to the flux lines of main field flux). Brushes should be placed on the M.N.A.,
otherwise, it will lead to sparking at the surface of brushes. So, due to armature reaction, it is
hard to determine the exact position of the MNA

For a loaded dc generator, MNA will be shifted in the direction of the rotation. On the other hand,

for a loaded dc motor, MNA will be shifted in the direction opposite to that of the rotation.

How To Reduce Armature Reaction?

Usually, no special efforts are taken for small machines (up to few kilowatts) to reduce the armature
reaction. But for large DC machines, compensating winding and interpoles are used to get rid of the
ill effects of armature reaction.

1. Compensating winding: Now we know that the armature reaction is due to the presence of
armature flux. Armature flux is produced due to the current flowing in armature conductors. Now,
if we place another winding in close proximity of the armature winding and if it carries the same
current but in the opposite direction as that of the armature current, then this will nullify the armature
field. Such an additional winding is called as compensating winding and it is placed on the pole
faces. Compensating winding is connected in series with the armature winding in such a way that it
carries the current in opposite direction.

2. Interpoles: Interpoles are the small auxiliary poles placed between the main field poles. Winding on
the interpoles is connected in series with the armature. Each interpole is wound in such a way that its
magnetic polarity is same as that of the main pole ahead of it. Interpoles nullify the quadrature axis
armature flux.

Demagnetizing and Cross Magnetizing Conductors:
The conductors which are responsible for producing demagnetizing and distortion effects are
shown in the Fig.1.

Fig. 1 Conductors which are responsible for producing demagnetizing and distortion effects

The brushes are lying along the new position of MNA which is at angle 6 from GNA. The




conductors in the region AOC = BOD =26 at the top and bottom of the armature are carrying current
in such a direction as to send the flux in armature from right to left. Thus these conductors are in
direct opposition to main field and called demagnetizing armature conductors.

The remaining armature conductors which are lying in the region AOD and BOC carry current
in such a direction as to send the flux pointing vertically downwards i.e. at right angles to the main
field flux. Hence these conductors are called cross magnetizing armature conductors which will
cause distortion in main field flux.

These conductors are shown in the Fig. 2

Fig. 2 Conductors which are responsible for producing Cross magnetization ffects

Calculation of Demagnetizing and Cross Magnetizing Amp-Turns
Let us the number of demagnetizing and cross magnetizing amp-turns.

Let Z =Total number of armature
conductors P = Number of poles
I = Armature conductor current in Amperes

= [/2 for simplex wave winding
= [/P for simplex lap winding
Om = Forward lead of brush in mechanical degrees.

The conductors which are responsible for demagnetizing ampere-turns are lying in the
region spanning 4 0, degrees. The region is between angles AOC and BOD, as shown in the
Fig. 2.
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Total number of armature conductors lying in angles AOC and BOD




Since two conductors from one turn,

_1 46y
=2 360

20,
= 360 %%

Total number of turns in these angl xZ

. Demagnetising amp-turns = % x I1Z

. Demagnetising amp-turns / pole = %’B— x 1Z

Om
AT, per pole = ZIX':'TGOT

The conductor which are responsible for cross magnetizing ampere turns are lying between the
angles AOD and BOC, as shown in the Fig.2.
Total armature-conductors / pole = Z/P

From above we have found an expression for demagnetizing conductors per pole.

Demagnetising conductors / pole = Z=-2—3—06%'-
- Cross magnetising conductors/ h-%-z%
1 264
i

Since two conductors from one turn,
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If the brush shift angle is given in electrical degrees, then it should be converted into
mechanical degrees by using the relation,

B ¢clectrical iz B electrical . 2 Bclectrical

Omechanical = Pair of poles ~  P/2 P

Example :

A wave wound 4 pole d.c. generator with 480 armature conductors supplies a current of 144 A.
The brushes are given an actual lead of 10°. Calculate the demagnetizing and cross magnetizing
amp turns per pole.

Solution :

P=4, =480, l.=144A
For wave wound,

[=1/2=144/2=72 A

Om=10°
AT4/pole = z1 dm
4 360

 480x72x10
- 360
= 960
- 1 _Om| _ L il

AT./pole = ZI [EF 360] = 480 x 72 [zx 4 m}

]
T
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Compensating Winding and Interpoles in DC Generator:

In DC compound machine setup by armature current opposes magnetic field flux, this is known as
armature reaction. The armature reaction has two effects (i) Demagnetizing effect and (ii) Cross
magnetizing effect. Demagnetizing effect weakens the main field flux which in turn decreases the
induced e.m.f (as E a ©0)). To overcome this effect a few extra turns/poles are added in series to
main field winding. This creates a series field which serves two purposes,

(i) It helps to neutralize the demagnetizing effect of armature reaction.

(i) If wound for cumulative compounded machine the electrical performance will be improved.

Compensating winding:

All armature conductors placed under the main poles region produces e.m.f which is at right angle
(90°) to the main field e.m.f. This e.m.f causes distortion in main field flux. This is known as cross
magnetizing effect. To minimize the cross magnetizing effect compensating winding is used. This
compensating winding produces an m.m.f which opposes the m.m.f produced by armature
conductors.

Commutating pole (interpole)

Commutating (interpole)
field winding

Armature with
armature winding

Shunt field Compensating field winding

winding located in main-pole shoes

Series field
winding

Section of a dc machine illustrating the arrangement of various field windings.

This objective is achieved by connecting compensating winding in series with armature winding. In
absence of compensating winding, cross magnetizing effect causes sparking at the commutators and
short circuiting the whole armature winding.

Let, Zc = Number of compensating conductors/pole
Z, = Number of active armature
conductors/pole

I.= Armature current.
2= Za(1/A)
I./A=Armature
current/conductor
Z~7Za/A




Where,

Compensating Winding Disadvantages:

This winding neutralizes the cross magnetizing effect due to armature conductors only but not due

to interpolar region. This winding is used in large machine in which load is fluctuating.

Interpoles:

Cross magnetizing effect in interpolar region is by interpoles (also known as compoles (or)
commutating poles). These interpoles are small in size and placed in between the main poles of yoke.
Like compensating winding, interpoles are also connected in series with armature winding such that
the m.m.fproduced by them opposes the m.m.fproduced by armature conductor in interpolar region.
In generators, the interpole polarity is same as that of main pole ahead such that they induce an e.m.f
which is known as commutating or reversing e.m.f This commutating e.m.f minimizes the reactance

e.m.fand hence sparks or arcs are eliminated.

Compensating Interpole

wdg | T~

Slots Interpole

Fig: Intepoles

Compensating winding and Interpoles are used for same purpose but the difference between them
is, interpoles produce e.m.f for neutralizing reactance e.m.f whereas compensating winding produces
an m.m.f which opposes the m.m.f produced by conductors.

COMMUTATION:

The process of reversal of current in the short circuited armature coil is called ‘Commutation’. This
process of reversal takes place when coil is passing through the interpolar axis (q-axis), the coil is
short circuited through commutator segments. Commutation takes place simultaneously for ‘P’ coils
in a lap- wound machine and two coil sets of P/2 coils each in a wave-wound machine.

The process of commutation of coil ‘B’ is shown below. In figure 1.29° coil ‘B’ carries current from
left to right and is about to be short circuited in figure “1.30° brush has moved by 1/3 rd of its width
and the brush current supplied by the coil are as shown. In figure ‘1.31° coil ‘B’ carries no current




as the brush is at the middle of the short circuit period and the brush current in supplied by coil C
and coil A. In figure 1.32° the coil B which was carrying current from left to right carries current
from right to left. In fig *1.33” spark is shown which is due to the reactance voltage. As the coil is
embedded in the armature slots, which has high permeability, the coil possesses appreciable amount
of self-inductance. The current is changed from +I to —I. So due to self-inductance and variation in
the current from +I to —I, a voltage is induced in the coil which is given by L dI/dt. Fig ‘1.34° shows
the variation of current plotted on the time axis. Sparking can be avoided by the use of interpoles or
commutating-poles.
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Fig: Commutation process

METHODS OF IMPROVING COMMUTATION:

Methods of Improving Commutation: There are two practical ways of improving commutation i.e.

of making current reversal in the short-circuited coil as sparkless as possible. These methods are
known as

(1) resistance commutation and

(i1) emf. commutation (which is done with the help of either brush lead or interpoles, usually the later).

Resistance Commutation: This method of improving commutation consists of replacing low-
resistance Cu brushes by comparatively high-resistance carbon brushes. When current I from coil C
reach the commutator segment b, it has two parallel paths open to it. The first part is straight from
bar ‘b’ to the brush and the other parallel path is via the short-circuited coil B to bar ‘a’ and then to
the brush. Ifthe Cu brushes are used, then there is no inducement for the current to follow the second
longer path, it would preferably follow the first path. But when carbon brushes having high
resistance are used, then current I coming from C will prefer to pass through the second path. The
additional advantages of carbon brushes are that

(1) they are to some degree self-lubricating and polish the commutator and




(ii) should sparking occur, they would damage the commutator less than when Cu brushes are
used.

But some of their minor disadvantages are:

(1) Due to their high contact resistance (which is beneficial to sparkless commutation) a loss of
approximately 2 volt is caused. Hence, they are not much suitable for small machines where
this voltage forms an appreciable percentage loss.

(i) Owing to this large loss, the commutator has to be made somewhat larger than with Cu
brushes in order to dissipate heat efficiently without greater rise of temperature. (iii) because
oftheir lower current density (about 7-8 A/cm2 as compared to 25-30 A/cm2 for Cu brushes)
they need larger brush holders.
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Fig: Resistance Commutation

EMF Commutation: In this method, arrangement is made to neutralize the reactance voltage by
producing a reversing emf in the short-circuited coil under commutation. This reversing emf, as the
name shows, is an emf in opposition to the reactance voltage and if its value is made equal to the
latter, it will completely wipe it off, thereby producing quick reversal of current in the short-circuited
coil which will result in sparkless commutation. The reversing emf may be produced in two ways:

(1) either by giving the brushes a forward lead sufficient enough to bring the short-circuited coil
under the influence of next pole of opposite polarity or (ii) by using Interpoles. The first method was
used in the early machines but has now been abandoned due to many other difficulties it brings along
with.

Interpoles of Compoles: These are small poles fixed to the yoke and spaced in between the main
poles. They are wound with comparatively few heavy gauge Cu wire turns and are connected in
series with the armature so that they carry full armature current. Their polarity, in the case of a
generator, is the same as that of the main pole ahead in the direction of rotation. The function of
interpoles is two-fold: (i) As their polarity is the same as that of the main pole ahead, they induce an
emf in the coil (under commutation) which helps the reversal of current. The emf induced by the
compoles is known as commutating or reversing emf. The commutating emf neutralizes the
reactance emf thereby making commutation sparkless. With interpoles, sparkless commutation can
be obtained up to 20 to 30% overload with fixed brush position. In fact, interpoles raise sparking
limit of a machine to almost the same value as heating limit. Hence, for a given output, an interpole
machine can be made smaller and, therefore, cheaper than a non-interpolar machine. As interpoles
carry armature current, their commutating emf is proportional to the armature current. This ensures
automatic neutralization of reactance voltage which is also due to armature current. (ii) Another




function of the interpoles is to neutralize the cross-magnetizing effect of armature reaction. Hence,
brushes are not to be shifted from the original position.
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Fig: Interpoles of Compoles

OF as before, represents the mmf due to main poles. OA represents the crossmagnetising mmf due
to armature. BC which represents mmf due to interpoles, is obviously in opposition to OA, hence
they cancel each other out. This cancellation of crossmagnetisation is automatic and for all loads
because both are produced by the same armature current. The distinction between the interpoles and
compensating windings should be clearly understood. Both are connected in series and their m.m.fs.
are such as to neutralize armature reaction. But compoles additionally supply mmf for counteracting
the reactance voltage induced in the coil undergoing commutation. Moreover, the action of the
compoles is localized; they have negligible effect on the armature reaction occurring on the
remainder of the armatureperiphery.

VALUE OF REACTANCE VOLTAGE

Reactance voltage = coefficient of self-inductance * rate of change of current

It should be remembered that the time of short-circuit or commutation is the time required by
the commutator to move a distance equal to the circumferential thickness of'the brush minus the
thickness of one insulating plate of strip of mica.

Let, Wy = brush width in cm
W = width of mica insulation in cm
v = peripheral velocity of commutator segments in cm/second
then, T¢ = time of commutation or short circuit = (Wy-Wm)/v seconds.

Note: If brush width etc. are given in terms of commutator segments, then commutator velocity
should also be converted in terms of commutator segments per second.

Therefore, Self — induced or Reactance Voltage =L * (2I/T¢) if commutation is linear
=1.11 L * (2I/T) if commutation is sinusoidal




If1 is the current through a conductor, then total change during commutation = I-(-I) = 21

Types of DC Generators — Separately Excited and Self Excited

The DC generator converts the electrical power into electrical power. The magnetic flux in a DC
machine is produced by the field coils carrying current. The circulating current in the field windings
produces a magnetic flux, and the phenomenon is known as Excitation. DC Generator is classified
according to the methods of their field excitation.

By excitation, the DC Generators are classified as Separately excited DC Generators and Self-
excited DC Generators. There is also Permanent magnet type DC generators. The self-excited DC
Generators are further classified as Shunt wound DC generators; Series wound DC generators and
Compound wound DC generators. The Compound Wound DC generators are further divided as long
shunt wound DC generators, and short shunt wound DC generators.

The field pole of the DC generator is stationary, and the armature conductor rotates. The voltage
generated in the armature conductor is of alternating nature, and this voltage is converted into the
direct voltage at the brushes with the help of the commutator.

The detailed description of the various types of generators is explained below.

Permanent Magnet type DC Generator

In this type of DC generator, there is no field winding is placed around the poles. The field produced
by the poles of these machines remains constant. Although these machines are very compact but are
used only in small sizes like dynamos in motorcycles, etc. The main disadvantage of these machines
is that the flux produced by the magnets deteriorates with the passage of time which changes the
characteristics of the machine.

Separately Excited DC Generator

A DC generator whose field winding or coil is energized by a separate or external DC source is
called a separately excited DC Generator. The flux produced by the poles depends upon the field
current with the unsaturated region of magnetic material of the poles. i.e. flux is directly proportional
to the field current. But in the saturated region, the flux remains constant.




The figure of separately-excited DC Generator is shown below.
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Separately Excited DC Generator

Here,
I. = IL where I, is the armature current and Iy is the line
current. Terminal voltage is given as

V=E,— LR, ....(1)

g

Ifthe contact brush drop is known, then the equation (1) is written as

V=E,— LR, — 2vy ....(2)

The power developed is given by the equation shown below.

Power developed = El, ........(3)

Power output = VI = VI, ......(4)

Power output is given by the equation (4) shown above.

Self-Excited DC Generator:

Self-excited DC Generator is a device, in which the current to the field winding is supplied by the
generator itself. In self-excited DC generator, the field coils mat be connected in parallel with the
armature in the series, or it may be connected partly in series and partly in parallel with the armature
windings.

The self-excited DC Generator is further classified as
1. Shunt Wound Generator
2. Series Wound Generator
3. Compound Wound Generator

1. Shunt Wound Generator




In a shunt wound generator, the field winding is connected across the armature winding forming a
parallel or shunt circuit. Therefore, full terminal voltage is applied across it. A very small field

current Ish, flows through it because this winding has many turns of fine wire having very high
resistance Rsnhof the order of 100 ohms.
The connection diagram of shunt wound generator is shown below.

LOAD

Shunt Wound DC Generator

Shunt field current is given as

I V
g

Rsh
Where Rgp 1s the shunt field winding resistance.

The current field Isn is practically constant at all loads. Therefore, the DC shunt machine is
considered to be a constant flux machine.

Ia b IL+ ISh

Armature current is given as

Terminal voltage is given by the equation shown below.

V=E,— LR,

4

Ifthe brush contact drop is included, the equation of the terminal voltage becomes
V=E,— L,LR,— 2v,
Power developed = E,l,

Power output = VI




2. Series Wound Generator

A series-wound generator the field coils are connected in series with the armature winding. The
series field winding carries the armature current. The series field winding consists of a few turns of
wire of thick wire of larger cross-sectional area and having low resistance usually of the order of
less than 1 ohm because the armature current has a very large value.

Its convectional diagram is shown below.
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Series Wound DC Generator

Series field current is given as

Rse is known as the series field winding resistance.
Terminal voltage is given as

¥= Eg_ IRy — LgeRge

V= By LR Rae)

Ifthe brush contact drop is included, the terminal voltage equation is written as
V=E;,— I, (R, + Rgo) — 2V},
Power developed = E,l,
Power output = VI = VI,

The flux developed by the series field winding is directly proportional to the current flowing through
it. But it is only true before magnetic saturation after the saturation flux becomes constant even if
the current flowing through it is increased.

3. Compound Wound Generator




In a Compound Wound Generator, there are two sets of the field winding on each pole. One of them
is connected in series having few turns of thick wire, and the other is connected in parallel having
many turns of fine wire with the armature windings. In other words, the generator which has both
shunt and series fields is called the compound wound generators.

If the magnetic flux produced by the series winding assists the flux produced by the shunt winding,
then the machine is said to be cumulative compounded. If the series field flux opposes the shunt
field flux, then the machine is called the differentially compounded.

It is connected in two ways. One is a long shunt compound generator, and another is a short shunt
compound generator. If the shunt field is connected in parallel with the armature alone then the
machine is called the short compound generator. In long shunt compound generator, the shunt field
is connected in series with the armature. The two types of generators are discussed below in details.

Long Shunt Compound Wound Generator:
In a long shunt wound generator, the shunt field winding is parallel with both armature and series
field winding. The connection diagram of long shunt wound generator is shown below.
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Long Shunt Compound Wound Generator

Shunt field current is given as
I VvV
i~ &= ¢
sn Rsh

Series field current is given as

Terminal voltage is given as

ve g, V= Eg— L(Ra+ Ree) — 2V, g,

g

Power developed = E,l,

Power output = VI




Ifthe brush contact drop is included, the terminal voltage equation is written as

Short Shunt Compound Wound Generator:
In a Short Shunt Compound Wound Generator, the shunt field winding is connected in parallel with the
armature winding only. The connection diagram of short shunt wound generator is shown below.
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Short Shunt Compound Wound Generator

Series field current is given as
lse = I,
Shunt field current is given as

V + ILRse - Eg — IaRa

I, =
. Rsh Rsh

I S Y IL v il | sh
Terminal voltage is given as
V= E,— LLR,— IR,
Ifthe brush contact drop is included, the terminal voltage equation is written as

V = Eg— IaRa = ILRse == 2Vb
Power developed = Egl,

Power output = VI,

In this type of DC generator, the field is produced by the shunt as well as series winding. The shunt
field is stronger than the series field. If the magnetic flux produced by the series winding assists the
flux produced by the shunt field winding, the generator is said to be Cumulatively Compound
Wound generator.

If the series field flux opposes the shunt field flux, the generator is said to be Differentially
Compounded.




Voltage buildup in self excited Generator or Dc Shunt Generator:

A self-excited DC generator has its own field excitation. Consider a shunt generator in which the
field winding is connected in parallel with the armature, thus armature voltage supplies the field
current.

, I~ 0

O

Assume that the generator has no-load connected to it and the armature is driven at a certain speed
by a prime mover. The voltage build up in a DC generator depends upon the presence of the residual
flux in the field poles ofthe generator. Because of this residual flux, a small voltage EOr of the order
of 1 Vor 2 V will be generated and is given by,

Eor = k(Pres(!)EOr - k(Pres(D

This voltage causes a current If to flow through the field winding of the self-excited generator and
this field current is given by,

I=V/Rs¢
This field current increases the magnetic flux in the generator. The increase in the flux increases
the generated voltage E0. The increased generated voltage EO increases the terminal voltage V.
With the increase in V, the field current If increases further. This in turn increases the magnetic
flux and therefore, the EO increases further. This process of voltage build up continues. The
terminal voltage of the generator limits to the steady state value, when the magnetic saturation of
field pole cores being reached.
As we have assumed that the generator is on no-load during the voltage build-up process, hence the
steady state operation can be described by the following equations —

L=1If
V=Eo—I.Ra= Eo—IiRa
Since the If is very small, therefore the drop If Ra can be neglected. Hence,
V=E,
The curve plotted between the E0Q and If is called as the magnetization curve.
And,
V=IiR¢

This equation shows a straight line, which is known as field-resistance line. The field resistance line
is a curve plotted between the voltage (IfRr) across the field winding and the field current Ir. The
slope of this line is equal to the resistance of the field winding.
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The point of intersection (P) of the magnetization curve and the field-resistance line gives the no-
load terminal voltage VO of the self-excited DC generator. If the field current corresponding to the
point P is increased further, there is no further increase in the terminal voltage.

Hence, we arrive at a very important conclusion that the voltage build-up of the DC generator is
given by the point of intersection of magnetization curve and field resistance line.

Critical Field Resistance:
Figure below shows the voltage buildup in the dc shunt generator for various resistances of the field
circuit.

Rz = Rc = Critical resistance

R1

Rz > R2 > R:

Field current If

Fig: Determination of critical resistance
A decrease in the resistance of the field circuit reduces the slope of the field resistance line result in
higher voltage. If the speed remains constant, an increase in the resistance of field circuit increases
the slop of field resistance line, resulting in a lower voltage. Ifthe field circuit resistance is increased
to Rc which is terminal as the critical resistance of the field, the field resistance line becomes a
tangent to the initial part of the magnetization curve. When the field resistance is higher than this
value, the generator fails to excite.




Critical Speed:

Figure shows the variation of no-load voltage with fixed Rf and variable speed of the armature.
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Fig: Determination of critical speed

The magnetization curve varies with the speed and its ordinate for any field current is proportional
to the speed of the generator. all the points on the magnetization curve are lowered, and the point of
intersection of the magnetization curve and the field resistance line moves downwards. at a particular
speed, called the critical speed, the field resistance line becomes tangential to the magnetization
curve. below the critical speed the voltage will not build up.
In Brief, the following condition must be satisfied for voltage buildup in a self-excited generator.
There must be sufficient residual flux in the field poles.

1. the field terminal should be connected such a way that the field current increases flux in the

direction of residual flux.

2. The field circuit resistance should be less than the critical field circuit resistance.
If there is a no residual flux in the field poles, Disconnected the field from the armature circuit and
apply a dc voltage to the field winding. this process is called Flashing the field. It will induce some
residual flux in the field poles.

Causes for Failure to Self-Excite and Remedial Measures:
There may be one or more of the following reasons due which a self excited generator may fail to
build up voltage.

1. No residual magnetism:

The start of the buildup process needs some residual magnetism in the magnetic circuit of the
generator. If there is little or no residual magnetism. because of inactivity or jarring in shipment, no
voltage will be induced that can produce field current.

2.Reversal of Field Connections:

The voltage induced owing to residual magnetism acts across the field and results in flow or current
in the field coils in such a direction as to produce magnetic flux in the same direction as the residual
flux.

Reversal of connections of the field winding destroys the residual magnetism which causes the
generator failure to build up voltage.




3.1In case of dc series wound generators:
The resistance in the load circuit may be more than its critical resistance, which may be due to

I.  open-circuit
II.  high resistance of load circuit
II.  faulty contact between brushes and commutator and
IV.  commutator surface dirty or greasy.

4.In case of shunt wound generator
(a) the resistance of the shunt field circuit may be greater than the critical resistance;
(b) the resistance in the load circuit may be lower than the critical resistance;
(©) the speed of rotation may not be equal to rated one.

Remedy

In case the generator is started up for the first time, it may be that no voltage will be built up either
because the poles have no residual magnetism or the poles have retained some residual magnetism
but the field winding connections are reversed so that the magnetism developed by the field winding
on start has destroyed the residual magnetism and the machine can not "build up". In both the cases,
the field coils must be connected to a dc source (a storage battery) for a short while to magnetise the
poles. The application of external source of direct current to the field is called flashing of the field.

Characteristics of DC Generators
Generally, following three characteristics of DC generators are taken into considerations: (i) Open

Circuit Characteristic (O.C.C.), (i) Internal or Total Characteristic and (iii) External
Characteristic. These characteristics of DC generators are explained below.

1. Open Circuit Characteristic (O.C.C.) (Eo/Iy):

Open circuit characteristic is also known as magnetic characteristic or no-load saturation
characteristic. This characteristic shows the relation between generated emf at no load (Eo) and the
field current (Ir) at a given fixed speed. The O.C.C. curve is just the magnetization curve and it is
practically similar for all type of generators. The data for O.C.C. curve is obtained by operating
the generator at no load and keeping a constant speed. Field current is gradually increased and the
corresponding terminal voltage is recorded. The connection arrangement to obtain O.C.C. curve is
as shown in the figure below. For shunt or series excited generators, the field winding is disconnected
from the machine and connected across an external supply.
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Fig: Circuit for OCC

Now, from the emf equation of dc generator, we know that Eg =ké. Hence, the generated emf should
be directly proportional to field flux (and hence, also directly proportional to the field current).
However, even when the field current is zero, some amount of emf is generated (represented by OA
in the figure below). This initially induced emf is due to the fact that there exists some residual
magnetism in the field poles. Due to the residual magnetism, a small initial emf is induced in the
armature. This initially induced emf aids the existing residual flux, and hence, increasing the overall
field flux. This consequently increases the induced emf. Thus, O.C.C. follows a straight line.
However, as the flux density increases, the poles get saturated and the ¢ becomes practically
constant. Thus, even we increase the If further, ¢ remains constant and hence, Eg also remains
constant. Hence, the O.C.C. curve looks like the B-H characteristic.

Increase in
speed (N)

No load voltage (E,)

o Field Current (1)
Open Circuit Characteristic (O.C.C.)

The above figure shows a typical no-load saturation curve or open circuit characteristics for all
typesof DC generators.




2. Internal or Total Characteristic (E/I.):

An internal characteristic curve shows the relation between the on-load generated emf (Eg) and the
armature current (Ia). The on-load generated emf Eg is always less than EO due to the armature
reaction. Eg can be determined by subtracting the drop due to demagnetizing effect of armature
reaction from no- load voltage E0O. Therefore, internal characteristic curve lies below the O.C.C.
curve.

3. External Characteristic (V/IL):

An external characteristic curve shows the relation between terminal voltage (V) and the load current
(IL). Terminal voltage V is less than the generated emf Eg due to voltage drop in the armature circuit.
Therefore, external characteristic curve lies below the internal characteristic curve. External
characteristics are very important to determine the suitability of a generator for a given purpose.
Therefore, this type of characteristic is sometimes also called as performance characteristic or load
characteristic.

Internal and external characteristic curves are shown below for each type of generator.

Characteristics of Separately Excited DC Generator:
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Characteristics of separately excited DC generator

If there is no armature reaction and armature voltage drop, the voltage will remain constant for
anyload current. Thus, the straight-line AB in above figure represents the no-load voltage vs. load
current IL. Due to the demagnetizing effect of armature reaction, the on-load generated emf is less
than the no-load voltage. The curve AC represents the on-load generated emf E; vs. load current I
i.e. Internal characteristic (as [, = Ip. for a separately excited dc generator). Also, the terminal voltage
is lesser due to ohmic drop occurring in the armature and brushes. The curve AD represents the
terminal voltage vs. load current i.e. external characteristic.




Characteristics of DC Shunt Generator:

To determine the internal and external load characteristics of a DC shunt generator the machine is
allowed to build up its voltage before applying any external load. To build up voltage of a shunt
generator, the generator is driven at the rated speed by a prime mover. Initial voltage is induced due
to residual magnetism in the field poles. The generator builds up its voltage as explained by the

O.C.C. curve. When the generator has built up the voltage, it is gradually loaded with resistive load
and readings are taken at suitable intervals. Connection arrangement is as shown in the figure below.
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Fig: Circuit for External characteristics of shunt generator

Unlike, separately excited DC generator, here, IL#la. For a shunt generator, la=IL+If. Hence, the
internal characteristic can be easily transmitted to Eg vs. IL by subtracting the correct value of Iffrom
Ia.

During a normal running condition, when load resistance is decreased, the load current increases.
But, as we go on decreasing the load resistance, terminal voltage also falls. So, load resistance can
be decreased up to a certain limit, after which the terminal voltage drastically decreases due to
excessive armature reaction at very high armature current and increased I’R losses. Hence, beyond
this limit any further decrease in load resistance results in decreasing load current. Consequently,
the external characteristic curve turns back as shown by dotted line in the above figure.




Characteristics of DC Series Generator
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Characteristics of DC series generator

The curve AB in above figure identical to open circuit characteristic (O.C.C.) curve. This is because
in DC series generators field winding is connected in series with armature and load. Hence, here
load current is similar to field current (i.e. IL=If). The curve OC and OD represent internal and
external characteristic respectively. In a DC series generator, terminal voltage increases with the
load current. This is because, as the load current increases, field current also increases. However,
beyond a certain limit, terminal voltage starts decreasing with increase in load. This is due to
excessive demagnetizing effects of the armature reaction.

Characteristics Of DC Compound Generator
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External characteristic of DC compound generator

The above figure shows the external characteristics of DC compound generators. If series winding
amp- turns are adjusted so that, increase in load current causes increase in terminal voltage then the
generator is called to be over compounded. The external characteristic for over compounded
generator is shown by the curve AB in above figure.

If series winding amp-turns are adjusted so that, the terminal voltage remains constant even the load
current is increased, then the generator is called to be flat compounded. The external characteristic
for a flat compounded generator is shown by the curve AC.




If the series winding has lesser number of turns than that would be required to be flat compounded,
then the generator is called to be under compounded. The external characteristics for an under
compounded generator are shown by the curve AD.




