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D.C.Machines

An emf is induced in a circuit placed in a magnetic
field if either:

othe magnetic flux linking the circuit is time varying
or

othere is a relative motion between the circuit and

wfield such thatms
Fomprising the circuit cut a cross the magnetic flux
ines.

e 1st form of the law is the basis of

transformers.

e 2nd form is the basic principle of
operation of electric generators
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Voltage induced as a function of time.



The purpose of the brush is to ensure electrical connections
between the rotating commutator and stationary external load
circuit. It is made of carbon and rest on the commutator






DC Generator Operation

The N-S poles produce a dc magnetic field
and the rotor coil turns In this field. A
turbine or other machine drives the rotor.
The conductors In the slots cut the magnetic
flux lines, which induce voltage in the rotor
coils. The coil has two sides:one is placed In
slot a, the other in slot b.



ACTION OF A COMMUTATOR

Figure 16.12 Commutation for a single armature winding.
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Figure 4.4

Elementary dc generator is simply an ac generator
equipped with a mechanical rectifier called a commu-
fator.
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Figure 4.5
The elementary dc generator produces a pulsating dc
voltage.
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Figure 4.7
Schematic diagram of a dc generator having 4 coils
and 4 commutator bars. See Fig. 4.9.
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The voltage between the brushes is more uniform
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than in Fig. 4.5.



DC Generators: Operating Principle

The difference between AC and DC
generators:

o AC generators use slip rings

0 DC generators use commutators
Otherwise, the machine constructions are
essentially the same
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DC Machines




Significant Features of DC Machines

O Conventional DC generators are being replaced by the
solid state rectifiers where ac supply is available.

O The same is not true for dc motors because of
= Constant mechanical power output or constant torque
= Rapid acceleration or deceleration
= Responsiveness to feedback signals

o 1W to 10,000 hp
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Introduction

Electromagnetic Energy Conversion:

When armature conductors move in a magnetic fieid produced by the
current in stator field winding, voltage is induced in the armature
conductors.

When current carrying armature conductors are placed in a magnetic
field produced by the current in stator field winding, the armature
conductors experience a mechanical force.

These two effects r simultaneously in machine whenever
energy conversion takes p om-eiectrical to mechanical or vice

Versa.
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Construction

0 Field Magnets

O Yoke

o Pole, pole shoes, magnetising coils
O Armature

0 Brush

o Commutator

0o Compensating winding

0 Interpoles (Compoles)
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CONSTRUCTION
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winding
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Irom core

Coil commuotator




Spring
Brush holder

Brush
Crraphite)
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Figure 4_.35
a. Carbon brush and ultraflexible copper lead.

b. Brush holder and spring to exert pressure.
c. Brush set composed of two brushes, mountaed on

n>CcRer arrm.
(Courfes of Geaneral Eflectric Cormparny. L9SA)
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ARMATURE OF A DC MOTOR

External armature terminal
Brush B |
Armature conductors

| / in slots on rotor

Commutator 7 ~

bars | o Z
Shaft

_——

;

Figure 16.9 Rotor assembly of a dc machine.
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ROTOR CONSTRUCTION:

Air Holes
Fig, 26.16
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Figure 4.31
Armature lamination with tapered slots.
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rotation

slot 3 C4

Figure 4.9
The actual physical construction of the generator
shown in Fig. 4.7. The armature has 4 slots, 4 coils,

and 4 commutator bars.
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Effects of armature reaction and remedy

o Armature reaction distorts the flux density distribution,
produces demagnetizing effect and shifts the zero flux
density region from the g-axis.

o Poor commutation and sparking.
Rotor mmf neutralized by

o compensating winding fitted on the main pole faces and
connected in series with armature winding.

o Armature current reversal is delayed due to coil inductance
and reactance voltage ie. voltage induced in the moving coil
by the quadratic flux.

O inter-pole is needed to compensate armature reaction
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Figure 4.29

Adjacent poles of multipole generators have opposite
magnetic polarities.
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(a)

Figure 4.34
1. Brushes of a 2-pole generator.
Brushes and connections of a 6-pole generator.
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Figure 4.38a
Schematic diagram of a 12-pole, 72-coil dc generator.
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ROTOR WINDING:

- Rotor windings are of two types:
- Lap winding
- Wave winding

No. of parallel paths:
In lap winding p= no. of poles
In wave winding p= 2
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Principle of Operation: Armature Voltage

o Emf.w..=Flux/rev.= p.g = p. @. N,

Time/rev. 60/N_, 60

o Emf, ., =Emf conductor X Number of conductor

path
EMfyopa- p. 0. N, (Z/A) _ZNPg
60 60 A
where

O
O
O
O
O
O

p = number of poles

Z = total number of armature conductors

A = number of parallel paths, 2 for wave and p for lap.

® = flux per pole (Weber)

Nm = speed of the armature in the revolutions per minute (rpm)
time of 1 revolution = 60/Nm (sec)
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Types of DC generators

There are four different methods for
supplying the dc current to the motor
or generator poles:

O — Separate excitation

O - Shunt connection

O — Series connection

o - Compound
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Types of DC Machines

of a DC machine.

Types:

Self-excited DC machine: when a machine supplies its own
excitation of the field windings. In this machine, residual
magnetism must be present in the ferromagnetic circuit of the
machine In order to start the self-excitation process.

Separately-excited DC machine: The field windings may be
separately excited from an eternal DC source.

Shunt Machine: armature and field circuits are connected in
parallel. Shunt generator can be separately-excited or self-excited.

Series Machine: armature and field circuits are connected in series.
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Figure 4.17
Separately excited 2-pole generator. The N, S field

poles are created by the current flowing in the field
windings.
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Shunt DC Generator
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Figure 4.19

a. Self-excited shunt generator.

. Schematic diagram of a shunt generator. A shunt
field is one designed to be connected in shunt (alt 38
nate term for parallel) with the armature winding.



Separately-Excited and Self-Excited DC Generators

X!

<

Separately-Excited Self-Excited
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Compound DC Generator

l‘r:: SETIES
- feld |shunt field
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Series

shunt field

(a)

Figure 4.25
a. Compound generator under load.
b. Schematic diagram. 4l



Equivalent Circuit of a DC Machine

a gen

s
N

a mot

Vi =1¢Rs
Ve = E, + 1,R,
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Generated emf and Electromagnetic Torque

V=t Ry Motor: V, > E,
| Generator: V, < E,

\oltage generated in the armature circuit due the flux of the stator field current

Ea=Kj; g o

K,: design constant

Electromagnetic torque

Te = Ka(l)d Ia

Pem = B3 13 =Teo
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Comparison between the Shunt and Series Connected DC Machines
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Armature Reaction

1. It is the term used to describe the effects of the
armature mmf on the operation of a dc machine as
a "generator" no matter whether it is a generator or
both the flux distribution and the flux magnitude in
motor.

2. It effects the machine.

3. The distortion of the flux in a machine is called
armature reaction

o Two effects of armature reaction:

1. Neutral Plane Shift
2. Flux Weakening
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Armature Reaction

If a load Is connected to the terminals of the dc
machine, a current will flow in its armature windings.
This current flow will produce a magnetic field of its
own, which will distort the original magnetic field from
the machine’s field poles. This distortion of the magnetic
flux in a machine as the load is increased is called the
armature reaction.
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ACTION OF A COMMUTATOR

Figure 16.12 Commutation for a single armature winding.
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Armature Reaction

o Effect on flux distribution:
Neutral plane shift

= When current is flowing in w
the field winding, hence a

Magnetic neutral plane

flux is produced across
the machine which flows
from the North pole to
the South pole.

= Initially the pole flux is
uniformly distributed and
the magnetic neutral
plane is vertical
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Armature Reaction

o Effect on flux distribution:
Neutral plane shift

m effect by the air gap on the
flux field causes the
distribution of flux is no
longer uniform across the
rotor.

= There are two points on the
periphery of the rotor where
B= 0.




Armature Reaction

o Effect on flux distribution: Neutral
plane shift

o The combined flux in the machine
has the effect of strengthening or
weakening the flux in the pole.
Neutral axis is therefore shifted in
the direction of motion.

o The result is current flow circulatin
between the shorted segments an
large sparks at the brushes. The
ending result is arcing and sparking
at the brushes.

o Solution to this problem:

= placing an additional poles on
the neutral axis or mid-point
that will produce flux density
component, which counter-acts
that produced by the armature.

New neutral plane

Old neutral plane

50



]
| 0 (+)
C commutating
pole

mmf,

Figure 4.16
Commutating poles produce an mmf; that opposes
the mmf, of the armature.
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Schematic Connection Diagram of a DC Machine

commutating pole (interpoala)

commutating (interpole]
field winding

r-.-...gv.-rl'l‘Qbﬂ':::h I Iijz:?n"u-ﬂirl
Dol ole
W S,

armature with
darrmature win-cling

e,

shunt fieeld winding compensating field winding

; - - i ir- [ g
series fizld winding located 1Im main-pale shoas

Figure 9.1.1 Section of ;a de machine illustrating the arrangemeant of varioas field windings.

= covmimutating
(compole or intenpole)
| shunt field e
0000 - armature
series field
field rheostat compensating winding
-

Figure 9.1.2 Schematc conmection diagram of a dc machine.



Short shunt wound compound DC Machine

Series Field Coll

TT000 0 =0

Shunt Field Coll rmature
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Long shunt wound compound machine
@

Series Field Coll

Shunt Field Coil —% é—mmature
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ROTOR WINDING:

- Rotor windings are of two types:
- Lap winding
- Wave winding

No. of parallel paths:
In lap winding p= no. of poles
In wave winding p= 2
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DC Generator Characteristics

In general, the following characteristics specify the steady-
state performance of a DC generators:

1. Open-circuit characteristics: generated voltage versus field
current at constant speed.

2. Load characteristic: terminal voltage versus load current at
constant armature current and speed.
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No Load Saturation curves

rated flux
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Figure 4.18a

Flux per pole versus exclling current.

v rated voltage

Figure 4.18b
Saturation curve of a de generalor.
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Magnetic and Open circuit characteristics

I

L 2
- 15.[]“_1._.?..'{

fielc rheostat

-

Figure 4.20

Controllng the generator valtage with a field rhecstat, A g o AR MR e

teosiatis a resistor wih an adjustable siding contact,  the shunt-tieid circut



Self-Excited DC Shunt Generator

Maximum permissible value of the field
resistance if the terminal voltage has to

n

hald b
MuUuiritu U'J.

critical field
resistance line .ﬁ?c

=— field-resistance line

Wi Lol 4o

generated emf

[~ ]

residual voltage 1 _

I
|
|
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[
|
|
I
due to residual flux I 0 I

B

field current I
Open-circuit characteristic



DC Generator Characteristics

i, \; ;‘;l |
I it V, S ;
The terminal voltage of a dc ' - T l
generator is given by )
drop due 1o O0ER Cancil
Vt = Ea - IaRa 5‘ & hal fopsl Eﬂrf:,_-'" i
- [f (' f ,a)m)— Armature reaction drop] : / %
: " ANy I A
- IaRa : V. 2 Al

| —

fiald currant f,

Open-circuit and load characteristics 50



Load characteristics of seperately excited generator

m Ii_'_ e e e s — —

I
)
I.l‘

Figure 4.24
Load characteristic of a separately excited ganerator. «
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Figure 4.26

Typical load characteristics of dc generators.
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DC Generator Characteristics

It can be seen from the external |
characteristics that the terminal

voltage falls slightly as the load  [=—/-—_
current increases. " arp due o amature raaction
i .
5 "r.' r-'!.a
) axtarmal characieristic
ALY

e curmant ]

External characteristics 63



Electromagnetic Torque

O Area per pole A =2nrl/ p

O FluX density =B/A=pg/2nrl E_I,

o Current / conductor is=1_.=1_,,

O The force on a conductor is F=BII_ /A

o The torque developed by a conductor=F.r
T=rBIll_ /A=pgl_/2na

The total torque developed is=Zpgl_ /2na=Kgl

=E_l/w,
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DC MOTORS

o DC motors consist of rotor-mounted
windings (armature) and stationary
windings (field poles). In all DC motors,
except permanent magnet motors, current
must be conducted to the armature
windings by passing current through
carbon brushes that slide over a set of
copper surfaces called a commutator,
which is mounted on the rotor.
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Major types ot dc motors

o Self excited dc motor
= Series dc motor
= Shunt dc motor
= Compound dc motor

0 Separately excited dc motor
o Permanent magnet dc motor
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Series motors

Series motors
connect the field
windings in series
with the armature.

Series motors lack
good speed
regulation, but are
well-suited for high-
torque loads like
power tools and
automobile starters
because of their high
torque production
and compact size.

I

Ea VT (dc

supply)

O

Vi =E, +1,(R, +R;)

note:i, =1,

E.=KK,l.a °



Shunt motors

o Shunt motors use high-
resistance field windings

crc])nnected in parallel with i R, i
the armature.
o Varying the field resistance —‘J\M | ) O

changes the motor speed. §

o Shunt motors are prone to
armature reaction, a
distortion and weakening of E Ry Vi e
the flux generated by the supply)
poles that results in
commutation problems
evidenced by sparking at
the brushes. O

O Inlsltacllling addiltional polehs,
called interpoles, on the _ -
stator between the main VT _ Ea +|a(Ra)
poles wired in series with . :

the  armature  reduces hote 1, =1, + I
armature reaction. : 68




Compound motors

o the concept of
the series and

shunt designs are . R, R., )
combined. BU\VIVIVEAVAVAY ———0
VT — Ea + Ia(Ra + sz) Ea Rfl ::':;;(l:;c)

note:l, =1, +I,
Vi =1 Ry
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Separately Excited Motor

O There is no direct connection between the
armature and field winding resistance

o DC field current is supplied by an
independent source

= (such as battery or another generator or prime
mover called an exciter)
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Separately Excited Motor (Cont)

Circuit analysis:

I a -
£ =NEPD i N=K, N MAB5-0

° 60A
v, Ly ‘Ea Vy
Where p= no of poles

N= speed (rpm)

Z=no of conductor 0 —0
®=Flux per pole (Wb)
A= no of current/parallel path KVL: ]
=p (lap winding) V. =1LR;
=2 (wave winding)
V. =E, +i_R,



Speed control of Dc motors

g = NEPP i NZK N

° B0A
V. = E, +i,R,
N = Vi —i R,




Speed control by various methods

O Field flux
o Armature control
o Terminal voltage

V. = E, +i,R,

— VT_iaRa
N = T
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o e l ]
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R _
armature
rheostat Es
+

shunt
field

Figure 5.7
Armature speed control using a rheostat.

The expressions for motor speed show that the speed of the
motor is directly proportional to the armature supply voltage and
inversely proportional to the flux per pole. This gives rise to two
methods of controlling the speed of DC motors:
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Speed Control for shunt motor and
separately excited dc motor

i. Armature resistance speed control
- Speed may be controlled by changing
Ra
- The total resistance of armature may

be varied by means of a rheostat in
series with the armature

- The armature speed control rheostat
also serves as a starting resistor.
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Speed Control for shunt motor and
separately excited dc motor

o Advantages armature resistance speed control:

.. Starting and speed control functions may be combined
in one rheostat

i. The speed range begins at zero speed

ii. The cost is much less than other system that permit
control down to zero speed

iv. Simple method

o Disadvantages armature resistance speed
control :
i. Introduce more power loss in rheostat
i. Speed regulation is poor (S.R difference n g4eq & Ny

Ioaded)
i. Low efficiency due to rheostat
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Speed Control for shunt motor and

separately excited dc motor

i. Field Speed Control

Rheostat in series with field winding
(shunt or separately etc.)

If field current, I;is varied, hence flux
IS also varied

Not suitable for series field
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Speed Control for shunt motor and
separately excited dc motor

o Advantages field speed control:
i. Allows for controlling at or above the base speed

i. The cost of the rheostat is cheaper because I; is small
value

o Disadvantages field speed control :
.. Speed regulation is poor (S.R difference n g4eq & Ny

Ioaded)
i. At high speed, flux is small, thus causes the speed of

the machines becomes unstable

ii. At high speed also, the machines is unstable
mechanically, thus there is an upper speed limit
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Speed Control for shunt motor and
separately excited dc motor

o Advantages armature terminal voltage speed
control:
..  Does not change the speed regulation

i. Speed is easily controlled from zero to maximum safe
speed

o Disadvantages armature terminal voltage speed
control :

.. Cost is higher because of using power electronic
controller
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Speed Control in Shunt DC Motors
Field Control:

R,and V, are kept constant, field rheostat is varied to

change the field current.
N — Vit — laRa
K ¢

For no-load condition, T,=0. So, no-load speed varies
inversely with the field current.

Speed control from zero to base speed is usually
obtained by armature voltage control. Speed control
beyond the base speed is obtained by decreasing the field
current. If armature current is not to exceed its rated
value (heating limit), speed control beyond the base
speed is restricted to constant power, known as constant
power application.

E.l,  const.
O Om

Te =

=
—

\

L

e

Angular Speed 3

Field Current I

Figure 2: No-load speed vs. field current

.-l-. I
C

Torque
-

Angular Speed (1

Figure 3a: /control, constant power operation
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Speed Control in Shunt DC Motors

R, and I, are kept constant and the armature u
terminal voltage is varied to change the motor
speed.

o = KV = K,T, *;
1 1 : S

K= ;Ko = ; 0y 1S const. =0
Kadq (Ka¢d )2 "

For constant load torque, such as applied by an
elevator or hoist crane load, the speed will
change linearly with V.. In an actual
application, when the speed is changed by
varying the terminal voltage, the armature Figure 1: Speed vs. terminal voltage
current is kept constant. This method can also

be applied to series motor.

Terminal Voltage V ;

81



Speed Control in Shunt DC Motors

Armature Resistance Control:

V. and I; are kept constant at their rated value,
armature resistance is varied.

Vt Ra + Radj
Op = —~ 5
Kadq (Ka¢d)

- K6Te

The value of R,; can be adjusted to obtain
various speed such that the armature current I,
(hence torque, T.=K,d4l,) remains constant.

Armature resistance control is simple to
implement. However, this method is less
efficient because of loss in R,y;. This resistance
should also been designed to carry armature
current. It is therefore more expensive than the
rheostat used in the field control method.

w

/— Base Speed

[~

T

Rulll

Figure 4: Angular speed vs. armature resistance for a torque of T

muu &
R_=0
By — !
s et
-\-‘-\"""-\-.___‘_:-‘-"""\-\-._\_\_\_\_‘_‘_ | =
= e,
| B |
|
Max. R_
|
W
T

Figure 5: Speed-torque characteristics at different armarture resistance
o«s



Speed Control in Series DC Motors

Armature Voltage Control:

Avariable-devol I liod .

control its speed. A variable dc voltage can be obtained
from a power electronic converter.

w1 T
(I)d = Ksla m el
Vi =E, + 1,(R, + Ry) Ta>Ta>T,
= Kadgom + 15(Ry + Ry) Ty
= Ka(Ksla)om + 12(Ra + R;)
. = Vt T-:-I
T KaKsom + Ry + Ry
Torque in a series motor can be expressed as
2
Te = Kadg la = KoKl
2 -
. Ko KV i v,
I_KaKs(’)m + (Ra + R; )2] Figure 6: Speed vs. armature voltage

\A R, + R Vi
or, ®y = - ~
\/TeKaKs KaKs \/Te KaKs
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Speed Control in Series DC Motors

Field Control:

Control of field flux in a sries motor is achieved by
using a diverter resistance.
The developed torque can be expressed as.

R 2 2
TezKa‘dea:KaKs( d )IazKPIa

RS + Rd R,
Ry /
where, K = KK and p =

Rs + Ry 4 d ;
Vt:Ea+(RTiRged)la+laRa v
= K040, +plaRs + 1R, | :,
Z (K ;p(:;p_:_ap)ssm ++|_-§S:\:Z+ Ra)l ? Figure 7: A series motor with a field diverter resistance
or, | Vi

@~ Kpop, + pRs + R, .



Speed Control in Series DC Motors

Vi

T, =K
; p(Kpmm+pRs+Ra

supply voltage and
torgue are held
canstant

Figure 8: Speed vs. 7

T
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Speed Control in Series DC Motors

Armature Resistance Control:

Torque in_this case can he pxprpqqu as

KV
Ry + Ragj + R + Kmm)2

T

R,e IS an external resistance connected in series wi
the armature.

For a given supply voltage and a constant develop
torque, the term (R +R_.+R+Kw,) should remain
constant. Therefore, an increase in R,, must be
accompanied by a corresponding decrease in o,

KV

(Rq + Ragj + Ry + Kooy fF =

€

'K
or, Ry + Rygj + R + Koy, = _I_—Vt
e

Vt B Ra + Radj + RS
KT, K

or, Oy =

m i

n

Figure 9: Speed vs. armature resistance

R_
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Power Division in DC Machines

Arm. copper loss
|,.2R,+brush contact loss

Input from Elec-magnetic | Arm. terminal Output power
Generator - > > >
prime-mover Power =E|, power = \é 1, 1 =V, I,
No-load rotational loss (friction Series field loss I, 2R,
+windage+core)+stray load loss +shunt field loss 2R

Arm. copper loss
|,2R,+brush contact loss

Input power from  Arm. terminal Elec-magnetic Output available
: > > - o
mains =V, I, 1 power = V1, Power =E,|, 1 at the shaft
Series field loss 1 ?R, No-load rotational loss (friction

+shunt field loss I?R; +windage+core)+stray load loss
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Efficiency

_ Power Output
Power Input

_ Power Input — Losses

~ Power Input
Losses

~ Power Input

n

The losses are made up of rotational losses (3-15%), armature
circuit copper losses (3-6%), and shunt field copper loss (1-5%).
The voltage drop between the brush and commutator is 2V and
the brush contact loss is therefore calculated as 2I..

88



DC Machines Formulas

Generators DC Motor: Shunt DC Motor: Series
| Terminal Voltage V,=E.- LR,
Back EMF E, =V, - LR, Ey =V, - IR, - LR
Back EMF/Speed E, = Kb, | B =Ko, E, = K00
Electromagenetic Power P, = E,l, Py =El.
Input Power Vil = Vi, + ViI; Vil = El, + 'R, +1,"Ry
Output Power Pou = Vil Pou = P, - Rot losses | Po: = P, - Rot losses
Electromagnetic Power T,op =P = Ejl, T.my, = Pe = E,l,
Electromagnetic Torque Te=Kaba ly T, = Kiba I,
Neglecting Saturation s = Kily ¢q = Kl
and armature reaction E, = K;lan, E, = Kalafﬂn
Te = Ksld, T = Koy

V, = terminal voltage, E, = generated emf, I, = Armature current, I;= field current, I, =
Load/Line current, Ra = armature resistance plus effective brush-commutator contact resistance ,
R¢= field resistance, (3, = angular speed (radians) = 2nn/60 where n = speed (RPM), P, =
Electromagnetic Power

n__ INNL— NFL
Speed Regulation: ”=“T”,N=speed

Voltage Regulation: V& SRR, , Vi = terminal voltage

| ——



