Electrical
Electrician - DC Motor

Related Theory for Exercise 3.2.119 & 3.2.124 to 3.2.127

DC motor - principle and types

Objectives: At the end of this lesson you shall be able to

* explain the working principle of a DC motor
* state the different types of DC motors.

Introduction: A DC motor is a machine which converts
DC electrical energy into mechanical energy. It is similar
toaDC generatorin construction. Therefore,aDC machine
can be used as a generator or as a motor. Even today,
because of the excellent torque, speed and load
characteristics of DC motors, 90% of the motors used in
precision machines, wire drawing industry and traction are
of this type. The DC motor needs frequent care and
maintenance by qualified electricians. Hence more job
opportunities exist in this area for an electrician.

Principles of a DC motor: It works on the principle that
whenever a current-carrying conductoris keptin a uniform
magnetic field, a force will be set up on the conductor so
astomoveitatrightanglestothe magneticfield. Itcanbe
explained as follows. Fig 1a shows the uniform magnetic
field produced by a magnet, whereas Fig 1b shows the
magnetic field produced around the current-carrying
conductor. Combining the effects of Fig 1a and Fig 1bin
onefigure, Fig 1c shows the resultantfield produced by the
flux of the magnet and the flux of the current-carrying
conductor. Due to the interactions of these two fields, the
flux above the conductor will be increased and the flux
below the conductor is decreased as represented in Fig
1c. Theincreased flux above the conductor takes a curved
path thus producing a force on the conductor to move it
downwards.

Fig 1
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If the conductor in Fig 1 is replaced by a loop of wire as
shown in Fig 2, the resultant field makes one side of the
conductor move upwards and the other side move
downwards. Itforms a twisting torque over the conductors,
and they tend to rotate, if they are free to rotate. Butin a
practical motor, there are a number of such conductors/
coils. Fig 3 shows the part of a motor. When its armature
and field are supplied with current, the armature
experiences a force tending to rotate in an anticlockwise
direction as shown in Fig 3.
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The direction of rotation or movement can be determined
by Fleming's left hand rule. Accordingly, the direction of
rotation of the armature could be changed either by
changing the direction of armature current or the polarity
of the field.

Fleming's Left Hand Rule: The direction of force produced
on a current-carrying conductor placedin a magneticfield
can be determined by this rule. As shown in Fig 4a, hold
the thumb, forefinger and middle finger of the left hand
mutually at right angles to each other, such that the
forefingerisin the direction of flux, and the middle fingeris
in the direction of current flow in the conductor; then the
thumb indicates the direction of motion of the conductor.
Forexample, aloop of coil carrying current, when placed
under north and south poles as shown in Fig 4b, rotates
in an anticlockwise direction.

Types of DC motors: As the DC motors are identical in
construction to that of DC generators, they are also
classified as series, shunt and compound motors,
depending upon their connection of field winding with the
armature and supply.

When the armature and field are connected in series, as
shown in Fig 5, it is called a series motor.

When the armature and field are connected in parallel
across supply, as shown in Fig 6, it is called a shunt
motor.



When the motor has two field coils, one in series with the
armature and the other in parallel with the armature, as
shown in Fig 7, it is called a compound motor.
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The relation between applied voltage, back
emf, armature voltage drop, speed and flux
of DC motor, method of changing direction of
rotation.

The relation between applied voltage, back emf, armature voltage drop,
speed and flux of DC motor - method of changing direction of rotation

Objectives: At the end of this lesson you shall be able to

« explain the relation between applied voltage, back emf, armature voltage drop - speed - flux
« describe the method of changing the direction of rotation of a DC motor.

Back emf: As the armature of a DC motor starts rotating,
the armature conductors cut the magnetic flux produced
by the field poles. Due to this action, an emf will be
produced inthese conductors. Theinduced emfisin such
adirection as to oppose the flow of currentin the armature
conductor as shown in Fig 1. As it opposes the supply
voltage itis called 'BACK EMF' and is denoted by E, . Its
value is the same as that found in the generator. It could
be written as

DZNP

E =
b 60A

volts

Thedirection oftheinduced (back) emf could be determined
by Fleming's right hand rule.

Applied voltage: The voltage applied across the motor
terminals is denoted by "V'.

Armature voltage drop: Since armature conductors
have some resistance, whenever they carry current a

voltage drop occurs. It is called | R, drop because it is
proportional to the product of the armature current | and
armature resistance R . It has a definite relation with the
applied voltage and back emf as shown by the formula

Fig 1
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DIRECTION OF CURRENT FLOW IN THE MOTOR
V=E+R.
Alternatively, | R, =V —E,.
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Furtherthe back or counter emfE, depends upon flux per
pole'd'and speed "N'. Therefore, the applied voltage, back
emf, armature drop, flux and speed are related to one
another as follows.

E,=V-IR,
A\
60A
V- I,R A
N Vo TR)x60A
ozP

For a given motor ZPA and 60 are constants and can be
denoted by a single letter K

60A
K=—
where 7p

Therefore N =K Eb/Q.

Itshows that the speed of a DC motoris directly proportional
to E, and inversely proportional to the flux @.

Reversing the direction of rotation of DC motors: The
direction of rotation of a DC motor can be changed either
by changing the direction of the armature current or by
changing the direction of the field current. The direction of
rotation ofa DC motor cannot be changed by interchanging
the supply connections because this changes the direction
of the field as well as the armature current. Its effectis as
shown in Figs 2 and 3.
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Butwhen the field current direction alone is changed, the
direction of rotation changes as shownin Fig4. When the
armature currentdirection alone is changed, the direction
of rotation changes as shown in Fig 5.
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EFFECT OF CHANGING THE FIELD CURRENT DIRECTION
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To reverse the direction of rotation of a compound motor
without changingits characteristics, the best method is to
change only the armature current direction. In case,
changing the direction of rotation needs to be done by
changing the field terminals, it is essential to change the
current direction in both the shunt and series windings.
Otherwise, the machine, which was running as cumulatively
compounded, will change its characteristic as differentially
compounded orvice versa.
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DC motor starters

Objectives: At the end of this lesson you shall be able to

* state the necessity of starter for a DC motor

* state the different types of starters - construction and working principle of 2-point, 3-point and 4-point

starters.

Necessity of starters: Since the armature is stationary
before starting, the back emf which is proportional to
speed is zero. As the armature resistance is very small,
if the rated voltage is applied to the armature, it will draw
many times the full load current, and thereby, there is
every possibility of damaging the armature due to heavy
starting current. Therefore, the starting current should be
limited to a safe value. This is done by inserting a
resistance in series with the armature at the time of
starting fora period of 5to 10 seconds. As the motor gains
in speed, back emf is built up, and then the starting
resistance could be gradually cut off. Fig 1 shows such an
arrangement. Resistance Ris fullyincludedinthe armature
circuitby keeping the moving armin position *S'atthe time
of starting, and then it is moved towards position "N' to
exclude the resistance 'R' when the motor has picked up
its speed. Butsuch an arrangement will be purely manual
and needs constant monitoring. For example, if the motor
is running, the resistance "R’ will be excluded, and the
moving arm position will be at position "N'. In case the
supply fails, the motor will stop but the moving arm will still
be in position "N'. When the supply returns, as there is no
resistance includedinthe armature circuitthrough "'R’, the
armature may draw heavy currentand may getdamaged.
Topreventsuch ahappening adevice called starteris used
in motor circuits.

Fig 1
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In addition to the automatic inclusion of resistance at the
time of starting, the starters may protect the motor from
overload and will switch "off' the motor, when supply fails.
These starters are named according to the number of
connecting terminals as explained subsequently.

Types of starters: Starters used to start the DC motors
are generally of three types.

» Two-pointstarter

» Three-pointstarter

* Four-pointstarter

Two-pointstarter: This contains the following components.
* The series resistor required for starting a motor.

* Thecontacts (brass studs) and switching arm required
to include or exclude the resistor in the armature
circuit.

* Aspringonthe handle to bring the handle tothe "OFF'
position when supply fails.

¢ An electromagnet to hold the handle in the "ON'
position.

The two-point starter is frequently used with a DC series
motor. The starting resistance, electromagnet armature
and the series field are all connected in series as shown
in Fig 2.

Fig 2
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Whenthe armis moved to the first contact point, the circuit
is completed, and the armature begins to rotate. As the
armature speed increases, the arm is slowly moved
towards the right side electromagnet, thereby the starter
resistance is reduced. When the arm is against the
electromagnet, complete starter resistance is cut off from
the circuit.

The electromagnet is wound with a thick gauge wire to
carry the rated armature current of the motor. This holds
the handle in the "ON' position when the motoris working.
The handle comes back to the "OFF' position, due to
spring action when the electromagnetdemagnetises due
to failure of supply. This starter in general will not have
protection againstoverloads.

Three-point starter: Fig 3 shows the internal diagram of
a three(terminal) point starter connected to a DC shunt
motor. The direct current supply is connected to the
starter, the motor circuit through a double pole switch and
suitable fuses. The starter has aninsulated handle orknob
forthe operator's use. By moving the starter handle from
the "off' position to the first brass contact (1) of the starter,
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the armature is connected across the line through the
starting resistance. Note that the armature is in series with
the total starting resistance. The shuntfield, in series with
the holding coil, is also connected across the line. In this
mode of operation, the rush of the initial current to the
armature is limited by the resistance. Atthe same time,
thefield currentis atthe maximum value to provide a good
starting torque.
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As the handle arm is moved to the right, the starting
resistance is reduced and the motor gradually accelerates.
Whenthelastcontactisreached, the armatureis connected
directly across the supply; thus, the motoris at full speed.

The holding coil is connected in series with the shuntfield
to provide a ‘no-field release’'. If the field circuit opens by
accident, the motor speed will become excessive should
the armature remain connected across theline. To prevent
this increase in speed, the holding coil is connected in
series with the field. In case of an open circuit in the field,
there will be no currentthrough the holding coil, and hence,
it will be demagnetized, and the spring action returns the
arm to the “off' position.

An overload coil is provided to prevent damage to the motor
from overload. Under normal load condition, the flux
produced by the O/L coil will not be in a position to attract
the armature contact. When the load current increases
beyond a certain specified value, the flux of the O/L coil will
attract the armature. The contact points of the armature
then short-circuit the holding coil and demagnetize it. This
enables the handle to come to the "OFF' position due to
the tension of the spiral spring.

This type of starter can be used to start both shunt and
compound motors.

However, a 3-point starter will be found to be tripping when
the motor speed is controlled through the field regulator.
The reason could be explained as stated below.

When the speed of a shunt or compound motor is to be
increased beyond its rated speed, the resistance is
increased in the field regulator to reduce the field current,
and thereby, the field flux. While doing so, the holding coll
which is in series with the field gets very low current and
produces less holding force on the handle armature
against the tension of the spiral spring. When the current
reduces below acertain value, the handle s pulled outfrom
the "ON'positiontothe "OFF' position. Thisisanundesirable
effect. To avoid this, the 3-point starter circuitis modified,
and the holding coil circuitis made independent of the field
circuit. Such a starter is called a 4-point starter.

Four-point starter: In applications where many motor
speeds are to be increased beyond their rated value, a
four-terminal, face plate starter is used with the motor. The
four(terminal) point starter, shownin Fig 4, differs from the
three-point starterin that the holding coil is not connected
in series with the shunt field. Instead, it is connected
across the supply in series with a resistor. This resistor
limits the current in the holding coil to the desired value.
The holding coil serves as ano-voltage release rather than
as a no-field release. If the line voltage drops below the
desired value, the magnetic attraction of the holding coil is
decreased, and then the spring pulls the starter handle
back to the "off' position.
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Relation between torque, flux and armature current in a DC motor

Objectives: At the end of this lesson you shall be able to

+ explain the relation between torque, flux and armature current
+ solve problems pertaining to metric HP; load current, rated voltage, torque and speed of DC motors.
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Relation between armature current, flux and torque

Torque: The turning or twisting moment of a force about
an axis is called torque. It is equal to the product of force
and the radius of the pulley.

Consider a pulley of radius 'r' metres acts upon by a
circumferential force "F'Newton, and rotates ata speed of
‘n'r.p.s. as shown in Fig 1.

Fig 1
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Thentorque T = F xr Newton-metres(N-m)
Work done by this force

inone revolution = Force x distance

=F x 2mur joules.

Powerdeveloped =F x 2xnr x n joule/second or
in one second watts
= (Fxr)2rn watts

As 21N is angular velocity w in radian/second and
(Fxr) =Torque T

Power developed =T x o watts

P =To watts.

Torque ofamotor:LetT_ bethetorque developed by the

armature of a motorin newton-metre and 'n' the speed of

armatureinr.p.s.

Thenthe powerdevelopedinthe armature =T, 2nn watts.

As we know the electrical power is converted into

mechanical power

Electrical power supplied to the armature = E, |  where

E, is the back emf

|, is the armature current.

Electrical power supplied to the armature = Mechanical
powerdevelopedinthe armature

WegetE, | =T 2rn

Since E, =

volts (By taking ‘'n'inr.p.s.)

@inP ‘1,

Tax2nn =

By cross multiplication we get

DZP x I
T, = T X ~a Newton - metre
27A
or T, = M x I, Newton - metre

Fora given motor. ZP and A are constants as they depend
upon the design.

Mcan be reagrded as constant 'K’

ThenT, =K@l
where J is the flux pole in weber
|, is the armature current

0.159 ZzP
A

K =

T, is the armature torque in newton metres.
Therefore, we can say the torque of a DC motor is directly
proportional to the field flux and the armature current.

The otherformula which gives torque

9.55 x E, I

T,is = N 2 Newton - metre

where "N'is speedinr.p.m.
Shaft torque: The complete armature torque calculated

aboveis notavailable for doing useful work because of the
losses in the motor.

The torque which is available for doing work is
known as shaft or output torque, and it is
denoted as T ,.

The difference (T,— T, ) is known as loss of torque due to
iron, friction and windage losses of motor.

2mTy,
735.5

27aNTg,
60 x 735.5

One H.P. metric =

where 'n'is the speedisinr.p.s., Nis the speed inr.p.m.
and T_ is the shaft torque in newton metre.

Ifthe torque is given in kg. metre, it can be converted into
newton metre as given below.

Newton metre = Kg. metre x 9.81

Example 1: A250V, 4 pole, wave-wound DC series motor
has 782 conductors in its armature. It has a combined
armature and series field resistance of 0.75 ohms. The
motor takes a current of 40 A. Estimate its speed,
armature torque and H.P. if the flux per pole is 25
milli-weber.

E, =V-IR,
= 250 — (40 x 0.75)
= 250 — 30 = 220 volts
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dZnP
Therefore,E, = volts
N - Eox680xA_  220x60x2
oZP 25x1072 x782x 4
3
_ 220 x60 x2x10 - 338 rpm.
25 x782 x4
955 xE,I
T, = 222X Fb7a o Nm
N
T, = 9.55 x 220 x 40 — 248.64 Nm.
338

Assuming armature Torque T, = Shaft torque Ty,

27NTg,
60 x 735.5

11.97 HP metric.

_ 2 x 22 x 338 x 248.64
7 x60x735.5

Metric H.P.

Example 2: A 220V DC shunt motor runs at 500 r.p.m.
when the armature current is 50A. It has an armature
resistance of 0.2 ohm. Calculate the speed ifthe torque is
doubled.

Thetorqueis proportional to |, and @. But@is constant for
shuntmotor T al..

Therefore, T_ al_ andT_ al_..
al al a2 a2

—

a2 _ Ia2

Therefore,
Ta1 I al

T
As T, is double of T,; we have -2 = 2
al

o= Lo _ Ia
I, 50

Therefore | ,= 50 x 2 =100 amps.

E, =V-IR
=220 - (50 x .2)
=220 -10 = 210 volts
E, =V-IR
E, =220-(100x.2)

=220-20 =200 volts.

Ny Ep1
N, _ 200
"~ 500 210
200 x 500

Therefore, N, =476 rpm.

210

Service and maintenance of DC motor starters

Objectives: At the end of this lesson you shall be able to

* explain the procedure of service and troubleshoot the DC motor starter
 state how to check the handle for its spring tension and contact pressure against the studs

* state how to check the no-volt coil assembly

» explain the overload relay for the desired current rating.

Servicing the starter: The starting resistance of the 3-
pointand 4-point starters is made up of coiled Eureka wire
anditis fixed between the studs of the starter. The brass
studs are arranged on the face plate of the starter in a
semi- circular form as shownin Fig 1. The studs are firmly
fixed onthe insulated face plate. During maintenance the
studs should be dressed with zero number sandpaper if
the burrs are small and a smooth file should be used for
pittings and big burrs, and then cleaned properly with a
contact cleaner. In case the starter resistance is found
open, replace it with a new resistance coil as per the
original specification of the manufacturer.

Figs 2and 3 show the schematic diagrams of 3and 4 point
starters respectively.

Handle: The handle of the face plate starter consists of a
movable arm attached with a spiral spring which acts
againstthe magnetic action of the no volt coil. In case the
spring becomes weak, the arm will not come to the off
position even though the supply fails.

Fig 1
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During the course of maintenance these points have to be
checked. If the starter handle does not come to the off
positionin case of power failure, itis necessary to replace
the spring as per the manufacturer specification. Also
ensure during maintenance, proper pressure ofthe movable
contact of the arm is available against the brass studs of
the face place. If proper tension is not found then the
starter handle is to be tightened with the help of fixing
screw by adding one or two flat washers on the top of the
handle as shown in Fig 4.
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Fig 4

PRESSURE STARTER SCREW
INSUFFICIENT HANDLE
WASHER
TOBE
| i ] ADDED
STUD TENSION
| SPRING
I
| T |

ADJUSTING THE STUD PRESSURE

ELN3211954

Maintenance and servicing of no-volt coil assembly:
The no-volt coilis connected in series with the field winding
in the case of 3-point starter and in parallel with the supply
through alimiting resistance in the case of 4 point starter.
The no-volt coilis wound with a thininsulated wire and has
a few number of turns.

When the handle of the starter is moved to the running
position, the armature of the handle should be touching the
core assembly of the no-volt coil. In case the core
assembly is not touching properly, loosen the mounting
screws of the core/coil assembly, align the core and
tighten the screws. (Fig 5).

Fig 5
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SETTING OF NO-VOLT COIL

Ifthe NVC is not energised check visually the condition of
the NVC. Measure the value and resistance of the coil as
well as the insulation value and make a note of these
readings. Periodically check these values and compare
these with original manufacturer’s data. In any case, at
any time if the value falls below 80% of the normal value,
then replace it with a new no-volt coil of the same
specification.

In the case of 4-point starter, the no-volt coil should be
checked as mentioned above. If found OK, then the
protective resistance should be checked with amultimeter.
Iffound defective ithas to be replaced with a resistance of
same specification. (Fig 6.)

Fig 6
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The overload relay coilis wound with thick gauge insulated
wire suitable to carry the load current and has less turns.
When the load current exceeds the set current, the
magnetic strength of the overload coil assembly will be
sufficientto attractthe armature. The upward movement of
the armature short-circuits the tapped contacts of the no-
volt coil, thereby bypasses the current in the no-volt coil
resulting in the demagnetisation of the no volt coil and
releasing the handle to off position.

Maintenance of overload relay (Fig 7): A magnetic
overload relay is provided near the handle on the left side
ofthe starter face plate; underneath the overload relay an
armature is provided and it is adjusted as per the load
current of the motor.
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Totestthe overload relay the motor has to be loaded and
the tripping of the overload relay to be observed. In case the
overload relay trips at a lower current or higher current
value when comparedto setcurrentvalue the currentscale
has to be recalibrated.

In the case of chattering noise observed at the no-volt coil
the surfaces of the core assembly and armature need to
be cleaned.

Forthe troubleshooting procedure follow the chartgivenin
the trade practical exercise.

Characteristics and applications of a DC series motor

Objectives: At the end of this lesson you shall be able to

¢ explain the characteristics of a series motor
— torque versus load
— speed versus load
— speed versus torque

« state the uses of a DC series motor

¢ explain the method of changing the direction of rotation of a DC series motor
« state the method of loading the motor and explain the brake test.

DC series motors: The DC series motor, like the DC
series generator, hasits field connected in series with the
armature as shownin Fig 1. Due to this mode of connection,
all the current that flows through the armature must also
flow through the field, and hence, the field strength varies
with the change in the load.

Fig 1
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A DC series motor has avery high starting torque. In some
motors, itmay be as high as five times the fullload torque.
Further, the speed of the DC series motor also varies with
the load.

Characteristics of DC series motors: Thetorque 'T'ina
DC motor is proportional to the flux "@' and the armature
current’l '. The speedisinversely proportional to the flux.
The relation between these factors i.e. torque vs load,
speedV loadandtorque V_speed are plotted onagraph,
and are known as characteristic curves of motors. The
study of these characteristics enables us to understand
the behaviour of the motors under different conditions.

Torque load characteristics of the DC series motor:
Fig 2 shows the torque load characteristic curve of a DC
series motor. At low or light load, the torque is low due to
the low armature current and low field flux. But as the load
increases, the torque also increases proportionate to the
square of the armature current up to the point "P’ of the

curve. This could be illustrated by the formula T proportional
to armature current and field flux. T a |, Jse as G is
proportional to I_, and, further, |_ is proportional to the
armature current. We have
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Beyond this point 'P' the curve becomes a straight line,
and indicates the torque is proportional to the armature
current only as the field cores are saturated. This curve
shows that the torque is low at light loads and increases
atheavyloads. Furtherthe starting current of a DC series
motoris about 1.5times the fullload currentand the torque
isabout2.25times (1.5%) the full load torque assuming the
poles are not saturated.

Speed Vs load characteristics: Fig 3 shows the speed
load characteristic curve of a DC series motor. From the
curve it is clear that when the load is small the speed is
high, and as the load increases the speed decreases. As
the curve shown is parallel to the "Y' axis at low load
currents, it can be inferred that the speed attains a
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