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Information for teachers

This resource manual contains learning exercises, review questions and sample
assessment mstruments. It is intended to assist in. delivery of the module and is an
example of the depth and breadth of learning expected.

The topics are-arranged in the._.followin_g learning sequence.

Operating principles of three-phase induction motors
 Three-phase induction motor construction
. Three-phase induction motor characteristics
AS 3000 and service rule requirements. D.O.L. motor starters
- Reduced voltage three-phase induction motor starters
: Electronic (“soft start”) starters and secondary resistance starters
. Braking and rotation reversal of three-phse indiiction motors
- Three-phase induction motor operation - load conditions
. Protection of three-phase induction motors.

It is recognised that this is not the only sequerice in which the material could be-learnt.
Assessment arrangements and sample assessment instruments are based on the sequence
of topics listed above. If fora particular student or goup of students a teacher decides
that it is more effective to present the topis in a difference sequence then the students
must be informed in writing before starting the module, of the resulting changes in the
assessment arrangements. '

ey
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MODULE SECTIONS

Section 1: Operating principles of three-phase induction
motors
SUGGESTED. PREAMBLE
DURATION
8 hours This section introduces the fundamental principles of operation
of three-phase AC motors.

This section covers part of the learning outcore 1 of the National Module Descriptor.

Objeciives
At the end of this section the successful students will be able to:
[J apply the right hand (grip) rule for conductors and solenoids and
Fleming's left and right hand rules to determine circuit:o_perating

characteristics’

(] listthe characteristics of the magnetic field produced by a three-phase
winding

0 calculate the speed of rotation of a rotating magnetic field
[1 describe the basic principle of operation of an induction motor

L1 reverse the diréction of rotation of a three-phase induction motor.

7793 VfNE.l 65 Three-Phase Induction Motors
Shident Workbook
Movember 1997

Lol



Revision of the principles of electromagnetism

The right hand conductor rule
The thumb points in the direction of
current and the fingers indicate the
direction of the magnetic field.

The righr.hand conductor rule

-Conventmnal symbols for the direction of curreut flow in a conductor
0 this symbol is used to indicate current flow is away from the observer.

O] this symbol is used to indicate current flow is towards the observer,

Student exercise I

.A\RQ /y

Using the right-hand conductor rule, and the conventional symbols for current flow, e
show the direction of current flow and field direction,

The right hand seolenoid rule

The thumb points in the direction of the
‘north pole when the fingers indicate the
direction of current, as shown.

s

(\nnnnn/~'_-~-'u\nnnn_)

The right hand solenoid rule

Student exercise 2

coils.drawn below.

Uil

5
1

Using the right-hand solenoid rule, indicate on the diagram the field polarity of the

P

il

T793VINE165 Three-Phase Induction Motors:
Student Wnrkbonk
No\ cmber 1997



T

Field strength is controlled by:
» cument

« number of turns:

» core materials (air, iron)

Force developed by parallel current carrying conductors:
A force is developed between parallel
current carrying conductors. The
magnitude of the force is governed by
the current value: The direction of

the force is governed by the direction of
the current flow.

Attraction Repllsicn
Force due to current carrying conductors

Motor action
The principle behind the operation of N

any electric motor is due to the interaction of TT777 "/‘;;/
two magnetic fields. Litir/

Fleming's left hand motor rule
Fleming's left hand rule is used to
determine conductor motion from the field
polarity and current direction.

Fleming's left-hand rule:
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Student exercise 3
Use Fleming's left-hand rule to determine direction of foree, field polarity or direction T
of current flow in the diagrams below:

S 3
O fo 1;'6

direétion of field direction of
force ? polarity ? current flow'?

Torque or Turning effort
If a current carrying conductor is wound info a coil, a force will be developed on each of
the coil sides, causing the coil to rotate through the field. This rotation or turning effort

is known as torque.

—_— p—T —
force. _- B -

strengthenéd magnetic.

iron core field

D% weakened magnetic
~ . — — " force field

Motor effect

7793V/NE165 Three-Phiase Induction Motors
Student Workbook
6 November 1997




Generator action
An electromotive force (emf) will be
induced in a conductor whenever there

is relative motion between the conductor
and a magnetic field.

Relative motion refers to the conductor's
movement in relation to the magunetic
field. Often the conductor is stationary
and the magnetic field is in motion.
Both conductors shown have the

same relative motion ie. DOWN,

Fleming's right hand generafor rule
Fleming's right hand rule is used to
determine the direction in which an
induced emf acts, given field polarity and

conductor motion.

YYY
=

N

‘moving conductor

P

N[—o3s

¥YYY

moving field

Relative motion

motion ¢f conductor

A N
(4 direciion gEpei
ditection of ' + \V —
induced i
emf.

/Y motion

field

Fleming's right hand rule

Student exercise 4

‘motion

N

induced cmf ?

Use Fleming's right hand rule to deterinine direction of induced emf, or direction of
conductor movement in the diagrams below:

o o N

[ -lol

direction of dircction of
indiiced emf?

®

direction:of conductor
moventent 7
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Mutual induction
An emf will be induced in a stationary conductor if it is under the influence of a varying’
magnetic field such as that produced by a sinusoidal voltage.

The production of a rotating magnetic field |
The production of a rotating magnetic field (RMF) is essential for the operation of a.c.
induction motors.

Three-phase a.c. fields:

The resultant field of a three-phase winding, with each winding displaced by 120°E,

will:

* rotate in space

* maintain a uniform strength equal'to 1.5 times the maximum value produced by a
single phase winding as shown on the diagram. Note that a positive current is
deemed to produce a flux which leaves the salient pole and whose magnitude is
directly pmportiona'l-' to the magnitude of the current. Similarly for negative currents.

Instantaneous values-of MMF during cycle wt = 60°
: Resultant MME
i iy i
A b | Mog Angle
+05 ] 405 [ 10 | 15 60°
wt = (°
; ; ; Resuitant MMF ] . . Resultant MMF
2 b © | Mag | Angle fa s e Mag | Angle
+0 | 05 J.05] 15 o 05 | +10 | 051 15 120°
wt = 30°
: i ; Resultant MME . ] : Resuliant MMF
— 1 i i
2 b _ 5 Maz | Angle 4 B e Maz | Angle
+087 | 0 [ 087 | 15 30° 05 |05 | +10 [ 15 ] zd0°

Rotating three-phase magnetic fields
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Synchronous speed (RMF speed)

The speed of rotation of a RMF is known as the synchronous speed and will be
governed by the value of the supply frequency and the number of poles wound per
phase winding.

The symbol for synchronous speed is ¥, and.is-calculated from the equation:

= ﬁof (rpm)

aync

where { = the supply frequency in hettz
P= the number of poles per phase winding

Student exercise 5

Determine the synchronous speed of the RMF of an eight pole three-phase winding if the
supply frequency is S0Hz

Working:

Answer:

Student exercise 6

Determine the number of poles per phase if the RMF rotates at 1500 rpm when the sipply
frequency is 25Hz

Working:

Answer:

T,
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Student exercise 7

Determine the supply frequency required to cause the RMF of a four pole winding to rotate
at 1200 rpm

Working:

Answer:

Phase sequence

Phase sequence is the order in which the phases of a three-phase supply are connected to
aload e.g. A-B-C. The phase sequence determines the direction of the RMF of a three
phase motor: The correct phase sequence can be found. by using a phase sequence
indicator.

Three-phase induction metor action:

The operation of a 3-phase induction motor relies on:

* electromagnetic induction

» force on a current carrying conduictor when under the influence of amagnetic field.

‘To-understand how .an induction motor operates you have to be familiar with its two
main parts:

« the stator, which houses the winding which produces the RMF,

» the rotor, which houses the conductors which are-acted upon by the RMF.

The field produced by a three-phase Rotition of flux
winding will rotate around the stator at R
synchronous speed.

The RMF will cut rotor conductors,
therefore inducing an emf in these
conductors. The rotor current that
flows due to the emf, establishes a
rotor field.. You can apply Fleming’s
right hand solenoid rule to determine
the direction of the field,

Two magnetic fields now exist within
the machine:

* RMF of the stator

= -an induced rotor field. Rotor flux only
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The interaction of these two fields will
produce 2 torque, causing the rotor to
turn in the same direction as the RMF
of the stator. You can apply Fleming's
left hand rule to determine direction of
rotation.

Resultant ﬂux

To maintain an induced rotor field the rotor must always run at a speed lower-than that
of the RMF. This speed difference is known as slip.

Three-phase induction motor reversal:
Since the rotor follows the RMF, to-reverse the direction of rotation of an induction

metor you must reverse the direction of the RMF,

To change the direction of the RMF you must change the supply phase sequence by
interchanging any two supply lead connections. '

motor terminal block motor terminal block

Ui Vz Uy V2

Three-phase induction motor reversal
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Skill practice SP1

Three-pliase motor reversal o

Task

‘Fo verify that:

= an induction motor requires a RMF fo develop a torque.

® the supply phase sequerice determines the direction of rotation of a three-phase
induction motor.

= reversal of rotation of a three-phase induction miotor is brought about by
interchanging any two supply leads.

Equipment

1 x three-phase induction motor

1 x 10A triple pole isolating switch
1 x.phase sequence indicator

Remember: Work safely at all times! .

w. isolate supply before connecting or altering circuits
® always select the correct test equipment
m be careful when working near rotating machines

Procedure
1. Connectthe equipment as shown below leaving line two disconnected.
Li o /},c
woy L L ey
terminal d /i/c Shator

-motor isolating
switch

2. Energise the supply and close the motor isolating switch. Record the effect on the
operation of the motor.

Motor rotation =

3. Openthe motor isolating switch and isolate the supply. Connect line two to the
motor isolating switch:.

TIPBV/NELS3 Thrée-Phase Induction Motors
Student Workbook
12 November 1997




H GHE

s

4. Energise the supply and monitor the phase sequence of the supply with the phase
sequence indicator, as shown in the diagram below:

L1 o—s /',/c

th .
supply . | ree phase

) Lz o— 1 o induction
terminal /-i’c molor
Li o —g- ! b
motor isolating
switch

ACB | phase

ABC seguence

— indicator

Record supply-phase sequence =

5. Close the motorisolating switch and record the effect on the operation of the:
INOLOL.

Motor rotation =

6. Open the motor isolating switch and isolate the supply. Interchange the supply
connections between lines one and two as shown in the diagram below:

Ly ;
supply |, :><

terminal

three phase
induction
motos

Lz o

SN

mator isolating
switch

ACB | phase
ABC SeqUﬂnCE
) indicator

7. Energise the supply and monitor the phase sequence of the supply with the phase
sequence indicator, as shown in the diagram in step 6.

Supply phase sequence =

8. Close the motor isolating switch and note the effect on the operation of the motor.

Motor rotation =

9. Isolate the supply and return all equipment to its appropriate location.
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Review questions
These questions will help you revise what you learnt in Section 1.

1. What is the mimimum number of phase windings required to produce a rotating
‘magnetic field?

2. What type of magnetic field will be produced by a single phase supply?

3. At what speed does the RMF produced by the stator winding rotate?

4., ‘What determines the direction in which a three-phase magnetic field will rotate
around the stator?

5.  Whatis the relationship between the direction of rotation of the RMF and the rotss?

6. What is the difference in magnitude betwéen the résultant RMF of a three-phase
motor stator compared to the flux produced by one phase alone?

7. What is developed in the rotor of an induction motor by the interaction of the rotor
and stator fields?

8. How is the rotor field of an induction motor produced?
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9. What determines the speed of rotation of the RMF produced by a three-phase
induction motor?

10. Briefly explain why the rotor speed of an induction motor is always less than the
speed of the stator RMF,

11. The diagram below shows the RMF and the induced rotor conductor current. On
the diagram show in which direction the RMF must rotate to induce the current
shown and draw in the resultant flux.

flux rofation

-~ rotor bars

12. Calculate the:synchronous speed of an eight pole, 50Hz induction motor.

Answer
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13. Ifthe synchronous speed of a 50Hz induction moter is 3000 tpm, calculate fhe
number of stator poles.

Answer

14. Explam the effect of operating a motor designed to operate on 60Hz if it is
‘connected to-a S0Hz supply.. S,

15. Explain how a rotor field is established, even though there is no electrical
connection between the rotor and the AC supply.

g B PG
_y o S AW
16. Figure A represents the isoiating switch of a three-phase induction motor. When N\
energised the motor is found to rotate in the wrong directior. Show the changes
needed to reverse the direction of rotation on figure B.

Ly ¢ o/;llc e L4 c_:—cr-/—F; Bo—
¥
to to
Li & c~/"‘c . OLOT L. o—-—-—o—f’" o g Mmotor

I terminal ’ terminal
block block
La o-—-o/r’o—~——--m- Ls o——~—-o./”r; Bo—
A B
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17. On the diagrams below draw the symbol to represent the conventional direction.of
current flow to establish the magnetic fields shown:

flux {(O]] flux
LY ././r

18. On the diagrams below show the direction in which the resulting force will act.

® & ®© &

19. On the diagram below show the connections required to-produce the required field
polarity.

|

supply

20. Apply Fleming's rule to each of the figures below to determine the rotation
direction: of each machine.

molor rotation generator rotation
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Section 2:

Three-phase induction motor construction

SUGGESTED PREAMBLE:
DURATION
4 hours This section introduces the basic construction of three-phase

induction motors.

Descriptor.

This section covers part of the leaming outcomes 1 -and 6 of the National Module

Objectives

At the end of this section you should be able to:

1 identify the basic compenent parts of a three-phase induction motor

J {ist the types of rotors used in three-phase induction motors

N connect a three-phase induction motor in both star and delta

[ list the steps for dismantling a three-phase induction motor

O check the insulation resistance of a three-phase induction motor prior to

connection to the supply

O check the winding resistance (ohmic value and continuity) of a three-
phase induction motor prior to connection to the supply.

7793V/NE165 Three-Phase Induction Motors
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Induction motor construction

The induction motor consists of two main parts:
* astationary part, called the stator.
= amoving part, calied the rotor.

Three-phase induction motors are of two kinds:
* the squirrel cage motor, which has a short circuited rotor;
« the slip ring motor, which has a wound totor

There is no constructional or electrical difference between the stators. of these two types
of motors. '

For each of the motor types there is no electrical connéction between the stator and
rotor.

Stator construction

The stator consists of three main parts:
e the frame

= the core laminations’

= the winding

Frame
* The frame is of cast or fabricated
steel, or cast aluminium.
 The stator core is pressed directly
into the frame.
* Motor frames are manufactured in Stator construction
various forms. The type of franie
‘used will be‘governed by the
environmental conditions the motor is to operate under.
- open type which allows free ventilation to take place
- drip proof which has a closed upper half, while allowing ventilation through the
lower half.
- totally-enclosed which prevents the exchange of air between the inside and outside
of the frame.
» Two end shields that house bearings to support the rotor are bolted to the fiame.

Core laminations

*  The stator core has laminations that are of a special low loss sheet steel (silicon
steel). '

»  The laminations are lightly insulated from one-another to reduce eddy current [osses.

= The stator core is slotted on the: inside circumference to carry the stator winding.

Winding

* The stator winding consists of three identical phase windings which are displaced by-
120°E around the stator.

»  Bach of the windings consists of a number of series conniected coils which produces
the required number of poles per phase.
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= The windings are generally connected in delta, but may be sometimes connected in
star. Ineither case the conductors must be of sufficient cross sectional area to carry
the line current when connected in star and —— of the line current when connected
in delta. 3

Squirrel cage rotors

The squirrel cage-rotor induction motor
is the most commonly useéd AC motor.
The squirrel cage winding consists.of
solid copper alloy or aluminium bars
embedded in the rotor slots. Each bar
is short circuited. by end rings.

__end ring

In smaller motors the compiete rotor end ring _ _
winding, including bars, end rings, and totor bars
fan, is a one-piece cast. In larger Squirrel cage

motors the conductors are formed bars,
generally copper, inserted in slots_in the
rotor laminations, which are then welded to the short eircuiting end rings.

Rotor slots are generally skewed to reduce any magnetic locking between the stator and
the rotor and to reduce magnetic noise when the motor is running. Skewing of the rotor
conductors also provides smoother acceleration.

The rotor is supported on bearings so that it can rotate freely. The air gap clearance
between the rotor and the stator is typically about 0.5mm.

Wound rofors

This type of rotor has a three-phase _
winding similar to its stator winding, ie. it
is:-wound with the same number of poles i:
as the stator. The wound rotor winding ;
i star connected with the open ends-of
the connection brought out-to slip rings
mounted on the rotor shaft. Brushes.
ride on the slip rings and during the
starting period they are connected to
‘external resistor banks.

LN

SV B AR

3 T R
I

R

I
AT
TR

At
FRLLH L UL L LA LI

Wound rotor

This type of motor can have its
operational characteristics controlled by
varying the resistance of the rotor
circuit.

Wound rotor induction motor circuit
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Terminal block markings

The three-phase supply is connected to
the stator windings at the motor
terminal block. The windings may be
connected internally in delta or star.
The connection method will appear on
the nameplate. Often the six leads (a
start and a finish for each winding) are
brought out to the motor terminal block.

Lead identification

The international standard for naming each winding is U, V and W with the leads for
each winding marked U, , U, , V,, V,and W, , W, . These markings represent the start
and finish of each of the phase windings. The markings of the winding leads are to
-assist in the correct connection of the windings.

Other winding lead terminal markings that you may encounter are A , A, ; B, , By and
C,, C, . Motors manufactured in North America may be marked T; , T, T, , T; and T
Ts.

The star connection
Three common ends of each winding (ie. starts or finishes) are connected together and
the supply (L, , L, , Ly ,) is connected to the other end of each winding.

[

_ _ Star connection
The delta connection
Dissimilar ends of each winding (ie. start to ﬁnish)_ are connected together; with a
supply line connected to each start and finish junction.

Delta connection

oenrads
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Motor terminal arrangements and reversal
Motor terminals are arranged for easy connection in either star or delta by the

connection of terminal block links. You should be able to identify the connection
method used by the placement of the links.

Star Connection

L L2 La. L1 Lz La
Uy O V!IO Wh O Ulé_- V1é> W14> Ux-_' Vil Wy
Vzo Vp _Uz'o Vs Wh T V-z ) U™~

Delta Connection

Standard terminals

The direction of rotation of a th'ree-phase miotor bridged for star or delta operation can
be reversed by interchanging any two supply line connections.

You may find that some motor terminal blocks do not contain any links.- This type of
motor is suited for connection to a starting method where both star and deita

_ ‘connections are used. To reverse a motor started by star delta connections you must

interchange opposing pairs of supply kenduéiors ab-the motor terminal bldgk. L2

)
W& v

Ut' Vi Wi
? £ RP W
L4 ‘ La L.a s Ls

Srar_/delta re-vers_a[

u©O v.O wio'

V\.Q UzO

Motor maintenance and electrical testing

To maintain a high reliability, induction motors need to be regularly tested and serviced,
however-due to their simple and rugged construction maintenance is easily carried out.
Periodically dismantle the motor so that bearings can be replaced, any build up of
foreign material can be removed from cooling paths (vents), and removal of any
corrosion and 1epairs can be done. ' ' B

Electrical isolation

s Aswith any piece of electrical equipment, the supply must be safely isolated and
tested prior to carrying oQt any repairs.

» Danger tags must be fitted to. isolators.

o A sketch of terminal block connections and the marking of supply leads will ensure
that the motor will have the same direction. of rotation when reconnected.
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Removal and dismantling
« Care must be taken when lifting any heavy objects. Lift by bending knees, keeping a G
straight back. '
- Larger motors usually have lifting eyes incorporated in the frame so that slings can
be attached. '
« The correct size sockets and spannérs should always be used when dismantling the-
motor.
»  Witness mark end shields to the frame and note from which endshield the rotor shaft
is to protrude.
= After reassembly the rotor shaft should freely turn by hand.

Electrical testing

= The stator windings represent a balanced load, ie. each phase winding should have a
similar resistance.

Use an chmmeter to measure the resistance of each phase winding.

*  Windings in good condition will all have a similar resistance of several ohms or
more.

* Damaged windings will have short circuits resulting in a much lower resistance, or
open circuits resulting in the ohmimeter reading infinite resistance.

* Insulation resistance must be checked using an insulation resistance tester (megger)

¢ The insulation resistance of each phase winding to the motor frame must be in
excess of 1MQ as should be the insulation resistance between the phase windings.

> When connected to the supply the frame of the motor has te be solidly earthed.

* Cable protection such as flexible conduit must be secured to-the motor.

= Check the operation of the motor orice connected by vsing a clip on an-ammeter to
measure the motor line currents.

» These should be three similar currents that do not exceed the nameplate rated
current.

AT

7793V/NE165 Three-Phase Induction Motars
' Studerit Workbook
24 November 1997




e

Skill practice SP2.
Three-phase induction motor construction
Tasks
to measure the resistance of the phase windings of a three-phase induction motor.
to'measure the insulation resistance of the phase windings of a three-phase

-to correctly connect the‘motor so that it will run in star and delta.

to measure the shaft speed and. line cuirents for both the star and delta connections.

]
B

induction motor.
Equipment

I x six terminal three-phase induction motor
I x digital multimeter

1 x insulation resistance tester (megger)
I x clip on ammeter

I x hand held tachometer

Remember: Work safely at all times!

m isolate supply before connecting or altering eircuits
® always select the correct test equipment
® be careful when.working_ne_ar rotating machines

Procedure

1.

L2

Remove all links from the
terminal block of the three
phase motor.

Using the digital multimeter
measure the resistance of
each of the phase windings
and record below.

Terminals Resistance

motor u‘(g wOwO

terminal
block

V:Q WQ : U:(D\

V, to Vz
W, to W5

Using the insulation resistance fester,
measure the insulation resistance
between each phase winding and
each winding to the motor frame.

Record your results below.

motor
-terminal
block

digital
fmultinieter

Phase resistance measurement

| u«é) O w

WS o 40,

insulation;
resistance
tester
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Winding connection. Insulation resistance

U, to frame

V; to frame

W, to frame

U, toV,
V,to W,

Wl to U-;

Draw in the link connections on the diagram
: ite for t s ction of the motor. . -
opposite for the star connection o mo u O vO w0

VzO WQ Uzo

Star link connections

Connect the links as:you have drawn and connect the motor to the supply.

Operate the miotor and measure the line currents with the clip on ammeter and the
shaft speed with the hand held tachometer. Record your results below.

Line current Shaft speed
Line 1 = A pm
Line2= A
Line 3 = A
Isolate the motor from the supply and remove the links from the terminal block. T
Draw in the link connections on the diagram
oppeosite for the delta connection of the métor. uO v.O w0
V'zO V‘p .UzO
Delta link connections
Connect the links as you have drawn them and connect the motor to the supply.
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10. Operate the motor and measure the line currents with the clip on ammeter and the

o, shaft speed with the handheld tachometer. Record your results below.
Line current Shaqft speed
Line 1 = A Ipm
Line 2= A
Line 3= A

'11. Iseclate the motor and return all equipment..

i
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Review questions
These questions will help you revise what you have learnt in Section 2.

1. To reverse the direction of rotation of a squirrel cage motor you would:
(tick the correct box)

disconnect and reverse the slip ring connecfions

replace the squirrel cage rotor with a wound rotor
interchange any two supply lead connections.

change the delta connected stator winding to a star connection.

ooOog

2. The rotor winding of a wound rotor induction motor is-usually connected in:
(tick the correct box)

delta
star
series.
parallel.

0o

The stator core is laminated to: (tick the correct box)

(7

improve starting torque
provide silent running
reduce hysteresis loss
reduce eddy current loss.

oooo

4. Rotor bars are usually made from: (¢ick the correct box)

steel or copper

steel or aluminium
carbon or copper
copper or alumitiium.

00O

5. To improve starting torque and to reduce operation noise fotor bars are:
(tick thecorrect box)

skewed with respect to the stator slots
cast aluminium

star connecied

the same number as the stator slots.

Ll 7
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6. Fow manyslip rings would you expect to find on the shaft of a squirrel cage rotor?
(tick the correct box)

1
O
£
(3

four
three
two
nene.

7. Interchanging any two. Sli_p ring connections of a wound rotor would:
(tick:the correct box)

reverse the rotation of the motor
prevent the motor from operating
cause the motor to overload

have no effect on the motor operation.

COoan

8.  After carrying out an insulation test between each of t_h'e' stator windings and earth,
the motor would pass if all test results were: (tick the correct box)

less than 2 chms

between 2 ohms and 10 kilohms
between 10 kilohms and .1 megohm
greater than 1 megohm.

oQoo

9.  The typical phase resistance of a stator winding for an induction motor would be:
{tick:the corréct box)

-almost zero ohms

10 to 100 ohms

100 to 1000 ohms.
greater than 1 megolim.

L Lk L]

10. The air gap between the rotor and the stator core is typically (fick the correct box)

0.05mm
0.5mm
5.0mm
S0mm.

Oooo
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12.

13.

14,

15.

16.

‘What type of three-phase induction motor would allow resistance to be added to
the rotor? T

Explain how aluminium rotor bars are fitted into the slots of a squirrel cage rotor.

What type of enclosure must be used for flame proof motors?

‘What effect will changing 2 star connected stator into a-delta connected stator have

on the direction of rotation of the motor?

Where would you use witness marks?

You are required to isolate, remove, and dismantle a three-phase induction motor
for routine maintenance, List in point form'the steps that you will follow to
prepare the motor for dismantling,
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Section 3:

Three-phas_e induction motor characteristics

SUGGESTED PREAMBLE
DURATION
6 hours: This section introduces the behaviour and characteristics of

squirrel cage, dual (double) squirrel cage and wound rotor-(slip
ring) three-phase induction motors.

Descriptor.

This section covers part of the learning outcomes 1 and 3 of the National Module

Objectives

‘At the end of this section you should be able to:

[1 interpret information from speed/torque curves of AC induction motors

0 o o0 o o o o0

list the operating characteristics of squirrel cage motors
list the operating characteristics of slip ring motors
calculate rotor speed from synchronous and slip speeds
calculate slip % from rotor frequency

identify details from motor nameplate

calculate the efficiency of induction motors:

identify typical motor faults from motor performance.
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Induction motor action

When the stator winding is energised

the following events occur

» an RMF is set up at synchrorious speed

» stator flux induces an emf'in the rotor bars

» rotor current flows in the rotor bars

= rotor flux reacts with the stator flux to cause motor action

Motor action only occurs when the rotor A
speed is less than synchronous speed.  current (%)
Between zero rotor speed and Gt
operating speed the electrical

chatacteristics change. The:

diagram opposite shows typical

changes.

100 rated current

Y

0 n 0.
Current speed curve

Acceleration of the rotor ceases when the induced rotor current is of sufficient value to
develop the necessary load torque. If the load torque increases, the machine has to slow
down to induce a larger rotor current to accommodate the extra load.

Slip

Slip is the term used to describe the speed differential between the RMFE and the actual
rotor speed. Around the normal operating range, the larger the slip the larger the
amount of torgue developed.

Slip speed is determined from:. Naip = Nyyne = Nigyo, (tpm)

Student exercise 1

speed.

NS}_’IIC =

Ny, =

{ip

A 4 pole 50Hz induction motor operates with a rotor speed of 1440rpm. Determine the slip

Slip speed is usually expressed as'a percentage of the synchronous speed.
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str}; 5 100
N 1

'.i}'ﬂf.‘

Slip %:is determined from: S$lip % =

Student exercise 2
Determine the slip % for the motor described in student exercise 1.

Slip % =

Actual rotor speed --is expressed as the difference between the synchronous speed and the
Shp S_p-eed: Nro‘t’ar = Nsyrid_ 7 Nsi?p

Student exercise 3

An induction motor operates with a 2% slip. If the synchronous speed of this motor is
15001pm, determine the actual rofor speed.

Rotor speed =

Rotor frequency
At standstill the frequency of the. A 100%

induced rotor voltage is equal to the e
supply frequency. As the rotor _
accelerates, the rate by which the rotor ;2‘;’; :;;%l;;my

conductors are being cut by the RMF frequency-

decreases, thereby decreasing the | rotor
frequency of the induced rotor voltage. LA | frequency
If the rotor could run at synchronouns 0 Slip % 100%
speed there ‘would be no induced Rotor frequency and slip %
voltage in the rotor, producing zero rotor

frequency.

Rotor frequency is mversely propertional to rotor speed or directly proportional to slip
%. Provided you know the supply frequency and the slip % you can determine the
frequency of the rotor from:

, _ Slip %
rotor : i B j;uppx'v
100 iz
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Example of caleulation 4

Determine the rotor frequency of the motor in'student exercise 3, if the supply frequency is
50Hz.

Retor frequency

Torque developed by an induction motor is dépendent on the ratio of the rotor resistance
to the rotor reactance. The rotor reactance varies with rotor frequency which is speed
dependant.

Torque speed cuives (see below) show the variation in motor torque with changes in
motor speed or slip.

breakdown O,
torque
torqoe (%)
locked
rotor torque
.fated speed’
| slip
) . g e g —_-

0 n H

Torque / speed curves

The torque/speed curve shown above indicates that:
» Locked rotor torque or starting torque is the torque developed at the instant of
starting. (Xg >Ry)
*  For the machine to accelerate, the torque developed at starting must be gteater than o
the standstill torque of the load. ' ‘
> As'the machine accelerates; rotor reactance decreases in value and approaches the
value of the rotor resistance.
*  Maximum torque will oceur when rotor resistance is equal to rotor reactance.
* (X =Ry) The point on the ctirve where this occurs is-known as the breakdown
torque or the stalling torque. If the load torque exceeds this value the motor will
stall. ' "
*  Further acceleration decreasés rotor reactance, causing torque to decrease:
* (Xr<Ry |
= The motor will accelerate to a speed that aliows the machine to develop sufficient -
torque to meet the needs of the lgad.
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Squirrel cage motor characteristics ._
The performance characteristics of the squirrel cage machine are governed by rotor
design and winding connection method.

Standard squirrel cage motors are manufactured in three general types with
characteristics as shown in the table below:

L2

300 3
b -h--h“‘-‘d rans arr L
250k fo | i bl o GO N ESC PR e e 2
-‘-‘--""i-. PP IO P \ B Serr [ER B
& Hﬂ"‘““"‘--_-.z.__ g \\
§. 2004 g e b '---...________‘--—-;_- aﬁ, ,,,,,,
=y SRS RN Y SO S S Al — .. I ¥ B ]
= 150 v cuminl N ST Wy \
=2
o 1001
50
0 . .
0 10 20 30 40 30 60 70 g:2h o8 1040
% synchronouns speed
Squirrel cage characteristics
Normal starting torque: 1.5 times full load torque
Low starting current: 6 to 7 times full load current
Normal ship: less than 5%

Applications:  General purpose motors where load power requirements are not
severe. Examples: driving fans, blowers and machine tools.

High starting torque: 2 times full load torque
Low starting current: 5 to 6 times full load current
Increased slip: around 5%

Applications:  Used where the motor is requiired to start at full load. Examples:
driving conveyors, reciprocating pumps and compressors.

High starting torque: 3 times full load torque
Low starting current: 5times full load current
High slip: up'to 10%

Applications:.  Flywheel mounted machines such as presses and punches.

Note: Star connection of the stator windings prO‘duGes characteristics s times delta

values.
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Dual cage rotors
Dual cage rotors are manufactured to
obtain a high starting torque. This is

achieved by manufacturing a rotor which

has two rotor cages. The outer cage is
of a resistive material of a smaller cross
‘'sectional area. (high R, low X). The
inner cage is copper and is deeper in.
the core. of the rotor. (low R, high X)

Application: Air compressors, crushers,
refrigérator compressor’
motors or reciprocating
force pumps.

Wound rotor induction motors

stator core

stator coils

high resistance
wingding.

rotor core

low resistance

windinig
Dual cage rotor characteristics
300
300
torque

o S Y
. 100 |} - — matedtorque

o

speed’ Nsyn.
Bual cage rotor characteristics

The squirrel cage motor is mited by having a constant rotor resistance. Under normal
running conditions a high efficiency is desired which calls for a low rotor resistance.
This in turn creates a low starting torque with a high starting current. Squirrel cage
rotors are designed with these characteristics.

Wound rotot machines have the advantage in that maximum torque can be made to
occur at any speed by adding resistance to the rotor circuit to match the rotor reactance.

three - phase
sapply

stator

rotor slip rings rheostar

Rotor resistance starfing
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Rotor circuit rheostat (variable resistance) is changed to achieve a speed torque
characteristic which snits the nature of the '
load. The following curves show variations

in rotor circuit résistance. torque (%)

Curve I Rotor resistance equals rotor
-standstill reactance.

Curve 2 Rotor resistance is lower than
standstill reactance.

Curve 3 Noadded rotor resistance 100
Curve 4 The starting characteristic that
is achieved by varying the

external resistance as the
machine accelerates.

Wound rofor characteristics

Applications:

Since the maximum torque can be maintained throughout the accelerating period, the
wound rotor motor is used for the starting of high inertia loads, for example machinery
with large flywheels, such as presses, guillotines, rock crushers and plunger pumps.

Comparison of squirrel cage and wound rotor induction motors

‘Advantages.of squirrel cage induction motors

= simplicity and ruggedness of mechanical construction

» 7o sliding electrical contacts, therefore no sparking in the machine so they ¢an be
used in explosive atmospheres (provided they have an appropriate erclosure)

» wide range of speed control when used with variable fre_q_ueh'cy_ controllers
(electronic) '

Disadvantages of squirrel cage induction motors
= relatively poor starting torque

» large starting current

» characteristics fixed

Advantages of wound rotor induction motors:
= high starting torque

o relatively small starting current

» smooth speed control over a wide range

Disadvantages of wound rotor induction motors

- high production cost compared to the squirrel cage motor

»  brushes and brush gear must be used causing the possibility of sparking and
increased maintenance: '

= inéfficient speed control
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Nameplate details
Motor nameplates provide information from which you can: £y
» Determine electrical wiring requirements for conduit and wiring or suitable '
protection Tating ete.
>  Obtain design and performance data for maintenance.
» (Obtain a proper réplacement motor if required.
= Typical information found on the motor nameplate may be:
the manufacturer
the type of moter
serial number and model number for identification
frame size to identify motor physical measurements
output rating in mechanical power
ampere rating when operating at full load
voltage rating
frequency rating.
number of phases _
RPM when all other nameplate conditions are met.
winding connection method
duty, or the cycle of operation in which it can operate safely ie. continuous
ambient temperature - maximum temperature of the surrounding air in which the
motor can operate when delivering rated output

Motor rating lasses

Motors convert electrical energy into '
S ) . : P out= mechanical

mechanlcgl. energy. They are rated in . power

terms of their gutput power. ' ~ /

Motor output power is determined by: 1 |
2TNT

i p = walls y
Where N = actual rotor speed in rpm l/ \I

T = torque in Newton metres _ _
P in =-electrical power
T

‘Motor input power is determined by: Energy flow in an induction motor
oo H \/3_ vV, I, cos ¢ = watts

Motor efficiency

Motor efficiency varies with changes in load conditions. At maximum efficiency the

input power 1s less than for other conditions for the same given load.

Efficiency is determined by:

Efficiency % = output power 100
. input power 1

Output power is always less than the input power due to the losses that occur in the
Energy Converter process.
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Power loss is determined by
g Power loss = input power - output power

Example
Calculate the full foad efficiency of a three-phase induction motor given:
Rating = 10kW

Voltage =415V

p.f. =0.8

1L =20A

Efficiency % = Output . 150
Inpait

Input = ﬁ V.1l cos @

= /3 % 415 % 20 x 0.8

11.5kW

Efficiency % = 11105 x 100

= 86.96%

,,, r—,
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Student exercise 4

Calculate the power output and full load line current of a three-phase induction motor, given
the following specifications,

Efficiency: 85%
Supply voltage: 415V
Speed: 1440rpm
Power factor; 0.85
Torque: 65Nm

{8 Power output =

= Full load line current =

,,, SN

Motor faults

Low terminal voliage

Torque varies in proportion to the square of the voltage. For example if the motor
terminal voltage is reduced to 80% of its rated value the torque developed will be
(B0%}? of its rated value ic. 64%. ‘The drop in torque associated with low voliage may
cause the motor to stall 'or have a prolonged acceleration period dirring start up,
simulating an overload condition-which will cause the protection devices to Operate.

e W

7793V/NE163 Three-Phase Induétion Motors
_ : Student Workbook
40 November 1997




Single phasing

Single phasing is the condition that dccurs when one line of the three-phase supply is

open-circuited or one of the motor windings is open-circuited. The effects on motor
performance may be:

RMF is either destroyed or unbalanced

decrease in speed

difficuity in starting

higher than normal current

low pitched growling noise at start.

high pitched whine if single phasing occurs during operation

Phase reversal _
Effects on motor performance due to an incorrect connection may be:

difficulty in starting

loss of tt)_rque

low speed

unequal phase winding current

‘high line currents

low pitched growling noise
increased machine vibration

Incorrect connections are shown in‘the diagrams below:

reversed phase

Star phase reversal
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Skill practice SP3
Three-phase induction motor characteristics
Task
To monitor the operations of:
correctly connected star and delta squirre] cage motors

® astar conneeted motor which is single phasing

@ adelta connected motor which is single phasing

®  astar connected motor which has a phase reversal
@ adeltaconnected motor which has a phase reversal
Equipment

1 x 6 terminal three-phase motor
1 x clip on ammeter

I x hand held tachometer

1 x digital muldtimeter

Remember: Work safely at all times!

= isolate supply before connecting or-altering circuits
= always select the correct test equipment
" be careful when working near rotating machines

Procedure
1. Connect the motor in star as shown below:

I
I
I
I
|
18l -
)
I
I
I

b e e SR
Star comnection

2. Start the motor and measure each line current and shaft speed.

I=. A
I,= - A
Ii5= A
N = rpm

Stop the motor.

T,
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3. Open circuit one line and start the motor. Measure each i_i_ne current and shaft
o speed.

I=

Iea= A
L5 = A
N = rpm

‘Stop the motor and reconnect the line.

4. Open circuit one phase winding and start the motor. Measure each line current and.

shaft speed.
I,= A
I,=
2 Ty A
N = Pm

Stop the motor and reconnect the winding,

5. Reverseone phase windingand start the motor. Measure each line current and

shaft speed.

Iy= A
I,= A
[y = A
N = rpm.

Stop the motor and disconnect.

L,

6. Connect the motorin delta as shown below:

Frd

Delta connection

e
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7. Start the motor and measure each line current and shaft speed.

= , A ™
L= A
3= A
N= _ rpm
Stop the motor.
8. Open circuit one line and start the motor. Measure each linie ciirrent and shaft
speed.
= : A
Ip,=
L= A oy
N = rpm |
Stop the motor and réconnect the line to the motor.
9. Open circuit one phase winding and start the motor. Measure each lirie current and
-shaft speed.
L= A
Ip= A
L= A
N = pm
Stop the motor and reconnect phase winding.
10. Reverse one phase winding and start the motor. Measure each line current and p—
shaft speed. .
=
L,= A
T
N = pm

Stop.the motor and disconnect.

........
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Report
1. For the star connected motor:
(@) Tabulate the currents and motor speed for normal and abnormal operating
conditions
(b) Explain the difference between norinal and abnormal values.
(c) Comment on the operation of the motor under normal and various abnormal
~ conditions: '

2. Report for the delta-connected motor.
(a) Tabulate the currents and motor speed for normal and abnormal coperating
conditions '
(b) Explain the difference between normal and abnormal values
(c) Comment.on the operation of the motor under normal and various abnormal
conditions.
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Review questions
These questions will help you revise what you have learnt in Section 3.

1. A standard eight pole squirrel cage motor on S0Hz supply eould have @ rated
rotor speed of: (tick the correct box)

O 735pm
3 980rpm
0 1450pm
O 2880rpm.

2. Slip speed is the difference between: (tick the correct box)

standstill and rotor speed

rotor speed and stalling speed
synchronous speed and rotor speed
synchronous speed and standstill speed.

Oogo

L)

Torque developed by a'squirrel cage motor is at a maximum:{tick the correct box)

£l when the rotor is at standstill

[ atrated speed

LI atsynchronous speed

{3 when rotor resistance equals rotor reactance.

4. Rotor torque varies proportionally to-the : {tick the correct box)

[} supply voltage squared
[J  rotor speed
(0 supply current
[ supply frequency.
5. Dual cage rotor machines when compared to conventional single cage machines

have: (tick the correct box)

higher starting torque and tower full-load slip
higher starting torque and higher full-load slip
lower starting torque and lower full-load slip

lower starting torque and higher full-load slip.

L Oa
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8. A woond rotor motor induction motor would be used to drive a;
(tick the correct box}

0
Ll
O
|

lathe
rock-crusher
blower
pedestal diiil.

7. Induction motor power factor: (tick the correct box)

is constant.

increases with load increases
decreases with load increases
increases with load decreases.

oooo

8. The frequency of the rotor currents: (tick the correct box)

] increases with Speed increases
(3  increases with slip increases
(!  decreases with slip increases
B decreases with load increases.
9. Torque of an induction motort is directly proportional to slip:

(tick the correct box)

for-all values of slip

for high values of slip

for low values of slip

for medium values of slip.

2T

oooo

10.  Theresults obtained from a locked rotor test would be: (tick the coriect box)

maximum torque and current
full load torque and curtent.
starting torque-and current
no-load torque and current.

goano

11. As the slip of a motor decreases, what happens to the rotor speed?

e
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12.

13.

14.

15.

16.

What would be the torque developed if the rotor speed was equal to synchronous
speed?

When does maximum térque occur for three-phase induction motors?

What would h‘appen if the load torque became greater than the Totor torque
developed by the motor?

What effect does adding resistance to the rotor circuit of a2 wound rotor motor
have on the motor's starting torque?

Name the points marked on the diagram opposite:

torgue (%)

or

T

o

speed

_ Student Workbaook
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17.  Which of the torque slip curves drawn would represent that of 2 wound rotor
machine with its brushes short-circuited? (Circle the correct letter)

torque (%)

slip

18, Asix pole 50Hz induction motor operates with a 4% slip. Determine the rotor
speed.

Answer:

19. A 50Hz induction motor has rotor currents with a frequency of 2Hz, Determine
the slip % that.this motot operates with.

Ansiwer:
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20.

A three-phase induction motot on full voltage develops a starting torgue of
120Nm. Determine the torque developed if the supply voltage is 75% of the rated
value.

Answer:
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Section 4: AS 3000 and service rule requirements and DOL

BTN, motor starters
SUGGESTED PREAMBLE
DURATION
8 hours To introduce the requirements for starting large motors, and
the operating principles, connection and fault finding for the
direct on line motor starfer. AS 3000 and service rules.

This section covers part of the learning outcomes 3 and 6 of the Nationa Module
‘Descriptor.

Objectives
At the end of this section you should be able to:

= state the reasons for limiting the starting ¢urrent of large motors

A list the requirements of the SAA wiring rules and the local supply
authority with regard to statting, control and protection of induction
motors
list the types of AC motor starters. commonly used by industry
describe the operating principle of a DOL motor starter

list the main advantages and disadvantages of a DOL motor starter

O O oo &

connect 2 DOL motor starter and carry out fault finding on power and
controel circuits.
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AC motor starters

Motor starters are devices which are connected between the supply lines and the motor '
in a functional system. '

Supply | _— i Starter __,,,._ Motor e Load

Energy Contra] Drive Production
Functional system

The characteristics of motors are that the current and torque conditions are constderably
different during the starting sequence and under normal Tunning conditions.
As'one example, a squirrel cage motor has a starting current up to eight times the rated
full load current and a starting torque three times the full load torque. Large increases in
current and torque can be harmful to the: o,
* motor :
= load being driven or
* supply providing the electrical energy.
Student exercise
U'sing__tl'ie Australian Standard AS 3000 state the clause number and summarise the main
points relating to the control and starting of motors.
Limitation of starting and transient current - Clause No:
Automatic restarting - Clause No: P,

Control switches - Clause No:

I
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Isolating switches.- Clause No:

Types of 3 phase induction motor starters

"The types of AC motors starters which are commonly used throughout industry are:

DOL starter
star-delta starter

primary resistance starter
auto-transformer starter

electronic (soft-start)starter

secondary resistance starter,

Control features

Motor starters can provide several control features, some of which are listed below:

local and remote starting and stopping
over-current and under-yoltage motor protection.
torque control (not all types)

speed control (not all types)

automatic or manual operation.

Direct on line motor starter (DOL)

The basic form of starter is the manuafly operated direct-on-line (DOL) starter. This is
simply a load rated manual switch known as.a contactor with a thermal overload device
that will trip the switch inthe event of an over-current condition. The most common
form of starter is the aufomatic DOL starter which has the added features of being able
10 be operated from remote or local buttons or automatically by special control devices.

Ll " K1-1
& { : "/° L] <
L2 K12
o — o B | 5
L3 — CK1-3

O/L

=

DOL motor starter circuit
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Contactors

Contactors used in three-phase motor starters have three normally open main contacts.
capable of switching high currents. Also incorporated in the contactor is at least one
normally open auxiliary (or control) contact. This contact is-known as the holding
contact. Additional control contacts, either normally open or normally closed, ‘may also
be included depending on the requirements of the control circuit. ‘The contacts are
operated by ar electromagnet.

Control devices
The basic devices in 4 motor starter control circuit are the stop button, the start button,
the holding contact and the overload control contact.

Stop and start buttons can be remote from ¢he starter and:there can be as many as
required. Other devices that can be used to stop or start-a motor are limit switches,
pressure switches, proximity switches, level switches, temperature operated switches,
rotation speed switches and other switching device.

The general principlés for the circuit arrangement of these devices is:
* All stop devices are “normally closed’ and are connected in series with each other.

T

Stop devices

»  Start devices and “holding' contacts are ° ‘hormally open’ and are connected in paraile
with each other.

Start devices
« The stop and start devices are connected :as-showm below:

Contactor
Stop device operating cqil

I 1 | Start buitons and

‘holding ¢ontact
I g

Conirol circuit

54 November 1957
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Student exercise

List the sequence of opération of the DOL motor starter circuit shown below after the
start push button S2'is pressed:
Lt —i Ki-1
LY K1-2
O 1 ] -yc U o
L3 N G E
O _L_[I'! .7c 1] e
QI
Stop
—— .
—
DOI motor starter circuit

A

What happens if K1-4 contact opens during motor operation?

Advantages of DOL motor starters
» Fail safe operation of the control circuit
« Simple operation
* Low initial cost
» Remote stop-start features of control

Disadvantage of DOL motor starters
» No current limiting ab.i[ity_, therefore maximum current oceurs at start.
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Skill practice 4
Induction motor full load and starting characteristics o

Task
To conduct a test on a squirrel cage induction motor and to determine currént and torque
characteristics at full Joad and starting,

Equipment

three-phase power supply - variable voltage

three-phase squirrel cage induction motor

variable load device {may double for rotor focking device)
torque measuring device

ammeter

‘rotor shaft locking device (if required).

Procedure
1. Conneet the equipment as shown in the diagram below.
- — — - Rotorshaft locking devicé 5y

Vatiable voltage 4

Three 5" Variable
phase AC ST load
stpply ‘\\ . device
VA
i\ hY
s T Terque measuring device
1
EY o
\ Speed measuring device

—_—— e am

2. From the motor nameplate record the details in the spaces provided below.

Number of phases

Voltage

Output power -,

Rated speed

Frequency

Connection

Rated full-
load current

Insulation class
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3. Using the details recorded above calculate the full load torque.

; 21InT
-Poutpul:: - Watts
60
Tow =
Answer:

4. Turn on the three-phase supply at rated voitage and adjust the variable load device
until the motor reaches the calculated full load torque value.

5. Measure the line current and rotor speed and record the results in the table below:.

Line current Rotor speed
A g

6. Reduce the load and turn off the supply.

7. Install the device that locks the rotor shaft (your variable load device may be
capable of stalling the motor).

8. Safety check: Before proceeding, ask the teacher to check that the equipment is
properly connected.

9. Reduce the supply voltage to the value given Viest
{This may not be necessary with. some equipment)
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10.  Turn on the three-phase supply and measure the line current and starting torque

EL.

and record the results in the table below.

Line current
1_’_' fest

Ska;'fiizg torgque
T st

U's.e' theivoltages given in Steps 2 and 9 and the measurements taken in. Step 10, to
calculate the starting current and starting torque for rated voltage conditions. Use

the following ratios.

For starting current

I v

dext’ test
SEATE Xiare
Answer:

For starting torque

‘test

2

test

Stare

Answer:

=
| srart
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12. Finalise this skill practice by completing the following.

(a) Calculate the ratio of the starting current (step 11) to the full load current (step
2) as.a percentage.

Answer:

(b) Compare the value obtained in step (a) above with the known theoretical value.

(c) Caleulate the ratio of the starting torque (step 11) to the full load torque {step
3) as a pereentage. '

Answer:

(d) Compare the value obtained in (c) above with the known. theoretical value.
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Skill practice 5
DOL starter and fault ﬁnding o,

Task
To draw the circuit diagram of'a DOL starter, connect and run the starter and find the
cause of introdiiced faults in the starter.

Equipment

three-phase AC supply
four fuses

1 thrée-phase contactor

[ start stop station

overload

1 motor terminal block (or motor)

I DOL starter control circuit with faults
voltmeter

coittinuity tester

ammeter R
insulation resistance tester.

Procedure

L.

b

%)

Complete the following diagram by providing the power and control circuit
connections between the equipment identified. Label all components using
standard symbols:

vo 53
o 3

=
i
el
Bo = /’o

Using the:equipment provided and your connection diagram conneet the
equipment.

Turn on the supply and test the operation of the start and stop buttons.

With the motor running, remove the fuse in the control cireuit to determine if this
causes the motor to stop. Replace the fuse.

Manually operate the overload device then press the start button to determine that
the motor will not start.

7793VNE165 Tiree:Phasé Induction Motors
-Student Workbook
60 Novemher 1897



6.  Turn off the supply:

7. With the equipment supplied conduct the tests necessary to-determine the cause of
each of four separate faults. Record the results for each in the table below.

Note: These faults will be'introduced by your teacher.

Test
equipment Description
Fault | Test equipment indicatiot of
number | wused to find fault | or reading Jault
I
2
3
4

7. Finalise this skill practice by completing the following observations.

For each of the fault conditions give a brief explanation of the repairs needed to

miake the DOL starter operate satisfactorily.

Fault 1

Fault 2

Fault 3

Fault 4
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Review questions
These questions will help you revise what you have learnt in Section 4.

I.  Using AS3000 summarise the definition of a fuse..

2. Using AS3000, give the clause number related to protection of motors against over
temperature and summarise the clatise below.

(X ]

Using AS3000 give the clause number related to the sefection of fuses and circuit
breakers which protect motors subject to short time overcurrent and summarise the
clause below.

4. Using AS3000, give the clause numbers related to isolation and control of motor
eircuits in 2 normal environment and summarise the clause below.

5. Summarise the main requirements for the protection of motors and associated
control equipment when located in high humidity environments.
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10.

List three réasons for limiting the starting current to AC motors.

List three types-of AC motor startei's used with 3 phase induction motors.

What is the major advantage ofa DOL fotor starter over an isolator/control
switch?

The test performed to determine the DOL values of current and torque of a motor is
known as a/an: (tick the correct box)

. starting current test
torque meter test
reduced voltage test
locked rotor test,

080

A 415V 3 phase motor is rated at. 50 kW and draws 82 A on full load. The
approximate starting current when started DOL would be: (tick the correct box)

82 A
200 A
500 A
5000 A.

B B O
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[1. The motor which has a full load curtent of 82 Amps is subject to a limitation on
starting current by the local supply authority. If the limitation is (2xILg Y+33 A,

the maximum allowable starting would be: (tick the correct box)

0
0
O
Ll

82 A

197 A
278 A
345 A

12. The effect of reducing the voltage applied to a motor is to: (¢ick the correct box)

reduce starting current, increase starting torque
reduce starting current and starfing torque
increase starting current, reduce starting torque
increase starting current and starting torque.

ooog

13. DOL starters are used as they provide: (tick the correct box)

non-automatie restart funetion and fail-safe operation
the use of a three-phase switch only for on/off control
control over starting current and/or starting torque
reduced voltage and torque at stait.

Ooan

The following questions 14 to 16 refer to the DOL starter circuits below:

L1 K

Ob—t=

L2

DOL starter control circuit

64
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14. How many contacts does the coil K control? (tick the correct box)
01
3
0 5
4

15. The contact in parallel with the start switch is termed a/an: (sick the correct box)

{1
[
3
"

interlock contact
isolating contact
latching contact

lockable contact.

16. When the start button was pressed the motor did not run and the main contactor did
not operate. The most likely fault would be: (rick the correct box)

low insulation resistance values
high earth continuity values
open circuited contactor coil
open ¢ircuit in L2,

nooo.
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Notes

LT

.f""_"\_\
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Section 5: Reduced voltage three-phase induction motor
~ starters

SUGGESTED PREAMBLE
DURATION
4 hours To connect, operate and find faults on three common types of
reduced voltage starters..

This section covers part of the learning outcome 3 of the National Module Descriptor.

Objectives

At the end of this section you should be able to:

iy

[} describe the operating principles of the star-delta, auto transformer and
primary resistance starters

O list the effects on line current, motor current and motor torque when using:
these starters

list the advantages and disadvantages of these starters
staté comumeon applications for each starter

connect each starter power and control circuit for correct operation

[ Y 1 T o B

carry out fanlt finding as applied to the starter power and control circuits.
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Reduced voltage starters

Motors controlled by these types of starters will reduce the starting current to practical
levels and produce a torque less than DOL starting. As'a result reduced voltage starters
are selected to match load starting requirenients:

The star-delta starter

This starter switches the motor from star connection at starting to delta connection for
running. These starters require six wires (one for each terminal) from the motor
terminal block to the starter.

The power circuit and control circuit for a star delta starter are shown below. Other
circuit arrangements are possible.
Lio
F4

/ Overipad

Power circuit

il
-
Ul

I_TI_I_PS]LELJ LK

o L2

Control dircuit

Features of the star delta starter

Star delta starters have the following features:

* during the starting sequence the voltage across each phase winding is 57.7% of the
line voltage |

= the reduction in voltage causes a reduction to 33% of the starting current and 33%.
of the starting torque. ie.

{smn G 1)/3 I DOL
and

T stant 1/3 T DOL
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«  the control cireuit provides electrical interlocking of the star and delta contactors.
. This interlocking minimises the possibility of a short circuited supply by the
" simultaneous operation of both contactors.. The star and delta contactors should also
be mechanicaly interlocked.

» the time period for transition between star and delta connection can be varied when
timing devices are used. The time period is normally adjusted so the transition
oceurs when the motor reaches-approximately 60%-80% of the rated motor speed

> the six coil ends of the three windings need to be available at the motor terminals to
effect star and delta corinections

for the circuit shown above the overload is set to _t_rip at 58% of the motor rated full
load current.

Studentexercise |
.‘5?.‘"“«:': 3 - - . . FRIETT . = a: . -
: Connect the motor windings in the diagrams below for starting and running
conditions,
Ll L2 L3 L1 L2 L3
O O (s} Q 0 8]
Ul V1 Wi
U2 v2 | w2
Starting - star connected stator Running - delta connected stator

SR RTERY
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Student exercise 2

Using the following diagram, briefly describe the Sequence of operation of the starter
to bring the motor up to operating speed.

T &=t — —

Lxia [t WK ) [k ]

L2

Power circuit Control circuit
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Student exercise 3

A 415V, 3 pliase induction motor is started by means of a star-delta starter. When
started in delta the starting current is 75 amps and the starting torque is 50 newton-
metres. Determine:

(2). voltage-across each phase winding of the motor at starting

(b) starting current,
(c) starting torque;

Answer (a)

Answer (b)

Answer (c)

AT
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Advantages and disadvantages of the star-delta starter
Advantages

-

it is a refatively cheap method of starting

it provides good torque/current performance
it is physically compact in most cases

it is available in.a range of KW sizes

in most applications it is easily installed.

Disadvantages

it is generally restricted to loads that have a low starting torque
26 terminal motor is required, hence 6 wites to the motor are needed

during the changeover from star to delta, transient currents result (the motor goes

off line during the transition)
problems can easily arise from incorrect connections

Applications
The type of lead normally is a low inertia type or the motor is started on no-load.
Examples are fans and small centrifugal pumps.

Motor and load torque and their speed relationship
For a motor to accelerate up to its operating speed the torque of the motor must be

greater than the torque of the load. The following diagram shows a‘typical motor and
load torque speed relationship.

Transition A to 2N

Torque

'Speéi:i
Star delta starter and load characteristic
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Student exercise 5

to biing the motor up to speed.

Using the following diagram briefly describe the sequence of operation of the starter

P TR
Li O 1O U/I—G [
| | | |
L2 o——3+o 2.0 T
! | J
L3 O—f ."O v _Lo— L5 5
J K2 |
| e T
| | [ LI N
| T 9 8
B e § s
. tart .
I ______________ i T S'.F{Q,p 0 {L
Starting : Y
resisfance K2
__.._.o-/
i ?:ﬂif(z' :
Power circuit Control circuit
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Student exercise 6

Complete the foll'owin'_g' diagram by drawing the connections needed for the power
circuit of a three step primary resistance starter.

0O TRt l:l

o  — e [

supply

ANiNiN

)

Identify the'compon_ents.us_ing standard lettering then in the space below identify the
sequence in which the three contactors close. 1st
2nd - 3rd

Advantages and disadvantages o f the primary resistance starter

Advantages

*  For one step resistance starters, the control circuit is less.complex than star-delta
starters

*  is more cost effective than the aato-transformer starter

= allows the motor to run up to speed without a break in the supply

*  affords better current and torque characteristics if the resistance is rediced in steps
during starting

> three wire connections to the motor.

Disadvantages

= wasteful of power

» the resistors are physically large

*  current/torque relationship is poor, in that the line current is still quite high, whilst
the torque is low.

Applications
The starters are used on lower starting torque loads such as, fans, water pumps.
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The auto-transformer starter

This starter incorporates the use of an auto transformer which reduces voltage to the
motor at start. After the starting period, the motor is switched to-full line voltage. Auto
transformers used for motor starting usually are equipped with three tappings - 50%,
65% and 80% as shown in the diagram.

1 I o
d : \ Tappings

_ < = QO 80%
Supply D) I 65%

voltage _ © 50%
13 T‘\H A

3! L[

O o o

e

Auto-transformer

Multi tapped auto transformers are connected in each line of the supply to-the motor.
By selecting an appropriate tapping the voltage to the motor terminal is restricted.
# 0 There are two basic types of auto-transformer starters:
*  two.step - open transition
three step - closed iransition that is-also called the Korndorfer connection (shown
below)

L1o—F=

Lic .

L3?

i : e : .
éS_to_p. I_q/ _l 1;)9:}5
1{3_-4| Ki-4 )

Control circuit
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Features of auto transformer starters
The auto transformer starter has the following features. o
* considerable reduction in line current is gained while maintaining relatively high '
values of starting torque
> two coil (open delta) auto transformers can be used on three-phase motors
e the tappings can be changed to obtain maximum torque or to suit a change in load
conditions’
* the transformer is rated for intermittent use
» the motors are permanently connected in star or delta
» the motor current reduction isin proportion to thé percentage tap connected. Thusif
the voltage tap is en 50%, the motor current will be 50% of the DOL current,
[ motor =% tap x I g1
= the supply line current is reduced in proportion to the percent tap squared expressed
as a decimal. Ie., if'the voltage tap is.50% the line curtent is 25% of the DOL current
[ line = (tap)’ x I por.
* motor torque is reduced in proportion to the percent tap squared, ie. if the voltage tap
is.50% the motor torque is 25% of the DOL torque.
T motor = (tap)’ x T pgy,

Student exercise 7

Using the following diagram briefly describe the sequence of operation of the starter
to bring the motor up to speed.

{_.ICIL_._.J

L2

Lio

..........

7793V/NEL65 Three-Phase Induction Motors
Student Workbook
78 Noveniber 1997




e

1 Student exercise 8
A 415 V, 3 phase squirrel cage induction motor takes a starting current of 160 A and
| has a'starting torque of 54 hewton-meters, when connected DOL. If an auto-
! transformer starter, with the motor connected to the'SO‘*;.pe”r cent tapping, is vsed to
start the motor, determine: N
(@) voltage applied to the-motor at starting
(b} starting current taken from the supply
(c) starting current taken by the motor
b (d) starting torque *
| (a)
(b)
(c)
| (d)

Advantages and disadvantage of the auto-transformer starter

Advantages

- gives uninterrupted supply t6 the motor during starting if the Korridorfer method is
used

* ig less wasteful of power during starting than primary resistance starting

= line currernt to starting torque chatacteristic 15-an optimal value.

s the tappings can be adjusted to suit almost any load condition within the load range
of the starter.

Disddvantages

* requires expensive auto-transformets

+ physically large and heavy in comparison to other starter types
= auto-transformer must be matched to the motor

Applications of the auto-transformer _
These starters are used where the load has a relatively high starting and running torque

and energy efficiency is required in the starting sequence.
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Reduced voltage motor starter fault finding

The faults found in a DOL starter can also ocour in'reduced voltage starters. ey
Additionally, problems associated with reduced voltage starting often occur with the '
change over from start to-run. These problems. normally are:

Problem:  Motor has a-delayed start. (after the start button is pressed)

Possible cause, Action

Starting load too great * Check the load for correctly operating
unloading devices at start. |
eg. compressor unload solenoid valve.

Note: Reduced voltage starting: does not
allow a motor to produce maxirmum
starting torque and therefore can only-
start on light [oads.

Problem: Motot starting on reduced voltage does not develop full speed and runs
noisily.

Starting load too great = Isolate the supply and remove the starter
cover. Identify the start and run contactors.

* Use an assistant to keep the test area clear of
other personnel before restoring the power.

=~ Restore the supply and start the motor,

* Observe the starter operating and note the
sequence of each control device.
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Skill practice SP6 Star-delta starter
Task

To measure the starting current and starting torque of a three-phase squitrel cage métor
when connected in star and delta, then to connect, operate and fault find the starter,

Equipment

three-phase 50 Hz power supply
three-phase squirrel cage induction motor
suitable load with attached torque méter
ammeter - clip on type

timer

thermal overload

stop/start push button station

connection feads.

Procedure - starting conditions
1. Cornect up the circuit as shown in the diagram below.

L1
Torque
meter

Threz-phase
suppiy L20

7 Motor under

1%3e; test

Note:  The motor under test is to be-conriected in star.
2. Set the motor and load up for the locked rotor condition.
Note: The teacher will tell you how this condition can be set up on yoeur equipment.
Perform the following measurements as quickly as possible.

5. Turn on the three-phase supply, record voltage then start the motor and measure and
record the starting linecurrent and starting totque as quickly as possible.

Test voltage = ess W
Starting line current = _____ A
Starting torque o — N

4. Turn off the three-phase supply.
5. Do not proceed uritil the teacher has checked your work.

6. Reconnect the motor undertest to delta.

Suident Workbook
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10.

11.

‘Turn on the three-phase supply record voltage and measure and note the-starting

line current and starting torque as quickly as possible.

Test voltage =S
Starting line current = _____ A
jS_tar_tin_g- torque = . Nm.

Turn off the three-phase supply.
Do not proceed until the teacher has checked your work.

Adjust the locked rotor measurements to rated values by calculation.

[«V T V2

Star connection

Starting current = . 0x ____ = fopn e S
Starting torque = X = Nm

Deltut connection
Starting current = X - — A

Starting torque: =  __ _ x = ——— . Nm

Determine the ratio of DOL startirig current (delta connection) to starting current

when star connected.
IA
I Star

Determine the ratio of DOL starting torque (delta connection) to starting torque
when star connected.

T A
T Star

Finalise this part of the skill practice by answering the following questions.

(a) The theoretical ratio of the current in delta to the current in staris 3 to 1.
Compare the values you obtained to this theoretical value,

. Student Workbook
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(b) The theoretical ratio of torque in delta to torque in star is 3:1. Comparé the.
P values you obtained fo-this theoretical value:

(¢) A local supply authority has placed a limit on starting current to (3.5 x [;;) +
15A. A motor has afull load current of 50 A, and-a DOL starting current of
345 A. Would a star-delta starter be able to limitthe current of the
requirements of the supply authority? Support you answer with simple
calculations.

_ Prace'{lufe - connection and operation _
1. Sketcha star-delta motor starter power-and control circuit. The circuit must contain
3 contactors, one timer, one stop/start push button station and thermal overloads.

Sketchéd circuit diagram

2. Connect up the circuit using the start/stop push button station, contactor, thermal
overioad and motor. Do not proceed until the teacher has checked your work.
3. Testrun your circuit.ensuring the stop/start station pushbuttons and thermal

overtoad operates correctly.

4. Do not proceed until the teacher has-checked your work.
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Procedure - fault finding
In the following exercises you are to test motor circuits Jor various faults. The motor g
circuits will have only one fault at any one time. The teacher will provide the faults as "
you require them.

I.  Carry out each test and record the results in the table below.

MOTOR STARTER FAULTS
Test | Testequipment | Testequipment Fault
used to find indication or
Sanlt reading
1
2
3
4

2. Ask the teacher to check your work.

ST

3. Finalise this section of the skill practice by completing the following observations,

For each of the fault conditions give a brief explanation of the repairs needed to
'make the star-delta starter operate satisfactorily.

Fault 1

Fault 2

Fault 3

Fault 4

T
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Review questions
These questions will help you revise what you have learnt in Section 5.

1. State the effect on starting current (line) if a three-phase squirrel cage induction
motor is started by:

(&) Star-delta starter

(b) Primary resistance starter

(¢) Auto-transformer starter (65% tapping)

2. State the effect on starting torque if a three-phase squirrel ¢age induction motor is
started by:

(a) Star-delta starter

(b) Primary resistance starter

(c) Auto-transformer starter (65% tapping)
: . 24
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List three advantages and d sadvantages of a star-delta starter.

Advantages Disadvantages

List three advantages'and disadvanta_ges of a primary resistance starter::

Advantages Disadvantages

List three advantages and disadvantages of an auto-transformer siarter.

Advantages. Disadvantages

Deseribe two applications of 4 three-phase induction motor, if it is started by a:

(a) Star-delta starter

(b) Primary resistance starter
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AT,

10.

(¢} Anto-transformer starter

An advantage of using the *closed transition' method of ¢onnection of an aufo
transformer starter is; (fick the correet box)

3 the motor may be started with load
[2 less sparking occurs at the contacts

D3 it has good torque/current performance

O it-allows the motor to run'up to speed without a break in the sup‘plj___z.

Liquid resistance used ina primary resistance starter exhibit a: (tick the correct
box)

[ NTC characteristic
3 PTC characteristic
[0 ZTC characteristic
0 a constant tone characteristic.

For star-delta starting, the number of terminals required at the. induction motor
terminal block is: (tick the correct box)

Haoo
AN SR R B 54 B

During the starting sequence of a star-delta starter, the vBltage applied to each
phase of the stator of the motor is: (tick the correct box)

1 3'times the line voltage

[ equal to the line voltage

L 3/3 times the line voltage

B u_\lf times-the line voitage.
3.
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11.

12,

14.

15.

In a primary resistance starter, the starting resistors are connected:
(tick the correct box)

anagno

in series with the stator'windings
in series with the rotor windings

in parallel with the stator windings
n parallel with the rotor windings.

During the starting sequence of an induction motor, using a primary resistance
starter, the: (tick the correct box)

ogopoo

starter resistance is gradually increased
starter resistance is gradually decreased
rotor resistance is gradually increased
rotor resistance is gradually decreased.

‘When starting a three- -phase motor using a star-delta starter, the starting torque,

when compared to the DOL value, is approximately: (tick the correct box)

Oooo

33%
57%
equal
3 times.

When starting a thret:-phase motor using a star-delta starter, the starting current,
when compared to the DOL value in delta, is approximately: (rck the corréct box)

ERNNEEN

36%
33%
30%.

A disadvantage of primary resistance starting is: (tick the correct box)

oooo

it is small and compact

it is the most expensive type of starter
it can only be started on low loads
it is wasteful of power,

83
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16. An advantage of using an auto-transformer starter is that it: (tick the correct box)

may be used on high inertia loads
is small and compact

1is simple in construction

is very economical in capital cost.

EENEE W

With reference to the following circuit of a star-delta starter, complete questions 17, 18
and 19.

L1 [.(% ]Er
a i g

3

EKM\S )\%CMEJ\;“KM\’—-— v =

Ulfvl{wi

P 17. How many contacts de the KM1 and KM3 cotls control? (tick the correct box)

£1 4 and 4 respectively
[0 5 and 5 respectively
[} 4 and 5 respectively
[1 5 and 4 respectively.

18. If the time delay contact KM2 does riot operate the motor will:
(tick the correct box)

stop

stay in star configuration
change to delta and stop
stop start continuously.

U
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19. The purpose: of the KM3 ¢ontact in series with the KM coil is termed a/an:
(tick the correct box)

)
O
O
B

Questions 20, 21 and 22 refer to the primary resistance starter, shown below.
L1 L2 L3 F1

P79 s

1
A

interlock contact
isolating contact’
latching contact
lockable contact.

! Y,

- Ir1 Rz g3

7 K C 1 M

Power cireuit Control circuit
20. When switch S2 is closed: (fick the correct box)

coils KM1 and KM2 energise simuitaneously
coil KM2 energises first

coil KM1 energises first

has no effect.

Bk L FRE]

21. Usinga sequence of events technique, the next step after-the time delay corntact
KM1 closes is: (tick the correct box)

L1 coil KM2 energises
[0 coil KM2 de-energises
O coil KM de-energises
£} contacts KM1 open.
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22. The purpose the KM2 contacts in the power circuit is to: {tick the correct box)

start the motor

stop the motor

short circuit the resistors

protect the motor from overload.

Oooog

Questions 23, 24 and 25 refer to circuit of an auto-trasisformier starter shown below.

LIL2L3

Ql

O/l

Start E

K36
UIvIw
|~
M F2

__\‘

Tif- -2‘1:;.1-4\? K35;‘\

m.;d\

/

T12

23. The triangle symbol between coils K1 and K3 represents: (tick the-correct box)

(3 atemperature sensor
[ apressure switch

[J apneumatic ttmer

[1 a mechanical interlock.

24. Using a sequence of events technique, the second coil which energises is: (tick the

correct box)

O Kj
Ll K2
O K3
0TIl
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25, Refer to the diagram. What will happen if the K1.5 contact connected in series
with the coil K3 fails to. operate? The motor will: (¢tick the correct box)

oooo

stop
run with reduced torque

run with increased torque

cycle on/off.
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Section 6: Electronic (“soft start”) starters and secondary
resistance starters

i

SUGGESTED PREAMBLE
DURATION
4 hours To introduce the principle of operation of the electronic soft

start motor starter and the operating principle, connection
‘method and fault finding techniques for the secondary
Tesistance motor starter.

This section covers part of the learning outcome 3 of the National Module Descriptor.

Objectives
At the end of this section you should be able to:
[ describe the operating principles of the electronic (soft) starter and the
secondary resistance starter

3 list the effects of these starters on line current, motor current.and motor
torque

£} list the advantages and disadvantages of these starters
O state common applications for each starter

L] connect the secondary resistance starter power and control circuit for correct
operation

[J carry out fault finding on a secondary resistance starter power and control
circuits.
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Reduced voltage AC motor starters

Electronic (soft) starters |

This type of starter uses an electronic switching techniquie that changes the waveshape
that is connected to the motor terminals during the start petiod. The waveshape change
varies the rms voltage which affects the starting current and torque.

The power c_:_ircuit_,- in simple form, for two' types of electronic soft starters.are shown
below.

N e
) [
©@ €
)
L=
s
™~
)
L=
<
I [t
L

Three-phase half wave controller
Three-phase full wave-controller

Eeatures of the electronic soft starter:
Electronic soft starters have the following features.
* The use of solid state.components eliminates contact wear.
* Motor protection 15 normally included for overcurrent, overvoltage, undervoltage,
phase failure and phase reversal.
* The half wave controller can be nsed with motors having typical ratings between 7.5
and 285 kW,
»  The full wave-controller can also be used with motors above 285 k'W.
* They provide for a variety of start sequences to effect-smooth (stepless) acceleration
with optimal current and torque features.
*  Acceleration (ramp) time and deceleration can be set at the time of instal lation, o
*  Adjustable current (current limit) |

Examples of ramp times

Low inertia 100 - Full line
load - short Acceleration | voltage
o g0 -| ramp /
ramp. time ? ;
%60 / 1
E 1 7 |
Lap - ] f Srart viiltage:
2 T SO (.
20 f
. Starttime |
0 £

5 1015 20-23 3035 40045 50 55 60 65 70 75
Time { sec )
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AT

Student exercise 4

For each of the load and motor characteristics conditions given in the following
diagrams briefly explain what would occur to the motor during the starting period.

(a)
R 7aN
Starter
Load torque
(b)
AN
Starter

_Torque
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The primary resistance starter

This starter has resistance added to the motor circuit at start which reduces the motor TG
terminal voltage. During the starting period the resistance is automatically reduced in '
one or more steps until rated voltage is connected to the motor.

The power and control circuits for a primary resistance starter are shown below. Other
circuit arrangernerits are possible.

s

11 oo - L L
! | |
e m IC A gl
i | |
L3 o—fF—j Lo < Lo L
| X2 [
| — T _F ||
| . | L1
i [
| | | 1
| ' -

— o s
_________ _ I Stop

AL K2
Statting Q\Kl LU
resistance’ K2
r”“\’. : Im lu

Power circuit Control circuit

Features of the primary resistance starter are:
anary resistance starters have the following features.

the motor is permanently connected in either star or delta

the resistance added to the motor circuit is disconnected in stages that best match
the motor electrical conditions to the load performance requirements

the resistors are generally wire wound for small rated motors and cast iron: grids for
large motors

the resistance can be a liquid which provides for a more even acceleration during
starting because of the negative temperature coefficient of resistance of the o
electrolyte.

the starting current and torque are dependent on the motor terminal voltage which
depends on the difference between the supply voltage and the voltage drop across.
the starting resistance.
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High inertia load - long ramp time

100 - Full line
Acceleration | voltage
80 | ¥FAmp ’ I
EN )
5 B S
= h-—Start-voltage
=l |
‘20 P !
o Starttime s
LA N

v de o0 2
0-35 40 45 50 35 60-65 70 75
Time (sec)

5 10152035 3

High inertia load - tvi slope ramp

100 - - Fuil fine
voltage
L Ramp
g0 - l
g _ i
‘%ﬂ a0 _
b= £ I—X
= H 5
e 40 | - Start voltape
20 - |
Y FR i | i i | Pod ] _"I { ;
05 10 13 20 23 30 35 40 45 0 35 6_0.'65 T3
= oSlantime Time { szc)

This arrangement provides for a fixed period (X) of starting voltage which gives
reasonable starting torque while maintaining relatively low starting current during the
initial period of acceleration.

Adjustable deceleration - soft stop

R i0g

% voliage
- o
= L=}

[ =]
=]

0 5 10 15 20 2530 35 40
Sleptme. | Pime ( sec )

This arrangement allows the .motor to decelerate over a period of time. The feature is
used in applications such as fluid pumping where fluid hammer needs to be minimised.
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Student exercise |

On the axis below draw a graph that represents the starting sequence of a soft starter
having the following specification.

Start voltage = 45% of full line voltage

Acceleration time to full speed = 25 seconds

Run time = 10 minutes
Stop time = 15 seconds

On the graph, highlight each period showing the time taken and the ‘sequence.
oecurring during that interval.

100

50+

% Voltapge

b

Switching

The voltage connected to the motor changes due to the switching sequence of the supply-
to the motor during each cycle of the supply. ‘This is achieved using silicon controlled
rectifiers and is known as phase angle switching. This technique changes the supply
waveshape from sinusoidal to non sinusoidal which causes voltage variation,

The drawing below shows different phase angles for switching. The shaded areas
indicate the period in each cycle when energy is being delivered to the load.

vi | | v

v ¢ = firing-angle v

Phase control
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Advantages and disadvantages of electronic (soft) starters
Advantages

°  maximum torque is maintained during starting

- speed control is available '

= low starting current during starting

Disadvantages
». Increased cost of installation

» suitable only for squirrel cage motors.

Secondary resistance starters

These type of starters are only used with slip ring {(wound rotor) inductio'n motors where
external resistance is connected to the rotor circuit via 4 set of slip rings, during the
startmg period. The powerand control circuit are shown below. Other circuit

arrangements are possible.

L. ToL
L1.O—o"a C 1
A-t
-——W’
LZO—/ II f'.
A2
L3 \VC
Lao_/ f 1
_/OA-3
L1 - |
o Cr N
I: S't:;r_f- Stop :
; . [ “TOL -
= |
| G N
_ —
A-4

Features of secondary resistance starters
Secondary resistance starters have the following features.
= The motor must have 4 wound rotor,

» The wound rotor is star connected.

»  The rotor winding is connected via brushes and slip- rings to terminals which provide

for connection to the external circuit,

+ Starting resistance can be metallic {wire wound, cast iron grids or stainless steel

grid) or liquid (electrolyte)

*  The number of starting steps depends on the load characteristic.
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Student exercise 2

Using the following diagrams brief]
to bring the motor. up tor speed.

¥ explain the'sequence of operation of the starter

o

28
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Student Workbook

Motor and load torque and speed relationship
Secondary resistance starters are generally used when maximum motor torque is
required during the start up period.

Maximum motor torque oceurs when the rotor reactance equals the rotor resistance.
Rotor reactance decreases with speed hence the total pre determined value of resistance
is connected to the rotor at stait and is reduced in steps to maintain approximately equal
Teactance to resistance proportionality. The diagram below shows a three step starter
torque speed characteristic.

Load characieristic

Combined

_motor

characteristics

_ DNo resistance
-Full load speed 5 .

RER @ Bart resistance.

@-‘Full_rcsistan_c_e
Wound rotor motor and load characteristics

Advantages and disadvantages of secondary resistance starters

Advantuges

* maximum torque is maintained during the entire starting process

*  line current can be maintained at approximately twice full load

= speed conitrol is available

* optimum current/torque relationship, ie. low starting current, high starting torque

= liquid resistance starters provide for relative smooth acceleration due to the negative.
temperature effect on the electrolyte resistance.

Disadvantages
« 1ncreased cost.of installation
« only suitable to one type of motor (wound rotor)

Applications of secondary resistance starters

As maximum torque is developed at start, high inertia loads are suited fo this type of
motor. Examples are material handling plant (conveyors), large flywheel type loads,
large air conditioning fan motors, ball and crusher mills, feed pumps.
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Skill practice SP7 Secondary resistance starter

Task
To draw the circuit diagram of a secondary fesistance starter, connect and run the starter
and find the cause of introduced faults in the startet.

Equipment

three-phase supply

fuses

three-phase contactors

start stop station

ove_rlgad

motor terminal block ( or motor)
control circuit with faults
meters

starting resistors,

Procedure - connection and operation Y
1. Complete the following diagram by drawing the power circuit connections between

‘the equipment items identified. Thendesign and draw your own control cireuit

diagram in the grid provided.

Ay :
d

o

T e EEES

2. Connect the circuit using the equipment provided.

3. Test run your circuit, ensurisig the start/stop station pushbuttons and the thermal
overload operates correctly and the starting sequence is correct.

4. Do not proceed until the teacher has checked your work.
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Skill practice SP8
S fanit finding

In the following exercises you are to test motor -cjz_"cufrsfbr various faults. The motor
circuits will have only one fuult at any one time. The teacher will provide the faults as

you require them.

1. Carry out each test and record the resultsin the table below.

MOTOR STARTER FAULTS
Test | Test equipment Test equipment Fault
used 1o find fault indication or
reading’

; p
2. Ask the teacher to check your work.
3. Finalise this section of the skill practice by completing the following observations.
For each of the fault conditions give a brief explanation of the repairs needed 6
make the secondary resistance starter operate satisfactorily:
(ay Testl
| (b) Test2
(¢} Test3

AT

T793V/NELGS Three-Phase Induction Mators
Student Workbook )
November 1997, 1G1




Review questions

These questions will help you revise what you have learnt in Section 6.

1.

Name two common types of electronic starters.

List three advantages and two disadvantages of electronic starters.

What type of AC induction motor 1s used with secondary resistance starters?

What is the effect'on line current and motor torque if secondary resistance starting
is used?

List two advantage and two disadvantages of the secondary resistance starter:

L
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10.

GE]E}D

List an application for the use of both electronic starters and secondary resistance
starters.

Most soft starters provide: (tick the correct box)

adjustable starting voltage and fixed starting time
fixed starting voltage and fixed- starting time
adjustable starting voltage and adjustablé starting time
fixed starting voltage and adjustable. starting time.

The most practical soft starter circuit used to statt a squirrel cage induction motor
over 300 kW would be a: (tick the correct hox)

O fully controlled AC controller
[7 halfcontrol AC controller

{0 fully controlled rectifier

L1 half controlled rectifier.

Describe how soft starters limit starting current.

Soft starters can provide deceleration of the motor. This would most commonly be
used in; (tick the correct box).

‘pumping applications
cooling fan applications
madchine tools applications
traction drives.

oo
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lI. A disadvantage of electronic starters is they: (tick the correct box)

0
0
O
O

are large and bulky

only work with particular motors
rust be-started on reduced load
produce radio frequency interference.

12. The main features of the secondary resistance starter are: (tick the correct box)

O3 low line current and high torque at start
7 high line current'and high torque at start
[J low line current and low torque at start.

1 high line current and low torque at start.

13. Thetypical application area for a secondary resistance starter is: {tick the correct
box)

[ low inertia Ioads

7 no load at start

£3 high inertia loads
(1 Trorie of the above.

For Questions 14,15 and 16 refer to the circnit of the secondary resistance starter shown
below. e

T S

F1

AL =z

L

KAl KM
Stop. E-.? . P%
Triple pole 4
short cireuiting: |
Start £~4 KMl
SRy P
edl f ol Tl = KAl KR EMIN M2
| T
[ ! —
b mo NN RMI e
LT ] LY =
Power cireuit Control circuit
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e

14.

16.

a2
o 3
O 4
0 s.

How many steps are there in thepower circuit starting sequerice in this starter?
(tick the correct box)

Using a sequence of events approach, the second. coil which energises is: (tick the
coriect box)

£ KMl
0 KMI1]
[0 KMi2
[ KAl

Using a sequence of events approach, what will happen in the control circuit if the
KM]1 contact in parallel with the start button fails to close? (tick the correct box)

no effect on control circuit

coils KM11 and KM12 cannot operate

coil KA1 will drop out when the start button is released

coil KA1 de-energises, coils KM1, KM11 and KM12 remain energised.

aono
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Notes
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Section 7: Braking and rotation reversal of three-phase

induction motors

SUGGESTED PREAMBLE
DURATION
4 hours Identify the fedtures of the various motor braking methods and
comnect motor braking circuits.

This section covers part of the leaming outcome 4 of the National Module Descriptor.

Ob_ject_ives

At the end of this section successful students will be able to:

{

D

list the types. of braking used for three-phase AC induction motors

describe the operating principle of the braking methods used for three-phase.
AC induction motors

list the advantages and disadvantages of the braking methods used
deseribe the principles of reversal of rotation of three-phase induction motors

connect a circuit with a braking feature to operate a three-phase motor.
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Braking and reversal of rotation of induction motors

Braking

To stop, retard or brake the rotation of the rotor of an induction motor requires an
alteration in the relationship between the rotor direction of rotation and the rotating
magnetic field that causes motor action, and the removal of the stored kinetic energy
that exists in the mass of the rotor and load.

This can be achieved by turning off the supply which removes the rotating magnetic
field, allowing the motor 16 gradually slow until it stops, or by-applying one of the
followmg brakm0 methods.

Plug braking

Plugging is achieved by reversing the direction of the stator rotating magnetic field
(RMF) by disconnecting the supply and swapping any two phases of the supply, then
reconnecting the supply to the motor-.

A speed:sensitive switch is used to detect zero speed which disconnects the.supply when
the rotor comes to rest. This eliminates rotor direction reversal.

Line current may become excessive during plugging and can be reduced by
incorporating resistors.in the plug control circuit.

Advantages and disadvantages of plug braking

Plug braking has the following advantages:
* high braking force maintained down to zero speed

= lowcost
»  simple cireuit to implement
» rteliable

» fast in operation
» no mechanical wear.

Plug braking has the following disadvantages:

*  zero speed switching is-difficult to.achieve, so other forms of braking are often
required to completely stop the motor

+ the motor and the motor/ioad coupling need to be of a robust nature

* external mechanical brakes are required to prevent creeping

> excessive current unless braking resistance is used.

- e iy
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The typical circutt for plug braking is shown in the diagram.

CB TOL F
3 phase ' r |
su&l \/lﬁ . "
E}P Y (}C _ in| ‘J/E
Control T
circuit oo i
fnse 7
; ’ N
TOL EEL Start _
X e T § %I} " Control
LF:RI 31_{ relay
FR2 ]R\c P
e s ‘_i Forward
; 7 contactor
CR2 - [ . '
s — o {E Reverse
|——C/R%—-l Zero-speed switch, contaf:.tor
F2 : o] Plugging
T A Ik | “eontrol relay
Student exercise |
Using the above diagram explain the operation of the following circuit components.
* plugging control relay
s zero speed switch
L R
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Dynamic braking

Dynamic braking is achieved by disconnecting the AC supply to the motor stator and

connecting a DC supply.

A typical ctreuit with dynamic braking is shown in the diagram.

CB

TOL
L

Line contactar

L

Student exercise 2

Timet:

Using the above diagram explain the operation of the following circuit components:

Braking contactor:

Advantages and disadvantages of dynamic braking

Dyuamic braking has the following advantages:
*  braking effort is controlled by the magnifude of the DC current injected into the

stator

*  brakingof the motor is fully achieved by DC injection
»  circuitis simiple in design

»  costislow

*  motor does not reverse after stopping.

=
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Dynarmic braking has the following disadvantages:

* two types of voltage sources are required for the same circuit

*  external mechanical brakes are required to fully stop the motor-and prevent creeping

e the DC supply should be disconnected 16 reduce excessive stator heating, when the
motor is fulty stopped.

Regenerative braking
Regenerative braking is.a means of reducing the speed of a motor by returning energy to
the supply and thus loading the motor,

Advantages and disadvantages of regenerative braking
Regenerative braking has the following advantages

*  no extra control circuit is required

* energy is returned to the source ie. energy recovery ‘system.
*  can be used to conirol over speed.

Regenerative braking has the following disadvantage
* it cannot be used to stop a motor.

Eddy current braking
Eddy.current brakes have electromagnets, supplied by direct current that are mourited on
the motor shaft, with a stationary metal drum mounted around the eléctromagriets.

When DC is supplied to the electr-oma_gnets,- eddy currents are induced into the
stationary drum which will produce a retarding torque on the rotating electromagnet,
causing braking to occur.

Brake control is through the DC supply and can be increased or decreased with the use
of a potentiometer.. If the DC is increased, the braking effort is increased.

Advantages and disadvantages of eddy current braking
Eddy current braking has the following advantages:

* no mechanical wear '

*  good control over braking effort

Eddy current brﬁak’in_g_ has the following disadvantage
= high initial cost of braking unit
* external mechanical brakes are required to prevent creeping.

Mechanical braking

To decrease and contro! the time required to bring the rotor to a stationary condition. a
mechanical brake may be used t quickly dissipate the kinetic energy as heat through
friction in the brake pads or linings.

- Advantages and disadvantages of mechanical braking
Mechanical braking has the following advantages
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* it can provide fail-safe operation ie. the brake is released when the motor is.
switched on and is automatically applied when the motor is switched off or loses’
power

s low-cost

< controls notcomplex

»  can slow.down motors

* can stop motors and prevent creeping.

Mechanical braking has the following disadvantages
» high level of maintenance required
*  on-going expense of brake Iinings.

Reversal of direction of three-phase motors

To reverse the direction of rotation of a three-phase motor the direction of rotation of
the totating magnetic field is reversed. ‘This is achieved by changing the phase sequence
to the stator windings by interchanging any two of the three supply lines. Contactors
are normally used to provide automatic reversal.
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SkiHl practice SP9: AC motor braking

Task
To measure the braking time of plug braking and dynamic braking circuifs.

Equipment
s three-phase 50 Hz power supply
" three-phase squirrel cage induction motor
= inertia load
@  contactors - 2 off
% relays- 2 off
B stop/start push button station
@  thermal overload
= zero-speed switch
@ dynamic braking unit {DC supply)
B braking resistors - 3 off
L timer
®  stop watch
m ammeter - analogue type
e connection leads.
Procedure
l. Conneet the circuit as shown i the diagram below.
-L_in_e_ s
.C B | ]"_[_:1)[. co‘n_}t:lctor
" | =7
| :
°T & /§C
]
_ L'J .l
TOL Slop Start [1%1 T
E Line 'cm[ﬂlact'or- ’
K1

Nore:  The motor should be connected to the load at this stage.

)

Do not proceed until your teacher has checked your work.

5. Start the motor and allow it to reach its normal operating speed.
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4. Stop the motor, measure the time from when you push the stop button until when
the motor comes to a standstill. Record values'in the table of results.
TABLE OF RESULTS: BRAKING TIME

Braking method used

Starting
Current

Breaking
time

Breaking
current

No braking

 Plug braking,

Plug braking with resistors

Dynamic braking minium current

! Dynamic braking maximum current
i

3. Connect the plug braking circuit {(without resistors) as shown in the diagram

below.
CB TOL F
. . i _ :
O rad /5
3 ;gxase .v/]/c e [ ;
l ,\/I_/c— : u/rc
supply y M
R _A)& : | \,/I[{,c
Control W/EO"
gircuit [] —
fuse |
_ e N
TOL Stop Start
$he - ‘}:;J\c o Tc p H Cm_flt_r_ai
{ FRI gi,l_J relay
FR2 R4 1 i
> .I\c F F-arw.aw.;d .
4 . contactor
E‘E_ ]\G ; Reverse
CR3 ' I contactor
Zero speed switch .
I F2. | ‘_' Plugging
B o control
relay

6. Do not proceed untit your teacher has checked your work.

7. Start the motor, measure and recerd the starting current. Allow the motor to-reach:
its normat operating speed.

8.  Stop the motor, measure and record the breaking current and the time from when
you pushed the stop button until when the motor comes to a standstill. Record
values in'the table of results.

9. Do not proceed until your teacher has checked your work.,
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10.  Modify your plug fbraking power citcuit by inserting the braking resistors as

P shown in the diagram below.
CB TOL.
s L
3 phase /]/(F
O K :
supply )!/0 M
Contro
circuit
fuse

Note: The teacher will advise you on the actual size of the resistors to use.
11. Do not proceed until your teacher has checked your work.

Ry 12. Start the motor, measure and record the starting current and. allow it 1o reach full
speed.

13.  Stop the motor and note and record the peak braking current and the stopping time
in the table of results,

14. Connect the dynamic braking circuit as shown in the diagram below,
‘Line contactor
TOL I

CB

4 e p—

™ 1(0 ] B
15. Donot proceed until your teacher has checked your work.
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16.

17

18.

19

20.

21

22

23.

Set the dynamic braking unit to the minimum current setting.

Start the motor, measure and record the starting current and allow the motor to

reach full speed.

Stop the motor, mieasure and record the peak braking current and braking time and

record the values in the table of results.

Adjust the dynamic braking unit to the maximum current setting.

Start the motor again, measure and record the starting current and allow it to reach

full speed.

Stop the motor, measure and record the peak br‘aking current and braking time and
record the values in the table of results.

Do notproceed until your teacher has checked your results.

Complete the skill practice by completing the following observations and.
calculations,

(a) From the table of results calculate the percentage decrease in braking time

for each braking method: Record your answer in the table below.

% reduction = i‘l_;_fflx 100 .
1 |

Where't, = time fo stop with no braking

‘Wheret, = braking time in seconds.
Braking method % reduiction
Plug braking

Plug braking with resistors

Dynamic braking minfum current T

Dynamic-braking maximuni current

From the results in the above table -which braking method brings the motor
to zero speed in the shortest time?

(b)  When plug braking, what is thepurpose of using the resistors?

e
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(c)
©

AT

‘When plug braking, the initial braking current measured is higher than the

full load current. Calculate the % of braking current to full load current:

without plug braking resistors, A aping 00

Lo !

with plug braking resistors, { braking 100 _

IF /L 1

Briefly explain why the plug braking current is greater than the starting
current,

When dynamic braking, what is the effect on the stopping time of
iereasing the DC current.
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Review questions
These questions will help you revise what you have learnt in.Séction 7.

1. List the methods used in braking a three-phase induction motor.

2. 'Why are resistors often incorporated into the power circuit:when plug braking is
employed?

‘When a three-phase induction motor i3 being braked using dynamic braking_,- ‘what
‘type of voltage is applied to the stator windings?

[¥5)

4. Listtwo advantages and two disadvantages of the following types of braking.

(a)  Plug braking

Advantages: (1) (2)

Disadvantages: (1) )

(b}  Dynamic braking’
Advantages: (1) &)

Disadvantages: (1) - (2)
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AT

(¢)  Regenerative braking

Advantages: (1) {2)
Disadvantages: (1) (%)
(d)  Mechanical braking

Advantages: (1) 2)
Disadvantages: (1) 2)

5. What is fail-safe braking?

~ 6. How is creeping prevented or limited?
ping p

7. Describe how the direction of rotation of a three-phase induction motor is

reversed.

8. A speed sensitive swiich is-used in plug braking circuits to: (fick the correct box)

relay information to the operator

indicate the speed of the rotor

operate controls to disconnect the fotor supply
detect when the motor is at zero speed.

RN
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10.

11.

12.

000

The initial braking current in plug braking is approximately equal to: (tick the
correct box)

03
{]
U
£

DOL starting current

full load current.

twice full load current

more than DOL starti'n_'_g- clirrent.

The method of braking that returns power to the mains supply is known as: (fick
the correct box)

] dynamic hraking

O regenerative braking

0 plug braking

O electro-mechanical braking.

Fail-safe braking is where: ffick the correct box)

0 an operator is present.at all times while the machine is used

[J  anmautomatic mechanical braking function occurs to protect against loss of
supply

0 two switches must be closed in uaison to prevent inadvertent braking

L] the brake is energised when the power is on.

To reverse the rotation of a three-phase induction motor: (tick the correct box)

swap all the supply lines to the motor
reverse one winding in the stator

reverse two windings in the stator

swap two of the supply lines to the motor.

A '-diszid.vantage of dynamic-'ﬁbra'king_' is: (tick the correct box)

O it may only be used with an overhauling load
] brakmg of the motor is uncontrollabie

L] two types of voltage supply-are required

[l itis expensive to-install on large motots.
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To answer Questions 14, 15 and 16 refer fo the following circuit of a reversing motor
power and control circuit.

P TS
a8

L]

N \_\?\:E; o s ¢l7

Reverse
start

Forward ¢. {
start :

L2 Gt/ 5
F2 KM
L3

4. What phases/lines are being swapped in the motor supply: (tick the correct box)

3  LléandL2
[} LlandLj

0 L2andL3

[0 LI, L2and L3,

I5. The triangle symbol between contacts KM and KM2 in the power circuit
represents: (tick the correct box)

a mechanical interlock
an electric interlock
‘a pneumatic interlock
a flexible coupling,

Do

6. Using a sequence of events approach, if coil KM1 is enetgised, what happens in
the control circuit if the reverse start push button is operated: (tick the correct box)

coil KM2 energises

coil KM de-énergises

no effect on control circuit

coil KM de-energises and coil K2 energises.

WENEEE
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Section 8:

.

Three-phase induction motor operation - load
conditions

SUGGESTED PREAMBLE
DURATION
4 hours To understand the behaviour of three-phase induction motors

under load and to identify speed control methods for three-
phase AC motors from their circuit arrangements and connect a
controller to a motor and confirm that it operates as iniended.

Descriptor.

This section covers part of the learning outcomes'3 and 4 of the National Module

Objectives

At the end of this section successfiil students will be able to:

[ describe the behaviour of a three-phase induction motor under load, based on
the speed-torque characteristics. of the motor and the load

3 list the commeon types of speed control methods used on three-phase induction

motors

(0 describe the operating principles of pole chariging, variable voltage/variable
frequency drives and secondary resistance speed control

3 list common applications for each speed control method

[J ‘connect and run a speed controller with a motor.

T
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Speed control of three-phase induction motors

The actual speed of an induction moter is.the difference between the synchronous speed
-and the slip speed.

Speed control can be effected by:

8 varying the synchronous speed
. varying the supply frequency

» varying the:slip speed.

Actual speed = synchronous speed - slip sp"eed
Hence

Actaal speed = 80 . slip speed rpm
From the equation it can be determined that:
° dctual speed is approximately proportional to supply frequency "
* actual speed is approximately inversely proportional to the number of magnetic
poles
» actual speed decreases as slip speed increases.

Pole changing

This technique adopts the approach of varying the syrichtonous speed to change the

actual speed. Two methods are generally used, these are:

= two Separate stator windings providing the mechanism for producing a different
number of poles '

> one winding that can be connected fo produce a consequent pole effect. Consequent
poles are preduced by changing current direction‘in haif of the pole coils. This
changes-all of the main poles to the same polarity and artificial poles are formed
between the main-poles. Therefore the rotor speed will be approximately halved.

In addition to the general connections arrangement for both methods the windings can

be tapped. With appropriate control mechanisms three characteristics for the various o~
speeds.can be achieved, these are: :
*  constant torque.

*  constant power

= variable torgue.

Variable frequency

This technique adopts the approach of varying the frequency applied to the motor to
vary the actual speed. To maintainthe electrical condition a change in supply voltage
also is required to compensate for the change in the stator winding impedance which
results fromy frequency change:. '

Motors operated at low rotor speed often require separate force draught cooling due to
loss-of normal cooling.

s
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VF drive circuit configurations |
s Three common configurations are used for obtaining the variable voltage, variable
frequency supply fo the motor.

«  Controlled rectifier/inverter

Fixed

frequency

supply L
Ll o] ;/YY‘\__T_

S| Controlled DPC  Filer A
120 Rectifier link €— Inverter
L3y o——— ; b
PAMeontrol

- controlled rectifier provides voltage control (variable voltage)
- inverter provides frequency control (variable frequency)

»  Rectifier/inverter

Fixed
frequency
supply L
Ll o . RIS AN
BEC  Filter I
L2:C Rectifier link & L Inverter
L3O = :

PWAM conitrol

- rectifier provides DC
- Inverter provides voltage and fiequency control

«  Rectifier/chopper/inverter

Fixed

frequéncy

supply _ L

; + : ;
Elmpn wmn | Ny
i DC - Filter i g :

120 Rectificr: link LChopper C T Invertér fee——d .
L3-0—— - o

PAM control

- rectifter provides DC supply to chopper
- chopper (DC to DC’converter) provides voltage control
= inverter provides frequency’ control
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Waveforms:

The output voltage waveform from the inverter.can be either pulse amplitude
modulation (PAM) or pulse width modulation (PWM) control.

PAM conirol

v

l“"‘"‘l- Const,

Variable

Advantages

*  Good speed holding with varying loads < 0.5% without feedback

> good starting and running torque
*  Jow harmonics

> switching on the output-available eg. for parallel motors

*  quiet motor running
» able to control the cutrent limit

Dz’sadvanrage's

*  more expensive unit.- complex power circuit

» less than mains voltage at 50 Hz.
PWM control

—oe |..,_ Via_riablc

Const.-

PWM symmertrical wave
Advantages
»  simple power circuitry

= cheaper to manufacture

Disadvantages

—pe- - Variable

Const.

PWM sine-coded wave

¢ Less than mains voltage on output at 50 Hz unless 3rd harmonic is introduced.

*  High motor magnetising noise
* Unable to switch on the output

*  Motor must be derated because of output wave shape

*  Poor starting torque
*  Must have controlled acceleration.

126
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Applications of VF drives

+  Textile industry - winder spinning machines and knitting machines.

»  Machine tools - milling machines; grinders, drilling machines and lathes

*  Food industry - packaging machines, packing machines, conveyors and mixers
*  Glass industry - drawing, blowers and grinders

»  Woodworking machines - routers and sawing machines

«  Metal WOrkihg_ industry - table rollers, slitters and winding machines

= Chemical industry - pumps, fans and film winders

o Transport - conveyor, trucks and travelling hoists.

Motor slip control - varying rotor impedance

This techrique adopts the approach of varying the siip speed. This can only be achieved
with siip ring induction motors where the rotor connections are accessible. The
different types are shown below.

?ar_iaBI:
resistors
Rotor
Tesistance e
‘control-
Chopper control
Slip ring induction -chonc_l_ary
motor speed : reactor
control methods control
_Rotating
machine methed
Slip recovery system
(Kraemer system) [
Electronic
method

Note:  Only the variable resistor type will be-covered in this module.

Variable resistor control

The resistors used to control the speed of a slip ring induction motor are normally the
same resistors used to limit starting current and torque; provided the resistors are rated
for constant use. '

By adding resistance into the rotor circuit the speed will decrease and by removing
resistance the speed will increase,

This method of speed control is inefficient and provides poor speed regulation but'is
effective.
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Student exercise

The power circuit for a slip ring motor with rotor resistance added is shown. Inthe.
grid provided sketch the control circuit diagram which will provide for motor starting
and speed confrol using the same rotor resistance.

CB

‘Rotor circuit
Tesistors
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Skill practice SP10: Squirrel cage induction motor speed control

Task
To examine the relationship of speed and frequency and li'ne_.volta_ge.'_and'freq_uenc_y'
when using variable frequency drives on no load and load conditions.

Equipment

«  three-phase 50 Hz power supply

» three-phase squirrel cage induction motor

» suitable load with attached torque meter

+  variable frequency drive to suit motor and supply
= yoltmeter

» stop watch

*  tachometer

« ammeter, clip~on type

*  connection leads.

Procedure. |
1. Connect the circuit as shown the diagtam below.

Torque
L1 meter
o
y 3 C :
Three” 'L_' VE
phage o, Drive =
supply ;
L3 /
Motor under Bead
O test

2. DQ" not proceed until your teacher has checked your work.

fad

Operate the variable frequency drive to obtain the following.
* Minimumspeed: _______ rpm.

¢ Maximum speed: . ___rpm.

*  Acceleration: o seconds.
Deceleration: - seconds.
*  Voltageboost:  ____ ___ vols,

4. Without the load connected run the motor at a frequency of 5 Hz. Measure and
record the motor speed and motor line voltage in the table below.

i

Repeat Step 4 using increasing values of frequency as shown in the table below.

6. For each step calculate the ratio of miotor line voltage to frequency-and record the
values in the table below.
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TABLE OF RESULTS

_ Speed of Motor line Ve ofrage to
Frequency motor voltage Jrequency
Hz rpm Volts ratio

§
10
15

20

7. Connect the load.

8. Tum on the motor and adjust the frequency and load until the motoris operating at
itsrated speed (  rpm)and a given value of Joad torque
( Nm).

9. For each value of frequency shown in the table above measure and record the motor
speed and line volts.

10. For each step calculate the ratio of motor line voltage to frequency and record in the
table-above.
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1. On the grid plot the separate curves of speed and voltage against frequency for no
load and load conditions.

Spetéd (rpm)
Voltage (volts)

Frequency (Hz)
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12. Finalise the skill practice by making the following observations.

(@) From the graph determine the difference in motor speed for the no Joad and
toad conditions for the following frequencies.

-
Frequency

Hz

Speed difference.
rpin

10

20

30

40

50

60

Explain the reason for any differences.

(b) Explain why there is a change in voltage for each corresponding charige in

frequency.

(¢) Explain why the voltage to frequency ratio is higher above 50 Hz than it is

below 50 Hz.
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Review questions

These:questions will help you revise what you have learnt in Section 8.

L

List'two ways to change the speed of a squirtel cage induction motor.

What are consequent poles, and how are they created?

Name two types of electronic speed control methods which are available to control
three-phase induction motors by changing the frequency.

How may the speed of a slip-ring induction motor be controlled?

List two applications where speed control is required.

List two advantages and two disadvantages of VF drive.

Advantages Disadvantage
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7. List two types of mechanical speed controllers used to control three-phase induction
mOotors.

10.

Using the consequent pole method of speed control; the speed may be varied to
give: (tick the correct box)

aoog

two speéeds for a single wound motor

four speeds for a single wound motor:

infinitely variable speeds

gives a constant torque for any speed of the motor.

Speed control of induction motors by pole changing can be applied to:

OOoOOo0g

(tick the correct box)

three-phase slip ring motots‘only
single phase squirrel cage motors only
three-phase squirrel cage motors only
both three and single phase motors.

When using variable frequency electronic speed control, the voltage is:
(tick the correct box)

[EENg NN

mereased with frequency increase for all speeds

increased with the frequency increase for speeds up to rated speed -

inversely varied as the frequency for all speeds
inversely varied as the frequency for speeds tp to rated speed.

T
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I1. If'three-phase induction motor uses‘a variable frequency drive and usually runs at
slow speeds, an additional precaution needed would be: (tick the correct box)

(1
4
tJ
]

separate force draught cooling

undervoltage protection reduced to half

by-passing the phase failure protection

a second set of thermal overloads connected in series.

12. If additional resistance is placed in series with the rotor resistance of a wound rotor
induction motor, the motor will: (tick the correct box)

speed up to a higher speed
slow down

draw more line current

have higher torque at a speed.

Faniitan

oogad

13. The control of voltage in a variable frequency drive can be achieved by a:
(tick the correct box)

rectifier cireuit.
-auto-transformer
series. inductor
chopper.

coog

14. If the supply voltage from the variable frequency drive supplying a three-phase
induction motor is not reduced at lower frequencies the result would be:
(tick the correct box)
adecrease in spéed
air gap flux will be reduced
motor overheating
a increase in speed.

O0Od
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Section 9: Protection of three-phase induction motors

SUGGESTED PREAMBLE
DURATION
6 hours To introduce the need for three-phase motor protection. To

describe protective devices and the types of fault conditions that
can develop in motor control circuits.

This section covers part of the learning outcome 2 of the National Module Descriptor.

Objectives

At the end of this section successful students will be able to:

0

S 0

o o 0O o

i

state the reasons why motor protection is required

describe the types of motor overload protection

describe.the operating principle of thermal and magnetic motor protection
devices '

describe the electrical features of motor protection fuses
describe the effects of under voltage and over voltage on motor ¢ircuits
state the effects of repetitive starting and /or reversing on motors

state the special requirements for motor protection, in‘.'high humidity or moist
environments, high temperature areas and corrosive atmospheres

select a suitable protective device for a given motor and starter combination.
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Protection

Mator protection is required to prevent motor windings becoming permanently stressed
or damaged (burnt out). Damage is caused by adverse eléctrical or mechanical
conditions and breakdown occurs.

Motor breakdown is typically due 16 electrical loadihg or mechanical damage as shown

below:.

Motor
breakdown

1 Overload
Electrical Insulation
Ioaéling breakdown
Animals
— Sinple phasing
Corrgsion
| Bearing failure
| Oil and grease
Mg;;z;:m Contamination |

Chemical

Drive failure

L Dust

Block diagram showing yypical causes for electric motor breakdown

[rrespective of the cause of motor breakdown the effect is often a tise in the motor.
temperature due to an increase in motor current.

Excessive rise in motor phase current is due to ot or more of the following:
« mechanical load is greater than its designed capacity

« rotor shaft becomes locked |
= part loss of supply phase voltage (single: phasing)

* reduction.in supply phase voltages
* unbalanced supply phase voltages

»  winding insulation breakdown
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Protection devices
Protection devices installed in the electrical circuit must be-capable of discriminating
between normal operating conditions and conditions which may cause damage.

Protection devices are designed to either monitor short duration high current overload
conditions or short circuits or long duration medium to low current overload conditions.
Thermal and magnetic overloads, fuses and circuit breakes are used alone or in
combinations to provide effective protection.

Thermal overload

There are two common types of over temperature devices which both detect temperature

change.

+  devices that detect excessive line eurrent directly control contacts and use bi-metal
strips connected in the motor control eircuit.

< devices that directly detect winding temperature using PTC thermistors that are
physically located in the motor winding.

Inverse time characteristics of overloads
Overload devices have a design feature that reduces the operating time when there is an
increase in overload conditions.

The graph below illustrates a typical inverse time chardcteristic for a thermal overload
device. Protection is provided against sustained overloads but the inhérent:
characteristic prevenis tripping on normal starting currents or harmless momentary
overloads.

Tz
Hours
l}---l---
59
Minutes 10
e
59
Seconds
o 1K ///y/
St S
& .
a2
-
P L3

2 3 4 8 10
Multiple of full
load cuirent sefting
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Applications for each fype of overload

»  bi-metal type for standard overload and stalled rotor conditions _ o,

+  thermistor type for varying overloading conditions whilst operating, including
varying ambient temperature, defective motor cooling and standard overload.

Setting and re-setting of overloads
*  Only in-line overloads may be set:
+  Correct settings must be made to specifications, otherwise:

motor may nuisance trip due to low setting

ar

motor may burn out due to high setting. “This reason s very important for

modern motors because as:their design efficiency has increased, so'has their

operating temperature.
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Student exercise 1

From the inverse time characteristic determine: _
(a) the minimum and maximum times taken for the overload device to trip if the
motor current increased to a constant value of twice its rated full load value,

Answer:

(b) the percentage ovetload that would cause the overload to-operate in 10 seconds.

Answer:

1

e

59

Minutes. 10|}

Tripping time

o

2 3 4 6 1
Multiple.of full
load current setting
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Magnetic overloads:

Magnetic overloads detect an increase in the magnetic field surrounding the motor
supply conductors. These devices provide a quicker response time to high magnitudes
of overload in current than thermal devices. They feature instantarneous trip
characteristics. "Well designed overloads normally have thermal and -magpetic. featutes.

Fuses and circuit breakers

In addition to providing protection for motors against excessive current overloads, fuses
and circuit breakers also protect the ‘motor and the control circuit equipment and wiring
from damage due to short circuits.

In most cases fuses are of the high rupturing capacity (HR_C)_ type and circuit breakers
are the combination type.

HRC fuses on motors have the special characteristic that provides for normal operation
during starting.

Other control and protection features

Isolation
The cireuit between the motor supply and its associated control circuit must be capable
of being isolated against electrical and machine operating hazards.

Isolation can be through a switch or a control device, In each-case it must comply with
AS 3000 requirements.

Undervoltage and overvoltage

Effects of undervoltage on control and motor circuits are:

= relaysiand contactors do not operate correctly

= sensing devices do not respond as required

¢ increased heating of motor because of increased current

Control features can be introduced to protect against these adverse effects.

Effects of overvoltage on control and motor circuits are:

+ increased power consumption in control circuit

*  sensing and controlling devices operating incorrectly

»  increased motor heating due to increased iron losses.

Control features can be introduced to protect against thése adverse effects.

Problems associated with repetitive starting and repefitive reversing

+  increased heating of protective devices

* increage heating of the motor

* motor placed under extra stress

* control contacts, both power and auxiliary, have increased operations, thus lowering
the life span

* coupling between motor and load is subjected to increased stress

Control features can be introduced to protect against these adverse effects.
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Motor protection for equipment located in high humidity environments

Rules apply for the location of motor protection equipment located in high humidity
environments. A knowledge of the rules is important for installation and design work.

Motor protection for motors located in corrosive atmospheres

There are two corrosive atmosphere areas, hon-hazardous and hazardous.

If classed as a non-hazardous area, refer to the previous section on damp situation:
If classed asa hazardous area, refer to AS 3000,

Fault finding in three-phase motor installations

An electric motor may not operate due to a fault within the motor or a fault in the cireuit
supplying the motor. A fault in the load the motor is intended to drive, can also affect
motor performance. Remember, a motor is a device that converts electrical energy to
mechanical energy and therefore a mechanical fault will be reflected in the electrical
circuit,

The general areas where faults in motors (and motor circuits) occur are:

= the supply {and controls) to the motor
*  within the motor itself and
= in the foad being driven by the motor.

Fault finding is a problem solving exercise and like all problems it must be cleaf what
the problem is, if it is to be solved efficiently. The possible causes need to be
investigated and appropriate action taken to eliminate the problem.

Following are typical problems encountered with three-phase motors, the possible
causes of the problem and the action that should be taken in each case.
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Motor circuit faults

Problem: Motor will not run, no noise from the motor.

Possible causes

(a) Nosupply to the motor due to ¢cireuit
protection device operation (ie. fuse
blown or gircuit breaker tripped).

B.lown fuse Starter
A I gommmams
 — v i N
ST\ Shen |
; j circuit 3
[— s I o
| | . -
A
S | L
Tests. - T
1103 =0V
lto 8 - 3
355 F THAY

All terminals to earth=240V

(b) ‘No supply to motor due to overload
tripped.

Action

*+ Place all motor control devices.in the
off position before resetting the circuit
breaker or replacing the fuse. In the
case _of a fuse, test across adjacent fuse
holder terminals to check that the wiring
to the motor control device has not shoit
circuited. Remember never replace.
fuses on a short cireuit,

In the case of 4 circuit breakeér the same
problem will be indicated if the breaker
trips immediately it is reset. Both these
cases indicate a short circuit in the
wiring,.

= Once the circuit protection device has
been restored to normal, switch the
motor on, [f the circuit protection
device operates further investigation is
nécessary,

Testing at the supply side of the starter
couild also reveal a short circuit in the
wiring as shown in the diagram,

«  Switch off the control devices for the
motor.

o Reset the. motor overload or allow the
motor to cool..

*  Switch on the motor. [t may take some
time for the motor overioad to react to
an overioad condition so it is important:
to ¢héck the current of the motor
althotigh it may appear to run.correctly.

»  Usea tong (ctip-on) ammeter to
measure the curreat-in each ling and
compare this to the current rating shown
on the nameplate. The current shonld be
balanced in edch line.

= Ifthe current is too high or the overload

trips out; further investigation is
necessary.
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{c} Control circuit open:

1. =  Check all control circuit stop
buttons, overloads and stop devices
to ensure they are in the closed
(run) position. ifoverload is
tripped refer to (b).

= Ifastop button is off, investigate
further to make sure no person has
attempted to isolate the motor
without properly tagging the point
of isolation. The location of some.
stop devices may not be
immediately obvious. In these
¢ases consult the [ocation diagram
for the equipment if this s
available. Alternatively the person
responsible for-operating the
equipment can often help with this
information.

2.+ If the stop devices are in the correct
position, isolate the-circuit,

»  Test the continuity across each
control device in the norimal and
actuated position.

Position | &
fun 1T e
siop w

{actuated)

Stop device, pushbutton or overload

Position i 0

Tun O¢actuated)
stop =
{actuated).

T

Start device, pushbution or hold in contact

Note: It may be necessary to disconnect one
side of the pushbotton for these tests,
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Position | £

240V -413V LIK-Q to SKQ2
C 24V

00Q to 1KO

-

L

Contactor operating coil

If the test results are not those shown ot
the diagrams then the control device
will need replacing,.

After replacement restore the supplies
and test circuit-operation.
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Skill practice SP11: Thermal overload protection of induction motors

Task
To correctly seta thermal overload to trip if the motor current is exceeded by a given
percentage.

Equipment

three-phase 50 Hz power supply-

thrée-phase squirrel eage induction motor

suitable load with attached torque measuring device

DOL starter complete with a suitable thermal overload to maich motor
ammeter - ¢lip on type

connection leads

timing device.

Procedure
1. Connect the circuit as shown below.

: i Torque
L1 c/B Ul meter
e (AL :

e N
DOL
12 _ .

: /O Starter ___ _.O
L3 / :

. Motor under Foad

o—% G e

2. Set the thermal overload
#  From the motor nameplate determine and record the full 1oad current and full
load torque. (calculations may be requited)

lgn = A

TF."L - Nm

@ Set the DOL motor starter thermal overload to the value of full load current
determined above.

(9%

Do not proceed until your teacher has checked your work.

4, C-alc_L_l[at'e motor-overload setiings.
8 Using the value of the full load torque in step 2, calculate the torque produced
by the:motor for each of the overload conditions.

150% overload =T, x 1.5 xI1.5= __Nm
200% overload =T ¢ x2.0 ___ x20= ____Nm
250% overload =T x2.5 .. x25= __ _Nm
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5. Measure overload tripping time
Note:  Adjustments need to be made quickly.
= Start the motor and adjust the load to operate at overload setting as indicated by
the torque measuring device. Measure the line current and the time it takes for
the overload to trip. Record the results in the table below.

@ Repeat the test for 200% and 250% ovetload settings.

Note: Allow time between each test for the thermal overload to cool down.

TABLE OF RESULTS
Load % of Line curreni Time to.trip {Seconds)
/L (Amperes)
150%
200% -
250%

6. Do not proceed until your teacher has checked your work.

7. Complete the skill practice by completing the foliowir g observations and
calculations.

(a) The teacher will provide you with the thermal characteristics (inverse
time/current graph) of the thermal overload used in your DOL starter. The
following questions will refer to the inverse time/current graph provided.

(b) For the line current recorded at 150%:overtoad, what are the minimum and
maximum tripping times allowed as shown by the characteristic?

Minimum time:

Maximum time:

Did the tripping time you recorded fall into this range? Circle: Yes or No

{c) For the line current recorded at 200% overload, what are the minimiumn and
maximum tripping times allowed as shown by the characteristic?

Minimum time:

Maximum time:.

Did the tripping time you recorded fall into this range? Circle: Yes ot No
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{d) For the line current recorded at 250% overload, what are the minimum and.
maximum tripping times allowed as shown by the characteristic?

Minimutn time:

Maximum time:
Did the tripping time you recorded fall into this range?  Circle: Yes or No

(e) From the comparisons made above, did the thermal overload under test perform
as shown in the characteristic provided. Circle: Yes or Nag

() IH-your answer was "No' in the last question, describe what corrective action
‘should be taken.

(g) ‘Explain what is meant by the term “inverse time characteristic'.

(h) Describe what would happen if the thermal overload:setting was adjusted to
low.

(i) Describe what would happen if the thermal overload setting was adjusted to
high.
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Review questions
These questions will help you revise vhat you have learnt in Section 9.

1. Name the three types of overload conditions that may occur within a metor circuit.

2. What operational circumstances create a short duration overload?

{U8)

Name the two types of locked rotor overloads which may occur during operation
of a three-phase induction motor. '

4.  List common types of thermal overload relays.

5. Where are in-line thermal overloads connected in the motor circuit?

6. What are three advantages of HRC fuses?
a
L
5
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7. Using AS 3000 summarise the definition of a fuse.

8.  Name the three types of magnetic overload relays.

9. Name applications where each type listed in question 8 may be used..

10. Describe the effect on the control circuit and the motor if the supply voltage is low.

11. Describe the function of a No-volt ¢oil.
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12.

L5

16.

Deseribe the effects on the confrol circuit and the motor if the supply voltage is
high.

List three problems associated with repetitive starting.

What protection is required for the motor and its associated controls if they are
located in high humidity areas?

Thermistor protection is used to: (tick the correct box)

Ll detect and ifidicate abnormal motor temperature

[3 detect and indicate abnormal circuit temperature

{1 detect abnormal motor temperature and disconnect the motor
E]- detect excess motor currerit and operate the control circuit,

In regard to thermal overloads: (tick the correct box)

all thermal overloads may have their current setting altered

only motor circuit located overloads may have their current setting altered
only in-tine overloads can have their current setting altered
overloads-cannot have their current-setting. altered.

LoOoag
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17.

18.

19.

20.

21.

The inverse time characteristic of thermal overloads means that the overload will
react: (tick the correct box)

)
El
£
£

faster to a larger overload current than to a small overload current
to any-overload current regardless of the currents value

slower to a larger overload current than to a small overioad current
faster to a smaller overload current than to a larger overload current.

Electronic type-thermal protection units operate in conjunction with a:
(tick the correct box)

[0 NTC thermistor
3 ZTC thermistor

1 PTC thermistor

{3 abi-metal strip.

Indicate the correet statement: (tick the correct box)

all overloads are accidental

thermal overloads control short circuits
some overloads are intentienal

locked rotor current is short circuit current.

0000

In-line thermal overload heaters are connected: (tick the correct box)

in two-of the motor supply lines

in series with the motor windings

in series with the motor controt circuit
in the control circuit.

aood

The relationship between operating time and current of a thermal protection device
is known as the: (tick the correct box)

time to current ratio

inverse time chardcteristic
proportienal time characteristic
“tripping time.

oooo
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22

24,

23.

26.

ooog

The setting on a thérmal overload is adjusted to: (tick the correct box)

[ the full load current of the riotor

] 150% of the motor full Joad current

[Jd 200% of the motor full load current

(1 anywhere within the adjustment range,

If the setting on a thermal overload is set to the maximum possible adjustment, the
overload will: (fick the correct box)

operate correctly

not provide effective protection

only protect on low currents e,
protect for short cireuits as well.

OnopQ

A three-phase induction motor is started DOL and locks: up at start. The expected
protection opetation would be: (fick the correct box)

rapid tripping of the motor overload protection
instantaneous tripping of the short circuit protection
instantaneous tripping of the motor overload protection
slow tripping of the motor overload protection.

A -common cause of a motor overload is: (tick the correct box)

adjacent conductors touching

one conductor touching the motor frame
the motor load partially seized
operating in high ambient temperatures.

oono

The contact associated with 4 thermal overload 18: {tick the correct box)

U normally open and is connected in series with the control cireuit

£ normally closed and is connected in series with the control circuit

L1 normally open and in parallel with the motor contactor coil
D normally closed and in parallel with the stop button.
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27. Ifthe setting on a thermal overload is set to the minimum possible adjustment, the
overload will: {tick the correct box)

e
3
]
e

operate correctly

not provide effective protection

only protect on low currents _
‘atlow for longer starting periods on heavy load.

28. When properly maiched to a motor, a thermal overload will:
(tick the correct box)

close on rated full load current

reflect the thermal characteristics of the motor
operaté on 200% rated full load cirrent

allow for longer starting periods on heavy load.

O L) LB

29. A problem associated with repetitive starting is: (fick the correct box)

increased operator control for all applications
motor power factor is altered

controls have to be ventilated

control accessories have shorter life span.

ooog

30. Instantaneous magneticoverload relays must have their rated trip current: {tick the
correct box)

equal to. the starting current of the motor

slightly exceeding the starting current of the motor
slightly exceeding the full load current of the motor
equal to the full load current of the motor.

Dooo

3t. A magnetic-overload is: (tick the correct box)

too. insensitive to operate under its set current
complex to install

capital cost intensive to install

harmenic distortion sensitive to the supply lines.

0000
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32. The motor in the diagram has a full _
load currenit of 100 A. What setting Y B 6
of the O/L is required for correct . ? ? ?
protection? (tick the correct box) Q! 'Qf %,\? ‘e&}

oogoo
)
~
o

7793V/NE] 65 Three-Phase Induction Motors
Student: Workbaok
156 Novémber 1997




	G006Part1
	Part1_Page_01
	Part1_Page_01a
	Part1_Page_02
	Part1_Page_02a
	Part1_Page_03
	Part1_Page_03a
	Part1_Page_04
	Part1_Page_04a
	Part1_Page_05
	Part1_Page_05a
	Part1_Page_06
	Part1_Page_06a
	Part1_Page_07
	Part1_Page_07a
	Part1_Page_08
	Part1_Page_08a
	Part1_Page_09
	Part1_Page_09a
	Part1_Page_10
	Part1_Page_10a
	Part1_Page_11
	Part1_Page_11a
	Part1_Page_12
	Part1_Page_12a
	Part1_Page_13
	Part1_Page_13a
	Part1_Page_14
	Part1_Page_14a
	Part1_Page_15
	Part1_Page_15a
	Part1_Page_16
	Part1_Page_16a
	Part1_Page_17
	Part1_Page_17a
	Part1_Page_18
	Part1_Page_18a
	Part1_Page_19
	Part1_Page_19a
	Part1_Page_20
	Part1_Page_20a

	G006Part2
	Part 2_Page_01
	Part 2_Page_01a
	Part 2_Page_02
	Part 2_Page_02a
	Part 2_Page_03
	Part 2_Page_03a
	Part 2_Page_04
	Part 2_Page_04a
	Part 2_Page_05
	Part 2_Page_05a
	Part 2_Page_06
	Part 2_Page_06a
	Part 2_Page_07
	Part 2_Page_07a
	Part 2_Page_08
	Part 2_Page_08a
	Part 2_Page_09
	Part 2_Page_09a
	Part 2_Page_10
	Part 2_Page_10a
	Part 2_Page_11
	Part 2_Page_11a
	Part 2_Page_12
	Part 2_Page_12a
	Part 2_Page_13
	Part 2_Page_13a
	Part 2_Page_14
	Part 2_Page_14a
	Part 2_Page_15
	Part 2_Page_15a
	Part 2_Page_16
	Part 2_Page_16a
	Part 2_Page_17
	Part 2_Page_17a
	Part 2_Page_18
	Part 2_Page_18a
	Part 2_Page_19
	Part 2_Page_19a
	Part 2_Page_20
	Part 2_Page_20a
	Part 2_Page_21
	Part 2_Page_21a
	Part 2_Page_22
	Part 2_Page_22a
	Part 2_Page_23
	Part 2_Page_23a
	Part 2_Page_24
	Part 2_Page_24a
	Part 2_Page_25
	Part 2_Page_25a
	Part 2_Page_26
	Part 2_Page_26a
	Part 2_Page_27
	Part 2_Page_27a
	Part 2_Page_28
	Part 2_Page_28a
	Part 2_Page_29
	Part 2_Page_29a
	Part 2_Page_30
	Part 2_Page_30a
	Part 2_Page_31
	Part 2_Page_31a
	Part 2_Page_32
	Part 2_Page_32a
	Part 2_Page_33
	Part 2_Page_33a
	Part 2_Page_34
	Part 2_Page_34a
	Part 2_Page_35
	Part 2_Page_35a
	Part 2_Page_36
	Part 2_Page_36a
	Part 2_Page_37
	Part 2_Page_37a
	Part 2_Page_38
	Part 2_Page_38a
	Part 2_Page_39
	Part 2_Page_39a
	Part 2_Page_40
	Part 2_Page_40a
	Part 2_Page_41
	Part 2_Page_41a
	Part 2_Page_42
	Part 2_Page_42a
	Part 2_Page_43
	Part 2_Page_43a
	Part 2_Page_44
	Part 2_Page_44a
	Part 2_Page_45
	Part 2_Page_45a
	Part 2_Page_46
	Part 2_Page_46a
	Part 2_Page_47
	Part 2_Page_47a
	Part 2_Page_48
	Part 2_Page_48a
	Part 2_Page_49
	Part 2_Page_49a
	Part 2_Page_50
	Part 2_Page_50a
	Part 2_Page_51
	Part 2_Page_51a
	Part 2_Page_52
	Part 2_Page_52a
	Part 2_Page_53
	Part 2_Page_53a
	Part 2_Page_54
	Part 2_Page_54a
	Part 2_Page_55
	Part 2_Page_55a
	Part 2_Page_56
	Part 2_Page_56a
	Part 2_Page_57
	Part 2_Page_57a
	Part 2_Page_58
	Part 2_Page_58a


