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o o PREFACE .
*  ABOUT ENERGY TECHNOLOGY MODULES
"The moduleg were developed by CORD for use in two~-year postsecondary technical institutions "

'to prepare technicians for employment and are useful in industry for)updatinq employees in company-
sponsored training programs. The principles, techniques, and skills taught in the modules, based

' on tasks that energy:techn1cians perform, were obtained from a nationwide advisory committee of
v employers of energy technicians. Each module was writteq by a technician expert and approved by

- representatives from industry. - =

e . ! .'-.\

A module contains the following elements:

' *
. : ” ¢
) Introduction, which identifies the topic and often i1ncludés a rationale for studying the magterial.

Prereguisites, wh1ch 1dent1fy the material a.student should be familiar with before studying the
module. AR

: . -
[y

@Oblect1ve ,.which" clearly identify what Ehe student is expected to know for satisfactory module
completion. The objectives, stated in terms of action-oriented benaviors, include such action
words as operate, measure, calculate, ident1fy, and define, rather than words with many interpre-
tations sqch as know, understand, learh, and appreciate.

Subject Matter, which presents the background theory and techniques support1ve to _the objectives
of the module. Subject matter is written with the technical‘student 1n mind.

’
.

Exercises, which provide practical problems to which the student can apply this new knowledge. ,
< ) N . . “ .
Laboratory Materials, which 1dentify the equipment required to complete the laboratory procedure.

-

¢ Laboratory Procedures, which 1s the exper1ment section, or "hands-on" portion, of the module
(includihg step-by- step tnstruction) des1aned to reinforce student learn1ng

%

N}

Data Tables, wh1ch are included in most modules for the first year {or basic) courses to help
the student learn h0w to coflect and organ1ze data.

. ‘ <ot

. References, which are included as suggestions for supplementary reading/viewing for the student. °
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S o "‘"INTRODUCTION

. '
An electromechanical energy conversion device is a link between an-elec-
trical system and a mechanical system. By appropriately coupling the -two
systefis, the device transfers_energy.from one system to thé other. An elec-

tric geherator converts mechanicat input energy to electrical output energy;

an electric motor converts electrical input energy to mechanical output energy.

The coupling of the electrical and mechanical systéms is achieved through mag-
netic fields. Current flow through an electrical conductor in-a magnet1c
field produces -the mechanical force that turns a motor. In & generator, an
e]ectr1ca1 potential is produced across a conductor by applying. a mechanical
force to move it through a magnetic field.:

This module introduces the conversion of energy by € Sectromechanical
devices apd includes-.a d1scuss1on on the magnetic forces and fields that ;;e
the bases of operat1on of such devices. Topics discussed 1nc1ude origin and
character1st1cs of magnet1c forces and fields, eléctromagnets, and-basic pr1n—
ciples of motors and generatars. In the laboratory, the 'student will examine
the character1st1cs of the magnetic fields of permanent magnets and electro-
magnetsa )

-
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The. student~should have completed a course in d.c. and a.c. circlhit

analyses. o T -

 OBJECTIVES

Uﬂ’g comé]etjon oftthis module, the :tudent§shou1g be able to: )
State two rules o?'mégnetic attraction and repu]sion ,'

Explain the concepts of magnet1c linés of forge and of magnet1c fields.
Draw dlagrams showing the magnet1c f1e1d 11nes of the fo]10w1ﬁg

a. Field of a bar magnet__ . .ot
b. Field betweén the’ north pole of one magnet and the south pole of
another ' -t = E B
;; S "':k%ﬁ_‘ CoL . 71' EM-01/Page 1
/ . - ‘
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c Field between th north poles of two magnets
d Field around a lgng, straight, cgrrent—carrying conductor
e. Field of a current-carrying conductor loop * ¢

f. Field of a solenoid '

4, -Explain the concept, of maghetic domaigs in magnetic materials énd'how'

'

this concept accounts for each of the fo110w1ng
a.. Permanent magnets :

' \_ b- Magnetic induction \ .

5. List the four factors affecting the magnetic 'strength-of an electromagnet

and explain how variations in each affect the magnetic field.

’

Explain hysteresis.

7. Draw and label a'diagramcshowing the resulting magnetic field lines and
force when an electron travels in a direction into fhe-page through a -
vertical magnetic field. .

hloe)

Use the right-hand rule to dgtermine the following:

a. The direction of the force on the electrons in a conductor forced
to-move through a magnetic field

b. The direction of the force on a current-carrying conductor 1n a
magnetic field - ‘ : -~

9. Given a diagram of a 1oop of wire rotat1ng in a magnet1c field, determ1ne

. the direction®of loop rotat1on

. e o

i
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. A ' SUBJECT MATTER

MAGNETTC FORCES AND FIELDS N

The/operat1on of-all electromechanical devices is based on the forces of *

attraction,and repulsion that exist between two magnetic f1e1ds These forces
can be demonstrated by sus-

perld}ng two magnets from . ;; ; S _ ) ;ﬁ g
strings, as shown in Figure ° -

1. If the magnets are posi- — N
tioned so the north poles of : )

s. LIKE POLES AREPEL.’ B UNLIKE POLE3 ATTRACT.
each are near one another -, -t

- (Figure 1a)” th% magnets Figure 1. QDemonstrations of the First
- will repel. The same is " Two Laws of Magnetzsm.
‘true 1f the two south po]es ‘ .
are brought together. If the north pole of one magnet is placed near the
south pole of the other (Figure 1b), the magnets will attract. Therefore,
.~ the basic ru]es of direction of magnetic’ force are as follows:
. Like poles repe] »

* . HUnlike po]es attract

The. magnitude of the magnetic force is given mathematically by the fol-

- 3

RN lowing equation: ° T - \
, . F = L@%%ﬂ; ‘_ . Equation 1
‘ where: F = Magnetic torce ~

My = Strength of first magnet. ° SNew P
* - M2 «'Strength cf secgnd magnet. . > )
. . /-
d = Distance betwéen magnets
: \ u'= Permeability of material between magnets s - o .

. The magnetic force can be increased by increasing the strength of either
- __magnet orsby br1ngxng the magnets closer together. ' The magnetic’permeabiT%ty’ \\\; ’ _
of a mater1a1 s ‘the property that permits easy conduct1on of magnetic lines T '
of force through the material. Iron, for example, will conduc't magnetic forte .
‘lines much better than air. S ’ ' .
The concept of a magnetxc line of force is ilTustrated in Figure 2. The

d?ngst1on of the magnetic force at any point is defined as™"the direction of

o - ‘ T <;§io1/9agé 3
v . s . .. ’ .

R . -
Q . . .\"’ . J Y l . . ‘
RIC o . - C
[Aruiiroxt provia c -~ . v -
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— MAGNETIC FORCE . the forece on a'tiny north po]e placed N
. ‘ B 7 S : at that point." (This ts indicated by

~ N

) 'F"'""‘I . * the solid arrow in Figure 2.) Although.
~ :-—t— -=_ : — S, it is not oossible to have a north pole
Z ) o \ "* ~ without” a south pole, the south pole is

ignored for the purpose of defining the

Figure 2. 'Magnetic LinES of Force.

-

. " direction of the magnetic field. A_ :
‘\\ magnetic line of force is a linme that would 'be fo]]owed by the tiny north pole
. if it were free tq move. Magnetic lines of force are “shown as dotted 1ines
T Figure 2. The direction of the line of force at any point in space is the
. same as the direction of the magnetic force on a north pole placed at that . -
.point. Thus, magnetic lines of force are always directed away'from north

M [

po]es and toward south poles. , .

“Figure 3 shows some of the magnetic 1ines‘of force of a bar magnet. The .
pattern formed by these Tines is called "the magnetic field of the magnet"

- . T it indicates both the direction. and the

' strength of the magnetic force on a small
north po]e'locateo:in the vicinity of the *
magnet., The strength of the field at any
point is indieated by the density of field .

-

.

;1ines near that point. )
Figure 3. Magnetic Field of “"The magnetic lines do not actually
a Bar Magnet.” - begin at the north pole and end at the s
' south pole’. They are rea]]y c]osed loops
that extend through the magnet, as indicated by the dotted 1ines in Figurc 3.
Figure 4a shows the magnetic field that resu]ts when the north pole of e
one magnet- is placed near the south pole-of another 'Figure 4b is the field -

of ‘two north poles placed close together. The field produced by two south
. poles would have the
ame distribution of T
-field lines but’ would’

e directed in the

Qpposite direction

b NORTH POLE PLACED
NEAR NORTH POLE

|
cr g N . . 4
' !

" Figure 4, Magnetic Fields of Two Magnets. T

" Page 4/EM-03
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The rmames ef the magnetic poles were'derived from the early use of ‘mag-
= net1zed need]es as compasses In tdeée combasses, the end of the needle that
po1nted north was‘nqturally catled the “nortﬁ pole," or the "north-seeking -
po]e - The end that pointed south was the "south pole." However, g}dpe like
' poles repel and unlike poles attract, the "north" pole of the compass must ‘
; point toward a “south" magnetic pole. lFiQUre 5 iliustrates the earth's mag-
natic field and shows that the magnetic pole located ib the position called -

4

"north" is actually a "south“omagﬁetic'pole. < .
- . R . . ’ ) . o . -\
) [ i , . .
A S o - GNETIC NORTH HAS °
’ o : //” \' [_:;um MAGNETIC POLARITY B
. 5 / e
R : / ~ ‘v, -
/ .
.
. // .
P p -_/ .- .
o
(. e
.
2N ‘- ’ t
SRR .
. - oo 1
C S~ L . .
. \ \
- . @ R <\ .
AN
' ¢ -’\ N
ukgga SOUTH HAS a
. NORTH . MAGNETIC POLARITY —
- C ;. » ¢ ‘ . '
\'5. " - Figure 5. The.Earth's Mpgnetic Field. .
o . THE ORIGIN OF MAGNETISH . L
\ - ' -
= - A maénet1c field is produced by a moving electr1ca}‘charge A moving ‘ .
. charge-is | the only thing that can produce a magnetic f1e1d and thegonly th1ng
hat can be\affected by one. . ' ;" )
Figure 6 shows an electron moving to the r1ght in a stra1ght line and ’
A the magnet1c field it produces. The d1rect1on of the field is in awcircle . s
ar0und the e]ectron. The direction can be determined by grasping the electron -

,%n the left hand with the thumb exténded in the direction of motion.. The fin-

i . A - : : : EM-01/Page 5
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This field is a closed loop and has no poles.

The strength.of the fi%®ld produced depends’hpon

) 2;:::> ,  the magnitude of the moving charge and ‘the-.speed
. ) VELOGITY *at which it travels. Stationary charges dojdot
" of
, o EcTRon produce magnet1c fields.

Magnet1c fields produce poles. on]y when the

» " Figurefs. Magnetic Field charge producing the field moves along a closed
of a Moving E]ectron

r

loop. Figure.7 shows the magnetic field produced »
by an e1ectron as it orbits around the nucleus

., BECTRON Q:\ //’4§£i> of an atom The _field along the axis of the
' (j:j> orb1t is the strongest and a]weys&po1nts in

Y

ORBITAL 5

7 PATH —\

the same direction.

\\WMMETc ' Efectrons can also spin about their own
FIELD
axis, produc1ng a magnet1c f1e1d, as shown in

Axis “’°“°"’ N Figure 8. This magnet1c field also exhibits
F1gure 7.. Magnetic Field of a north pole and a south pole. Sp1nn1ng pro-
Orbiting E]ectron tons in the atomic nucleus have simiﬁar\magé\\
«f
netic fields. _

_An atom consists of spinging electrons that orbit
around a nucleus containing spinning protons. Thus,
every atom contains several magnetic fields. The total

of all these fields is the magnetic field of the atom.

The magnetic fields of most atoms ave small, but, in
\Fiduﬁe 8. Magnetic '~ferromagnetic materials, the individual magnetic fields
Field of Spinning within each atom align to.produce a strong magnetic
.. E]eetron. ¢ - field. Each atom is a tiny magnet. N
The magnetic field of‘each atdm tends
. to align itself with its neighbors to form
magnetic domains, as shown in Figure 9.
Each domain consists of large numbers of
atdms*wfth yheir magnetic fields pointing
in the same direction. Magnetic materials

contain many small domains. About teén

. million magnetic domains are contained in

Voo Figure 9. Magnetic Domains in a .
Ferromagnetic Material.

X‘ Page 6/EM-01 ~ | o o !
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a cubic centimeter of iron.
wgthin‘the‘materia]. \
‘ Figure 10a shows the orientation of the domain magnets in an unmagnetized
s of the fﬁndom]y orientdd magnetic domains can-
net magnetic\fieid: In Figure 10b,

material. The magnetic fi
ce}; therefore ;~the material
the domain magnets have been aligne

manent magnet.

%

Ed

a

/

Each domain can be thought of as a small magnet .

DISORDER: NO ALIGNMENT

a. UNMAGNETIZED ‘SUBSTANCE

NO MAGNETIC FIELD)
N

-

o=

to form the net magnetic field of a per-

NATURAL ALIGNMENT

[S_NM[s_N (s N
s Nl Nls N
Ed A

‘v

b. PERMANENT MAGNET

(STRONG MAGNETIC FIELD)

Figure 10. Magnetic Domains in Materials..

<

The doma}n theory of magnetism also explains how a magnet can attract

a piece of‘feyromaghetjc material that is not magnetized. Figure 11a show
the alignment of the domain magnets with an externally-produced magnetic

. field. This occurs any time the material is subjected to a strong magnetic
field. The magnet in Figure 11b attracts éhe nail because its field has in-
duced a magnetic field in the nail. This ﬁrocess is ga]]ed "magnetic induc-

tion."

a3

ARTIFICIALLY
PROULUCED ALIGNMENT ™,

lo |

[ G R-ET— 1
- EEE R -
- A-E A

- —{5_ N5 _N—{s_N— 1

a. MAGNETIC SUBSTANCE

- EXTERNAL MAGNETIC

(STRONG( MAGNETIC FIELD)

-
@

FIELD

Figure 11.

.

/

/ AL/ /
| /. /B.A NAL 13 ATTRACTED
! // 70 A maGNET
i /7 . 'BECAUSE A FIELD

/1, OF THE SAME POLARITY -
\\ 4 IS INDUCED WN. THE NAL
\\\ /l/ % t
N /N\/

Magnetic Induction.

b

L

~—~——




-~
r

¢

-

[N

.+ When the bar magnet is reﬁoved, many of the magnetic domains in the irone
na{] will return to a random orientation, and the magnetic field of the nail

will decrease great]y The alignment of a few of the domains will be per-
manent]y changed to the d1recf1on of the applied field., This is called
"résiduat magnetism" and will resu]t in a small magnetic field in the nail
even.after the bar magnet is removed. R
. However, this residual field can be removed in thevfollowing ways: If

the magnetized nail is hedted, the increased moJecular motion will return all .

the domaing to*a random orientation;.or if the‘%a1] is subJected to a strong
mechanical shock, such as being dropped on a hard surface, the mechanical

_ﬂéhergy will produce a random orientation of the magnetic domains. ‘Thus, per-

manent magnets should be protected from both high temperature and mechanical
shocks. _ \
. The residual field can also be rehoved by applying a magnetic field in
the opposite direction of the field originally induced in the material. Fig-
ure 12 shows how the magnetic field in a material varies as the applied mag-
netic field is changed. VerticaT distance represents the strength and direc-

; " tion of the externally-applied field; hori-

= ResouAL _fﬁﬁssﬁwﬂw “zontal distance represents the strength and
= MAGNETISM ot
>gI} it ) d1rect1on of the field inside the mater1a1
g: 'ﬁ; 7= i At point A, the magnetic field in the -
cW | Z x —
§§ Egﬁﬁjﬁm material and the applied field are both
S ATURATION FIELD DL zero. At po1nt B, an external field has
NATERIAL —> been applied, and the intérnal field has
. I '
Figure 12. Hysteresis Loop ' increased to the maximum poss1b]e value for

of a Magnetic Material. ™  the value of the applied field. This is.
ca]]ed the “saturation point." At point.C,

) the app]]eg field has been returned to zero, but, because of *résidual magne -

tism, the internal field has a nonzero va]ue in the d1rect1on of the or1g1na]
applied field. At point D, an externa] field has been app]1ed 1n the opposité
direction to return the int field to zero. At point E, -a greater applied
fiefd has peversed the direction ®f the internal field. .Another reversal of

the externa] f1e]d will rekurn the) internal field to point B along the path

A

- e,

' contaihjng po1nts F and G. ) ‘

f N
vl ‘ - .

Page 8/EM-01 T~ o :
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This closed loop is called the "“hysteresis loop" of the material. The

.area enclosed by the loep:represents the energy necessary to change the direc-
« tions of the magnetic domains in the material. This energy appears in the
. material as‘heat‘ Hysteres1s Tosses are an hnporta t ons1derat1on in alter- .
nating maénetic systems. The materials in such sys:\ﬂz are chosen to reduce
-hysteresis losses. o

L3

MAGNETIC FIELDS OF ELECTRIC CURRENTS

Magnetig¢ %ie]ds are,always the result of moving electrica? charges.
.Figure 6 showed the field produced by a single charged part1c]e in motlon
Figure 13 illustrates the similar fields produced. by a current flowing in a.
wire. The magnetic field of a current-carrying conductor is the sum of the
indiyidual fields of ‘all the charges moving through the conductor. The direc-
tion of the field can be getermined by grasping the conductor with the left
hand with the thumb extended in the direction of electron flow. _The fingers «
will then curve in the direction of the circular field. -

~

/—CAROBOARO

CL
] ey e e

THE CARDEOARD CURRENT OOWNWARD
COUNTERCLOCKWISE FIELD

Figure 13. Magnetic Fields Produced by Current
o +Flowing in a Wire.

1
°

. Figure 14‘shows aﬁbther view of the magnetic field of current- carry1ng

_w_conductors The dot represents the tip of an arrow emerg1ng from' the page
to indicate current out of the page. .

MAGNET!C FIELOS
The cross represents the feathered

.end of an arrow entering the page to <ﬁfif; ) Q{EE}T{)
indicate a current enter1ng the page ’ ‘*//) )
The magnetie field produced by ' ~—

T oa long, straight conductor is a c1r-

cu]ar field around that conductor and Figure 14. Magnetic ‘Field of
Current-Carrying Conductors.

BRENT FLOWS CURRENT FLOWS
* OuT \ IN

EM-01/Page 9
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has maximum strength near the conductor. Like the field of a single moving
charge, it has no identifiable poles. ‘

Figure 15 shows what happens if two straight conductors are Brought
close to one another. If the direction of the currénts -is—the-same (Figure ™~

-~ " T5a), the magnetic fields merge to fornf a single field surrounding both con- ) ;

ductors, and the moving

charges in the conductors

Z N~ —7 N /;¢:~\\ | N are-attracted toward one
<@ .-@) C\@ @ Cariothef. If the currents

B —

g . . - . - -
.s. CURRENTS IN SANE 5. CURRENTS IN OPPOSITE oﬂow n ppp051te d1rqct10ns

DJAECTION (FIELD ATTRACT) DIRECTIONS (FiELD REPEL) (F1gure -Isb) the two f'lequ
VT 8 ?

» . ‘ ne : t
Figure 15. Attractive or Repulsive Forces oppose 0 angther between

v - Between Magnetic Fields. thé wires, and the moving
g : charges 'in the conductors

repel one another. These magnetic forces of at-

traction and repulsion between current-carrying
conductors are the bases of all electromechanical

4
. _ energy converters. )
. \\J g Y . Figure 7 i]]ust?ated how an electron moving
. ) in a circulad orbit produces the magnetic poies of
Figure 16. Magnetic - . L
. Field of a Current- an atom. Figure 16 illustrates the same principle f
Carrying Loop. applied to a loop of wire. Magnetic potes are
A . created only when electrical charges move

around closed 100ps.
.~ Several loops of wire can be wound

.
° +
‘R TR R BB Bl EE i ‘ ’
e Dk R Ok S B e

€16Se together to form a coil. Figure <17
shows current flow and magnetic fields in
a coil. The individual magnetic fields
of all the loops of wire add to'produée

o =

' o i ‘ a much stronger field.
Figuré 17. Current Flow and When the coil is wound around a
Magngt1c Fields in a Coil. cylinder of magnetic material, Ga11e9‘a

P

"core," an elgetFomagnet is formed. Figure 18 shows such an electromagnet.
Fhe magnetic fie]p of the coil induces a field in the core. The two fields

added thether produce a total field that has far greéter strength than that
. __ A . _

Page 10/EM-01 ’ , s
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of the coil alone. Thé strength of an

© electfomagnet is dependent upon the
"~ “folfowing factors: .

o W

"« Number of turns of wire in the
_coil ) '
« Carrent %1owing through the coil
"% Kind of core material Figure 18. An Electromagnet.
+ Ratio of coil length to its diameter d
The field intensity of a coil will réwain uniform throughout -the cross
section of the coil if the length of the coil is 10 times or more greater than(‘
the co%] diameter.
A solenoid -is formed if the coil of an electromagnet is wound-on a hollow
form and‘the core is free to slide within' the form. Figure 19 illustrates Epe'
operation of such a solenoid. VThe core is initia]leathnest with only one end

= I,
Na 7, SPRING

T F 30 sveuna < > Y/

LA

KN - z )

g W e 1% 2 ’
:

’

Figure 19. Operation of a Solenoid. |

inside the coi]. When a furrent,is established in the coil, a magnetic field
appears within the core. The end of the core inside the coil is in a much’
more intense magﬁztic field than the end outside‘the coil; therefore, the mag-
netic forces on it are the-greatest. Thus; the magnetic field Ztarts to suck
the core.into the coil (Figure 19a). The core will be forced to the center
of. the coil so that the length bf the mégnetic line ween the poles of the
coil is at a minimum (Figure 19b). When the current is turned‘off, a spring
returns the core to iis original position.

The solenoid is ; common method of converting electrical énergy to elec-
tromagnetism énd.then to mechanical movement. A rod attached to the core can

be Tinked to Tevers, gea}s, or switches to perfo?m a variety of operations.

%
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S Such a device is used in automobi]gs to move tHé pinion gear on the starter
- to mesh with the flywheel gear. Electrical réyay§ consist of a so]ehpid that
operates a switch or a series of switches. * - :

 FORCES ON CHARGED PARTICLES MOVING THROUGH MAGWETIQ FIELDS ' .

Figure 20a shows the magnetic field of, an electron moving intp the bage.
The direction of this field can b% verified by grasping the electron in the
left hand with the thumb of that.hand extended ih‘the direction of electron
motion (into page). The fingers will curl in the counterclockwise direction
of the magnetic field. - ’

e E- {L@

= -
N e ﬁ//>

&.MAGNETIC FIELD OF ELECTRON b.MAGNETIC FIELD OF "ELECTRON
~ MOVING INTO PAGE [ MOVING INTO PAGE IN A

4 VERTICAL MAGNETIC FIELD

N - . s Y

)

§

P

) - Fﬁghfe 20. Magne%ﬁ@iFofce on' an Electron
s ‘ . Moving Through & Magnetic Field.

4 [ od
v

L , , = :
Figure 20p shows the same electron moving into the page through a verti-

'cal magnetic field with an upward direction.

v o On the right sihe of the electron, the external field and the field of
‘ the' electron add to prodﬁce a stronger field. On the left side, the two
fields are in différent directions and add to pfoduce a weakened field. The
e]éctron field is syrongEEE\near the e1ect50n t? give a net downward field.
At great distances, the external field is stronger to give a ne?’upward field.
At some point. between, the two fields add to zero. .

The electron expéFiences a magﬁefﬁc°force ﬁn the direction of the.weak-
ened goint in the m?gnetic field and away from the strongest*point of the
field. The directi?n of this force is always perpendicular to both the\pirgc-_
[/’ - tion of motion of the electron and the applied magnetic field. As in ;]1

cases, the mggﬁeticiforces arise because the magnetic field lines always "con-

‘ fract" to produce the\shortest possible c]o;ed path.
) N N
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" of the right- -hand rule reveals that the electrons in the conductor experience

j R L B _ R

~ The direction of the force on an e1ectron moving through a magnetic
" field is given hy the right-hand rule 1ﬂ1ustrated in Figure 21. The thumb,
forefinger, and middle finger of the right hand are held at right angles to

~

p N

N FOREFINGER\

tFIELD) {THRUST-FORCE /)

ON ELECTRON)

. ,
MIDOLE FINGER——_:\
(MOVE\ENT)

u

- Figure 21.- The Right-Hand Rule. -

-

_one another. The-Fore%inger points in the direc%ion of the Field. The Middle
f1nger points in the d1rect1on of Movement of the electron The Thumb points
in the direction.of the Thrust (the magnetic force on the electron) The
?brces described by the r1ght hand rule are responsible for directjng the
‘electron beam in a teleVision picture tube to the proper potnt on the screen
and are the bates of all electric motors and generators. T to

Y

°

GENERATOR ACTION

AR

Fiéure 22 shows how the magnetic forces on moving electrons produce ,
voltage in an electric generator In Figure 21a, an electrica] conductor )
moves upwaxd through a magnet1c field directed to'the right. An-application .

magnetic forces directed along the conductor from énd A toward end B. Elec-
trons that are free to move within the conductor flow away from A toward B.

The result is an induced yoltage across the conductor with A positive and B .
‘ - .

negative.
-~ “1,&

' EM-01/Page 13
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; DIRECTION OF MOTION
A | ForcE on eiecTRON

NQ FORCE
</ ON ELECTRON

, Figure 22. Generator Astioni* ,'

In Figure 22b, the direction of motion of the conduftor has been changed
to a downward mogion. This a]sojrever§es the ‘force on t e]ectrohs,'produc- )
ing a positive electrical potentidl at ®and a negative potential at A.

In Figﬁre 22¢, the conductbr moves in the direction of the external mag--
netic field. In this case, the magnetic field lines of'the_moving g]ectfons

* spiral around thgjexternal field ]ines but do not oppose the field. The net

result [i$ as follows: no force on the electrons and no induced vo]tage. '

In Figure 22d, the conductor moves at an angle to the magnetic field. ‘e -
In this case, the cemponent of the motion albng the field lines makes no co<:
tribution to the‘inQUced voltage.~ Only the compotﬁnt of the motion ﬁerpend1’—
ular to the external magnetic fie]d}inducéé a vo[ﬁége'in the conductor. The

valtage across the conductor -depends upon the. following -factors: : N

" . Strength of the ‘magnetic field i . \\\' .
"+ Lefigth of the conductay . ;. ) ) ’ )
-cSpéed at which the, conductor moves through the fie]d ‘ : .

"+ Angle between the conductor motion and the field direction

. ’

| .i%ejapp%fcatﬁon of magnetic %orce§ to convert mechanical energy to etgc;a
trical energy in a a.c.:generator is illustrated in Figure 23. The generator
in this diagram conéists of a single square lodp of wire that rotates in a
fixed magnetic field. Each end of the wire loop is connected to one-half of
a sbiit—ring conductorf Brushes resting ofi" the split ring connect the‘rotat- .
inQ loop to an external electric circuit. Thévspﬁif ring and brush arrange-
ment is called & “commptator."‘ N ) '

Page 14/EM-01
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In Figure 23a, the coil.is = - o
just rotating pest the.vegtica1 ‘ i ) . \{\\
position. MWjre segment A is :
moving to the left, and vh're . ',.__/ ’ ‘
segment B is moving to the r1ght ' ‘ ) ,
At this instant, both conductor ) : . -
segments are moving in the direc- {
v tion of the applied magnetic
field. This produtes no forces
on their electrons, and the
voltage across the loop is zero.
In Figure 23b; the rotation
has continued. Wire segment-B

now has a. downward pomponent in
its velocity. Applying the

right-hdnd rulé shows a force-

: [i on the electrons in that conduc-
tor in the direction indicated.
wire:segment’ﬂ is moving~Upward,
causing a force on its electrons
in the opposite direction. - The
voltages of the two segments add-
in ser%es to produce_the genera-

" tor output voltage. Wire  segment

C a]so moves through- the magnetic . , g . ’ .
Y T Figure 23. Operation of a A ,
f1e1d but the forces induced on . d.c. Generator. . .
. its. e]ecthHS‘ure across the w1re - ) ' :
*. " not a]ong it. Thus, it makes no coﬂtglbutign;tg;the~qutput voltage.
. ' In Ffbure:23c the coil has cont1nued its rdtat1on\to be in a plane ¢on-
ta1n1ng lines of magnetic force. At this po1nt the veloémt%es of moving

) segments,A and B are both perpendrcu]ar to ‘the magpetic fiel \o1rect]on This

’produces the maximum output voltage. ' v
In Figure 23d, rotation Bas cont1nued anﬂ the output voltage has dropped.

When the ¢oil reaches the verticaTl position aga1n, as in F1gure 23a, each .

\\brusp will slip to the other segment of the sp11t ring, and the process will ™~ .

be réBeated N o \ T - .

K

[ J S
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D N S «
© . _The output waveform, of tﬁis sqmp1e d.c. generator is shown in F1gure.24
The p01nts labeled" # b, c and’d correspond to the lettered draw1ngs in F1g—
<. ure 23 - The output voltage of the generator can be in--
¢ creased by. 1ncrea91ng the strength of the.magnetic f1e1d, -
? the rotgt1ona1 rate, or the number of loops of wire used.
Figure 25a shows a further improvement in generator
TIME ——e & des1gn This generator usés two coils of wire at right
. ang]es; Each'is connected through the commutater to-the
output termigals of the generator only for”that portion
‘of th@'notat1on that produces t\e max imum vo]tage When
the vo]tage begins to drop, that coil is removed from the circuit and replaced

by the other coil 1n§Wh}eQ the’ vo]tage 1s r151ng Most e]ectr1c motors and
'd‘ .

VOLTAGE —o

npeee————

"Figure 24, Output’
of a d.c, Generator.

°

generators have mu1t13ﬁe poles. p

A
y
VOLTAGE

TIME
~ N b.OUTPUT

2. ARMATURE "

-

-~ ' Figure 5. Generator with Four-Pole Armature.

F1gure 26 shows the slip r1ngs and output waveform of an a.c. electric ~.
generater, which is also cal]ed an_"alternator" because it prodlces a]ternat'?'
ing current. In th1s case, each end of the rot§%1ng co11 nema1ns attached to
the same 0utput term1na1 SJnce the direction of currenf flow ip-the coil-
changes twice for each revolution of the coil,gthe output ent and voltage

also change in direction. - . -
. 2 i .

C . a.SUP RING- 5.OUTPUT WAVEFORM
- : - N - v

Figure 26. -An-a.c. Generator. - . : - ,

. .
- . “ ¢
M > P
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The,magnet1c fields for generators and alternators are usually provided’
by d.c. electric current f]owmng through coils of wire. In’'d.c. generators,
the f1er coils are stationary, and the armature rotates inside the coils to
produce the output voltage. In alternators, the magnet1c f1e]d is rotated to
create a current in stat1onary coils surround1ng it. This 1s done because T,
the current necessary to produce the magnetic field is small compared to the 1 T
outout current of the a]ternator This smaller current passes through the v

brushes to estab11sh the magnet1c fﬂeld while the 1arger output current of . ~ .

‘the stat1onary coils is connected d1rect]y to the output terminals. This

arrangement reduc£s losses and increases brush life. All commercially-dis-
tributed e]ectrica]\power produced.in the'Uo}fed States is converted from S~

'mechanical-rdtational‘poWer by large alternators.

’
.
‘. .

" MOTOR ACTTON

-

An electric generator converts mechanical energy to electrical ‘energy.
An electric motqr does the reverse; it converts electrical energy to mechani-

cal _energy. - n .
Figure 27 111us&rates the forces on a current- carry1ng conductor' in a
. magnetic f1e1d. Applying the right-hand ruiﬁ to the electrons in the wire o
- »

DIRECTION OF
FORCE ON
ELECTRONS

OIRECTION OF CURRENT
FLOW (MOTION)

* 3, UPWARD MAGNETIC PORCE b.REVERSING DOIRECTION OF

ON ELECTRONS - CURRENT EEVERSES DIRECTION v
R OF FORCE 4
. S N S . i . . -

s
g /
. \
-
. X ‘ ¢,CURRENT FLOWING ALONG CO_NDUCTOR - N A"
T . IN SAME DMECTION AS MAGNETIC FIELD
. . ) .
R PN . £ 5

. F1gure 27. ForcesJon a :Current-Carrying
» - - Conducton in 4 Magnetic F1e]d - .

‘¢ v .

.
.
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~

in F%gure 27a reveals an upward magnetic forcg on the e]écﬁrons. Since these
electrons cannot escape from the wire, they-move upward and take the wire
with them. . _ T

* In Figdre 27b, reversing the direction of the current in the conductor

has reyersed the direction of the force on thg wire. Figure 27c swbws current
flowing anng a :onduétor in the same direc}ion as the magnetic field. In
- this'case, there is no component. of
électron motion acrpss the field lines,
and no forces ‘are produced.

Figure 28 shows the application
of these principles to the conversion
of e]ec;rjca] energy to mechan%ca]
energy in a d.c. electric motor. :This
is exactly the same device fhat acted
as a d.c. generator in Figure 23.

In Figure 28a, a current flows
through a loop of wire in'a magnetic
field. The current proddbes an upward
force on wire segment A and a_downfvard
force on wire segment B. ~.THese fokces

act together to produce a torque that
rotates the coil within the field.

The force proddéed on wire segment C
is a1on§ the axis of rotation of the

motor and makes no coﬁtribution to the

, motor output , torque.
In Figure 28b, the coil has ro-
tated to lie in a plane parallel to the
direction of the magnetic field. The
" forces on A énd‘B remain the same, but, -~ = —
in this case, these forces act,at a
maximum distance from the axis’of‘rom
tation to produce maximum motor torque.

' The coil continues to ratate'through
Figure "28. Operation of a

d.c. Electric Motor. the position shown.in Figure 28c with

—~— . .
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decreasing torgde until it. reaches‘a vertical pasition where the torque is
zero. At this ppint; ,each of the brushes slips to the other segment of the
,§$11t ring, and gne d1rect1on of the current and resu1t1ng'forces reverses,
shown in Figurg 28d. The momentum of the rotating coil takes it past the
%éﬁt1ca] zero torque pos1t1on to that shown in F1gure 28e. At this point,
the downward force on segment A and the upward force on segment B prov~de the
torque to continuej the rotat1on ’
Flgure 29 -shows the output torque of this motor as a function of time.
The po1nts on this: curve,_1dent1f1ed by’ letters, correspond td the 1ettered
port1ons of Figure P8. This curve has the same shape as the e]ectr1ca1 output
of a d.c. genérator} .as shown 1ndFagure 24, Just as .

A3

genehators proVﬁde g more constant voltage by using

multiple poIes multiple-pole motors provfde\a\gose
un1form torque. As fin generators, the magnetic fte]ds,

are usually provided by current-carrying coils rather

]

.

" than permanent> magnegs. ° i E
' ]

|
|
1
a ¢ d
TIME —————>»

A wide variety pf electric motors operating on

both a.c. and d.c. - currents are in common use today

Figure 29. Output
Detailed descr1pt1on§ of major types are conta1ned , Torque of & Simple

in Tater modules. . q'c Motor.
‘ C

14

. © . TRANSFORMERS

~ Although elec iéa]Atranszggmers are not electromechanical devices, they
are often grouped for studj witmotors and generators because they operate
on the same basic principlds, Figure 30 shows the basic comstruction of a

transformer. It-fonsists of two coils of wire wound on a core consisting of

.; v

N i e ‘ .
b e IR DR & % -
RN 24 _~secbnoary coiL
CDL\ AR +* rse G |-
—_— '“ 5 §/-LOAD N

w“!
~

-

m;aw.-

%’T

"(

— T
‘? e e A

Figure 30. - Basic Transformer.~ - -
y .

4 —
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\ : a magpetic material. The core provides.a closed magnetic circuit for the ¥
A\ magneQﬁc fields within theetransformer An increasing current through the
. > primary produces an 1ncreas1ng magnetic field through tge transformer core.
\ s
\ - The’ chang1ng fi€ld produces magpetic forces on e]ectrons in the secondary
L\ coil. The vo]tage produced across each turn in the transformer co1}s is the'

+~

same. In Figure 30 the secondary has twice as many turns as the pr1mary
This mearts the output voltage'will be twice .the 1nput voltage. Since the
enérgy output of the transformer cannot exceed the energy input, the output

current is. 11m1ted to gne-half the rnput current. Because transformers work -

©on changes in the magrietic field, they cannot be used with d.c. voltages and
currents.. - -

, Transformers and their donstruction and applications will be discussed
~~ in detail.in a later module. ' - ' . o

Ll \ - - .

. -

EXERCISES

B

’ ‘
R Draiw the magnetic fields in the fo]]owtng diagraﬁs: ~}f“\;(
. - i s S N )
" ‘ |

. " b.

’ \..?:;‘)
&
. ELECTRON FLOW x . :
. g . e . g =
\\ . B = — \ : \:_,.—_/’“ o
4 ' @ ELECTRON FLOW . IR
. had \' . i R - _ ) o i -
- s -~ - - . ? -
i N ’ . " -
’ 4
- . ) ) ‘
s o na, N " TN LI
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‘v,

2.

o

Determine the direction of forc;\enkélectrons in
,the wire at the. right if the wire moves ..

v
>

a. out of the page toward the reader.%

b.+. toward the south.pole of the magheg.
Indicate the divection of electron flow' through

1

the generator coil infthe'fdllowing diagrams. (Use the right-hand

generator rule for electron flow pﬁgéentgd in the text.)

A

d.

Pl

\-

U

‘Determine the direction of the. force on the current-carrying wires in
the following diagrams. The direction of.electron-f1ow is indicated

in each case.

2
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5. Indicate the direction of rotation of the currentscarrying loops in the

following diagrams. The direction of electron flow is indicated with an
arrow iﬁ each case.

o

d.
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LABORATORY MATERIALS

Two bar magnets~ ’ .
Iron filings
_—~Shee%—e%—wh+te~paper——8-4fzﬂ~x e

Hard steel rod, 1/4" x 4" -
Lron\washers,

12-V d.c. solenoid with core
0-12 V variable d.c. power supply with voltmeter and ammeter’

L8

0-20 1b spring §ca1e
/Supbort rods

‘ , o
LABORATORY PROCEDURES

1. Place one bar magnet on the®table- and cover with a shee; of paper.
Sprinkle iron filings on the paper and observe the magnetic field of the
.bar magnet. Sketch the field in Part 1 of the Data Table.
2. Place two bar magnets in a straight 1ine on the table with their north
poles 1-1/2 inches apart. Place a sheet of paper over the magnets and
. sprinkle with iron filings. Sketch the field in the Data Table.
*3.  Repeat Step 2 with two south poles, .
4. Repeat Step 2 with one north pole and one south pole. )
P1ace several 1ron washers on the table and attempt to use the steel rod
as a magnet to p1ck up the washers. Record the_numher of washers at-
tracted to the rod in Part 2 of the Data TabTe.
6. Place the bar magnet at one end of the steel rod, as shown in Figure 31,
and repeat. Record the number of washeérs attracted.

©
<>

SEay «— NON WASHERS

°. Figure 31. Magnetic Induction.

2
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With the washers on the end of the steel rod, remove the magnet. Record
the number of washers that remain attracted to the rod. .
Magnetize the steel rod by dréwing one pole of the bar magnet,along the
rod, as shown in(Figure 32. Repeat the action several ‘times, always
using the same po]eeof the magnet and starting at the same end of the

rod.

Figure 32. Ma§netizing
the Steel Bar.

—, s .
9. Use the magnetized steel bar as a magnet to attract the iron washers.
Record the number of washers attracted in Part 3 of the Data Table.

10.  Remove the washers from‘the bar and throw the bar against.the floor
several times. Repeat Step 9. -

11.  Set up tRed.c. power supply, solenoid, and spring scale, as shown in
Figure-33. The solenoid must be firmly attached to the Tab bench.
C-clamps may be used. ‘

R ~—— SUPPORT ROD

A SPRING SCALE
;‘&Vr::;: D.C. POWER SUPPLY
SOLENOID—> @
*
: 0o 0 O
1\ .

Figure 33. Measuring the Force )

~ of a Solengid.

2.  Set-the d.c. powe;rsuppTy to 2 V., Measure the solenoid currént and the

downward magnetic force. Record in Part 4 of the Data Table.

Page-24/EM-01 '
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13. ~Repeat Step 12 at 2-V intervals until a total voltage of 12 V_is reached. R

Raise the supported end of the spring sca;éfas necessary. .

‘ ’
t . g -’

DATA TABLE

: : ; ]
.‘ DATA TABLE. . - ,

1.{- Magnetic Fields: \

Sketch the following magnetic fields observed in the laboratory:

Cr

‘
-

¥ N S

R = B

LN S{ l. q‘.

2. Magnetic Induction:

3o

How many washers were attracted to thé¥steel rod alone? b
AN How many washers were attracted to one end of the steel rod with )
' the magnet at the other? - ” _ ,
How many washers remained when the magnet was removed?
Explain magnetic induction and how it was demonstrated by this
ex;‘r‘iment. ’
9 -
LY ,
. g )
\ ‘
5 -
i = { S EM-01/Page 25
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. |
‘Data Table. Continued. |

3. Magnetic Retension:

~ How many washers were attracted to.the steel rod after it was

magnetized? ,
How many washers were attracted to the 'steel rod-after it was -
dropped? |

Explain the loss of magnetism of the rod. *

4, g\d.c._%o]enoid:/L

-

Current Force on Core

(A) (1b)

o

What is the relationship of force to current?




{ o
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- INTRODUCTION

The impor%ance of electromechanical devices is based on their roles in
the. production and app11cat1on of electrical”® power - e]ectr1c1ty — which is-

* an important source of energy. Among -these dev1Ces are the highly. efficient
electromechanical devices that do the following: 1ink electrical. and mechani-
cal energy systems and contribute to-the ease and efficiency with which e]ec—

* tricity can be distributed and to the ease w1th wh1ch the flow of energy ‘can

-
- Al

be controlled in eqectr1ca1 systems. .
. Fhis module d1scusses~the,bas1c control elements of eiecfrical circuits:
swiiches, relays, fuses, and circuit breakers * The first two; switches and
re]ays, are used in the normal control funct10ns of c1rcu1ts the second two,\
fuses and circuit breakers, provide automat1c protect1on from dam&ge due to
over -durrent conditions. *Mosc electrical systems 1ncorQorate several of these
c0ntr01 mechan1sms They are grouped for study with e]ectromechanical devices
because of their 1mportance in_the control of suych devices ang because they
are both electrjcal and mechanical in nature. In the laboratory, the student
will construct several contro] c1rcu1ts us1ng sw1tches and relays.

‘o

- - . PREREQUISITES

. ' ’, .
The student shodld have-completed Module EM-81 of "Electromechanical
Devices " . :

DI . ‘
L OBJECTIVES

.

[y

Upon completion of }h1s module, the student should be .able to:

1. Identify the schematic symbols for the following switches:
»

-

‘Single pole, s1ngfe throw

A Y

). __Single pole, d0ub1e throw - . o S

‘a.

b,

c. ' Double pole), single throw

d. Double pole, double throw ,
e. Normally open, momentary push button

f. Normally closed, momentary push butten ‘ -‘\3
g. Rogary switch.

o '“\ p . EM-02/Page 1




2.
3.

- 9.
10.

/

11.

/

- 4.
5.

. "
.- . ~ 6
.

7.

"a. Bréaklmaké ) h R

8.

12.

13.

Phge 2/EM-02 . o I
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-

- Draw a diagram of a DPOT switch used to control four- e]ectr1ca1 c1rCU1ts
- State the two most common contact. mater1als in switches.

State the difference in a momentary act1on push button and a ma1nta1ned
action push-button. B S B Y )
Draw and label a dlagram shew1ng,%he~bas1c parts of a SPDT relay.
De§c>1be the hazards of the. fo]]ow1ng re]ay substitutions:

-

a. Ad.c.:relay in an a.c. circdit = L ¢
b. An a.c. relay in a d.c. circuit s - .
Draw and ﬂabe] diagrams for the following fypes of. re]ay contact conf}gu—

\
rations: . ..

b. Make break

cr DoubleJmake déuble break B _ -

-

Draw and 1abe1 a d1agram showing an RC f11ter used to extend the 11fe of

relay contacts in a d.c. circuit. Exp1a1n how the f11ter works. ~ '
Draw and 1abe1 a circuit diagram of a locked-out reTay '

Describe ‘the operat1on of the fo]]ow1ng relays: . *!"-’““\—¢a-'

a;» lLatching relay . . ‘ -

b. Reed relay T :

State the character1st1cs of the following types of fuses:

a. Medium- 1a§

b. Slow-blow - .
c. Quick—ecting . .

- .~

.Draw and 1ele/gjagrams showing two types of bimetallic circuit breakers

in the open arfd closed pos1t1ons ' . /
Construct a locked-out relgy control circuit in the laboratory.

A S
-
-~

/
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SUBJECT MATTER

e

SWITCHES -

¢ . -

, The most common control element employed in electrical circuits is the. .
switch. The function of all switches is to complete or interrupt the circuit
as desired, thereby controlling current f]oﬁ,through the circuit. Thousands
-~ of diffefeht switch configurati&ns are tommercia]]& available. Virtually,
every electric circuit tn ex1§3ence conta1ns at least one switch, and most
electrical systems employ several. A few of the more 1mportant classes of
switches are described Tn the following paragraphs
The'mdst cemmonitype of switch is-the toggle switch, which is i]]ustrated\
in Figure 1.7 This switch consists of a pair of contacts mounted on flexible
brass strips. When the switch
. s in the OFF posit1on, the).
spr1hg action of the upper (¢

/ INSULATING. ROCKER

stri ) on-
brass strip separates ‘the co ' LATCHING MECHANISM
o

tacts and prevents current
flow. When the switch is *
turned ON, a rocker made-of »
_ an insulating material forces - T “g‘

the upper brass strip to bend . Figure. 1. Bas1c‘5tructure of .
downward and causes the con- . Toggle Sw1tcﬁ : " .
tacts to touch, thereby c0mp1et1ng ) i ) .
the c1rcu3t. The rocker contains a latching mechanism that ma1nta1ns pressure .
on the-switch contacts unt11 the switch is turned off. - v
fhe voltage that the switch is capable of switching is determiheﬁ\hy the
sepgration of the contacts within the~switch. The current rating of the -! ..
_switch depends upon the contact material and size and upon .the voltage used ‘
in the circuit. The ideal contact material should have high electrical -and \. )
thermal conductivity,.a high melting temperature h1gh resistance to méehani- '
... <«al wear, and no téhdency to form an oxide or tarn1sh film that would dct as- ~ .
"~ ~~an-electrical barriery ~The material most often chosen for switch contacts is
' in silver. Since silver forms a tarmish 1ayer, the contacts am often de-
signed to slide across one another slightly in a "wiping action" that cleans
the contacts each time the sw1teh is operated. Gold is also a pOpu]ar mate- ..

;> rial for switch contacts because of its _excellent e]ectrlca] properties and .

. EM-02/Page 3 )
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because it does not tarnish. Because of the cost, gold contacts con51st of
thin layers of gold over another metal such as s1]ver or brass. 0ther mate—.
rials used for switch (and relay) contacts inciude palladium, tungsten, and
* . alloys of silver and cadmium. T ‘ ' _
\ Switch ratings;are usually given in tefhs of both vottage and current.
The following ere typical ratings takeq from manufacturers’ specificatibns
for three d1fferent switches: ¢ .
< * +5A@28Vd.c.; 2A0 28 Va.cs, 400 Hz; 3'A @ 60 Hz, 115 V a.c.
' * . a.c. switch; 6 A@ 125V a.c.; 3 A @250 V a.c.

< ¥ ARI25 Vac.; 1I0AR20V aﬁg

-

-

\ This basic type of switch is ava11ab]e in severé] switch comb1nat1ons
packaged in one case w1th a common control F1gure 2 shows four such com—
binations.  The ‘SPST sw1tch is used as the on-off sw1tch in most househo]d'
appliances and c1rcu]ts. It interrupts the gircuit at only one point. Such ,
a switch is usually iﬂgta]]ed in the ungrounded side of a d.c. circuit and
. the "hot" side of a. c. circuits to maintain most of the c1rcu1t at zero po-

tential when the switch is in the OFF pos1t1on The DPST switch 1s used when

~ - both sides of the power source are to be d1sconnected from the c1rcu1t LY
L ‘ . .
/ ’ —v__; ._.__ ) -~ N
. ; T .
. . "
- - e -SPST__ b. SPOT -
&~ . {SINGLE . POLE, S SINGLE THROWY ———{SINGLE POLE. OOUBLE - THROW)
/
]
. i A Lt . ,
: ] . ' , §
IR IS ‘ (Lm\ﬁ\\\;\;;' ,
¢, DPST - osoT
(DOUBLE POLE., SINGLE THROW) -, ORBLE POLE., OOUBLE THROW)

Figure 2. Switch Contact:E;h;?§urations.

DoDE]e throw'switches are used to connect power td one circuit while in
©  ong positjon and to another, circuit while in another poﬁztion. Figure 3 _shows
- a OPDT switcfused to control four circuits. In 4ome cases, these swigChes .

; . 4, ) \\
, 1
.
,

Page 4/EM-02




[

v v .
. . MOTOR 1 u) i - Cu) MOTOR 2 -
‘ L N v ‘
) e e ! —_—
- * 1 * i
¢ R NOICATOR f INDICATOR
. S e AN Y @ ¢ - Ew 2 ¢
: Figure 3. Control Circuit Using DPDT~Switch.. e .
s 3 - 3

- N

P héve center OFF—pOEitions in'whith all circuits are broken, but others do not. .

. -Combinations with more switches are also available. A 4§DT switch, for exam-

ple, has'?our po]es, each of which can be connected to two separate circuits.

The schematic symbols shown in Figure 2 are used for several types of

switches. Four of these are shown in‘Fiéure 4. Each g? these are maintained

acfion switchés, which means that .they remain %n @he position in which they

are placed. The maintained action push-hutton switch contains a mechanism

similar to that in a ball-point pen. One 6ush turns it on; another turns it

off. ) . '

. 1
' 4

. s . ) d. MAINTAINE &

’ . ’ ACTION PUSH .

T N . BUTTON . |

, - - g 'J‘

. . . . ) , |

. . . Lo .. . s ‘

. | Figure 4. Four Types of Switches. . A S

\

\u
ey 0 Vo
. . 0- 3.9 ] ( .
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‘ Figure 5 shows the schematic rebresentation of momentary push—bdtton\ ' «
switches. This type of switch prov1des a momentary change in C1rcu1t condi-
tions. The norma]]y open push- button sw1tch is ah open circuit unt11 it is,
pressed. Pressing the button closes the circuit, bhut it opens again when the
. button is released. The normally closed push button is a completed circuit -
a that can be momentarily opened by pressing the button. Momentary push—ButtQﬁ
switches. are“used extgnéive]y in electrical control circuits.

s

NO

1 ) NG -~ .
. ~ .
. — _‘—ti'—v——.— Y

| A f
} \ “ . ' ’ 4 =

e ‘ y s. NORMALLY OPEN . . b, NORMALLY CLOSED oS
e PUSH BUTTON Pt.JSH BUTTON .
’ ’ ' .
. . Figure 5. Momentary Push-Button Switches.
A At -
i Figure 6 shows the construction of rotary switches. These switches are '
\ > o . -
used whenever a large number of circuits must be switched at once in applica-
tions such as a television channel selector and the range switch of a volts
| .
|
13
f ]
. ‘ ‘ [ .. ‘
i & SINGLE-GANG ROTARY SWITCH Y b, THREE-GANG ROTARY SWITCHg
’ LY . ‘ . . : . - '
/ ' . Figure 6. Rotary Switches. C .
» ohm-mi1liammeter. Figure 7 shows schemat1c representat1ons of .rotary swqtches.
The contacts of rotary sw1tches are usually made of brass, but they can be
¢ coated with silvereor go]d to 1mprove performance. . S .
/ . = - )
- N - . v e f ° o
,. . 7.' . ) G\"r‘O ‘.(,“.
/ - L ) 1 :..
/ O Chd Lo
' / v H > H q
/ hiadaladeindeduindd 4 %
‘ - : . X ‘;, ’ -
St - 5. SINGLE-GANG. o }\' T b QNO-GANG;. | .
ot T _4 POSTION ; 8 posmgN ..
. - ) et i ’ -
. Figure 7. Schematic Represgntatibn . N
’ - of Rotary Switches. N




TESTING AND MAINTENANCE OF SWITCHES

Switches can be checked 'for proper.operation with an ohmmeter. An ohm-
meter connécted across the switch terminals should show infinite resistance
wheﬁ the switch contacts are open and zero resistance when the cantacts are
closed. (The actual resistance of closed switch contacts is a few milli-
ohms.) 'This method can also be used to identify the switch functions asso-
ciated with the various contacts. Figure 8a shows the terminal pattern of a
DPDT switch. With the switch set in one pogitiqn, each center terﬁina] is

L

<

7 SETTING TCGGLE IN

0 4 ONE POSITION MAKES . i
I I THESE GONNECTIONS NO
U). ﬂ» c U
! e—tz}="" SETTING TOGGLE IN
I 4 OTHER POSITION MAKES we
THESE CONNECTIONS
¥ e
. & OPOT SWITCH . b.. PUSH-BUTTON SWITCH

A

Figure 8. Switch Terminal Configurations.
. .

connected to its respective upper terminal; with the switch set in the other
position, each center terminal is connected to its respective lower terminal. (
This can be verified with the ohmmeter. Figure 8b shows the terminal arrange- .
ment of a typical momentary push-button switch. When the button is not de-
pressed, the common terminal (Q) is connected to thg normally closed (NC)
terminal; when the button is depressed, the common terminal is-connected to -
the normally bpen (NO) terminal. This can also be verified with the ohmmeter.
A1l switches can be checked in a similar manner. )

If a switch is ruund to be defective, it can often be returned to service
by the app]icétion of a spray—oﬁ contaeé\cleaner,~fo]1owed by several cycles
of switch operatiod. This procedure will remove coatings from tpe contacts, . ¢
thereby providing less electrical resistance. If mechanical defects exist
within the switch, the switch should be réplaged. Switches can sometimes be
repaired, but additional failures usually occur in a short time.

N

N ' N a
B
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S RELAYS ' | .

A relay is an electromechanical device in which the flow of one electric
current is used to control that of another.  Figure 9 shows the basic compo-
nents of a relay. A current-carrying coil is wound. on one side of a U-shaped

“core. The other end of the core supports a movable armature made of a mag-
netically permeable materialn The armature pivots vertically and is held

away from the current coil by a tension spring.
~— \

-~

SWITCH
= BRASS STRiP

) Figure 9. Parts of a Re]ay

- When. a current flows in the co1], a magnet1c field is produced This
f1e]d’1nduces a strong magnetic field through the 1oop of.magnetically per-
meable material formed by the core and armature. The result is a magnetic
force of attraction across the gap between the coré and‘armature. If this
force is strongzenough to overcome the'tension in the spring, the armature '

will move down {nto gontact with the core and stretch the spring. The arma-

ture is connected mechanically to the “switch mechanism by a non-conductor of
electricity. The switch consists of three brass strips terminated with silver
or gold switch contacts.” When the armatute*mqves downward, it bends the cen-
ter switch str1p down unt11 it. breaks contact with the normally c]osed con-
* tact and makes contact w1th the normally open contact.
When fhe current through the ¢oil is interrupted, the'magnetic'f}e]d
through the core and armature d1sappears The spring then opens the gap and '

returns the switch to the normally c]osed pos1t1on

1 ' N ' . q : s
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" The relay shown in figure 9 is a single-pole, double-throw (SPPT) relay
. capable of switchihg two circuits. Relays are available in switch arrange-
ments from SPST to, double-throw relays with dozens of_poles.- Figure 10 shows
several common relay configuratibns, all of which operate in the same manner
except for the latching refay (Figure 10f). The latching relay operates on
, current pulses. Each pulse rotates a cam that opérates the switch. The
switch contacts.reverse positions with each pulse.

¢. CIRCUIT BOARD {. LATCHING RELAY
MOUNTED

2

Figure 10. Types of Relays.

o t
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Relays are specified according to the ratings of both the current coil
5 ~ and the switch contacts Contacts — like switches — are rated acegrd1ng to
‘current and voltage capab111t1es Several switch conf1gurat;z:z/§9n be used.

Three configurations and their schematic symbols are shown insFigure 11.
- -

’ CONDUCTING BAR
— / -

NON‘CONQUC?ING ARM

.

— _—-‘ . - n . ! ‘ ) )
— & ._____l__j 1t t___,ﬂh\)
) )

8, BREAK-MAKE b. MAKE-BREAK ¢. DOUBLE BREAK-OOUBLE MAKE &

" .Figure 11. Relay Contact éonfigurations.

Figure 11a shows a "break befohe make," or "break-make," relay switch. Ih ~/ |
this éase, one circuit is always 1nterrupted before the other is completed.
This is the most common ariahgement In the "make break" relay switch shown
in Figure-11b, one circuit is always completed before the other is broken —
meaning that both circuits are completed for a short time This type of relay
is used-irt some d.c. motor control circuits. In the double break-double make
switch in -Figure 11c, a conducting bar is switched between two sets of con- . .
tacts by a non-cqnducting arm. This type of switch is often emfloyed in the
control of large currents. - . -
Retax coils are rated by their operating’voltage and by whether hey are
) a.c. er d.c. Standardized—toil ratings,are 6, 8, 10,712; 24, 32, 48, 115,
230 volts a.c. or d.c., and 440 vo]ts a.c. U E
In a d c. relay coil, the current.1s Timited by the coil resistance- on]y
The coil 1s ‘designed to have a resistance that will result in the~proper oper-
\ ating current when the rated voltage is applied to the coil. The d.c. re]ays
. usually. energ1ze “at®about 75% of their nominal rated coil voltage. Once
energ1zed they will remain so until the current falls be]ow 50% of their '
rated voltage. .
In an a. .C. relay coil, the current is 11m1ted by the total 1mpedance,

' wh1ch\*s the sum of the resistance of the wire in the coil and the’ 1nduct1ve

*Page 1b/EM;02 ‘ ‘ : .
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reactance of the co11 . Since the inductive reqcfance is high, the ebil re-
sistance is Tewer than that of a s1m11ar d.c. relay. When an a.c. relay coil ,
is energ1zed the current initially surges to about 1.67 times the nominal
operat1ng current and then drops to the nominal value after the armature is
closed and the a]ternat1ng magnetic field is established. This means that-
a.c. relays close more rapidly than d.c. relays. Some a.c. relays close in
as short a time as 5 mi]]iseegnds (ms), whereas d.c. refays require 15-70 ms.
The difference in coil design between a.c. and d.c. operated relays is
the reason that the two typeé are not interchangeable. If a d.c. relay is,
used in an a.c. circuit at its-rated voltage, the resistance of the coil com- .
bined with the—a.c. inductive reactance is high enough to reduce the current ‘
" to below the operating range when the’relay closes. The result is "chatter,"
the rapid opening and closing of the contacts. If an a.c. relay is used in’
a d.c. circuit at its rated voltage, its coil resistance alone does not Timit

*

F1gure 12a shows another re]ay des1gn, ca]]ed a "reed relay." The
switch elements of the reed relay consist of flexible pieces of magnetically

INERT GAS !COlL

-
B

a. PA‘RTS OF A REED RELAY b. REED RELAYS IN PR"&’ED CIRCUIT CASES (
- “Figure 12. Reed'Relayi? ", .
I
: | ‘permeable material. when a d.c. current flows throug\ﬂyhe coil, the magnetic
fields induced in the sw1tch elemeMts cause their free ends to attrac§ one
it another, making contact and completing the electrical circuit. F1gure412b

shows several of these compact relays encaSﬁElated for mounting on prlnied

-y

circuit boards. . g

EM-02/Page 11




"TESTING AND MAINTENANCE OF. RELAYS

<

Testing ‘a relay fga proper functioning requires an ohmmeter and a voltage
source’ compatible with the relay coil. The following steps will locate any
relay malfunction. '

1. Nifh no power to the relay coil, use the ohmmeter to measure the resis- -
tance of each set of contacts.- Connections across common and normally
closed contacts should read "zero ohms“; connections across common and
horma]]y open cohtacts should show infinite resistance.

2. Apply the operating voltage to the relay and observe the operation of
the relay. Turn the voltage off and on several tiﬁei to be sure the .
re]ay is operating correctly.

} 3. With the relay coil energized, measure the resistance between the switch
contacts aga1n In this case, the normally closed-to-common connection .
should have 1nf1n1te resistance, and the norma]]y open-to-common connec-

__  tion_should.rfad “"zero." . . . : . '

L]

The most common problem in relays is failure of switch contac£§ to make
good electrical contact because of burns or corrosion. Such contacts can
often be returned to proper operation through careful cleaning. Oxides-and
other materials can be removed from the contacts by using a fine abrasive
paper. If the contacts are pitted. .or burned, they ﬁsy be smoothed with a-

~. fine file; however, care ;hou]d be used to ensure that the contacts retain _
.their briginal,shape to allow the nortal wiping action to clean them durimg

.closing. o
If the contacts aré clean and the relay appears to operate normally but
j same switches still do not open,or close properly, the problem is probably

a mechanical one. The problem can be corrected by adjusting the tension in
' the relay spr1ng or by carefully bend1ng some of the brass strips that compose

the relay switch. “Such measures are usually only temporary remeg1e§lﬁahg the
:\replaced as spon as possible. B

damaged re]ay should b
The best preventive maintenance for any relay IS to use mode]s with dust
covers and to be sure the covers are in place ‘

L} . . - Y

2




RELAY CIRCUITS

Relays are employed in a wide variety of control circuits. Two examp]es'
will be examined here. -

Figure 13 shows a simple relay contro] circuit. The controlling circuit
cons1sts of a low voltage d.c. source, a switch, and the relay coil. When a
current flows in the controlling circuit, the relay switch c]osés and a much
1arger.current flows through the controlled circuit to operate the motor.

CONTROLLED CIRCUIT —
= n d@
i - A & MOTOR
|
P
CONTROLLING CIRCUIT ik

Figure 13, Simple Relay Control Circuit,

A Y

The resistor-capacitor filter shown “in F1gure 13 is often added across
the ccontacts of high current d.c. re]ays to extend contact life. Most contact
damage occurs when the contacts open and the current forms an arc between them
for a few milliseconds. The RC filter prevents this type of Aamage, however.
When the contacts begin to open, they are short circuited by a resistor and
capacitor in series. The capacitor voltage is zero at this instant. The’
current flow that would have formed the arc now goes into charging the capac-
itor through the resistor. Thus, the voltage across the switch contacts rises
gradually rather than abruptly. By the time the voltage is high enough to
produce an arc, the contacts have moved so far apart that one cannot form.

Figure 14 shows a circuit called the "locked-out relay." This fype of
relay control circuit ismcommon on many types of elgcpromechanica]'machinéry

¢

* Figure '14. Locked-Out Relay.
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A and can be used in a.c. or d.c. circuits. It allows the cfntro] Qf large
currents by means of two low-current puthrttons that can be mounted in any
convenient place. ! : '
‘ Figure 14 shows the circuit in its unenergized state, with no current
f1ow1ng When the normally open push button is pressed, it conducts mo- <
) mentarﬂy, allowing a current to flow through the coil and close the relay
* switch. The push button is then released. The coil continues to receive
cufrent through the now closed relay switch and the normally closed push
button. This small eurrent maintains the relay in the closed position and .
delivers the larger current to the motor. When the normally closed push but- -
ton is.depressed, the coil circuit is broken, apd the relay opens.
. , )
FUSES
A1l electrical circuits are subject to failures. If a faﬂuré occurs
ignificantly reduces circuit.impedance, the current 1n the circuit can
reach levels that are damaging to circuit components. When this condition
exists, the weakest link in the circuit will eventually "burn out" and open ’
the circuit. A fuse is a dehberate weak \ink in a circuit and is designed
T, to create an open 'c1rcu1t if a certain cur-
s—FUSE . rent level is exceeded for a certain period
'T' ' ‘of ‘time.+ This occurrence protects other
i ) 'c1rcu1t components from damage.
S v . - - Figure 15 shows the symbol for a fuse .
. ) F‘igu;'e 15. Fuse in and, the placement of the fuse in a simple .
a Simple Circutt. - electric circuit.
' g ' Figure 16 shows—
. §§-_—*—_'i§ e ‘ ’g ._,..,,§ several type$ of fuses.
A JAG MEDIUM-LAG FUSE + ‘D. SLOW-8LOW FUSE Those Shown ar;e Standard
1-1/4" by 1/4" fuses;
) - {HHGIHEE ‘ s lm—t however, similar types
' o. CERAMIC An*n‘-vmnfyon FUSE " ~ 4 sda msrﬁuuzr‘ct) FUSE are available in a w'i de
s i e=is ' g variety .of sizes and

. 4AG AIRCRAFT FUSE .
e. 4AG LOW-VOLTAGE AIR ratings. Fuses can be

grouped in the follow-

Fi 16." Types of Fuses. N ;
igure ype ing three categories:

* F‘”

L4
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1. Medium-lag fuses are the. least expensive and most common. They can

carry their rated current continuously without blowing and are capable
of 110% of their rated current for an hour(or more. At 135% load, they-
blow in' less than an hour. At 200% load, they blow in under 30 seconds
At .higher currents, ‘they blow more quickly.

.

2. Slow-blow fuses are used in circuits that routinely have current surges

that would overToad a medium-lag fuse. This*is the case with most cif-
cuits involving electric mpﬁors; The slow-blow fuse uses the heating
effect of a current_fﬁFbugh a résistor to melt a solder-1ike alloy:

* Short-term overloads do not produce enough heating to melt the alloy;
but long-term overloads melt the connection, and an internal spring
.separates the parts of the fuse, as_sﬁown in Figure 17.

’

con. spmna ALLOY SREAK GCCURS HERE

N/ |

mat mo nu'r-moucmc LNK. \
¢ . R ~

3. NORMAL FUSE - b, BLOWN FUSE . \

Figure 17.- ACtign of a Slow-Blow Fuse.

AN

3. Quick-acting fuses, also called "instrument fuses" because thaﬁ is one
of their most important aph]icatﬁons, are designed to blow quickly in
order to protect delicate meters and other circuitry from accidental

overloads. . A quick-acting fuse will blow in 5 seconds at 200% load and
can blow in 5 milliseconds at high loads.. - -

HECKING AND REPLACING FUSES

«

!

Many fuses have glass, bodies and can be visually inspected for continuity.

However, a fuse can look godd and still be pad because thepreak in the con-
ductor may be at one ‘end of tﬁé;fUSe element! The best way to determine if a
fuse that looks good is good 1s toacheck its re31stance with an ohmmete‘

A fuse blows only when some c1rcu1t 1rregu1ar1ty has occurred. Beforer
replacing the fuse; an\attempt;spou1d be made to determine why it blew, and

- steps shou]@ be taken to'p¢évent éwsimfiér prob]em in the future. . Fuses

4
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should be rep]aced only w1th replacements w1th the same rating. Practices
,such as shorting fuse term1na]s together or 1ng_h1gh current fuses in low

current circuits defeat the purpose of the-flse and should be avoided. Qe

- %

. CIRCUIT EREAKE@S

The use of circuit breakers as; circuit profection devices combines the

protection of fu¥es with the advantage of returning the circuit to operation )
, . .

-

with the press of a button or ‘switch.

———— s R

Thermal- type circuit breakers have characteristics similar to those of
slow-blew fuses. - Figures 18 and "19 show. the&nstructwn and operation of
two such circuit breakers. The basjc bimetaWlic breaker shown in Figure 18
consists of a current-carrying bimetallic strip with switch contacts at one
end. When the current exceeds the rated value, the bimetallic strip heats '
and begins to bend in the. reverse direction from its cool position. It even-
tua]]y _snaps 1nto the opeﬂ pos1t1on shown 1n F1gUre 18¢ and remains there
'Qgt11 reset. E 4; "

‘ FRESET ;\i'r'roﬁ ‘
- PIVOT ﬁ”mvov"

CONTACT

‘ TERMINALS

v

A."NORMAL POSITION 7

T

I BROKEN CONTACT .

¢. CIRCUIT BROKEN

“f. Operat1on of Basic Bimetaliic -
. Circuit Breaker.

The circuit breaker shown in Figure 19 uses the heating of a bimetallic -

, strip to’unlatch contacts .helqd together by the spring force on the contacts,

Once the contact is broken, ‘the spr1ng force separates the contacts until the
reset button is pressed ) ) <
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it > . L.
- N ‘
RESET BUTTON ‘ a
SIMETAL EXPANSION BLADE . ﬁ
=~
/ -
o LATCMING CONTACTS .
TERMiNALS '™ PLACE . ) CONTACTS NEARLY UNLATCHED ’
- - s AS BLADE EXPANDS .
a. NORMAL POSITION b. HIGH CURRENT BENDS BLADE
—— e - D e
A3 ‘ \
CONTACTS UNLATCHED
¢, CURRENT BROKEN §
Figure 19. Circuit Breaker That Uses o >
Unlatching Action. :
~ - .

Bimetallic ciceuit breakers are ava1]ab]e in a wide variety of ratings =«
_ and are widely used in residential and industrial circuits.

(ircuits requiring a faster.act1on
than that provided by bimetallic circuit : o~ CAM sTOP \\\\J‘
breakers can be protected with the mag- L
netic circuit breaker, as shown in Fig- C___4> -

-+ ure 20. This device consists of a " 1 LoA0 ' -
v . U -
norlally closed relay switch operated POWER . .
. . . . - . . SOURCE

by @ coil in series with the circuit o—

-load. A1l of the circuit current

2

passes through the coil of the circuit. F1g$:gu§2‘8rggggi?1c

breaker. If the current exceeds the
rated value, the relay armature is pulled down; opening the circuit, and a
cam stop falls into place to keep the\ciigﬁit open until it is reset.

”

. CHECKING CIRCUTT BREAKERS

-
a

The contifity of a'éjrcﬁit*Breaker*in the closed position can’be checked
easily with an ohmmeter; but the only way to determine if a circuit breaker -
opens when it should is to test it under a current load. Thermal circuit

breakers should open within 20 seconds at 200% of the1r.current rat1nga -
!

EM-02/Page 17




__ Magnetic circuit breakers generally open faster, but the specifications of
each type should be checked because of the large range in opening times of
these devices. '

EXERCISES.

-~

PN

1. Describe the procedures for checking the function of the fo]]owinﬁAWT{h
+ an ohmmeter: ' T 3

' Toggle switches

Momentary push-button switchés (both NO and NC)

Fuses

a.

b. "

c

d Normally closed re]ay_cbntacts

e Normaf]y open relay contacts .

2. Obtain an electronics supplier's catalog such as the Newark catalog.

. listed in the references. Look up an example of ,each of the following
jtems and list all specifications given for the itefi chosen. L

Toggle switch , ) )

Momentary dction push-button switch

Rocker switch’

Rotary switch

General purpose a.c. relay

General purpose d.c. relay ' - K ;

Dry reed relay

T WQ - 0o o0 o

Magnetic circuit breaker K
Thermél)pircuit breaker

“ Ceramic body fuse '
STow-blow fuse ” : ‘ .

-t
.

— K L

\‘ ' . ‘Insttument fuse

LABORATORY MATERIALS

Three colored pencils ° A

r .
VOM .
6-volt battery . ' ) ‘y
o ‘ ' ) "‘ ’ .b
. Page 18/EM-02 * - < %
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. e . .
Connecting wires BN o |
115-V a.c. power cord with connectors compatible with relay |
115-V a.cs outlet with connectons compatib]e with relay '
Small 115-V a.c. motor (such as a fan) - :?\
The following components attached to a board-and provided w1th\term1na]s for
connectrng wires: DPST switch; NO momentary push button sw1tth NC
R momentary push- button switch; 6-V d.c. re]ay w1th DPDT switch and remov-

. able dust cover; two 6-V lamps with red and green lenses

' LABORATORY PROCEDURES

~—

1. Using the ohmmeter function of the VOM and the procedures described in
the Subject Matter check eagh of the switches for propér funct1on1ng
Label the common, normally open, and normally closed terminals of the '
e T push-button switches. -
2. , Use the VOM to check continuify of the normally closed relay contacts

> Energize the vrelay coil by connecting it directly to the 6-volt battehy,

and check the continﬁity\of the normally open relay .contacts. Label.all

" .relay terminals.
3. Connect the relay control circuit.shown in Figure 21.

o——Q NC
t O— —o NO
sv = i A : ’
. ’ ' GREEN
I_QJ’ o——=== LGHT
, ) . N
o [ | IL_' -
oN
_Figure 21. Simp]e Relay Circuit. :

. 4. Turn on the power ‘switch. Press the push button and observe the opera-

- _tion of the simple relay circuit. L
5. Identify the current paths of the controlling c1rcu1t and the contrglled - .
‘ c1rcu1t on Figure 21 and on the’ work1ng circuit. . - !
s — : “ - - i

. o
1 - . . L%
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, . o . ~
” ) - ) * ‘ ' i -
" L\ 6. °furn of f the poﬁer switch and add the second lamp, as shown in Figure 22.
. * ) '.-‘ ! "’?ﬁ
‘-v..&v\g ¢ '\\
I e
| E ) .
T—— ) * RS . : * >
Figure 22. Addition of OFF Indicator Light., ) .

-

7. Turn .on the power. Press the push button and observe the qperatjoa of-:
this circuit. - : '

é. Turn’ of f the power switch and add the normally closed push button, as
shown in Figure-23. This completes the locked-out relay control circuit.

v F—
. a* )
H

’,-w . . .)_—-—0

[

[ ]

t \
! »

7" — .
.

v’ -[_..’l/ —-—.
-?N‘ q OFF .‘
A B
. \ '
) B ;
. ., . Figure 23. -Completed Locked-Out Relay *
L g ' _ «Control Circuit. ..

*

L

9. “Turn oOn the power switch. A]ternate}yjlress ihe two ﬁ:gh buttgns and
"observe the operatiénrgf the circuits. ' . 'T ’ ¢ -.;

10.  Turn off the power switch. Connect the a.c. power cordy a.c.'outlet,‘
\\‘_// ~ fan, and upper sw%;cﬁ of relay, as shown in Figure 24. *«

\ '

. N . . ) ) =

- 2
RS




1.

12.
13,

-4,

15.

Plug the a.c. power cord into an a.c. out]et using caut1on not to come
into contact with the 115-V a.c. potential. present in the circuit. Turn
on the power SW1tCh of the 6-V_control circuit. Alternately press the
two push buttons and observe circuit operation. o

Turn off the power sthch ‘and unplug the a.c. power cord from the outlet.
Remove the dust cover ‘from the relay and sketch the relay mechanism in
tRe-Data Table.

Complete the Data Table, referring to the exﬁer1menta1 circuit. as netes-
sary. .

Disassemble the experimental Setup.

DATA TABLE

DATA TABLE.

Oraw and label the part of the relay q§ed in this experiment'
in the OFF and ON.positions.

17

Draw a comﬁ]ete s¢hematic of the final circuitlﬁsed in Step 11
> of the procedures. Inditategthe following current paths in
~ three different colors: .
a. Current path for initially energ1z1ng the re1ay cbil

b. Current path for maintaining a relay coil current
c., Current path for operation of an a.c. motor

”~




of

Data Table. Continued.

3. Describe in detail the operation of the above circuit. Include
the function of each component. ’
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' , ‘ * INTRODUCTION . .
L
_A transformer is a device used in an a.c. electrical system to increase
voltage and dearease current or to decrease voltage and increase current,
thus matching the impedance of the load to that of the a.c. power source.
While transformers are not e];ctrﬁﬁééhaniéa]’devices,-they are studied in
— —.;-this course because their function is based on"the same-magnetic/princip]es
that operate in electromechanical devices. The ability to transform a.c. -
current and voltage is the chief reason that virtually all commercial elec-
trical power systems operate on,alternating current.
) This module discusses the principles of transformer operation and the
construct1on details of several types of transformers. Factprs leading to
power losses are identified, as well as methods of minimizing such losses.
The connect1on of transformers in single-phase and three-phase circuits is
. presented, as are methods of troubleshooting transformers.. In the laboratory, .
the student constructs two exper1menta] c1rcu1ts and measures the efficiency '
of a power transformer _ - ot

~

T 'PREBEQUIS!TES =

//’/i' The student should have completed Module EM-02 of "E]ectromechanicaT"_'
Devices" and have an understanding of a.c. circuit analyses.

oL y _OBJECTIVES

Upon completion of this module, the student shouid.be abls *o:
1. Draw and label a diagram of a simple transformer. S
2. « ExpTaxn how a transformer operates, using-a graph showing pr1mary cur-

rent, magnetic field strength, and secondary current as functions gf

. R ¢ ™~

time. S .
3.  Given three of the following quantities for "T-transformer, determine the
h fourth: ' , ' >

L]

~a.  Primary vb]tage
b. -~ Secondary voltage

0 ) . ’
EM-03/Page 1 -




C. Primary current
d.” Secondary current
4. Given two of the following quantities for a transformer, determine the
third: ‘ K
a. Input ‘power
b. %utput power .
c. _ Efficiency R
5. Explain the following sources”of " power loss in a transformer and the
steps necessary to-reduce each:
a. Hysteresis loss
b. Eddy currents-: . .
¢. Copper loss '
6. Draw and label diagrams showing the coils and core of the following
’ transformer types:
. . a. Core-type . , ' >
b. .Shell-type ,
Explaim two functions of the oil {n an oil-filled irahsformer.
8. Given the specifications of a single-phase transformer with dual pri-
maries and dual secondaries, draw diagrams showing possible coil connec-
tions, and state the output voltage and current ratings for ‘each connec-
tion—for a specified input voltage.
9. Draw schematic diagrams of the four possible connections of three-phase
s transformers. State which of these is seldom used and state an advantage[
. ‘ of each of the other three connections. ‘
10.  For each of the above connections, given the input voltage and currents
. and the ratio of windings of the transformers, determine the outpdf volt-
ages and currents. " f
11.  State two advantages and one disddvantage of an autotransformer and
explain .its construction. - o i
12. Draw and labe] diagrams showing the use of the fo]]owingainstrument
transformers: . ) )
a. Current transformer
b. Vo]tége tr;nsformer )
J 13.  Explain why high-frequancy transformers have air cores.
‘ Page 2/EM-03- - {
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- .
W

I

14. Explain the.operation of a‘constaht current transformer used in lighting

" circuits. ‘
15.  Explain how to use a VOM to check continuity of transformer windings and
why a VOM.cannot be used to check for shorted windings, . e

16. Given the appropriate equipment, ﬁeasure the input and output power of
a transformer with varying input voltage and determine transformer effi-

“ciency. T T

* . ' ' EM-03/Page 3
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- SUBJECT MATTER

b ‘ THE BASIC TRANSFORMER

Figure 1 shows the basic components of a transformer used for the trans-
kY
formation of alternating currents and voltages. The transformer core is a
closed‘loop of magnetically permeable

, material. Two coils of wire are wound TRANSFORMER  [—— e R
around the core. The primary winding oo {7 —— | ] seconommt]
is attached to an a.c. power.source, MG FEMARy EZ L mona ono
and the éecondéry winding is connected ! —[;j' __,E '

} /%

to the load. The following discussion
of transformer operaiion is based upon Fidure 1. Basic Transformer
an ideal transformer having no losses Construction.
end a power factor of one. Loss factors
in practical .transformers will be discussed in a later Section of this module.
- Figure 2 shows the primary current, magnet1c field, and secondary current
of a transformer in operation. The current £low in the pr1mary coil produces

,a magnetic field in the transformer core.

PRIMARY cuhnem

This magnetic field var1es with the
primary current chang1ng direction when

the current changes direction, as shown
in the figure. The field also passes '
through the secondary coil. When-the-
strength of the magnetic field ﬁESsing* )
through the secondary coil changes; a

CURAENT ——»

TG"T!C FELD —>

f

©

Figure 2. Transformer - -

current is produced in the coil. When — Operation

the magnetic field is at a maximum, its i

value is not chang1n9, and the secondary vo]tage is zero, as indicated at
points A and B of Figure 2. When the magnetic field is changing direction
(zero magnitude of the field), the rate of change of the field is at the max-
imum, and the induced secondary current is also at a maximum, as indicated at
points C and D of Figure 2. Because the induced current depends on change in
the magnetic field, transformerg_operate on a.c. currents only. A constant
d.c. current produces a,constant magnet1c field and, thus, will not induce a

current in the secondary.

— L4
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If al1 the magnetic field passes through both coils and if the resis-

"tance of, the windings is ignored, the maximum voltage across each turn of \

wire is the same in both the primary and the secondary. ‘For example, suppose

a transformer has 100 turns in the primary, 200 turns in the secondary, and

a voltagé-of 10 V a.c. is applied to thg ﬁfimary. Each turn iﬁ the primaty
- " has a voltage drop of 0.1.V. Since each turn in the seéﬁﬁdary\also has a

‘yoltage"of 0.1 V, the output voltage of the secondary is 20 V. This‘F§1&tiou:>

ship is expressed in Eqdétion 1. N ‘ : ‘ LT

=z
<
—

1
2

= a Equation ]

“
v

=

<

2

Number of turns in the primary.
Number of turns in the secondary.

where: N;
. N,
Vi

V2

a

Voltage on primary.

Voltage on secondary. .
Turn ratio of transformer. '

L]

G
A transformer connected to produce a voltage increase is called a "step- -

up transformer"”; the same transformer connected to produce a voltage decrease
is called a "step-down transformer." )
The® power in an electrical circuit is ‘the instantaneous product of the v
current and voltage in the circuit. In the ideal transformer, all the power
in the primary circuit is transferred to the secondary circuit. Thus, the
. product of voltage and current is the same for each circuit. This meéns that
a transformer that increases output voltage decreases output Current by a
proportional amount; a*transformer that decreases voltage increases current.
This relationship is expressed in Equation 2. : - - ‘

- ‘

=3 = l% ) i Equation 2

t
Zl~2
~

where: . I; Primary.cq;rent.

* 4

[, = Secondary current. e

Eiamp]es_A and B show the use of Equations 1 and 2 in solving problé&ms.

/%; . . _ , >
¢ ' . (Y

. . 'R . Y

!/ i ) 0 - ' *
' H ~
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EXAMPLE A: DETERMINING TRANSFORMER QUTPUT.

Given:

— ————

Solution:

b

A transformer has 500 turns in the primary and.250 turns in the
secondary. The primary current is 5 A and.the primary voltage
is 200 V.

(a) Turnratio of transformer — ———— - o
(b) Output voltage )
(c) Output current
(d) Input power -
(e) Output power
(a) Turn Ratio:’ . .
_ 500 ¥
© 250
a =2 .
(b) Output Voltage: : S
Vo = %% "
_ 200V
2
V, = 100 V
(¢) Output Current: -
S T ='a11 . M
. =(2)(5 A)
I, = 10,A '
(d) Input Power: ,
Py = IV ‘ , -
= (5 A)(200 V) '
P,.= 1000 VA
(e) Output Power: . \ C\
P, = (10 A)(100 V)
P, = 1000 VA »
The transformer reduces the voltage by one-half and doubles the
current, resultidg in an output power equal to the ?nput'powerl

, ' T {™ EM-03/Page’7




Given: A transformer produces an output voltage.-of 24 V with an input
‘ voltage of 115 V. The secondary culent is 2 A. _ ) .
Find: Primary current by (a) calculating furn ratio and (b) calcu-
lating transformer‘power.'
~Solution: (a urn“Ratibi””‘““"’ . S
) N5 v .
- 24V ~
a=14.79

Primary Turcent:

i

-

I:._Z.“

N = _
_2A

\ 77
I, = 0.417 A
(b) Output Power: *
- P, = IV’ )

= (2 A)Y(24 V)

P, = 48 VA

Input Power:
P1=P2=48VA

i /]
\\\\ Input Current: , '

=P
L = ¢
_ 38 VA :
P2 ]]5 V
I, = 0.417 A ’ "

\

A

When an-ideal transformer‘has its primary éonnected to an'a.c. sdurée
and its secondary open, the secondary voltdge is that determined with Edua-
tion 1, and both the primary and secondary'currents are zero.
attached to the secondary, a current flows through the secondary to provide

power to the load. The primary current increases to providée the necessary

input power to the transformer. Thus, the power.through the transformer and.

v,
)

Page 8/EM-03
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.y

e . . -

? . ) ~ s ° . .
both_the primary and secondary currents dépend on the load connected to the
transformen secondary. The impedance of the load must be high enough to Timit
the secondaxy current to the rated value at the rated output voltage. If the
load impedante is too ]5@, the current will inerease above the rated value,

and the transf will overheat and be damaged.
he tr S ormer» i erheat and be : g - —

O N Y -

S ——— - - - — - .

—

POWER LOSSES TN TRANSFORMERS -

The concept of an ideal transformer with 100% efficiency is-useful’in
..studying the -operation of transformers, but such devices cannot be constructed.
Some power loss always occurs. ‘
' Copper loss is the power loss resulting from current flow through the
resistance of the coils.. This loss is I2R, where "I" is the coil current and
"R" is the coil resistance. Thus, copper loss increases with the square of
the transformer current. Copper loss can be reduced by using 1arger (Tower
resistance) conductors fof the coils. The increased efficiency is achieved -
at the expense of increased size, weight, and cost. . - ‘
Core loss_in a transformer is the power loss within the transformer core.
.The two components of coré;]oss are eddy currents and hysteresis loss.
Figure 3 shows the formation of eddy currents in a solid transformer
core. These currents are induced in_the ends of the core just as the second-
ary current is inducéd in the secofidary coil. Losses due to eddy currents in.,

PRIMARY . o

v. '.‘l L]
: D)
MNOING ' AN ,,_ :
s - T, <

# AU {

{-£DOY CURRENT N THE CORE

\\\\\\\J Figure 3. Path of Eddy Currents in a,Solid Iron Core.

< -~

the core are I%R losses, and they increase as transformer current increases.
These losses can be greatly reduced, but never entirely eliminated, by the

- ‘EM-03/Page 9
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e

use of a laminated core transformer (Figure 4).
This core ¢onsists of .a stack of thin, metal
plates coated with an electrigal insulating.
material that prevents curreny flow between the

plates. Eddy currents still exist in the in-

“dividual core sections,%put their magnitude and,
. thus, the resulting power Toss, is greetly re-
duced.- —_— C e s
Hysteresis, discussed‘in Mdhu]e EM- 01,
is the process of rea11gn1ng the magnetic do-
mains within the coreﬁhhen the d1rect1on of the

Figure 4. Laminated
Core Transformer.
pplied magnetic field changes. Some energy is

required for this realignment. Hysteresis loss is reduced by choosing a core
material that is easily magnetized and remagnetized., Silicon steel is the .
material most common]x‘used Unlike other loss factors, hysteresis loss is
constant and does_ngp,xagy with transformer current. Constant hysteresis
loss accounts for the small current flowing in the transformer primary even
when the secondary is open. - . _

A1l power losses in the transformer appear as heat energy, which raises
~cthe temperature of the core and the windings. Transformers must be designed
‘.to dissipate this thermal energy at their rated values. . -

The efficiency of a transformer, as in all other energy transformafion,

devices, is giyen by Equation 3. ’
‘ e

Equation 3

El

.Percent efficiency:
= Input power.

Pin

P = Qutput power.

out P
The efficiency of power transformers varies from about 905 %or small models |
to as great as 99% fonklarge distribution transformers A large power trans-
former is designed to operate at its maximum efficiency, at its ratéd pr1mary
and secondary voltages and currents, and at a specific frequency. Examp]e C ‘
jllustrates the calculation of transformer effieiency. -

T
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I . EXAMPLE C: CALCULATING TRANSFORMER EFFICIENCY. I
Given: A power distribution transformer has an %nbut‘power of 5 kVA
and an output power of 4.925 kVA. ’ .
Find: Transformer efficiency. . -
Sojution: Pout - ) :
n = p°“ x 100 e ’
s in - .
. _ 5 kVA I
= 7.925 kA X100 - ( .
© n=98.5% . ‘/
) - . - '

'POWER TRANSFORRERS

} ~

Transformers are manufactured in a variety of configuratigns for several
applications. The most common :type is called the."power transformer" because
it is used to supply a.c. powef to a load. Power transfOrmers vary in size
from 100,000 kVA models that are the size of a house to the tiny transformers
that supply a few watts in rad1os and calcu]ators A1l power transformers

' have characteristics in common. ' . ~_
The ratio of input-to-output voltage is S | —
the same as the ratio of primary-to-secondary’ i in AR
, : : . N AR S ~ § L =
turns only if all the magnetic flux passesaﬁie &___T._Tj/ T
through both coils. Figure 5_shows that this ‘

is not the case in the simpletransformer. i 5 prim y
* igure 5. Primary an

This flux leakage is reduced in power trans- Secgﬁdary Léakager¥1uxes. ’

formers by winding the coils as shown in

Figure 6. The core type (F{gure 6a})

-
consists of a ractangular core with ‘ e §
‘ coils around two sides. Each set of E i
coils @asfa primary coil and a second- i i ]
ary coil. In the shell-type trans- ) o
,Afomner (F1gure-6b), all of the coils winDINas SWINDING3
are wound around the central part of - Fidﬁre 6% Transformers. e
_ the core " The outer portigns of the n . ‘
core surround the coils with a magnetic "shell." The windings of large-shell ~

_transformers usudlly consist of several thin secondary and primary coils
, stacked alternately, In smaller models, one coil surrounds the other.

3 . - * 3
.
i
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Power transformers m3y be dryoor oil-filled. Both types are shown in s

Figure 7. Most smal
enameled copper

3
tran§formers are the dry type. The coils consigtJof v
atated by paper and asphalt or resin (nsulatjon.

- Figure 7. Power Transformers. X : ’ -,
Cad .

Transformers ]arger than 5 kVA are usua]]y 0il-filled. The coils are composed
of copper wires w1th a porous 1nsu1at1on, such as cotton, and are 1mmersed
in a case filled w1th 0il. The oil provides e]ectr1caﬂ insdlation and heat
transfer. 0il channels through the core dnd windings al]ow heated 0il to Co. .
5 . rise thrdﬂbh the center of the transformeiC\ﬂThe hot oil then flows by com-

’ ( .veqé1on down the inside of the case, transferrsng its heat energy through the

-wall to the outside air. Larger models may be equ1pped with ragiators and °

Id

o

cooling fans. . .
Transformers*are available with several pr1mar1es and secondarigs.. The!
ﬂmost common type of power transformer is the dual-primary, dual sétondary
.. trans former represented schemat1ca11y in Figure 8. . Four possible ‘connections
are shown This transformer is rated as 2300/4600‘V input, 115/230 V output ~
which means that the transformer can produce an output voltage of 115 V or
. 230 with an input of e1th:§/2309 V or«4600 V. The primaries and secondaries
t are connected in series, para]]e] to produce the desired outputs The :
L voltagg across one pr1mary coil is always the lower of the primary rat1ngs -
' 2300 V in tiris case. If a 4600 V input is used, the primaries are gonnected
in ser1es so that each operates at the desired. vo]tage Likewise, the voltage -

across one ‘secondary co1] is a]ways the lower,of the secondary rat1ngs

Y

- -
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8

\

L

0.00

I
o % ’1 TorT

4800 118 . 2300 118 : 2
L oo

. ' Figure 8. Transformer Connections.

-

Pouer transformers are also rated according to their power or output
‘current. D1str1but1on transformers and most other large transformers are , .
rated by power in ki]ovo]t -amps (kVA), rather than watts, because the actua1
power transfer in react1ve «circuits w1th Tow power factors may be much less
than the product of voltage and current, upon.which the interal power dissi-
pation of the transformer depends. Smaller power transformers, such as those
found. in power-supplies -for electronic circuits, are often rated accord1ng
to output current The transformer used in the Iaboratory sect1on of this ’
module, for example, is rated as pr1mary 115/230 V, secondary 12/24 V, sec-

‘ oridary- current 4/2 A - wh1ch means that the transformer can de11ver either:
4 amps-at 12 volts\or 2 amps at 24 volts from a source- of\JIS V or230 Ve
The poss1b1e connect1ons are the same as those shown in F1gure 8.

Since mpst large- sca]e power systems are three-phase’ systems, the con- -
nection of transformers in three-phase grrcu1ts is 1mportant. A three=-phase -
transformer consists of three identical single-phase transformers conneoted —y
in one of the four ways illustrated in Figure 9.  In this figure, the heavy ”
lines represent the transformer coils. Ihe w1nd1ngs on the left arg the »
primaries, and those on-the right are the secondarigs. Eaeh primary winding
is mated in one transformer with, the "secondary winding drawn para]]e] to it.
The line- to-}ine Vo]tages and the “currents are expressed in terms of the 1nput .
voltage and current and the turn.ratio "a." . ' .

The Y-A connect10n (F1gure 9a).is commonly used in power d1str1but1on
systems in stepping down from a hlgh voltage to’ axlow, or 1ntermed1ate,

- '4 . o
“n
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) < *.Figure 9. Common Three-Phase Transformer Conﬁectioqs. .
- . .. voltage because it provides a desirable common ground for the'hiéh—vo1tage

~
i3

§ide.‘ Conversely, the A-Y connection is most often used for" stepping up to
‘a higher vé]tage. The A-A connection has the advdntage'that one transformer-
can be removed for repair, whereas the remaining two continue to function as
" a three-phase bank‘rafed at 58% of the original bank. "The Y-Y connection is
seldom dged pécause problems with hﬁrmonics‘often pPoduce nbn—sinuéoiﬁa] out-
- puts._ . ' =

-

4

Example D illustrates the calculation of the oﬁtput vd]tage and current

-0of a three-phase transformer. . .
¥ <

l L h EXAMPLE D: THREE-PHASE TRANSFORMER. )
Given: A three-phase transformer bank connected Y-A has 1ine—to-1{ne . .
input/voltages of 2400 V and a current of 10 A fn;each phase.
" The turn ratio of -the transformer is 5.77. )
. Find: Output voltage and current. " )
Solution:, From Figure 9a: - : . .
~ - _ Vin
RO I Vout =33 ‘ ,
, : _ 2400 V . '
: - < (5.77)(1.732) -
. * . ce VOut = 240 V N ) : ’ v .
R - g = a8 I, , , o
' - ©o= (5.77)(1.732) (70 A) ..
Ioyt = 100 A ‘ . B ‘ s

Page 14/EM-03 - ' . .
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. Power transformers are often pros saav a.0.

v1ded with mu1t1p1e taps for ad3ust1ng ‘:: :: 78V a.e.

the input Or output voltages. F1gure, T8OV 8.8
’ . ]q is a schematic of such a transformer COMMON

designed to produce one vf three out- K ) . commoN

. puts from one of two inputs. In such

a transformer, the taps can be changed Figure ]01 Multi-Tap

to producé the desired !g]tage_under a Secondary.

_range of input and output conditions.

»

: L. AUTOTRANSFORMERS

Figure 11 shows the schematic diagrams of autotransformers. The auto-
transformer consists of a sjng]e winding that serves as both primary and
secondary. The section of the winding ' :

( that carries both the input and output
currents is usua]]y of a larger con- Yin . Vour

A @ .
ductor than the remainder of the.coil, l . 3 V@ﬁ éﬁ g ‘l
3 . " ¥ ' y -

Autotransformers can be used whenever

. STEP DOWN . STEP UP

. both the input and output have a | .

‘ . . - - -

. groended line. Many small slng1e Figure 11. Autotransformer. .
phase distribution transformers are r
autotransformers. )

The autotransformer offers two advantages over transformers with sepa-
Lo rate windings. First, they are smaller, lighter in weight, and use less

‘copper. Second, because there is only one coil, flux 1eakage is minmimized.
The most serious dieadvantage of the autetransformer 1s;that it provides no

. isolation of the load from the power' o Y
ling, ° ' & '
An'ordinary transformer can be T

-used as an autotransformer, if con-

. nected as shown in Figure 12.
Figure 13 shows a variable auto-
transformer and its schematic diagram. g s T
" 148 tic diagr Figure 12. Congection of a Two-
This transformer consists of,a single Winding.TraMsformer as an

coil of wire wound around a doughnut- Autotransformer.

'
A R

' © EM-03/Page 15
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INPUT ouTPUT

-, * T
3. VARIABLE AUTOTRANSFORMER b. SCHEMATIC

A
o . Figure 13. Variable Autotransformer.

shaped_core. A sect1on of the wire is bare of insulation, and a movable
carbon brush makes contact with.it. _This brush can be moved to different
positions to change the transformer ratio. VariabTe autotransformers are
often used.in variable a.c. power supplies. .

° to.

OTHER TRANSFORMERS .

-
-~

Many other types of transformers are ih common use. Several are briefly.

- described here.
f A1l transformers discussed thus far “deliver a constant output voltage
w1th a constant input vo1tage The oytput current varies with the Toad.
- ’ . Sometimes a constant output current is desired under changing load conditions.
This can be accomplished with-the constant current transformer shown in Fig-
’ _ure 14, In the d1agram, C is the transformer core, A 1s the pr1mary coil,
= . L and B is the movable secondary coil, supported
. . in part by a counterweight. Current flowing 1n2
' . A 3 Y the two co1ls sets up 0ppos1ng magnetic fields -
- o~ "' that push them apart As the secondary moves '
é i upward flux leakage 1ncreases, and, output volt- )
w ot ’2\ «— SECONDARY
I St | e PRIMARY age drops Such transformers can deliver almast
0" - .\T- cqnstant output-current over a wide range of vo]t-‘ l
oo N , ages. €onstant current transformers are often
“ F1gure 14. Constant used in 1arge sca1e series illumination systems )
© Current Transformer. - _Figure-15 ‘shows the application of spec1a1-
' . ) ‘ ized-instrument transfoﬁners for measur1ng cur-
.:', . rent, voltage, “and power in a.c. systems. These transform“rs are used when
. the-'voltages exceed a féw“thousand volts and for currents above about 20 A.
:f{ " Page 16/EM-D3: ) , o I ' '
. . .




The voltage transformer reduces t

le CURRENT.. \

a large a.c. voltage to a level TRANSFORMER

that can be measured conve-
POTENTIAL

niently with an a.c. voltmeter. , TRANSFORMER

' . SUPPRLY * + + . LOAD [
The current transformer is a .
step-up transformer that in- % (;>

creases voltage and greatly :

reduces current for easy mea-

Figure 15. Cennection of

. . Instrument Transformers.
A portable measuring device of ¢ y rmer

surement with an a.c. ammeter.

this type, called an "amp-clamp,"
consists of a meter attached to the secondary coil of a transformer whose
core is clamped around a single ¢pnductor of an a.c. poweK/11ne. The power
1ine acts as a single-turn prjmaii.

The discussion thus far has applied only to transformers qperating at
a.c. power frequencies. Transformers are also employed as. impedance matching
devices in many circuits at higher frequencies. Figure 16a shows a small
audio transformer used in an audio amplifier at frequencies up to gbout 25
kHz. Figure 16b is a radio frequency transformer, which has air cores be-
cause its operating frequency is so high that there is not sufficient time

during one period of the wave for magnetic domains of a.mdterial to reaHign.

.

\\?-p.

N

“4———=SECONDARY

tmmee PRIMARY

o

N L}

' 3. AUDIO TRANSFORMER b. RADIO FREQUENCY TRAN‘SFORMER *
- ;
b Figure 16. High-Frequency. Transformers. ‘ ot .
SR - X
" v&‘ o .t TROUBLESHOOTING TRANSFORMERS

Transformers are subject to two types of faiTure: open circuits and .

-

shorted windings.

S
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y An open circuit in a trans?orm;; wiﬁdiﬁg oécbrs when the conductor has
been broken through melting at high current ot mechanical strain. This fault
can be identified by measuring coil resistance with an ohmmeter. A good coil
will show a short circuit. .

- An ohmmeier cannot be used to-identify a shorted coil. When a short

occurs, one or more loops of conductor are shorted together. The resistance .

of éhe coil may chahge very 1itt1é, and the transformers-may continue to supply

a lowered output voltage for a short time. However, the shorted loop acts as

a shorted secondary of the transformer. High currents produced in this loop

cause the transformer to overheat and "burn up."

. A shorted coil can be identified
‘\\\; . using the circuit shown in Figure 17.
When high-voltage transformers are tested
’ <>€§ g in this manner, the primary is chosen as
)
A

the lTow voltage side of the,transformer.
The secondary of the transformer is open,
«Figure 17. Testing a . N
Transformer. and the input voltage is increased slowly
. from zero tQ the operating voltage with
a variable autotransformer. The primary current at the rated value should not
exceed a few percent of the rated primary current. If it does, part of one
of the.coils is shorted. .
Transformer failure, due to overcurrent, often indicates a short in the
_transformer load. When transformer failure occurs, the entire circuit should
be checked to locate an} other problems. Replacement transformers should
always be chosen to match circuit parameters. Operating a transformer above
its rated values decreases efficiency dnd results in overheating. Operation
F

at a small fraction of the rated values results in lowered efficiency. .

/

(

EXERCISES :
aE— "
: e T .
1. A transformer has an input voltage of 7200 V, an input current of 2.5 A,
and an output voltage of 230 V. Determine the output current.
2. A transformer is rated as primary voltage 115/230 V, secondary voltage
24/48 V, secondary current 4/2 A. Draw diagrams showing the four.

. Page 18/EMz03 —_— -
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possible connections of this transformgr, and iabe] input and output g§
currents and voltages on each diagram.

3. Three identical single-phase transformers with a turn ratio of 2.3 are
used as a step-down, three-phase transformer. ' The line-to-line input )
voltage is 250 V, and the current is 25 A. Determine the output current
and line-to-line vo]tage'for the following cgpnéctions:

a. A-A
b.  A-Y ) ’ .
c. Y-A ‘

4. Read the Laboratory Procedures section of this module. Then write a set
of step-by-step instructions for measuring the efficiency of the auto-
transformer used in the lab as a function of output voltage.

5. A transformer rated primary 115/230 V, secondary 230/460 A is suspected
of failure. Explain how this transformer can be checked for open and
shorted coils. Include the Specifigations of the equipment necessary
for“the tests. :— |

/

LABORATORY- MATERIALS
Two VOMs . - .
’ a.c. wattmeter, W, 115 a.c., 1 A, Simpson model 79

’ 0.20 kVA variable autotransformer, input 120 V a.c.,'output 132\V a.c., 1.5 A,
) with male quick-disconnect terminals, mounted on open stqﬁd
Power transformer, priMary 115/230 V a.c., secondary 12/24 V a.c}, secondary
current 4/2 A, with ma]e'quick;disconnect terminals, mounted on board
- Twé'ﬁowér resistors, 12 ohm, 25 W, with male quick-disconnect terminals, ,
. mounted on board . _ //
a.c. power cord with fe@a]e quick-disconnect terminals and connectjng wires
with female quick-d#sconnect'termina]s‘
d.c. power supply. 0-12 V d.c., 1 A

19
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LABORATORY PROCEDURES

- “

1. Using 'the test procedure presented in the Subject Matter -and the ohm-
“meter function of the VOM, check the‘coptinuity of the windings of both
the power transformer ang the autotransformer.

2. Connect the circuit show‘w Figure 18 for accurately determining the

resistance of the powér resistors. The voltmeter is a VOM set to mea-.

sure 0-10 V d.c. The ammeter is a VOM set to measure 0-500 mA d.c:

D.C. POWER 0 124, %
p ' SUPPLY 25N
1Y N ‘

Figure 18. Determining Resistance
of Power Resistor. . SN

3.  Turn on the poﬁer supply and adjdst the current through the power resis- N
tor to 500 mA. Measure and record resistor vo]Page and current in the \
Data Table, and calculate the actual resistance. This value of resis-
tance will be used in future calculations. )
4. « Turn off the power supply, replace the first resistor with the second,
and repeat Step 3. ) ‘ )
;5. Connect the circuit- shown in Figure 19, But do not connect the power
_resistor yet. V; is a VOM set to measure 0-250 V a.c. V, is a VOM set
to measure 0-50 V a.c. Transformer secondaries are connected in series.
' CAUTION: BEWARE OF EXPOSED TERMINALS. HAZARDOUS VOLTAGES WILL BE PRES-

ENT WHENEVER CORD IS PLUGGED IN.

120
25w

)

© | H' q
=131 Teo%®™

<

Figure 19.. Experimental. Setup.

6. Set:the gariab]e autotransformer for an output voltage of zero volts and
plug the power cord into a 115-V a.c. outlet.

4
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7. Check the transformér for shorted windings'by stowly increasing the input
voltage to 115 V a.c. 1If the wattmeter indicates a power consumption'of
more than a fraction of a watt, the trarsformer”contains a shorted coil.

8. Returs the input voltage to zero. Disconnect the autotransformer’ from
the “power source, ;cennect the power resistor as shown)in Figure 19, and
reconnect the power source. . <

9. Set the variable transformer for an fnput voltage of 25 V a.c. to the
power transformer as measured on V,.

iO. Record input voltage and powgr.and output voltage of the power trans-

" former in the Data Table. L _

11.  Increase the input voltage of the powér transformer in 25—vo1t'§teps,-
repeating. Step 10 each tjime, until an input voltage of 125 ¥ a.c. is

. reached. Unplug the power cord when all data has been taken.
12. Record the resistance of the power resistor in the Data Table,
13. Calculate the output power of the transformer, using-;‘

-

VZ . 3

P s X - -

Calclilate the efficiency of the percent transformer,; using -

-

Efficiency (%)= OI“ntpu”tt ppo‘::“eer'” x 100,

14. Reconnect the transformer seEBhQaries in parallel, as shown in Figure 20.
Set V, to measure 0-10 V a.c. Connect the second power resistor in
. parallel with the first. '

[

) .
) ) .
> >
* 120 12n
: - ! - 25w 25w
R ‘ l ' |
r e , - -

~
- Figure20. Parallel Connection of
: ' Transformer Secondaries. \
’ » k . - » .
4 ! ‘
| : 1
I : . % |
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15.

, _ _RyRy
R rr+ Ry

Record this value in- the Data Table.

16.
17.

Cal;u]ate the load resistance of the circuit, using —

Repeat Steps 9 through 13 for this transformer connection.
On a single sheet of graph paper, plot transformer efficiency versus

ijut power for the series connection and the parallel connection.

*

L

DATA TABLE . ¥

L
3
;T DATA TABLE.
Resistor A Current Voltage Resistance
: ) dow * (2)
. R
. ‘. |
2
SECONDARIES IN SERIES
. Input Input -} Output Circuit Qutput .
Voltage Power Voltage, _ Resistance Power |, Efficiengy #*&h
(V) (W) (V) (Q) (W) (%)
25
50
75 )
100 N
125 "y /
. SECONDARIES IN PARALLEL ) ~
« [nput Input Qutput Circuit Output o
Voltage Power Voltage  Resistance Power Efficiency
(V) W) (V) () (W) (%)
25 *
50
75 ]
100 , -
125 N
b} I A
Page 22/EM-03 .
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o~ INTRODUCTION,

. ¥
Generators and alternators are electromechanical devices that convert
input mechanical energy to output electrical energy. A generator produces a
d.c. output voltage. It consists of a coil of wire rotating in a fixed mhg;
netic field. An alternator produces an a.c. output Vo]tage.! It consists of
a rotating magnet surrounded by fixed coils. |
This module discusses the basic theory and design of generaors and ’
. alternators. The construction details and output characteristics of several
types are included. Other topics discussed are loss factors and efficiency,
output voltage control, and parallel connection of both d.c. generators and

alternators. In the laboratory, the student will measure the output charac-

teristics of a generator and an alternator. | . .
. \7/1
PREREQUISITES
~ 5 .
The student should have completed Module EM-01 of “E]ectro&gchanica] ’
Devices." Lo d . L -

OBJECTIVES'

-

Upon comp]et1on of this modu]e, the student should be ab]e to:

1. Draw and label a diagram of a s1mp1@?d .C. generator and a s1mp1e alter-
nator. NP~ f

2. State the three<factors that determine the output voltage of the follow-
A

ings .
a. A d.c. generator ) “ ;
b. An alternator .

3.. Identify the %o]]owing components as lamipated or not laminated and state

the reasons for the construction in each:, :

a. A d.c. generator stator

b A d.¢. generator rotor
¢. An alternator stator -
d An alternator rotor . ~ L ™
' ' “ ////7
. N R //
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Explain_ how d.c. generators and alternators are connected to externa]
circuits and how- this affects the size of bruﬁhes used in each.

Draw and label diagrams showing the following d.c. generator connectiohs:
a. Shunt - . . ' .
b. Series - » ’

c. Separately-excited - L
d. Compound & ’ . -

Draw and label a diagram showing output voltage versus load current for.

-

e

a shunt generator and @ compound generator. Explain how the serfes coil

produces the difference in the two curves. . ‘

Draw and label a diagram showing output vo]tage versus load current for
" a compound generator w1th the series f1e1d opppsing the shunt field.

State an application for this type oOf generawbr

Draw and label a diagram showing two methods of contro111ng the output

Y

voltade of a d.c. generator Explain each metbod oo "y
9. Explain the role res1dua1 magne¢1sm plays in start1ng a d.c. generator
10. Exp1a1n the four steps necessary for transferr1ng an electrical load
from one generator to another w1thout intercepting the e]ectr1ca1 power
in the load. - ’ . .
11. * Given any two of the8f0110w1ng quantitiesg concern1ng an a]ternator, -
determ1ne the other two .

2. Number of pole pa1rs on the rotor ‘ ~
4

-
e

b,  Rotational rate
c. Output frequency
' 12. Draw and label dJagrams show1ng the coil connect1oaf and the output .
“‘waveform of a three—phase a]ternator ““\\
13. Given the. number of po]e pairs on the rotor of. & three phase a]ternator,
® determine the, total number of armature coils and explain héw they are
connected. - T .
14, Draw and Iabe] a diagram show1ng the mounting of alternator armature
" bars in the stator core teeth. . -

L}

4
-15.  Draw and label a diagram of a brushless exc1ter used’1n 1arge a.c.
'\ +gegerating. stations and explain-how it works. ot ° o
16. . L1 t the additional requirement that must be met when para11e11ng a]ter:T\\ '

n tors beyond those necessary® r d.c. generators

Page 2/EM-04
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17. * Giveh the approp}iaté quipment, operate a d.c. generator and an alter-

1) -
~ nator and determine their operating characteristics. .




R

’ . SUBJECT . MATTER -

illustrated in Figure 2. In Figure
.moving to the right, and wire segment ° . d.c. Generator.

" no 1nduced,v01tage

-
. &

THE SIMPLE D.C. GENERATOR o

Figure,1 shows the basi¢ components 'of a simple d.c. generator., This’
device consists of a square loop of wire that is rotated inside a fixed mag-,
netic field. Each end of the wire loop "
is connected to one-half of a sp11t ring
conductorﬂ Brusggs connect the output -
veltage from the split ring to an exter- -
nal c1rcu1t ) ‘ ‘ .

The operatian of th1s device is -*

‘sPUT RINGS

2a, the coil is just rotating past-the

. » ] - . . » . - . . « .
vertical position. Wire segment A is ) Figure.1. Simple .

B is mqé;ﬂd to the.left. Since both ?

segments\are moving in the direction of the magnetic f1e1d 11des» there is
: .“f
In Figure 2b, the rotat1on has continued. Wire segment A is.moving up-
ward_ through the magnet1c f1e1d, and wire segment B is moving downward Both
segments cut the fixed magne field lines to produce forces on e]ectrons in
the directions shown\dn the.ﬁizure. These forces produce an output vd\tage
on the. brushes. v : ' , AN

S Figu%@ 8 OpeYatjon:Sf the S1mp1e d c \Generator o

S N : N .. < R EM 04/Page 5
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ON .
Q]ane parallel w1ty)the applied -

t

In Figure 2c, the cojl has rotated into a

magnetic field. At this, time, wire segments A gnd B move pevpgndicu]ig to ‘the « “)‘

magﬁetfc field, producing the maximym output voltage. ,
In ﬁigure,Zd, rotation has contihued and the}odt:
' put voltage is dropping from its maximum value. When
the coil reaches the'vertica1 position, the output
voltage will égain be- zerd. Each brush will §ij to:

the other half of the split ring, and the process will

. !
o 'n:; Z_,_. be repeated. ,Figure 3 shows théOOU;Eut waveform of
* Figure 3. Output of N the siq&]e d.c. generator. The points -tabeled a, b,
Simple d.c. Generator. ¢, and d correspond to the lettered drawings in.Fig-
’ . ure 2. ' o . . ]

The rotafing coils in most-génerators consist of sgvéra] 106ps of wire,

as shown in Figure 4. The maximum output voltage of such a generato} depend?

on the following factors: -~ . | . oo
’ « Number of loops in the moving coil
' - Strength of the magnetic field . SN
- Rotational rate of the coil . v )
\ * e
Increasing any one of these quantities will in- " .

screase the output voltage. o Z o
¢ Figure 4. Multi-Turn Figure 5a shows an improved generator dgsign con-

. 7 . a .
Generator Coil. sisting of-two coils of wire conhected to a commutator -

with four segments. Each coil ﬁs in contact with the

brushes only durihg the part of the rétationaT.cycﬁe thét'produces‘the maxi-
" mum output voltage. This produces the smpother output shphn in Figure 5b.

T ‘ .'.,
i
©
’ «< 1
r P 4
L] ol
> TluE—-—-b: N -
; - 5 ‘ ‘
?’!"’ .“,:‘- - - . : o ot Te . s 3
oy . } Figuré 5. Improved d.c. Generator. ] 0 A
PR RCY AT ‘ 7 N , ’
. -~ . 4 » . ] R -
. ¢ - - Page 6/EM-64 - - -
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L consmucrzou OF D.C. GENERATGRS : ..

F1gure 6 shows the construct1on of the commutato f a d.c. generator.
The comhutator segments are ‘made of copper.* Carbon brushes .are, held in con-
tact with-the commutator segments by spr1ng " 3 -
tension. The brushgs and commutator segments i
of a d.c. generator must bezcapable of carrying
¢he output current’ of tbe generator

F1gure 6 shows only a sﬁngle coil on the
armaturea but several cails are‘gsually uSedi——

< Some'times they are connected to 1nd1v1duaT

commutator segments as shown in Figure 5a;

- . Figure 6. - Commutator
but more often they are interconnected, as of d.c. Generator /V

>
<
o

"
x
o
5
L 4
‘-

ROTVTATION .

shown in Figure 7, wh1ch is a schemat1c d1a- : .
rgram of the rotor'of a generator with 12 rotor coils desrgned to be used in >
a two-pole stator (f15ed) field. The coils are w1res’1n ser%gas so the out-
put voTtage is- the sum of the voTtages on al] the coils. ‘This arrengemegtu

smoothes the output voltage furtherq .

’ e

- * .
quye 7. Schepatic¢ Diagram of Armature,
W1nd1ng -for Two-Pole-Machine.

3

A The rotor.of'a d.c. generator condists of a stack of laminated core

- elements coated with varn1sh to prov1de electr1ca1 1nsu1at1on-of'éach element.
If the rotor)was constructed of a s1ngle piece of metal; .the. same magnet1c
induction that produces current 1n the coils would produge large eddy currents

in the rotor.- Lam1nat1ng the rotor greaF’y reduces power losses due to eddy )
currents.

N s
J\ . . .
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"The assembled rotor core contains grooVes along its length to accept the
“armature windings, as shown in the automotive generator .in Figure 8. This
¢ > allows the magnetically penmeab1e material of the core to extend above the
conductors, reducing the air gap between the core of the rotator and the core
of the stator. This’air gap should be as small as possible to increase ‘the
magnetic caupling between the fixed field and the rotating core. ’

¢ ‘ . -
. POLE SHOE

. . OROUND SCREW ~— __POLE SHOE SCREW
- . BRUSH INSULATION
i
o BRUSH ARM FIELD OILER

. . “ s a . ' .COIL ‘ BALL BEARING i

WOODRUFF
KEY

OILER - o)

2 . _‘ et

: = -
® < k Re )
. THRU BOLT COMMUTATOR - PULREY AND FAN ‘
SPRING " ARMATURE ' . , ..

N DRIVE END FRAME
COMMUTATOR END FRAME

. : Figure 8. ‘Cutaway.View of an Automot1ve
. d.c. Generator. :
{/V . . e N .
) The fixed magnetic fields of all.d.c. * generators — except the very small-"
est modeTs —-are supp11ed by current fiow through field coils. wound around :
the magnet1ca1]y permeable stator, also ca]]ed-the
“frame" yoke This f%ame 1nc1udes po]e shoes

that d1str1bute the magnet1c field through the arma-

ure, as shown in Figure 9. The genenator frame is
usually cast in a single piece' or in seyerq]’]arge )
F1gure 9 pieces. Since it carries a constant magnetic fie1d

y - ,
' D1str1but1on of ,-1t has no induced eddy*turrents, and lamination‘is’ .
Magnetic Field

hy Pole Shoes
. a four-pole d.c. generator. The armature w1nd1ngs

are not shown, but” they are located "in the-slots in the laminated armature

unnecessary ‘Figure 10 is a cross-section diagram. of-

core. Figure 11 shows a 1arge s1x—po1e d.c. generator ‘ ‘. ..

» L) ) : v

. - ., . .’ , N .
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L 4
‘o COMMUTATOR ‘ .
Figure 10.° Four-Pole Figure 11. Large
d.c. Generator. ‘ d.c. Generator.
L+ FIELD COTL CONNECTIONS IN D.C. GENERATORS

Ll

The current for the field coik@ of a d.c. generator may be supplied by
the three connections shown in Figure 12. In the shunt connection, a portion

of the output current of the generator passes through field coils cohnes;g&Qk];;

in parallel with the generator output. The field cur-
aTent at a fixed:voltdge is limited on]y'by the Yesis- | “ : -

tance of the coils.. Shunt coils consist of many turns l \ g
‘of retatively small wire and ﬁsual]y cafny a current of

3-5% of the gené}ator output current. Most small d.c.

generators éré-thé shunt type. ) . . - “;ﬁziﬁ,
’ T In the series-tonnected-generator, all of the out- '

‘f - put current, passes through the field coils before leav-

’ ing-fhe éeneratqg.. Sjnée induced.volfage depends on
f%é}d strength, and. field E;rengtq dgpends on fielg,,

FIELD WINOING

ARMATURE

b. SERIES

coil <urrent, the output voltage of a: series-connected )
. generator depends on the é]?cthicalllbad to which’'it ‘
is connected. Higher_]oad resistance produces 1ov7ero
» .current, and Jlower output voltade. . Thus, pure series '
t-generators are seldom used. - | .. ,
- o In the separéte]y—excitp)d'gene'rator, the current ¢. SEPARATELY-EXCITED _
s s fot thg.fge]d coils is prov1ded ?y gn.external d.c. ‘ figure ]2.‘ Thrgeu;Ffr
source. The output voltage pf the generator can be d.c. Generator
<t At s - . . . Connections. .
varied by changing the externally-applied field cur- i . .
rent. - ~ i ’ ’
4 t , R -
Vs ] ] : ' . . . ‘
- . ; EM-04/Page 9
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Most large d.c. generators are the'compound type, as shown in Figure 13.
' The compound generator has both shént and series coils. .The reason \for this
is illustrated by the output vo]tage‘versus load curves shown in Figure 14.

N <

je— WINOING 1> SERIES WINDING oUTPUT
l_—_w X vOLTS

L—muomo 2 . LOAD AMPS 100% LOAD

a - . . " - ‘

Figure 13. Compound Generator . Figure 14. Generator Output
Connections. . ‘ : Characteristics.

’
1

o In thelshhnt-conhected'generator,ian increased output current causes a greater -
E voltage drop across the rotor windings. This reduces the output\voltage. The
lowered output voltage results in lower field céi] current, which Tpwers out-
put voltage even further. o '

The compound generator is designed to compensate for this vo];age “drodp.“
] A low-resistance series winding cérries the oqtpuf current of the /generator.
: ’ . ' \ This coit is wound so its magpéﬁ?; field
adds to the field of the shunt coils.. At

VOLTAGE AUTOMATICALLY : . . .
. mSES & FALLS TO higher currents, the increased field of the

MAINTAIN ARC

. ) series coil compensates for the reduced
EI£CTRODE - .

£ TOUCHING field of the shunt coils.
. LOAO’AWS 100% LOAD

. If the series co#7s cannected with
Figurg 15. ArciWelder . its fieldsopposing the field of tde ‘shunt

Generator. . .
. coil, an’increase in output current greatly

o= FELD . = reduces output voltage. This is commonly,
RHEOSTAT y F—’— Q “D L '
, onTROL] o oteeon . done in d.c: generators used for arc weld- -

ing.° The output curve af such a generator !

L

. . . A

F‘}D ' is. shown in -‘Fidure 15. Many applications
- of large d.c. generators require that the
0 . N sERES FELD P Qo : .
D.C. TO MAIN AC. - output voltage rehain consjant under varying _
. OGENERATOR ~ L. . . . .
2 - . load conditions and that the voltage can bé
S Figufé 16. Coﬁtro] Field and adjusted as desired., Figure 16 is a sche-
: , Volitage Regulator. : matic of such a system. A rheostat (vari-
S ) R T * able resistor) is connected in s€ries with
.+ Page 10/EM-04 . ' - ‘
LY B \ S 89 - ° .




\/.
the shunt coil. Changing this resistance changes the shunt field current and
controls the output voltage. The same effect can be achievel with an exter-
nally-excited coil. The generator in.Figure 16 has a rheostat for changing
the output voltage and an externally-excited coil controlled by a voltage
regulator. This coil keeps the output vo]tage constant at the desjred setting
and can compensate for abrupt, large changes in load. \\
» . . . . L

_OPERATION OF D.C. GENERATORS

)

-

The first time a new generator is operated, an externally-exGited current
must be supplied to the shunt coils to begin ‘generator action. Once a current’
flows in the coils, the external source may be disconnected,_and the generator
will continue to supply its own field current. On future operation of the
generator, no external cyrrent source is required. The residual magnetism of -
the stator core is suffic;ent to generate a small vo1tage in the rotating ar-
,Jmature’céils. This voltage produces a small. current flow in the shunt coils,
thus'increasing the field strength and the generateq voltage. The generator
output voitage quickly reaches the rated value. A1l that is required to turn.
on a d.c. generator is to connect it to a source of rotary mechanical pouer@

_ ‘Most generators are designed to operate at a constant rotational rate.,
Thus, the1r source of mechanical power (gasoline engine, turbine, a.c. motor,
etc ) is regulated to operate at a constant speed under varying loads. .The
‘output voltage of a generator rotating at a constant speed depends upon the
current through its field coils. ~The output power of the generator is the
product of the output current and voltage. At a constant rotdtional rate
‘and outpu%-vo]tage an increase in output current must be accompanied by a
proportional increase in jgput mechanical torque. Thus, the output eledtri-
.cal power of a generator is oepenhent_upon-thelmechanical input power. “

A*d.c. generator can be turned off simply by removing the mechanical
input power and~a]1owing'it to,coast to-a stop witnout disconnecting it from -
the_external circuit; however, in some cases, the denerator must be discon-.
nected from the circuit while it continues' to rotate. ‘If the load is di's-
connected abruptly, the inouctiue kick of the generator will produce high ‘

vod tages anz arcing. This ca3 be . prevented°by the use of a d1scharge resis-

tor. This resistor i®connected across the generator output Just‘before the

1 \ -
) .
’ ' *\1_,///
- -
] RS .
. N ’
- - *
. J




.
~external circuit is disconnected. " Fhe inductive kick then produces only a’
current surge througo the discharge resistor, and no arcing occurs.

When two generators are operated in parallel or when a load circuit is
transmitted from one generator to anothgr, precautions must be taken to avoid
generator damage. The following procedure will assure safe operation. The
entire load is initially gupp]ied by generator 1 and is to be transferred to
generator 2 . . - . .

e ¢

1. With geperator 2 d1sconnected from the load circuit, br1ng it to its
desireq rotational rate and adJust its output voltage to slightly above
that of generator 1. .
Connect’ generator 2 in parallel with generator 1. The electrical load
will be shared-by tho two generafors in a ratio equal to the ratio of
their hechanica] input powers. * Parallel operation may be continued as
long as desired. a 7 N
Decrease the field current of aénera;or 2 'until most of the load is
supplied by generator 2. T
Disconnect generator 1, dsing the discharge resistor method described
previously. Generator 2 now supplies the egtire electrical 1oad Under.
no c1rcumstances should a generator be disconnected from its mechan1ca]
1nput power while connected in parallel w1th another generator If. th1s
is done, the disconnected generator acts as an e]ectr1ca] motor with no._
load. This can produce excessive currents and rotafﬁona] rates that will

damage the generator. "y T

-

THE ALTERNA'TOR = .

N\

Figure 17 shows the basic components of a s1mp1e alternator. It consists
K cy]lnd‘hcal magn?t rotating inside a stat1onary coil of wire. The output
voltage and current is produced as the rotating
magnetic .fi€1d 1ines cross the fixed conductors.
Thus, the alfernator requires no brushes and
- commutator to conpect:to an external circuit. -
' Figure 18 shows the generation of a sing]e
period of the a.c. output voltage as the simple

altetrnator rotates through one complete revolu-
Figure 17. . )
Simple Alternator. t‘°ﬁ;,
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VOLTAGE ~—

|

Figure 18. Generation of an-a.c. Wave. ) o
. ~ ‘ °° ’

'

Theeoutpuf voltage of the alternator depends on the fo]]oQing quantities:
. Number of Toops in the stationary coil . "
. Strength of the rotating magnetic field .

. Rotatidna] rate of the magnetic field

The magnet1c field in practical alternators is supplied by a d.c. current W

flowing through co1]s of wire in the rotor. The cgil is connected to an ex-

ternal current sou ce by means of brg;hes and continuous slip r1ngs In most

cases’, the rotor will have»mu]t1p]e poles, and the static armature will con-

tain one coil for e¥ch pole pa1r Figure 19 shows an alternator with three

1 pole pa1rs. The armature windings of this alternatbr consist of three ¢oils

“wound in the slots in the*stator. .Each of the . AELD OR © 0 AMINATED .
three pole pairs produces a current in one of t ﬁﬂﬁmé* @ -
.the tﬁree coils at the‘same time; thus, the a.c; ‘ ;

voltages of the coils are in phase. The coils $LOTS
are .connected in series, and their vo]tage§ add ) gt
OR

-

oo

to producc the output voltage. The output fre-. = 3TATC% o a C e
quency of the alternator is thg rotor rotational Figure }9 . Six- Po]; o Ji :
“rate (ig revo]ut1oqﬁ.per second) multiplied by A]ternatﬁr S .
the number of pole pairs and ﬁttch1ng armature ’ . AL s . ', u
coils. Thusy an alternator with six po]e pa1rs, rotating at 10 revolutions
per second, produces a frequency of 60 Hz. ., : Soew s .
The alternators discussed thus far are single-phase . aTternators. Most
alternators produce a three-phase output; that s, they produce threg 1den- i.

tical vo]tage waves on three pairs of output term1na[s. This is aceomp]1shed
4 , \ : : - : NS

Aa

~
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by adding two additibnal-seis of armature w;nd—
ings at intervals of 120° around the stator
frame. The armature then consists of three -
sets of coils 120”‘abart,» Each set contains
the same-number of* coils as there are pd]e

'

- pairs on the rotor. . co

Figure 20. Three Coils
with Common Return.

Figure 20 shows the.électrical cénneciions
of‘the armature coils of'a thrse—phase alter-
nator. Each coil shown in the diagram repre-
sents one set of coils in the alternator arma-
ture. The output waveform of this alternator

O~e
)

| *
f Y \U ! is shown in Figure 21. The first wave is the ~
i b - - ‘voltade between~A and Ay the sécond_wave is
900 180° 2ho° 3do? . ) ® . ,
the yoTtage between B and B,, and the third is
Figure 21. Three-Phase that between C and C,. Points A,, B,, and C, .

Output HWaves.

v

are conhé;ted and form.the common return line .
for each of the alternatdr phases.
. S . . . )
. . T AUTOMOBILE ALTERNATORS o )
One of the mést common app]icatidns of small alternators .is in the gen- °
eration of electrical power in automobiﬁgs. Figure 22 shows the construction

" of the rotor of such an alternator. The‘hagnetic field 1§ produced by ad.c.

current flowing through a single coil wound areund the rotor shaft. This

» ]

FELD COIt CURRENT
MAGNEPC FIELD

s

A

SLIP-RINGS )
5. o\ MAGNETIC POLES .
. ; OF ROTOR R
STATIONARY BRUSH T ) . RN,
a. IR . . b N > s e .-
! ’ . e . s o v, : R
* Figure 22; - .Automobile Alternator Rotor. ) o
'- . : 4 . ) . . . . \U.o ‘,. L ‘N \' \:“’\
coil is connected to an external d.c. source by a pRir_of slip rings and \f«\ii\:
.- ° N . LYo , . . e ) !
brushes. The poles of, the rotor are formed by, the interlocking fingers of . . 2.
/ . - - '..‘:.:: ,'. ) . . e ~~ e :‘ . {‘;\. . [N ‘ ‘ - . . -::A\igi‘,:;
//Pagg\]4/EM-04 — 3 s
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o two iron shell halves. Each .

, for each pole pair. Figure 23

" connected in series to match ‘= STATOR, FRAME

. rotor. This set of windings

-1 Inan plternator the magnet1c field of . -~ I Y ) o.c. ourfur
the rotor is produced\by d.c. current flow and ‘coiL BET & AcC.
) does npt change d1rect1on. Thus, nd-eddy cur-- A

,‘:sheH .ha'Hf contains one finger

shows the construction of the’
stator of the alternator. Fig-

ure 23a- shows seven field coils”.

; ) ) a ' b.
the seven pdle pairs of the ' -
: Figure 23. Automobile Alternator Stator.

B

,produces one ‘of the output phases. v
In F1gure 23b, the other two.sets.of coils.have ‘been added to the stator frame

afd connectéd erectmcally, as shown previousty in F1gure 207 — :
Figure 24 is-an fx;ﬂoded view of the comp'leted a1ternator The alter-
nator is. connected to’ the 1{1"Eerna1 rectifier c1rcu1t shown in Figure 25 to *
¢ e v oo
. :smroaqsseual‘v )
‘ SLIP-AING-END FRAME ‘
. ,, TRive END FRAME A\ — AsseuaLY A '.c'
. Figure 24. Exploded ’Vlew of Automobﬂe A1ternator e BT

, -
& » . «

produce a d.c: output, The output vo1tage of the alternator is’ regu]ated by
regg‘latmg the d.c: current in the rotor.’ ) , -

rents can be induced, and the rotor need not’ ‘ .

L COIL _SET b A.C.
be Tammated The stator frame, however, is fYYY'Y'\_:av-
ubJecte “to a]ternatmg magnet1c f1e1$s and :

.

v

:~must be of ]ammated construction to reduce -‘°""; SET o A-c‘k‘
induced eddy currents. ) 3 L Lo ¢
5 ¢ P o, e W Figure 25. - Alternator
e T S . g Rectifigr Circuit.
- ) - o o . ]

R L - EM-04/Page 15




c 7

o LARGE ALTERNATORS | - 7 o
Large a]terinators used for electrical power producti_on have .the se;me

‘basic design as the automotibe alternator. Figure 26 shows the rotor of such
an alternator. The rotor coils consist of rectangular copper bars set in s1ot¥

‘ along /the side's of the solid stee](rotor‘.‘~ The ‘bars are wedged into p1‘a<:e and’
held by steel rgtaim‘ng ;‘in'gs at each end. They are ‘connected electrically to
’tﬁe topper rings at one end-of the rotor: Large brushes contact—these rings
tp-supp"iy the d.c. current to the rotor. .

. N s .
L4 . v . .

Cin ' T ' ' FELD COL  POLE FACE SLOTTING, ML . . \

- N . K .
Figure 26. Rotdr of Large Alternatot.

=

-

' ) The stator {vi_ndings‘of the alternator are com_posed of copper bars .con:-
. ‘ °  structed as- shown in Figure 27. The indiviadugﬂfcépper. tr'ips are "transposed'

- .
- .

( L along the length of the~bar. Otherwise,
"' unequal voftages due,to unequal slot depth -
_would produce eddy currents in the ‘bars. - °

_ The bar is cdvered with insalating tape. . =7 .
, Sucf}‘a bar-type winding is called an Marma-_ e
" ture" winding, taking its name from the

“copper bar armor worp by knights of médi-

> ~

eval times. -

- ' , TTINSULATION N Figure 28 shows the armature bar in'’
, .:_.g-# . . '™ i .
” L4

o

[V
L 4

-

", Figure 27. S*f'ator*wind'i‘ﬁpg"Bar place in the stator frame.~ The't bars.are . .

held in place by non—magnet"ic'wédées that -

- . , - . F>
fit between the core teeth. The.cores of large a]terna;tors also contain cool-", °

4 ing‘sloté,- through which water or a gas may pass to'cool the“stator. In some.

, ) » / )
. cases, the copper bars,;thémsgifves are hollow and carry icoohnt. [he)rotors
T . - ” N ! 7 . o
iy 2 2 c.A 1
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of large a]ternators are e]ectr1—
ca}1y 1solated from* the stator-

. frame. to prevent the flow of eddy ‘'
currents through a loop formed hy
the rotor- and stétor . ‘

) Uni}ke “duc. generators, éff.

* . ternators cannot-be connected to, -
supp1y their own f1e]d current.,

The current’ 1n the alternator
‘r6tor?must come from some’source

other than the aiternator itself.

F1gure 29 shows onescommon way of exciting @ 1arge a]ternator

power to 'start the exc1ter motor comes’

from{gn external source, such as another

alternator. Orfce the exciter and the

main a.c¢. generator (a]ternator) are-
(s

both in Gperation, 'the excitez_mp%
* can be connected to the output of the

In th“s way, the-alter-

a:c. generator.
nator-supplies its’ exc1tat1on current

MOTOR-DRIVEN: |
EXCITER

through an 1qtermed1ate step of d.c. -.

3 -
z -~

_generation’ ci
Figure 30 shows another arrgnge- .

b3
A

A

NONMAGNETIC WEDGE
. .

-

Separate1yo /,»
Driven Exciter.

[ ’

Figure 29.

al

t .

" ment commonly used in’ 1arge electr1cah plants. * A permanent magnet altefhator,

.

Zare al] coﬁnected on a single

= shafﬁ fhe output of -the perma:
“nent magnet . a1ternator)1s amp11-~
fied and rect1ffed;and is used as ;
the exc1tat1on current through -~
the stat1onary f1e1d to11s .of the.

F

exc1tat1on a}ternator ) An a.c.

/

~ current”is produced i "the rotat-.
" ing, co1]s of the exc1tab1on aiter- -

_ hator. Th1s current is rect1f1ed
e "~ ,:“” . ° 7. ) ' ‘."
¢ o . ‘ o ':
AT Y
- " . T ’, a3 .;N Y
s . N .
“_:,' L N N ‘\ -:., — ., k A \

an exc1tat1on a]ternator a rect1f1er assemb!y, and the main a.c. generator

3
&

® &
o
L]
. ” ) ‘ A -
. f 3 .
.C. eN
MQNENT A.C. EXC/Q A'AéN
GENERATOR gt e QEN *
~ ROTOR °
. \ CTIFIER 'ASSEMBLY
g L e
r S n
. | power . . R
AMPt o . Ry
. R .; o )
Fiqure’30- Brush1ess.Exc1tat1on > -4
- . System. \ R ~ ./’,.
. - -0 e / R ' - ’
-4 ~ X [ .
- . & e . <
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by a rectifier assemhly located on the rotatipg shaft and fed to the rotating
coils of .the main aJternator This ;type of excitation ssstem has the advan-
tage of containing no brushes.

v

. ’ \ N )
'\\\__ ) OPERATION OF ALTERNATORS ,

. An alternator can be placed in service~by bringing its rotational rate
<« . ~
to the speciﬁied value and then supplying thetfie]d current necessary to_pro-

‘ ;rfﬁuce the desired output voltage. The'output_vo1tage of the alternator is

regulated by regulating the field current. This is often accomplished by a
vo]tage regulator. that mon1tors alternator ‘a.c. »utput and controds the d.c.
field current. Such regu]ators are often designed for operation at a Tixed
output frequency. For this reason, current shoul\khot be supplied to the
alternator rotor at low rotational rates. This could damage the voltage reg-
’ulator circuits. Like the d.c. generator, the total odtput power of an alter-
"nator is dependent upon the total mechan1ca] 1nput power
Alternators can be P]aced in para]]e] operation by a process similar to
that used for d.c. generators. The add1t1ona1 requirements necessary before
the parallel connection i de are that both alternators have the same output
fﬁgquency and that their outputs are in phase at the instant the switch is
g]osed s,.The alternators will then be ]ocked in phase with one another and
will share the electrical load in a rat1o equal to the ratio of their mechan-
{ Peai"sﬁﬁt"b0wersm A]ternators are reversed from a parallel connection in
the same manner as d.c. generators. ¢

. . ‘ 4
< "+ " MAINTENANCE .

The ma1ntenance procedures for generators ahd a]ternators Fre the same

as those for electric motors discussed in Module EM- 05‘ "D C. Motors." Dis-
cusSions of motor power 1osses and eff1c1ency in that moaulb also apply to
generators and a]ternators ' ~.

-
\»

. ‘ T
* ~

S 3
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1. An alternator with. four po]e pa1rs is used to produce ‘a 60 Hz a.c. volt-
age. What is its rotat1ona1 rate? i

. 2. The d.c, generator in F1gure 16 is connected to a constant resistive

electrical load.and a source of mechanical 1nput energy that has a con-
stant rotational rate and changes its input energy to ‘meet the demands
of the generator. Explain what happens to each of the foi]owﬁng quan~
tities when the rheostat contro]]iﬁg.the shunt coil cuyrrent is changed
from a higher res1stance to a lower resistance: >
a. Shunmt coil current
b. Output voltage
c. Output current-
d. Mechanical input power ° ( -
3. 'Why is a discharge resistor necessary when a large d.c. generator is
disconnected from an electrical load? Explain how this resistor is used
&, What happens if a d.c. generator, operat1ng in paraliel-with a Second

generator, is sudden]y disconnected from its source of mechanical input

power? . . . . =

5. A three-phase alternator has 15 coils on its stator. How are they con-
" nected and how many pole péirs must the rotor have? ‘

6. Ana.c. électrical load is to be transferred from one alternator to

another without interrupting the current flow. Exp]ain,~siep by step,

ho%;this can be accompl%shed.

[N

LABORATORY MATERIALS

EXERCISES

12-volt compo*nd d.c. generator
Automobile alternator
Constant speed electric motor

q

Mechanical couplings and mounts for connecting electric motor to generator

and alternator .
12-V d.c. power.sugply’ S
10 k2, 5-W variable resistor (potentiometer) o
d.c. voltmeter, 0-25 V

. . 99 _EM-04/Page 19
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d.c. ammeter, 0-5 A

d.c. milliammeter, 0-250 mA -
Five 12Q, 12-W power resistors

Five SPST sw1tches

) - Note: A compound d.c. motor can be used as a d.c. generator. If this
is dope, all internal coil connections should-be disconnected and coil Teads
. brought out of the motor. The size of the power resistors used as a load and
the shunt rheostat must be scaled to the motor ratings.
l‘ L+ . .

-t i 1 ‘

1. Connect the d.qf generator mechanically to the driving motor. With all
1 ' generator coils disconnected, turn on the driving motor momentarily and
verify mechanical operat1on of the motor-generator combination.
2. Connect the generator as shown in Figure 31. -The circuit to the right
d # of the output terminals will be used as the output circuit for all parts
N } of this laboratory.” . . .
. semes COIL DISCONNECTED * -
. 10 KN, W r‘l s‘
RHEOSTAT
* SHuNT
coit TERMNALS
Rg
R‘ ] 12Q, 12W \
' Figure 31. Shunt—Connected Generator.
@ - * ’
3.  Set shunt coil rheostat for maximum series resistance. Open S, through
Ss. . ;
. . . )
- 4.  Yurn on the driving motor and observe the output voltages. Set the shunt

rheostat to produce an.output voltage of 12 V. Record the shunt ceil
‘current -and- output voltage in Data Table 1. \

5. ’ Di&ide fhe recarded va]ue’of shunt coil current by 5. Reduce the current
by this oyount with the rheostat, and record the new shunt coil current

;  and outgut voltage. .
Z @
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Cdﬁt%hug to reduce the shunt coil current’in equal gteps until the mini-
mum current is reached, recording the currght and output woltage each
time. .

Return the shunt coil current to the value necessary to produce a 12 V
output voltage,- - )

Add the load resistors to the circuit one at a t1me by closing S, thﬁgugh

Ss in order. Record the output current and output voltage in Data Table

1 after each gwitch is closed. Do not change shunt coil rheostat setting.

TJurn off the driving motor and allow the generator to coast to a stop.

Open $; through Ss. ' —/

C%lcu]ate output power by multiplying output voltage and output current
fot each load, and record in Data Table 1.

Connect the geherator as shown in Figuri 32, and repeat Steps 7 through
10. -

SERIES FIELD ADDING
M

*

QUTPUT
CIRCUIT:

Figure 32. Compound Geperator
with Fields Adding.

¢

9

v

Reverse the connections of the series field coil of the generator so its
magnetic field wil]loppose that of the shunt coil, and.repeat Steps 7
through 10. , f' ' - : .
Replace the d.c. generator with: the a]ternaté%i With all alternator
s disconnected, turn on the drivin@ motor momentarily and verify -
panical operation of the motor-alternator tombination. -* » o
Onnect the alternator as shown in Figure'33 ’ R
Repeat Steps 3\through 10. fir the alternator, recordtng values in Data
ahle 2. In this case, the rheostat contro]s the externaﬂ]y app11ed
current through ‘the alternator rotor g ¢ '

Draw graphs of output vo]tage versys fi e]d current for the’c. gen‘erator.

1

J
and the alternator. - ' ’ -

EM-04/Pagé 21.
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12V DT .
’ l " 10KABW

GROUND TEAMINAL: ‘\ - -
. - \ ) ouTPUT
> O— : . CIACWIT

FIELD TERMINAL > [
> O—

LOAD XYERMINAL
’ ' \/

' Figure 33. Alternator Connections.

~

Draw four graphs of output voltage versus output current on the same
sheet of graph paper. Label the g%aphs_as follows:

a. Shunt generator L

b- .Compound generator with fields adding

¢. Compound generator Qith fields opposing

d. Alternator ° ' ' :

18. Compare the graphs aﬁg explain the reasons for the shape of each curve.

DATA TABLES

] DATA TABLE 1. D.C. GENERATOR.

? ' ‘OUTPUT VOLTAGES VERSUS SHUNT COIL CURRENT.
- Shunt coil current (mA)-

Output voltage (W_ )

© a

L

N . SHUNT-CONNECTED GENERATOR

-Qutput " Qutput
Load Resistors: - Voltage [ . Current:
* (number) N (V) (A)

O

0
2
3%
4
5

. Page 22/Eﬁ-04 .
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Data Table 1..‘tontinued.

-

Lo 2

-~

X . COMPOUND GENERATOR WITH FIELD COILS ADDING
’ 23 ' Output "Output Output
_Load Resistors Voltage Current Power
(number)— ) - (A) (W)
d - : )
] 7
2 -
3 by "
3 / )
5 N ’
COMPOUND GEMNERATOR WITH FIELD COILS OPPOSING
" Qutput Qutput Qutput
Load Resistors Voltage Current Power
(nulgber) (V) (R), (W)
. -
1 Y -
2 -
3
4
5 o
- ~
DATA TABLE 2. ALTERNATOR. ‘
A QUTPUT VOLTAGE VERSUS FIELD CURRENT
FieTd Currept (mA) B
" Qutput. Vo]tage (V)
' ALTERNATOR OQUTPUT
_ Output Output Dutput
Load Resistors Voltage - Current " Power
(number) < (V) (A) (W)
- 0' ~
Y 1° * "\.
y 2 - )
. V3
43 4: i . ¢ “
.5 i

L 4

-
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INTRODUGTION

C : . N
A direct current electric motor is an electromechanical device that con-

verts d.¢. electrical energy to rotational mechanical energy, These motors
are available in s1zes ranging from small instrument motors powered by bat-
teries to large mode]s\produc1ng several hundred horsepower. All d.c. motors
have similar design features Their dutput characﬁer1st1cs depend upon the
connectigns of their f1e1d coils. Shunt motors have field coils connected

in para]]e] with the armature and produce almost constant speed with a vary-
ing load. Shunt motors designed for speed control can be operated over a
wide range of speeds. Ser1es motors have field co11s connected in series with
the armature. Their speed varies with load, and they produce large starting
torques. Compound motors contain both shunt and series coils and have oper-
ating cnaracteristics that areJa,comprqmise between the shunt motor and the
series motor. '

" This module discusses basic d.c. motor principles, construction and

” operat1on of the three types of d.c. motors, control circuits for d.c. motorsg
nd common problems encountered with d.c. motprs In the laboratory, the
student will construct a motor control Circuit and measure the output charac-

.teristics of a shunt motor. :
’ o \

PREREQUISITES

The=student shou]d have comp]eted Module EM- 04 of "E]ectromechan1ca1
) Dev1ces ‘

)

L

OBJECTIVES

Upon completion of this module, the student shou]d be. able to:

Draw and label a d1agram of a s1mp1e d.c. motor. /,t"
Explain the purpose, 1ocat1on, and electrical connection of a magnetic_
interpole in a d.c. motor. : '
Draw schematic diagrams show1ng the e]ectr1cal connections of the follow-

x\\\1ng types of d.c, motoPs: | ' .

B
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. a., Shunt . : : . o .

N b. Series - ‘ >
Cc. Compound ,

2
b}
>

é.i Dralv and 1abe} d1agrams showwng/rotat10na1 rate and output torque as -
‘ funct1ons of moton\current for each of thg three types of d,c motors.
5. Explain the origin of‘the counter e]ectromot1ve force in a shunt motor )

‘ and explain how the CEMF limits armature current ‘and motor Speed in the
shunt motor. ~ , ‘ o )
6. ' Explain the-conditions that can ‘ead to motor damage due to excessive
speed in each of the three, types of d <.=motors.
7. Describe the character1st1cs of the mechan1ca1 loads typ1ca11y driven
by each of the three types of d.c. motors o
8. Draw,and label diagrams of three-termana1.and four-terminal manual
starter qucuits.fonﬁd.c. motors. Explain the operation of each type.
9. ‘Given Schematic d{agrams of a CEMF starter and a series locked-out
starter,. explain the operat1on of each.
10.  Draw and, label d1agrams show1ng ‘the fo]]ow1ng methods of speed control
for shunt. motors Exp1a1n the operation of each method.
a. 'Field rheostat: - v
b.  Armature rheostet . St , "
c. ~Ward-Leonard system ‘ . ‘
11.  Explain two methods that can be used for motor braking.
12. Explain, w}th.the use of an\efficiency'versus' rrent, curve, wﬁy electric
motors must be operated near their, rated 1oad for maxigum efficiency.
13, List the three categories of motor failure. i o ’ '
4. Givep,the'éppﬁopr%ate equipment, construct a~d.c. ‘metor control circutt,
* make the necessary measurements, and plot the characteristic curves of -

.

a shunt motor.

N .
’ . . 4
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' SUBJECT MATTER

.. THE SIMPLE p.C. HOTOR SN
—t t ( PN .

~ F1gure 1 shows the basic components of a simple d.c. motor.' This motor

cons1sts of a f1xed<magnet1c field and a 1oop of wire connected to-a d.c.
voltage source througﬁ a commutator.
The commutator qon§1sts of two'conduc- g
tive segments (A ard BJ, wh1ch are

each connected to one s1de of the wire

loop (C and D). . A brush connects each
commutator segment to the voltage )
spurce. This is the same basic con- . . SECTION B
struction as that of a d.c. generator. . "_""‘N’_‘—‘
In the generator' mechanical input

'Figure 1. Constriction of

energy is converted to electrical out— a Simp]e d.c. Motor.

put energy In the motor, the process .
is reversed, converting electrical. input energy‘ﬁo mechan1ca] output energy

In Figure 1, currept flow through co11 segment c produces an upward force
on that segment .Current flow in the. opposite direttion in §egment D produces

an equal downward force. These‘forces provide the "4,

torque to rotate the armature coil around its ax1s
“as shown. This;same coil position, is shown in

Figure Z2a. In Figure'2b, the érmature\has rotated

through .one quarter of a turg, and ”commutat1on"
is eccurring; that is, each half of the sp11t r1ng

"“is moving to contact the other brush. Just dbefore
comnutation, the force oni coil segment C dsestill =

upward, and the force“on segment D.is downward
. This produces no tBrque on the armature, but thé

‘

armatureg§ angu]ar momentum causes it.%o cont1nue

to turn.. Imm\d1ate1y fo]]ow1ng commutation, the
current in.the coil and the d1rect1on of . ferce on

the w1re.segments,have reversed. The armature

continues to rotate to the‘position shown in Fig- .
ure 2c with increasing torque; Figures 2a and 2c Figure 2. Rotation
are the positions of greatest torque because the of Simple d.c. Motor.

=
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-
TORQUE—>
J

TME ——»

~ Figure 3. 0ufbut
TorGue of a
Simple d.c. Motor.

S

in the direction indicated in Figure 4. Thus, while the vertical coil in Fig-
ure 4 is undergoing commutation, the other coil continues to produce torque.
. . \ -

applied forces act with the greatest lever arms. In
Figure 2d, commutation occurs again. The pulsating out-
put torque of this simple d.c. motor is shown as a func-
tion‘of time in Figure.3. .

» The torqie of a d.c. motor can be made almost con-
stant by using additional armature coils, ds shown ip
figure 4. These coils are connected in series, as shown -

in Figure 5, to provide current flow through all coils

. F )
(Pt o A
12t 2%
72

’ C

BRUSH 11 otatiON
: Nfofd LA

/
oiL10

4 ]
DL g
- 0- 7+° +

A

L

4

K

J

COMMUTATOR
SEGMENT

| j—
+

%

) Figure 4.

Armature Cgils in

Figure 5. Armature Winding '

for Two-Pole Motor.

.

S1dts Around Afinature *Core.

The fixed magnetic field of d.c. motors is provided by field coils with
a d.c. current flow. .These coils are wound on J’stator frame similar to that

=, of 'a d.c. generator. Many motors are designed with multiple poles in the’
T stator field. Figure 6 shows the figld wind-

. ) ings, brushes, and coil segments of a four-

Ty
.
.
. -
-
'
~
.
. .
.

- .

-
-

pole d.c. motor. This arrangement proyﬁdes
greater output torque with the same armature

current because edgh wire segment moves in

a direction perpendicular to the field direc-

tion moré’frequently: The armature coil con-

nections are arranged to provide coil current

S ’ in the di}ectipn shown, and one pair of
‘Figure 6. Four-Palef ° .brushes is provided for each pair of f1s]d .

Shunt Motor. . poles..

Ly

’ - . : . - .| \ ,‘ R - 'I .
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CONSTRUCTION OF D.C. MOTORS

.

* The armature core of a d.c. motor, is of laminated construction juét as -
that of-a d.c. generator because, as in thé gemerator, the direction of arma-

ture magnetic fie]d/reverséé\;::;%:hf/gpi1 current ‘reverses.  Armature coils
consist of only a few turns ( y only one) to reduce c¢oil inductance.

"This reduces the reverse EMF of the codl during . g 4
commytation and, thus, reduces sparking of the COMMUTATOR
- £ - SEQMENT
commutator, Tt ; -
The construction of the commutator is shown’ X
in Figure 7. Each commutator segment is a solid ' o et MICA
piece of copper. The segments are insulated from ipsider

the mounting ring and -from each other by 1$yers - _—

of mica. Each commutator segment has a slot in
which the coil ends rest. Coitvénds are soldered
or brazed in place.

“The brush arid brush holder of a d.c. motor
“are shown in=Figure 8. "The brush is made of car-
bon and is free to slide in the brush holder. A .
spring presseés the brush against the commutator with
the -correct pressure. N .

The stator frame of a d.c. motor can be of lami-
nated construction, but often it is not because the
constant magnetic fields in the stator core do not
produce eddy currents. The windings are similar to
those of d.c. génerators\discussed in Module EM-04,

“"Generators and A]ternators

Figure 8. Brush
and Holder for a -
. d.c. Motor.

[

Commutator spark1ng is reduced in _many d.c.
motors by the addition of magnet1c 1nterpo]es in

the stator. The 1nterpo1e is a narrow mag- ) o

" netic pole positioned so that a coil segment " MAIN FIELD |NTERPOLE
TP . c. s . * WINDING
'undergoes commutgfion while it is directly
under the interpole. This is shown in Fig- cousensume" o "
ure 9. The effect of the interpole is to NDINGST RaTuRe )
greatly reduce the magnetic field strength Figure ‘9. Section of 31
during_commutation. Figure 10 shows a four- d.c. Machine Showing
4 I ‘ .-Compensating Field.

‘ R .3 :
. .« EM-05/Page 5
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.

pole~3tatoanith two interpo]eg. Figure 11 shows the e]ecfr;ca]’connections
of imterpoles, a]so'ca]]ed "commutating poles," in a d.c. motor with four \
main po]es and four 1nterpo]es . The interpoles are connected in series with;

the armature so their field strength will be proport1ona] to armature current
‘ \

coMMiTATING
POLE WINDING

* MAIN
POLE

y 0 SHUNT

A2 \M/ WINDING
Fi

- ) ' Figure 10. Stator Frame, .Figure 11. Wiring Diagrams ‘of a
- Field Poles, and Field Windings ' Shunt-Wound d.c. Motor
of d.c. Motor. hd w1th Interpo]es

’ - TYPES OF D.C. MOTORS

kd
P—

¥

A d.c. motor is classified accord1ng to the connection of 1ts main
f1e]d coils. (Interpole coils connected in series with the armature can be
present in any type.) The three types(are shown schematically in Figure 12.

’
| B

~

[
FIELD WINDING N SERIES WINDING

v
.

ARMATURE SHUNT

AFAMATURE .
i

& SHUNT b, SERIES ‘c. COMPOUND

Figare 12. Three d.c. Machine Connections.

I‘ .
. In the shunt 'motor (Figure 12d), the armature and the f1e]d coils are
» ) ., connected in parallel. The field coils are” made of many turns of small wire.

Current through the field co1]s is 11m1ted by the wire resistance and is con-
_stant at constant applied voltage: Thus, the. stationary magnetic field of a
. shunt motor'1s constant with a constant applied voltage. Increasing the ap-
. plied voltage increases the field strength and the output torque of the notgr.

-
- . 2 . 1
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~

" the mechanical load‘on the motor is increased, the armature slows down slightly. |

/ -
The resistance of the armature coils is so low that extremely high cur-

rents will flow through the armature if it is connected directly to its rated -,
No]tage while the'motqr is stopped. Methods of limiting armature current

dur1ng motor. starting are discussed later‘in this module. When the motor is,
running, armature current 1s(31m1ted by the counter electromotive force (CEMF)
of the armature coil.

Recall from Module EM-04, “Generators and Alternators," that a voltage
is “induced whenever'a coil moves through a magnetic field. This same process
results in the generation of a voltage in the moving coi] in a d.c. motor.
The direction of the induced voltage is oppos1te the d1rect1on of "the voltage
app11ed to the caM1 by the external source — thus, the name "counter electro-
motive force." The magnitude of the "CEMF degends upon the rotational rate of
the armature Increasing motQr speed resu]ts in.an increased CEMF. The arma-
ture current depends on the difference in the applied voltage and the CEMF.

A shunt motor with no’ “mechanical load runs at a constant speed at which
the CEMF is slightly less than the applied voltage. The small armature cir-
rent produces a torque that balances the frictional torque of the motor. If

This reduces the CEMF ana, thus, increases armature current. "The. increased

current produces greeter output torque to maintain motor speed.
. The characteristic curves ofa shunt motor are shown in Figure 13. . The
motor current is actua]]y determined by the motor load and increases as 1oad

increases, but character1st1c curVes are typ1ca11y drawn as a funct{ﬁn of cur- -

rent rather than load. In the shunt motor, there is a slight drop im speed

- as‘luad\add current increase. The full-load speed is typically 5 to 15% less

-

than the no -load speed. Thus, shunt motors run at nearlv constant speed for
any 1oad be]ow the rated capac1ty and do not slow very much even when greatly

. s Lo

over]oaded . . .
The speed of a shunt motor can be controlled by.controlling either the

field current or the armature.current by techniques d1scussed in a later sec-
tion of this module. Shunt motors without speed controls are used to drive
machinery designed to.operate at a constant‘speed with variable Toad and rela-
tively Tow starting torque. ‘

fat If the shunt coil of a motor s d1sconnected from-the voltage source
while the motor <is in operat1on with the.armature connected the strength of

-, »

v EM-05/Page 7
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FULL LOAD

TED LOAD—

RA

|__| OPERATING CHARACTER - |
ISTICS 16-HP

230-VOLT SHUNT MOTOR 7]

FIELD CURRENT 20,8 AMP

]

|

4 Ta
10 20 30 40 -50 @ 70 60 90
. LINE AMPERES (1}

Figure 13. Opgrating Characteristic Curves of a
Typical 15-hp, 230-volt, Shunt- Nound d.c. Motor.

-

the stationary magnetic field decreqses to the résidua] field of the stator
core. This greatly réduces the armature £LEMF and proportionately increases:-
arfnature current. The motor speed will increase because of the torque pro-
duced by the large current flow through the residual field; but the‘érmature
may be destroyed by overheating due to excessive current. If the motor is
’%nitially.operating with no load or a light load; its speed &111 fncrease _
until the commutator and windings fly apart. Circuit breakers are often in-
cluded in the armature c1rcu1ts of shunt motors to open the circuit in case
of field coil failure. h ( ’

In the series motor (Figure 12b), the armature and field coils are con-

nected in series The field coils consist of a few turns of large wire since
they‘must -carry the ]arge armature current. The shunt motor will run at a
constant $peed w1th a constant load with its current limited by the CEMF of
"its armature. As lpad increases, speed decreases. This reduces the CEMF,g

" allowing more qgrrent\to flow through both the field coils and armature coils.
The higher field current produces a stronger field, and the motor stab111zes
at a lower speed w1th higher torque and higher current )

\

-’
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The characteristics’ of a series motor are shown in Figure 14. The torque

of the series motor increases as the square of the current. This allows much

r.

r this reason, series
e large starting

greater starting torques than those of shunt motors.
motors are often used in cranes and for traction work wh

' torques are required. - /
3 .
800 a T .
54 [\ 1/
®a b\ : /
700 100 \"
‘ 90 ‘36 < L/ . (
. 600 80 N EFF'C‘E“C —
N1 | A
-'3\ 70 Z 4
" 500 60 N ‘ l
sol—; N /] :
4 L ®
400 40 Vi / ] ]
/1 ! T
5 30 Ry a1
3 / o@ <|
& 204 4 o . -
ol
/
10 IL' "
e ol
ol L~ i
1 2 3 4 5 5 7 8 9 10 11 12
) LINE AMPERES #};) .
Figure 14. Operating Characteristic . R
Curves of a Series d.c. Motor. ’ ‘
- e

If the lead of a_serjes motor is reduced, the motor speed increases,,
and the motor cucrent decreases, as shown in Figure 147 If the Joad is re-
mBVed entirely, ‘the speed. will iricrease until the motor is destroyed. For
th1s reason, a series motor must never be connected to am electrical power
source unles$ it is a]sp connected to a mechanical’ 1oad Series motors showid
never bg_connected to a mechanical load by a be]t dr1ve If the belt breaks,
the motor will "run away." In a series motor, current-decreases as “rotational .
rate increases. Thus, limiting motor current will not limit motor speed. The,

" speed of a series motore varies greatly with load and cannot be regulated, al-

though motor speed with a constant mechanical load can be changed by changing
the -applied voltage. °

The compound motor (Figure 12c) has both shunt and series coils in its
stator. Thus, its characteristics 11e between those of the shunt motor and

the series mo;or, as shown in F1gu§$ 15. The speed of the compound motor

EM-05/Page 9 *




changes as load changes, but the change is less than for the series motor.

The low speed (high current) torque of the compound motor is greater than that

of the shunt motor but less than that of- the series motor. With no. load, a
typical compound motor runs at a speed of about 20% greater than 1ts Toaded

speed. Compound motors are available with a var1ety of characteristic curves,
depending upon the relative field strength provided by the series coils and

the shunt coils. - Ju

" 800 120 \ r . )
’ (N) SHUNT ‘

T00 100 =.

-
o
©

80

[ 4
o
-

»
o
A,
I‘&
<,
0
N
3
\

(N} BPEED IN RPM
(T) TORQUE INLB-FT
4
S,
o~
2
\ N
%
AR
-
AY
3
S
*—\a

[
o

/ 3
4] <\
s - 10 15 20 ° 2% 30
' . ~ R v . CURRENT IN AMPERES
+ . ~

.Figure 15. Speed-Torque Characteristic
4 i - Curves for Compound, Shunt, and Series
. d.c. Motors of Equa] S1ze -

tompound motors are used for ]oads requ1r1ng high start1ng torques or
,’L - for ]oads subJect to -large torque var1at1ons App]1cat1ons include elevators,
-, air compressors, pr1nt1ng presses, and conveying machinery. The.speed of com-
) pound motors cannot be reguﬁated as can that of a shunt motor, but the 'speed
at a constant load can be-varied by vary1ngrthe shunt field. The compound
motor w111 not "“run away" if its load is removed, but it will behave similar

_ to a shunt motor if its shunt coil is disconnected during motor operation.
< - AN LAY N v 2

. &

D.C. MOTOR CONTROLS
. o Small d.c. motors can be designed for "across the line" start1ng iR
f/ ' - wh1ch the motor is started by connecting it directly to ) vo]tage SOUF{E at-

the motor vo]tage rat1ng Motors larger than 5 hp and many sma]]er mode]s

- . page TO/EMZ05 . o .
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require starting resistors in series with the’

-armature to limit-armature current to a safe.

Tevel _during~start1‘ng. . d FIELD  ARMATURE
Figure 16 shoks the starting circuit of vnowa

a shunt motor. The-main switch is closed,

with switches 1, 2, and 3 opened. The total

resistance (R, + R, + Ry + armature’ resis-

tance) limits the armature current to about

200% of the rated maximum current. This momentary high current provides

add1t1ona1 start1nd§torque but does not flow long enough to produce a large

temperature increase. The shunt field co;}s are connected directly to the

h

’

Figure 16./j&otor—
Starting Circuit.

/

power source. fThus, shunt field strength As not affected by the starting

resistors.

. i R‘ Rz R3
Figure 17 shows motor speed

CUT QUT CUT OUT CUT OUT

3
o

]

. and armature current, during start-
«— CURRENT

ing with the cfrcuit in Figure 16.
.Armature current decreases as speed

spsso\ /

decreases. When armature current
has fallen to 100% of the rated ‘
va]ue ‘switch 1 is cdosedy short-

—=
’\
P

P g \
-

+

CURRENT ANO SPEED, % OF RATED

ing Ry.y This increases armature

current again to 200% maximum, and . . ,

motor speed increases. This process Figure 17. Current and Speed-Versus
Time During Starting Operation.

i¢ continued until all the’series

resistance has been removed and the motor is runn1ng ax its rated speed The -

number_ of resistors in motor starter circuits varies from two to a dozen,

depending on the characteristics of the motor to be startéd. - ,

+ When a s1m11ar starter circuit is used with a series motor or' a compound

- _motor, the series field coil current is also 1ncrEased to-a maximum of 200%

of the rated value. This doubles tne series field strength and accounts for
the g?eater starting torque of the series motor. :

F1gure 18 shous a manual three-terminal motor starter. The operating
,hand1e s, moved forward by hand to remove. the series resistors.’ With all the
. res1stors removed, the handle 1s,he1d in p1ace by a holding coil connected
'in sertes w}th the shunt field. If'the shunt field cu;rent is interrupted -

) ¢
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- for any reason, this coil is
de-energized, and a spring re- .
turns the operating handle to
the original position and in- ’

terrupts armature current.’
This protects the shunt motor

from run-away due to,reduced

* Figure lé. Connection of Three- field current.
Termindl Manual Starter. | 1%, tHe speed of a shunt

N

\\ ¢ . ' motor is controlled by con-
trolling the shunt field current the ho1d1ng co11 dirrent may be reduced to
a value that will not hold the operating handler In this/case, the four-
terminal starter shown ifi Figure 19 cam be used. The fo ding coil is this

. " starter is wired inseries with the ar-

mature. This assures the ho]diné‘power
of the coil but does not provide any
protection from armature current or Speed :
1ncrease if the fTeld coil fails. .

In automatic motor starters, the

' res1stor$ in series with the armature

. : are removed automatically. In definite-
Figure 19. Connection of Four-

. Tehmfnal,Manua] Starter. time automatic starters, time delay re-

) lays are Used to short circuit thé resis-
tors after a'def1n1te time. Such starters must be carefuJ]y matched to~both
tﬁ; motor and the load for proper performance. when d.c. mbtors are to be
started automat1ca]1y under varying load cond1t1ons, current-Timit automat1c
starters are used. These starter c1rcu§ts change ser:es resistance in re-
sponse to' armature current rather than at a fixed rate. N

F1gure 20 shaws a CEMF motor starter cifrcuit. Pressing the'start button
energizes coil M and closes all contacts labeled "M""in the d1agram This
connects the app11ed voltage to the field w1nd1ngs and to the ser1es c1rcu1t
composed of the annature and Ry and R;. Coil J is connecied in paralle] with

the armature. Initially, most of the voltage drop is across R; and R,, and
the armature vo]tage drop is too low to energize coil 1. As motor speed in-~

creases, the armgture CEMF increases to produce an armature voltage sufficient

. @

.
. N

i

Page 12/EM-05




\
in this circuit are’ shown ih Fig-

" ure 22a. ‘EEEE‘EBnta1n54two co1ls
The top co11 T ‘acts.to close’ the reJay contacts.
iron and 1s _easily saturated by d.c. current flow through the co11
tom.co11 B acts to open the relay contacts
more_.iron and does not saturate at'ﬁorma1 operat1ng currents

- N X ' -

" to energize coil 1, closing the con- | ! . , |
tacts 1abe1ed "1" {i~the diagram and - Y’ o ‘ \}
shorti ng Rl . b , FIELD WINDING ' )

Coil 2 is: 1dentﬁca1 to coit ],_/ \ 'R‘. Ay ‘ -
and is also connected acroSs ‘the ar-’ “ "‘"1{"‘“
‘mature. Resistor R in series with ”ftrg S et
coil 2 reduces current through th1§ 2 |2 &

"coi]l This means’ that a greater ar- i 2 ‘ “.
mature vo]tege is required to ener- N ' 3\? T“mm
gize coil 2 than that required for asisg—— LA
coil 1. When the motor CEMF reaches \\\‘\ ]
this value, coil 2-is energized, . ¢ F19urecég% 5522225?10”-°f
shorting both R, and R,. - The ‘ T
normally c1osed contacts labeled : [ : |
"2" also open to remove coil 1 - N ' \1
from the circuit and protect 1t - ik Py
“from over-current conditions.™ g AMATURE M
This starter circuit shows only" i k

" two resistors‘énd~coils for'sim- _
p]1c1ty, but’ pract1ca1 starters‘
may contain several agd1t1ona1 , e ,,‘ﬁjn“bgi " i

" coils and resistors. {‘ ) : [-\umr—:/'yv:;-_ sTanT

. Figure 21 is a schematic’ 4 4\ﬂ§L u E T
for a series locked-out d.c.. e ’
motor starter.  The re]éys'used = Figure 21. Series Locked-Out °

Starter Detaftls.

Its core contains ]itt]e//ﬁ\
The bot-
JIts co1] contains cons1derab1y

The -torque «

.versus current curves of the two coils are shown in F1gure 22b~ s

“In the starter c1rcu1t the two, coils are Lonnected in series and carry

the same current.
tacts<¢losed..

At low current values, the top coil holds the relay gon=-
,If turrent exceeq“a predeterm1ned value, thetorque of “coil B

exceedslthat of coil T, and the contacts are opened.

. . , .
. E
PR %
. ..
- - - e
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TOP COIL, T

TORQUE

> <
BOTTOM COIL. 8

B CURRENT T

3. SERIES LOCKED-OUT CONTACTOR: ’ b, TOROQUE VS. CURRENT CURVES
{IN CLOSED_ POSITION) . . .

=
14

: Eigure 22. Serie¥ Locked-Out Contactor
f v. s -

%

when the start button in F1gure 21 15 pressed, coil M is energ1zed d_
all contacts labeled i"l‘/l"«ﬁ]ose The armature current flows through rES1stors
R, and R, and through g%11s 17T and 18,,wh1ch are located together \on one. relay.
Since the initial current exceeds the maximum running current, co11 18 ho1ds
contact ‘1 open. when the current has dropped to the faximum rat current,
codil 1T closes contact 1. . This connects the series combination’ of .coil 2B
and 2T in para]]e] w1th 18 and R;. S1nce the resastance of R, grea;]y exceeds
that of 2B and 2T, most of the current flows through the coils of relay 2. 7
"This current also flows ¢hrough coil ¥ of relay 1 to maanta1n it in the closed )
position. At this point, armature current is limited by R, to a value of 2Q0% °-
-of the rated current. Thus, co11 2B holds contact 2 open When‘the current
once again drops to the rated va]ue, the torque produced by coil 2T exceeds -~
that of 28, and contact 2 closes. Th1s removes resistor Rz and co11 2B from
the circuit. The armature current cont1nues to ow through’co11 2T to keep .
contact 2 closed. Coil 2T .is an aux111ary coil included %in re]ay 2 to main-
tain it in the closed position at low armature ggrrents ‘ ) : ’
Once a shunt motor has been brought into coperation with all series start-
1ng resistors removed from its armature circuit (1ts speed can be contro]]ed
by controlling either its armatune vo]tage or. f1e1d current. Figure, 23a shows
a varidble resistor in series w1th the armature of a.shunt motor. ‘Increas1ng
the resistance of this serids” res1stor 1pcreases its vo]tage drop and decreases
the voltage ‘drop across the armature This results in lower motor speed~
s This technique is seldom used because large amounts of power must be d1ss1pated
by the series armature rheostat Start1ng res1stors should -never bemleft in
the c1rcu1t for this purpose because they are rated for 1nterm1ttent operation
only and will soon be destroyed if p]aced in cont1nuous operat]on
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SERIES
ARMATURE o <. A

RHEOSTAT . ’
y FIELD . .
RHEOSTA .
S /) > b, )
. - ¢

e Figure 23.. Speed,lontro] Circuits for Shunt Motors.

Figure 23b shows a shHunt motor in which the speed 1sicontro11ed by a '{>‘ d
rheostat in the field circuit. Increasing the resistance reduces field cur- ) ’
rent. This reduces armature CEMF-and resu1ts/4p higher armature current and
increased motor speed. The rheostat carrigs onJy the small field current and -
does not consume igh power Th1s techn1que is common]y used for speed con-
trd on shunt-motors to vary the speed by as much as a factor ‘of four.

o Figure 24 shows the Ward-Leonard system’of speed control often used in
large d.c. ‘motors requiring operation over a,wide range of speeds. The shunt
field cojl is .energized by a

constant d.c. voltage applied ' - . GENERATOR
. _ ;
from the power soyrce. The (} sgg,egggT cvoopﬁwg
armature current is gupptied® o 1 .Ru.nmg
N . i

by a d.c. generator that is . ' s

owered by a separate constant- . } .
] o Figure 24. Ward—Lepnard System .

speed motor.. The field.coids ) of Speed, Control.

of the generator are enerqﬂzed : - L

" by the.same voltage source that prov1des the d.c. motow field current. A

_variable resistor is used to contro1 the generator field current. When the

generator field current’ 1s zero, no vo1tage’/s 1nduced}1n the generator rotor.

Thus, no Current is supp11ed {0 ‘the d.c. motor armature ahd no torqué is pro-

- duced. Increasang the generator field strength increases the motor armature

e -

. current and motor speed. . N\

; " The speed of a compound motor cannot be set at a fixed value as in the

shunt moter, butra rheostat in ser1es with theishunt ¢oil can be used to ad-

just its speed at a constant load. This 1s not a common practice since com-

pound motors are usudlly- employed with varfab]e loads. The speed of a series . .

motor can-be changed by the use of & var1abte resistor in series with both o
- ‘4 . N 4

. " . '
n - *
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held power tools.

The direction of rotation of a d.c. moter can be reversed by reversing
 the’ connectlons of either the field coils or the armature. "Reversing both
’ ) connections wilf n6t change the d1rect10m¢of rota-

2 secsion
4 seas current is

to a stop.

Figure 25. to brovide'
‘ Fr1ct1on Brake braking 1n

energized.

power source and connected to a resistive load. The rotating armature gener-
.ates a voltage that produces a current through the resistor. The motor finc-
: tions as a loaded generator with no mechanical input power and rap?d{; coxes

to‘a stop. & ¢

the armature and field coils; but this is rare except in the case of hand-

i 7 IR tion. In the Ward- Leonard system, motor armaturé

in the generator:
An‘electric motor can be stopped ;}‘di%connect-
ing its power source and allowing the motor to coast

braking can be provided by two means. .Figube 25
o

shows a friction brake used to stop a motor. A

solenoid presses the brake shoes against a pulley

LY .

reversed by reversing the field current -

¢

If more rapid stopping is,required;

friction. Figure 26 illustrates dynamic
a shunt motor The shunt field remains
The armature is disconnected from the

P A switcH,
s —_—

g » SHUNT
. BFiEw

ARMATURE

.
e

Lt

RESISTANCE

ar

t

.uororz EFFTCTENCY ' . !

-Figures 13 and 14 1nc1ude curves

series motors .as funct1ons of motor current In both cases, the max1mum eff1-

ciency occlirs at the rated motor load.

version of electrical energy to mechan1ca1 energy is achleved when an e]ectr1c

Page-16/EM—05

Figure 26. Connections of a Dynamic Brake
to a d.c. Motor.

4

shewing motor efficiency for shunt and

Thus, max1mum eff1c1ency in the con-

\..l_ .
LY

e Aa Y

<



motor is operated near its rated load. Exceedihd the rated load for a long

period of time-wi]] cause the temperature of the motor to increase to danger-

062 levels. Operating a motor at .a fraction of its rated 1oad is 1neff1c1ent. -
\H‘The maximum efficiency of a d.g. motor. varies from about 75 to 93% de- )

pending on motor size and design. Shunt field losses are due to the electri- ' -

cal res}stance of the shunt coils. -Armature circuit losses aré due to resis-

tance of the armature coi]s,'brush contacts, and series—fie]d coils. No-1oad -

rotational losses include hysteres1s and eddy curvents in -the armature core / A

and air and bear1ng friction. Stray toad losses are difficult to determine

exdctly but include uneyen distribution of current ‘among parallel windings

and distortions_jnvthe magnetic fields. - o s .

[N - .
7/

. \ .
MOTOR MATINTENANCE AND .TROUBLESHOOTING - e

Volumes can be written on motor maintenance and troubleshooting, and many

£

-have been. This section discusses br1ef]y some of the more common problems
encountered and ways they can be preventeﬁ or correctgd Fa1]ures in d.c. /
e]ectr1c motors can-be grpuped 1nto three broad categor1es . v
o e Bear1ng fa11ures - . , . _ ‘ .
- Commutator failures B Dy : B
|
|

. Open or shorted coils o : : . .
- N \ ‘.“ ~ %

Bearing failure occurs betause of improper Jubrieation or because of
excessive loading of the bearings. Rouytine maintenance of electric motors | :
should include a regular séhedule of bearing_ lubrication. Misalignment of - T
external s&afts connected tozthe motor shaft is the major cause of bearihg%
wear. Metor bearings shou]d have a running temperature of no more than 40°C
above the temperature of the surround1ng air. A bearing that is too hot to
touch is well on jts way to failure and should be 1nspected 1mmed1ate]y

Commutaton.and brush failures ¢an result from a variety of causes. They -
are usually evtdenced by excessive brush spark1ng, $treaking or burning bf Tos
the commutator or brush "chatter " Some of the more common* commutator fau]ts
and their causes are’ listed_ be Tow. o ¢

. Brushes that fit too.lqosely in their holders tend to v1brate or chatter

This results 1n spark1ng and excess1ve brush temperatures

+ A broken -brush tens1on Spring or dirt between the brush and brush holderﬁ
may result in poor contact between the brush and commtator.

—
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- ,A bu1]dup of oil or other films on the commutator increases the electril
' g; resistance between the commutator, and brushes. Eventually an arc

1 burn a hole in this film. This produces uneveq current distribu-

. b . —_—

—“T tion acrossthe brushand leads to "streaking" around. the commutator
' - Some soft brushes cause excess1ve commutator wear due to "copper p1ck1ng "
™ spal amounts of copper are deposited on the brush surface The 10wered
contact resistance at these points resuTts in uneven current d1str1bu-
. t1on that can cause severe uneven commutator wear.
. " « When a motor is.not operated for long periods of time, m1]d acid formed

from mo1sture and ‘contaminating gases in the air can set up battery action
between the carbon brushes and the meftallic commutator. This etches a
"footpr1nt" of the brush into the comm tator surface

~ » Most d.c. thOFS are designed so the brush lecdtion can be rotated c1r-
,cumferent1aTTy for the best operat1on If the brushes are shifted from
the opt1mum position, spark1ng and poor performancé may result.

. For pnoper performance, the commutator and brushes shodld be kept clean
’ - and free of 0il or other films. Worn brushes shou1d be repT céd only with

exact repTacements and- should be aligned with care. )
Ogen cipcuits in the field or armature coils can occur because of mechan="z
- . ical failure or conductor melting due to excess1ve currepts.  Such fayits can
. \be~1gcated easily with an ohmmeter. The shorting of field w1ndings because .

of insulation faﬂure is a much more common problem. The Tead1 ;ﬁuse of

- insulation failure is moisture.in the field coils. Mois {ire canenter he
C;::‘~’~ ) coils from external fluid Teaks, mists, apd spTashes It motors a
. Jong per1ods in high hum1d1ty, moisture w111_condense in the field coils. , -

Motors and generators should never be operated when damp ‘

Thé condition of the field co1T insulation can be checked by measur1ng
thefETectr1caT resistance between the field-coils and the stator frdme. _If
the res1stance is less than one megohm, the motor shoqu be dried bpefore oper-

‘ '\4' ‘ at1on . This can be accomp11shed by rémoving the rotor and dry1ng the fiéld

co1Ts with heat1ng Tamps or by passing a sn}TT current through the c011s

¢

-
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o B 7 EXERCISES -
) - NI | '
1. The diagram at the right shows ) . . Lo
the electrical terminals of a SHUNT COIL

pe— SERIES COiL

compgund motor with one inter- ~ .

. _‘pole. Draw the .electrical

" connections of this motor.. : ——  INTERPOLE
. B L » [o]
2.. Explain what happens if the R’muﬂsﬁ ( Q | — © 'L_

R A

mechanical linkage between a N

s,

series.motor and its load .
fails while the motor is in ) . ¢
operation. ' .o é &
3.. Explain what happeng if the field coil of a shunt motor fails dur1ng
_ motor operation.
4. Explain the difference in three pole and four-pole manual motor sta#%ers
and the advantage of each.
/ 5. Motor circuits require switching of large currents. This can be accom-
plished with an air circuit breaker or a magnet1c blow-out c1rcu1t breaker.
Locate descriptions of the operation of these dev1ces in the 11brary and

.

«

/ write a brief description of each.
6. " Disassemble.a d.c. electric motor and sketch the parts
7. erte a brief, descr1pt1on of how CEMF limits the speed of a shupt motor.

L '

, A LABORATORY MATERIALS

*

. S
‘d ¢. ‘shunt-motor, 115 V d.c., 1 hp, 1200 rpm w1th pu11ey ) s
~d.¢. milliammeter, 0-250 mA ‘
d.c. ammeter; 0-20 A
c. voltmeter, 0-150 V
Four SPST switches, 115 V d.c., 20 A
DPST switch, 115 V d.c., 20 A« o o
49, 50-W resistor " ‘
20, 20-W resistor _
19, 10-W resistor . , .
0.5Q, 5-W resisgor » '

S N R




5009, 100-W rheostat | -
d.c. power supp1y; 115 V. d.c., 20 A . (
Prony brake ‘ s ’ .

Scale, 0-5 1b C \ -
Water cooling for prony brake

.Splash shield for motor l : -
Tachometer i . :

Comecting wires

LABORATORY PROCEDURES

’1.‘ Fill in the motor specifications in the Data Table
2.- Construct the circuit shown in Figure 27. Do not connect pﬁonj brake
to motor. . .

+
S D.(s:. pg_vycsn —_‘,,3
i sup .
, - ARMATURE
POWER
SWITCH.

‘ l Figure 27f‘ Experimental Motor Circuit.
3. Set the field rheostat for minimum resistance. Open switches Sy, S;, Ss,
and Sy.
With power switch open, turn on the d.c. power‘sup51y. .
Close power switch momentarily and observe direc;ion of motor rotationf
If motor:rotation is not in the proper direction for use of the prony
- brake, reverse the connections -of the shunt coil and check again.
5.7 Start the motor, using the following pr&cedure: ‘ v
a. Close the pOﬂer,switch\whi1e watching thé ahmgter. The current will v
assume a high value momentarily and drop off.
b.  When the current drops to about 7.5 A, close S;. The current will
rise again.
’ * .@ . " ' ,' . .-
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c. Close S»,°S3, and Sy in succession each time cutrent drops to 7.5 A.
NOTE: With the motor unloaded, the speed will “increase rapidly and the
current will drop rapidly.?
7.  When the motor reaches constant speed with a]] switches closed, measure
" and record rotational rate, field current, armature current, and applied
—valtage in Trial 1 of the Data Table. . , .

Turn off the power switch and open S,-S,..° . .
Attach the ‘prony brake, as shown in Figure 28. ‘Tighteh the wing nuts
enough to hold the propy brake in place as the motor rotates but not _—
‘enough to_produce s1gn1f1 ant friction. Be sure the sp]ash sh1e1ds and

N

water supply are in places

Y
»
SPLASH SHIELD
BETWEEN MOTOR
ANO BRAKE SCALE
M .
’ AN vl DIAECTION
AATER .gw , lor FORCE (F)
o 13 ' T ota
3 (18 B
\ ’%% wlo 2lerocks
m - - ] ARM BARs . s
* 1: f,i"~
el i |
. T PRI .
PULLEY X NS b ’i;,@ LENGTH OF ARM——>]
N Figure 28. Prony Brake.
’ 4

10.  Turn on motor, us1ng procedure from Step 5. -
1. Turn gn prony brake coo]1ng water. Verify cooling of the brake and sp]ash
protection-of the motor. ~
12. Calculate the force indicated on the scale wheﬁ the motor is at full load
by dividing rated torque by lever arm. . .
13. Tighten the wing nuts to produce one-teﬁth the value calculated in Step
' 12. Record voltage, armature cgrrent, rotational rate, and force in the
~ Data Table. ' '
14. Increase the tension of the prony brake in steps of one-tenth of rated
. force until a maximum of 120% of the rated force‘is reaghed, recording
data after each increage. )
15. ' Reducé~wotor load to 75% of rated value and turn off the power switch.

»

16. Open switkhes S;-Sy.

‘ ' — o ~ M-05/Page 21 -




17.  Start the motor under load, following the previous procedure. - Note
- differences in starting with a load and in starting with no load in the
. section of the Data Table headed "Motor Starting." .
18. '~ Reduce the prony brake tension to the minimum. )
“19, T Set the field control rheostat to produce a rotational rate of one and
a ha]f times the rated va]ue Record the field coil current in Trial 2
of the Data Table. - C
S 20. Repeat Steps 13 and 14 for this rotational raté.
21. Turn off the motor and cooling water. Remove the prony brake f?!h the
motor and set the rheostat for minimum resistance.
22. Restart the motor. Change the motor speed by adgust1ng the field rheo-
—""stat. Record the field current and rotat1ona] rates in the Data Table.
Do not exceed 200% of the rated motor speed
23. Turn off the motor and power supply. ‘
24. ‘Complete the Data Table. ) .
1 rpm = n/éQ rad/sec
. 550 ft-1b/sec = 1 hp = 746 W
-Total current = field current + armature ‘current
25. Plot the ﬁg]jowing graphs on three sheets of graph paper:
a. :Torque, speed (rpm), and efficiency versus total current for Trial 1
b. - iTorque, speed, and efficiency versus total current for Trial 2 °
c. Speed versus fie]d current )

Portfqns of this laboratory procedure can be modified to determine- the

output characteristics of series motors and compound motors. Recall that .
- series motors must never be oﬁerated with no load.

. ! r‘[
. »* ) “‘
{y
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- - DATA TABLE

’ DATA TABLE.
Motor Specifications:
\ : - *
Voltage R ) " Power hp - rpm )
B "1 ° Current A T Torque ~ =~ - - e
A
TRIAL 1:
Field coil current !
. sFull Toad force
Armature. Total Input Rotational Lever Qutput
Voitage Current Current Power Rate Arm * force Power Efficiency
v A A W rpa rad/sec ft- ib i:—é%- W b4 i
5 L d
L
- B t
.
—

Motor Starting: ) .

L3

S Oy ARy yp———

[ 4
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Nata Table. Continued. B . o

< i CUER G NS GRED S Gdnn S NS SRR UL EINE Pa SEND Bt G heein pelen GRS GRS IR SELE GOV GANY SUE SWNN GEND GEE GNND MNED EEND GREe |
TRIAL 2: - ' ‘

>

Field coil current

P

- +

Arma ture Total Input Rotational - Lever Qutput
Voltage Current Current ‘] Power Rate Arm Force Power tEfficiency

] ‘ A A N rpm | rad/sec ft 1b f:;l

- / 7

W %

r ™~ - _
v

MOTOR SPEED CONTROL (No Load):

Field Current Rotational Rate
(mA) : (rpm)
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— _ - INTRODUCTION

An a.c. electric motor is an electromechanicat device, that converts al-
.tern%t1ng current electrical energy jnto rotational mechanical eriergy. Th1s
motor ranges in size from a’ cTock motor w1th powers, of 0.003 horsepower to an
industrial motor of ]000 hp or more. An a.c. ‘motor can be conveniently clas-
s1f1ed in the fo]]ow1ng three categories: .
s e Synchronous motor — rotates at a ‘rate that 1s an. integral fract1on of . - -~
—theapptied—a.c, frequency. fhe rotor has permanent magnet1c poles £E;E"“”‘"
1oéR in’ step with the rOtat1ng field of the stdtor. -

R Indugt1on motor — rotates at s]1ght1y Jless than synchronous-speed “The

mégnet1c field of the rotor is -produced by currents 1nduced ¥n the rotor

¥

* coils by the chanéing stator.field. '
» Universal motor — similar to a d.c. series motor in construction and

operat1on

Th1s module discusses the construct1on, operation, contro],‘ana applica-
tion of a.c. motors. In the ‘laboratory, the student w111 soperate three types

of a.c. motors.

PREREQUISITES

>

The student should have'completed Mogule EM-05 -of <"Electromechanical

Devices." - _ _ ;

rn

C s . OBJECTIVES

Upon comp]et1on of th1s module,.the student should be able to
1. Explain what changes - occur in the stator magnetic field of;a six-pole,
three-phase a.c. motor dur1ng three com;ﬂete cycles of the applied a.c. «

r ) ) .
current ; e

2. Expla{n_the differénce Jn the'origin of .the rotor magnetic field in a
synchronous motor and an 1nduct1on motor , @

3. Given the. frequency of the a. c. current of an 1nduct1on motor and any
three of the following quantities, calculate the fourth

[ .
]
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a. Number oflmagnetic poles in the rotor' . -
K b.  Synchronous speed .o,
T e Operating'speed - T \' ’ *
. d. Slip speed in percent ofgsynrhronous speed - ‘ -
4. Exp1a1n the deference dn thé’power factor of a synchronous motor and
. 0 an 1ndthlon motor. - ~

5. Exp]a{h with the use of 41agrams, the difference in a sa11ent po]e rotor
dnd a nonsa11ent -pole rotor ‘in a synchronous motor. - . .
> 6. Exp1a1n the urpose of damping coils 1n a synchronous motor.. o .
7. 'Exp1a1n two methods of, start1ng synchronous motors. Include when the
rotor field sfiould be energized. ."' . N
8. Draw curves show1ng torque versus motor speed for three induction motors
J o with three d1fferent va]ues of. rotor res1stance '_ ) )
> '+ 9. Explain the deferences in character1st1cs, app11cat1ons, and eff1c1ency :
of Class A, B, g ~and D induction motors. d y - '
10.  Explain how the speed.of a wound rotor motor is controlled.
11.  Explain how a rotatinq magnetic fh‘e]d’is produced in geach of%
ing sjngle-phase induction motors: . ) ) -
a. ~Sph’t—phase motors - o R
b. Capacitor-start motors ' . :
c. Repulsion- 1nduct1on motors ’ / .
d.  Shaded-pole motors T T
]2//‘ Compare the starting torques of the motors in the above ob3ect1ve and
state an applic¥tion of each type.
13. , Explain the characteristics of capac1tor run, single- phase, induction
motors that make them popu]ar in sizes of 1-5 hp. / -
14. Explain, br1ef1y, three methods of changing the speed’ of a single- phase
. induction motor. .
15. Explain two methods of changing the speed of a uni@ersal motor. List an
' application employing each method.
16. " Given the appropriate equipment, oper/te the fo]]ow1ng motors in the
laboratory: - : . e // ‘ .
a. Universal motor with speed oontro} - #
b. Shaded-pole motor with speed contrgl

c. Capacitor-gtart motor with and without ad

Q
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SUBJECT MATTER

THREE-PHASE A.C. MOTORS

> b4
¢ -

ROTATING™MAGNETIC FIELDS

Figure 1 shows the location and connections of the field coil of a three-
phase a.c. motor. Two complete cycles of the three currents through the stator

-
v - -

- . .
AY

a. CONNECTIONS ’ - b, SCHEMATIC
s .

Figure 1.  Stator Windings of
Three-Phase a.g. Motor.

™~

coi]g are shown in Fidure 2." Figura\3”$hows tﬁg resu]ting’magnefic field at,
fhe times indicated by numbers correspondiné-tb the same ﬁumber§jjn Figure 2:
for example, at time "0," current (conventional) flows infb thg stator on line
1 and out on lines 2 and 3, producing the magnetic field showh“in part "0" of
Figure 3. One-twelfth of a cyc]é later — at time “1( - ;urrenﬁ_?]ohs in on
line 1 and out on 3 only, producing a field that has rotated clockwise, as
shown in\part “1" of Figure 3. As time passes, the magnetic field of the T

CURRENT
SLNIUHUND IASYHJ-IAIUHL

v
¢

TIME

-

Figure 2. Two Complete Cycles of, Current Form
in a Three-Phase Machine.

) ‘ EM-06/Page 3

-

L .
- A\

| N

. . . 6 v

-

3




 Figure 3. Electric Current and ‘\wag'netic Conditions in a Two-Pole, .
Three-Phase Motor foir Each 30° of a Complete Cycle.

¢~ stator continug§ fo‘rotate, ﬁaking one complete revolution for each cycle of
thé‘apﬁiied:;hree—phase current. This rotating magnetic field is the basis
~of operation- of all .three-phase a.e. motors. . )
-, S TR G - ' T, « o
© SYNCHRONOUS SOTORS - . A -
" A s;;chrbnb:s ﬁotof is formed by p]ac%ng a ?otating magnet inside the
stator. The rotating magnet locks in step with the rotating field and makes
. one comptete rotation for each complete byc}e,of tge applied a.c. voltage. '
’ Thus, motor rotat¥on iS synchronized with the apﬁ]ied voltage, and the motor -
\\\ runs at a constanmt speed equal to the applied frequency. Synchronous motors
caé be Coristructed to rotate at ah integral fraction of the applied freglency =

7 . .
by including additional sets of stator coils and additional pole pairs\on the

LN
-
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. the fielg 1n the three- phase 1nduct1on

LI . . . v - .
rotor. A motor with three Stator coil sets and three pole pairs on the rotor
(a "six-pole" motor) has a speed equal ‘to one-third of the applied frequency..
The stator af this motor is wound to have a magnetic field with six;poles
that rotate at one-third of the applied frequency. For a 60-Hz driving volt-
age, such a motor will rotate 20 times per second, or at 1200 rpm.

/
)

INDUCTTON THOTORS - B , S ‘

_ An induction motor is found by p]acing_a closed conducting loop inside
the stator. A simpie single-phase induction motor is shown in Figure 4. The
rotat1ng magnetic field induces a -

.

current in the «closéd loop and, thus, ROTOR WITH .
“CLOSED LOOP" WINDING .

magnetizes the rotor. 'The 1nduct1on N\

motor openctes‘On the same principle

as a transforner The transformer

primary is the statignary stator wind- \

ing,.thEJsecondary is the closed loop.

conductor of the rotor. The magnetic

forces between the stator field and

the rotor field cause the rotor to

turn_in the d1rect1on of rotat1on of .

Figure-4. Simple Motor.

-~ motor.

An induction mptor does not rotate at synchronous speed The rotor mag-
netic field depends upon the a. c current induced in the rotor coils by the,

* transformer “action of the vary1ng (rotating) magnetic f:efd of the stator.

If the rotor-reaches synchronous speed, it no longer experiences a varying
madhetic field. At synchronous speed, the rotor magnetic field .is constant,
and no current is induced in the rotpr. The strength of the rotor field de-"
creases, and the rotor “slips" with respect to the rotating field. As the
rotor- s]ows s11ght1y, it is once again subJect to a: vany1ng magnet1c field,
and a low frequency a.c current is 1nduced in the rotor co11s The differ-

*

ence in the synchronous speed of ‘the motor and the actual speed is called the .

_"slip speed" this is between 1 and 5% of symchronous speed for most induction

motors. -Induction motors are usua]]y rated in terms of\synchronous speed;
thus, an 1800 rpm induction Wotor will actua]ﬂy have a speed of 1 to 5% less

A\
-
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than 1800 rpm (1710-1782 rpm). 'Like'synchhonous motors, the—synchronous speed’ =~
of an-induction motor is determined by the number of coil sets in its stator
and corrésponding pole pairs in its rotor. ! v ‘ ", ' ,
N Motors are classified according to the ‘number'of poles tw1§p the number : ’
of: po1e pa1rs) on the rotor. The synchronous speed of a motor is given ,by
Equation 1. ‘ ) : '
,Ssyn * 13%_f Co - ) ‘thation 1
. ~
where;: Ssyn = Synchronous speed in rpm. : /
\ f = Dr1v1ng‘f’/ouency in Hz. - o . -~
v, N = Number of poles. . o
Examp]e A shows the use of this equation in solving a phob!em ‘
EXAMPLEA: SPEED OF AN INDUCTION MOTOR. '
Given: . A thiree-phase, 12-pole, .60-Hz induction motor has a slip spee&
of 3% of its synchronous speed. R . . 4
Find: Operating speed. )
Solution: o . _ 120 f S ; .
syn N L
~_ 120 (60) - ..
, 12 y
ssyn = 600 rpm o
50 = Ssyn ~Sslip } . 35 T
= 600 rpm - (0.03)(600 rpm) g
1 =+600 rpm - 18 rpm - ‘ ~
) So = 582 rpm
“ . ¢ . T N T
POWER FACTOR IN A.C. MOTORS . . -

[y \

In a.c. gircuits, bhe power factor is the cosine of the phase angle be-

twéen the voltage and the eurrent in the circuit. The apparéq; power of the

. circuit-is -the product of vo]tage and currént and is the vecﬁgﬁkéum of true
~pdwer ahd redctive power True power in a motor is the pﬁ&zh that is con-

verted to mechanical energy or heat energy i React1ve power is power- that ts
4 -

\

¥

-
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accepted from the power source duriﬁg part~gf the cycle.and returned during'
another part of the cycle.. The re]ationship_of apparent power, true power, .

reactive power, and power factor is shown in Figure 5.

~~

REACTIVE
POWER

POWER FACTOR = COSINE &
" TRUE POWER = APPARENT POWER X POWER FACTOR

TRUE POWER

(

Figure 5. The Power.Triangle.

< -

-

If current and voltage are in phase, the power factor is 1 and the reac-

tive power is zero.,

If current and yoltage are out of phase, the power factor

is less than 1.

At a constant applied voltage, reducing the power factor means

that greater current is requiéed to produce the same true power.

This current

increase causes additional heating of conductors and reduces system efficiency.

If the urrent leads the voltage, the power factor is said to be "lead-

ing." If the current lags the voltage, the power factor is said to be "Tag-
ging."
currents are induced by the stator fields.

speed induction motor is about 0.87 1agg{ng.

The power factors of synéhronoué motors can be

Induction motors always have lagging power factors because thesrotor ’
The power factor of a large high-
Smaller motore'and slower motors
have lower power factors.
variéd by varying the strength of the rotor magneticv;eld. ~

SYNCHRONOUS MOTORS

ROTOR CONSTRUCTION ) ‘ . I

. The rotor,magnetlc field of synchronous motors is produced by d.c. cur-

rent flow through-coils of the rotor.

These coils are connected to an exter-

nal d. c. suppﬂ¥ by means of continuous slip rings and brushes.

The rotor of

a synchronous motor. is constructed in the same way as an alternator rotor
(See Module EM-04,
Two possible configurations of rotors are shown in Figure 6.

"Generators and Alternators.")

s

The salient-

The coils are

pole rotor has field poles bo]teﬁ'to'a ¢ylinder on a shaft.

wound on the poles and connected in series.

The nonsalient-pole rotor has
. * ’

[ < ~

EM-06/Page 7
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"~ is called "hunting"; %t can damage the motor and result‘in large current

e e s i s i e g e e s e e e o s M i b\ vt e B m o mame mmme o e e emr—— s

- ) NONSALIENT POLE

BAUSH
SHAFY
SLIP RING

- SLIP-AING DETAIL

FIELD
WINDING

N

~ Figure 6. Sa]ient—Po]g;;ﬁt?onsa]ient—Po]e Rotors.

field windings set in slots in the solid ‘rotor core. The nensalient-pole
rotor is usually used for two-pole and fourfpole rotors. Rotors with six or
more poles are usually the salient-pole type. ' o

If the mechanical load of a synchronous motor is suddenly increased, the
rotor slows slightly. The stator current increases to increase torque, and
the rotorAaEcelerates. If the acceleration is too great, it will "overshoot"
the synchronous position and begin to slow again. This oscfilation in speed
surges. - .

Hunting can be minimized by the use of damping

BAR OF DAUPING windings, as shown in Figure 7. Damping wipdings

. the rotor poles. Fach end of the paﬁs is connected
to a continuous copper ring (not shown) to form a
"squirre]—cage"fwinding similar to those used in

------ ‘ . If the rotor turns at synchronous speed, no current
Figure 7. ~Salient-Pole is induced in the damping coils, and they have no
Rotor with Damping effect. If the rotor slows, even slightly and mo-
Winding. ﬁentari]y, the laﬁﬁg currents induced in the damp-
. ing coils provide a tordué pulse that moves the
rotor‘bapk toward the synchronous posit}on. If the rotor overshoots, the in-

duced currents reverse to proﬁuce a torque that slows the motor s]igﬁtiy.

v
3

' ' q :
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are actually solid cobber bars that extend through_'

induction motors and described later in this module.
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FIELD EXCITATTON AND POWER FACTOR

. The rotor field'of a synchronous motor can be excited by an external d.c. /

power susb%y, by a d.c. generator run by an a.c. inductipn motor, or by a di-
rectly-connected d.c. generator : '
called an "exciter."' Large synchro- .
nous motors are usually directly
excited. .Such a motor is shown in

Figure 8. -

" Varying the rotor current does
not change .the true power of a syn-
.chronous ‘motor., but it does change
the power factor and the stator

- current. Figure 9 .shows stator

~

current versus field current for .
a synchronous motor under several Figure 8. Synchronous Motor with a

~ load conditions. At low field cur-
rents, the current lags the voltage as.in an induction motor. At higher field

currents, the current leads the voltage.
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The rated field current of a synchronous motor is the current that pro-
3 duces a power factor of 1.0 at full mechanical load. Figure 9 shows that a
F reduct1on of load requ1res a reduction of field current to maintain maximum
power factor and maximum motor efficiency. If a synchronous motor is to be
-~ operated at reduced load for long periods of time, its field current should
t _ "be adjusted to the value produc1ng the minimum stator current (RF = T.O) for
that load. ’ . L . Y
' In some p]ants; the same power de]tvery system provides electrical power
to both synchronous motors and induction motors or other "lagging" loads. . In
those cases, the synchronous motor field current can be 1ncreased to give a )
1ead1ng power factor that compensates for lagging power factors elsewhere in
the system.« This will lower the ‘motor efficiency, but it w111 reduce current
" in the delivery system and may increase total plant efficiency. "

<
3

STARTING SYNCHRONOUS MOTORS

| A pure synchronous_motor delelops tdrque only at or near synchronous——
' speed; it has no starting torque. In a directly-excited synchronous motor,
‘the d.c. generator can be operated as a d.c. motor to bring the synchronous ’
motor to near, synchronous speed. The synchronous motor is then energized and
will pull into synchronization and operate at constant speed. ‘
A more:common practice is to use the damping coils as induction coils
and start the synchranous motor as an induction motor. Any of the methods
described later in this module for starting induction motors may be used. '
The motor must reach 95% of synchronous speed\before the rotor field is engr-
gfzed' Exc1t1ng the field too soon will cause the motor to act as an a]ter—
nator, produc1ng current surges 1n the stator coils and their supply lines.
Synchronous motors are'often designed with induction windings that can h
start the motor under full load. Figure 10 shows characteristic curves of e
such'a motor. The torque and current curves shown are for induction motors
starting with a rotor current of zero. The pull-in torque-is the torque value
that is supplied by the synchronous motor when its rotgr is energized. The .
‘ motor then dchieves synchronous speed, and the induction torque drops to zero.
The pull-out torque is the maximuim torque that the motor can deliver without.
being pulled out of synchronization. If this torque value is exceeded, the

motor, 'will slow. , This can result in motor damage.

.

~ ’ ‘
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Figure 10. Speed-Torque and Speed-Current Characteristics
Ve

of a Typical, High-Speed Synchronous Motor. -

If the rotor current of a synchrondus motor is interrupted, the motor
will slow and continue to run as an induction motor. Prolonged operation as
- ———am-induction-motor-will -cause the rotor to overheat, damaging the windings.
The rotor fie]d.should not be re-energized if motor speed is less than 95% of
synchronous speed. o

APPLICATIONS OF SYNCHRONOUS MOTORS - - : : .

Synchronous motors are rarely used in sizes below 20 hp, and most are -
100 hp or more; they provide maximum efficiency for constant load, comstant
speed operat1on In a System emp]bying +nductﬁon motors, synchronous mopors
can be run with a leading power factor ta 1mprove systeq power factor, . ‘

High-speed synchronous motors (abBove 500 rpm) are used to drive centrif-

. ugal punps and compressors, d.c. generators, fans and blowers, and belt-d: iven
reciprdcating compressors. Low¥speed synchronous motors (under 500 rpm) are
Qsed to drive reciprocating compressors (largest field of use), screw-type
pumps, metal rolling mills, and a Q3r1ety of industrial dev1ces requiring con-

» \
" stant speed and torque.

Small single-phase synchronous motors :?¥Severa1 types are used as clock
motors and in other timing applications. The motors are made so they start
'as shaded- po]e induction motors (d1scussed later in this module), but when
they reach sypchronous speed, their rotor cores maintain a particular magnetic

*  polarity becausg of hysteresis. ~The poles of the rotor then—lock into step

. o  EM-06/Page 11
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with(the pﬂ]satiqg stator field. Such motors typically require only about
three watts of electrical input power.

" - THREE-PHASE INDUCTION MOTORS

ROTOR CONSTRUCTION

The simplest and most common type of rotor in induction/motors is the
squirrel cage rotor shown in Figure'11. It consists of ba copper bars

B brazed to copper . end rings.  Lar g currents are-in-__..
SARE COPPER BARS

duced in the low-resistance bars. No insulation is
necessary because the varnish between laminations of
the rotor core prevents current flow through the core.
In small induction motors, .the rotor may be cast -
aluminum, as shown in Figure 12. The conducting bars
are often skewed as shown in the figure to provide '

ORTING RINGS — . ’ . .
» TEND SHOATING A a more uniform torque and to reduce the magnetic vi- -

Figure 11. Squirrel  prations present if the bars are parallel to the
Cage Motor Rotor. . .
. . motor shaft. \

-

HEAVY-0UTY UGHTER, YET
RESIN-PROTECTEO WINDINGS - = 4 STRONGER CAST-ALUMINUM FRAME

FROVISION FOR RE-LUBRICATION

\

VE IN

STEEL SLEE OYNAMICALLY-BALANCEO
CASTING AROUND BEARING RACE

* CAST-ALUMINUM ROTOR

i . A

. T TCAST FAN EACH ENO OF ROYOR
VENTILATION CONTROLLING AIR SHROWO . FAN AT X -

RGO, DOUBLE-SUPPORTED CAST FE CAST-ALUMINUM END CASTING

Figure 12. ‘gquirrel Cage Rotor in an Induction Motor.

—

éOTOR RESISTANCE AND MOTOR CHARACTERISTICS

’

Figure 13 shows the torque speed curves of three iﬁduction motors with
different rotor resistances. )
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1 - ROTOR RESISTANCE HIOH
3

g

4
2 - ROTOR MESISTANCE LOW

. L L T R Y ek T

\

3 - AVERAGE MOTOR DESIGN

PERCENT FULL-LOAD TORQUE
o
o

1] 20 40 80 80 100
PERCENT SYNCHRONOUS SPELD

F1gure 13. Torque Speed Curves of Tﬁiie Induction Motors. 4

Curve 1 is for a motor'with high rotor resistance. This motor produces
high startiyg torque. Its high rotor resistance limits the rotor starting '
current and, thus, limits stator starting current. This tybe of jinduction
motor can be started by connecting it directly to the a.c. power line. The
high rotor resistance causes a large sliu speed and low motor efficiency. The
mﬁébeed of this motor changes considerably as motor load changes. 1
Curve 2 is for a motor with a Tow rotor resistance. This motor produces
a low starting torque. Its starting c réﬁg/is high, and it can be started
with reduced current and vo]tage,,af/aizcribed in the following section of
this module. The slip speed/o?'this motor is low under full load, and it
operates at almost, synch?onous speed. The low rotor resisyance makes this ) ,
the.most eff1c1ent type of 1nduct1on motor. Most large induction motors are N
* . of this tﬁe ) -
Curve 3 is for a motor with moderate rotor resistance. Its characteris-
/21CS are a comprom1se between the two extremes. Induction motors are avail-
'// able with a wide variety of character1st1c curves edch sujted to a particular
type of application and each hav1ng a part1cu1ar rotor configurationf, A com-
plete discussion of rotof design is beyond the scope of this module.

STARTING' THREE-PHASE INDUCTION MOFORS

Induchon motors with high rotor resistance (curve 1 of Figure 13) are
usually started by connecting'the motor directly to am a.c. source at the
rated voitage of the motor. The rotor resistance 1imits starting current to
200 to 300% of running current, and the high starting torque accelerates the

7
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ﬁbf@r rapjglx\to }dﬁqi;g‘speed. Motors with low ro%or resjstance can usually
be started "across-the-line" if the line can deliver startfing currents that
are about 600% of funning current.
Induction potdrs are sometimes started by some means that limit current
during starting. The following methods can be used: .
. * Resistors can be pfaced in series with the tﬁree-phase power lines to<
1imit current.
LA three-phase variable autotransformer can be used to réduce épp]ied
starting voltage. Multiple-tap transformers can also be used. .
¢ Inductors can be placed in series with the three;phase power lines to
limit starting current. -
- The rotor, can have two sets of windings — a high resistance set for
starting and a low resistance set that is connected after the motor'has
N reached running speed.

These techniques are also used to start synchronous mo#ors with induction
windings.

A

ARPLICATIONS OF THREE-PHASE INDUETION MOTORS

Three-phase induction motors are the most widely-used motors in powers
of 5 hp and abové.' As previously mentioned, they can be designed with a wide’z
range of operating-éurves. ‘The National Electrical Manufacturers Association
(NEMA) has establighed classifications of induction motors as'the following
oy types: o . o _—
"« .Class A — Normal torque, normal starting current motors (highest effi-
... . ciency | | ) _ '
' ++ Class B — Normal torque, low starting current motors , -~
+ Class C — High torque, low starting current motors
« Class D = High—é]ib motors (lowest efficiency)
+ « Class E - Low starting torque, normal starting current motors

+-Class F'— Low starting torque, low starting current motors

Most'Tndgctignﬂmotors'gre in thd first four classes. The torque curves
& of these motors are shown in Figure 14.

] P
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- Class A motors are the most common type. . 380 LY

. . , ¥
They are used to drive low inertia loads that € 300k
¢ g N ee o\ CLASS A
can accelerate to full speed in a few seconds 2 2s0f |
in applications requiring infrequent motor . 3 200 e \
starting.. These inc1ude fans, pumps, compres- g 180 CLASS 8 ) »
- o
sors, aﬂd conveyors. Class A motors can bé ; 100f \
severely overheated if started several times ¢ g0 '
by across-the-line starting in a few minutes. & 0
* 0 2 4 [] 80 100
Class B motors are used when the power PERCENT OF SYNCHRONOUS SPEED
delivery system cannot provide the high cur- . Figuré 14. Typical
rents required to start Class ﬁ~motors and lgggque‘SEEEd C?r;es for
-rpm General-Purpose
when motor ‘starting is_more frequent. Class Inguctipn Mdtors?

.

C motors are used when higher starting torques
'are required with low starting currents, as in some compressors Class C

’ - motors have lower efficiency than C]ass A or B. Class D motors provide the
h1ghest starting torque, but they are usually too 1neff1c1ent for cont1nuous

-

operation. R
. The power factor and efficiency of ap induction motor are lower\at lower

motor loads. Motors are desig éd for-maximum efficiency at the rated Toad and
can operate safely with a smal?\EVEslpad at only a smali—bss in eff1c1ency

High-speed motors generally have ]ower cost and weight and h1gher eff1c1ency . .

than low-speed motors. For greatest efficiepey; the motor should be<carefully
selected to match the load. )
, ‘ . .- . ) - 3-PHASE
- INSULATED
WINDINGS

WOUND ROTOR MOTORS . N

SuP RINGS
FOR CONNECTION - °
T0 EXTERNAL
RESISTANCE

Figure 15 shows the

\rptor of a wound rotor in

duction motor. [The rotor

windings are connected to”

three slip rings, which

are connected to aﬁ eiter- }

nal resistance circuit by{" . — ~ ‘ K v

means of brushes. The . . ,

L - . Figure 15. A,Wound Rotor.
control circuit of a wound /

rotor .motor §s shown in Figure 16.

' EM-06/Page 15
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IRESISTANCE

3

STAR;INO
RHEOSTAY :

t

/,- .‘W . &‘
* Figure 16. Diagram of a Starter¥or Controller,
*for a Wound Rotor Induction Motor. “ as

°
L}

The wound rotor motor is ste;ted by connecting it to a three-phase power -
source with the control circuit set for maximum resistance. The motor speed
can be adjusted over a wide range by changing the r eisiance of the control
cigguit. This does not prov1de constant speed for 3&r1ab1e loads. At minimum
résistance,. the motor . runs,near synchronous speed for any load within its -

RS E ratéd range. At 1arge resistance, the motor runs at only a fract1on of syn—

chronous speed, and the speed varies greatly as load varies. -~ .
‘ Woynd rotor motors are used whenever speed control or extremely high .
start1n§*torques are necessary.

. Q. . ‘ oy =
: SINGLE:PHASE TNDMCTION MOTORS

Single-phase {nductédﬁ'ﬁotors (the most commor type of electric motors)
=similar to the three-phase induction motors dis-
cussed above, *hut spec1a1 techniques are required to start single-phase motors.
A s1?§1e -phase‘a.c. ,curr t produces an a]ternat1ng magnetic field, but the
f]e]d does not rotgge n‘
nat1ng field de11vers pu]; f power that produce the motor torque; but the
pulsating power will not‘;¢art the motor The rotor w111'beg1nnto turn only
N . if the magnetic field rotates.

have running character1st1

e ‘induction motor rotor is turning, the alter-

Virtually all a. ¢. mgtors ot 1 hp or 1ess are s1ngle -phase induction
. motors They are classified accord1ng to the method used te. produce the ro-
tating magnetic field that starts the motor.

. : W - ' -
Page 16/EM-06 ‘ N ' .
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SPLIT-PHASE MOTORS °

Figure 17a is a diagram of a split-phase motor. The schematic diagram
of this motor is showfh in Figure 17b. The split-phase~motor has twq sets of

CENTRIFUQAL >
SWITCH

! ; MAIN WINDING '
J STARTING—» STARTING
» SWMITCH WINDING
ESISTANCE->
WHEN USED)
+ TO LINE
.

Figure 17. Diagram of a Split-Phase Induction Motor.

stator coils. The running coils have low resistance and high inddé%ance at
starting. The starting coils-have higher res1stance and lTower inductance.

The currents through*the two coil sets are shown in Flgure 18.

The starting

coil current leads the ‘running coil
current. - Thus, the magnetic field

VOLTAGE

rotates from the starting coil poles
toward the running coil poles, provid-
ing a typical starting torque of 200%
of the running torque. When the motor
reaches 75-802*Bf the synchronous rate,

14*8TARTING COIL CURRENT
7~
@ sPHASE DIFFERENCE

I,*RUNNING COIL CURRENT

.

the centrifugal starting switch opens
to break the starting coil current.
In resistance-start motors, a resistor

Figure 18. Currents in a
Split-Phase Motor.

is added in series with the starting coil to produce a greater phase differ- °

-

ence between the two currents.

Split- phase ‘motors are the most only used type, in sizes from ¥"0

to 1/2 hp. Applications include fans’, business machines, and buffing mach1nes

-

CAPACITOR-START MOTORS - = . .

Figure 19 is a schematic diagram of a capacitor-start motor. In this ~

»

.
. 3
kY

motor, a capacitor has been gdded in series with the $tarting coil. The

-

A

t

' - w

»

-

[~
EM-06/Page 17
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- CENTRIFUGAL
- SWITCH

STARTING
WINDINGS

CAPACITOR

Figure 19. Capacitor-
Start, Split-Phase Motor.

e \

-

PERMANENT- CAPACITOR MOTORS

In permanent—capacitor'motons, also called "capao%tor—run" motors: the
starting coil remains in the circuit as ‘an auxiliary rynning coil.
proves both motor torque and power factor.
a second starting capacitor that is connected in parallel with the permanent

"capac1tor to prov1de h1gher start1ng torque.
‘the cjrcuit by a centrifugal switch after the motor has approached running

speed. The higher torque,

.results in wide application in powers of 1 to 5 hp.

REPULSTON-INDUCTION MOTORS

The rotor bars of the
to one end ring only. The

-

COMMUTATOR
AND BRUSHES

Figure 20.
Fields Built Up to Cause
Motor to Start Rotation.

Repulsive

-

Page 18/EM-06
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. for compressors, vacuum pumps, larger fans, and a

,dur1ng start1ng, as shown in Figure %0

v
~
.
-
v
bt e et A - g o em o e —_ - . o
.
N -
\

capacitive reactance exceeds the inductive reac-
tance of the starting ¢oil to produce a current
through the starting coil that leads the voltage.
This results jn a starting coil current that is
almost-90% out of phase with the running coil
current at low motor speed. The high starting
torque of a capacitor-start motor makes i},idgé]

variety of shop equipment.

- . \

This im-
Capacitor-run motors usually.have

Th1s capacitor is removed from

power factor, and efficiency of capacitor-run motors

repulsion-induction motor are' permanently attached
other end of each bar is, connected to a commutator.
A pair of shorting brushes connect two bars on]y
The rotor
begins to turn in the direction that the brushes-
are displaced from the field pole axis — counter-
clockwise in Figure 20. When the motor approaches -
synchronous speéd, a centrifugal shorting ring
closes on the rotor bars to short them all together,
as-in a normal squ1rre] cage rotor. o
Repulsion- 1nduct1on motors have torque curves
similar to those of capacitor-start motors; however,’

they require lower storting‘currents. They ore~




v
P -
»

used in the compressoréSOf refrigerators and in gaso]fne delivery pumps. b .

°

SHADED-POLEq¥0TORS ¢

- A “shaded pole" is produced.by wrapping a
single turn‘gf heavy copper wire around a pa%t of
the pole face, as shown in Figure 21. . .o

The operatfo of the shaded-pole motor is
illustrated in Figure 22. 1In Figure 22a, the
current through the field coil is increasing to

produce an increasing magnetic field. This in- ‘ Figure 21. Two—Po{ef*' i

. crease induces a current in the shading coil, - Shaded-Pole 2%F0"~ '
producing a magnetic field in opposition to the Z“
main field and weakening the total field on‘the | - 4 .o )
shaded side of the pole. In Figure, 22b, the | p p ° / to.
currenExf%rough the field coil has reached a i;—LJEf 'ﬁLJE, -—LJE' )
maximum.. At this point, there is no change in — H“" — |\
magnetic field, -and no current is induced in the . R N .

-,;ﬁ#efaocoil. The magnetic’ field is constant ) .
.\ : ' Figqure 22. Field on
. F 22¢, field 19 . !
across the pole face_ In Figure 22c tpe ie Shaded Coil Moving from

coil current is decreasing. The induced current ’ Left to Right.
_ " in the field coil opposes the reducing field to ) :
make the field stronger on the shaded side of .the po]é: This shift in mag-
netic field strength is sufficient to start the motor if the load is light.
Shaded-polé motors produce very little starting torque, but they are
common in small fans, electric ‘clocks, and a variety of kitchen appliances.

[4

SPEED CONTROL OF SINGLE-PHASE INDUCTION MOTORS

-h

Fractional™horsepower inﬁuétion motors are often degigned to run at more
than one speed. The most common method of speed change is to-switch the con-
nections of field coils to change the number of magnetic poles in the stator
‘ field. ’

The speed of high—sTip.motors can be adjusted over a w{de range by gon—
trolling the voltage app]ieqito the motor and, thus,-to the stator current.
The most common method of voltage control is with an autotransformer with

multiple taps.

3 <

EM-06/Page 19 .
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The speed of many single-phase induction motors can be controlled by
means of the SCR speedh§Qntroller shown in Figure 23. Changing the setting
of potertiometer R, cMenges the vo]tage at which the SC®begins to conduct.

’ t
. This contro1s.tk3'fract1on of the cycle of the a.c. wave for which the line _
voltage is actually applied to the stator field of the motor. This tiggfgir-

cuit is commercially -available as a light dimmer control. . ) .
+ ‘ “ ~ ‘ -
-~ § . . ‘; s ‘ v
A
@ 4
o2 -
‘ /
. , . 4
PARTS LIST FOR MOTOR SPEED CONTROL - ,
) Ry — 2K, 5M resistor Dy, Dy - Fectifier, Hotorola HEP1S6 —
Ry - 5009, 2W potentiometer or RCA SK 3016
R, ~10;, 120 resistor SCR — Motorola HEP302 or RCA SK 3557
Ry - 1500 1/ resistor = - Fy — 3A, slo-blo fuse )
Ry ~ 1009, 1/2W resistor . B - receptacle. Anmphenol 61- Fl
Cy, C2 — 100uF, 25V electrolytic capaci tor N\ Sy S2 - SPST switch
NE —~ NE2 neon Jamp fuse holder . )
heat sink, l/8 x 24-1/2 in. aluminum a.c. plug, 3 wire > .
. . . ) Sa
Figure 23. Schematic and Parts List for
. . SCR Motor Speed Control. : 2 \
. ° UNTVERSAL Mor/o{s ‘ .
. Universal motors are series motors (see Module EM-05, "D.C. Motors and. - .
L 4 “
Contro]s") that can be opexated with either a.c. or d. ¢. current. In the .
series motor thetarmature (rator) and f1e1d coils are connected in series. -
f an a.c. current flows through the motor, the current must be in phase in .°
both windings. when the rotor current reverses, the stator current also re- - .
verses, and the two magrietic fields reverse directions in phase. Sueh a motor k
will operatg equaTly well on a.c. or d.c. current, ®° : . {
43 . -

«
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Brush sparking i's a serious problem in universal motors. It is reduced y
by using low 1nductance windings and by reducing current by placing resistors
in series with the brushes. . -

The speed of universal motors varies greatly with load. Universal motors .
run at high speed with no load; however, unlike larger d.c. series motors,
they cannot develop sufficient speed to damage the motor If the load of a

universal motor is constant its speed «an be var1ed cont1nuous]y by a vari- \

] A
‘abTe reS1Sfbr in series wWith thé‘mUtDT“‘*Th1S'methUd of comtrot is used—in

4
sewing mach1nes Mu]t1p?e speeds 1n app11ances, such as blenders and mixers,
are achieved. by us1ng multiple stator windings to’change the magnetic field -
strength. Most vacuum cleaners and hand-held power tools also- have universal

‘motors.

EXERCISES - -

I3

1. L\A 36-p01§ induction motor is operated on 60-Hz a.c. current and has a

. s1ip speed of 2.5% of synchronous speed. WHat is ‘the rotational rate

s of the motor?

2. An induction ‘motor operated on 115 V a.c. has a rotat1ona1,ﬁ%te of 1140
rpm. What is its slip speed? How, many poles does the motor have? '

A

///‘ a. - A crane is used occasionally %D 1ift heavy loads in a warehouse.

efficiency (PF = 1.0) at full 1dad. What happens to ‘the power factor if
the motor 1s operated at 1/4 load? T

3 A large synchronous M9pqr_has a rotor current that q1ves maximum motor

4. ldentify the clags of 1nduct1on motor that would be best for dr1v1ng the

foFTowing loads. Exp1a1n the, reason for each choice. .

b. A large centrifugal blower runs continuously for days gt a time.
The power delivery system does not limit starting current. -
c. An aux%]iary blower identical to the one above is used only during
peak 1oads. It may start several times in an hour under certain *,
" conditions. Because it only runs during peak power demands, its
start1ng current is 11m1ted by the power delivery system.

5. Each student shou]d count the number of electrig motors in his or her - .

/
¢

home and identify the type-of motor most 11ke1y used for each app11cat1on.

. ’
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' 6. Disassemble several electrical appliances and examine the motors.

3

w

* LABORATORY MATERIALS

Blender with universal motor, 115 V a.c.

Small fan with shaded-pole motor, 115 V a.c., 0.9 A maximum ,

" 1/4_or 1/3 hp capacifor-start motor, 115 V a.c., with load such_as a vacuum—
pump, compressor, or an air-conditioner blower '
« Starting capacitor for motor (see motor ratings)
Wattmeter, 0-1500 W
a.c. voltmeter, 0-150 V a.c.
a.c. ammeter, 0-20 A a.c.
a.c. ammeter, 0-1 A a.c.
Heavy-duty connecting wires .
SCR light dimmer, 100 W, 115 V a.c\, with bower cord and recepticle
Stroboscope ™ - ' . ‘ .
DPST switch, 20\ 15 V a.c. . ’ ’ ’ -

-

LABORATORY PROCEDURES . 5

" CAUTION:- EXPOSED CONDUCTORS IN THIS EXPERIMENT CARRY 115 V A.C. AND
"ARE A SERIOUS SHOCK HAZARD. oo NOT TOUCH ANY WIRES OR TfRMINALS WHILE CIR-
CUITS ARE CONNECTED TO A POWER-SOURCE.

1., -Remove the bottom cover'from the blender. Turn it upside down and in-
Aspect the motor and motor controls.
‘2. Plug in the blender power cord and operate the motor with the cover re-
. moved. Observe commutation and brush sparking at several speeds.
: . 3. Unplug ‘the blender. .
' -Dis#ssemble the blender motor. Labél the location of each wire with a
. piece of tape attached to the wire. Sketch the parts of the blender

. motor in the Data Table. ' ;. ‘ : - ’

5. " Reassemble the blender and. check it for p?oper operation..

» Page 22/EM-06 , ' : < ‘
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6. ] Connect %hé‘dimmer switch, small fan motor, and 0-1 A ammeter, as shown
in Figure-24. ‘ ;

) - . f . . [y .
- o™ * r

~ : .

) I O ow , O
P ~ .
18y AC " FAN K
, ) DIMMER
. CONTROL -1 A MOTOR
N T e - 5 - Tt

Figure 24. Experimental Fan Motor Circuit. ‘ -

s >

7. P]ug"in the power coxd and use the dinmer. control touvary~fan motor
speed. — . .

é. Measure fan speed with the stroboscope at several values of motor cur-

) rent and record the data in the Data Table.

9. Unplug the power cord. ' [ .

10. Disassemble the fan and motor. ' Sketch the parts 6f the fan motor in the

Data Table. o Ty, :
H.e Reas$emble the ﬁotor‘and fan and check for proper operation. . .

+ 12.. Construct the circuit shown in Figure 25.

- -

STARTING . ~

. CAPACITOR
’ STARTING
) | o20AAc - &t -

. POWER

S — - - " SWITCH
. . .

¢ 11‘? ’ l ) :
" 0-18500W
) ] WATTMETER con.

Figure 25. Capacitor-Start Motor Circuit.

13.  Plug in the power cord. With the motor load connected, close the power
switch add obseryve the voltﬁeter;and ammeter during motor stafting. De- -
séribe their variations in.the Data-Table. \
14. Record voltage, turrent, and power in the Data Table. .
15. Measure motor speed with the stroboscope and record in the Data Table. ) .
16. Turn off the power switch and disconnect the poWér cord. )
-+ 17.  Perform the necessary calculations and compiete the section of the Data

Table entitled."Running with Load." ‘ 4

-

LA

. ' EM-06/Page 23
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.

17 for no load.

operation.

~ DATA TABLE

®

18. Disconnépt the motor from its mechanical load and repeat Steps 13 ‘through -

19. Disasseﬁb]e the motor and sketch its parts in the Data Table. )
20.  Reassemblg'the motor, reconnect it to its load, and check for proper

DATA TABLE. ) Z/

Motor type

Rotor

I

II. FAN MOTOR

I.  BLENDER MOTOR

Sketches of motor parts:‘

//A,(//- Stator

Commutator gnd

Motor?type
Current | Speed Sketches of motor part
{A) (rpm) _Stator
1 Rotor

"Page 24/EM-06
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Data Table. Continued.

>

-

111

CAPACITOR-START MOTOR
A.

" Running with load:
’ yoltage: VL = v

-~

: Ap@areﬁt Power: P

Starting with load:

Describe current and voltage variations during starting
& .

with Toad.

04

Current: IL =
True Power: PT = W
Apparent Power:, PA = VLIL = W

O

Power Factor: PF = —% =

P
Synchronous Speed: 559n

Operating Speed: S, = : rpm
%

rpm

Slip Speed: Sg = R
Starting with no load: ,
Describe current and voltage variations during starting
with no load.

Running with no load:
Voltage: VN
Current: Iy

1
» <

1

True Power: Pq = W . —
= W

|

Power Factor: PF

Synchronous Speed: Ssyn = rpm

Operating Speed: Sy’ = . ‘ “rpm ‘ ,

Slip Speed: SS = . %

i ¢
. 1 55 | EM-06/P.age 25




Data Table. Cpntinuéd.

< E. .Sketch the motor parts
Stator * - .
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INTRODUCTION

: |
© A\
. Synchromechanisms are e]ectromechanica1 devices used to position two
shafts in the same angular position, to rotate two shafts in synchronization,

and to -produce a rotation of a controlled shaft that is the sum or difference

~of 'the rotat1on of two contro]11ng shafts. Synchromechanisms serve the same

T "fUnE;Jon as*gear‘tra1ns but accomplish synchronization through the transmis-

. &@ .

_construct a variety of se1f—synchronous control circuits.

sion of electrical sagnals-rather than mechan1ca1 signals.

A synchro transmitter operates as a generatbr, convert1ng mechanical in-
put energy to electrical output energy. A synchro receiver operates as an
electric motor and converts electrical energy to mechanical energy. A synchro
trans former converts the electrical signal from a synchro transmitter into an
electrical error signal that is used by ‘a control circuit for positioning a
shaft. , .

This module discusses thelconstruction, operation, and application of

the major types of synchromechaniSms# In the laboratory, the student wiil
~

' 4 \

, . PREREQUISITES

The student shou]d have comp1!£ed Module EM-06 of "Electromechanical

" "Devices." = o e ) )

,
.

v ' _OBJECTIVES

Upon completion of this module, ‘the student should be able to:

transmitter stator.
Draw and label a diagram of a synchro transmitter rotor. ‘

w N

Draw and label a Hiag;am of the RMS values of the'a.c. voltages on the
three stator coils of a synchro transmitter as the rotor is tuirned through
a_complete revolution.

4. Explain the difference in construction of the rotors of synchrg transmit-
ters and receivers, ‘and state the reason for that difference.

» - N

;o - ‘ : i
. ' .. . LI ’ 4
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1. Draw and label a diagram showing the windings and connections of a synchro




-

5.. Given a diagram of a Synch$0 transmitter-receiver pair showing the mag-

netic polarity of the transmitter rotor at one time, determine the mag-

netic polarity of the other coils at the pame time

6. Explain, with the use of diagrams, two methods of determ1n1ng the elec-
&rical zero of a synchro, transmitter or receiver.

7. Draw schematic diagrams of synchro transmitter-receiver pairs connected
for the fo]]ow1ng directions of rotat1on
a. _Transmitter and Feceiver shafts rotate in the same direction.

L T T “”“”b Transmitter-and receiver shafts rotate in opposite d1rect1ons

8. Draw and label a schematic diagram of a differential synchro transm1tter

showing all field “and stator coils. .
9. Draw and label simple diagrams of synchro systems with a transmitter,

<

a differential transmitter, and a receiyer connected to acl1eve the
following: . X

~ a. Output rotati8n is the difference.of the input rotation angles.
b.  Output-rotation is the sum-of the input rotation ang]es '

10. Given a schematic of a system emp]oy1ng a differential synchro trans-
mitter and the ‘rotational rates and directiogs of the input shafts,
determine the rotational rate and direction of the output shaft.

11. Draw and label a simple d1agram of a synchro control transformer 1n an
angular alignment System and exp1a1n how the system functions. )

12, List the seven most common classes of synchromechanisms ahd the lgtter

" code for each. .

13. Given the appropr1ate equipment, construct synchro contro] circuits in

the laboratory and evaluate their performance.

logid
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vy
2 . SUBJECT MATTER

.« THE SYNCHRO TRANSMITTER

The synchro transmitter is a generator that converts mechanical input
'energy into electrical output eriergy. Figure 1. shows the stator winHings 6f

Figure 1. Windings and Connéctions of
! a Synchro Transmitter Stator.

-
.
>

a synchro transmitter. The stator contains three coils of wire that are
Tocated 120° apart around the stator and connected as shown with three exter-

S
nal leads. bt
- Figure'Z shows the rotor of the - SLIP RINGS
synchro trafismitter. It consists of a (jyi b
. . s O . B
51ng1$\Q311 of wire wound around a rotor AC. source Y
ROTOR COR

core with two salient poles. The coil ;
is connected to an external a.c. current .

. _ . , Figure 2. Synchro
source through two continuoud slip rings. « Transmitter Rotor.

Figure 3 is a cutaway - ‘ - .

i BRUSHES "
view of an assembled . " . sri?n WINDING ROTOR WINOING
synchro transmitter. N\ 7

Two schematic rep-

\\\\\\\\\“Y\\\\\\\\\\\\\\\\\'

resentations of syncrho
transmitters are shown

in Figure‘4. The dia-

gram in Figure 4a is

suP ’ : - 3o BEARING
useful in déscribing RINGS I -

.

the 9perat1on of a Figdre 3. Cutaway View of a Synchro Transmitter.

EM-07/Page 3
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TX=TORQUE TRANSMITTER

. s‘

L Ry 00—
32

Rzo._

, b.
Figure 4. Schematic Representation - .
, of a Synchro Transmitter.
" synchfo; that in Figure 4b is more useful in synchro circuit design. >

Figure 5 shows a synchro transmitter connected to an a.c. current source.
The a.c. current flows thrbugh the rotor coil and induces a voltage in the
) three stator coils. this figure, the maximum voltage is induced in stator
L coil 2 because the rotor coil is aligned with that stator coil. Lower volt- -
,ages are induced in cdils 1 énd 3 because they are each 60° out of.al{énment «
with the rotor coil. .

1
. Erms SLIP RINGS
b ’ N \Q’iz r

1)

\\\‘\\~Figure 5. Power Source Connected to a
Synchro Transmitter. : >

-If the rotor i§ rotated by mechanical means to.the position shown in
Figure 6, the voltage induced in coil 2 drops to zéro because the rotor coil
’ \\ fs.now perpendicular to that stator coil. Continuing the rotation ﬁhrough
another 90° will align the rotor with co11 2 again, but the polarity w111 be
opRosite of that in Figure 5. ) ] t
. igure 7 shows the_vo]tage ipduced‘in coil 2 as a function of rotor angle.
Vertical displacement represents the RMS value of the induced voltage. A

s

/

L4
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~Erms

Figure 6. Clockwise . Figure 7. One Cycle
Rotation of the Rotor. _ of S, Voltage.

negative value of Erms indicatesVFQ’t'the.polarity of the induced voltage in
coil 2 is opposite that induced fﬁ’Figurg 5. Figure 8 is a similar diagram
showing the “induced voltages in all three % % o

coils. The three waves*do not represent ~ Erms ) - ,

a three-phase voltage.Fheydndicate the \i><i/—j><<’\;><:z\\>xi/’iz
magnitude and po]érity of the single-phase 1 1
a.c. voltages induced in éacﬁ of the three

stator coils as the rotor is turned. ‘ “€rms

.9 [+ 14 90° 180* 270° . 380°
. The.coil voltages-cannot be measured

directly with a voltmeter because'only ’ Figure 8. Induced Stator
Voltages as Functions of .
Angle of Rotation.

]
]
1
1
]
]

one end of each coil is ¢onnected to an
externa] terminal. ~Thus, the voltage
. across any fWo output termindls is the sum of the vo1tages 1n two coils?®
Individual coil voltages can be measured using the %i!5u1t shown in Fig-
ure 9. The three resistors are-all the same size (typically about 5000Q to

E.
32. Rz
Ry=Rz=Ry <
rd
I\
- — ‘ Es‘ 7 .
& 3
Ra Ry \ ‘ .
' - ’ '4

Figure 9. A Loaded Synchro.
3 .

-
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//,\\\' limit current) The voltage across any.-one of the resistors can be measured
with a voltmeter and is equal to the vo]tage of the correspond1ng coil.

~ . The maximum voltage produced by a stator coil depends on the voltage
applied to the rotor and the turns rqt1o of the two coils. One of the most
common values of turns ratio s a 2.2:1 step-down ratio between the rotor and
stator. With ]]5~V a.c. applied to the rotor, such a synchro transmitter will
have a maximum stator coil voltage of 52 V a.c.

o The electrical zero of a synchro transmitter is the rotor position in

which the voltageé between S, and S; is zero and the S, terminal volfﬁge/as 1n

phase with the voltage on rotor terminal Ry. Two methods of locati the e]ec—

’ trical zero of a synchro are shown in Eﬁgure 10. In Figure'IOa, teZEdna]s S1,
S3, and R, are connected toget:?nd fenm'na]s S2 and R, are connected to-
gether. Applying an a.c. voltage across the rotor will cause it to line up®
as'shown at electrical zero. The full rotor voltage shou]d not be applied
when using this method, as it could produce currents that will damage the

-

stator coils.

- 3o, .
£
. ﬂ}g 115V
. s 4 82 j :
_ OHz
® R‘ ¢ &—
-
14
L]
A
- sa 2
8
L 4
a -+

@ . ~

; Figure lb: Two Mefhods.of'Determining
Electrical Zero.

4

S Figure 10b-311qstrates the voltmeter method of determining electrical
o - ’ zero. The rotor s in fhe e]ectricd] Zero po§jtion“when’Vy“TS“zero gﬁd Vi‘ﬁS”’;//;;”
less than the ljne voltage. ; )
eﬁhods of']ocating the electricd] zero can also be used for

. These same ) .
ussed in the following section. m~

the synchro’receive

-

Page 6/EM-07 ' ' l o




v

NCHRO RECEIVER 2

4 .

. The synchro receiver is wmotor that converts the electrical enquy ouf‘—'i
put from a synchro transmitter DPAck into mechanical energy. Figure 1 s
the rotor of a synchro péceiver The only difference in the synchro trans-
mitter and the synchro \recejxser is the inertia damper on the receiver rotor.

- - ROTOR ]
$ALL
- ‘BEARING
” afhe ;o .
' A | I
* &? -
NERTIA sLp
LAMPER RINGS \
BOBBIN-SHAPED
CORE - . .
o
¥ . >

- " Figure 11. Rotor of Synchro Receiver.

The inertia damper is a.weighted wheel; its large moment of;inert?a.pr.‘even,ts
abrupt changes in rotor position or spe°ed, therd gre reducing the tendency af -
the s‘;nchro rec:}vér to oscillate. .

The glectrical symbols of the recéiver are the Sage as those of the trans-
mitter. figuré 12 shows a synchro transmitter and receiver in a sel#synchro-,
"7 nous control _Sy’stem'.“‘Th"e’*m‘tm‘s*'of‘#:he two aré\\connected to-the same power

°source. Like coils of éacr) ’synchro are connected togethér. The same circuit .

$

- is s_hown’another way in Figure 13. - - -

v~ . Ry /
v . .
&
> 118V 80H2
- \‘ .' .
. ” -
T - Figure 12. A Synchre: Pair. \
(] -~ i. o . '
- .
, A . o EM-07/Page 7
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R _
Figure'13. Transmitter-Receiver Pair.. B

(1

AFigure 12.also shows_the polarity of the.magnetic'fie1d of each coil at
one instant of ithe app]ied a.c. voltage. The upper end of each rotor coil is
a south pole. Im the transmitter, the rotor field induces currents in the
stator”coi1§“that produte fields opposing the rotor fietd.: These same” cur-

rrents flow through the receiver coils to produce the magnetic po1ar1t1es shown.

The rotor of the receiver Tines up with the stator field of the rece1ver
Both synchros are Shown it the electrical zero pos1t10n in Figure 2. The -
polarity of each coil ‘reverses at the frequency of the applied vo1tage,.but
since all polarities reverse at the same time, the receiver rotor is held in
place. ’ ‘ C ‘ ,

En Figure 14 the transm1tter rotor has been rotated through an angle of -
30°. This 1ncreases the current through 53, decreases the current through Sz,

Figure 14. Magnetic Polarities.vﬁ

-

and‘reducés the §; current to zero Since .the_same currents flow through the
rece1ver stator coilsy the magnetic ‘field of the”receiver ‘stator also. rotates
by 30°. The receiver rotor turns to align its field with the stator field.

Alignment, 15 never perfect bEcause of frictioh in the motor bear1ngs, but in

most systems the rece1ver ang]e w111 be within one degree of ~the transm:tter M:V’

angle. In a system in wh1ch both shafts rotate cont1nuous]y, the torque ap-
p11ed to the transm1tter rotor is changed to e\ectr1ca1 currents that produce

v . -
-

>
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Y

- . torgue in the receiver rotor. Since torque is produced in the recéiver only
when its rotor field lags behind its stator fie]d the receiver shaft position
lags behind the transmitter shaft position by about 3° in continuously rotat-

) .ing tonque transmitters. }

»

If the rotor leads of one of the synchros are reversed, as shown in Fig-
. ure 15, the receiver rotor will be 180° out of phase wi;h,thé transmitter
rotor.

]

, - - - ch \/[S;

; Figure 15. Rotor Leads Reversedy—
- " If twd of the stator connections are reversed, as shown in Figure 16,
the receiver rotor will rotatesin the opposite direction from ‘the transmitter
N roter. . ' ! ' ’

oA Figure 16 .Stator ‘Connections for
Rotation in ‘Opposite D]rect1ons

~

DIFFERENTTAL SYNCHRO TRANSMITTERS AND RECEIVERS

N T .
Differential synchro transmitters (generators) and recé;vers (motors)
are used with other syﬁchio devicés to ‘produce an output shaft rotation that
..+ s the sum or difference of the angular rotations of ftwo input shafts. The
- . Sstator of the d1fferent1a1 synchro is the same as for those already discussed.
The differential synchro rotor conta1ns three coils (and, thus, thnee pole
pairs) connected as shown in Figure 17a. It can be represented schemat1ca11y

S X . EM-07/Page 9
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Figure 17. The Synchro Differential.

by the diagram in Figure 97b. The rotor of such a differential synchro trans-
mitter is shown in Figure 18. The rotor of the receiver differs only in the
addition of an nertia damper. N . 2 gi

° COMMON CONNECTION

RyRyRy SLIP RINGS
}

Figure 18. The Differential Rotor., \ )

Figure 19a shows a‘contro] cﬁrcuit.emp]oying a differential transmitter.
Thg.magnet1c po]ar1t1e§ of the S, stator coils and rotor coils at one instant
' of time are also shown. Flgure 19b is a more convenient way to draw the same
circuit. The action of this circuit is’ g1v§n by Equation 1. ,3
'- * ] t
Y=a-8 ' , Equation 1
s

= Angle of rotation of output shaft of synchro repqivef (TR).
= Angle of rotation of input shaft of synchro transmitter (TX).
g = Ang]e of rotation of input shaft &F differenttal transmitter (TDX).

In this equation, pos1t1ve angles. represent clockwise rotation. The use
of th1s equation is illuatrated by the data 1n Table- 1.

&
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. @37A70ﬂ 37M’

118V
80Hz

118V
80Hz

Figure 19._ Control Circuit Employing
Differential Transmitter.

TABLE 1. INPUT AND OUTPUT ANGLES OF A DIFFERENTIAL SYNCHRO SYSTEM
CONNECTED FOR ANGULAR SUBTRACTION (Angles in Degrees).

Input Angles : Output Angle
ca (TX) o [ 8 (TOX) T v (M)
45 T 0 o
45 o0 45
0 < 45 -45 (CCW)
45 48 tcow) | 90
-45 (CCW) Ny E -90 (CCW) -

If the system in F1gure 19 1s operated on a cont1nuous basis, the rota-
tional rates of the shafts have "the same re]at1onsh1p as those for the ang]es
given in Equation 1. The rotational rate of the output shaft js the differ-
“ence’in the rates of the input shafts with c]ockw1se rotation defined as pos1- \;

© tive.. Examp]e A 111ustrates the use of Equat1on 1-in so1v1ng\a problem. .
- . ]

© . . ~y "

. . _ EM-07/Page 11"
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EXAMPLE A: OUTRUT SPEED OF.QIFFERENTIAL SYNCHRO CIRCUIT.

Given: In the syﬁchro circuit‘in"Figyr€/]9, the input rotational rates
' of the transmitter and the differential transmitter are as ‘fol-
Tows: . '
a =-1075 rpm clockwise (+)
B = 650 rpm counterclockwise (-)

Find: The rotational rate and direction of the receiver shaft (y).
Solution: y = a - B (Equation 1)
) ~ = (1075 rpm) - (-650 rpm) l-i.
= 1725 rpm ) )
Y= 1725 rpm clockwise ¢

Figure 20 shows the same components connected to producde angular addition
instead of angular subtraction. In this case, the output angle is given by

Equation 2.
Figure 20. Circuit for Addition of.Shaft Angles..
‘ Y = a +'8 Equation 2

A

This equation 1pads-to the data in Table 2. _ . .

-

TABLE 2. " INPUT AND OUTPUT ANGLES OF A DIFFERENTIAL SYNCHkO SYSTEM
CONNECTED FOR ANGULAR ADDITION (Angles in Degrees).

@

roms

Input Angles . ~ - Qutput Angle
a'(TX) .. B (TDX) "y (TR) )
5 5 90 L
: 45 : o . 45
© 0 ’ . 45 . 45
‘ 45 ! -45 0
- -45 _ .45 . . '
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Differential synchro receivers (moto®s) é?e used in the same circujts
as tho%g in Figures 19 and 20. A differential receiver accepts input signals
from twg synchro trqnsmitters. The same equations 5pp1y, except that o and vy
are‘%nput angles and B is the output angle. This is illustrated in Examq1e B.

»

EXAMPLE B: DIFFERENTIAL SYNCHRO RECEIVER SPEED.

Given: Two synchro transmitters and a differential synchro receiver are
connected as in Figure 20. The input rotational rates of the
“transmitter shafts are as follows: )

o = 200 rpm clockwise (+)

B = 350 rpm coung!rc1ockwise (-)

Find: The rotatiohal rate of ;hé output shaft of the differential

receiver (B).

Solution: y = o + 8 (Equation 2)-
B=vy-ua ‘ x
= 350 rpm - 200 rpm ’ .
"= 550 rpm

8 = 550 rpm counterclockwise (-) -

LY

3

THE SYNCHRO CONTROL TRANSFORMER

A synchro control transformer is a device used td produce an error yolt-
age that is used by an external circuit to operate angular positioning motors.
Schematically, a synchro control transformer looks exactly like a synchro
. transmitter or receiver, and its construction is a]so.simi1ar.

Figure 21 shows a synchro control transformer.in an angular control cir-
cuit. The rotor of the control transformer is connected to the mechanical

‘ MECHANICAL LOAD POSITIONING MOTOR

. N -
CX CONTROL TRANSMITTER . GEAR

TRAIN ) .
CT CONTROL TRANSFORMER N ~

CONTROL
clacuIt

Figure 21. Synchro Control Transformer in a Control Circuit. i
N ’ P -
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load. The angular position of the load is controlled by the angutar position

of the control transmitter (CX). , .
If the rotors of the two synchro mechanisms are in the positions shown

in Figure 22, the output error voltage is zero and the control circuit sup-

plies no voltage to the positioning motor. If the transmitter rotor is 'ro-

tated through some angle, an error voltage is produced on the output terminals

of the control transformer. The control circqjt senses-this voltage .and turns

Figure 22. Transmitter-Control Transformer Pair.

»

on the positioning motor to rotate_the mecha;§qa1 load. The direction of the
turning motor is determined by the polarity of the error signal. Since the
rotor of the control transformer is connected to the load, it rotates also.
When the control transforger rotor is once again perpendicular to the trans-
mitter rotor, the error voltage is zero, and the control circuit turns off

" the positioning motor. ' ) '

,1 \\\\
+  CLASSIFICATION OF SYNCHROMECHANISMS -

’ Synchromechanisms are classified acgording to whethe; they'have torque
or control capabilities. "A torque synchro is used to de]iVe} a torque to a
"mechanical load. A control synchro will transmit cog;rg] signals only; it
can drive an indicator, but-not a load. Synchros are classified according to'
-the following letter codes:
2+ €X - control transmitter
. TX — torque transmitter
T
- C control transformer
» CDX — control diffgrentialtt;édsmitter

torque receiver

Page 14/EM-07
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+ TDX — torque differential transmitter
+ TDR — torqﬁe differential receiver

Synchros built to military specifications have additional information
indicating size and frequency. Fo&xampl'e, 23TX4 indicates a torque trans-

mitter that is 23 inches in diameter and operates on 400 Hz. Synchros usually

operate on 400 Hz or 60 Hz. A fipaﬂ digit of 6 indicafgs a 60 Hz synchro. -*

APPLICATIONS OF SYNCHROMECHANISMS . -

Synchro transmitter-receiver pairs and differentié] synchro systems are
widely used for the synchronization and control of rotat%ng shafts jn indus-
trial proéésses. Areas of application include paper mills, tektile mills,
steel mills, and many other situations in which shafts must rotate at syn-
chronous or differential speed but are physically too far apart for mechanical
linkages to be practical. )

Thé synchro contrel-transformer is widely used for angular positioning
of antennas, telescopes, gun mounts, and other pointing devices.. '

™y

1. Two shafts rotate in a clockwise direction with rates of 660 rpm and
960 rpm. A third shaft is to rotate clockwise with a rate of 300 rpm.

Draw a synchro circuit using a TX, a TDX, and a TR that will accomplish
this. Indicate the rotational rate and direction of each shaft on the

] ' 4

diagram. -
2. Draw a schematic diagram of a synchro transmitter-receiver pair in which

a clockwise rotation of the transmitter rotor produces a counterclockwise

rotation of the receiver rotor.

3. Two shafts rotate in a clockwise direction with rates of a = 600 rpm and

g8 = 900 rpm. A third/Shaft is to be driven at 300 rpm in the counter-

. clockwise directibn.' Draw a synchro circuit té accomplish this, using
a TX, a-TDX, and a TR. Indicate the rotational rate and direction of
‘each shaft on’ the diagram. J )

. 4.- MWhat-happens in a control circuit emplaying'a synchro control transformer

if the rotor connections of the transformer are reversed?
[4 . <

~ -

. o > ' EM-07/Page 15
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Explain why the receiver rotor shaft will lag behind the transmitter,
rotor shaft by &s much as 3° when a synchro transmitter-receiver pa1r
is.used for torque ‘transmission. o,

Which of the seven types of synchromechanisms is never connected directly
to an a.c. power line? '

[
L]

LABORATORY MATERIALS

Variable transformer, 0-130 V a.c.

Synchro transmitter type 23TX6 or equ1va1ent with mount

Synchro receiver type 23TR6 or equ1va1ent with mount

Synchro d1fferent1a1 transm1tter type 23CDX6 or equ1va1ent with mouﬂi
VOM )

Three 360° disk dials to fit synchro rotor shafts

Connecting wires

LABORATORY PROCEDURES

fConstruct the circuit shown in Figure 23, using the synchro tragsmitter
(23TX6) . ’

Figure 23. Electrical Zero Experimental
- Circuit by Jumper Method.

Set the autotransformer voltage to 60 V. The synchro rotor will move to '

the electrical zero position. Set the shaft indicator dial to 0°.
’ 4 - M

\ .
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Repeat Stegs 1 and Z, using the synchro receiver (23TR6). Both dials
should remain set to read 0° atlthé electrical zero position thrqughoyt

tﬁ; laboratory.
Using the circuit shown in F1gure 24, .check the electrical zero of both

synchros.

|

Figure 24. Electrical Zero Experimental
Circuit by Voltmeter Method.

Construct the circuit shown in Figure 25 Set the synchro transm1tter
for 05, Record the angular positions of the output shaft in Section 1
of the Data Table (direct stator connection).

- )

&j(f"‘\\n1

Ry 34 .,
m{ (7 Y[Tg, ::k L

EY

, Figure 25. First Experimgntd] Circuit.

6. ~ Rotate the input shaft to the other angles indicdted in“the Data Table-

' / and record the angle of the output shaft for each.
Disconnect the “power from the experimental Circuit and rewire it ds shgwn
in Figy;e 26,

EM-07/Page 17




Rigure 26. §ecbnd Experimenfa] Circuit.

8. Repeat Step 6 for this circuit, record1ng the output shaft. ang]e in the
j’§rsed stator connect1on" ce]umn of the Data Table-
9. Construct the circuit shown in Figure 27.

115V
680Hz

-t

3

.o .- Figure 27. Third Experimental Circuit. d

. . o ‘
10. Set the transmitter for electrical zero (0°). The electrical “zero of"

the differential transmjtter (CDX) is its rotor posiIidn that produces
} 0° when the transmitter (TX) is at 0°. Set CDX

. to the e]ectr1ca1 zero and set its dial indicator to 0°. . '

. ' Set the input shafts to the angular positions idMcated in Section 2 of

the Data Table and record the output angle fer each comb1nat1on

12.  Disconnect the power from the exp@?imenta] circuit and rewire it as-shgwn

in Figure 28. . )

»

‘a receiver {TR) angle o

~ Figure 28. Fourth Exper1mentq} Gircuit. -

ROREIN-CObh
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13. Repeat Step 11, recording data in Section 3 of the Data Table.

14. Refer to Exercise 3. Construct the circuit required in this exercise
and record data on this circuit in Section 4 of the Data Table.

15.° 'Evaluate the data in Section 4 to determine if the schemat1c drawn‘hn
Exercise 3 produces the desired*results. Exp1a1n all f1nd1ngs

> L)
- * b : \ )
DATA TABLE
N DATA TABLE.
SECTION 1. “SYNCHRO TRANSMITTER-RECEIVER PAIé
(First and Second Experimental Circuits.
. Tnput Shaft (TX) Qutput Shaft Ang]e.gIB) In Degrees e
Angle Direct Stator Reversed Stator \\\\\
In Degrees Connection Connection
0 .
45 . '\‘ e \
90 N /
135 -
v 180 *
225 )
270 '
315~
360 \

'SECbeN 2. ANGULAR SUBTRACTION WITH DIFFERENTIAL SYNCHRO _,;;sz“
g . {Third Experimental Circuit). —

4

Input Angles in Degrees .
a 5 Output Angle (X) In Degrees
- 0 .45 * ‘
45 45
45 -45°
-45 " 45
<90 _ 180 J
-90 180 _
900 [ -180- | 3} g .
-90 -180 - ‘ ‘
i e e G — kT T M G S S Gmh o (e St S S G S G S ———
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-5 N ’ ) Lo . //)//”——/
Da¢a Table. Continued.
.———-—————--—-——A-—-——-——-—_———-
SECTION 3. ANGULAR ADDITION WITH DIFFERENTIAL.SYNCHRO- —
(Fourth Experimental Circuit).

Input.AngTes In Degrees

—

Output Angle‘(y) In Degrees °

o 8
) -0 45, B
N
45 45 )
45 °-45.
-45 45
90 180 . . T
-90 180
90 -180
-90 -180 .
SEEiION 4. FIFTH EXPERIMENTAL CIRCUI?
" (See Exercise 3).°

: Input Angles In Degrees

Output Angle (y) Ib Degrees 7

Q. B

0 4°~ < 45 f
45 45 -
45 -45
-45 45 .
90 80 )
-90 180

90 -180 5 -
290 -180 N

.
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