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FOREWORD

This manual contains basic technical and practical
information based on the curriculum outline for the
Alternating Current Department of this school. The sub-
Ject matter covered in this manual 1s necessary infor-
mation that the student must learn in order to master
the jobs that will be presented in this department and
in following departments.

The purposes of this instructional manual are as
follows:

1. To provide a guide for the student in his class
and shop work.

2. To supply information in outline form to which
the student may add supplemental notes in his own
words as the different points are explained by
instructors.

3. To service as a reference both to the student in
school and to the graduate after he enters the
field.

Appreciation is extended to the Alternating Current per-
somnel and to the entire faculty for developing the mat-
erial for this manual.

B. W. Cooke,
President

Coyne Electrical School
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Alternating Current Lesson No. 1
FUNDAMENTALS OF ALTERNATING CURRENT

ObJective

To learn the fundamental principles of Alternating Current and the terms used to
express the characteristics of AC phenomena.

References:

Lesson Content

A. General

In reviewing the terms discussed and explained in previous departments, it may be
brought to mind that DC is a contimuous current which remains constant in value
when the voltage E, and the resistance R, remain unchanged, and also that AC can

be considered as a constantly changing current both in value and direction. Nearly
all of the material and discussions in this department will be in addition to the
single and split phase experiments and discussions that have been studied previous-
ly. It is the purpose of this department to acquaint you with three-phase equip-
ment, its design, operation, maintenance hints, and some of the many other factors
which will enable you to understand fully WHY a machine works, or possibly more im-
portant, just why it acts as it does under controlled conditioms.

Before proceeding, however, it may be well to review some of the common definitions
and their meanings, as applied to alternating current. Since your training is of
a non-engineering nature, we will approach our studies in a practical "down-to-
earth" discussion.

B. Definitions

1. ALTERNATING CURRENT is a periodic current the average value of which over a
period is zero, ASA 05.20.070.

It can be expressed, also, as continually changing in value and periodically re-
versing in direction of flow. Commercial AC is sine wave in form, Fig. 1A, and
almost perfect in structure. Should an Imperfection be detected, it would likely
be attributed to harmonic action.

2. A CYCLE, ASA 05.05.185, is the complete series of values of a periodic quantity
which occur during a period. We can also define a cycle as a complete series of
events continually repeated in the same definite order. Ome cycle is equal to

360° electrical.

3. AN ALTERNATION is actually % cycle or the number of degrees passed by a conduc-
tor to make 180° electrical.

4. FREQUENCY is the number of periods occuring in unit time, in which the time is
the independent variable of the periodic quantity, ASA 05.05.180. It could
also be stated that frequency is the number of cycles per second (cPS) includ-
ing such common frequencies as 60-50-40-30-20-16 2/3 in which case each fre-
quency is put to its own use. The most common frequencies now used are 25
and 60. The 25 cycle system is used for high power transmission to reduce the
line and copper losses; also the inductive effect that would be more noticeable
in higher frequencies. The most cammon frequency in use is 60 cycle because of
its satisfactory frequency response for lighting loads, etc.

(continued on page 4)
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Lesson No. 1

Alternating Current

ZZQZZ4QZZLQ?ZZ;
When a conductor moves in a magnetic field, the

voltage induced in it depends upon: :
1. Strength of the magnetic field '
2. Speed of the conductor l\. I
3. The direction of motion of the conductor 1

with respect to the magnetic field. '

In all diagrams on this sheet, the conductor I

is assumed to move at a constant angular velocity, )

In diagram A, the conductor is moving parallel to ‘77/'7;7;777}”;7;/

the field and at this instant there is no voltage

generated.

In diagram B, the conductor is moving through the

field flux at an angle of 30° electrical and the

rate of cutting lines of force has increased. EB
Sketch Bl shows the effect of the changing direc- !
tion of conductor motion, which has proved through

this angle of 30°.

In Figure C, the conductor is moving across AQZZZZ&éQQQQZZZ?

the flux at a different angle and, as can be

seen readily by referring to Fig. Cl. The num-
ber of lines of force cut per degree of angular (;.
motion has Increased, because the degree of
cutting has now increased to 60° electrical.

|

In Figure D, the conductor is moving at right
angles to the field flux and is, therefore, |
cutting lines of force at the maximum rate. !
The induced voltage at this point in the rota- [)N
tion, therefore, is maximum because it has '
moved through 90° electrical. !

|

e e e e e

In Figure E, the angle at which the conductor ZZZZ&QQQQZZZ%4Q§
is moving with respect to the lines of force |

is diminishing. The rate of cutting lines of

force is, therefore, reduced, and the generated E
voltage is less than in Fiz. D. The manner in !
which the voltage varies from point to point is
shown in Fig. 1A and 1B. The conductor, which

is now at 1209, gives a similar value as at

60° electrical. %772%;77223%7&4

Fig. 1

Coyne Electrical School TA-AC-AS
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The smooth curve above shows the mammer in which
the generated voltage varies from instant to in-
stant, The distance of the curve from the base

line at any point is a measure of the voltage
generated at that instant.

Fig. 1B
Coyne Electrical School



Lesson No. 1 Alternating Current

5., ANGULAR VELOCITY of a periodic quantity equals frequency times 2 pi, 6.28. If
the periodic quantity can be consldered as resulting from the uniform rotation
of a vector, (for + rotation, counterclockwise), the angular velocity is the
number of radians per second passed over by the rotating vector, ASA 05.05.185.

C. The Relationship Between Poles, Frequency, and Speed.

1. R.P.S. equals f + P, where f equals cycles per second, P indicates pairs of

poles, since a paig of poles is required to complete one cycle. We do not
change the value of the expression when we invert the divisor and multiply,
for a 2 pole machine at a frequency of 60 cycles per second.

2, R.PM. = f£xX2x60
P

f x 120
12
example 60 x 120
2
T200
2 or 3600 R.P.M.

(60 represents seconds per minute)

3. Poles = f x 120
RPM

example 60 x 120
3600

7200
3600 or 2 poles

4. Fr - P x RPM
equency i

2 x 3600
120
[200
120 or 60 cycles per second

example

Table I shows the relationship between poles, frequency, and speed for a few typical
cases. Note that speed is directly proportional to the frequency and inversely propor-
tional to the number of poles.

y Coyne Electrical School TA-AC-A5



Alternating Current Lesson No. 1
D. Maximum Value
Maximum value is the greatest value of instantaneous current or voltage that
occurs in one alternation or change. There are two maximum values per cycle
which appear at the angles of 90° and 270° electrical.
Some conversion factors to find this value are:
Maximum equals effective times 1.414. (rms x 1.414)
Maximum equals average times 1.572 (ave x 1.572)
NOTE: Crest and peak values are the same terms as maximum value.
Angular Sin Cos e e 2 e
position of (Sine orj (Cosine| (100 Em) | (240 Erms](10KV m) )
conductor reactivel of the
factor) | angle)
0 - 180 - 360 .0000 1.0000 00.00v | 00.000v 0000.v
10 - 190 .1736 .9848 17.36 59,022 1736,
20 - 200 .3420 .9397 34.20 {116.061 3420,
30 - 210 .5000 8660 50.00 1169.680 500Q.
L0 - 220 .6428 . 7660 64,28 218,141 6428
*45 - 225 * .7071 .7071 70.71 {240,000 7071.
50 - 230 .7660 L6428 76.60 1259.950 7660.
60 - 2Lo .8660 .5000 86.60 |293.866 8660,
70 - 250 .9397 .3420 93.97 {318.897 9397.
80 - 260 .9848 L1796 98.48 4.197 9848,
90 - 270 1.0000 .0000 | 100.00 |339.360 10000.
100 - 280 .9848 .1736 98.48 [334.197 9848,
110 - 290 .9397 . 3420 93.97 1318.897 9397,
120 - 300 .8660 _.5000 86.60 1293,886 8660
130 - 310 . 7660 ,6428 76.60 {259,950 7660
135 - 315 * el O L7071 70.71 1240,000 7071,
140 - 320 .6428 .7660 64.28 |218.141 6428,
150 - 330 5000 .8660 50,00 1169.680 5000
160 - 340 L3420 9397 3,20 1116.061 3420,
170 - 350 .1736 .o848 17,36 59,022 1736
Table I
(e) Instantaneous voltages
(m) maximum value
(*) Effective or rms values which are instantaneous
For a better understanding of the above chart, let us try a few examples: Suppose

we take an angle of 30° whose sine is .5, and suppose also that we know the Em to

be 100 volts.

At

this
e

angle, the "e" is found by:
Em x Sin of angle

100 x Sin of 309 or .5
100 x .5 = 50 volts

At the same angle what would be the voltage if Erms equals 1007

TA-AC-AS
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1414

(100 x 1.414)

X .5 =

(Erms x 1.414) x Sin of angle
x Sin of 300 or .5

TO.7 volts

Coyne Electrical School




Lesson No. 1

2 CYCLES 1 REV,

Alternating Current

7N\

ey 7

k- - — 360°

(

-4
o s

T720° i . — e ==

N

.

IR CPR REV. PER SEC. REV. PER MIN. 60~ Induction Motors
Field RPM _ Rotor RPM |
25~ 60 N 25 A4 60 ~
2 1 25 60 1500 3600 3600 3450
b 2 12 30 750 1800 1800 1740
6 3 8.3 20 500 1200 1200 1160
8 L 6.25 15 375 900 900 860
10 5 12 300 720 T20 690
12 6 4.25 10 250 600 600 580
30 15 1.4 4 1¢0 240 240 230
4o 20 .16 1.5 75 180 180 168
TABLE IT

P - Number of poles in the machine Poles = 120 x frequency

CPR - Cycles per revolution RPM

RPS - Revolutions per second 120 x frequency

RPM - Revolutions per minute RPM = poles

nJ - Cycles

Frequency = Loles X RFM

120

Coyne Electrical School
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Alternating Current Lesson RNo.

E.

Effective Value

Effective value of a periodic current is the square root of the average of the
squares of the instantaneous values of the current taken throughout one period,
ASA 05.20.095. Sometimes the above term is called "effective current, or Root-
mean-square current”. With the exception of a peaking meter and perhaps the os-
cilloscope, all measuring instruments used in AC, measure the effective value.
Example of proof of this definition is shown in the accompanying chart. It may
be noted, however, that for absolute accuracy intervals of at least two degrees
must be taken, but In order to avoid unnecessary mathematical calisthenics, the
chart is given in twenty degree intervals beginning at ten degrees.

1

Therefore, the average square of the squares equals hh998§6030 or 4999.85114k *

(*) Since this is a geometric variation, we must extract the square root of the

above figure in order to get the actual effective or RMS value.

7 0. 7T 09 6
vV 4919918511144 100

Thus we find our effective (rms) value ies equal to 70.7096 or TO.T1l.
This accuracy is better than 95% with even these intervals, but 100% accuracy may
be obtained when intervals of at least 2 degrees are taken.

Average Value

Average value of a periodic current is the algebraic average of the values of the
current taken throughout one period, ASA 05.20.100.

Let us prove that this statement is true by adding the column marked "voltage (10

ANGLE IN DECREES SIN OF ANGLE ( ) VOLTAGE (100 Em) | VOLTAGE SQUARED
10 .1736 17.36 301.3696
B 30 . 5000 50.00 2500. 0000
50 .7660 76.60 [ 5967.5600 |
70~ 9397 | 93.97 8830.37119
90 1.0000 100.00 10000.0000
110 .9397 93.97 8830.3719
130 . 7660 76.60 1 5867.5600
150 .5000 50.00 2500. 0000
170 .1736 17.36 301.3696
SUMS OF COLUMNS = -~ = = = = = = = = = = = = 575.86 = = = - - - -44998,6020 - - - -

0

Em)". The answer for these nine figures, we see, is 575.86. Therefore, if we take

this number, divide by nine our answer comes to 63.98, which is slightly in error
since the actual average value is 63.6. The inaccuracy of .38 may be attributed
to only four place sine function and also to comparatively few numbers used. For
a greater degree of accuracy, a two-degree or less interval should be used.

. Form Factor

Form factor of a Symmetrical (uniform) alternating quantity is the ratio of the
effective value of the quantity to its half-period average value, ASA 05.05.260.
If the form is different from that of sine wave, form factor is also different.

Effective Value & .7071 or 1
Average Value .63

If the voltage is sine wave in form: Form Factor =

3L

TA-AC-A5 Coyne Electrical School i




Lesson No. 1 Alternating Current

NOTE: Form factor must be considered in design calculations of a-c equipment but,
has little practical application for the average man.

The ratio of RMS to Max. is RMS or 70.71

.7071 (RMS= Max x .T0T1)

Max 100

The ratio of Max to BMS 1s MBX op 100 - 1 41k (Max = RMS x 1.41k)
RMS ~ 70.71

The ratio of Ave to Max is Ave o 63.6 - .636 (Ave = Max x .636)
Max 100

The ratio of Max to Ave 1s MBX or 100 - 1.572 (Max = Ave x 1.572)

Ave 63.6

H. Phase

Phase is & periodic quantity, for a particular value of the independent variable,
the fractional part of a period through which the independent variable has advanc-
ed, measured from an arbitrary orgin. In the case of a simple sinusoidal (1inear
varlation quantity), the orgin is usually taken as the last previous passage through
zero from the negative to positive direction. The origin is generally so chosen
that the fraction is less than unity, ASA 05.05.280.

Though the above definition seems to be complex, it really means that the word
"phase" 1s, in reality, an expression for a period of time, usually in electrical
degrees, that elapses after one a-c quantity passes through a corresponding refer-
ence value.

2. Single Phase consists of one individual voltage or current, Fig. 2. Applica-
tions are: small motors, generators, transformers, etc.

3. Two-Phase or Quarter-Phase ig a combination of circuits energized by alternat-
ing electramotive forces which differ in phase by a quarter of a cycle or 90°
but in actual practice the phases may vary geveral degrees from the specified
angle, ASA 35.40.040, Fig. 3. Applications: power and lighting circuits, etc.

NOTE: The use of two-phase equipment has been largely superceded by three-phase
equipment which will be discussed in detail in the following paragraphs
and the remainder of this manual.

4. Three-Phase is a combination of circuits_energized by alternating electrcmotive

7 forces which differ in phase by one-third (1/3) of a cycle or 120 degrees., In
actual practice, the phases may vary several degrees from the specified angle,
ASA 35.40.060. Applications: motors, generators, power, trensmission, and light-

ing circuits.

NOTE: This is the only 3 wire system or circuit which has the same voltage
value between any pair of line wires, Fig. 4.

5. In Phase is an expression which means the voltage and current of a given example
are "in step" with each other. That is to say, the current and voltage of a
circuit or a portion of a circuit reach maximum and minimum at precisely the same
instant. This condition is true where the opposition to AC is due to resistance
only, or where opposition to current is due to equal guantities of coil and
capacitor opposition to flow.

8 Coyne Electrical School TA-AC-AS5



Alternating Current Lesson No. 1

po—— 180" ——-—‘1
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Lesson No. 1 Alternating Current

I. Skin Effect

In a conductor 1s the phenomenon of a non-uniform current distribution over the
eross-section of a conductor caused by the variation of the current in the conduc-
tor 1tself, ASA 05.40.110.

We can also add to the above statement that this effect is that tendency of AC to
travel along the surface area of the conductor, rather than through it at a uniform
density. It has the effect of increasing the resistance of a conductor to a given
current rate. Thus the effective reslstance will be greater than the actual ohmic
resistance (determined by molecular construction of the conducting medium). This
"skin effect” is greatly minimized by the use of stranded or tubular conductors,
however, 1t 1s present, to some extent, in all a-c circuits.

J. Sumary

Alternating Current is that current which is constantly varying in value and direc-
tion at certain regularly stated intervals of time.

A cycle is a complete series of events.
An altermation is % cycle or a complete change in direction only.
Frequency can be construed to mean number of cycles per second.

Angular velocity means the speed of an angle in electrical degrees.

The voltage induced in a conductor depends upon: field strength, speed of cutting
that field, and the direction of angular motion in reletion to the field.

The electrical degree 1s, in reality, a unit of time, whereas, the mechanical degrees
may or may not be equal; example:

For every camplete revolution of one conductor:

Mechine = = = = - = = = - - . o L .. degrees electrical - - - -degrees mechanical
2 poles 3600 3600
4 poles T720° 3600
6 poles 10800 3600
8 poles 14400 3600

In the sixty cycle circuit, one electrical degree equals 1/360 x 1/60 or 1/21600 sec.
In the sixty cycle circuit, 120 electrical degrees equals 120 x 1/21600 or 1/180 sec.
In the 25 cycle circuit, one time degree equals 1/360 x 1/25 or 1/9000 sec.

Meximum value 1s that value which is found at 90 and 270 degrees electrical on the
sine curve.

Max. or peak value equals 1.414 times effective or rms value.
Max. or peak value equals 1.572 times average value.

10 Coyne Electrical School TA-AC-A5



Alternating Current Lesson No. 1

Effective value is the value read on all common a-c meters. When current is named,
the effective value has the same heating effect as a corresponding value of IC.

rms or eff. value equals .T707 times the maximum value.
rms or eff. value equals .636 times 1.11

Average value is the average of the instantaneous values taken throughout one
period of time.

Ave. value equals .636 times the maximum value.
Ave. value equals .707 divided by 1.1l1

Form factor is the ratio of rms to average value.
Formulae to be remembered in rgggrds to poles, frequency, and speed are:

RPS equals f ¢ P; RPM equals 129f; POIES equals 120f ; FREQUENCY equals P_X RPM
2 = RPM 120

Phase is an expression of time that elapses after one a-c quantity passes through
a corresponding value or reference. In phase means current and voltage reach max.
values at precisely the same time.

Single phase is a single time value of voltage or current.

Two phase is two phases displaced 90° from each other.

Three phase is three single phases displaced by 120° electrical.

Skin effect is the tendency of AC to travel along the outside surface of the
conductor, thereby, increasing the effective resistance of the circuit.

E

Summary Questions

. Explain the difference between AC and DC

. What is "phase"?

In a 32 pole 25 cycle machine used for a steel mill roll application, what is
the CPR? RPM? (rotating magnetic field).

In a 60 cycle circuit, 90 electrical degrees equals seconds.
Compare 60 and 25 cycle as to advantages, dlsadvantages, applications etc.

. Why is the effective resistance of an a-c circuit greater than the true ohmic

Which 3 wire a-c system has the same voltage between any pair of lines?
What two factors determine the frequency of an a-c generator.
A 24 pole generator produces 60 cps. What 1s the RPM of this machine?®
. If an alternating voltage and current pass through corresponding values at the
same instant, are they in or out of phase?
11. What is the definition of effective AC?
12. If an ac voltmeter reads 120 volts, what is the maximum value of the voltage
applied to 1t?
13. If an a-c ammeter indicates 15 amperes, what is the maximum value of the current
passing through 1it?

Boom~u onE whH
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Lesson No. 1 Alternating Current

14,

15.
16.
17.
18.
19.
20.
215

22.
23.

2k,
25

12

In a 3 phase, 3 wire system, the voltages are displaced by degrees
between different pairs of wires.

Can more than one Phase be transmitted over two line wires?

What effect does speeding up the generator have on the generator frequency?
What effect does increasing the frequency applied to an induction motor have on
its speed?

What 1s the RPM of a 16 pole, 60 cycle generator?

How many poles must a conductor pass to generate one cycle?

What does the "frequency of an a-c circuit" mean?

Does the rotor of the induction motor turn at the same speed as the revolving
magnetic field set up in the stator?

What is the meaning of the word "polyphase"?

Is 1t possible to operate single phase equipment off any two wires of a three
phase circuit?

Is 1t possible to get single phase, quarter phase, and three phase from one
three phase 4 wire system?

When would you use form factor? Average Value? Maximum Value? Effective Value?

Coyne Electrical School TA-AC-A5



Alternating Current Lesson No. 2
THREE PHASE STATOR WINDING

Objectives

1. To learn the rules pertaining to rewinding of three-phase, lap-wound, two layer
winding.

2. To learn a standard procedure on developing a three-phase stator winding.

References

Lesson Content

A. Review
1. Coil-group
A "coil-group" is the number of coils for one phase for one pole. The number

of coils which must be connected in series to form a "coil-group" can be found
by using the followlng equation -

Coils per group = slots
poles x phase

2. Full pitch coil span

"Full pitch coil span" refers to a coil which spans from a slot in one pole to
a corresponding slot or position in the next adjacent pole. Another way to ex-
press "full pitch coil span" is "a coil which spans a distance which is equal
to the distance from the center of one pole to the center of the adjacent pole."

The formula for determining full pitch coil span is as follows:

slots + 1

Coil span =
poles

Full pitch is also known as 100% pitch. In some cases a coil may be more than
full pitch, but should never exceed 150% pitch.

The term fractional pitch applies to coils which span less than full pitch. A
fractional pitch winding should never be less than 50% of full pitch.

A "chorded" winding usually applies to a winding whose coils are less than full
pitch, (fractional pitch) but it may be either less than full pitch or more than
100% pitch.

3. Electrical degrees per slot

This term is commonly used to express that portion of the pole which one slot
covers. It is abbreviated "E° per slot."

TA-AC-A5 Coyne Electrical School 13
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Lesson No. 2 Alternating Current
There are 360° per pair of poles, therefore, one pole represents 180 E°.

E°/ slot = 180

slots/pole
4. Lap winding

A lap winding is one in which all the coils in a coil-group can be traced
through before leaving that coll group.

B. Applications, Ratings, and Cost
1. Approximately 85% of all motors in industrial applications are three-phase.

The two-layer winding is most frequently used. It 1s easy to manufacture, as-
semble, and repair. All coils are alike. The number of coils 1is equal to the
number of slots.

2. The ratings of three phase motors for industrial applications will vary from
approximately one-sixth horsepower up to thousands of horsepower.

To give an idea of the cost of the more common ratings, the following list is
presented.

G.E. GENERAL PURPOSE, 60 CYCLE, OPEN TYFE 40° CENTIGRADE TEMP. RISE

1/6 H. P. @ 1800 R.P.M. $ 20.00

1 H. P. @ 3600 R.P.M. 40.00 @ 514 R.P.M. $100.00
5 H. P. @ 3600 R.P.M. 75.00 @ 514 R.P.M. 250.00
10 H. P. @ 1800 R.P.M. 125.00 @ 514 R.P.M. 350.00
25 H. P. @ 3600 R.P.M. 200.00 @ 514 R.P.M. 580.00
50 H. P. @ 3600 R.P.M. 410.00 @ 514 R.P.M. 850.00
100 H. P. @ 3600 R.P.M. 850.00 @ 514 R.P.M. 1350.00
200 H. P. @ 3600 R.P.M. 1500.00 @ 514 R.P.M.

The above prices are list prices, and are approximate.

Wound rotor motors will cost approximately two to three times as much as the
above list at the same horsepower rating.

Totally enclosed motors will be about 130% of the above prices.

14 Coyne Electrical School TA-AC=-A5
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1. Coils

a.

Stators of 15 horsepower and under, and for less than 550 volts, usually
have partly closed slots and are commonly wound with "fed in" or "threaded
in" windings. For this type of winding we can use any one of the types of
coils shown in Fig. 1.

. The "mush"” type of coil is used whenever and wherever possible. Most coils

not wound in layers fall under the classification of mush coils. They are
sometimes referred to as "hit and miss" coils. One type of diamond coil is
wound, shaped and the ends taped with half-lapped cotton tape before the

coil is fed into the slots. The "plain mush" (d) is the most simple of

all to wind. It is used mostly in bi-polar d-c machines. The "basket coil"
() is simply wound to the approximate shepe, and to the proper length and
slze, but is usually left untaped. The leads can be twisted together to

hold in place. In winding the "plein flat diamond mush" (a) the leads are left
loose. When winding the (c) coll, the leads are tied to the body of the coil
which saves time for the winder. The basket coils are generally used only for
"one coil per slot" windings and small two-layer windings. The diamond coils
whether flat or pulled are used on large machines.

. The untaped sides of either of these types of coils makes 1t possible to feed

the wires one or two at a time into the narrow slot openings.

. After the coils have been placed in the slots, the ends may or may not be

taped. Whether or not you tape the coil ends will be determined by the size
of the motor and the voltage at whi h it i1s to operate. Sometimes the coil
ends are shaped with a fibre drift and a rubber or rawhide mallet, to allow
the colls ends to pass over each other more easily.

2. Slot insulation

a.

TA-AC-A5

Before we can begin the actual placing of the coils in the slots, we should

check the condition of the stator laminations. The stator should be clean.

Remove any burrs or sharp edges in the slots. A file can be used. The slot
insulation may now be placed in the slots.

. The slot insulation, when used properly, should be so placed that there will

be no electrical contact between windings or between windings and freme. The
insulation provides a mechanical separation between coils and core which in
itself is sufficient insulation. The insulation on the wire and the wrap-
ping of the tape on the coil, if used, constitutes the major portion of in-
sulation and any other material which is placed between the coils, or between
the coils and the core, is mainly for mechanical reasons.

- Many different types of materials are used for slot insulation. Manning-

paper, fish-paper, fuller board, pressboard manila paper, mica paper, mica

cloth, micanite, and glass insulating materials represent a few of the mat-

erlals used for slot insulation. The above materials may be purchased at a

wide range of thicknesses, from approximately four mils to one-hundred-fifty
mils in thickness.

Coyne Electrical School 15
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d.

Cut the slot insulation to size and place it in the slot. Meke sure the in-
sulation extends beyond the length of the slot, 1/8" to 3/8" for small and
medium size machines. Meke a "cuff" on the slot insulation. See Fig. 2.

3 Leyout

We shall now consider the development of a winding for a 36 slot stator which we
will wind for six poles, three-phese.

a.

Coil-group = slots = b= A

poles x phase 6x3

This means, we must connect two coils in series to form each coil-group.

Coil span = 8lots , 1 _ 36 . 1.7
B poles 6 T

Therefore, a coil will be in slots one and seven, or their equivelent such as
slots four and ten. This is full pitch (100%) coil span.

. Placing coils in slots.

After the slots have been insulated, we may begin the actual placing of the
coils in the slots.

a.

t.

Place one side of the first coil in any slot, with the leads of ihe coil to-
ward the winder.

One side of the next coil 1s then placed in the slot to the right of the
first, which will make the winding progress in & counler-clockwise direction
around the stator. Four more coils are then placed in the slots in a simi-
lar manner, leaving the topsides of all of the coils out of the slots.

. We now have six coils placed in slots. They are upright in the stator, that

is, they have not been laid down and placed in proper slots. It is best, on
the smaller machines, to connect the coils into the coil-groups es they are
placed in the stator. See Fig. 3. You will notice by referring to Fig. 4
that the bottom lead of the first coil is connected to the top lead of the
second coil.

NOTE: The bottom lead from a coil is that lead which comes from that side
of the coil which is lying in the bottom half of the slot.

The top lead from a coil is that lead which comes from that side of
the coil which will, or is going to lie, in the top half of the slot.

The top lead of the first coil and the bottom lead of the second coil are
identified with sleeving of the same color (red).

The splice, which was made between coil one and coil two, is called a stub
connection, Of course the insulation on the wire must be removed and a good
electrical connection made. On the smeller and medium sized machines the
stub connection can be a two-wire pigtail type of splice.

Coyne Electrical School TA-AC-A5
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Fig. 2 - Slot insulation with cuffs
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d.

The bottom lead of the third coil 1s connected to the top lead of the fourth
coil to form the second coil-group. The top lead of the third coil and the
bottom lead of the fourth coil are identified with sleeving of one color,
(wvhite). This color will be a different color from that which was used in
the first group.

Coils five and six are connected together in the same manner as presented
above, however, the color of the sleeving used on the coll-group leads will
be different than the color on coil-group one and coil-group two. Place
blue sleeving on these leads.

. It is very important that the coil-groups be formed in the manner presented.

If, for example, we had connected the bottom lead of coil one to the bottom
lead of coil two, the fluxes, when set up, would oppose one another. If this
connection was made by mistake in one coil-group the result would be a very
weak magnetic pole in the stator. (See Fig. U4).

In any motor, the number of coils which must be connected in series for one
coil-group, must be very carefully comnected. ALL COILS OF THE SAME COIL-
GROUP MUST BE CONNRECTED FOR THE SAME POLARITY.

. When the bottam sides of the seventh and eighth colls are placed in the

seventh and eighth slots, respectively, they can be connected together to
form a coil-group. The color of the sleeving used on the leada from this
coil-group (4th coil-group) will be the same color as the sleeving used on
the first coil-group. (red).

NOTE: Every third coil-group will have the same color of sleeving on 1its
leads.

Example: Group #1 - red
Group #4 - red
Group #7 - red etc.

You may now place the top side of coils seven and eight on top of the bottom
sides of the first and second coil respectively, or in other words, in slots
one and two. This procedure of placing the coils in the slots is followed
until all the coils are in place. The bottom sides of the last six coils
will be placed under the top sides of the first six coils. The top sides of
the first six coils are to be laid down last.

The slot insulation can now be trimmed, folded over the coils, and the slot
wedges put 1in place.

The coils of the winding just described were laid in to the right or counter-
clockwise. They could have been placed in the stator in a clockwise direc-
tion. Placing the coils in many stators is determined by the shape of the
diamond point on the coil. They are called right hand coils and left hand
coils, viewed from the front end which is the lead end of the coil.

The bottom leads of all coil-groups are bent out around the edge of the frame
and all top leads are arranged straight out from the stator core. The next
step would be to strip the ends of these leads and temporarily connect them
in bunches for making a ground test from the coil leads to the stator.

Coyne Electrical School TA-AC-AS
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This test can be made with a 110 volt test lamp, and 1t should always be done
before connecting any phases to make sure that none of the coil-groups are
grounded because of damage to their insulation while they were being placed
in the slots. By using the test lamp or the volt-ohmmeter you can check for
continuity through each coil-group.

5. Connecting the coil-groups to form phases.

a. Connecting the coil-groups to form phases can be done as soon as the wedges
are in the slots and the above tests have been applied. You should now have
thirty-six leads from the stator. Eighteen of them are top leads and eighteen
are bottom leads. The bottom leads from all coll-groups should be bent out
around the edge of the frame. The top leads from all coil-groups can be
arranged to stand straight out from the stator core.

b. Select any top lead from any coil-group close to the terminal housing and
call it the start lead of one phase. This group will be called group "one".
Connect the bottom lead of this coil-group to the bottom lead of the next

group of the same colored sleeving (coil-group #4), Fig. 5.

Connect the top lead of coil-group four to the top lead of coll-group seven;
the bottom lead of coil-group seven to the bottom lead of coil-group ten;
the top lead of coil-group ten to the top lead of coill-group thirteen; the
bottom lead of coil-group thirteen to the bottom lead of coil-group sixteen.
The top lead on coil-group sixteen is the finish lead of this phase.

c. Notice in the above paragraph that EVERY THIRD GROUP WAS CONNECTED IN SER IES
TO FORM ONE PHASE. Thuse: 1-4-7-10-13 and 16.

The next phase is connected in the same manner. The start lead of the second
phase is the top lead of coil-group three. Therefore,starting with coil-
group three, the following coll-groups will be connected in series - 3-6-9-
12-15-18 bottom to bottom, top to top, etc.

d. The next phase to be comnected will start with the top lead of coil-group
five. Continue through coil-groups 8-11-14-17 and 2. The connections Jjust
made, between the coil-groups, are called Jjumper connections.

NOTE: 1. The three starts, for the three phases, were taken from groups #1,
#3 and #5 near the terminal housing, and are displaced. 120° elec-

trical.

2. The finish lead of the third phase (top of coll-group two) falls be-
tween coil-groups #1 and #3.

3. All start and finish leads of the phases are top leads of the coil-
groups.

20 Coyne Electrical School TA-AC-A5
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1. Each phase

Apply a low value d-c voltage to the start and finish lead of one phase. Move
a magnetic compass around the inside of the stator. It should indicate six
poles.

Test out each phase in the same menner. If there was an open in one or more of
the phases, no current would flow and the compass would not indicate different
polarities around the inside of the stator. You can also test for an open in
the phase by using a 110 volt test lamp. If a mistake was made in connecting,
when forming coil-groups, or when connecting the coil-groups in series to form
phases, the magnetic compass will not indicate properly the correct number of
poles. By watching the compass needle you can determine the location of the
wrong connection.

2. Stator

After each phase checks out with the proper number of poles, connect the phases
"star" and apply an a-c voltage of approximately 20% to 25% of rated voltage.

An ammeter should be connected in series in each line. Notice the current in
each line. If an excessive current flows in any phase,it indicates a wrong
connection, more than likely a 60° phase displacement. Recheck location of
start leads of each phase (should be coil-groups 1, 3 and 5). It is possible
a mistake was made when checking each phase with DC.

THE START LEADS OF EACH PHASE SHOULD BE FRQM COIL-GROUPS #1, #3 and #5 and THEY
ARE ALL TOP LEADS.

When above tests check O.K. you can fold or press down the jumper connections
(They must be insulated and taped) around the outside of the coil ends, which
must clear the end shields and the rotor. The winding is now ready for insul-
ating compound or varnish and possibly baking.

Summarization

The mush types of colls are increasing in popularity due to the improvements in
insulation on the wire and other insulating materials. They are simple. They
are quickly and easily manufactured, thereby decreasing cost of assembly in comp-
arison to other types.

There are other ways and procedures of developing a three phase winding, however,

the above procedure 1s one which is simple and can be applied to practically all
three phase two-layer windings.

Coyne Electrical School TA AC-A5
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OPPOSITION TO AC

Objective

To learn what constitutes opposition to AC and upon what factors this opposition de-
pends; to become familliar with inductance and how it varies with an applied AC.

References

Lesson Content

A. General

Resistance, R, is opposition to DC, but in AC, current may encounter opposition
in other forms which cause phase displacement between, voltage, E, and current,
I. Thus, opposition offered by inductive or capacitive circuits will be out of
phase with the effects of resistance.

1. Ohmic resistance - means the actual opposition to current because of the physi-
cal molecular construction of the conducting media.

2. Effective resistance - sometimes called the apparent resistance is higher in
value than if the same unit is placed across a d-c circuit because of the
non-uniform distribution of current in a conductor which is caused by "skin
effect”. The flux concentration at the conductors center is maximum, there-
fore, the CEMF at that point is maximum.

3. Equivalent resistance - means the total opposition to current in a given cir-
cuit which may or may not be the same for DC as for AC.

B. Resistance to AC

Comparing the effects on an a-c circuit with that of DC, Fig. 1, we see that in
d-c circuits, ohmic resistance is the only opposition encountered by current;

thus we see that Olm's Law applies to d-c since the current is proportional to the
voltage applied, and inversely proportional to the circuits total resistance. This
same law of proportion also applies to a-c circuits containing resistence only,
and 1s approximately correct.

TA-AC-A5 Coyne Electrical School 23
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Inductance

Inductance is the (scalar) property of an electric circuit, or of two neighboring
circuits, which determines the electromotive force induced in one of the circuits
by a change of current in either of them, ASA 05.20.165.

Since inductance is a property of the circuit and not of current or voltage, we
will speak of circuit characteristics rather than either voltage or current char-

acteristics.

The inductance of a circuit is entirely dependent upon size and shape of the cir-
cuit and of course, upon the permeability of the surrounding medium which may or
may not include the core. However, when the conductors are shaped as a group in
the form of a coil, the Core is Always a factor.

In Fig. 2A, it will be noted that two wires are placed closely together for a 1000
foot distance. Notice the resulting total flux linkages are nearly zero because of
the closeness or shape of the circuit, Fig. 2 Al. The reason for this near zero

flux linkages is that the cross sectional flux path is small.

In Fig. 2B, the wires have been spaced equidistant (10') for the entire length and
we notice in Bl and B2, which are the cross sectional and sideviews respectively,
that the number of linkages has not been cancelled.

In Fig. 2C, we use the same wire as at A and B and again change the shape of the
eircuit. Now the flux linkages per ampere increase over that of B; increasing
turns increases total flux density. This increased flux density now links with
the circuit an increased number of times, as each line of flux tends to link with
other lines, the flux density between circuit and field increases, Fig. Cl and C2.

In Fig. 2D, we find maximum flux linkages because of the circuits shape. In D1
we see the cross sectional coil view which shows coil sides working together.

In Fig. 2E, we find the addition of an iron core, (providing a low reluctance
path for flux) which will give maximum flux density and linkages per ampere.

NOTE: When a circuit produces 100,000,000 (108) linkages per ampere, it has an
inductance (L) of one Henry.

Whenever the current in an inductive circuit changes, the flux changes. This chang-
ing flux cuts the wires and induces in the circuit, a voltage that OPPOSES the
CHANGE. In a circuit that has an inductance of one Henry, current changing at the
rate of one ampere per second, will produce in it a self-induced emf of one volt.

When current value does not vary, there is no inductive effect. Often times the
effects of inductance will be more important than those produced by the ohmic
resistance, as we shall see in our continued studies.

Before continuing it may be well to review what happens to total inductance as the
individual inductors are comnected in series and parallel, Fig. 3.

Now, let us concentrate on the perfect inductance (having no resistance, which, is
not found in actual practice because all wire has some resistance) and see its
effect on the phase displacement of current and voltage. Fig. 5B shows that the
impressed voltage leads the current by 90°, or the current lags this voltage by
90°, Our explanations will assume the inductances to be perfect, i.e., no resis-

tance.
Coyne klectrical School TA-AC-A5
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The basic theory of inductance can be explained by reference to generator action,
which i1s the action of a conductor in a magnetic field. (Refer back to lesson 1).

As you will notice, a number of stationary conductors in a stationary magnetic field
will generate no electramotive force, regardless of the number of conductors or the
field's flux density. If, however, the magnetic field is caused to move in any man-
ner past the conductors, difference of potential will be generated between the ends
of the conductors. Thus we see that we create a difference of potential or voltage
which will cause current to flow, when the circuit is completed.

The movement of the magnetic field may be caused by mechanically moving the field
poles past the conductor as in a rotating-field alternator, or the field winding
and the conductor to be cut, may be stationary, and the field caused to expand
and contract past the conductor due to a current variation in the windings. This
i1s the principle of operation used in all types of transformers including commer-
cial power and control transformers.

In explaining the conditions associated with an electromagnetic field, it has been
shown that the field density for a given number of turns and a constant permeabil-
ity of the surrounding medium, varies directly as the current through the turns.

If the current through a conductor is increased, the magnetic flux demsity will also
increase. This increased flux density will expnad outward from the conductor, and
induces in it a CEMF of self-induction or reactance voltage which opposes the in-
crease of current. If the current in the conductor is caused to decrease, the mag-
netic field will decrease in density and contract toward the conductor. If, in

the two mentioned cases, direction of the current is the same, the polarity and
rotation direction of the field will be the same, whether the field is expanding

or contracting.

The direction of motion of the contracting field will however, be in reverse of the
direction of motion when the field is expanding. Fig. 4 will illustrate the rela-
tion between increasing and decreasing fields with current in the seme direction.

It is eapparent that when current in a conductor pulsates (varies in amplitude), there
is an established magnetic field in motion. There is one other factor necessary

for the generation of voltage, namely, that a conductor be cut by the moving magne-
tic fileld.

Fig. 5 shows the conductor "B" which is cut by the field expanding and contracting
around "A". In Fig. 5a the field is expanding and cutting conductor "B" from

left to right. In Fig. 5b the field is collapsing and cutting conductor "B" from
right to left. Conductor "B" has not moved and the polarity has not changed, but
the direction of motion of the field has been reversed.

According to the generator action theory, this will produce a polarity reversal of
the voltage generated or induced in conductor "B" when the direction of motion of
the magnetic field reverses and if conductor "B" hes been formed in the shape of a
closed circuit, the current through this closed circuit will also reverse. This
basic concept of inductive circuits agrees with the LENZ theory which states:

"THE CURRENT INDUCED IN A CIRCUIT AS A RESULT OF ITS MOTION IN A MAGNETIC FIELD, IS
IN SUCH A DIRECTION AS TO EXERT A MECHANICAL FORCE OPPOSING THE MOTION", ASA 05.40.02

The foregoing statement means that the direction of the induced EMF is such gthat it
tends to set up a current path, the magnetic field of which always opposes &ny CHANGE
in the existing field.

Coyne Electrical School TA-AC-A5
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Fig. 4 During a given alternation the flux rotating direction and current
direction will remain constant, even when the field expands and
contracts.
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Fig. 5 Notice the effect of current direction at "B" when entering a
magnetic field which expands and collapses.
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Fig. 6 A cross section of a single layer coil, tightly wound, and showing
by diagram what happens as fluxes are added
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Lenz's Law does not state that the field of the induced current always opposes the
field of the inducing or primary current. The law states that it always opposes

any CHANGE in the field of the existing current. The word "Change" is an important
word associated with the phencmena of inductance and when used with inductance it
always implies a changing current. One more point, inductance effects are due to

current variations; voltage variations have no effect on inductance except for the
proportional current amplitude variations which are brought about by these voltage

changes.

Self-Inductance is the property of an electric circuit which determines, for a given
rate of change of current in the circuit, the electromotive force induced in the
same circuit, ASA 05.20.170.

Fig. 6 is & cross section of & single-layer coll in which ell turns are in series
and the spacing between turns is minimum. If an alternator is connected across the
terminals of this coil, there will be a continuelly increasing and decreasing cur-
rent value.

Mutual Inductance is the common property of two associated electric circuits which
determines, for a given rate of change of current in one of the circuits, the
electromotive force induced in the other, ASA 05.20.175.

Mutual induction is the basic operational phencmenon by which power transfer in a

transformer is possible. This induction is used to advantage for coupling circuit
sections, heat treating, smelting, ore distillation, etc.

Coyne Electrical School TA-AC-A5
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Fig. 7 Figure "A" shows the graphical effect of DC applied to a coil' "B"
shows the same coil connected to an AC source. Note the curves showing

the angular displacement between the voltages, E, current, I and the
counter-electromotive-force (CEMF).
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Summary

Phase displacements between E and I are caused by counter voltages which may lead
or lag the current by an angle of 90°.

The non-uniform current distribution in a conductor is caused by skin effect. It
is prevalent in circuits with AC but negligible in circuits with DC applied.

Inductance, which is a property of a circult, causes the current to lag the voltage.

Inductance is measured in a unit called Henry which is, in actuality, a unit of
measurement which 1s applied to a circuit which produces 100,000,000 linkages per
ampere.

circuit,

Inductors in parallel, will cause the circuits total inductance to decrease in pro-
portion to the relative sizes of the inductors. (Effects on totals in series and
parallel can be likened unto resistors correspondingly connected. )

Lenz Law states the current induced in a circuit will be in such direction as to
exert a force opposing the motion of the force.

. Questions

1. State briefly what constitutes "opposition to AC".
2. What 1s inductance?

What is the effect on phase displacement with inductance only in a circuit?

. What 1s meant by self-inductance? Mutual inductance?

N U W

In your own words, state Lenz Law.
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OPPOSITION TO ALTERNATING CURRENT II

Objective

To study reactance, inductive reactance, and some of the characteristics of capacitor
action in an a-c circuit.

References

Lesson Content

A. Reactance, X

The reactance of a portion of a circuit for a sinusoidal current and potential dif-
ference of the same frequency is the product of the sine of the angular phase dif-
ference between the current and potential difference, times the ratio of the effec-
tive potential difference to the effective current, there being no source of power
in the portion of the circuit under consideration. The reactance of a circuit is
different for each component of an alternating current. NOTE: The reactance for
the entire periodic current is not the sum of the reactances of the components. A
definition of reactance for a periodic current has not yet been agreed upon,

ASA 05.20.205, see Fig. 1.

In a circuit carrying unvarying current, the only opposition to the current is the
resistance of the conductors. In a circuit carrying AC or varying DC, other kinds
of opposition, in the form of opposing voltages, may appear. These voltages may

be responsible for the greater part of the opposition offered to current. For exam-
ple, if a current such as that shown in Fig. 2-A were forced through a coil of one
Henry inductance, the average value of the self-induced voltage would be 240 volts;
and for Fig. 2-B, it would be 480 volts. These high values of voltage result from
the high rate of CURRENT CHANGE in amperes per second. While Fig. 2-A represents a
rate of change of 240 amperes per second, the curve in Fig. 2-B represents 480
amperes per second. The curve shown in Fig. 2-C depicts a pulsating DC which would
create the self induced voltage three times the value of one Henry inductance

shown in Fig. 2-A.

Ohmic resistance gives oprosition to current while reactance gives reactive opposi-
tion to flow. A reactive circuit first produces within itself a reactive or coun-
ter voltage which is out of phase with the supply voltage and the resistance volt-
age drop, but it combines with those voltages causing a resultant voltage which is
the determining voltage for the amount of current that will flow. In other words,
reactance 1s a property other than ohmic resistance which limits the circuits cur-
rent. Although it is measured in ohms, it does not act as a direct-current limiter,
however, in a coil or capacitor, it opposes the flow of current. Fig. 2-E shows

2 volts opposing which is similar in action to reactive voltage.

B. Conductance - Admittance - Susceptance

1. Conductance - could be defined as the reciprocal of resistance, 1 TIts symbol
is usually "G". It is the rate at which electric energy 1s con- R verted into
radiant or heat energy, and even though, as a general case, this word conduc-
tance is a function of the electromotive force or potential difference, it is
not so associated here.
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2. Admittance - could be defined as the reciprocal of impedance, % . This defini-

tion takes into consideration the various reactances which may be present in the
circuit.

3. Susceptance - is that component of the admittance of a circuit which is assumed

to carry current dephased by 90° from the impressed electromotive force. It is
the reciprocal of reactance (formula - i).

NOTE: The triangular position of each is shown Fig. 3A and B.
Inductive Reactance, Xj,.
Inductive reactance is the opposition to alternating current which is caused by
self-induction. Sometimes it is spoken of as the counter voltage produced by a
contiwally varying current flowing in an inductive circuit.

Induc tive reactance is measured in ohms and the formula is shown below:

XL = 2nFy, Where:
f equals cycles per second
L=_ZXL L equals inductance in Henries
2T Fy, X1, equals inductive reactance in ohms
17 equals 3.1416
_—
2TL

NOTE: Fig. 1, shows a coil connected to an AC source.

. Capacitance

Capacitance is that property of a system of conductors and dielectrics which per-
mits the storage of electricity when potential differences exist between the conduc-
tors. Its value 1is expressed as the ratio of a quantity of electricity to a poten-
tial difference. A capacitance value is always positive, ASA 05.15.050.

This definitlion also means to imply that for a given time rate of change of poten-
tial difference between the conductors, there 1is a displacement of currents in the
system, Fig. 4.

NOTE: Fig. 5 shows a capacitor in various conditions of charge.

We see in Fig. 6, what happens to total capacitance when the capacitors are connec-
ted in series or in parallel.

. Distributed Capacitance, Cd.

Distributed capacity may be considered as that capacity which exists between lines,
windings, or conductors. This distributed capacity is of 1ittle consequence in low
frequency low energy utility circuits, but is an important factor on high voltage
transmission lines.

We must remember that a capacitor is formed when two conductors are separated by an
insulating material called a dielectric. Though this may be inconsequential in low
voltage low frequency circuits, it will be discussed in the chapter on transmission
of electrical energy.

Coyne Electrical School TA-AC-A5



Alternating Current Lesson No. &

E
I Counter
C’w ~ A~ \oltage

Fig. 1

- 6£ 2

AC Comp.
O

OC.Comporment

Fig. 2

3 4 N
: 2 o SRR eSEseEmsersas Tnmanse s
1 1e = ¢
- 4 A
g 11 Ll =’ d.
H = 2 ~ T 3 L
i e s ’i' Hi ﬂ?;. 1 3 ; s
HH it Ty ] H -y s 1 :
- 1 1 Sreny
3T y segs, . SEEEsac: secamsrens -
1 h 3 H1 I+
. t I b1 e e W .
ps (34 + 1 .
ya [T 1 . |
$ g HEH o) sad
w i yonasaas ] H Y HT
SMEEIEE, TR ERES : 5 H
F T T 132 - -t
IH T £ 3 =+ "
Eages saasesseass: [sass seRelat! i H b =5
e, Aogas saue. pRag a6 ) 4 [T 1 a5 m »
iPuBeseuEE Bat I - | 4 1] H
fiscass st i HHTH R it g
H4H T t 4 4 qf -+ ] @ -t f - -
f B . pe b o= i H SEiiseds aea: - .
t T TL St - SEasREEuEs ¢ & sasseaw E:_t $ 2
HH aasanaul ebananh - deihges . HHH —~
1 . LT - 3 ] s
RTINS ] SRSESS:grasisess
++H Tj——FJMJ.. - 1; . 4 1! -
oS s $2 Sanas Sudds ad i Lt
1+ I +HHH tJL— :
: 1 INEEE Ry .- Ii ] l[_‘[‘:_--l & {
Er s SERER It ‘ : 2
i e e L8 R e T e +
H HHH T e ass 8 " H3
Tt Tt Tt HHHH I1"‘ —1-«Tv 4 - 1] ¥
LR T T

Fig.3
TA-AC-AS Coyne Electrical School 33



Lesson No. & Alternating Current

F. Capacitive Reactance, Xc.

The capacitive reactance of a circuit is the apparent resistance of the circuit.

If a current of the character depicted by curves in Fig. 4 is applied to a cap-
acitor, that capacitor will charge and discharge repeatedly, the number of charges
per second depending upon the frequency. As these actions are taking place, the
capacitor develops a counter-voltage that limits the current. The opposition effect
offered to the flow of a varying current by a capacitor is called "capacitive re-
actance".

Tts symbol is Xc and its value is given in ohms. Capacitive reactance depends upon
the capacitor capacity in Farads, and the frequency, f, in cycles per second as
shown by the formula in the chart below.

You will notice in studying the various formulae that the frequency is inverse to
Xc and too, that the greater the capacitors capacity or higher the frequency the
lower or smaller will be the Xc.

Where "C" is in farads Where "C" is in microfarads
1 6
Xc = = Xc = 10
e ST
c=_1 g = "aeb
Sl L B g0t _
2mC Xc 2TCc Xc
Xc equals capacity reactance in ohms
2 N equals radians per cycle
f equals cycles per second
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Fig. 4 A capacitor connected to an a-c source.
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G. Questions - Lessons 1, 2, & 3.

1.

288

& W

o X O o\

10.

11.

12.

13.
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15.

16.
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What is Ohm's law for AC?

What is the definition for reactance?

. What 1is inductive reactance?

How is inductive reactance affected by the frequency?

What effect does inductive reactance have upon the current?

. What 1is capacitive reactance?

How is capacity reactance affected by frequency?
What effect does capacity reactance have upon the current?

What is the symbol used to represent the term reactance? Inductive reactance?
Capacitive reactance? Conductance? Admittance? Susceptance?

How would you determine the voltage drop across an inductive reactance?

Why will an a-c machine or winding burn out if connected on a d-c circuit of
the same voltage value?

Why 1s there a phase difference between current and voltage when either coils
or capacitors are connected to an a-c source?

What is the phase displacement between current and voltage in: (A) a purely
resistive circuit; (B) a purely inductive circuit (C) a purely capacitive cir-

cuit (D) a circuit which contains both resistance and inductive reactance,
(E) a circuit which contains resistance and capacity reactance?

How would you determine the voltage drop across a capacity reactor?

What is the unit of measurement for reactance, inductive reactance, capacitive
reactance, and resistance?

What is the Xc of a circuit which contains two 4 mf capacitors in parallel con-
nected to 120V 60 cycle line?

What size inductor is needed on a 115V 25 cycle circuit which has an Xc of
22 olms?

What is the inductive reactance of a 10.5 henry coil when connected to a 220V
60 cycle line?

Coyne Electrical School TA-AC-A5
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OPPOSITION TO ALTERNATING CURRENT III

Objective

To learn about impedances and the effects of connecting them in series or parallel.
To learn how to calculate total impedances, and factors of resonance.

References

Lesson Content

A. Impedance (Z)

The impedance of & portion of an electric circuit to a completely specified
periodic current and potential difference is the ratio of the effective value
of the potential difference between the terminals to the effective value of
the current, there being no source of power in the portion under consideration.
ASA 05.20.195.

Impedance is the total opposition to current encountered by an AC or the AC com-
ponent of a continually varying DC. Its value is measured in ohms. It may consist
of R only, XL, only, or Xc¢ only, or any combination of these opposition effects.
The formule for this expression of Ohm's Law for AC follows:

E - Electromotive force in volts
a I - Intensity of current in amperes
w Z - Impedance in ohms
or
= £ - E _
= T I = 7 E=Ix2o0r Iz

The above formula may be summarized as Ohm's Law for AC:

The current (I) is directly proportional to the applied voltage (E) and inversely
proportional to the impedance (Z) of the circuit.”

In studying over Fig. 1 we came to the following conclusions:

XL 18 90° out of phase with R.
Xc 18 90° out of phase with R.
X1, 18 180° out of phase with Xc.

AC quantities must be added geometrically when out of phase with each other.
They may be added by simple arithmetic only when they are in phase with each other.
It 1s custamary to start beginners with right angle components.

TA-AC-A5 Coyne Electrical School 3
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1. R and L in Series

If the arithmetical sum of ER and Ey, is compared with the applied line voltage,

it will be found that the former is considerably greater than the latter. This
is due to the fact, that voltages ER and EJ, do not reach their maximum values

at the same instant. As shown by the curves and the vector diagrams, these
voltages are actually "out of phase" with each other by one-quarter (i) cycle

or 90° electrical. It is because of this phase difference that the opposition
effects encountered in the a-c circuit cannot be added arithmetically but must

be combined by means of formulas such as those shown in the sketches. See Fig. 2.

2. R and C In Series

The conditions shown in Fig. 3 are similiar to those in Fig. 2 except that the
voltage Ec lags ER by the same amount that E], leads ER in the preceding figure.
The voltage across a pure resistance is always 'in phase" with the current

through it. E], leads the current by 90° and Ec lags the current by 90°. The
term "out of phase" 18 used to indicate that two periodically varying quanti-

ties do not pass through corresponding values at the same instant. The formu-
la shows how the sum of the effects of resistance and capacity reactance must be
obtained. Note that these quantities have direction as well as value. This ex-
plains why arithmetic 1s not used for addition,but addition must be vectoral or
goemetric or possibly algebraic.

3. R, L, & C in Series

In Fig. U4 the phase relations are shown for R, L, and C in series. FE, leads

ER (or I, for ER is always in phase with the I), by 90°, while Ec lags behind

by 90° consequently voltages EI, and Ec are 180° out of phase with each other and,
if they are equal in value, will cancel. Under such conditions the only remain-
ing opposition in the circuit is due to R. This condition is necessary for

series resonance. Note carefully, the phase relations shown by the vector diagrams
and sine curves in this figure.

For a comparison which may be more easily understood, we will take for example,
some d-c sources, Fig. 5, and show that even for d-c it is possible to have volt-
ages 1n the circuit which are greater than that of the source. Note that E1 and
E2 are 90 volts each and are tied in direct opposition to each other or opposing.
This is to say, those voltages are considered 180 degrees out of phase with each
other. Notice too that the applied voltage is 6 volts which is the algebraic
total circuit voltage.

38 Coyne Electrical School TA-AC-A5
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4.

R and L in Parallel

Fig. 6 shows a resistor and inductor connected in parallel. It is evident that
the two unites have equal voltage applied. The currents may or may not be equal.
Since a coil or inductor will cause the current to lag the voltage 1t will mean
a positive phase angle. The formula for impedance for this figure is given:

R x X1

Z=\/(%)2 (x%e TEF + 1P

R and C in Parallel

Fig. 7 shows a resistor and capacitor in parallel. Since equal voltages are
applied to each branch, and the current will lead the voltage by some angle,
it means a negative phase angle. The formula for lmpedance in this case is:

1 R xXc

= or Z =
_)?- + [L\?% N B2 + Xxc2
Xc

. R, L, & C in Parallel

Fig. 8 shows a resistor, inductor, and capacitor all in parallel.‘It is possible
to have an overbalance of elther inductance or capacitance or they may be equal.
If equal the phase angle i1s 0°. Formula for impedance

i

VTR -

R X XLX Xc_

_\/XI.Q 1® + B° L -x%g

B Resonance

40

1. Comparing Mechanical and Electrical Resonance

Resonance in any system, mechanical or electrical, is always accompanied by a
change In energy from one form to another. The swinging pendulum, the balanced
wheel and spring, and the electrical combination of a coil and a capacitor are
comon examples. If energy is introduced to such systems, it will change from
one form to another at & definite frequency.

In Fig. 1A, both systems are shown in the normal state, for no energy is stored
with either. In B the wheel h2s been turned clockwise, thereby storing energy
in the coiled spring. Applying a voltage to the capacitor has a similar effect.
It causes the capacltor to store electrical energy in electrostatic form.

When the wheel is released as at C the energy stored in the spring is converted
to momentum in the wheel. Similarly, when the switch is closed, the electrosta-
tic energy in the capacitor is converted into electromagnetic energy in the field
built up around the coil as the capacitor discharge flows through it.

Coyne Electrical School TA-AC-AS
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As the coiled spring unwinds as at D, its energy is converted to momentum in the
wheel. The wheel moves past the normal position and tensions the spring in the
opposite direction. Similarly, as the magnetic field collapses, 1us energy is
converted into electrostatic energy in the capacitor. Note that the spring is
under tension in the reverse direction, and that the capacitor is charged with the
opposite polarity.

As the colled spring unwinds as at D, its energy is converted to momentum in the
wheel. The wheel moves past the normal position and tensions the spring in the
opposite direction. Similarly, as the magnetic field collapses, its energy is
converted into electrostatic energy in the capacitor. Note that the spring is
under tension in the reverse direction, and that the capacitor is charged with the
opposite polarity.

At E in Fig. 1, the wheel is again moving past the normal position due to its
momentum, and the magnetic field is about to collapse. At F, the cycle that start-
ed at B is completed. Were it not for friction in the mechanical system and resist-
ance in the electrical system, these oscillations, once started, would continue
indefinitely.

The frequency of the oscillation will, in the mechanical system, depend upon the
weight and diameter of the wheel and the stiffness of the spring. In the electri-
cal system, the frequency of oscillation is determined by the inductance of the
coil and the capacity of the capacitor. If the externally introduced energy is of the
same frequency as that of the system, small input impulses will create and sustain
vlolent oscillation.

Another example of an oscillating mechanical system is the pendulum. Moving the
pendulum sidewise as in Fig. 2A raises the weight, W, and stores energy in it by
virtue of its position. Note that the pendulum is actually lifted through distance,
D. In the electrical resonant system, this would be equivalent to charging the
capacitor.

When the pendulum is released it moves toward the original position. During this
time, the energy of position is converted to emergy of motion. By the time the
position shown in B has been reached, the pendulum is moving at its most rapid rate,
and all of its stored energy has been converted to energy of motion. The electri-
cal equivalent of this would occur as the capacitor discharged and built up the meg-
netic field around the coil.

Due to its momentum, the pendulum continues its motion. The energy of motion being
gradually converted to stored energy due to its position. The electrical equiva-
lent of this would occur as the magnetic field of the coil collapsed and charged
the capacitor.

If there were no windage of frictional effects, the swings on either side of the
vertical position would be equal gnd, once set into motion, the system would os-

clllate forever. In the electrical system, it is the resistance of the coil and

the losses in the capacitor that cause the oscillations to cease.

If this mechanical system is disturbed in any way, it will immediately go into
oscillation at a definite frequency. This frequency will be determined by the
length of the supporting string, R. As shown at D, quartering the length of R
will double the frequency. If the electrical system shown in E is subjected to
an electrical impulse, it also will oscillate, the frequency of oscillation being
determined by the setting of the variable capacitor.

42 Coyne Electrical School TA-AC-A5
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If the pendulum is subjected to several equal sets of externally applied impulses,
each set having a different frequency, it will be found that only the set whose
frequency closely approximates that of the system will be effective in producing
oscillation. If the length of the string is varied, the system may be "tuned"” to
accept one set of frequencies and reject the others. In this way, the system may
be made resonant to any frequency within its range.

By varying the capacity of the variable capacitor, the electrical system shown

at E may be tuned to respond to electrical impulses of a pre-selected frequency.
If several sets of electrical impulses are applied to such a circuit, the circuit
will respond only to those frequencies that closely approximate the frequency for
which the circuit has been adjusted.

. Comparison of Series and Parallel Resonant Circuits.

1. Series resonant circuit.
a. The R, L, and C are in series with the source voltage.
b. Resonance occurs when X, equals Xc.
c. Z is minimum and equal to R at resonance.
d. I is maximum and equal to E/R at resonance.

e. The circuit acts like a resistor of low value and has unity power factor
(current and voltage in phase) at resonance.

f. The current through L and C is the same as the line current.

g. At resonance the voltages across L and C are approximately equal and nearly
180 degrees out of phase with each other and 90 degrees out of phase with
the supply voltage.

h. Increasing R increases the impedance, thereby decreasing the line current
and the reactive voltages.

i. For frequencles above resomance, the circuit is inductive and the current

lagging. For frequencies below resonance, the circuit 1s capacitive and
the current leading.

TA-AC-A5 Coyne Electrical School 43
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2. Parallel Resonant Circuit
a. The IC and the source voltages are in parallel.
b. Resonance occurs when X1, equals Xc. Z=R.
c. The line current is minimum and equal to E/Z at resonance.

d. The circuit acts like a resistor of high value and has unity power
factor (current and voltage in phase) at resonance.

e. The voltage across L and C is the same as the supply voltage.

f. At resonance, the current through L and C is approximately equal and
nearly 180° out of phase with each other and 90° out of phase with the
line current.

g. Decreasing R lowers the parallel impedance thereby increasing the line
current.

h. At frequencies above resonance, the circuit draws a leading current which
exceeds the lagging current, therefore, the line current leads the voltage
applied.

i. At frequencies below resonance, the circuit draws a lagging current which
exceeds the leading current, therefore, the line current lags the voltage
applied.

J. If the frequency is above or below the resonant frequency, the leading and

lagging currents are unbalanced, therefore, the line current will increase
indicating a decrease in the impedance of the circuit.

Ly Coyne Electrical School TA-AC-A5
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IMPEDANCE (Numericael Magnitude)
RESISTORS
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IMPEDANCE (cont'd)

Alternating Current

CAPACITORS&RESISTORS

Z= YR2 + Xce Z=y R2 + (Xcl +Xc$2 z Y2

— A o) ~ I
G —1 ‘ | SE——
N
4B
Z= XL - Xc X= XL - (Xel + Xc2) 7= XL X Xc
XL - Xc
© = - 90° when XL {Xc
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L
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. Summary Questions:

Lo

@ ~N O W\

\O

10.

What would be the impedance of a series circuit containing an inductance of
4 ohms and a resistance of 3 ohms?

. What is the symbol for impedance? Capacity reactance? Inductive reactance?

. What is the unit of measurement for impedance, capacity reactance. Inductive

reactance?

. State the formula for determining total "Z" when resistance, capacity reactance,

and inductive reactance are known and in series? In Parallel?

State conditions necessary for resonance.

Is current high in any part of a parallel resonmant circuit? If so in what part?
What factor must be true in both parallel and series resonance circuits?

At resonance, what is the power factor angle of the circuit?

When 1s Z equal to % ?

Draw the circuit type which best fits the following formula:

FORMULA CIRCUIT

Z =\RZ +Xc2

Z =\/R2 + 31, 2
Z = \/IQ2 +(XL-XC )2
R Xc
Z =\/R2’ + Xcl
R X7,

7 =\/R¢ + 1L

ER B

TA-AC-AS5 Coyne Electrical School
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STAR AND DELTA CONNECTIONS FOR THREE PHASE APPARATUS

Objective

To become familiar with star and delta winding connections and the factors which de-
termine the connection to be used according to winding information, job requirements,
etc.

References

Lesson Content

A. General

In reviewing the factors which make up a three phase winding, we come to the follow
ing conclusions:

1. There are three distinct and separate windings (phases).

2. These windings are displaced 120 electrical degrees, which is to say that the
gterts are displaced by the same number of degrees as are the finishes.

3. Six leads are brought out to the outside of the stator when all of the
phase groups are connected.

4. Star connections, Fig. 1A, may be formed by connecting the three finish leads
together and bringing out the starts of these phases as line leads.

5. Delta connections, Fig. 1B, may be made with those same six leads, by connecting
the finish of A phase to the start of B phase and connecting that junction to
B line; finish of B to the start of C, which should be connected to line C; the
finish of phase C to the start of A, which in turn is then connected to line A.

6. The VA or KVA rating will be the same for a given unit whether connected for
star or delta.

T. FF'or a visual comparison of the various forms of star and delta, observe the
Mig. and notice the various forms of the same connection.

B. Star Connec!l'on

The star (wye or Y) connection is made by connecting three like phase ends (usually
the finish leads of the phases) together. The line wires are connected to the re-
maining loose ends of the ghases. The phases are identified by the start lead con-
nections of the various phase groups. This means that the start lead of phase A is
brought out as A line, the start of phase B is brought out as B line, and the start
of phase C is brought out as C line. See Fig. 1A.

1. Voltage

The voltages between lines in a balanced-Y system are equal and differ in phase
by an angle of 120 electrical degrees. Each line voltage, however, differs from
its phase voltage by an angle of only 30°. Therefore, the iiaree line voltage
are each equal in magnitude to the square root of three (3) or 1.732, times the
phase voltage.

Line Voltage = Phase Voltage x 1.732
Phase Voltage= Line Voltage x 1
or 1732
Phase Voltage= Line Voltage x .5774 (two decimal
places gives us the value of .58)
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3. Powver

In a balanced three phase system, at unity power factor, the line powver is equal
to the square root of three times the product of line voltage and line current

VA = (Phase voltage x 1.732) x Line or phase current x 1.732
VA = Ephase X Iphase X 3
VA = Eline X I1ine x 1.732 (most used)

C. Delta Connection

A closed delta (/\ ) or mesh connection is formed when the outside of one coil 1is
connected to the inside of the next coil. More frequently, we speak of it as starts
and finishes. For example, we can connect the finish of coil A to the start of coil
B, then, that lead or junction point would connect to the line as line B or phase B.
For a clarification of this statement, see Fig. 1B.

1. Voltage

The voltage between lines of a delta connected balanced three-phase system is the
same as phase voltage. At first appearance the lines seem to be shorted upon
themselves, further investigation will prove otherwise. A-cordingly, the sum

of the three voltages 1s zero according to the application of Kirchhoflf's volt-
age law.

Line Voltage = Phase Voltage
2. Current

The current in a balanced delta system connected to three-phase lines may be
found by multiplying Phase current by the square root of three (1.732), times
phase current. It would seem, at first observation, that phase current and line
current may be the same. With further study, however, it becomes apparent that
for any given set of line wires, one phase is in parallel with two in series,
hence, a difference in line and phase current.

Line Current = Phase Current x 1.732
Phase Current= Line Current + 1.732
Phase Current= Line Current x 1

1.732

3. Power

At unity power factor in a balanced three phase system the line power is equal
to the square root of three times the product of line voltage and current.

VA = Phase or Line Voltage x (Iphase X 1.732) x 1.732
VA = Ephase X Iphase X 5
VA = E1ipe X Iline X 1.732 (most used)
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STAR

LEADS PROM THE WINDING

it

L4 e ‘r c 48 N

CONNECTED-

B. Three phase line

LINE WIRLS LINE WIRES

A. Three phase line C. Three phase line

Fig. 1-A The above sketches show methodical connections for star or wye connections
with a-c windings. Note mechanical connections at "a" for a three phase three wire
star connection; at "b" we see the proper method for connecting 3 coil groups-star;
at "c" we note the actual phase displacement of the three main phases (A, B, & ol

DELTA

LEADS FROM THEL WINDING

W)y

LINE

B. Three phase line

A.
Three phase line C. Three phase line

Fig. 1-B Sketches for methodical connection for delta connectlions with a-c windings.
Note mechanical connections (a) for three phase 3 wire delta connections; at "b" the
coil groups are shown for delta; "c" shows manner of making delta connectlons to the
leads of a machine winding. Compare these windings with those in Fig. 1-A.
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D.

52

Open Delta

If one of the windings of a three phase delta connected alternator became defective,
it is possible to disconnect the faulty winding and operate the unit at reduced
load, (approximately 58% of the closed delta 1ull load). Tais will result in de-
crease in alternator power factor.

It is not, however, common practice to use an alternator that has a Taulty winding
or phase, on open delta; unless in the most unusual circumstances.

Three phase to three phase transformation requires the transformers be similiar in
construction and characteristics. The impedance characteristics need not be the
same, although it is preferable, since the time may come when the bank capacity
must be increased. Then, it is imperative that the impedances are identical. Since
in open delta the transformer units will transform satisfactorily only about 86%
of their rated value, let us see by example how much change is made by adding a
third unit to a proper open delta line.

EXAMPLE: Two 100 kva units connected in open delta transforming three phase
energy, 2300 volts to 3 phase 115/230 volts the bank capacity would
be only 200 kva x 86% or about 172 kva.

An open delta connection is often used, as a temporary expedient, pending a contem-
plated increase of load by such concerns as utilities and REA. By following the
above example and adding another 100 kva unti the bank's capacity will be increased
from 172 kva to about 300 kva.

The voltage regulation of an open delta bank is not as good as a closed delta bank.
The drop across the open delta is greater than across each of the separate trans-
formers.

1. Connections
The open delta connection can be constructed by using two transformers of equal
kva capacity and connecting the finish of A to the start of B. Bring out the
two remaining line connections and the Jjunction of AB as the third line. Fig. 2.
2. Voltage
The phase voltages in open delta are displaced by 120°, which is the same dis-
placement as the closed delta system. The comparative voltage values with a
closed delta system changed to an open delta system are the seame. The vector-
ial sum of the three voltages, according to Kirchhoff's voltage law, is zero.

Since the applied voltage is three phase, the voltages across any combination
of line wires will be the same as any other cambination.

Eline = Ephase
3. Current
The current in a balanced three phase open delta system is the same for line

current as for phase current. This is because there will never be an alternate
parellel path for current in this V connection.

Iline = Iphase

Coyne Electrical School TA AC-A5
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4. Power

Since the V connection is usually used on transformer banks with a possible ex-
pansion program in mind, it might be well to state that the addition of the
third transformer would increase the transformer bank's capacity nearly 75%
with an increased investment of only approximately 5.%.

VA3 phase V = Ephase X Iphase X 1.732
VA3 phase V = Eline X Iline Xx 1.732
VA2 in V = 5773 of VA if three in closed delta

LEADS FROM THL VWINDING

rjs 3 < B3
x &
LINE <L l

B. Three phase line
A. Three phase llne C. Three phase line

LINE

Fig. 2 The above sketches show methodical connections for the open delta connections
for a-c windings. Note in all three sketches, it is assumed that "C" phase has become
defective in the delta connection shown in Fig. 1-B. This then is how the resultant
unit could be operated at reduced load without danger to windings of transformers.

E. Utility Factor

The utility factor of a system is actually the ratio of a system's maximum demand
to the capacity of the system (rated capacity).

EXAMPLE: Suppose we had two 1000 VA transformers which have a secondary Ephase of
100 volts, and Iphase of 10 amps.

Utility Factor = Eph x Iph x 1.732 e LOAE VORI 732 ATER
Sum of Individual trans. Ratings 2000 2000
therefore

Utility Factor = 86.6%

Another formula that could be used is given below:

Utility Factor = Load carr%ed by 2 in V
Sum capacity of 2 in V
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F. Summary

For a comparison of the three windings or connections discussed in this chapter,
we have on this page diagrams with all windings open. It may be finished in lecture.

/
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Review Questions

1.

2

10.

How would you name the six leads that come out of a stator?
How would you connect those six leads for a three wire star connections?
Explain what is meant by a 4 wire star connection, and state its uses.

Are there 3 distinct windings in a three phase stator, or is it only one
winding made into sections?

What 1s the phase displacement between phases of a three winding stator.

. State the current, voltage, and power formulae for line and phase for a wye

connection; for a delta connection.

. What difference, if any, is there in VA rating for a given unit when connected

Star or Delta? ZExplain.

What is meant by & mesh connection and how is it formed (using the six stator
lead type-question 1)?

What is an open delta connection? Where is it used? What are the voltage,
current, and power formulae for line and phase? How is the compection made?

Explein utility factor.
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Alternating Current Lesson No. 7

REVOLVING MAGNETIC FIELDS IN A THREE PHASE STATOR

Objective

To learn wvhat constitutes a revolving magnetic field for three phase stators, its pur-
pose, action, and application of the Fleming Rules for determination of poles.

References

Lesson Content

A. General

Before discussing and applying information on a three phase revolving field, it
would be well for the student to review the basic principles involved, which were
discussed in the Wiring and Repair Department. Since the discussions and explana-
tions were for single phase revolving magnetic fields, we now will discuss the

basic differences in fields actions as applied to a three phase unit.
B. Three Phase Revolving Magnetic Fields.

Three phase and other polyphase motors depend upon a revolving magnetic field to
produce a motion of the rotor. Since the windings are displaced 120 electrical
degrees fram each other, it follows that when currents applied are displaced by
the same angle, the movement of the magnetic field is due to the continual varia-
tion of the currents applied, and can be illustrated in detail by tracing the cir-
cuits at frequent intervals. Care should be exercised to respect the instantaneous
polarity and magnitude of each of the three phase currents. An interval of 30° has
been selected for the diagram shown in Fig. 1-A. This is because each slot or bar

is equal to 300 Electrical. A single layer winding 1s being used for reasons of
simplicity

For instance, we see in Fig. 1, a set of diagrams and the motor stator schematic
(Fig. 1-D) as well as a three phase current sine wave diagram (Fig. 1-C), which
shows seven instants which will be discussed and traced in class. Note the setting
up of polarities in the diagram, Fig. 1-A, when the currents have been traced
according to the instant shown in Fig. 1-C. Fig. 1-B shows a representative form
of a stator with all leads and field coils shown. The concentric circles in the
center of this diagram are so shown, that you may indicate the direction of current
through the coil that pertains to that particular instant.

The large diagram in the center of the page, should also be filled in so as to as-
certain pole positions; this operation being done immediately after each instant
is traced in Fig. 1-B.

C. Diagram Tracing

The detalled diagrams are shown on successive pages. It is recommended that you do
not attempt to trace the remaining diagrams until the instructor on the lecture
platform mekes an assignment.

Check over the diagrams so as to determine what classification the connections
would fall under, i.e. star or delta. Now ascertain for your own satisfaction why
a certain connection or combination of connections mekes for a connection of wye
or delta. Perhaps it might be well to review the previous chapter which discusses
the star and delta connections in detail.
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Lesson No. 7 Alternating Current
PHASES CONNECTED STAR.

THREE PHASE, WAVE WINDING.

A B _C SLOTS = 24, POLES = 4.
m FULL PITCH COIL SPAN = 1:7.
W COILS PER POLE PHASE GROUP = 2.

ELECTRICAL DEGREES PER SLOT = 30.

Fig. 7
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RECONNECTING A THREE PHASE STATOR

Objectives

1.

2.

To learn the development of a three-phase connection diagram.

How to reconnect the stator for different voltages.

References

Lesson Content

A,

Review

1.

e

Every third coil-group MUST be connected in the same phase.

NOTE: The above statement does not say if the coil-groups are to be connected
in series or parallel. Either type of connection may be used.

. Development of Connecting Diagram

In lesson number 1, you were instructed on the procedure for winding and con-
necting a three-phase stator. It was connected series-star. The diagram which
was used to enable the winder to connect the coil-groups properly to form the
phases was drawn like the Fig. 1.

Notice that the coil-groups are numbered. You can call any coil-group nimber
one and continue clockwise or counter-clockwise and number the remaining groups.
This dlagram can be simplified as in Fig. 2.

Each heavy line 1s one coil-group. Let us call the left hand side of coil-group
#1 the "top" lead of that coil-group. The top leads on all the coil-groups
would correspond.

The next step is to draw in the arrows on the coil-groups, indicating the dir-
ection of current in the coil-groups. Notice that the arrows, on adjacent
coll-groups, alternate in direction. If d-c were sent through one phase the
adjJacent coil-groups in the phase must set up different polarities. By apply-
ing the d-c potential in such a manner that all the start leads of the phases
are positive, the polarities of the different coil groups would be as indicated
by the direction of the arrows in the diagram. Visualizing the development of
the stator diagram in the above manner will enable one to quickly place the
arrows on the coil-groups.
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3. In actually winding the stator, we choose any top lead from any coil-group and
call it the start lead of the first phase. We also call the coil-group, so sel-
ected, nimber "one".

4. We may now complete the diagram by showing the jumper connections. There are
two common methods of "connecting the coil-groups in series to form the phases".

a. The "top-to-top" connection, also called the "short jumper" connection.
b. The "top-to-bottom" connection, also called the "long jumper" connection.

When using the top-to-top (T-T), for a straight series star or delta connection,
adjacent coil-groups of the same phase are connected in series. When using the
top-to-bottom connection, allthe coil-groups of one phase which are south poles
are connected in series first and then all coil groups representing noeth poles
are connected. The diagram is Fig. 3, when completed is for a top-to-top connec-
tion.

The diagram in Fig. 4, when completed is for a top-to-bottom connection for one
phase. The other phases would be connected in the same manner.

Notice that a short jumper was used between groups 13 and 16 in the diagram in
Fig. 4.

C. Changing Operating Voltage of Three-phase Machines
1. General

a. Very often the maintenance man is confronted with the problem of changing
the operating voltage of induction motors. This will permit them to be oper-
ated on a different line voltage. This condition may arise when the motors
are moved to a different locality where the original voltage is not economi-
cally obtainable.

b. The voltage of any individual motor winding varies directly with the number
of turns it has connected in series. Remembering the above simple rule will
help solve many problems when meking voltage changes on equipment. There are
certain practical limits beyond which a change of voltage should not be car
ried. For example: A winding operating at 220 volts could be changed, pos-
8ibly to operate on 2300 volts; however, the insulation could not withstand
the higher voltage. It 1s almost always permissible to reconnect a winding to
operate on a lower voltage than that for which it was originally designed.
When reconnecting a machine to increase its operating voltage, its insula-
tion must always be checked. The usial ground test for the insulation of such
equipment is to apply an a-c voltage of twice the ma hine's rated voltage,
plus one-thousand volts. This voltage should be applied from the winding to
the frame for approximately one minute.

c. When a winding is changed for a different voltage it should be arranged so
that the voltage on each coil-group will remein unchanged. Complete Fig. 6A
and 6B.

68 Coyne Electrical School TA-AC-AS



Alternating Current Lesson No. 8

T T T PETTSTYTE TSRS TS

Fig. 2
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2. Effect on current when changing the voltage.

a,

70

The above diagrams are for a four-pole stator. In the series connection we
have four coil-groups. Therefore the voltage applied to each coil-group will
equal 220 = 55V. In the two-series, two-parallel connection the voltage

applied to each coil-group would be 1%9 = 55V. Therefore the same current

would flow through each coil-group. Since there are two parallel paths,
the total current through the phase would be two times the current through
the series connection.

. The rotating magnetic field will not be affected because the current through

each coil-group is the same in both cases and the polarity of the coil-groups
is the same.

. When connecting poly-phase windings all phases must be connected for the same

number of circuits and one should be extremely careful to avoid incorrect
polarities on the coil-groups.

. It is common practice among most manufacturers to design machines that can

readily be connected for either of two common voltages. This is accomplish-
ed by a series or parallel arrangement which can be more easily understood
by comparing figures 7 and 8 after completion. The diagrams are for a three-
phase four-pole winding.

Diagram 7 shows a connection diagram using the TT connection (short Jumper) .
NOTE: Each loop in the simplified diagram of 7 represents one coll-group.
Now check diagram 8. Notice that Fig. 7 has twice as many coil groups in
series, between the terminal leads, as there are in the connection in Fig.
8. This means that the diagram of Figure 7 can withstand twice the voltage
of diagram 8.

If any motor the horse-power depends on the number of watts which are devel-
oped in its circuit. The watts will vary as the product of the current and
the voltage. To maintain the seme horsepower of a motor, at one-half its
normal voltage, it will have to carry twice as many amperes. By comparing
Fig. 7 and 8 we can see that this extra current can be carried by the wind-
ings in Fig. 8, Because there are two parallel paths. This means there

is twice the cross sectional area of copper in Fig. 8 as there 1s in Fig.

7.

If the number of poles in & machine is evenly divisible by "four" as, for
example 4, 8, 12 etc., the winding may be connected in four parallel paths
as can be shown in Fig. 9.

By comparing Fig. 9 with the connections in Fig. 7 we can see there are only
one-fourth the coil-groups in series as there were originally. Therefore the
safe voltage to apply to the winding in 9 would be one-fourth the voltage
applied to the series connection.
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Lesson No. 8 Alternating Current

Before attempting to meke such changes in connections, a check should be
made to see if the winding can be connected for the desired number of cir-
cuits. The rule: "The total number of poles must be evenly divisible by the
number of circuits desired".

There are some motors that have a sufficient nimber of leads coming from them
that may be reconnected without disassembling the motor. These will be cov-
ered in a later lesson.

L= 3K _——

2 3 4 - 6 7 8 9 10 n I 12

Fig. 9

D. Questions

Th

1o

Should every third coil-group or every fourth coil-group be connected in the
same phase?

In developing a connection diagram of a stator, why are the arrows placed on
the coil-groups?

What are the two standard methods of connecting the coil-groups to form phases?

Is it practical to reconnect a winding for a different operating voltage?

. Does the voltage of a winding vary directly with the number of turns, or the

cross-sectional area of the copper?
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STATOR VOLTAGE CHANGES

Objective

To learn a procedure of reconnecting for different voltage.

References

9

Lesson Content

In a previous lesson, we discussed stator connections for a different voltage. In
this lesson we will outline further steps to take when considering practically all
possibilities of voltage changes.
A Checking the Insulation
If changing from a high voltage to a lower voltage the insulation check is not
too important. As previously explained, however, insulation resistance tests
should be made on most apparatus.

When changing to a higher voltage, the insulation must be given careful consider-
‘ation. Low voltage motors will usually withstand voltages up to 600v.

B. Checking Star and Delta Connections.

A change from a star connection to a delta connection may give the required num-
ber of turns, in series, for the new voltage.

Rules:

a. A change from star to delta will decrease the original voltage to 58%.
b. A change from delta to star will increase the original voltage 1.73 times.

The above relationships should be used when figuring any star-delta change, or
vice-versa.

For example:
Can we change a 2300 v series star connection to a 44Ov motor?
2300 x .58 = 1332 v (Voltage per phase).

A tvo-parallel connection = lé%g = 666V

TA-AC-A5 Coyne Electrical School
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Lesson No. 9 Alternating Current

A three-parallel connection = 1332 = 4Lk v
3

Therefore we may reconnect the motor to a three-parallel delta and use it on a 44Ov
supply.

To be able to change the phases from series to three-parallel, the original motor
would have to be designed for a number of poles which is a rultiple of three, i.e.,
8ix or twelve poles etc.

If a motor is connected star it is possible to reconnect it delta and operate it
on one-half original voltage. This should be done only in case of necessity and
should be corrected as soon as possible. The starting and meximum torque will be
decreased approximately 25%, therefore caution rust be exercised when loading the
notor.

1. Voltage per coil

Wwhen reconnecting a machine for different voltage conditions, keep the voltage
per coil the same value as originally.

2. Stub connections.
Never parallel the coils in a "coil-group".

Circulating currents would exist and in a very short time, hot coils would re-
sult.

3. Number of parallel paths possible =

‘poles = a whole number
paths wanted

Also, the whole number obtained from the above ratio will indicate the number
of coil-groups which must be connected in series.

Also, the new voltage will equal the original voltage divided by new number of
rarallel paths.

4. Checking Chord Factor (fc)
fc=sin of "3 the angle spanned by the coil"
fo = (Sn x 100%) x 900
(So
5. See curve on the following page.

A s0 E.Q = ___fco
En fen

Where Eo = original voltage
In = new voltage fen = new chord factor.
fco = original chord Zactor
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sson No. 9 Alternating Current

In most machines, best operation will be obtained if the pitch does not go below
2/3 of full pitch, however the pitch may go to 50¢% or 150%.

6. Voltage Limitations - May vary the voltage approximately 5% - Practically all
machines are designed to withstand a variation in applied maximum voltage of not
over 10%.

7. Turns and Cross-Sectional Area Relations - Eo . No An

En Nn Ao

vhere Eo = original voltage
En = nev voltage
No original turns in series
Nn = new turns in series
An = nev area of copper
Ao = original area of copper

o .
8. Considering over-voltages - a. ;.EEER_EEE = Eo
% slip old En

b. pf will decrease slightly

9. Relation of torque and voltage

E = EO2
Tn En2
where To = original torque

Tn = nev torque
Eo = original voltage
Fn = new voltage

Effects of voltage and frequency variations.

Induction motors are at times operated on circuits of voltage or frequency other
than those for which the motors are rated. Under such conditions, the erflormance
of the motor will vary from the standard rating. The following is a brief state-
ment of some operating results caused by small variations of voltage and frequency,
and i1s indicative of the general character of changes produced by such variations
in operating conditions.

Voltage variations of l-per cent on power circuits are allowed in most commission
rules. However, changing the voltage applied to an induction motor has the effect
of changing its proper rating as to power factor and efi'iciency in proportion to
the square of the applied voltage. Thus a 5 hp motor, operated at 1. percent above
the rated voltage, would have characteristics proper for a 6hp motor (6.05 hp to
be exact); and at 10 per cent below the rated voltage, those of a 4 hp motor (more
exactly, 4.05 hp). It is, of course, obvious that if the rating of a motor were
greatly increased in this way, the safe heating would frequently be exceeded.

In a motor of normal characteristics at [ull rated horsepower load a 10 percent
increase of voltage above that given on the name plate would usually result in a
slight improvement in efficiency and a decided lowering in powver rfactor. A 10
percent decrease of voltage below that given on the nameplate would usually give
a slight decrease of efficiency and an increase in power factor.
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The locked-rotor and pull-out torque will be proportional to the square of the
voltage applied. With a 10 percent increase or decrease in voltage from that
given on the nameplate, the heating at rated horsepower load will not exceed safe
limits when operating in ambient temperatures of 4OC or less, although the usual
guaranteed rise may be exceeded.

An increase of 10 percent in voltage will result in a decrease in slip of about
17 percent, while a reduction of 10 percent will increase the slip about 21 per-
cent. Thus if the slip at rated voltage were 5 percent, it would be increased to
6.05 percent, if the voltage were reduced 10 percent.

A frequency higher than the rated frequency usually improves the power factor, but
decreases locked-rotor torque, and increases the speed, friction, and windage. At
a frequency lower than the rated frequency, the speed is, decreased; locked-rotor
torque is increased; and power factor slightly decreased. For certain kinds of
motor load, such as in textile mills, close frequency regulation is essential.

If variations in both voltage and frequency occur simultaneously, the effects will
be super-imposed. Thus if the voltage be high and the frequency low, the starting
torque will be very greatly increased, but the power factor will be decreased and
the temperature rise increased with normal load.

The foregoing facts apply particularly to general-purpose motors. They may not
be true in connection with special motors, built for a particular purpose, or as
applied to very small motors.

D. Summary Questions

1. How would you check the insulation in preparation for a voltage change?

2. What 1s the average maximum voltage that may be used on low voltage motors?

3. The phases of a three phase, 440Ov motor are connected delta. If they are chang-
ed to a star connection the new voltage rating should be ? Is this a stand-
ard voltage?

4. What conditions are developed if "voltage per coil"., is kept constant when mak-
Ing voltage changes?

5. Should the coils in a coil group be connected in parallel? Explain.

6. Can a series connected six-pole three-phase motor be changed to a four-circuit
machine? Explain.

7. What is "Chord factor"?

8. Is it possible to "chord" more than 2/3 pitch?

9. Should the cross-sectional area of the copper vary directly with the voltage

when making voltage changes?
10. What are the torque variations when varying voltage?
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RECONNECTING THREE PHASE STATORS

Objective

To learn the factors which must be considered when making changes in rpm, frequency,
horsepower, phases, or poles.

References

Lesson Content

A. Frequency Changes.

Since speed = frequency X 120 gn increase in frequency would result in an increase

poles
in speed, Expressed another way fo . So
fn Sn
vhere fo = original frequency
fn = new frequency
So = original speed
Sn = new speed

Check the drive, 1.e., couplings, gearing, etc. See lesson on motor installation
for tables on proper belt and gear speeds.

Check the peripheral speed - peripheral speed = TT?S

Peripheral speed should not be greater than about 7500-8000 ft. per minute.

If the voltage applied to the machine is varied directly as the speed 1s varied,
the current density will remain the same and consequently the torque will remain

the same.
Eo - So
En Sn
where Eo = original voltage
En = new voltage
So = original speed
3n = new speed

Since the horse power = orque X speed

5252
the ZEO_ = S0
HPn Sn
vhere Hp = horse power and the subscripts have the same meaning as above.
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It is possible that the increase in ventilation, due to increased speed, will not
offset the increase in heat developed in the iron. Therefore the heat developed
by a converted motor should be checked carefully on a test run.

. Horsepower Changes.

Bp =T xS
5252
where HP = horsepower
T = torque
S = gpeed in rpm

therefore the torque or speed may be veried to obtain a change in horsepower.

If torque 1is varied

To _ Hpo
Tn Hpn
where To = original torque

Tn new torque
HPo original horsepower
HPn - new horsepower

Then Tn = loXHPn
HPo

Since the torque varies as the square of the applied voltage,

To _ Eo2
Tn En2

From this expression you may find the new voltage. If a voltage change is then necess-
ary - see lesson 9.

Speed Changes.

frequency x 120 =

Since speed =
poles

s = £ x 120 we would have to change either the frequency or the number of poles.
P

. Phase Changes.

The best method to use when attempting to change a two-phase motor to three-phase,

or vice versa, is to reconnect by regrouping. This involves checking the layout

of the original motor and taking complete data, determining the voltage per coil

on the original motor, laying out the new winding (different number of phases), and
determining the voltage per coil on the new phase which will develop the same torque.
The resulting voltage will not be, usually, a standard voltage and to make the proper
voltage change, refer to lesson No. 9.|

A two-phase motor has approximately 125% the number of turns in series as a series
star, three-phase motor of the same characteristics. It is possible, when changing
from two-phase, to cutout 20-25% of turns. This results in a decrease in horse-

powver, and final results are not too satisfactory.
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E. Torque Changes.

The torque varies as the square of the applied voltage.

To _ Eo2
Tn En2

which leads us directly to considering voltage changes which were given in lesson
No. 9.

F. Summary Questions

1. Does the synchronous speed of a three phase motor vary directly with the number
of poles?

2. What 1is the safe peripheral speed of the average motor?

3. How may peripheral speed be determined?

frequency x 120,

4. Is the synchronous speed of a three phase machine equal to .
poles

5. Does a three-phase, series star connected motor have the same number of turns
as a two-phase motor of the same characteristics?

6. What must be considered when changing motors if the torque 1s to remain the
same?
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RECONNECTING A STATOR FOR A DIFFERENT NUMBER OF POLES
Objective
To reconnect a stator to obtain a different speed.
References:

Lesson Content

A. Procedure and Factors to be Checked
1. General

a. The primary purpose of any motor is to produce torque. When torque over-
comes the inertia of the rotor a speed, measured in RPM, is developed. Con-
sequently work is done. The rate at which the work is done is called power,
(horsepover) .

b. When reconnecting a motor for voltage changes, the current through the coil-
groups, 1s not changed. The flux density in the air gap does not change,
therefore performance does not vary from one voltage connection to another

c. Torque is developed due to a current through a conductor that !s surrounded
by a magnetic field. Therefore the maximum torque of any motor is limited
by the capacity of the conductors to carry current and the capacity of the
iron to carry flux, without exceeding a safe value of temperature. The
mechanical and electrical properties of copper and iron are available for
the designer, allowing him to develop a motor to a point of maximum effi-
ciency, to give most satisfactory performance.

d. It is advisable that when making changes in an induction motor, the changes
should be made in such a manner that the current density and I'lux density
will remain approximately the same. Consequently the torque will remain the
same. Therefore the horsepower will vary with any change in speed, because

HP = T X speed
5252

2. Chording the winding e

a. To find the full pitch coil span in an a-c machine, we should divide the
slots by the poles and add one, i.e.

Full pitch coil span = Slots ,
poles

If the above equation is used on a certain problem and the result is the
number "ten" this would mean that one side of the coil would lie in slot
"one" and the other side would lie in slot "ten" or the equivalent (4 to 13)
or 7 to 16).

b. It is possible that the finished coils might be too small. In this case the
coils would be placed in slots which would represent a span less than full
pitch. This would be called "fractional pitch". It is also possible, on

a hurry-up job, that you might have to use coils a little too large to be
placed in slots equivalent to full pitch, and they would span a greater
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number of slots than full-pritch spen. ‘hen windings are placed in a machine
in either manner mentioned above, they are called "chorded windings".

c. The chord factor is the percentage of voltage generated in the coils as r~om-
pered with 1.07 pitch. It is equal to the sine of one-hali che angle, in
electrical degrees, spanned by the coil.

Chord factor = sine (P x 90°)
o

where P = G of pitch and the % of pitch is found

by new span in slots x 100% = Sn 1004
full span in slots St

NOTE: Span in slots for 100% coil span = SlOts
T B poles

Tc enable the student to determine the effect of a chorded winding on the
voltage of a machine, a curve has been plotted, fig. 1. This will save time
end will be found e simple procedure.

Exemple: A three-phase, thirty-six slot stator is to be wound for six-poles.
1.0% span = 8Lots . 1 - 36 , 1 -
" "4 roles i 7

Let us imagine that the coils are too small and would not cover such a span
properly and it is necessary to "drop them back" two slots. . hat is the
effect on voltage?

% of pitch = Sn X 100% = 4 X 100% = 66.6%

ST 6
R-fer to the chart and find 66.6% on "¢ of pitch side" and trace to curve.
By referring to the other side of chart you can find the value of 87%. This
means that the winding is good for only 87} of voltage that it would be good
for if it was full pitch.

Using the same stator and the same poles with a pitch from slot "one" to
slot "six".

g x 100% = 83.3% (see chart)
% of E generated = 96.5% )

e. There are several advantages to be gained by the use of chorded vindings.
Less copper, Shorter coils
Improved winding performance Improvement of operating conditions on

Several types of machines.

The above list represents some of the advantages. You can use a fractional
pitch down to 50% or a pitch greater than full pitch up to 150%, however,

the overall efficiency of operation will be best if the pitch is 66.6% (two
thirds) or more.
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3. Changing poles

a.

Since - speed = f_filgg, The speed of an induction motor is ‘nversely pro-
roles

portional to the nimber of poles, i.e., if the number of poles is doubled,
the speed will decrease to one-half, and vice-versa. This statement per-
tains to synchronous speed.

Let us change a 6-pole, 3-phase, 36-slot, 60 cycle, 3-HP, 4L4O volt stator
Fig. 3 to a four pole stator, Fig. 4

Originally the speed = L z 120 . 60 % 120 - 1200 ReM

Speed at b-poles = 69m%%l§9 = 1500 RPM

It

Check peripheral speed - 1D speed 1y = 3 1416
1e D = dlameter of rotor in inches

Speed is measured in RPM

Peripheral speed should not be over 7500-8000 ft. per minu.te.

slots a3 36 _ >
- 2

Coils per coil-group = =
B EERED poles x phase L

(@}

Any time the number of poles is changed in any machine, the coils have to be
re-grouped.

Check phase insulation.

Assuming the same flux in the air gep, we will solve for new voltage.

En _ Speed n transposing, En = Speed n x Eo
Eo Speed o 3peed o

1800 x 4ho
1250
NOTE: the coil span is no longer 100% .itch.

Substituting: In = = 660 volts.

100% span for four poles = 36 plus 1 = 10. but the coils in the stator only

have a span of 7. The span in slots is "six" and for 100% pitch it should be
"nine".

Therefore, % of pitch = Sn v 1008 . 6 x 100% = 66.6%
Sf -3 i
9
Check the chart, Fig. 1. The percent of voltage equals 87%.

Proper voltage to be aprlied to the motor = .87 x 660 = 57h.2 volts.

574.2 volts is not a standard voltage, however, let us assume that we do have

a tap on a transformer to obtain this voltage. The motor will now operate

at same Ilux density in the air gap and will therefore develor agproximately

the came torque. The horsepower will be greater, because HP = T x speed
5252

The torque value has not changed, but, the value of speed in the above equa-

tion has increased and therefore, the horsepower increases. ZExpressed math-

ematically -
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HEp - HP Speed
Egl _ Speeql transposing 2 _ 1l x 9P 2
P, ~ Speed? Speed]
- 3 x 1800 _

HP2 4.5 horsepover

1200
It would be advisable to change the chord of the winding so the motor could
operate properly on 550 volts. which is a standard voltage. I. this was not
possible, you could vary the number of turns in series, in the motor, for
the voltage change necessary.

It is not advisable to change most motors {rom a high number of poles to a
lower number, due to increase in flux density in the stator yoke, however,
it is usually permissable to change to a higher number of poles.

E. Troubles.
1. ‘rong connection when regrouping coils.
2. Too high peripheral speed.
3. Mistakes in celculations
4. Machine operates hot due to too high flux density in the stator yoke.
5. Watch insulation on any voltage changes from a low value to a higher value.
C. Testing and Repair
1. After completing the winding, follow the same test procedure which was present-
ed in lesson number 2.
2. 'latch carefully when mzZing the installation. Check the temperature rise under
operating conditions.
3. The maintenance on a reconnected machine is the same as applied to any induc-
tion motor, lesson No. 2.
D Summary (uestions
1. Does the synchronous speed of an induction motor vary directly with the fre-
gquency of the applied voltage?
2. If you regroup the coils iIn a motor, for a lower nimber of _oles, the frequency
increases. True or iFalse.
3. If you regroup the coils in a motor for a higher number of poles, the speed will
increase. True or False.
L. Would you be correct in saying "the torque is a result ol horsepower", or would
you be correct in saying "the horsepover is & result of torque?"
5. What causes o torque to be developed?
6. What is "chord factor"?
7. Will a decrease in chord factor, decrease the voltage rating of a machine?
8. “hat advantages are zained by the use of chorded windings?
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POLYPHASE MOTOR PRINCIPLES AND CHARACTERISTICS
Objective
To become familiar with the three phase motor, its characteristics, and the princi-
ples of operation including slip, squirrel cages, torque, rotor - stator frequencies,

etc.

References

Lesson Content

A. General

In previous lessons, we learned that an AC motor stator produces a revolving mag-
netic field, the rpm of which 1s proportional to the frequency, and inversely
proportional to the number of poles.

RPM = frequency x 120
poles

In following discussions the various parts and characteristics will be discussed
in detail.

B. The Rotor

The rotor or squirrel cage winding of induction motors has no electrical connec-
tions made to the supply lines. Energy reaches that winding by electromagnetic
induction through the medium of the stator field. The transference of this energy
1s affected by the type of fields in stator and rotor and the air-gap between
rotor and field. One cause of excessive vibration of a motor is worn bearings
which make the air gap around the rotor unequal, thereby causing unequal transfer
of energy.

1. Voltages induced in the rotor cause the circulation of currents in the squirrel
cage. These currents establish magnetic fields which in turn produce rotor
poles which are equal in number to the number of stator poles.

2. Reaction between stator and rotor poles develops a twisting effort called
torque. The attraction and repulsion of rotor and stator poles is the cause
of rotor rotation.

€l Slip
Since rotor energy is transferred from stator by induction, the stator field must

overspeed the rotor. (The rotor speed must be less than the stator field). The
difference between stator field and rotor rpm is known as slip. The average full

TA-AC-AS Coyne Electrical School 91



Lesson No. 12 Alternating Current

92

load slip for industrial motors varies from 2% to 8%. Slip 1s also a measure of the
losses in the rotor windings, which in the following example is approximately 3.33%
of the total power input vhich is lost in the heating of the rotor. This indicates
a definite relationship between slip and the efficiency of the motor. Increased slip
increases the rotor losses, and decreases the motor's efficiency.

EXAMPLE: Suppose we take an example of a 4 pole motor-60 cycle, where the name

plate shows on RPM of 1740. Calculating speed by the rormula RPM = f x 120
poles

indicates a speed of 1800 RPM for the stator field. The slip is 1800 -
1740 or 60 REM.

- = o
% of Slip = NN_N% _ 18001-Oé7ho _ '1%%6 = .0333 or 3.33%.
Thus, we see 3.33% is the slip of the rotor at full load with respect to the sta-
tor field.

N = Stator Field RPM

N2= Rotor Field RPM

Rotor Frequency

The frequency of rotor currents depends upon slip. If the rotor of the motor 1is
not rotating, and the stator is energlzed by 60 cycle energy, frequency of rotor
currents is the same as the line frequency.

F2 = sf

f2 = rotor frequency
where: s = slip in RPM

f = stator frequency

At standstill, slip = 1 or 100%

f2 = sf = 1 x 60 = 60 cycles per second
By the same reasoning we deduce, f2 at % of synchrono:s speed when s = .5

f2 = sf = .5 x 60 = 30 cycle per second
At full load slip, f2 = sf =.0333 x 60 or 1.998 cycles per second.
From the foregoing we have learned that rotor Irequency (f2) depends upon slip,
and will have an important bearing upon the operating characteristics of the in-
duction motor.
Also that the value of induced rotor voltage depends upon slip. It is of maximum
magnitude at rotor standstill (S=1) resulting in maximum magnitude of current cir-
culating in the squirrel cage rotor winding. This causes the stator winding to

draw excessive current from the supply line. As the rotor accelerates, the rate
at which the stator field cuts the squirrel cage bars is reduced, and produces a
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corresponding decrease in rotor voltage. This of course, reduces the rotor
to a value which will satisfy the existing operating condition.

E. Rotor Design

The starting torques and starting current characteristics are obtained by the dii-
ferent designs of rotor slots and bars, and the resistance of the rotor windings.

In Fig. 1, the rotor bars are constructed with low reslistance windings and are
placed close to the outer surface (periphery) of the rotor to give a low reactance
and low 3lip at a rated load. Reactance of the rotor may be high during the
starting periods, however, due to the high value oi f2.

Starting torque may be 1% or 2 times full load torgque, with about 5 to 7 times
full load current. It is customary to start this type motor at reduced voltage
to avoid an excessive current.

The starting torque is greatly affected by the space relationship of stator and
rotor poles. Fig. 2 illustrates an ideal relationship not generally obtainable
due to the reactance of the rotor which causes displacement of rotor E and I. In
actuality, the current lags the voltage by a varying degree.

If stator and rotor poles have the position as shown in Fig. 2. all reaction be-
tween them will produce useful effort or torque to promote rotation of the rotor.

I'. Rotor Reactance

Since the frequency of rotor currents is high during the starting period, the
inductive reactance of the squirrel cage is high and causes the current to lag
in the rotor, thus establishing rotor poles at a position such as illustrated
in Fig. 3. A part of the reaction between stator and rotor poles is directed
to the center of the shaft and is therefore, useless. It does not contribute
to the useful torque developed by the motor.

It is now apparent that the starting characteristics of the induction motor will
be determined by the relationship between the resistance and the inductance of
the rotor winding, since resistance tends to cause "in phase" conditions and
inductance tends to cause "out of phase" conditions of voltage and current.

As the rotor accelerates, the frequency of rotor current is reduced to normal
operating slip frequency, thereby reducing the reactance of the rotor winding
and the angle of displacement between E2.and I2. Since the frequency of I2 will
never be reduced to zero, I2 will thereby lag E2 by a small angle under normal
operating conditions.
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Fig. 4
Rotor Bars are
Deep and narrow to produce
high reactance during starting
Low Resistance
N
z
Fig. 6
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G. Rotor Bar Design

Referring to Fig. 4, we see the general design of rotor bars required to produce
high starting torque at low starting current.

The bar is narrow and proJects deep into the rotor core. This results in a higher
reactance in the lower portion of the bars, thereby increasing the Impedance to
current in thet section. During starting periods when f2 is high, rotor currents
will circulate largely in the upper portion of the bar where reactance is low;
therefore, the impedance is less. Since the current is circulating turough a small
portion of the bar, an effect of increased resistance is obtained, which tends to
decrease the angle of displacement between E2 and I2. This results in a more
favorable space relationship between the stator and the rotor poles and produces
greater useful starting torque, even at a low current. Starting torque is about

3 times full load torque, with about 3 to 4 times full load current. This type of
motor can generally be started at full voltage. The slip at full load is relative-
ly low resulting in good speed regulation and comparatively high efficiency. Cur-
rent ¢ensity is more or less uniform in the entire bar at normal full load slip fre-
quenc; .

H. Double Cage Rotor Windings

Fig. 5 illustrates a double cage rotor winding which has characteristics similar
to that of Fig. 4. Motors of this type used in elevator service are very quiet in
operation.

I. Low resistance Squirrel Cage windings

Fig. 6 illustrates a low resistance winding placed to give high reactance during
the starting period. It will develop low starting torque, but draws low starting
currents. Slip is relatively low at full rated load. This design may be found in
motors up to and including 40 horsepower, because of starting current requirements.

J. Summery Questions
1. Which of the squirrel cage designs will give greatest starting torque?

2. Why are some squirrel cage windings designed with two sections, Fig. 5?7
3. What is the advantages of a squirrel cage winding over a phase wound rotor?
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CONSEQUENT POLE MOTORS

Obgective

To study the development of multi-speed winding diagrams. the operating characteris-
tics of multi-speed motors, and to become familiar with standard terminal markings.

References

Lesson Content

A. Application and Classification
1. Multi-speed motors are manufactured in two general types.

a. The single winding motor
b. The multi-winding motor (two or more windings)

The above motors will give from two to four different speeds. When the connec-
tions to the line are changed, to develop a different speed, the operating char-
acteristics of the multi-speed motors will change.

NOTE: Fundamentals of consequent pole windings are shown in Fig. 1.
These motors are in turn, sub-classified as:

1. Constant horse-power motors, (Fig. 2-C and Fig. 3)

With this motor, the horsepower ratings will be the same at all speeds,
The principal uses for this motor are on machine tools such as lathes, boring
machines and mills, planers and radial drills.

Connections

SERIES DELTA 4 POLE
T6 T4 T5 to lines 1 2 3 Respectively
Tl T2 T3 open

PARALLEL STAR 8 POLE
Tl T2 T3 to lines 1 2 3 Respectively
T4 TS5 T6 togetHer

This connection, Fig. 3, gives practically constant horsepower, that is, the
maximum horsepower of both speeds is practically the same.

2. Constant Torque Motors (Fig. 2-B and Fig. 4)

With this type of motor, the horsepower ratings at each speed are directly
proportional to the speed. For example, 20/10 Horsepower motor would have
speed ratings of 1800/900 RPM.

The principal uses for this motor are conveyer, stoker, reciprocating compressor
printing press, and other constant torque loads.
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Connections
SERIES DELTA 8 POLE PARALLEL STAR 4 Pole
T1L T2 T3 to Line T6 T4 T5 to Line
T4 T5 T6 open TL T2 T3 together

Group connections in a constant torque motor differ from these of a constant
Horsepower motor in that, half of each phase is reversed. When the constant
torque type is connected parallel star, 4 poles are produced, giving a field
speed of 1800 RPM. When connected series delta, 8 poles are produced and field
speed is 900 RPM, Fig. L.

. Variable Torque Motors (Fig. 2A and Fig. 5). At each speed, the horsepower of

this motor is proportional to the square of the speed, for instance, a motor
rated at 20/5 Horsepower will have speed ratings of 1800/900 RPM. They are used
on loads such as centrifugal pumps and fans where horsepower requirements de-
crease at least as rapidly as the square of the reduction in speed.

a. Connections

SERIES STAR 8 POLE PARAIIEL STAR L4 POLE
Tl T2 T3 to Line T6 _Th T5 to Line
T4 TS5 T6 open T1L T2 T3 together

b. Applications

Fans and blowers require an increase in both torque and horsepower when the
speed is 1ncreased.

A parallel star connection on this motor doubles the voltage per turn or per
coll, the current drawn on torque developed will be about two times as great,
resulting in about 4 times the horsepower output with respect to the lower
speed, Fig. 5.

4. Multispeed motors (Figs. 6 and T)

Multispeed Motors of the constant torque or variable torque types are usually
given a standard horsepower rating at the top speed, but may have odd horse-
power ratings at the lower speeds, since the later are fixed by speed ratios.

a. The single winding motor is most common and it develops a "two to one" speed
ratio.

b. Variable torque motors are many times used to replace a slip ring motor which
will be discussed in detail in a later chapter.

B Construction and Operation

98

1. The single winding multi-speed motor.

Most single-winding multi-speed motors have six leads. The manner in which
the leads are connected to the line will determine the speed of the motor.

2. In developing a diagram of this kind, or in actually placing the winding
in the stator, there are a few rules that must be observed.

Coyne Electrical School TA-AC-A5
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Slots = 24, Poles = 4, Fractional Pitch Coil Span = 1 to 5.

"A" Phase only of a 3 phase winding illustrating cammon method of short
jumpers. (Top to Top, Bottam to Bottom) Trace the circuit and mark the
polarities in the proper position. This type of Jjumper connection 1is
not suitable for consequent pole windings.
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"A" Phase only of 3 phase winding illustrating long jumper method of
connection. (Top to Bottam, Bottom to Top) Trace the circuit for 4 poles
disregarding the center tap, and mark the polarities in the proper
position. Note that the poles are established in the same position

as for the ccammon method of connection.
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Same connection as shown above. Trace the circuit from the center tap.
This places the 2 sections of the phase winding in parallel, reversing
the current in 4 of the coil groups, producing 4 regular & 4 consequent
poles. Note that phase rotation is reversed and it will be necessary to
reverse 2 leads on this connection to obtain the same rotor rotation.



Lesson No. 13 Alternating Current

a. In all multi-speed motors the jumper connections must be of the long-Jjumper
type. The "Jjumper connections" may be construed to mean the connections
which are made between coil-groups.

b. The maximum coil span which may be used in consequent pole windings is equal
to full pitch coil span for the lower number of poles minus the number of
coils per pole phase group. Thus, a 24 slot, 3 phase, 4-8 pole stator, coil
span 1:7 (full pitch) mey use a coil span of 7 minus 2 or 5 or it may be
stated 1:5. This avoids placing pole phase groups of the same phase in the
same slot or slots. Consequent poles are established by connecting pole
phase groups for the same polarity. If coils or any phase occupy the same
slot, the magnetic fields produced would neutralize.

3. Definitions
a. A consequent pole connection is one wherein one coil-group forms two magnetic
poles, thereby, developing twice as many poles as there are coil-groups per
phase.

b. A salient pole connection is one which has one magnetizing "coil-group" for
each pole in each phase.
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Lesson No. 13 Alternating Current

CONSTANT HORSEPOWER.
A B C 3 PHASE, LAP WINDING, SLOTS= 24._

POLES = 4-8, COILS PER GROUP = 2,
m PRACTIONAL PITCH COIL SPAN = 1 TO S.

COIL PITCH = 66.6% OF FULL PITCH.
w_/ ELECTRICAL DEGREES PER SLOT = 30-60.
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Fig. 5
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2nd

Ist

LEI

LE3
5 14,03
AT Al
15 [SC3
LE4
15|
0
SCc4
5
MOTOR CONNEGTIONS
SPEED| LI L2 | L3 OPEN TOGETHER
(ST |T1 |[T2 |T3,7T7 |ALL OTHERS
2ND [Tl [ T2 [TI3T7 | v«
3RD |16 |T4 |T5 T T 121317
4TH |T16 |T14 |TIS " TTI2TI3TI7

CONSTANT TORQUE MOTOR:

L3

oL
AN

19 20 2I

N\

17 18 22 23

NOTE-
(1) 1t is possible to start motor gt any speed

(2)When motor is running on a given speed it

is possible to directly select only the next
higher or next lower speed.

NOMENCLATURE

LEI,LE2 LE3,LE4= Speed selector
contactors.

SC3,5C4=Short circuiting contactors.

l[?z-ggi“" mechanically interlocked
CIRCUITS-

LEI-START —— HOLDING
LE2-START —— HOLDING

LE3,SC3- START——HOLDING —
LE4,SC4- START——HOLDING——
MOTOR- IST 2ND
MOTOR-3RD 4TH
REVERSING STARTER—

FORWARD- START-—— HOLDING ——
REVERSE- START—— HOLDING ——

Simplified Control Circuit

Horse power rating at each speed is directly proportional
to the speed WITH a standard HP rating at the top speed.

This type 1is used on

conveyors, stokers, receprocating campressors, printing presges and other con-
stant torque loads.

MOTOR OPERATION is as follows:

4th SPEED - The first motor winding is connected two circuit STAR for 4 poles
regular, 1800 RPM stator field, 1725 RPM rotor speed; with T16 to Ll, T14 to
12, T15 to L3 at contactors of LE4, and T1l, T12, T13-T17 shorted at contactors
HP output will be 3, or maximum rating of the motor.

3rd SPEED - The second motor winding is conmnected two circuit STAR for 6 poles
regular, 1200 RPM stator field, 1155 RPM rotor speed; with T6 to L1, Tk to L2,
T5 to L3 at contactors of LE3, and Tl, T2, T3-T7 shorted at contactors of SC3.
HP output is 2, or two thirds of maximum rating.

2nd SPEED - The first motor winding is connected single circuit DELTA for 8
poles comsequent, 900 RPM stator field, 875 RPM rotor speed; with T1l to L1,

of SChk.

Tl2 to L2, T13-T17 to L3 at contactors of LE2.

of the maximum rating of the motor.

lst SPEED - The second motor winding is connected 8ingle circuit DELTA for 12
poles consequent, 600 RPM stator field, 575 RFM rotor speed; with T1 to L1,

T2 to L2, T3-TT to L3 at contactors of LEL.

HP output will be 1.5, or %

Since the torque is constant, HP

output varies as the speed and will be one third of 3 or 1 HP at one third of
the top speed.

105A
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Two speed motor with drum control and inching control.

SEQUENCE OF OPERATION: The initial circuit for the magnet is completed through
contacts X and Y as the control is moved to the lst or slow speed position. Con-
tact X closes before Y opens. A holding circuit 1s completed through Contact X,
the STOP switch, and the holding contact in the line starter. Inching duty may be
obtained with either slow or fast motor speed by opening the STOP switch and closing
the normally open or inch switch, which campletes the magnet circuit at the discre-~
tion of the operator. For continuous motor operation at either speed it will be
necessary to move the control to the OFF position and repeat the starting sequence.

The motor is designed to operate at 2 speeds with 4 poles regular, 8 poles conse-
quent pole comnection. No. 1 control position comnects Ty, Tp, T3, to the 3 phase
line for SINGLE IELTA, 8 poles consequent, 900 RPM stator field. Tk, Ts5, Tg, are
left open. No. 2 control position connects Tj, Ts, T6, to the line, with T1, To, T3,
shorted, for DOUBLE STAR, 4 poles regular, 1800 RPM stator field. This machine is
clagsified as a constant torque type.

The motor and control apparatus is suitable for the operation of printing presses
or machine tools where 2 speeds can be employed and inching duty is required.
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Lesson No. 13 Alternating Current

C. Summary Questions

1

106

i

2

0

What is a consequent pole motor? Multi-speed motor?

What determines the no-load speed of an induction motor?

. What would be the effect of viing full pitch coil span in a consequent

pole motor?

. What are the three types of multi-speed motors? Where used?
. What is the rule pertaining to "jumper"?

- Do you use the higher number of poles (consequent) in determining the number

of coils to connect into a coll-group?

. Of what use 1s the formula - slots , 17

poles

. What 1s a consequent pole winding?

. What is a salient pole winding?

Draw a schematlc diagram of a constant torque multi-speed motor.

Coyne Electrical School TA-AC-A5



Alternating Current Lesson No.

ACROSS THE LINE MOTOR STARTERS

Objective

To learn the basic principles of across the line motor starters, overload equipment,
and some of the limitations of this type starter.

References

14

Lesson Content

A. General

The motor starter discussed in this chapter is a switching arrangement which is

operated electro-magnetically and it connects the motor directly to the line, apply-
ing full line voltage to the motor at the instant of starting. Certain motor start-
ers which will be explained in a later chapter apply a reduced voltage at the
instant of starting, and after a predetermined time, apply full line voltage. Such
arrangements require a special type of transformer used for reduced voltage start-
ing of these motors.

. Across the Line Motor Starter

An across the line motor starter i1s a magnetically operated switch which connects
the polyphase 1lnduction motor directly across the line and applies full line volt-
age at the Instant of starting.

1. Line Terminals - points in the controller to which the polyphase line

wires are terminated.

2. Remote controls - a push button control station which consists of a normally

open circuit and a normally closed circuit switch.

3. Line Contactors - heavy contactors which are designed to make and break the

motor to line circuit.

4. Holding Coil - a coil which is connected parallel with 2 of the lines and is
8o arranged to hold the line to motor contactors in place while
the motor is in operation.

5. No voltage release - see holding coil.

6. Overload Protection - a bimetallic switching arrangement which has its contac-
tors in series with the holding coil. This 1s the con-
troller and motor overcurrent protection.

Some concerns have developed a solder release type of
overload protection, Fig. k4.

f. Motor Terminals - The terminals to which the motor leads are attached.

TA-AC-A5 Coyne Electrical School 107



Lesson No. 1k Alternating Current
C. Limitations on Horsepower sizes

As a general rule, a squirrel cage of the low resistance type may be started satis-
factorily across the line, in sizes up to 5 horsepowver.

A high resistance type of squirrel cage motor is preferable for many Jjobs because
in some instances, the sizes may be as large as 200 horsepower which may be directly
started across the line.

If in doubt about the advisability of connecting a large motor across the line with-
out reduced voltage starting - consult your public service company.

LUOE motors (50 to 200 hp.) are not protected by the regular type overload equipment.

D. Advantages of the Line Starter

1. Remote Control - the motor starter may be operated from one or more places which
may not be at the controller. The National Electrical code suggests for maximum
safety and efficiency that the number of wires between remote control units must
be at least 3.

2. No Voltage Release - protection equipment within the motor starter to prevent a
motor starter from operating unintentionally. In other words, when a line de-
energizes the motor must be restarted. In some controls, serious damage to op-
erators and equipment could result if this protection was not afforded.

3. Overload Protection - consisting of two types which are thermal (solder release
and bimetallic) and magnetic. For maximum protection a minimum of two overload
units will be used on a three phase 3 wire circuit. If the circuit is three phase
four wire, three units must be used. This is to say that for full protection the
number of overload units will be equal to line wires minus one.

4. Simple in Design - Easy maintenance and easily inspected. Some of the most common
troubles are caused from oxidized contacts or burned contactors.

5. A method of checking whether contacts are burned or oxidized is to use a millivolt
meter and check to see if the voltage drop of closed contactors is 20 millivolts
or over. If the voltage drop has reached this critical point, dress them down with
0000 sandpaper or & burnishing tool or some other appropriate material at hand.

If contactors need replacement, be sure to use approved replacement parts. For
extra long life and a minimum of maintenance, silver alloy contactors should be
used in preference to copper contactors. Silver, when oxidized becomes sllver
oxide which 1s nearly as good as the silver. Not so with the copper, which oxi-
dized creates a high resistance point which causes more heating or the 12R losses
increase.
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HAND OPERATED
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MOTOR

Lesson No. 1k
8Y ADDITION oOF

; THE STICK CONTACTS
AND THE DOTTED
’ CONNECTIONS, THE
’ STICK CIRCUIT 1S
! COMPLEYED AND THE
: MAGNEYT REMAINS
: ENERGIZED AFTER
THE JTARY BUTTON

15 RELEASED.

MOTOR

CONTALTS PLACED
ON MOVABLE ASSEMBLY.
A MAGNET 1S REQUIRED
TO OPERATE THEM.

ADOITION OF THL
OVERLOAD TRIP
COILY COMPLETES
THE UNIT, THIS
STARTER PROYVECTS
THE MOTOR FROM™M
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MOTOR
THE SHADING COIL 1S USED YO PREVENT VIBRATION

DEVELOPMENT OF AN

ACROSS - THE -~ LINE STARTER

OF THE MAGNET ARMATURE DUE TO PULSATIONS IN THE
PULL CAUSED BY THE MAGNETIC FLUX FTALLING TO
ZERO TWICE PER CYCLE . AS SWOWN BY THE cunves,
THE SHADING COIL SEYS UP A FLUX IN THE POLEL
FACE 90° OUY OF PHASE WITH THE PLUR OF THE MAIN
COIL, THEREBY PRODUCING A PULL ON THE ARMATURE
AT ALL TiMeS. 109

INLAS



Lesson Ro. 1b4

Alternating Current

Start
Ve, L2 da s
/sncn CONTACTS /
Push bulton Station
4 \
mein] magaet
— : OVERLOAD TRIP CONTACTS.
i
i — HEATER.
5,
\ Temperalvre overload re/fay
<) 7 " ﬂ;.:o Sw. Anum:n:m_' 13
of Y WHEN MOTOR IS TO
2 / B& STOPPED AND STARTED
AVTOMAT iIcALLY .
Fig. 2
MOTOR

General Electric magnetic switch
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ACROSS THE LINE AUTOMATIC MOTOR STARTING SWITCH. TYPE "A”.

oO—-
SHADING  CO\L T:D'C\ESEE
USED TO PRE- o— b
VENT VIBRATION o
OF THE ARMATURE. L
I W Lt L2 L3
L iy » >
HOLDING /\
MAGNET .
\ STUKK OR H
g HOLDING 3
c t CONTACTS 1 2
g\ s L 7
Tnﬂgiz:%azsqi' ] ~HEA|TERS - OVERLOAD TRIP CONTACTS.

THERMAL OVERLOAD /
RELAY j .

Fig. 3 Allen Bradley across the line starter.

WHEN AN OVERLOAD OCCURS THE HEATER
MELTS THE SOLDER WHICH ALLOWS THE
ARM A" TO MOVE UPWARD OPENING OVER-
LOAD TRIP CONTACTS.

RATCHET-

WHCEL/‘-~
SPRING
7
OVERLOAD
TRIP
CONTACTS { i
oy
' [E-LS
Fig. 4 HE
HOLDING
MAOGNET .

DETAIL OF THERMAL OVERLOAD RELAY (SOLDER TYPE).
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#TZ START SW. 47_3
iy
OVERLOAD ? - A
TRIP SW. » . -, N
STOP sSw. %}

& RESET.

N
NN '\\\\\\\\\\\\\\\\\\\Y\_\ AN

AARTMIRMRMLWRR W

3
Fig. 5 Across the line PH
starter (Westinghouse) IND U/:‘?I% N
THERMAL OVERLOAD MOTOR

« RELAY DETAIL.

Heater

s A

I
I

VISt

soft metal disc such as brass (shaded with
diagonal lines) placed between 2 steel discs

of diaphragm steel. The adjusting screw, which
is supported by a steel bridge, conducts the
heat to the bi-metal diaphragm. The brass

Fig. 6A The bi-metal diaphragm consists of a 45

L,
=

expands more rapidly than the steel with a Fig. 6B "IE-ION" ARC QUENCHER.
rise in temperature. If the screw 1s proper- a5 the contacts separate, the spe-
ly adjusted, the diaphragm center will move cially shaped moving contact gives

toward the overload trip switch and open it, a magnetic reaction that forces the
interrupting the magnet clrcuit, thus releas- arc into the "DE-ION" grids where

ing the motor from the supply when an over- it is sliced into a series of arcs.
load occurs. Thermal overload releases usu- At the next zero point on the I
ally require resetting by hand. cycle, the air adjacent to each grid

is deionized, and the arc is put out.
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Li3 L Li2
L S
R 3
T uE 2 U T S
R I R I STOP
Jb 3 - .I-
/’f N IS [K
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: e
oL CUTLER HAMMER MAGNETIC REVERSING SWITCH.
T3 T Tle CIRCUITS —
TARTING ——
FORWARD MAGNET) rS{OLomc;G— FORWARD MOTOR ——
REVERSE )ER%WGG REVERSE © ——
E. Summary Fig. 7

Reversal of rotation of any three phase induction motor is merely a matter of inter-

changing any two of the three line leads connected to the stator. TI and T2 are
reversed by the line starter shown above.

Although most motor driven machines are designed for one direction of rotation,

there are many applications that demand periodic reversal; such motors are gene-
rally equipped with a remote controlled or push button operated control similar

to this unit.

Motor starters or switches that have more than one set of contactors are usually
designed so that both sets cannot be closed at the same time. Should this happen
in the starter, the line wires would be short circuited. To prevent this, the
sets of contactors are mechanically connected together in such a way as to force
one set open when the other closes. When so arranged, the sets of contactors

are sald to be mechanically interlocked. In addition to this, many starters

are also electrically interlocked. In the starter shown above a normally closed
contactor is provided at both "F" and "R" magnets to prevent energizing the second
magnet before de-energizing the first.

The remote control circuit is arranged to energize the "F" magnet by closing the
open circuit switch "F" at the remote control station. Forward rotation of the
motor 1s obtained by this operation. Reverse rotation of the motor will be ob-
tained by first opening the "STOP" switch to de-energize the "F" magnet and allow
the interlocking switch at "F" to reclose. Magnet "R" 1is energized by closing
open switch "R" at the remote control station. Thus we see that selection of
opposite motor rotation must be preceded by opening the "STOP" switch. This avoids

instant reversal of motor rotation, which is generally not to be reccmmended for
motors of integral H.P. sizes.

TA-AC -A5 Coyne Electrical School
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Lesson No. 14 Alternating Current
F. Examples and Development of the circuits for an Across the Line Starter

In Fig. 1, study over the development of the across the line starter. Notice the
shading coil and its uses. Fig. 2 shows one of General Electric's Magnetic Switches.
Fig. 2 shows an autamatic starting switch by Allen Bradley. Fig. 4 shows the work-
ings and construction features of the solder release type of thermasl overload. Fig.
5 shows a Westinghouse Starter and Fig. 6 shows the details of the "De-ion" Arc
Quencher and diaphram type of overload unit. Fig. 7 illustrates a Cutler Hammer
magnetic reversing switch.

Summary Questions

What are the important parts of an across the line Starter? Their purposes?
What is a "de-ion arc quencher"?

. Explain how you would test for burned contactors.

. What are the advantages and disadvantages of silver alloy contactors?

Why does the holding coil of an across the line starter not chatter when proper-
ly adjusted?

U EwWwh
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Alternating Current Lesson No. 15

AUTOTRANSFORMER PRINCIPLES

Objective

To learn about a single winding multitapped special type of transformer which is
used to a great extent for reduced voltage motor starting.

References

Lesson Content

A, Genersal

When we think of transformers we usually think of the transformation of energy from
one circuit to another by means of the magnetic coupling, between coils. The single
winding transformer which is explained in Fig. 1 has some limitations but at the
same time has many useful applications. A more complete discussion of transformers
in general under power transformers.

B. Definition

An autotransformer is a transformer in which part of the winding is common to both
the primary and the secondary circults. ASA 15.20.015.

An autotransformer consists of a single winding placed on a laminated iron core.
This winding serves as both primary and secondary. It is tapped to provide low
voltages for starting of induction motors equipped with low resistance squirrel
cages. If a motor does not have the desired starting torque, it might require a
re-selection of tap, i.e., suppose the motor was attached to the 50% tap, it could
be moved to the 65% tap without danger to the motor and this would increase the
torque of the machine.

NOTE: Before any change of tap is brought about, the connected load and the supply
voltage should be checked. The operating voltage may be low in the entire
plant or the load that the motor 1s expected to operate may be too great for
the horsepower rating.

Autotransformers are generally used in three phase motor starters, Fig. 1. If two
are used, they are connected open-delta. If three are used they are invariably
connected star. It is impractical to connect three auto transformers in closed delta
because of possible difference in impedances, danger of heavy circulating currents,
etc.

The National Electrical Code forbids the use of autotransformers for utility to
custamer distribution because of the flashover danger.

Before any autotransformer is installed on a motor circuit, it is recommended
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Lesson No. 15 Alternating Current
that all the electrical code rulings pretaining thereto, be carefully studied.

The rating of an auto transformer is usually classified in VA or KVA.
The cost per KVA is approximately $25.00 (varying as to districts).

The efficiency of an autotransformer is approximately 80% depending upon design
and load. It is impossible to obtain 100% efficiency because of the iron (core)
and copper (windings) losses.

C. Power Ratings

An autotransformer is usually rated in VA or KVA and it follows, that the KVA of
the primary and secondary would be exactly equal if there were no losses in the
iron and copper of the unit. Compare then, the findings of secondary voltage and
secondary current whose sum should be nearly equals to that of the primary.

The current in the primary circuit can be found by the VA in the Primary divided
by the voltage in the primary. If the current in the secondary or motor circuit is
of a higher value than that of the line current, the additional current over the
line current value will be attributed to secondary induced current.

D. Motor Currents

Motor currents will consist of two parts:

1. Conducted current through primsry section which develops a magnetic field and
generates a cemf, in the primary. At the same time it generates a secondary
voltage.

2. Secondary voltage will supply the remaining motor current which is known as
secondary or induced current. The power drawn from the line and the power ex-

isting in motor circuits would be equal if the transformer efficiency was 1.0%.

Ep x Ip equals Es x Is
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E= 220 VOLYS
Tonk Z= 2.2 onmS

1= 100 AMPS.

T = 10LB.FT.

MOTOR 3TARTS AT FULL
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Lesson No. 15 Alternating Current
E. Stérting Torque

The starting torque developed by any given type of motor depends upon the voltage
applied at the instant of starting. When started at full voltage, the torque dé-
veloped 1s referred to as full voltage torque, numerically, as a unit torque of 1
or 100%. VWhat this represents in terms of full lead torque will depend upon the
type of motor, as indicated in the lesson on motor characteristics.

The starting torque varies as the square of the current or as the square of the

percentage of full voltage applied.

EXAMPLE: A motor is connected to the 80% tap in an autotransformer reduced voltage
starter. The torque is equal to 0.82 or 0,64 or 64% of the full voltage
torque. >3

If the motor is of the low resistance cage type, the torque developed at full volt-
age will be about 2 times (200%) full load torque. Starting the motor at 80% full

voltage will give 0.82 or C.64 or 64% of full voltage torque. Then .0.64 x 200%
equals 128% of full load torque.

F. Summary Questions
1. Vhat is an autotransformer?

2. Can a motor, ,starting at reduced voltage, start as heavy at load as it could if
full line voltage were applied? Explain.

3. What effect does reduced voltage have upon the starting torque of an induction
motor?

4. If a motor will not start when connected to the low voltage taps on an auto-
transformer, what can be done?

5. Are autotransformers frequently used for the purpose of voltage step-up?

6. Which low voltage tap on the autotransformer should be used for starting the
motor and why?

7. If two autotransformers are used for starting a three phase motor, how are they
connected? How about three?

8. When autotransformers are in use, which circuit carries more current, the line
circuit or the motor circuit?

9. How is extra motor current obtained?

10. How does the starting torque of an induction motor vary with respect to the
voltage applied to it?

118 Coyne Electrical School TA AC-A5



Alternating Current Lesson No. 16

REDUCED VOLTAGE STARTERS

Objectives

To learn about the uses and necessities of a reduced voltage starter which may be sub-
clagsified as:

1. Manual - must be operated by hand and is a single place control.
2. Automatic - may be operated from a remote position and may also be multi-place
operated.

References:

Lesson Content

A. General

Since reduced voltage starters depend upon various methods of reducing the voltage
at the instant of starting the motor, it may be well to review a previous chapter
on only one of the methods (autotransformers); since this is the most efficient

and most economical method, requiring the smallest amount of attention and mainten-
ance. Another method of reduced voltage starting of induction motors is the carbon
pile (resistance) method. Cast grid and wire wound resistor methods are used to a
small extent in some varied cases.

B. Reduced Voltage Motor Starter Parts
Some of the Important parts of a reduced voltage motor starter are:
1. Line contactors - makes the line to starter connections.

2. Terminal Board - a small board containing terminals to which the line is connec-
ted along with motor connections and reduced voltage equipment terminals. This
is also used as a convenient test terminal block.

3. Holding Magnet - A no voltage release coil which will hold the controller in the
"run" position as long as the motor is operating normally and the line is con-
tinually energized.

4. Autotransformer - a multitapped single winding transformer - with an iron core
which may be in one of two arrangements. If only two units are used they are
connected open delta; if three units are used they are connected star. The tap
precentages will vary from approx. 40% to 90%, but probably the most common tap
arrangement for a classification of up to 25 hp is as follows: 50% - 65% - 80%.

NOTE: If the autotransformer has only one tap in use and starts the motor with
only one reduced voltage step, it may also be called a "compensator". This
arrangement can be arranged for manual or autamatic operation and the horsepower
slzes will probably vary from 5 HP to 100 HP or larger.

5. Compensator Oil - a mineral oil which is used to squelch the arc at the contrac-
tors so as to reduce burning of contacts, when the circuit from the line is
broken. The breaking of the circuit under or in oil reduces fire hazard.

6. Time Control - a timing device is usually added to an automatic reduced voltage
starter to govern the time allocated for the motor to come up to full speed
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Lesson No. 16 Alternating Current

before applying line voltage. The General Electric Company and Westinghouse
Corporation both have a mechanical timer which is used on their controllers.
Allen Bradley, VWestern Electric, and other concern may have oil dash pot
arrangements which govern the time delay between starting and running positions
of the line to motor contactors. The time delay may be {rom a very few seconds
to several minutes and must be adjusted on the job according to application of
the motors.

C. General Controller Rulings

Any motor controller shall be so arranged that, when the controller is in the off
position there shall be no connections made to the motor. Thus, the National
Electrical Code makes definite provisions for the proper connections to three phase
motor controls to minimize the danger to persons and motor equipment.

A good rule to follow for maximum life of a motor controller is to make sure connec-
tions when operating a manual motor control. Never abuse a motor or controller. This
abuse of controllers can be minimized by the use of automatic -ompensators or con-
trollers with appropriate protection equipment already mounted, such as mechanical in-
terlocks which prevents a motor from being started at full line voltage. Then too,

in the automatic compensator classification, we encounter the electrical interlock
which serves to disconnect the start button and the starting magnet from a possibil-
ity of being energized accidentally while the motor is running.

D. Manual Reduced Voltage Starters

In Fig. 1, we see a starter which gained prominence in recent years; put out by
Vestern Electric Company, it is a three phase - 60 Cycle - type 1 - form k - 10 HP -
with a voltage rating as follows: Primary 220 volts - Secondary 110 - 175 volts.

Since this controller will be tied to a three phase line, we could trace the circuit
in several ways. Let us assume, current in on the bottom line and out on the top two.
You should try to trace four different circuits on this diagram. They are:

Motor Starting or conducted current
Motor Starting or induced current
Motor Run circuit

No voltage release circuit.

FWn

2. In Fig. 2, we see an "auto starter" by Westinghouse. It is a three phase - 60
- cycle 5 to 15 HP - 220 Volts - style No. 185156 Motor 3tarter.

This controller, too, will be tled to a three phase line and is protected by two
sets of overloads. This arrangement provides full protection for the circuit be-
cause the current carried by the third line must pass through at least one other
line which is provided with overload protection. Try to trace four different
circuits in this Figure:

Motor Starting Circuit (Conducted Current)
Motor Starting Circuit (Induced Current)
Motor Run Circuit

No Voltage Release Circuit

W N -
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Alternating Current Lesson No. 16
E. Automatic Reduced Voltage Starters

The General Electric Company automatic compensator shown in Fig. 3 controls
approximately the same horsepower as the autostarter in Fig. 2. Notice, however,
the contactors life 1s to be extended by the use of small blow out coils whose
magnetic field will be strongest at the point of break. You will notice at the
bottom of this Figure the detalls of the timing relay positions in the normal
holding, and running positions. Notice too, the thermostatic overload release.

You should exercise great care in the tracing of this diagram, as thorough un-
derstanding will help you understand why many troubles develop and how you may find
them. Trace:

Relay Magnet Starting Circuilt
Relay Magnet Stick Circuit
. Relay Motor

. Holding Magnet
. Auto Transformer Circuit

Running Magnet
Motor Run Circuit

~N O\ WV

2. Referring to Figure 4 we see one of the more modern types of starters. This
unit developed and sold by the ALLEN BRADLEY CQMPANY has many advantages and
few disadvantages. Probably one of the great selling points on this starter
is the fact that it has the silver alloy contactors instead of copper. The
maintenance factor or upkeep is low.

The system of starting and running is shown by the three representative figures
or dlagrams at the base of this page.

Tracing - for a thorough understanding of this controller trace the following
diagram circuits:

Line Switch Start Circuit

. Line Switch Stick Circuit
Motor Starting Magnet Circuit
Motor Stick Magnet Circuit
Time Relay Circuit

Motor Start

Auto-Transformer Circuit
Running Magnet Circuit

. Motor Run Circuilt

\O O~ O\l & Lofduw

3. Refer to Fig. 5, where you will see one of the very latest motor starters. It
1s an efficlent, flexible, safe, "sure operating", type of control which
comes equipped with a timer unit that has a very wide time lag adjustment in
the automatic motor controlled timer unit. Study this controller and its parts
carefully.

Tracing the circuits on this controller and its timer unit will help you in
your understanding of the entire unit. The following may be traced:

1. 1-MS Start Circuit T. TS Holding Circuit

2. 2-MS Start Circuit 8. Motor Start (Conducted)
3. TS Start Circuit 9. Motor Start (Induced)
4., ™ Circuit 10. MR Circuit

5. 1-MS Holding Circuit 11. Motor Run Circuit

6. 2-MS Holding Circuit
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Lesson No. 16 Alternating Current

4, In referring to Fig. 6, you will notice a simple controller with no magnetic
timer on it. There is a mechanical arrangement of time delay for this purpose.
Some of the circuits that may be traced for this Figure are also shown in Fig. 6.

5. Another reduced voltage starter which has had some prominence in the past is

shown in Fig. 7. Because of its high maintenance or upkeep factor 1t has been
replaced with autotransformer type reduced voltage starters.
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Figure 6. A Cutler Hammer Starter which 1s used for reduced voltage
motor starting. Trace the following circuits:

1. S.M. Start 5. R.M. Start
2. S.M. Stick 6. R.M. Stick
3. Motor Start 7. Motor Run

L. Auto-Transformer
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Lesson No. 16 Alternating Current
F. Summary Questions

1. Why is it generally undersirable to start squirrel cage induction motors above
five horse-power rating at full line voltage?

2. Which circuit is broken when the overload trip contacts open?
3. Hov is the holding magnet connected in respect to the line?

4., What effect would excessive spring tension have on a set or on one single con-
tactor in a reduced voltage starteri

5. What effect will insufficient spring tension on the contactors have upon the
operation of an automatic compensator?

6. What purpose does the shading coil on an AC magnet serve?

T. How many overload trip coils are necessary to protect a three-phase circuit
against excessive currents?

8. What is the difference betweén a magnetically-operated overload and a thermal
type? Which one would you say is better and why?

9. What are the principal troubles found in compensators aside from laose connec-
tions?

10. What causes holding magnets to chatter or vibrate? What remedy would you use
to correct this?

11. Will a polyphase motor run on single phase? Will it start on single phase?
What compensator fault or faults might cause a polyphase motor to "single phase"?

12. What is an electrical interlock and for what is it used? Mechanical interlock?
13. What circuits are made or broken by the operation of the timing relay?

14. What is an oil dashpot? Where is it used? How can its action be varied and
limited? !

15. What 1is compensator 0i1l1l? Where is it used? What purpose does 1t serve?
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Alternating Current Lesson No. 17

NINE LEAD THREE PHASE MOTORS

Objective

To learn how to identify the leads of a nine lead motor and make proper connections,
if the identifying tags have been lost.

References

Lesson Content

NOTE: The nine lead motor is a dual voltage motor making it possible to operate the
motor on elther of two voltages without disassembling the motor. The most
common operating voltages are 220 and 440 volts.

A. Types of Connections - Star or Delta

When completed, Fig. 1 will show a nine-lead star connected stator winding.
When completed, Fig. 2 will show a nine-lead four-pole delta connected stator

winding.
Fig. 3 shows a symbol diagram of the star connection with the two possible

voltage connections and the popular ASA numbering system used.
Fig. 4 shows a symbol diagram of the delta connection with the two possible
voltage connections and ASA numbering system used.

B. Star or Delta
We must first determine whether the motor is connected star or delta.

On reference to Fig. 3 and 4, we find the star connected motor will have four
separate circuits. The delta will have three separate circuits only.

A multimater or test lamp could be used for checking between leads for continuity;
this would indicate whether the motor is star or delta connected.

C. Testing and Identifying the leads on a Nine-lead Star-connected motor, Fig. 1 and
5

1. Find the three leads between which continuity may be obtained. Tag leads
(7-8-9).

2. Find the other three circuits and tag them temporarily (1-4 2-5 and 3-6).

3. Apply the lowest name plate voltage to leads 7-8-9 and operate motor.
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Lesson No. 17 Alternating Current

6.
7.

NOTE: All other leads are left disconnected.

. Take a voltage reading across each of the three open circuits - approximately

58% of line voltage (127 volts if 220 volts is applied).

. Connect 4-7 temporarily, motor still running, and measure voltage across 1-8

and 1-9.
Three sets of different readings are possible:

a. If voltages are approximately equal and approximately, 150% line voltage -
tag permanently.

b. If voltages are approximately equal and approximately 58% line voltage - in-
terchange 1-4.

c. If voltages are unequal - then connect 4 to 8 and try same procedure until
both voltages are equal and approximately 150% line voltage. Now make the
tags permanent.

Apply procedure under "5" to the two remaining circuits.
After all leads have been permanently tagged, motor still running, connect

4-5-6 together and read the voltage between 1-2-3 which should be approximately
equal to 100% of the applied voltage.

D. Identifying Leads of a Delta Connected Motor (Rotational Method)

1.

2l

By making comparative resistance test, locate and permanently tag T1l, T2 & T3.

Mark, tempoarily, leads Tk and T9 in the same circuit with T1l; TS5 and T7 in
the same circuit with T2; T6 and T8 in the same circuit with T3.

. Apply lower voltage to Tl, Th and T9, with "A" line to T1l; "B" line to Th*

"C" line to T9. Now measure the applied voltage.

CAUTION: Do not permit prolonged motor operation with incomplete connections. Use

132

for phasing operation only.

. Observe direction of rotation, (CCW preferred), reverse lines "B" and "C" if

rotation 1s other than desired.

Change line connections to T2, TS5, T7 with "A" line to T2, "B" line to T5,
"c" line to T7. Observe direction of rotation. If reversed with respect to
step 4, reverse lines "B" and "C", and also the identity of T5 and T7.

Repeat above procedure with 3rd group including leads T3, T6, and T8. Be care-
ful to use the same line sequence, i.e., A line to T3, B to T6 and C to T8.

. Tag all leads permanently.

Complete & single circuit Delta connection for operation on 44O volts, with
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line "A" to T1, line "B" to T2, and line "C" to T3' Jjumper T4 to T7, T6 to T9,
and TS to T8. Direction of rotation should remain unchanged with respect to
that selected for phasing out leads. The voltage from the Junctions or Jjumpers
to the two adjacent line leads, should be 50% of phase voltage.

9. Measure voltage across T1 to TS5 or T8, T2 to T6 or T9, T3 to Th or T7. These
readings should be the same and nearly equal to 86.6% of the line voltage.

10. Complete a double circuit delta connection for operation on 220 volts, with the
line in the same position (T1, T2, T3). Jumper T1-T6-T7, T2-Thk-T8, T3-T5-T9.
Measure the voltage across each half phase. These readings should equal the
line voltage.

E. Summary Questions

1. How many circuits should be found in a star connected dual-voltage motor?

2. How many leads should be found in a standard type of dual-voltage star connected
motor?

3. When testing a star connected dual-voltage motor, what percent of applied voltage
indicates proper lead identity when testing across one and one-half phases with
line leads connected to T7-T8-T9.

4. How many leads on a standard delta connected dual-voltage motor?

5. Does the horsepower of a given motor change when the connections are changed,
on a nine lead motor, from star to delta? Explain.
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STAR-DELTA MOTOR STARTERS

Objective

To learn more about star and delta connections. To learn the principles of this
emergency starter and the uses to which it may be applied.

References

Lesson Content

A General Information

The star-delta motor starter is a switching arrangement used to connect a three
phase motor star when starting, and change the connection to delta for continuous
operation. See Figs. 1 a, 1-b, and l=-c.

Manually operated - manually operated equipment consists of a three pole double-
throw switch of the safety or enclosed type. Magnet cally operated starters for
star-delta starting may consist of two sets of three contactors each with necess-
ary holding and interlocking switches.

Commercial Application - commercial application is seldom made, except in cases
of emergency, however, the information will help you to gain a better un