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Transformers

Chapter Objectives

This chapter will help you 10°

1-

=.

Draw the correct symbol for each type of
transformer.

Undersrand and correctiy wese transformer
terminology. _
Undersrand how a transformer can change
voltage levels, match impedances, and pro-
vide electrical isolation.

Undersrand what causes transformer core
losses and how these losses are minimized.

Selecr a wransformer with ratings that are
appropriate for the job to be done.

Connecr three-phase transformer windings
in either a delta or a wye configuration.
Connect transformer windings i Series
and/or parallel to obtain the desired voltage
and current capabilities.

Calculare transforrmer losses.




Transformers

Transfnrmers are multiple-winding in-
ductors. They operate on the principle
of mutual inductance. For a relatively sim-
ple device, they are extremely versatile.
Without transformers, our present power
distribution system could not exist.
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12-1 Transformer ¥
Fundamentals

A transformer consists of two oSr more coils
linked together by magnetic flux (Fig. 12-1).
The changing flux from one coil (the prirmary)
induces a voltage in the other coil (the sec-
ornndaryv). In other words, the coils are coupled,
or linked, together by mutual inductance.
Without murieal inducrance, there would be
no such thing as a transformer. The amount of
mutual inductance, like the amount of self-
inductance, is specified in henrys. There is 1 H
of mutua! induction when 1 V is induced in a
coil by a current change of 1 A/s in another coil.
Suppose the primary current in Fig. 12-1 changes
at a rate of 1 A/s. Further, suppose the sec-
ondary wvoltage in Fig. 12-1 is 3 V. Then the
transformer has 3 H of mutual inductance.
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Symbéls

The symbol-for a transformer is basically two
coils with their axes parallel to each other. As
illustrated in Fig. 12-2, the basic symbol can be
modified in many ways. These modifications
are needed to more fully describe the various
types of transformers. :

The dashed lines in Flg 12-2(c) represent
the metal enclosure that houses the windings
(coils). When this enclosure is made of alu-
minum or copper or other nonmagnetic materi-
als, it is intended as a shield against electric
fields rather than magnetic fields.

The symbols shown in Fig. 12-2 are not the
only ones you may see for transformers. For
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example. iron—core tansformers sometimes have
shields. Thus, to indicate an iron-core trans-
former. the symbol of Fig. 12-2(c) would show
Iines indicating the iron core. Not all tapped sec-
ondanies are center-tapped: An off-center-tapped
winding is represented by having more tarms in-—
dicated on one side of the tap than on the other.

Primary and Secondary
Windings
A transformer is a device that transfers electric
energy (or power) from a prnmary winding to a
secondary winding. Except for the autotrans-
former, there is no electric connection between
the primmary winding and the secondary winding.
The primary converts the electric energy into
magnetic energy. @I'he secondary converts the
magnetic energy back into electric energy. The
primary and the secondary winding are said to
be elecurically isolated from each other but mag-
netically connected or coupled 1o one another.
A ransformer receives power from a power
source, such as the 23-kV ourpus of a power
company generator or the I120-V outlet in your
home. The transformer winding designed to
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Fig. 12-1 Transformer action. The primary coil is
linked to the secondary coil by magnetic
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: Fig. 12-2 Transformer symbols.




Transformers

receive power from the source is called the
Primary winding. =

A Joad (Fig. 12-3) takes power from the sec-
ondary winding of a transformer. Therefore., the
sccondary winding becomes the power source
for the load.

The secondary voltage need not be the same
as the primary wvoltage. For example, the pri-
mary of the transformer in Fig. 12-3 is con-
nected to a 120-V supply., and the secondary
delivers 20 V to the load.

TransfTornmers are two-way devices. The
windimg that the manufacturer calls the sec-
ondary can be used as a primary. Of coarse, a
primary power source of the correct voltage
must be used. The winding designated as the
primary then serves as a secondary. Of course,
it provides power at the wvoltage for which it
was originally designed. For example, the
transformer in Fig. 12-3 can be used to prowvide
a 120-V secondary source from a 20-V prirmmarwv
source, as shown n Fig. 12-4. As you can sec,’
Iabeling one coil “primary”™ and another “‘sec-
ondary™ is somewhat arbitrary. It is based on
the intended use of the transformer, that is, the
intended priimary power source.
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Coefficient of Coupling

The portion of the flux that links one coil to the
other coil 1s referred to as the coefficient of cou-
pling. The coefficient of coupling can range
from U to 1. When all the flux is coupled, the
coefficient of coupling is 1. Sometimes the
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PRmaly srimary < || { secondary
source

Fig. 12-3 Primary-secondary terminology. The primary
winding receives power from @ power source.

20-V 1 120-V
EU,'V “primary” 2 “ "secondary” {enh
ey (original (original
source secondary) primary)

Fig. 12-4 Reversing the primary-secondary function.
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Coupling in transformers with laminated-iron
cores is very close to 100 percent. This is because
all the flux is concentrated in the high-permeabil-
ity core on which the coils are wound. The iron
core provides a complete low-reluctance path for

the flux loops. Therefore, essentially none of the
flux leaks into the surrounding ay.
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On the other hand, air-core transformers can
have very low coefficients of coupling. The
paths through the air surrounding the inductors
offer no more reluctance than the path through
the cores. Therefore, much of the flux from one
coil never links up with the other coil. This flux
is called leakage flux. It just “leaks” off into sur-
rounding air paths. The amount of coupling
in an air-core transformer can be controlled by
the spacing between the coils. The farther apart
the coils are, the more flux leakage occurs
and the lower the percentage of coupling. The
percentage of coupling can also be controlled
by the axis orientation of the coils. When the
axes of the coils are perpendicular to each other,
the coefficient of coupling is close to zero.
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Answer the following questions.

. What is a transformer?

The two coils of a transformer are called
the and the
What is the mutual inductance if a current
change of 2 A/s in one coil induces 4 V in
a second coil?

Draw the symbol for a shielded magnetic-
core transformer.

. What energy-conversion processes are in-

~-olved in a transformer?

. khe winding of a transformer

receives power or energy from another
source. ‘
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. The winding of a transformer

provides power to the load.

. Can the winding that the manufacturer of

a transformer calls the secondary be used

~n & nrimarv?

—— =

. Define “coefficient of coupling.”

Can the coefficient of coupling ever
exceed 1?

Which have the lower coefficient of cou-
pling, laminated-iron-core transformers
or air-core transformers?

How can the coefficient of coupling in
air-core transformers be varied?
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Changing Voltage Values

A transformer can either step up or step down a
voltage. If the primary voltage is greater than
the sccondary voltage, the transformer is step-
ping the voltage down. Thus, the transformer in
Fig. 12-3 is a step-down transformer. If the volt-
- age in'the secondary exceeds the voltage in the
primary (Fig. 12-4), the transformer is a step-up .-
transformer. Some transformers with multiple
‘secondaries have one or more step-up secon-
daries and one or more step-down secondaries.

‘Whether a secondary is a step-up or step-
- down winding is determined by the pnmary-to-
-secondary turns ratio. When the primary tums
exceed the secondary tumns and the coupling is
100 percent, the transformer steps down the
voltage. In fact, with 100 percent coupling; the
turns ratio and the voltage ratio are equal.
Mathematically we can write
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Voii _ Npn
Ve, W

In this formula, N is the abbreviation for the
number of turns. This formula can be re-
arranged to show that

b i) o
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In this new arrangement, the relationship
between voltage and tumns is very informative.
It shows that the furns-per-volt ratio is'the same
for both the primary and the secondary.
Furthermore, the turns-per-volt ratios of all
secondary windings in a multiple-secondary
transformer are equal. Thus, once you deter-
mine the turns-per-volt ratio of any winding,
you know the ratios of all other windings.
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Referring to Fig. 12-5 will help you under-
stand why all windings have the same turns-
per-volt ratio. Remember that the cemf of a coil
is always equal to the ac voltage applied to the
coil. Therefore, the cemf in the primary in-
Fig. 12-5 must be 1,V. Thus 1 V of cemf is created
by the flux in the circuit. The flux, therefore,
must induce 0.25 V in each tumn of the primary.
Notice that all the flux that produced cemf in
the primary turns also goes through every sec-
ondary. Therefore, each turn in the secondary
windings has 0.25 V induced in it. If it requires
four turns in the primary for each volt, then four
turns in a secondary will also develop 1'V.
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Secondary 1:
Flux 1 turn
" (—— ~ ] 025V
| (——— o] e
12 4'HJ a
| P O A
Bl - e
g =i et
Primary: | \_—__.____ /| Secondary2:
4 turns 2 turns
1V 05V

.Flg 12 5 Turns per volt. The s -per-volt ratio is
‘the same in all windings.
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" The tumns-per-volt ratio used for the windings
of a laminated-iron- -core trdnsformer varies with
the. size of the transformer. Small lransfonners
(less than 10-W rating) may have sgven or mnht |
turns per volt. Larger transformers (more than
500-W) may have less than one turn per volt.

~ The concept of tums per volt is useful in mod-
ifying the secondary Voltage of a transformer.
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E)(AMPLE *152-1 'f

. &
u f *

A transformer is t¢ be rewound to provide a
voltage of ‘14 V. The:transformer:s present -
~<secondary s rated at 6.3 V-and contains 20
tuns. How many turns will be requzred for

"~ thie new H \Y umdmo’ ' '

- Given: - . Present secnndary wlnd:nu_
e " delivers 6.3 V with 20 turns

Find: Number of tums necessary 10
provide 14V
g N
K : : PI"I- - MU
e < vpri Viec
Soluti e 2 o 35
olution: =— = 3,175 wms
Vs %95
per volt

The transformer has a 3.175
turns-per-volt ratio. Since a
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14-V secondary is required
N (new secondary)
= 3.175 tumns per volt X
- _
= 44.5 tumns or 45 tums

Answer: A 14-V winding needs
45 turns.
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LEXAMPLE ) 2-8%7
BRice - Grtes RN

The designer of a transformer has calculated
that the 120-V primary will have 2.6 turns
per volt. How many turns will be required
for a 400-V secondary?

Given: Turns per volt = 2.6
Vo = 120V
Viee = 400V
Find: Noe
N i Af“:t'
Known: - = ==
vpri see
' Npri
Solution:  —— = 2.6 turns per volt
vpri
Nee = 400V X 2.6 turns per
volt
= [040 turns

Answer:  The 400-V secondary will
need 1040 turns.
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Notice in example 12-2 that we did not need
to calculate the number of turns in the primary.
Also, we did not need to know the voltage of
the primary. All we needed to know was the
turns-per-volt ratio. | *

One of the chief uses of transformers is to
change voltages from one value to another. An ex-
ample will show why it is so necessary to be able
to transform voltage levels. It is usually necessary
to transmit electric power from the power plant
where it is produced to the location where it is
used. Often the distance between these two [oints
is many hundreds of miles. Obviously, it is desir-
able to use as small a conductor as possible in the.
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power lines between the two points. The, size of
the conductor needed is directly dependent on the
amount of current it must carry. So we need to |

keep the current as low as possible. Assuming a
100 percent power factor, power equals current
times voltage (P = V). Thus, the lower the cur-
rent, the higher the voltage must be for a given
amount of power. However, the generators at the
power plant and the loads at the point of use have
2 limited operating voltage. The solution to this
problem is illustrated in Fig. 12-6. If the 10 MW
from the generator were directly connected to the
Joads, the transmission lines would have to carry
500 A. With a step-up transformer at the power
plant and a step-down transformer at a substation
near the load, the power lines carry oy 25 A.
(This illustration assumes that thé power or factor is
1 and that the transformer uses no power.)
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Figure 12-6 also illustrates another trans-
former relationship. When the voltage of a trans-
former is stepped up, the current is stepped down,
and vice versa. The exact current ratio depends
upon the power factor, the power consumed by
the transformer, and the voltage ratio. For
the ideal transformer (one with no losses), the
primary power is-approximately equal to the sec-
ondary power when the transformer has a full re-
sistance load. Stating this as a formula, we have

Ppriﬁpﬁeu
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This leads to the formula for the current
relationship:

Ves _ he
Viee  Ioni
" This points out that the current varies inversely
to the voltage. In other words, a step-up voltage
transformer is, in effect, a step-down current

transformer.
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Step-up transformer Step-down distribution
at power plant . t_r_ansl?rm_gr ate sy_bg}gt_i?_n_
| l : 1=
L 1 T 1 =
[ | | I
II | 1 l
20 kV | 400 kV || b 400 kv 13 kV { _ To loads and
500 A I 25A | [P 770A |  other step-down
(10 MW) : (10 MW) I* : (10 MW) | transformers
| : l
ez | Long-distance ll I
1 | transmission lines | Lt
o e Jd e e J

Fig. 12-6 Advantage of high-voltage power lines. The higher the voltage, the lower the current for & given
amount of power.
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Answer the following questions.

13. True or false. With a step-down trans-
former, the secondary voltage is higher
than the primary voltage.

14. True or false. The turns ratio equals the
voltage ratio in a transformer with 100
percent coupling. :

15. True or false. With 100 percent coupling,
the turns-per-volt ratio of the primary
must be less than the turns-per-volt ratio
of the secondary.

16. True or false. The turns-per-volt ratio
of the primary is usually higher for a

“2-kW transformer than for a 50-W

transformer.
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17. How many turns will be required for a
40-V secondary if the primary of a trans-
former has five turns per volt and is
designed to operate from a 12-V, 60-Hz
source?

18. What is one of the most common uses of
a transformer?

19. Why do power Systems transmit power at
as high a voltage as possible?

20. When a transformer steps down voltage,
does it step up or step down in current?
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12-2 Efficiency of
Transformers

The iron core and the copper coils of a trans-
former both convert some electric energy into
heat energy. This, of course, is why a trans-
former heats up when in operation. The pur-
pose of a transformer 1s not to provide heat but
to transfer energy from the primary to the sec-
ondary. Therefore, any heat produced by the
transformer represents inefficiency.

Since energy is equal to power times time,
the efficiency of transformers is calculated in
terms of power. The efficiency of a transformer
(expressed as a percentage) is calculated by the
following formula:

Pgec
Percent efficiency = P X 100

pn
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What is the efficiency of a transformer that
requires 1880 W of pnmary power to pro-
vide 1730 W of secondary power?

Given: P,, = 1880 W

Po.= 1730 W
Find: Efficiency
=5 P‘QEC i
Known: [T} eff. = . X 100

L
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Solution:  |%]} eff. =

Answer:  The transformer is 92 percent
efficient.
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In example 12-3, the 150-W difference
between received power and delivered power
is lost in the transformer. As indicated in
Fig. 12-7, the power consumed by the trans-
former is referred to as a power loss. The power
loss in a transformer 1s caused by

1. Hysteresis loss
2. Eddy current loss
3. Copper (I°R) loss
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The first two of these losses occur 1n the trans-
former core material. The last occurs in the
windings. All three convert electric energy to
heat energy.

Hysteresis Loss

Hysteresis loss is caused by residual magne-
tism, that is, by the magnetism that remains in a
material after the magnetizing force has been
removed. The core of a transformer has to
reverse its magnetic polarity every time the
primary current reverses direction. Every time
the magnetic polarity is reversed, the residual
magnetism of the previous polarity has to
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Primary * Transformer Load
power source -
1880 W 150 W 1730 W
provided power loss consumed

Fig. 12-7 Transformer efficiency. Power loss occurs because the transformer
converts some electric energy into heat energy.
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be overcome. This produces heat. It requires
energy from the primary to produce this heat.
Hysteresis loss, then, refers to the energy re-
quired to reduce the residual magnetism to
zero. This loss occurs once every half-cycle just
before the core is remagnetized in the opposite
direction.

The hysteresis loop in Fig. 12-8 graphically
illustrates hysteresis loss. The narrower the
hysteresis loop, the lower the hysteresis loss.
Therefore, the core material for transformers,
and other magnetic devices that operate on al-
ternating current, should have a narrow hys-
teresis loop. Laminated-iron cores are made
from silicon steel. Silicon steel is an alloy that
has a narrow hysteresis loop and still has hizh
permeability.
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Hysteresis loss increases with an increase in
the frequency of the primary current. This is
one of the reasons that laminated-iron-core
transfGTmers are not used above the audio-
frequency range.
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+8

g

Fig. 12-8 Hysteresis loop. Magnetic energy is
converted to heat energy in the shaded
regions of the loop.
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Eddy Current Loss

The changing magnetic flux in the core of a
transformern:dices voltage into any conductors
which surround i™esgce the core is itself a con-
ductor, the changing magnetic flux induces a
voltage in the core as well as in-the coil conduc-
tors. The voltage induced in the core causes
current to circulate in the core. This current is
called eddy current. The eddy current flowing
through the resistance of the core produces heat.
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The amount of heat due to eddy current is
dependent on the values of both the eddy
current and the induced voltage (P = IV),
There is nothing we can do to reduce the value
of the induced voltage. Therefore, we must re-
duce eddy current loss by reducing the value of
the eddy current produced by the induced volt-
age. This can be done by increasing the resis-
tance of the path through which the eddy
current must flow. (Remember, I = V/R.) The
resistance of the core, in the plane in which
eddy current flows, is increased by laminating
the core. Each lamination of the core is insu
lated with a thin layer of oxide [Fig. 12-9(a)].




Transformers

The oxide has a much higher resistance than the
rest of the silicon-steel lamination. Notice in
Fig. 12-9(a) that the eddy current would have to
flow through the oxide layers in order to circu-
late through the core. The equivalent circuit
(Fig. 12-9(b)] for the core shows that the high
resistance of the oxide on each lamination ef-
fectively reduces the flow of eddy current. Thus
laminating the core reduces the eddy current
and its associated heat loss. .
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The thinner the laminations,.the more series
resistance the core contains and the lower the
eddy current will be. However, making the
laminations thinner also increases the total
amount of oxide in the core. The oxide has a
lower permeability than the silicon steel does.
Therefore, a core with thin laminations cannot
carry as high a flux density as one with thicker
laminations. Flux density, of course, controls
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‘. "‘;;_':‘_ mm
SO each surface
o of the
——— laminations

Resistance of laminate
: :

-
——

(b) Equivalent resistance of -
core cross section

Fig. 12-8 Reducing eddy current loss.
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the amount of magnetic energy a given size of
core can handle. This in turn controls the amount
of power the transformer can handle. The trans-
forme. designer has to consider all these factors,
and others, as the core is being designed.

Copper Loss

Copper loss refers to the power dissipated in
the windings of a transformer. Since this loss .
can be calculated by P = I°R, it is called the
I?R loss. The R in the formula is the ohmic, or
dc, resistance of the turns in the winding.
~ Obviously, copper loss is minimized by us-
ing as large a conductor as possible in the wind-
ings. However, conductor size is limited by the
area of the windows (openings) in the core into
which the winding must fit.
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Determ:ne the power loss in a transformer
that provides 480 W of secondary power at
an efficiency of 87 percent.

Given:

P..=480W
(%) eff. = 81
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Find: Pioss
Known: P = 1 pri Piec

sec

P
(%) eff. = > X 100

pn
rearranging:
P,:= fie ¢ 100
P (%) eff
Solution: Pyy = = X 100
_ 87
= 551.TW
Pioss = 551 TW — 480 W
=T71.7W

Answer:  The poweY loss in the trans-
former is 71.7 watts.
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Load and Efficiency

Maximum efficiency is obtained from a trans-
former when it is fully loaded. For small
transformers (less than 10 W), maximum effi-
ciency may be less than 70 percent. With
transformers larger than 1000 W, it is more
than 95 percent.

As the lcad is decreased, the efficiency of the
transformer also decreases. This is because cur-
rent flow in a transformer primary does not de-
crease in direct proportion to decreases in the
 load. The primary current still causes substan-
tial core losses and copper losses even when the

secondary is lightly Joaded.

Data showing the changes in efficiency with
changes in load are tabulated in Fig. 12-10.
These data come from tests conducted on a
transformer rated at 75 W.
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Primary Secondary Efficlency
power (W) power (W) %
7 3.8 54.3
11 7.3 66.4
18 12.8 711
53 45.5 85.8
71 62.0 87.3

Fig. 12-10 Efficiency versus load. The transformer
is most efficient when aperating at its

rated power.




CAR)

Answer the following questions.

6.
=

23

i) .
. I"R loss occurs in the

What causes the inefficiency in a trans-
former?

Determine the efficiency of a transformer
that requires 180 W to deliver 150 W.
How much power does a transformer
require from its source if it is 93 percent
efficient and delivers 750 W?

List the two causes of power loss in the
core of a transformer.

of a
transformer.

. Hysteresis loss is caused by
. How often must residual magnetism be

overcome 1n the core of a transformer?

3l

32
33,

34.

35.

36.

Transformers

. What is a hysteresis loop?

What are core laiminations made of ?
Why?

Is a narrow or a wide hysteresis loop
desirable for the core of a transformer?
What is the rclationship between hystere-
sis loss and frequency?

How are eddy current losses reduced?
For minimun: eddy current loss, should
core laminations be thick or thin?

What is /2R loss? How can it be mini-
mized?

Which has higher efficiency, a large trans-
former or a small transformer?

When does a transformer have maximum
efficiency?
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12-3 Loaded and Unloaded
Transformers

It has been shown that a fully loaded trans-
former has higher efficiency than an unloaded
transformer. Many other differences are also
associated with the amount of load on a trans-
former. These will become apparent in the dis-
cussion that follows.

An unloaded transformer acts like a simple
inductor. It is a highly inductive load on the pri-
mary power source to which it i$ connected. The
current in the primary winding is nearly 90° out
of phase with the voltage [Fig. 12-11(a)]. Only
the copper and core losses keep the current from
being a full 90° out of phase with the voltage.
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The current in the primary of an unloaded trans-
former is called the energizing current. It is the
current needed to set up the flux in the core. The
energizing current can be rather high and still not
use much power. This happens because the cur-
rent and voltage are so far out of phase. The
amount of energizing current is determined pri-
marily by the indictive reactance of the primary
winding.

When a load is connected to the secondary
of a transformer, both the primary current and
the angle 6 change. As indicated in Fig. 12-11(b)
and (c), the amount of change depends upon
how heavily the transformer is loaded. For
this discussicn, the load on the secondary is
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assurned to be resistive. Therefore, the trans-
former is furnishing power to the load.

Figure 12-12 presents experimental data col-
lected by testing a 75-VA transformer. Look at
the columns showing values of the secondary
power and the angle 6. From them you can see
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¥

> Vs

(@) Unloaced transformer

ﬂ'} > Vo

Ton

(b) Parially loaded transformer

> Vo
N
I

pri

{c) Fully loaded transformer

Fig. 12-11 Primary current and voltage phase
relationshiips. When fully loaded, a
transformer appears to be close to a
resistive load.
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Measured values Calculated values
Vi Pos Pre Apparent Py Cos 0 0
{volts) (amperes) (watts) (watts) (voltamperes) (degrees)
120 0.125 3 0 15 0.20 78
120 0.135 7 38 16.2 0.432 64
120 0.15 11 73 18 0.611 52
120 0.19 18 - 12.8 22.8 0.789 38
120 0.46 53 45.5 55.2 0.960 16
120 0.60 71 62 72 0.986 9.6

Fig. 12-12 Primary current and angle theta (6] versus load.
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that the transformer appears less inductive, and
more resistive, as the load increases.

The last row of numbers in Fig. 12-12 indi-
cates that the transformer 1s almost purely re-
sistive at 72 VA. The apparent power and the
true power of the primary are nearly equal;
the cos 8 (power factor) approaches 1. Thus, the
primary is providing the power for the load
connected to the secondary. In other words, the
load on the secondary is reflected back to the
primary. The primary, in turn, draws the re-

quired power from the primary power source.
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The secondary load is reflected back to the
primary by the interaction of the primary and
secondary magnetizing forces. Until now we
have not mentioned a secondary magnetizing
force. But, as soon as the secondary is loaded,
current starts to flow in the secondary coil.
This current in the secondary coil creates a
magnetizing force that tries to produce a flux
in the core material. The polarity of the mag-
netizing force of the secondary always op-
poses the magnetizing force of the primary
(Fig. 12-13). Obviously, the core cannot have
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~ (b) Other hat-cycle

Fig. 12-13 Primary and secondary magnetizing
forces oppose each other. However,
notice that the primary f%me dominates.

S A
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flux flowing in opposite direvucvii gt e
same time. Either the primary or the sec-
ondary magnetizing force must dominate,
The primary magnetizing force always domi-
nates. It must dominate because the flux
created by the primary is what produces the
secondary voltage and current. Whenever
the secondary magnetizing force increases,
the primary current increases to provide a
greater primary magnetizing force. This is
why the primary current increases whenever
the secondary load current increases. Any pri-
mary current caused by a resistive load on
the secondary is an in-phase (resistive) cur-
rent (Fig. 12-14). The total primary current
(Fig. 12-14) is composed of this reflected re-
sistive current and the energizing current
(which is mostly inductive current). When the
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transformer is fully loaded, the resistive cur-

rent (caused by the secondary load) dominates.
.Thus, the fully loaded transformer appears

resistive to the primary power source.
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X ”

Energizing i = I,

(a) Unloaded condition
I reflected from secondary

Ve
i > > V.,
J

Energizing I Ion
(b) Loaded condition

Fig. 12-14 Reflected load current.
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39, The primary current is mostly resistive
Answer the following questions. when the transformer secondary is

AR-TRh M e EO the ff.:sllowmg e 40. True or false. The resistive load on the
tors when a transformer’s load is changed

< secondary of a transformer, is reflected
from no load to a full resistive load: Sl .
, back to the primary as an in-phase
a. Angle 0 i . _
current.

41. True or false. The magnetizing force of

the secondary current opposes the

magnetizing force of the primary current.

b. Cosine 6 (power factor)
¢. Type of load the transformer presents
to the primary source
38. The primary current drawn by an unloaded
transformer is called the
current.
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12-4 Transformer Cores

Transformers can be broadly grouped by the
type of core material they use. Like inductors,
transformers can have either magnetic cores or
air cores.

Iron-core transformers look like iron-core
inductors. They use the same type of I and E
laminations in their cores. However, the stack-
ing of the I and E laminations in transformer
cores is different from that in inductors.

E%%ELAE - ... that with inductors, all the

I laminations are stacked to-
gether and all the E laminations
are stacked together.

“7“"‘7—.
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This leaves a small continuous air gap where
the I and E stacks butt together. This small air
gap 1n the inductor core aids in keeping the in-
ductance more constant for different amounts
of current. (Sometimes this air gap is increased
by putting one or more layers of paper between
the I and E joint.)
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With transformers, the I and E laminations
are rotated 180° every few layers (Fig. 12-15).
This procedure breaks up the joint between the
I and E laminations so that there is no continu-
ous air gap. Thus flux leakage from the core is
reduced to a minimum.

Laminated-iron-core transformers are used
only at power and audio frequencies (frequen-
cies up to 20 kHz). At frequencies above the au-
dio range, their core losses become excessive.




Transformers

Powdered iron and ferrite are also used as
core material for magnetic-core transformers.
When used in the audio range, the cores form a
continuous path for the flux. Toroidal cores are
often used at the hgher audio frequencies.
When used in the radio-frequency range, the
core is often just a slug. Notice in Fig. 12-16
that the coils are physically separated from each
other. When greater coupling 1s desired, the
spacing between the coils 1s reduced. Fre-
quently, one coil is wound on tap of the other to
obtain maximum coupling.

Air-core transformers are used exclusively
at high (radio) frequencies. Often they are
made from wire that is heavy enough to allow
the individual coils to be self-supporting. Some
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et

I laminations
E laminations

I laminations

Fg. 12-15 Stacking of | and E laminations.
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Fig. 12-16 Radio-frequency transformer.

air-core transformers are made so that the coef-
ficient of c~~Ying is variable. This requires an
arrangement tha. .. - - “ther the distance be-
tween the coils or the orientation of their axes.
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12-8 Types of Trapsformers

Electric and electronic parts catalogs list many
different classifications of transformers. Usually
these catalogs classify a transformer according
to the application for which it was designed.
Some of the more common types and their
applicaticne 2re disrnssed below.
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Power transformers are designed to operate
at power-line frequencies-and voltages (usually
60 Hz and from 115 to several thousand volts).
The larger transformers are for power distri-
bution and lighting. Smaller transformers are
used for rectifier or control circuits in elec-
tronic systems. Rectifier transformers are used
for providing low-voltage alternating current
for rectification into direct current. These
transformers are also used for providing low-_
voltage alternating current for control circuits
(relays, solenoids, etc.). Therefore, they are
also called control transformers. 4
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Transformers designed to operate at fre-
quencies up to 20 kHz are often referred to as
audio transformers. They are further catego-
rized as inpu, output, and fnrerﬁfage transform-
ers. (These terms refer to audio amplifiers.)
They are transformers to (1) receive the input to
the amplifier, (2) deliver the output from the
amplifier, or (3) process the audio signal in the
amplifier. 4

Radio-frequency transformers perform func-
tions similar to those of audio transformers, but
at radio frequencies rather than audio frequen-
cies. Radio-frequency transformers may be
either air-core or magnetic-core. They are often
enclosed in a metal container (Fig. 12-16)
which shields against electric fields. These
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transformers are used in such devices as radio
and television receivers and transmitters.

Some electrical and electronic equipment
(such as data processing equipment and com-
puters) Is very sensitive to voltage changes.
Such equipment is ofien powered by constant-
voltage transformers because regular power-
line- voltage may vary too much. A constant-
voltage transformer pro .ides a stable secondary
voltage even when the primary voltage is very
unstable. Typically the primary voltage can vary
from 95 to 130 V without causing more than
1 percent vanation in the secondary voltage.




12-5 Types of Trapsformers Tran sformel’s

Isolation transformers have equal primary and
secondary voltages. Their purpose is to electri-
cally 1solate a piece of electrical equipment from
the power distribution system. An important
use of isolation transformers is illustrated in Fig.
12-17. Many electronic devices have compo-
nents mounted on a metal chassis. If any of the
components or the associated wiring accidentally
short to the chassis, the chassis develops a volt-
age with respect to ground. Depending upon
where the short occurs, this voltage can be as’
high as the line voltage powering the device.
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Technicians servicing this equipment can acci-
dentally touch the chassis while power is being
supphed to the equipment. If they do, they com-
plete a circuit and receive a shock [Fig. 12-17(a}).
‘The shock can be fatal when the resistance
through ground is low. Inserting an isolation
transformer [Fig. 12-17(b)] breaks the circuit that
includes the technician. Current can no longer
flow from the ungrounded side of the power
source through the chassis and the technician to
ground. Yet the circuit coniaining R;, R, and L,
receives normal voltage, current, and power.
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An autoiransformer is somewhat different
from the other transformers we have studied.
Its primary is part of its secondary, and vice
versa. With a step-up autotransformer [Fig.
12-18(a)], the secondary consists of the primary
plus some additional tumms. These additional
turns are wound so that their induced voltage is
series-aiding the eemf of the primary. A
step-down autotransformer is shown in Fig.
12-18(b). Here the secondary is just a fraction of
the primary. The cemf of that fraction of the
primary provides the secondary voltage.

In most ways an autotransformer behaves
like any other transformer. That is, a load on the
secondary increases the primary current. Also,
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12-10 Three-Phase
= Transformers

H%%xft . ... that three-phase circuits were
dJscussed in an earlier chapter.

The ideas developed in that
chapter are essential in understanding three-
phase transformers. Therefore, you should review
that chapter section before reading this section,

M
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1YOU MAY
RECALL

. ... that three-phase circuits were
discussed in an earlier chapter.
The ideas developed in that

chapter are essential in understanding three-

phase transformers. Therefore, you should review -
that chapter section before reading this section.

_-—_—.———-———-—l—l——-—-%—.
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Three-phase voltages can be transformed
either by a single three-phase transformer or
by three single-phase transformers. The end
results are the same: all three of thc phase
voltages are changed. -

The structure of a three-phase transformer is
illustrated in Fig. 12-26. The flux in the phase 1
leg is equal to the phase 2 flux plus the phase 3
flux. Phase 2 flux equals phase 3 flux plus
phase 1 flux, etc. This 1s because the flux, like
the current, of each phase is displaced by 120°.
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Primary _ Primary Primary
phase 1 ' phase 2 phase 3
\ \
\ §
104 so—t\:\ 9 \:\
20— 6 O— 1 10 O~
304 3 7023 ' rﬁ ‘
4 O—t 8 O— 120—

/ / s
Secondary Secondary Secondary
phase 1 phase 2 phase 3

Fig. 12-26 Three-phase transformer. One phase is wound on each.leg of
the transformer.
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o Instant C
1 B Phase 1
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| Y é Phase 2
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2 ¥ Phase 1
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4 | I § / Phase 2
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o et .
Phase 3
(d) Time ;

Fig. 12-27 Core flux in a three-phase transformer core.
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Figure 12-27 graphically presents the idea of
how the flux splits up in a three-phase trans-
former core. In this figure, the flux of each
phase is assumed fo be in step with the current
in the phase. (This assumption implies that the
core has no hysteresis loss.) At instant A [Fig.
12-27(a)), the phase 1 current is zero. There-
fore, the phase 1 flux is also zero. At the same
instant, the currents in phase 2 and phase 3 are




i e Transformers

of opposite polarties. This causes their flux to
join together in legs 2 and 3. In Fig. 12-27(b)
(at instant B), currénts in phases | and 3 are
both positive. This produces flux in the direc-
tion shown-in both the phase 1 leg and the
phase 3 leg of the core. At this:same instant {in-
stant B), phase 2 current is negative and of
twice the value of either phase 1 current or-
phase 3 current. Thus, the phase 2 leg of the
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Primary

(@) Detia-delta (A - A)

Primary Secondary

A

(b) DeMta-wye (A - Y)
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o | ” Sectondary

(c) Wye-wye (Y -Y)

(d) Wye-defta (Y - A)
Fig. 12-28 Delts and wye connections.
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core has twice as much flux as either phase 1 or
phase 3. Also, the direction of the flux in phase
2 1s opposite to that of the flux in the other two
phases. Close inspection of Fig. 12-27(c) and
(d) shows how the flux continues to shift
around in the core. '

The primary and secondary windings of a
three-phase transformer may be either wye-
connected ok delta-connected. The secondary
does not have to have the same configuration
(wye or delta) as the primary. Figure 12-28
shows four possible ways to connect a three-
phase transformer. The dots on one end of each
winding indicate the beginning of each wind-
ing. Refer back to Fig. 12-26. Notice that all
windings are wound in the same direction
(counterclockwise) when you start at the dotted
end of ine winding. Identifying the start of the
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windings is necessary before they can be
properly phased.

The diagrams in Fig. 12-28 show one way of
connecting the windings to obtain correct phas-
ing. With a wye connection, correct phasing
can also be obtained by connecting all the dot-
ted ends to the star point. In the delta connec-
tion all three windings can be reversed; just be
sure that two dotted ends are not connected to-
gether. On transformers, the dotted (start) end
of a winding is identified by the manufacturer.
The identification may be made in several
ways. Some manufacturers use a colored strip
to indicate the start lead. Others use a number
on a diagram mounted con the transformer.

Incorrect phasing of the primary, in either
the wye or the delta configuration, causes
excessively high primary current. If not:
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protecic  against overload, the incorrectly
~pnased primary can be destroyed by the excess
current.

Improper phasing of a delta-connected
secondary also causes excessive, destructive
current.”A~quick check for correct phasing
of a delta-connected secondary is shown in
Fig. 12-29. If the voltmeter indicates 0 V, the
windings are properly phased. The ends of the
windings to which the meter is connected-
can be connected together to complete the delta.
If the meter indicates a high voltage (twice the
phase voltage), incorrect phasing exists. Re
verse the Iéad connections on one winding at a
time until the meter indicates 0 V. With some
wye-delta-connected transformers, the meter in
Fig. 12-29 may pot indicate 0V, when properly

“phased: In these cases the meter will indicate
the lowest reading when the phase is correct.

A wye-connected secondary provides equal

+ line voltages when correctly phased. If the line -
- voltages are unequal, révérse one winding at a
time until the line voltages are balanced.
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9 anary Secondary
; Fg 12 29 Checking delta phasing. When properly

1'; phased, the meter will inuicaie O V.
|

. that_the relationships be-
tween phase and line voltages
and phase and line currents

were explained in an earlier chapter. These re- -
‘ - lationships apply to three-phase ..ansformers as
~ well as to three-phase generators.

4“"' ’
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Chapter 12 Summary and Review

. Transformers operate on the principle of mutual

inductance. |

Mutual inductance is measured in henrys.
Magnetic flux links, or couples, the two coils of a
transformer.

Primaries receive power. Secondaries deliver
power.

Primaries and secondaries, except on autotransform-
ers, are electrically isolated.

Primaries and secondaries are reversible.

The coefficient of coupling specifies what portion
of the pnmary flux links with the secondary.

The coefficient of coupling ranges from 0 to 1. It is
greatest (almost 1) with iron-core transformers.
Flux leakage refers to primary flux that does not
couple to the secondary.

Tumns ratio and voltage rati» are the same when the
coupling is 100 percent.
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11.

12.

13.

14

15.

16.

i1,
18.

19.
20.

Chapter 12 Summary and Review

The turns-per-volt raiio is the same in all windings
of a transforier.

One of the major uses of transformers is to step up
and step down voltages in a power transmission and
distribution system.

When voltage is stepped up, current is stepped
down. .

When voltage is stepped down, current 1s stepped
up. |
Transformer losses occur in both the core and the
coils.

Transformer loss consists of hysteresis, eddy
current, and copper loss.

Copper loss is cailed I°R loss.

Core loss consists of hysteresis and eddy current

loss.
Hysteresis loss results from residual magnetism.
Hysteresis loss increases with increased frequency.
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21. A narrow hysteresis loop means less hysteresis lost.
. Eddy currents are currents induced in the core by
primary flux.

2
2

23. Eddy currents are reduced by using laminations and
oxidizing or coating the surface of the lamination
with an insulating material.

24. An unloaded transformer behaves just like an induc-
tor. The energizing current and supply voltage are
nearly 90° out of phase. The input power is
dissipated in the form of copper and core losses.

25. Energizing current is the current drawn by the
primary when the transformer is unloaded. Its mag-
nitude is controlled by the reactance of the primary.

26. A fully Joaded transformer appears to be almost
entirely resistive to the source.

27. Power factor (cos ) approaches a value of 1 with a

- full resistive load on the transformer.

28. As secondary current increases, so does primary
current.

29. Laminated-core transformers are used at power and
audio frequencies.

30. Powdered iron and ferrite cores are used in the
audio-frequency and lower radio-frequency ranges.
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41.

T 42.
. Thres siagie-phase transformers can be used to trans-
. Three-phase transformer windings can be connected l

. The primary and secondary of a three-phase

Chapter 12 Summary and Review

.....

Connecting windings in series either increases or de- : \\\ \l
creases the available voltage but does not increase

the current rating. %
Parallel windings must be properly phased and have |
identical voltages.

r-;.'-

form threz-phase voltages.

in eitlier deita or wye configurations.

transformer need not be connected in the same
configuration.
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31. Air-core transformers are used only in the radio-
frequency range. Their coupling can be controlled
by the spacing and axis orientation of their coils.

32. Constant voltage transformers provide a stable
secondary voltage.

33. Isolation transformers have equal primary and
secondary voltages. .

34. Isolation transformers help protect the service
technician from receiving a shock through the
chassis of electrical equipment.

35. Autotransformers use a common f;rimary'-
secondary winding. They are often used as variable
transformers at power frequencies. _

36. Matched impedances provide maximum power

~transfer and 50 percent efficiency.

37. Transformers may have voltage, current, power, and

voltampere ratings. »
38. Transformer power ratings apply to resistive loads
only.

39. Power and voltampere ratings refer to the total of all
secondaries. _ :

40. Connecting windings in parallel increases the avail-
able current but does not change the voltage rating.




