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The Complete Laboratory Manual for Electricity, Third Edition, contains hands-on exper-
iments that range from basic electricity through motor control circuits. The components
used in the experiments in this manual are readily obtainable from a variety of sources
and vendors. The manual assumes that the laboratory has access to 120 volts AC and 208
volts three-phase. Although the manual is written with the assumption of a 208 volt
power source, most of the experiments can be performed with a 240 volt power supply. A
material list is provided that lists the components necessary to perform all laboratory
exercises. A suggested list of vendors is given in the Material List section.

Each unit begins with an explanation of the circuit to be connected in the laboratory.
Examples of the calculations necessary to complete the exercise are given in an easy-to-
follow, step-by-step procedure. If the power source is 240 volts instead of 208 volts, the
student should simply substitute a value of 240 for 208 when doing calculations during
the experiment. Students are expected to calculate electrical values and then connect a
circuit to make measurements of electrical values.

The Complete Laboratory Manual for Electricity, Third Edition, provides the student with
hands-on experience in constructing a multitude of circuits such as series, parallel, com-
bination, RL series and parallel, RC series and parallel, and RLC series and parallel.
Section 2 of this manual provides instruction on the basic types of switches that electricians
must install whether working in a residential, commercial, or industrial application.
Section 3 contains exercises in the basic types of alternating current loads such as resistive,
inductive, and capacitive. Section 4 provides experiments with both single-phase and three-
phase transformers.

Section 5 provides the student with hands-on experience connecting motor control circuits.
This section begins with a simple start-stop push-button circuit and progresses to control
circuit design.

The Complete Laboratory Manual for Electricity, Third Edition, is a must-have text for
any curriculum dedicated to training electricians to work in a construction or industrial
environment. Basic electricity, AC theory, transformers, and motor controls—this text
has it all.
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Material List

Quantity Description

1

S Oy DN

N T G

1
3

40-watt electric lamp

60-watt electric lamp

75-watt electric lamps

100-watt electric lamps

Normal base lamp sockets

Color-coded resistors with different values

0.5-kVA control transformers (two windings rated at 240 volts each and one
winding rated at 120 volts)

7.5-uAC capacitor with a voltage rating not less than 240 VAC
10-pAC capacitor with a voltage rating not less than 240 VAC
25-uAC capacitor with a voltage rating not less than 240 VAC
9-lead dual-voltage three-phase motor (any horsepower)
Single-pole switch

3-way switches

4-way switch

Two-conductor romex wire (number of feet is determined by individual
laboratory conditions)

Three-conductor romex wire (number of feet is determined by individual
laboratory conditions)

Octagon metal box of PVC light fixture box
Metal or PVC switch boxes

Motor Controls

Quantity Description

1
3

Control transformer to step your laboratory line voltage down to 120 VAC

Three-phase motor starter that contains at least two normally open and one
normally closed auxiliary contact

Three-phase contactors (no overload relays) containing one normally open
and one normally closed auxiliary contact

Three-phase motors 1/3 to 1/4 hp or simulated motor loads (Note: Assuming
a 208 volt, three-phase, 4-wire system, a simulated motor load can be con-
structed by connecting three lamp sockets to form a wye connection. These
lamps will have a voltage drop of 120 volts each. If a 240 volt, three-phase
system is in use, it may be necessary to connect two lamps in series for each
phase. If two lamps are connected in series for each phase, these three sets
of series lamps can then be connected wye or delta.)
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Material List

Quantity Description

1 Three-phase overload relay or three single-phase overload relays with the
overload contacts connected in series

1 Reversing starter, or two three-phase contactors that contain one normally
open and one normally closed contact, and one three-phase overload relay

Double-acting push buttons

3-way toggle switches to simulate float switches, limit switches, and so on
Electronic timers (Dayton model 6A855 recommended)

11-pin control relays (120 volt coil)

8-pin control relays (120 volt coil)

11-pin tube sockets

8-pin tube sockets

Pilot light indicators

= W W ke W W s O

Three-phase power supply (This laboratory manual assumes the use of a
208-volt, three-phase system. If an equivalent motor load is employed, the
design may have to be modified to compensate for a higher voltage.)

Suppliers

Most of the parts listed can be obtained from Grainger Industrial Supply (www.grainger.com).
The Dayton model 6A855 timer is recommended because of its availability and price. Also,
1t is a multifunction timer and can be used as both an on- and off-delay device. It will also
work as a one-shot timer and a pulse timer. Although the Dayton timer is recommended,
any 11-pin electronic timer with the same pin configuration can be used. One such timer
1s available from Magnecraft (model TDR SRXP-120; www.magnecraft.com). This timer is
also available from Mouser Electronics (www.mouser.com). Other electronic timers can be
used, but if they have different pin configurations the wiring connections shown in the text
will have to be modified to accommodate the different timer.

The 8- and 11-pin control relays and sockets can be purchased from Grainger, Mouser
Electronics, or Newark Electronics (www.newark.com). The control transformer for use
in the controls sections can be purchased from Mouser Electronics or Sola/Hevi-duty
(www.solaheviduty.com). Model E250JN is recommended because it has primary taps of
208/240/277 volts. The secondary winding is 120/24. It is also recommended that any con-
trol transformer used be fuse protected. Another control transformer that can be used is
available from Grainger. It is rated at 150 VA and has a 208 volt primary and 120 volt
secondary. The 0.5 kVA control transformers are available from Grainger or Newark
Electronics. Transformers rated at 0.5 kVA are used because they permit the circuit to be
load heavy enough to permit the use of clamp-on—type ammeters.

Stackable banana plugs are available from both Grainger and Newark Electronics. The
oil-filled capacitors listed are available from Grainger. Color-coded resistors can be
obtained from Newark Electronics or Mouser Electronics.
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Connection diagram for an 11-pin relay. Connection diagram for an 8-pin relay.

L
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120 VAC
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Connection diagram for a Dayton model 6A855 timer.
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Material List

Dayton timer model BA855. This timer
mounts in an 11-pin tube socket and can be
set to operate as a repeat timer, a one-shot
timer, an interval timer, and an on-delay timer.
The thumb-wheel switch sets the time value.
Full range times can be set for 9.99 seconds
to 999 minutes.

Three-phase contactor. This contactor con-
tains one normally open auxiliary contact and
three load contacts. The contactor differs
from the motor starter in that the contactor
does not contain an overload relay.

Control relays. These relays contain auxiliary
contacts only and are intended to be used as
part of the control circuit. They are capable of
controlling low-current loads such as solenoid
valves, pilot lights, and the like.

Eight-pin on-delay timing relay. This timer can
be used as an on-delay timer only. Time setting
is adjusted by the knob on top of the timer.
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Material List Xiii
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One single-phase and one three-phase overload Three-phase motor starter with two normally
relay. The three-phase overload relay contains open and one normally closed set of auxiliary
three heaters but only one set of normally contacts. Notice that a motor starter contains
closed auxiliary contacts. If an overload should an overload relay as part of the unit.

occur on any of the three lines, the contacts

will open.

Light sockets mounted on a metal plate. The Eight- and 11-pin tube sockets. All wiring is
sockets have been connected to form a wye done to the socket and the relay is then
connection. This can be used to simulate a plugged into the socket.

three-phase motor load.
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Xiv Material List

Pneumatic off-delay timer. A microswitch has Three push-button station. The bottom push
been added to the bottom to supply instanta- button is normally closed. The two top buttons
neous contacts for the timer. are double action. Each contains both a normally

open and normally closed set of contacts.

Eight- and 11-pin control relays contain two sets of double-acting contacts. Eleven-pin relays contain
three sets of double-acting contacts.
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Objectives

After studying this section, you should be able to:

+ Discuss basic safety rules.

* Describe the effects of electric current on the body.

The purpose of this laboratory manual is to provide students of electricity with hands-on
experience with electric circuits. Electricity is an extremely powerful force and should
never be treated in a careless manner. This manual assumes a laboratory equipped with
a 208/120 volt three-phase power system. Many of the experiments in this manual involve
the use of full line voltage (208 or 120 volts). It is extremely important that you practice
safety at all times. Please read and memorize the following safety rules.

* Never work on an energized circuit if it is possible to disconnect the power. When pos-
sible use a three-step check to make certain that the power is turned off. The three-step
check is as follows:

1. Test the meter on a known live circuit to make sure the meter is operating.
2. Test the circuit that is to be de-energized with the meter.
3. Test the meter on the known live circuit again to make certain that the meter is still
operating.
+ Install a warning tag at the point of disconnection to warn people not to restore
power to the circuit.

General Safety Rules
Think

Of all the rules concerning safety, this one is probably the most important. No amount of safe-
guarding or “idiot proofing” a piece of equipment can protect a person as well as the person’s
taking time to think before acting. Many technicians have been killed by supposedly
“dead” circuits. Do not depend on circuit breakers, fuses, or someone else to open a circuit.
Test it yourself before you touch it. If you are working on high-voltage equipment, use insu-
lated gloves and meter probes designed to be used on the voltage being tested. Your life is
your own, so think before you touch something that can take it away.

Avoid Horseplay

Jokes and horseplay have a time and place, but the time or place is not when someone is
working on an electric circuit or a piece of moving machinery. Do not be the cause of some-
one’s being injured or killed and do not let someone else be the cause of your being injured
or killed.

Do Not Work Alone

This is especially applicable when working in a hazardous location or on a live circuit. Have
someone with you to turn off the power or give artificial respiration and/or cardiopulmonary

https://engineersreferencebookspdf.com
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Safety

resuscitation (CPR). One of the effects of severe electrical shock is that it causes breathing
difficulties and can cause the heart to go into fibrillation.

Work with One Hand When Possible

The worst case of electrical shock is when the current path is from one hand to the other.
This causes the current to pass directly through the heart. A person can survive a severe
shock between the hand and one foot that would otherwise cause death if the current
path was from one hand to the other. Working with one hand can sometimes be an unsafe
practice by itself. The best procedure is to turn off the power. If it is not possible to disconnect
the power, wear insulated gloves when handling “hot” circuits. Also wear shoes that have
insulated soles and use rubber mats to cover energized conductors and components when
possible.

Learn First Aid

Anyone working on electrical equipment should make an effort to learn first aid. This is
especially true for anyone who must work with voltages above 50 volts. A knowledge of
first aid, especially CPR, may save your life or someone else’s.

Effects of Electric Current on the Body

Most people have heard that it’s not the voltage that kills but the current. Although this
1s a true statement, do not be misled into thinking voltage cannot harm you. Voltage is the
force that pushes the current through the circuit. Voltage can be compared to the pressure
that pushes water through a pipe. The more pressure available, the greater the volume of
water flowing through a pipe. Students often ask how much current will flow through the
body at a particular voltage. There is no easy answer to this question. The amount of current
that can flow at a particular voltage is determined by the resistance of the current path.
Different people have different resistances. A body will have less resistance on a hot day
when sweating because salt water is a very good conductor. What a person ate and drank
for lunch can have an effect on a body’s resistance. The length of the current path can
affect the resistance. Is the current path between two hands or from one hand to one foot?
All of these factors affect body resistance.

The chart in Figure SF-1 illustrates the effects of different amounts of current on the body.
This chart is general; electricity affects most people in this way. Some people may have
less tolerance to electricity and others may have a greater tolerance.

A current of 2 to 3 milliamperes will generally cause a slight tingling sensation. The tingling
sensation will increase as current increases and becomes very noticeable at about 10 mil-
liamperes. The tingling sensation is very painful at about 20 milliamperes. Currents
between 20 and 30 milliamperes generally cause a person to seize the line and not be able
to let go of the circuit. Currents between 30 and 40 milliamperes cause muscular paralysis,
and currents between 40 and 60 milliamperes cause breathing difficulty. By the time the
current increases to about 100 milliamperes breathing is extremely difficult. Currents from
100 to 200 milliamperes generally cause death because the heart goes into fibrillation.
Fibrillation is a condition in which the heart begins to “quiver” and the pumping action stops.
Currents above 200 milliamperes generally cause the heart to squeeze shut. When the
current is removed, the heart will generally return to a normal pumping action. This is the
principle of operation of a defibrillator. It is often said that 120 volts is the most dangerous
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Safety

XVii

0.002—-0.003 amp
0.004-0.010 amp
0.010-0.020 amp
0.020-0.030 amp
0.030-0.040 amp
0.040-0.060 amp
0.060-0.100 amp

0.100-0.200 amp

Sensation (a slight tingling)
Moderate sensation

Very painful

Unable to let go of the circuit
Muscular paralysis
Breathing difficulty

Extreme breathing difficulty

Death (fibrillation of the heart)

Figure SF-1 Effects of electric current on the body.

voltage to work with. The reason is that 120 volts generally causes a current flow between
100 and 200 milliamperes through the bodies of most people. Large amounts of current
can cause severe electrical burns. Electrical burns are generally very serious because the
burn occurs on the inside of the body. The exterior of the body may not look seriously burned,
but the inside may be severely burned.

Review Questions

1. What is the most important rule of electrical safety?

2. Why should a person work with only one hand when possible?

3. What range of electric current generally causes death?
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XViii Safety

4. What is fibrillation of the heart?

5. What is the principle of operation of a defibrillator?
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Instruments and
Basic Electricity

Unit 1 Measuring Instruments

Objectives

After studying this unit, you should be able to:

+ Discuss the operation of a voltmeter.

+ Describe differences between analog and digital voltmeters.

* Connect a voltmeter in a circuit.

* Discuss the operation of an ohmmeter.

* Measure resistance with an ohmmeter.

* Discuss differences between analog and digital ohmmeters.

* Discuss the operation of an ammeter.

* Describe the difference between in-line and clamp-on ammeters.

* Make a scale divider for clamp-on AC ammeters.
In order to conduct meaningful laboratory experiments, it is necessary to measure electrical
quantities such as voltage, resistance, and current. In this unit basic measuring instruments
such as voltmeters, ohmmeters, and ammeters will be presented. Their basic operation will
be explained and examples of their use will be presented. It should be understood by any-
one using electrical measuring instruments that they are not 100% accurate. Most meters
have an accuracy of about +3%. This is the reason that two meters made by the same man-
ufacturer and the same model may give different measurements. One meter may measure
a voltage of 120 volts as 119.2 and the other measure the same source as 120.3. When mak-
ing measurements with meters, always be aware that there may be some discrepancy

between calculated and measured values. If the calculated and measured values are with-
in about 3% of each other, they are generally considered to be the same.

Voltmeters

Voltmeters are one of the most useful instruments in the electrical field. They are used
to measure the potential difference (voltage) between two points. Voltage is often
thought of as “electrical pressure.” It is like measuring the amount of pressure available
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Section 1 Measuring Instruments and Basic Electricity

to push liquid through a pipe. Voltmeters can be divided into two major types: analog
and digital.

Analog Meters

Analog meters contain a pointer and scale (Figure 1-1). Most of them are part of a multi-
meter, which has the ability to measure several different electrical quantities. Multimeters
are often called V.O.M.s, which stands for volt-ohm-milliammeter. Since they are often part
of a multimeter, it is generally necessary to choose the electrical quantity being measured.
Most multimeters have the ability to measure both direct current (DC) and alternating cur-
rent (AC). The meter shown in Figure 1-1, for example, can measure DC voltage (DCV), AC
voltage (ACV), ohms (Rx1 and Rx10), and DC milliamps (DCmA). The position of the dial
on the front of the meter determines the electrical quantity to be measured.

Analog multimeters can also be set to measure different ranges of voltage. The meter
shown in Figure 1-1 has AC voltage ranges of 10, 50, 250, 500, and 1,000 volts. These mark-
ings indicate the full-scale value of the meter when the indicator dial is set at one of
them. Being able to set the meter for different full-scale ranges greatly increases the use-
fulness of the meter. If the meter were set for a value of 1,000 volts, it would be very diffi-
cult to measure the voltage of a 24 volt system. If the meter were set to the 50 volt position,
however, 24 volts could be measured accurately. When a voltage measurement is to be taken
and the system voltage is not known, always start on the highest voltage range setting.
A meter can never be hurt by connecting it to a voltage that is lower than the range set-
ting. It is a simple thing to reset the meter to a lower range after an initial measurement
has been made.

Helpful Hint

When a voltage measurement is to be taken and the system voltage is not known,
always start on the highest voltage range setting.

Figure 1-1 Analog voltmeter. (Courtesy of Triplett Corp.)
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Unit 1 Measuring Instruments

Another rule to remember when using a voltmeter is to make certain that the meter is set for
the proper type of voltage. Failure to do this can lead to serious injury. If a DC voltage is to
be measured and the meter has mistakenly been set for AC voltage, it will cause an inaccu-
rate reading. The indicated voltage will be less than the actual voltage being measured.

Helpful Hint

When using a voltmeter, make certain that the meter is set for the proper type of volt-
age. Failure to do this can lead to serious injury.

If an AC voltage is to be measured and the meter has mistakenly been set to measure to DC
voltage, the meter will indicate zero. Most analog-type meter movements are designed to
operate on direct current. If an alternating current is applied to them, the pointer will try to
move up scale during one-half cycle and down scale during the other. As a result, the pointer
remains at zero. When the meter is set on the AC volt range, a rectifier inside the meter con-
verts the AC voltage into DC, permitting the meter to operate.

Helpful Hint

If an AC voltage is to be measured and the meter has mistakenly been set to measure
to DC voltage, the meter will indicate zero.

Analog Voltmeter Operation

Analog voltmeters operate by connecting resistance in series with the meter movement.
Assume, for example, that a meter movement requires 100 pA (microamperes; 0.000100 amp)
at 1 volt to make the pointer move full scale. This meter movement has the ability to
measure 1 volt. If more voltage is applied to it, it can be damaged or destroyed. To permit
the meter to measure higher voltages, resistance is connected in series with it (Figure 1-2).
Assume that a resistor is to be added that will permit the meter to measure 15 volts full
scale. In a series circuit, the sum of the voltage drops must equal the applied voltage. Since
the total voltage to be measured is 15 volts and the meter has a voltage drop of 1 volt, the
resistor must drop 14 volts (15 — 1 = 14). Another rule for series circuits is that the current
at any point in the circuit must be the same. Since the meter requires a current of 100 pA,
the resistor must have the same current. The resistance value needed to permit the meter
to measure 15 volts is:

_E
E=7
14
R = 0.000100
R = 140,000 Q
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Section 1 Measuring Instruments and Basic Electricity

O [ « o

Figure 1-2 Resistance is connected in series with the meter movement to change the
full-scale value.

A resistance of 140,000 Q connected in series with the meter movement will convert the
meter to a full-scale range of 15 volts.

Multirange settings are accomplished by connecting several resistors in series with the meter
and permitting a range selection switch to change the amount of resistance connected in
series with the meter. Assume that it is desirable to add full-scale range values of 30
volts, 150 volts, and 300 volts to the meter in Figure 1-2. The meter movement plus the
140,000 Q resistor have a voltage drop of 15 volts at 100 pA. If the meter is to have a full-
scale value of 30 volts, it will be necessary for the next resistor to have a value of 150,000
Q (15/0.000100). The next resistor must have a voltage drop of 120 volts (150 — 30 = 120).
The resistor value needed to produce a voltage drop of 120 volts at a current of 100 pA is
1,200,000 Q (120 / 0.000100). The last resistor would have to have a voltage drop of 150 volts
(300 — 150 = 150). The value needed for this resistor is 1,500,000 Q (150 / 0.000100). A dia-
gram of this type of multirange voltmeter is shown in Figure 1-3.

Digital Meters

Digital voltmeters display the voltage value with numeric figures instead of a pointer
(Figure 1-4). Like analog voltmeters, digital voltmeters are generally part of a multimeter,
also. It is necessary to set a selector switch to the electrical quantity to be measured,

— 1.5 MQ 1.2 MQ 150 kQ T 140 kQ

150 V

300V 15V

o

Figure 1-3 A selector switch permits the meter to be set for different full-scale values.
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Figure 1-4 Digital voltmeter. (Courtesy of Triplett Corp.)

such as AC volts, DC volts, ohms, and so on, and sometimes it is necessary to set the max-
imum range value. Some digital meters contain an auto-ranging function making it unnec-
essary to select a particular range value.

Digital voltmeters are different from analog meters in more ways than appearance. As dis-
cussed previously, analog meters insert resistance in series with the meter movement to per-
mit the meter to be used at different full-scale values. This means that the internal
resistance of the meter is different for each voltage setting. Most analog meters are marked
with the ohms per volt for the meter; 20,000 Q / VDC and 10,000 Q / VAC is typical. The
resistance of the meter can be computed by multiplying the ohms per volt value by the full-
scale value of the meter. Assume that a meter indicates a resistance of 10,000 Q / VAC for
a meter and that the meter is set to indicate a full-scale value of 250 VAC. The resistance
of the meter 1s 2,500,000 ©Q (10,000 x 250). Note that the resistance of the meter will
change each time the voltage range is changed.

Digital meters maintain the same amount of input resistance for all ranges. Typical input
resistance for a digital voltmeter is 10 million ohms. The constant input resistance is
accomplished by using a voltage divider. Digital voltmeters use high-impedance electronic
components to measure voltage. This means that it is only necessary to supply the circuit
with extremely small amounts of current for the meter to operate. A basic construction for
a digital meter is shown in Figure 1-5. Digital voltmeters can be employed to measure volt-
age in almost any circumstance, but they are especially necessary when measuring the volt-
age in low-power circuits such as electronic circuit boards.

Using the Voltmeter

Voltmeters are very high-resistance instruments. For this reason, they can be connected
directly across the power source, as shown in Figure 1-6. When using a voltmeter, be cer-
tain that:
1. The voltmeter is set to the proper quantity to be measured (DC or AC voltage).
2. The range setting is equal to or greater than the voltage to be measured. If there is any
doubt, set the meter to the highest range and then reset the meter after taking an ini-
tial measurement.
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Figure 1-5 Digital voltmeter.

Figure 1-6 A voltmeter can be connected directly to a power source.
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Helpful Hint

When using a voltmeter be certain that:
1. The voltmeter is set to the proper quantity to be measured (DC or AC voltage).
2. The range setting is equal to or greater than the voltage to be measured. If there
is any doubt, set the meter to the highest range and then reset the meter after tak-
ing an initial measurement.

Safety Procedure

A set procedure is used when testing a circuit to ensure that the power is turned off.
1. Use the voltmeter to test a circuit that you know is energized.

2. Test the circuit in question with the voltmeter to make certain that the power is
turned off.

3. Test the voltmeter again on a circuit that you know is energized to ensure that the volt-
meter is still operating properly.

Safety is your responsibility. Your life is your own. Guard it well.

Voltmeters are also used to measure the voltage drop across components in a circuit. Voltage
drop is the term used to describe the amount of voltage necessary to push current through a
particular part of a circuit. The circuit shown in Figure 1-7 is a series circuit containing three
resistors. Resistor R has a resistance value of 80 Q, R, has a value of 100 Q, and Rg has a
resistance of 60 Q. The circuit has an applied voltage of 120 volts. In a series circuit, the total
resistance is the sum of the individual resistors. In this circuit the total resistance is 240 Q
(80 + 100 + 60). The total circuit current can be determined using Ohm’s law (120 / 240 = 0.5
amp). Since the current is the same in a series circuit, 0.5 ampere flows through all resistors.

Voltmeter

MV

R1 80 Q

Er 120V Rz 100 Q

MV

Rs 60 Q
Figure 1-7 \oltmeter used to measure the voltage drop across a resistor.
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Since the resistance and current are known, the amount of voltage drop across each resistor
can be determined.

El =RI X Il
E,;=80X0.5
E; =40 volts

The voltmeter shown in Figure 1-7 would indicate a value of 40 volts. This voltage drop indi-
cates that it takes 40 volts to push 0.5 ampere of current through 80 Q of resistance. If the
voltmeter were to be connected across resistor Ro, it would measure a voltage drop of 50 volts,
indicating that it requires 50 volts to push 0.5 ampere through 100 Q of resistance.

Ohmmeters

As with voltmeters, ohmmeters can be divided into two general categories: analog and digi-
tal. Analog ohmmeters use a pointer to indicate resistance value and are generally part of a
multimeter. Ohmmeters must contain their own power source. They do not receive power from
the circuit. The most important rule concerning the use of ohmmeters is that ohmmeters should
never be connected to a source of power! Connecting an ohmmeter to a source of power will often
result in destruction of the meter and sometimes injury to the person using the meter.

Helpful Hint

Ohmmeters should never be connected to a source of power!

A schematic for a basic analog ohmmeter is shown in Figure 1-8. It is assumed that the meter
movement has a resistance of 1,000 Q and requires a current of 50 microamps (50 pA) to
deflect the meter full scale. The power source will be a 3-volt battery. A fixed resistor with
a value of 54 kQ is connected in series with the meter movement, and a variable resistor with
a value of 10 kQ is connected in series with the meter and R1. These resistance values were

Meter movement

—

R2 R1
A .
10 K 54 K

g

Figure 1-8 Basic analog ohmmeter.
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Figure 1-9 Adjusting the chmmeter to zero. Figure 1-10 Reading the ohmmeter.

chosen to ensure there would be enough resistance in the circuit to limit the current flow
through the meter movement to 50 pA. If Ohm’s law is used to compute the resistance needed
(3 volts / 0.000050 amp = 60,000 ohms), it will be seen that a value of 60 kQ is needed. This
circuit contains a total of 65,000 ohms (1,000 meter + 54,000 + 10,000). The circuit resist-
ance can be changed to a value as low as 55,000 ohms by adjusting the variable resistor, how-
ever. The reason for this is to compensate for the voltage drop of the battery as it ages and
becomes weaker.

When resistance is to be measured, the meter must first be zeroed. This is done with the
ohms-adjust control, the variable resistor, located on the front of the meter. To zero the meter,
connect the leads together (Figure 1-8), and turn the ohms-adjust knob until the meter indi-
cates 0 at the far right end of the scale, as shown in Figure 1-9. When the leads are sepa-
rated, the meter will again indicate infinity resistance at the left side of the meter scale.
When the leads are connected across a resistance, the meter will again indicate up scale.
Since resistance has been added to the circuit, less than 50 pA of current will flow and the
meter will indicate some value other than zero. Figure 1-10 shows a meter indicating a resist-
ance of 2.5 ohms, assuming the range setting is Rx1.

Helpful Hint

When resistance is to be measured, the meter must first be zeroed.

Ohmmeters can have different range settings such as Rx1, Rx100, Rx1,000, or Rx10,000.
These different scales can be obtained by adding different values of resistance in the
meter circuit and resetting the meter to zero. An ohmmeter should always be readjusted to
zero when the scale is changed. On the Rx1 setting, the resistance is measured straight off
the resistance scale located at the top of the meter. If the range is set for Rx1,000, however,
the reading must be multiplied by 1,000. The ohmmeter reading shown in Figure 1-10 would
be indicating a resistance of 2,500 ohms if the range had been set for Rx1,000. Notice that
the ohmmeter scale is read backward from the other scales. Zero ohms is located on the far
right side of the scale and maximum ohms is located at the far left side. It generally takes
a little time and practice to read the ohmmeter properly. An analog ohmmeter being used
to measure the resistance of an armature is shown in Figure 1-11.

Helpful Hint

The ohmmeter scale is read backward from the other scales.
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.i OHMS
| ADJ

Figure 1-11 Analog ohmmeter being used to measure armature resistance.

Digital Ohmmeters

Digital ohmmeters display the resistance in figures instead of using a meter movement.
When using a digital ohmmeter, care must be taken to notice the scale indication on the
meter. For example, most digital meters will display a “K” on the scale to indicate kilo-ohms
or an “M” to indicate meg-ohms (kilo means 1,000 and mega means 1,000,000). If the
meter is showing a resistance of 0.200 K, it means 0.200 x 1,000 or 200 Q. If the meter indi-
cates 1.65 M, it means 1.65 x 1,000,000 or 1,650,000 Q.

Appearance is not the only difference between analog and digital ohmmeters. Their oper-
ating principle is also different. Analog meters operate by measuring the amount of current
change in the circuit when an unknown value of resistance is added. Digital ohmmeters
measure resistance by measuring the amount of voltage drop across an unknown resistance.
In the circuit shown in Figure 1-12, a constant current generator is used to supply a
known amount of current to a resistor, Rx. It will be assumed that the amount of current
supplied is 1 milliamp (0.001). The voltage dropped across the resistor is proportional to the
resistance of the resistor and the amount of current flow. For example, assume the value of
the unknown resistor is 4,700 Q. The voltmeter would indicate a drop of 4.7 volts when
1 ma of current flowed through the resistor. The scale factor of the ohmmeter can be changed
by changing the amount of current flow through the resistor. Digital ohmmeters generally
exhibit an accuracy of about +1%. A digital ohmmeter being used to measure the resistance
of an armature is shown in Figure 1-13.

Ammeters

The ammeter, unlike the voltmeter, is a very low-resistance device. Ammeters that are
inserted into the circuit must be connected in series with the load to permit the load to limit
the current flow, as shown in Figure 1-14. An ammeter has a typical impedance of less than
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Figure 1-12 Digital chmmeters operate by measuring the voltage drop across a resistor when
a known amount of current flows through it.

0.1 Q. If this meter is connected in parallel with the power supply, the resistance of the
ammeter is the only thing to limit the amount of current flow in the circuit. Assume that
an ammeter with a resistance of 0.1 Q is connected across a 240-volt AC line. The current
flow in this circuit would be 2,400 amps (240 / 0.1 = 2,400). The blinding flash of light would
be followed by the destruction of the ammeter. Ammeters connected directly into the circuit
as shown in Figure 1-14 are referred to as in-line ammeters. Figure 1-15 shows an amme-
ter of this type.

Figure 1-13 Digital cthmmeter being used to measure resistance.
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Ammeter

Battery Load

Figure 1-14 An ammeter connects in series with the load.

DC Ammeters

Analog DC ammeters are constructed by connecting a common moving coil type of meter
across a shunt. A shunt is a low-resistance device used to conduct most of the circuit cur-
rent away from the meter movement. Since the meter movement is connected in parallel with
the shunt, the voltage drop across the shunt is the voltage applied to the meter. Most amme-
ter shunts are manufactured to have a voltage drop of 50 mV (millivolts). If a 50 mV
meter movement is connected across the shunt as shown in Figure 1-16, the pointer will move
to the full-scale value when the rated current of the shunt is flowing. In the example
shown, the ammeter shunt is rated to have a 50 mV drop when 10 amps of current is flow-
ing in the circuit. Since the meter movement has a full-scale voltage of 50 mV, it will indi-
cate the full-scale value when 10 amps of current is flowing through the shunt. An ammeter
shunt is shown in Figure 1-17.

Ammeter shunts can be purchased to indicate different values. If the same 50 mV movement
1s connected across a shunt designed to drop 50 mV when 100 amps of current flows
through it, the meter will now have a full-scale value of 100 amps.

Figure 1-15 In-line ammeter.
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DC Ammeter

- Shunt
Battery Load

Figure 1-16 A shunt is used to set the value of an ammeter.

Multirange DC Ammeters

Many ammeters are designed to operate on more than one range. This is done by connecting
the meter movement to different shunts. When this type of meter is used, care must be taken
that the shunt is never disconnected from the meter. This would cause the meter movement to
be inserted in series with the circuit and full-circuit current would flow through the meter.
Two basic methods are used for connecting shunts to a meter movement. One method is to use
a make-before-break switch. This type of switch is designed so that it will make contact with
the next shunt before it breaks connection with the shunt it is connected to (Figure 1-18). This
method does present a problem, however: contact resistance. Notice in Figure 1-18 that the

Figure 1-17 Ammeter shunt.
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DC Ammeter

[ ™~~__ Shunt

Make-before-
break switch

O

Figure 1-18 A make-before-break switch is used to change meter shunts.

rotary switch is in series with the shunt resistors. This causes the contact resistance to be
added to the shunt resistance, which can cause inaccuracy in the meter reading.

The Ayrton Shunt

The second method is to use an Ayrton shunt (Figure 1-19). In this type of circuit, connec-
tion is made to different parts of the shunt and the meter movement is never disconnected

DC Ammeter
FS =50 mV
1 mA
50Q
1amp 500 mA 100 mA
R sH1 R sh2 R sHs3
+ -
O

Figure 1-19 Ayrton shunt.
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from the shunt. Also notice that the switch connections are made external to the shunt and
meter. This prevents contact resistance from affecting the accuracy of the meter.

Alternating Current Ammeters

Shunts can be used with AC ammeters to increase their range but cannot be used to
decrease their range. Most AC ammeters use a current transformer instead of shunts to
change scale values. This type of ammeter is shown in Figure 1-20. The primary of the trans-
former is connected in series with the load, and the ammeter is connected to the secondary
of the transformer. Notice that the range of the meter is changed by selecting different taps
on the secondary of the current transformer. The different taps on the transformer provide
different turns-ratios between the primary and secondary of the transformer.

Clamp-On Ammeters

Many electricians use the clamp-on type of AC ammeter (Figure 1-21 A, B, and C). To use
this type of meter, the jaw of the meter is clamped around one of the conductors supplying
power to the load, as seen in Figure 1-22. The meter is clamped around only one of the lines.
If the meter is clamped around more than one line, the magnetic fields of the wires cancel
each other and the meter indicates zero.

This type of meter also uses a current transformer to operate the meter. The jaw of the meter
is part of the core material of the transformer. When the meter is connected around the
current-carrying wire, the changing magnetic field produced by the AC current induces a
voltage into the current transformer. The strength of the magnetic field and its frequency
determine the amount of voltage induced in the current transformer. Since 60 Hz is a stan-
dard frequency throughout the United States and Canada, the amount of induced voltage
is proportional to the strength of the magnetic field.

The clamp-on type of ammeter can have different range settings by changing the turns-ratio
of the secondary of the transformer just as the in-line ammeter does. The primary of the
transformer is the conductor around which the movable jaw is connected. If the ammeter
is connected around one wire, the primary has one turn of wire as compared with the turns

Current transformer

Nar'l

Alternator AC Ammeter

Load

Figure 1-20 A current transformer is used to change the range of an AC ammeter.
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C

Figure 1-21 (A) Analog-type clamp-on ammeter with vertical scale. (B) Analog-type clamp-on amme-
ter with flat scale. (C) Clamp-on ammeter with digital scale. (Courtesy of Amprobe Instrument)

of the secondary. The turns-ratio can be changed by changing the turns of wire of the pri-
mary just as it can by changing the turns of the secondary. If two turns of wire are wrapped
around the jaw of the ammeter, as shown in Figure 1-23, the primary winding now contains
two turns instead of one, and the turns-ratio of the transformer is changed. The ammeter
will now indicate double the amount of current in the circuit. The reading on the scale of

a < 4
a
4 7 < a 4 . “a <
4 & a 4

Figure 1-22 The clamp-on ammeter connects around only one conductaor.
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Alternator

Figure 1-23 Looping the conductor around the jaw of the ammeter changes the ratio.

the meter will have to be divided by 2 to get the correct reading. The ability to change the
turns-ratio of a clamp-on ammeter can be very useful for measuring low currents.
Changing the turns-ratio is not limited to wrapping two turns of wire around the jaw of
the ammeter. Any number of turns can be wrapped around the jaw of the ammeter and
the reading will be divided by that number.

Ammeter Scale Divider

A very useful and simple-to-construct device that can be used to permit clamp-on—type amme-
ters to accurately measure low values of current is an ammeter scale divider (Figure 1-24).
The scale divider is made by winding ten turns of wire around a nonconductive core mate-
rial such as plastic. A piece of PVC pipe works well. The ten turns of wire are wrapped with
tape to hold them together and alligator clips are attached to each end of the wire. The scale

Figure 1-24 Scale divider used with clamp-on ammeter. The ammeter indicates a value of
3.25 amperes. If the scale divider has a ratio of 10:1, the actual current is 0.325 amp.
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Alligator clip

10 Turns of insulated wire

T

12" PVC pipe

T

Figure 1-25 Construction of ammeter scale divider.

divider is connected in series with the load and the ammeter jaw is connected around the
scale divider (Figure 1-25). Since the scale divider contains ten turns of wire, the ammeter
scale can be divided by 10. If the ammeter has a full-range value of 6 amps, the amme-
ter will have a full range of 0.6 amp when the scale divider is used. The scale divider is a
very useful tool when measuring low current values with a clamp-on type of ammeter. It is

le

l t ¥
Figure 1-26 A scale divider and clamp-on ammeter being used to measure the control current
in an air conditioner.
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recommended that a scale divider be used when measuring low current values in the
experiments presented in this manual. A clamp-on ammeter and scale divider are used to
measure the control current in an air conditioner in Figure 1-26.

Review Questions

1.

10.

11.

12.

What are the two major types of voltmeters?

How can the full-scale voltage range of a voltmeter be increased?

A DC voltmeter has a resistance rating of 20,000 ohms per volt. The voltmeter is set
for a value of 150 volts full scale. What is the resistance of the meter?

To measure voltage drop, should a voltmeter be connected across (in parallel) with the
load or in series with the load?

. A digital voltmeter has a resistance of 10 MQ (meg-ohms). If the meter is used to meas-

ure the voltage of a 480 volt panel, how much current will flow through the meter?

. When using an analog ohmmeter, what should be done each time the meter is used to

make a resistance measurement or the range setting is changed?

. What is the most important rule concerning the use of ohmmeters?

Briefly explain the method used by digital ohmmeters to measure resistance.

. When measuring the current in a circuit, should an in-line ammeter be connected across

(in parallel) with the load or in series with the load?

Do ammeters have high internal resistance or low internal resistance?

A clamp-on—type AC ammeter is to be used to measure the current flow in a circuit.
Should the meter be clamped around one conductor or more than one conductor to get
the most accurate measurement?

A scale divider with ten turns of wire is connected in series with the load. The jaw of
the clamp-on ammeter is connected around the scale divider. The ammeter is set for
a full-scale range of 30 amperes. The ammeter indicates a current value of 12 amperes.
What is the actual amount of current flow in the circuit?
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Objectives

After studying this unit, you should be able to:
* Measure resistance with an ohmmeter.
* Discuss the difference between hot and cold resistance of an electric lamp.
* Measure current with an ammeter.
* Measure voltage with a voltmeter.
* Make Ohm’s law calculations.
Ohm’s law is the basic law concerning electric circuits. This unit will deal with the calcu-

lation and measurement of voltage, current, and resistance. The difference between hot and
cold resistance of incandescent lamps will be presented.

Most conductors exhibit some amount of resistance change when they are heated. Most met-
als will increase their resistance with an increase of temperature and semiconductor mate-
rials will decrease their resistance with an increase of temperature. This laboratory
manual uses common electric lamps for resistive loads in many of the experiments because
they have several advantages over other types of resistive loads. They are readily available,
inexpensive, can withstand large amounts of heat, and students can visually see the
amount of power consumption by the intensity of the lamp.

LABORATORY EXERCISE
Name Date

Materials Required
40-watt 120-volt electric lamp
60-watt 120-volt electric lamp
75-watt 120-volt electric lamp
100-watt 120-volt electric lamp
standard base lamp socket

AC voltmeter

O

AC ammeter (in-line or clamp-on)
1 ohmmeter
Connection wires

120-volt AC power supply
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HHH

Ohmmeter

Figure 2-1 Measuring filament resistance with an ohmmeter.

1. Use an ohmmeter to measure the filament resistance of a 40 watt, 120 volt lamp. The

lamp should be at room temperature when the measurement is made. To make the
measurement, zero the ammeter (if necessary) and connect one probe to the screw shell
of the lamp and the other to the button on the bottom of the lamp (Figure 2-1).

R= Q

. Use an AC voltmeter to test the terminal voltage of the AC power supply to be used for

this experiment. Make certain that the voltmeter is set to indicate AC volts and that
the range setting is greater than 120 volts (Figure 2-2). Turn on the power and meas-
ure the voltage of the power supply.

volts

3. Make certain that the power is turned off. Using the 40 watt lamp, connect the circuit

shown in Figure 2-3. A clamp-on—type AC ammeter may be substituted for the in-line

1 2(; :AC -EvonEme;
? P ?

Figure 2-2 Testing the power supply with a voltmeter.
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120 VAC 120 VAC
ON ON
u AC Ammeter u
OFF
o

t 8 e (R

Measuring current

Measuring current with a scale divider
with an in-line 4w d clamp- 40 W
120V and clamp-on 120 v

ammeter ammeter

Figure 2-3 Current can be measured using an in-line ammeter or with a scale divider and
clamp-on ammeter.

10.

ammeter shown in the drawing. If a clamp-on—type meter is employed, the use of a 10:1
scale divider, as described in Unit 1, is recommended.

Using the Ohm’s law formula shown, compute the amount of current that should
flow in the circuit. Use 120 volts for the value of E.

~
Il
es|hae!

1= amp(s)

Turn on the AC power supply and measure the current flow through the 40 watt
lamp.

1= amp(s)

Connect the AC voltmeter across the 40 watt lamp as shown in Figure 2-4. Is the volt-
age the same as that measured at the power supply?

Use the measured values of voltage and current to compute the filament resistance.
Compare this value with the cold resistance measured in step 1 of this exercise. Did the
resistance increase or decrease? If so, what was the amount of increase or decrease?

E
R ==
I
R= Q
Did the resistance increase or decrease?
Amount of increase or decrease Q

. Turn off the power supply.

Use an ohmmeter to measure the resistance of a 60-watt lamp at room temperature.
R= Q
Remove the 40 watt lamp from the socket and replace it with the 60 watt lamp.
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120 VAC

ON

u AC Ammeter E E E

OFF

o O

? (o]

1

40 watt
120 volt

Figure 2-4 Measuring the voltage drop across the lamp.

11.

12.

13.
14.

15.

16.

17.
18.

Using the formula shown, compute the amount of current that should flow in this
circuit.

I= amp(s)

Turn on the power and measure the current flow in the circuit and the voltage drop
across the lamp.

I= amp(s)
E= volts
Turn off the power supply.

Using Ohm’s law, compute the resistance in the circuit.

R:T

R= Q

Compare this value with the measured resistance in step 9. What is the difference in
resistance?

R= Q

Use an ohmmeter to measure the resistance of a 75 watt lamp at room temperature.
R = Q

Remove the 60 watt lamp from the socket and replace it with the 75 watt lamp.

Using the formula shown, compute the amount of current that should flow in this
circuit.

I= amp(s)
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19.

20.
21.

22.

23.

24.
25.

26.

27.
28.

29.

Turn on the power and measure the current flow in the circuit and the voltage drop
across the lamp.

1= amp(s)
E= volts
Turn off the power supply.

Using Ohm’s law, compute the resistance in the circuit.

R:T

R= Q

Compare this value with the measured resistance measured in step 16. What is the dif-
ference in resistance?

R= Q

Use an ohmmeter to measure the resistance of a 100 watt lamp at room temperature.
R= Q

Remove the 75 watt lamp from the socket and replace it with the 100 watt lamp.

Using the formula shown, compute the amount of current that should flow in this
circuit.

1= amp(s)

Turn on the power and measure the current flow in the circuit and the voltage drop
across the lamp.

1= amp(s)
E= volts
Turn off the power supply.

Using Ohm’s law, compute the resistance in the circuit.

R:T

R= Q
Compare this value with the measured resistance in step 23. What is the difference in
resistance?

R= Q

Disconnect the circuit and return the components to their proper place.

Review Questions

1.

2.

A 50 Q resistor is connected to a 240 volt source. How much current will flow through
the resistor?

How much power (watts) is being consumed by the resistor in question 1?
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10.

An electric heating element is rated at 1,500 watts when connected to 240 volts. How
much current would flow in this circuit?

. What is the resistance of the heating element in question 3?

. Assume that the voltage is question 3 is reduced to 120 volts. How much current would

flow in the circuit?

. If the voltage connected to a 1,500 watt heating element in question 3 were to be

reduced to 120 volts, how much power would the heating element actually consume?

. Assume that a 100 watt lamp connected to a 120 volt circuit burns out and is replaced

with a 150 watt lamp. How much more current will the 150 watt lamp draw?

. A resistive heating element has a current draw of 2.3 amperes and a resistance of 12 Q.

How much power is the heating element consuming?

. A heating element has a resistance of 52 Q and a current draw of 4 amperes. How much

voltage is connected to the heating element?

How much power is being consumed by the heating element in question 9?

https://engineersreferencebookspdf.com



Objectives

After studying this unit, you should be able to:
+ List the three rules concerning series circuits.
* Determine the total resistance of a series circuit.
* Determine the voltage drops across individual components of a series circuit.
+ Connect a series circuit.
* Measure values of voltage and current in a series circuit.
Series circuits are characterized by the fact that they contain only one path for current flow.

There are three rules concerning series circuits that, when used with Ohm’s law, permit val-
ues of current, voltage, and resistance to be determined.

Assume that an electron leaves the negative terminal of the battery in Figure 3-1 and must
travel to the positive terminal. Notice that the only path the electron can travel is through
each resistor. Since there is only one path for current flow, the current must be the same at
any point in the circuit. Regardless of where an ammeter is connected in the circuit, it will
indicate the same value. The first rule concerning series circuits states that the current must
be the same at any point in the circuit.

Helpful Hint

The first rule concerning series circuits states that the current must be the same at any
point in the circuit.

11—
—

Battery

+ |

1 A, !

Figure 3-1 Current must flow through all parts of a series circuit.
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QAN

R1 20 Q

Etr 24V R2 12 Q

|

QAN

Rs 16 Q
Figure 3-2 Resistance values are added to the circuit.

In Figure 3-2, values are added to the resistors shown in Figure 3-1. Resistor R; has a value
of 20 Q, Ry has a value of 12 Q, and resistor R has a value of 16 Q. Since current must pass
through each of these resistors, each hinders the flow of current. The total amount of hin-
drance to current flow is the combined ohmic value of each resistor. The second rule of series
circuits states that the total resistance is the sum of the individual resistances. The total
circuit resistance can be determined by adding the values of all the resistors (20 + 12 + 16
=48 Q). The circuit shown in Figure 3-2 indicates a total voltage (E) of 24 volts for this cir-
cuit. Now that the total circuit resistance is known and the applied voltage is known, the
circuit current can be determined using Ohm’s law.

E
I ==
R
24
I ==
48
I = 0.5amp
Helpful Hint

The second rule of series circuits states that the total resistance is the sum of the indi-
vidual resistances.

Since the current is the same at any point in a series circuit, 0.5 amp flows through each
resistor. Now that the amount of current flowing through a resistor is known, the amount
of voltage drop across each resistor can be computed using Ohm’s law.

EIZIX Rl
E,=0.5 X 20 Q
E; =10 volts
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g

R1 20 Q

=

Et 24V Rz 12 Q

|

AT

Rs 16 Q
Figure 3-3 Measuring the voltage drop across resistor Rj.

If a voltmeter were to be connected across resistor R;, it would indicate a value of 10 volts
(Figure 3-3). This 10 volts represents the amount of electrical pressure necessary to push
0.5 amp through 20 ohms of resistance. The amount of voltage drop across resistors Ry and
Rj can be computed using Ohm’s law also.

Ey=1X Ry
Ey=0.5 X 12
Eq =6 volts
Es=1XRg
E3=0.5X16
E5 = 8 volts

Notice that if all the voltage (pressure) drops are added, they will equal the applied voltage
of the circuit (10 + 6 + 8 = 24 volts). The third rule of series circuits states that the total volt-
age is equal to the sum of the voltage drops around the circuit.

Another rule concerning circuits is that watts (power) will add in any type of circuit. This rule
is true not only for series circuits but also for parallel and combination circuits. The total wattage
of any type circuit will be the sum of all the individual power-consuming devices in the circuit.

Helpful Hint

The third rule of series circuits states that the total voltage is equal to the sum of the
voltage drops around the circuit. Another rule concerning circuits is that watts (power)
will add in any type of circuit.
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LABORATORY EXERCISE

Name Date

Materials Required

1 100-watt 120-volt lamp

1 75-watt 120-volt lamp

1 60-watt 120-volt lamp

1 40-watt 120-volt lamp

3 medium base lamp sockets
1

AC ammeter, in-line or clamp-on. (If a clamp-on type is used, the use of a scale divider
1s recommended.)

1 AC voltmeter
120-volt AC power supply

Connecting wires

1. Connect the circuit shown in Figure 3-4.
2. Turn on the 120 volt AC power supply and measure the current flow in the circuit.

I= amp(s)

3. Using an AC voltmeter, measure the amount of voltage drop across each of the lamps.
E (100 W) = volts
E (40 W) = volts
E (75 W) = volts

AC Amps

100 W

&

40 W
Et 120 VAC

75W
Figure 3-4 Connecting the first series circuit.
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4. Using the current and amount of voltage drop, calculate the filament resistance of each

lamp.

R (100 W) = Q
R (4OW)= Q
R (75 W) = Q

Note: It is necessary to compute the resistance using Ohm’s law instead of measuring
the resistance with an ohmmeter because the filament resistance of an incandescent
lamp changes dramatically with temperature. As current flows through the lamp,
the temperature increases in proportion to the amount of current. The increased tem-
perature causes an increase in filament resistance.

5. Add the computed resistance values to determine the total circuit resistance.
RT = Q

6. Calculate the total circuit current using the total circuit voltage and total resistance.
Compare this calculated value with the measured value.

Ip= amp(s)
7. Add the voltage drop across each lamp. Compare the sum with the applied voltage of
the circuit.

(E;+Eg+Eg) volts
8. Turn off the 120 volt power supply.

9. Replace the 40 watt lamp with a 60 watt lamp as shown in Figure 3-5.
10. Turn on the 120 volt AC power supply and measure the current flow in the circuit.

I= amp(s)
11. Using an AC voltmeter, measure the amount of voltage drop across each of the lamps.

E (100 W) = volts

E (60 W) = volts

E (75 W) = volts

AC Amps
100 W
60 W
Er 120 VAC

75 W
Figure 3-5 Connecting the second series circuit.
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12.

13.

14.

15.

16.
17.
18.

19.

Using the current and amount of voltage drop, calculate the filament resistance of each
lamp.

R (100 W) = Q

R (60 W) = Q

R (75 W) = Q

Add the computed resistance values to determine the total circuit resistance.
Ry = Q

Calculate the total circuit current using the total circuit voltage and total resistance.
Compare this calculated value with the measured value.

Ip= amp(s)

Add the voltage drop across each lamp. Compare the sum with the applied voltage of
the circuit.

(El + E2 + E3 ) VOltS
Turn off the 120 volt power supply.

Replace the 100 watt lamp with a 40 watt lamp as shown in Figure 3-6.

Turn on the 120 volt AC power supply and measure the current flow in the
circuit.

1= amp(s)

Using an AC voltmeter, measure the amount of voltage drop across each of the
lamps.

E (100 W) = volts

E (60 W) = volts

E (75 W) = volts
AC Amps

40 W

<
ET 120 VAC @ eon

@

75 W

Figure 3-6 Connecting the third series circuit.
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20.

21.

22.

23.

24.

Using the current and amount of voltage drop, calculate the filament resistance of each
lamp.

R (100 W) = Q

R (60 W) = Q

R (75W)= Q

Add the computed resistance values to determine the total circuit resistance.
Ry = Q

Calculate the total circuit current using the total circuit voltage and total resistance.
Compare this calculated value with the measured value.

Ip= amp(s)

Add the voltage drop across each lamp. Compare the sum with the applied voltage of
the circuit.

(E; +E5 + Eg) volts

Turn off the 120 volt power supply and return the components to their proper
place.

Review Questions

1.

State the three rules for series circuits.

. A series circuit has a total resistance of 1,220 Q. Resistor R has a resistance of 220 Q,

Ry has a resistance of 200 Q, and Rg has a resistance of 470 Q. What is the value of
resistor Ry?

. Acircuit has three resistors connected in series. Resistor R; has a value of 16 Q, Ry has

a value of 36 Q, and Rg has a value of 8 Q. If the circuit is connected to a 12 volt bat-
tery, how much voltage is dropped across resistor R;?

. A circuit contains two resistors connected in series. Resistor R; has a value of 1,200 Q

and resistor R has a value of 1,600 Q. Resistor R; has a voltage drop of 24 volts. What
is the total voltage applied to the circuit?

Three resistors are connected in series to a 120 volt power source. Resistor Ry has
a value of 200 Q and a voltage drop of 50 volts. What is the total resistance of the
circuit?
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6. Three resistors are connected in series to a 48 volt power source. Resistor Ry has a volt-
age drop of 18 volts and resistor R5 has a voltage drop of 16 volts. How much voltage
is dropped across resistor R;?

7. A 150 watt incandescent lamp is connected to 120 volts. How much current will flow
in this circuit?

8. A series circuit contains four resistors. The circuit is connected to a 24 volt power source.
The circuit consumes a total power of 360 watts. Resistor R; consumes 40 watts, Ry con-
sumes 65 watts, and Rg consumes 85 watts. What is the resistance of resistor R,?
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Objectives

After studying this unit, you should be able to:
+ List the three rules concerning parallel circuits.
+ Determine the total resistance of a parallel circuit.
* Determine the current through individual components of a parallel circuit.
+ Connect a parallel circuit.

* Measure values of voltage and current in a parallel circuit.

Parallel circuits are characterized by the fact that they have more than one path for cur-
rent flow. There are three rules concerning parallel circuits that, when used in conjunction
with Ohm’s law, permit values of voltage, current, and resistance to be determined for almost
any parallel circuit. As with series circuits, the total power consumption of the circuit is the
sum of the power consumption of each component of the circuit.

A parallel circuit containing three resistors is shown in Figure 4-1. Assume that current
leaves the negative terminal of the battery and must return to the positive terminal. Part
of the circuit current will flow through resistor R; and return to the battery. The remain-
der of the current will flow to resistors Ry and Rg3. Part of the current will again split and
flow through resistor Ry, permitting the remainder of the current to flow to resistor Rs. Notice
in this circuit that there are three separate paths for the current to flow. The first rule for
parallel circuits states that the total current is the sum of the currents through each
branch of the circuit. Assume that the circuit shown in Figure 4-1 is connected to a 120 volt
power source and that a current of 0.5 amp flows through resistor Ry, 1.5 amps flows
through resistor Ry, and 2 amps flows through resistor Rg (Figure 4-2).

- - -

l=. |=. |=.

<= - —

Figure 4-1 Current flows through more than one path in a parallel circuit.
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4A @3.5A @u\

05A 1.5A

2A

120 VAC Ri R2 Rs

+

4A @3.5A ®2A

Figure 4-2 The total circuit current is equal to the sum of the currents through each branch.

Helpful Hint

The first rule for parallel circuits states that the total current is the sum of the currents
through each branch of the circuit.

Notice in Figure 4-2 that each branch is connected directly to the power source. If a voltmeter
were connected across each branch, it would be seen that the source voltage is applied across
each branch. The second rule for parallel circuits states that the voltage is the same across
all branches of a parallel circuit. Since the voltage across each branch is known and the
amount of current flowing through each is known, the resistance of each branch can be deter-
mined using Ohm’s law.

Helpful Hint

The second rule for parallel circuits states that the voltage is the same across all
branches of a parallel circuit.

R E,
T
120
Ei =33
R, =240 Q
E2
R2=I—2
R, = 2
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R, =80Q
E
R, = =2
3 IS
120
R, =60 Q

ET
Ry = 7
120
RT = T
Ry =30Q

The circuit resistance values are shown in Figure 4-3. Notice that the total circuit resist-
ance is less than any single resistor in the circuit. To understand this, recall that resistance
1s hindrance to the flow of current. Each time another branch is connected to the power
source, another path for current flow is created. This reduces the hindrance to current flow

for the circuit. The total resistance of a parallel circuit will always be less than the resist-

ance of any single branch. There are three formulas used to calculate the total resistance
of a parallel circuit when only resistance values are known. The first formula is called the

“product over sum” formula. This formula can calculate the total resistance of only two par-

allel resistors at a time. The product over sum formula is:

R, xR,
RT = 5 5
R, +R,
A A @3.5A @2A
| 0.5A 15A
—— 120VAC Ri 240Q R2 80Q
[ Rt 30 Q

|

4A @3.5A ®2A

Figure 4-3 Determining circuit resistance values.
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Helpful Hint

The total resistance of a parallel circuit will always be less than the resistance of any
single branch.

To determine the total resistance of the circuit shown in Figure 4-3, the parallel resistance
of the first two resistors will be determined first.

R - 24080
T ™ 240 + 80
19200

By = 320

The total resistance of the first two resistors is 60 ohms. These two resistors are connected
in parallel with another 60 Q resistor, however. To find the parallel resistance of that con-
nection, use the parallel resistance of the first two resistors as R; and the value of the next
resistor as Ry and repeat the calculation.

_ 6060
Ry = 60 + 60
3,600
Ry = 120
Ry =30Q

This process is repeated for each resistor until all the resistors have been substituted in the
formula.

The second formula used to calculate parallel resistance is called the “reciprocal formula.”
The reciprocal of any number can be determined by dividing that number into 1. The
third rule for parallel circuits states that the reciprocal of the total resistance is equal to the
sum of the reciprocals of each branch. The basic reciprocal formula is shown below:

1 1 1 1 1

— = =+ —

—+
RT 1 RZ R3 RN

Helpful Hint

The third rule for parallel circuits states that the reciprocal of the total resistance is
equal to the sum of the reciprocals of each branch.

This formula can be modified to solve for RT instead of the reciprocal of RT:

1

l, 1, 1,1
1 RZ R3 RN

RT=
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This is the most-used formula for solving parallel resistance because almost all scientific cal-
culators have a reciprocal key (1/X). Any number shown on the display of a calculator is on
the X axis. When the 1/X key is pressed, the calculator will divide any number shown on the
display into 1. To find the total resistance of the circuit shown in Figure 4-3 using the recip-
rocal formula, press the following keys on a scientific calculator:

240 1/X+ 80 1/X+ 60 1/X =

The sum of the reciprocals of each branch is now on the calculator display. To find the total
resistance, press the 1/X key again and this will give the reciprocal of the sum of the
reciprocals.

Example: Find the total resistance of the following resistors connected in parallel:
1,200 Q, 2,200 Q, 1,600 Q, 3,000 Q, and 2,400 Q
Press the following calculator keys:
1,200 1/X + 2,200 1/X + 1,600 1/X + 3,000 1/X + 2,400 1/X = 1/X
The answer should be 375.5 Q.

The third formula for calculating parallel resistance is special and can be used only when
all resistor values are the same. The formula is:

N stands for the number of resistors connected in parallel. Assume that four 100 Q resis-
tors are connected in parallel. To determine their total resistance, divide the resistance of
one resistor by the total number of resistors.

Ry = -
Ry =25Q
LABORATORY EXERCISE
Name Date

Materials Required
1 100-watt 120-volt lamp
1 75-watt 120-volt lamp

1 60-watt 120-volt lamp

1 40-watt 120-volt lamp

3 medium base lamp sockets
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120 VAC

ON

j| | ® ©- ©-

OFF

o O

® ®
Figure 4-4 Connecting the first parallel circuit.

1 AC ammeter, in-line or clamp-on. (If a clamp-on type is used, the use of a scale divider
1s recommended.)

1 AC voltmeter
120-volt AC power supply

Connecting wires

1. Connect the circuit shown in Figure 4-4.
2. Turn on the 120 VAC power and check the output voltage with an AC voltmeter.
volts

3. Measure the voltage across each lamp using the AC voltmeter.

(100 W) volts
(40 W) volts
(60 W) volts

4. Turn off the power supply.

5. Connect an ammeter in series with the 100 watt lamp.

6. Turn on the power supply and measure the current flow through the lamp.
1(100 W) amp(s)

7. Turn off the power supply.

8. Remove the AC ammeter from the branch containing the 100 watt lamp and connect
it in series with the 40 watt lamp. Be sure to reconnect the 100 watt lamp back into the
circuit.

9. Turn on the power supply and measure the current flow through the 40 watt lamp.

1(40 W) amp(s)
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10.
11.

12.

13.
14.

15.

16.

17.
18.

19.

20.

21.
22.

23.

24.
25.
26.

Turn off the power supply.

Remove the AC ammeter from the branch containing the 40 watt lamp and connect it
in series with the 60 watt lamp. Reconnect the 40 watt lamp back into the circuit.

Turn on the power and measure the current flow through the 60 watt lamp.

I(GO W) amp(s)
Turn off the power supply.

Calculate the total circuit current.

IT'=I100 wy * La0 wy + L60 W)
Ip= amp(s)
Disconnect the AC ammeter from the branch containing the 60 watt lamp and recon-

nect it in series with one of the conductors connected to the power supply. This will per-
mit the total circuit current to be measured.

Turn on the power supply and measure the total current of the circuit. Compare this
value with the computed value.

Ip= amp(s)
Turn off the power supply.

Using the measured values of current through each of the lamps, use Ohm’s law to com-
pute the resistance of each branch.

E
E=7
(100 W) Q
(40 W) Q
(60 W) Q

Use the reciprocal formula with the computed resistance values to calculate the total
resistance of the circuit.

L _tr, .t 1
Ry 1 By R; Ry
Q

Use the measured value of total circuit current and Ohm’s law to compute the total cir-
cuit resistance. Compare this value with the calculated value.

Q

Replace the 40 watt lamp with a 75 watt lamp (Figure 4-5).

Turn on the 120 VAC power and check the output voltage with an AC voltmeter.
volts

Measure the voltage across each lamp using the AC voltmeter.

(100 W) volts
(75 W) volts
(60 W) volts

Turn off the power supply.
Connect an ammeter in series with the 100 watt lamp.

Turn on the power supply and measure the current flow through the lamp.

1(100 W) amp(s)
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120 VAC

ON

i | | &~ & ©-

OFF

o O

Figure 4-5 Connecting the second parallel circuit.

27.
28.

29.

30.
31.

32.

33.
34.

35.

36.

37.
38.

Turn off the power supply.

Remove the AC ammeter from the branch containing the 100 watt lamp and connect it in
series with the 75 watt lamp. Be sure to reconnect the 100 watt lamp back in the circuit.

Turn on the power supply and measure the current flow through the 75 watt lamp.

L5 wy amp(s)
Turn off the power supply.

Remove the AC ammeter from the branch containing the 75 watt lamp and connect it
in series with the 60 watt lamp. Reconnect the 75 watt lamp back in the circuit.

Turn on the power and measure the current flow through the 60 watt lamp.

1(60 %) amp(s)
Turn off the power supply.

Calculate the total circuit current.

It =Ii00 wy + Li7s wy *+ 6o w)

Ip= amp(s)

Disconnect the AC ammeter from the branch containing the 60 watt lamp and recon-
nect it in series with one of the conductors connected to the power supply. This will per-
mit the total circuit current to be measured.

Turn on the power supply and measure the total current of the circuit. Compare this
value with the computed value.

Ip= amp(s)
Turn off the power supply.

Using the measured values of current through each of the lamps, use Ohm’s law to com-
pute the resistance of each branch.

NI
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39.

40.

41.
42.

43.

44.
45.
46.

417.
48.

(100 W) Q
(75 W) Q
(60 W) Q

Use the reciprocal formula with the computed resistance values to calculate the total
resistance of the circuit.

T r . 1.1
RT 1 RZ R3 RN
Q

Use the measured value of total circuit current and Ohm’s law to compute the total cir-
cuit resistance. Compare this value with the calculated value.

Q
Replace the 100 watt lamp with a 40 watt lamp (Figure 4-6).
Turn on the 120 VAC power and check the output voltage with an AC voltmeter.

volts

Measure the voltage across each lamp using the AC voltmeter.

(40 W) volts
(75 W) volts
(60 W) volts

Turn off the power supply.

Connect an ammeter in series with the 40 watt lamp.

Turn on the power supply and measure the current flow through the lamp.
1(40 W) amp(s)

Turn off the power supply.

Remove the AC ammeter from the branch containing the 40 watt lamp and connect it in
series with the 75 watt lamp. Be sure to reconnect the 40 watt lamp back into the circuit.

120 VAC

ON

j| | ©~ O~ ©-

OFF

o O

Figure 4-6 Connecting the third parallel circuit.
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49.

50.
51.

52.

53.
54.

55.

56.

57.
58.

59.

60.

61.

Turn on the power supply and measure the current flow through the 75 watt lamp.

1(75 W) amp(s)
Turn off the power supply.

Remove the AC ammeter from the branch containing the 75 watt lamp and connect it
in series with the 60 watt lamp. Reconnect the 75 watt lamp back into the circuit.

Turn on the power and measure the current flow through the 60 watt lamp.

Lso w) amp(s)
Turn off the power supply.

Calculate the total circuit current.

It = Liyo wy * Li75 wy * L0 w)
It = amp(s)

Disconnect the AC ammeter from the branch containing the 60 watt lamp and recon-
nect it in series with one of the conductors connected to the power supply. This will per-
mit the total circuit current to be measured.

Turn on the power supply and measure the total current of the circuit. Compare this
value with the computed value.

Ip= amp(s)

Turn off the power supply.

Using the measured values of current through each of the lamps, use Ohm’s law to com-
pute the resistance of each branch.

_E
E=7

(40 W) Q

(75 W) Q

(60 W) Q

Use the reciprocal formula with the computed resistance values to calculate the total
resistance of the circuit.

[ R S e

e T e b e e
Ry 1 Ry Ry Ry
Q

Use the measured value of total circuit current and Ohm’s law to compute the total cir-
cuit resistance. Compare this value with the calculated value.

Q

Disconnect the circuit and return the components to their proper place.
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Review Questions

1. State the three rules for parallel circuits.

2. A circuit has four resistors connected in parallel. The resistor values are as follows:
R; =150 kQ, Ry =220 kQ, Rg = 180 kQ, and R4 = 330 kQ. What is the total resistance
of this circuit?

3. Refer to the resistor values in question 2. Assume that resistor R, has a current of 0.945
mA flowing through it. How much current is flowing through resistor R,?

4. A circuit contains three resistors connected in parallel and has a total power con-
sumption of 14 watts. Resistor R; has a power consumption of 6.2 watts, Ry con-
sumes 4.8 watts. Resistor Rg has a value of 192 Q. What is the voltage applied to the
circuit?

5. A circuit contains four resistors connected in parallel. Resistor R; has a current flow
of 0.25 amp, Ry has a current flow of 0.3 amp, R5 has a current flow of 0.45 amp, and
R4 has a current flow of 0.7 amp. What is the total current flow in this circuit?

6. A circuit has the following resistors connected in parallel: 18 Q, 24 Q, 12 Q, and 10 Q.
What is the total resistance of this circuit?

7. A parallel circuit contains three resistors. The total resistance of the circuit is 8 Q.
Resistor R; has a value of 24 Q, and Ry has a value of 18 Q. What is the value of resis-
tor Rg?
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Unit 5 Combination Circuits

Objectives

After studying this unit, you should be able to:
* Determine series and parallel paths through an electric circuit.

+ Use measured values of voltage, current, and resistance in a combination circuit to
determine unknown electrical quantities.

+ Use measuring instruments to determine electrical quantities in a combination circuit.

*+ Solve combination circuit problems using Ohm’s law.

Combination circuits contain both series and parallel paths in the same circuit. In order to
solve unknown values, it is imperative to be able to identify which components are in
series and which are in parallel. To determine which components are in series and which
are in parallel, trace the current path through the circuit. In the circuit shown in Figure 5-1,
resistors Ry and Ry are connected in parallel. Resistor R, is connected in series with Ry and
R3. Assume that current leaves the negative terminal of the battery and must return to the
positive terminal. All the current in the circuit must flow through resistor R because there
is no other path by which the current can travel from the negative to the positive terminal.
Resistor R, is, therefore, in series with the rest of the circuit because the definition of a series
circuit is a circuit that has only one path for current flow.

After leaving resistor R;, the current path can divide. Part of the current will flow through
resistor Ry and part will flow through Rg. The amount of current that flows through each
is determined by their resistance values. Since the current has more than one path, resis-
tors Ry and Rg are connected in parallel with each other. After leaving resistors Ry and Rg,
the current proceeds to the positive battery terminal.

11—

Figure 5-1 Tracing the current path through a simple combination circuit.
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Example Circuit #1

Values of resistance and voltage have been added to the circuit in Figure 5-2. Resistor R; has
a value of 36 Q, Ry has a value of 40 Q, and Rg has a value of 60 Q. The battery has a ter-
minal voltage of 30 volts. The following electrical values will be determined for this circuit:

R - Total resistance of the circuit

Iy - Total circuit current

I; - Current flow through resistor Ry
E; - Voltage drop across resistor Ry
E, - Voltage drop across resistor Ry
Eg - Voltage drop across resistor Rg
I, - Current flow through resistor Ry
I3 - Current flow through resistor Rg

When solving values for a combination circuit, it is generally helpful to reduce the circuit
to a simple series or parallel circuit and then work back through the circuit in a step-by-step
procedure. This is accomplished by combining series or parallel components to form a sin-
gle resistance value. In the circuit shown in Figure 5-2, resistors Ry and Rg are connected
in parallel. These two resistors can be combined into one resistor value by determining their
total resistance value.

1

R =
Tt 1 11
R, R, R; Ry
1
Ro =
1
R1 Rz
1
R =
T~ 40+60
R1 36 Q
____ET3OV
— R3 60 Q

Figure 5-2 Values are added to the circuit.
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R1 36 Q Rcombination 24 Q

ET 30V

J WV AN—

Figure 5-3 The circuit has become a simple series circuit.

The total resistance for resistors Ry and Rg will form resistor R,y pination- The circuit has
been redrawn in Figure 5-3. Notice that resistors Ry and Rg have been replaced by
Reombination: LThe circuit is now a simple series circuit containing two resistors, R; and
Reombination: One of the rules for series circuits states that the total resistance is equal to
the sum of the individual resistances. The total circuit resistance can be determined by
adding the two resistance values together.

RT = Rl + Rcombination
RT =36+ 24
RT =60Q

Now that the total resistance is known, the total current can be determined using Ohm’s
law.

E
I=3
R
30
I, = 2=
T 60
Iy = 0.5 amp

In a series circuit, the current is the same through all parts of the circuit. Therefore, the resis-
tors Ry and Ry pination Rave a current of 0.5 amp flowing through them. The voltage
drop across each resistor can now be determined using Ohm’s law.
E;=0.5X 36
E, =18 volts
Ecombination =0.5X24

Eombination = 12 volts

These added circuit values are shown in Figure 5-4.
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VWV A —

J E118V Ecombination 12 V
1105A lcombination 0.5 A
— ET30V
— R1 36 Q Rcombination 24 Q
—— IT05A
RT60 Q

Figure 5-4 Values for the series circuit have been determined.

Resistor R, pination 18 10 reality resistors Ry and Rg. The values that apply to R.,pination
therefore, apply to resistors Ry and Rg. If a voltmeter were to be connected across the par-
allel circuit containing Ry and Rg, it would indicate the same voltage drop as that across
Reombination> @S shown in Figure 5-5. One of the rules of parallel circuits is that the voltage
must be the same across all branches of the circuit. Therefore, 12 volts is dropped across
resistors Ry and Rg.

Now that the voltage across resistors Ry and Rg is known, the current flow through each can
be determined using Ohm’s law.

12
I2 = —
40
I, = 0.3 amp
12V
| O o
E118V
1 11 0.5
—_—  ET30V
S— R136 Q Rs 60 Q
—T1 IT05
RT 60 Q

Figure 5-5 The same voltage is dropped across the two parallel resistors as that dropped across
the combination resistor.
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—_—  ET30V
— R1 36 Q Es 12V
—T1 IT05
13 0.2
RT60 Q
R3 60Q

Figure 5-6 All circuit values have been determined.

12
I, ==
360
I; = 0.2 amp

The circuit with all values is shown in Figure 5-6.

Example Circuit #2

The second example circuit is shown in Figure 5-7. The unknown values to be determined

in this circuit are:
Rr - Total resistance of the circuit
It - Total current in the circuit

I; - Current flow through resistor R

R1 250 Q

ET 120V

R3 300 Q

R2 500 Q R4 300 Q

Figure 5-7 Example circuit #2.
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I, - Current flow through resistor Ry
E; - Voltage drop across resistor Ry
E, - Voltage drop across resistor Ry
I3 - Current flow through resistor Rg
Eg5 - Voltage drop across resistor Rg
E, - Voltage drop across resistor Ry
Ej - Voltage drop across resistor Ry
I, - Current flow through resistor Ry
I5 - Current flow through resistor Ry

The first step in determining the unknown values for this circuit is to trace the current paths
to determine which components are connected in series and parallel with each other.
Assume that electrons leave the negative battery terminal and return to the positive ter-
minal. Electrons can flow from the battery to the branch containing resistors R and Rs.
Current can then flow through these two resistors and return to the positive battery terminal,
as shown in Figure 5-8. Notice that there is only one path through the branch containing
these two resistors. The same current must flow through both. Since the same current must
flow through both resistors, they are connected in series with each other.

A second current path exists through the branch containing resistors Rg, Ry, and Rj, as
shown in Figure 5-9. All of the current of that branch must flow through resistor Rg, but the
current then divides through resistors R, and Rs. Resistors R, and Ry are connected in par-
allel with each other because there is more than one path for current flow, but resistor Rg
1s connected in series with R4 and Rj5. The branch containing resistors R; and Ry 1s connected
in parallel with the branch containing resistors Rg, R4, and Ry.

The next step is to find the total resistance of the circuit. This can be accomplished by com-
bining series and parallel connected resistors to form one single resistor. The procedure is

I \\g R1 250 Q Rs 300 Q

ET120V

R2 500 Q R4 300 Q Rs 600 Q

<

Figure 5-8 Current flows through resistors 1 and 2.
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R1250 Q Rs 300 Q
_—— ET120V
Rz 500 Q R4 300 Q Rs 600 Q

Figure 5-9 A current path also exists through resistors 3, 4, and 5.

continued until there is a simple series or parallel circuit. The first two resistors to be com-
bined are R, and R5. Since these two resistors are connected in parallel, their total resist-
ance can be determined using the formula:

1
Ry= —
! .1
_ 1
RT_I 1
___+___
300 600
Ry = 200 Q

This total value will be called Ry (resistance of combination #1). The circuit can be
redrawn as shown in Figure 5-10.

Resistors Ry and Ry are connected in series with each other. They can be combined into one
resistor by adding their values.

RT = Rl + RQ
Rp=1750 Q
The total value of these two resistors will be shown as R (resistance of combination #2).

Resistors Rg and R are also connected in series with each other. They can be combined into
one resistor by adding their values.

Rp=R3+ Rcy
Ry = 300 + 200
Rp=500Q
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R1 250 Q R3 300 Q@

ET 120V

R2 500 Q Rc1 200 Q

Figure 5-10 Resistors 4 and 5 form one resistor.

The total values of these two resistors will be shown as RCg (resistance of combination #3).
The circuit can now be redrawn as a simple parallel circuit, as shown in Figure 5-11.

The total resistance of the circuit can now be determined.

1
Fo= g7
750 500

Ry = 300 Q

Now that the total resistance is known, the total circuit current can be computed using Ohm’s
law.

120
Iy = =—
T = 300
It = 0.4 amp
_——— ET120V
% Rc2 750 Q Rc3 500 Q

Figure 5-11 The circuit has been reduced to a simple parallel circuit.
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In a parallel circuit, the voltage must be the same across all branches. Therefore, a voltage
of 120 volts is applied across resistors Rpg and Rps. The current flow through these
branches can be determined using Ohm’s law.

_ 120

Iy = 755

Iq, = 0.16 amp
_ 120

les = 550

Iq; = 0.24 amp

Note that if the currents flowing through resistors Rog and Rg are added together, they will
equal the total circuit current (0.16 + 0.24 = 0.4). One of the rules for parallel circuits states
that the total current of a parallel circuit is equal to the sum of the currents through the
branches.

Resistor Ry is, in reality, a combination of resistors R; and Ro. The values that apply to Ry,
therefore, apply to resistors R; and Rsy. Since R; and Ry are connected in series, the current
flowing through RC, flows through both of them. The voltage drop across R; and R, can now
be determined using Ohm’s law.

E,=0.16 X 250

E, =40 volts
E;=0.16 X 500
Eq = 80 volts

Note that if the voltage drops across resistors R; and Ry are added together, they will
equal the voltage applied across the branch (40 + 80 = 120). Recall that one of the rules
concerning series circuits states that the sum of the voltage drops must equal the
applied voltage.

Resistor Rg is, in reality, the combination of resistors Rg and Ry. Since Rg and R are
connected in series, they will have the same current flowing through them that flows
through Rc3. The voltage drop across these two resistors can be determined with Ohm’s law.
E5=0.24 X 300
Eg =172 volts
Erp=0.24 X 200
ECl = 48 volts

The values for resistors R;, Ry, Rg, and R are shown in Figure 5-12.

Resistor Ry 1s, in reality, the combination of resistors R4 and R5. The values that apply to
resistor Rq, therefore, apply to resistors R4 and R5. Since resistors R4 and Ry are connected
in parallel, the voltage dropped across R¢q is dropped across R4 and Rs. The amount of cur-
rent flowing through resistors R4 and Ry can now be computed.
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E140V
It 0.16
R1 250 ©

_——  ET120V

E IT 0.04

RT 300 Q E2 80V

l2 0.016
R2500 Q

E3 72V

13 0.24

R3 300 Q

Ect1 48V

Ic1 0.024

Rc1 200 Q

Figure 5-12 The unknown values for R4, Ro, Rg, and Rgq have been determined.

_ 48

Iy = 300
I, = 0.16 amp

48

I. = —

> 7 600
I5 = 0.08 amp

The circuit with all values is shown in Figure 5-13.

Es 72V

I3 0.24
Rs 300 Q

E1 40V
11 0.16
R1250 Q

— ErT 120V

— It 004

RT 300 Q E2 80V Ead8V

2 0.016 ls 0.16
R2 500 Q R4300 Q

Es 48V

Is 0.08

Rs 600 Q

Figure 5-13 All missing circuit values have been determined.
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LABORATORY EXERCISE

Name Date

Materials Required
1 208-volt AC power supply
1 120-volt AC power supply
2 100-watt 120-volt lamps
75-watt 120-volt lamps
60-watt 120-volt lamp
40-watt 120-volt lamp

e

AC ammeter, in-line or clamp-on may be used. (If a clamp-on type is used, a 10:1 scale
divider is recommended.)

1 AC voltmeter
5 normal base lamp sockets

Connecting wires

1. Connect the circuit shown in Figure 5-14. Make sure that the AC power remains
turned off until you are told to turn it on.

100 W 100 W

®
®

60 W

CE

208 VAC

ON

-

OFF

o O

Figure 5-14 Series-parallel combination circuit.
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circuit current (Figure 5-15). If a clamp-on ammeter is employed, a 10:1 scale divider
1s recommended.

. Turn on the power and measure the total circuit current.

amp(s)

. Measure the applied voltage with an AC voltmeter.

volts

Use Ohm’s law to calculate the total resistance of the circuit.

Q
. Use an AC voltmeter to measure the voltage drop across the following lamps:
60 watt volts
Each 100 watt volts, volts
40 watt volts
75 watt volts

. Turn off the power supply.

8. Reconnect the AC ammeter to measure the amount of current flow through the two

10.

100 watt lamps in Figure 5-16. After the ammeter connection has been made, turn on
the power and measure the current.

amp(s)
Turn off the power supply.

Reconnect the ammeter to measure the current flow through the 40 watt lamp
(Figure 5-17). After the ammeter connection has been made, turn on the power and
measure the current.

amp(s)
100 W 100 W
& @
60 W 75 W
@
40W
&
208 VAC
i\l AC amps
OFF
o O

Figure 5-15 Connecting an AC ammeter in the circuit.
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AC amps

60 W

©s

208 VAC

ON

-

OFF

o O

CE

Figure 5-16 Measuring current through the 100 watt lamps.

—_
o
o
=

100 W

®
®

AC amps

38
=

40 W

208 VAC

ON

-

OFF

o O

Gk

Figure 5-17 Measuring current through the 40 watt lamp.
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11.
12.

13.

14.

15.

16.
17.

18.

19.

20.

Turn off the power supply.

Using Ohm’s law and the measured values, calculate the resistance of each of the lamps.
60 watt Q

Each 100 watt Q, Q

40 watt Q

75 watt Q

Add the current flow through the two 100 watt lamps to the current flow through the
40 watt lamp. Is the sum of these currents approximately the same as the current flow
through the 60 watt lamp?

Add the voltage drops across the two 100 watt lamps. Is the sum approximately the
same as the voltage drop across the 40 watt lamp?

Is the amount of current flowing through the 60 watt lamp and 75 watt lamp the same?
Explain your answer.

Disconnect the circuit.

Connect the circuit shown in Figure 5-18. Make sure the power supply remains turned
off until you are told to turn it on.

Connect an AC ammeter in the circuit in a position to measure the total circuit current,
as shown in Figure 5-19.

Turn on the power supply and measure the circuit current.
amp(s)
Turn off the power supply.

@40W @ 100 W

120 VAC

ON

. Don D Do

OFF

o O

Fig

ure 5-18 Parallel-series combination circuit.
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120 VAC

ON

-

OFF

o O

AC amps

@ o

@ o

@ 100 W

@ row

@ o

Figure 5-19 Measuring total circuit current.

21. Reconnect the AC ammeter to measure the current flow through the 40 and 60 watt
lamps, as shown in Figure 5-20. After the connection is made, turn on the power and

measure the current flow.

amp(s)

22. Turn off the power supply.

23. Does the same amount of current flow through the 40 and 60 watt lamps? Explain your

answer.
@) @) o
AC amps
120 VAC @
ON
@) sow @) rsw @) mw
u N
OFF

Figure 5-20 Measuring the current flow through the 40 watt and 60 watt lamps.
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24.

25.
26.

27.

28.

29.

30.

31.

32.
33.

Turn on the power supply and measure the voltage drop across the 40 watt and 60 watt
lamps.

40 watt volts
60 watt volts
Turn off the power supply.

Add the voltage drop across the 40 watt and 60 watt lamps. Does the sum approximately
equal the voltage applied to the circuit?

Use Ohm’s law and compute the resistance of the 40 watt and 60 watt lamps.
40 watt Q
60 watt Q

Reconnect the AC ammeter to measure the current flow through the circuit branch con-
taining the 100 watt and two 75 watt lamps in Figure 5-21. After making the connection,
turn on the power and measure the current.

amp(s)

Measure the voltage drop across the 100 watt lamp with an AC voltmeter.

volts

Using Ohm’s law, compute the resistance of the 100 watt lamp.
Q

Measure the voltage drop across each of the 75 watt lamps.

volts, volts

Turn off the power supply.

Was the voltage drop across each the of the 75 watt lamps the same? Explain why or
why not.

@40W @mow

AC amps
120 VAC
ON
. @eov @we D
OFF

Fig

ure 5-21 Measuring the current flow through the 100 watt and two 75 watt lamps.
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@4OW @WOW

120 VAC

ON

. Dev D Qe
o OFF c AC amps

Fig

34.

35.
36.

37.

38.

39.
40.

41.

ure 5-22 Measuring the current flow through one of the 75 watt lamps.

Reconnect the AC ammeter to measure the current flow through one of the 75 watt
lamps (Figure 5-22). After the connection is complete, turn on the power and measure
the current.

amp(s)
Turn off the power supply.
Use Ohm’s law and compute the resistance of the 75 watt lamp.

Q
Reconnect the AC ammeter to measure the current flow through the other 75 watt lamp.
After the connection is complete, turn on the power and measure the current.
amp(s)
Add the two measurements of the currents flowing through the two 75 watt lamps. Is
the sum approximately the same as the current flow through the 100 watt lamp?

Turn off the power supply.

Add the amount of current flow through the branch containing the 40 watt and 60 watt
lamps and the current flow through the branch containing the 100 watt and two 75 watt
lamps. Is their sum approximately the same as the total circuit current?

Disconnect the circuit and return the components to their proper place.

Review Questions

1

. State the three rules for series circuits.
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2. State the three rules for parallel circuits.

To answer the following questions, refer to the circuit shown in Figure 5-23.

3. What is the total resistance of resistors Ry and R3?

4. What is the total resistance of resistors R, and R5?

5. What is the total resistance of the parallel block containing resistors Ry, R3, Ry,
and R5{)

6. What is the total resistance of this circuit?

7. What is the total amount of current flow in this circuit?

8. How much current flows through resistors R; and Rg?

9. What is the voltage drop across resistor R{?

R2 100 Q Rs 120 Q

MV

R1 220 Q Re 300 Q

ET60V

R4 150 Q Rs 200 Q

Figure 5-23 Combination circuit.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

How much voltage is dropped across resistor Rg?

How much voltage is dropped across the parallel block containing resistors Ry, Rg, Ry,

The voltage drop across the parallel block containing resistors Ry, R3, R4, and Ry is
dropped across resistors Ry and R3. How much current is flowing through resistors R,
and Rg?

What is the voltage drop across resistor Ry?

What is the voltage drop across resistor Rg?

What is the sum of the voltage drops across Ry and Rg?

Is the sum of these two voltage drops approximately equal to the voltage across the par-
allel block containing resistors Ry, Rg, R4, and Rg?

How much current is flowing through resistors R4 and R5?

What is the voltage drop across resistor Ry?

What is the voltage drop across resistor R5?

Is the sum of the two voltage drops across R, and Ry approximately equal to the
voltage drop across the parallel block containing resistors Ry, R3, Ry, and R5?

Add the amount of current flowing through Ry and Rg to the amount of current flow-
ing through R, and R;. Is the sum of these two currents approximately equal to the total
circuit current?
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Unit 6 Resistor Color Code

Objectives

After studying this unit, you should be able to:
* Determine the resistance value by the color bands on the resistor.
* Determine the tolerance range of a resistor.
* Determine the value of a 1% resistor with five bands of color.

* Measure resistance with an ohmmeter.

The values of a resistor can often be determined by the color code. Many resistors have
bands of color that are used to determine the resistance value, tolerance, and in some cases
reliability. The color bands represent numbers. Each color represents a different numer-
ical value. The chart shown in Figure 6-1 lists the color and the number value assigned
to that color. The resistor shown below the color chart illustrates how to determine the
resistor’s value. Resistors can have from three to five bands of color. Resistors that have
a tolerance of 20% have only three color bands. Most resistors contain four bands of color.
For resistors with tolerances that range from 10% to 2%, the first two color bands represent
number values. The third color band is called the multiplier. Multiply the first two numbers

Color Number Value | Resistor Tolerance
Black 0

Brown 1 Brown %1%
Red 2 Red Y-2%
Orange 3 Gold V5%
Yelow 4 Silver  ¥*10%
Green 5 No color **20%
Blue 6

Violet 7 Gold (0.1 multiplier)
Gray 8 Silver (0.01 multiplier)
White 9

Tolerance
Multiplier
Numbers

Figure 6-1 Resistor color code chart.
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Brown (1)
Green (5)

Red (2 - 00)
JFSilver (10%)

1 50010%

Figure 6-2 Determining resistor values using the color code.

by 10 the number of times indicated by the number value of the third band. The fourth band
indicates the tolerance. For example, assume a resistor has color bands of brown, green,
red, and silver, as shown in Figure 6-2. The first two bands represent the numbers 1 and
5 (brown is 1 and green is 5). The third band is red, which has a number value of 2. The
number 15 should be multiplied by 10 two times. The value of the resistor is 1,500 Q.
Another method that is simpler to understand is to add the number of zeros indicated by
the multiplier band to the first two numbers. The multiplier band in this example is red,
which has a numeric value of 2. Add two zeros to the first two numbers. The number 15
becomes 1,500.

Tolerance

The fourth band is the tolerance band. The tolerance band in this example is silver, which
means £10%. This resistor should be 1,500 Q plus or minus 10%. To determine the value lim-
1ts of this resistor, find 10% of 1,500.

1,500 X 0.10 =150

The value can range from 1,500 + 10% or 1,500 + 150 = 1,650 Q to 1,500 — 10% or 1,500 —
150 = 1,350 Q.

Five Band Resistors

Resistors that have a tolerance of £1% and some military resistors contain five bands
of color.

Example #1: The resistor shown in Figure 6-3 contains the following bands of color:
First band = Brown

Second band = Black

Third band = Black

Fourth band = Brown

Fifth band = Brown

The brown fifth band indicates that this resistor has a tolerance of £1%. To determine the
value of a 1% resistor, the first three bands are numbers and the fourth band is the mul-
tiplier. In this example, the first band is brown, which has a number value of 1.
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Brown (1)
Black (0)

Black (0)
Brown (1 - 0)
— Brown (1%)

1000 1%
Figure 6-3 Determining the value of a 1% resistor.

The next two bands are black, which represent a number value of 0. The fourth band is
brown, which means add one zero to the first three numbers. The value of this resistor is
1,000 +1%.

Example #2: A five-band resistor has the following color bands:
First band = Red
Second band = Orange
Third band = Violet
Fourth band = Red
Fifth band = Brown

The first three bands represent number values. Red is 2, orange is 3, and violet is 7. The
fourth band is the multiplier; in this case red represents 2. Add two zeros to the number 237.
The value of the resistor is 23,700 ohms. The fifth band is brown, which indicates a toler-
ance of £1%.

Military resistors often have five bands of color. The ohmic value and tolerance of these resis-
tors are read in the same manner as a resistor with four bands of color. The fifth band can
represent different things. A fifth band of orange or yellow is used to indicate reliability. It
has been known for many years that if a resistor is going to fail, it will generally fail
within so many hours. The military often pays companies to put resistors in a circuit and
operate them for so many days. Resistors that do not fail within the test period are considered
to be more reliable than untested resistors. Resistors with a fifth band of orange have a reli-
ability good enough to be used in missile systems, and a resistor with a fifth band of yellow
can be used in space flight equipment. A military resistor with a fifth band of white indi-
cates the resistor has solderable leads.

Resistors with tolerance ratings ranging from 0.5% to 0.1% will generally have their values
printed directly on the resistor.

Gold and Silver as Multipliers

The colors gold and silver are generally found in the fourth band of a resistor, but they can
be used in the multiplier band also. When the color gold is used as the multiplier band, it
means to divide the first two numbers by 10. If silver is used as the multiplier band, it means
to divide the first two numbers by 100. For example, assume a resistor has color bands of
orange, white, gold, gold. The value of this resistor is 3.9 ohms with a tolerance of +5%
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(orange = 3; white = 9; gold means to divide 39 by 10, which equals 3.9; and gold in the fourth
band means 5% tolerance).

Standard Resistance Values

Fixed resistors are generally produced in standard values. The higher the tolerance value,
the fewer resistance values available. Standard resistor values are listed in the chart
shown in Figure 6-4. In the column under 10%, there are only twelve values of resistors listed.
These standard values, however, can be multiplied by factors of 10. Notice that one of the
standard values listed is 33 ohms. There are also standard values in 10% resistors of
0.33, 3.3, 330, 3,300, 33,000, 330,000, and 3,300,000 ohms. The 5% column lists twenty four
resistor values and the 1% column lists ninety six values. All of the values listed in the chart
can be multiplied by factors of 10 to obtain other resistance values.

Power Rating

Resistors also have a power rating in watts, which should not be exceeded or damage will
occur to the resistor. The amount of heat that must be dissipated by the resistor can be deter-
mined by the use of one of the following formulas.

2
P=§
P=TIR
P=EI

Example:

The resistor shown in Figure 6-5 has a value of 100 Q and a power rating of 0.5 watt. If the
resistor is connected to a 10 volt power supply, will it be damaged?

Solution:

Using the formula shown below, determine the amount of heat that will be dissipated by the
resistor.

2
E
P ==
R
100
P_IOO
P = 1 watt

Since the resistor has a power rating of 0.5 watt and the amount of heat that will be dis-
sipated is 1 watt, the resistor will be damaged.
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STANDARD RESISTANCE VALUES

1%, .25%
5%

10.0
10.1
10.2
10.4
10.5
10.6
10.7
10.9
11.0
111
11.3
11.4
11.5
11.7
11.8
12.0
121
12.3
12.4
12.6
12.7
12.9
13.0
13.2
13.3
135
13.7
13.8
14.0
14.2
14.3
14.5
14.7
14.9
15.0
15.2
154
15.6
15.8
16.0
16.2
16.4
16.5
16.7
16.9

1%

10.0

10.2

10.5

10.7

1%,
5%

.25%
1%

17.2 -
17.4 17.4
17.6 -
17.8 17.8
18.0 -
18.2 18.2
18.4 -
18.7 18.7
18.9 -
19.1 19.1
19.3 -
19.6 19.6
19.8 -
20.0 20.0
203 -
205 205
20.8 -
21.0 21.0
213 -
215 215
218 -
22.1 22.1
223 -
2256 2256
22.9 -
23.2 23.2
23.4 -
237 237
24.0 -
243 24.3
24.6 -
24.9 24.9
25.2 -
25.5 255
25.8 ;
26.1 26.1
26.4 ;
26.7 26.7
27.1 ;
27.4 27_4
27.7 N
28.0 28.0
28.4 ;
28.7 28.7
29.1

1%, .25%
5%

29.4
29.8
30.1
305
30.9
31.2
316
32.0
32.4
328
33.2
336
34.0
34.4
348
35.2
35.7
36.1
36.5
37.0
37.4
37.9
38.3
38.8
39.2
39.7
40.2
407
412
417
422
427
432
437
44.2
448
453
45.9
46.4
47.0
475
48.1
487
493
49.9

1%

29.4

30.1

30.9

31.6

32.4

33.2

34.0

34.8

35.7

36.5

37.4

38.3

39.2

40.2

41.2

422

43.2

442

45.3

46.4

47.5

1%, .25%

5%

50.5
51.1
51.7
52.3
53.0
53.6
54.2
54.9
55.6
56.2
56.9
57.6
58.3
59.0
59.7
60.4
61.2
61.9
62.6
63.4
64.2
64.9
65.7
66.5
67.3
68.1
69.0
69.8
70.6
71.5
72.3
73.2
741
75.0
75.9
76.8
77.7
78.7
79.6
80.6
81.6
825
83.5
84.5
85.6

73.2

75.0

76.8

78.7

80.6

82.5

84.5

1%, .25%
5% 1%
86.6 86.6
87.6 -
88.7 88.7
89.8 -
90.9 90.9
92.0 -
93.1 93.1
94.2 -
95.3 95.3
96.5 -
97.6 97.6
98.8 -
2%, 5% 10%
10 10
11 -
12 12
13 -
15 15
16 -
18 18
20 -
22 22
24 -
27 27
30 -
33 33
36 -
39 39
43 -
47 47
51 -
56 56
62 -
68 68
75 -
82 82
91 -

Figure 6-4 Standard resistance values.
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Figure 6-5 Exceeding the power rating causes damage to the resistor.

oV

LABORATORY EXERCISE
Name Date

Materials Required
10 color-coded resistors of various values

Ohmmeter

1. Using the table provided in Figure 6-6, list the color of each resistor band in the
spaces provided. Then list the resistance value and tolerance according to the color
bands. Determine the upper and lower limits of tolerance for each resistor. Next,
measure the resistance with an ohmmeter, and, finally, indicate whether the resistor
1s within its tolerance.

Example: A resistor has color bands of red, yellow, yellow, and gold. This resistor has
been listed on the first line of the chart. After listing the colors and determining the
value and tolerance, calculate the upper and lower limit. The example resistor has a
marked value of 240,000 Q with a tolerance of £5%. The upper and lower limits are
determined by the tolerance of the resistor.

240,000 X 5% (0.05) = 12,000 Q. Upper limit (240,000 + 12,000 = 252,000 Q). Lower
limit (240,000 — 12,000 = 228,000 Q). The measured value is determined by measur-
ing the resistance value with an ohmmeter. In this example it is assumed that the ohm-
meter measured a resistance of 246,000 Q. Since this value is within the upper and
lower limits, the resistor is within tolerance.

Review Questions

1. A resistor has color bands of orange, orange, orange, and silver. What is the resistance
value and tolerance of this resistor?
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FIRST SECOND THIRD FOURTH MARKED |TOLERANCE | UPPER | LOWER MEASURED WITHIN
COLOR COLOR COLOR COLOR VALUE VALUE LIMIT LIMIT VALUE TOLERANCE
Red Yellow Yellow Gold 240,000 5% 252,000 | 228,000 246,000 Yes

Figure 6-6 Determining resistor value.
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10.

. A resistor has color bands of brown, red, black, and gold. What is the resistance and tol-

erance of this resistor?

. What color bands should be found on a 5,100 Q resistor with a tolerance of £2%?

. Is it possible to find a resistor with color bands that are orange, blue, brown, and

silver?

. A resistor has the following color bands: red, yellow, orange, red, and brown. What is

the resistance value and tolerance for this resistor?

. Aresistor has the following color bands: green, blue, gold, and red. What is the resist-

ance value and tolerance of this resistor?

. A 14,000 Q resistor is needed in a circuit. Is it possible to obtain this resistor in a stan-

dard value?

. A 470 Q half-watt resistor is connected across 12 volts. Will this resistor be damaged?

. A resistor has color code bands of orange, orange, red, and red. An ohmmeter is used

to check the resistor’s value and indicates a value of 3,400 Q. Is the resistor within its
tolerance?

A resistor has color bands of brown, black, black, red, and brown. An ohmmeter indi-
cates that the resistor has a value of 9,950 Q. Is this resistor within its tolerance?
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SECTION | Basic Switch

Connections

Unit 7 Single-Pole Switches

Objectives

After studying this unit, you should be able to:

* Discuss the operation of a single-pole switch.

+ Identify a single-pole switch.

* Define switch leg.

+ Employ two methods of connecting single-pole switches.

* Determine the amount of current flow in a neutral conductor.

One of the most common jobs of an electrician is to make basic switch connections.
There are three main types of switches used when connecting lighting circuits: single-pole,
3-way, and 4-way. Single-pole switches are used when a device, such as a light or recep-
tacle outlet, is to be controlled from one location. Lights are controlled by interrupting the
current flow in one of the circuit conductors. In a common 240/120 volt residential or com-
mercial service, a center-tapped transformer is employed to provide 240 or 120 volts
(Figure 7-1). The transformer converts the power line voltage (primary) into 240 volts at
the secondary. The secondary winding contains a center tap that is grounded. The
grounded center tap is generally referred to as the neutral. A voltmeter connected across
the entire secondary winding will indicate a value of 240 volts. If the voltage is measured
from the center tap to either side of the secondary winding, a voltage of 120 volts will be
indicated.

Current Relationships

When connecting loads to a center-tapped transformer, the center tap will carry the sum of
the unbalanced loads between the other two conductors. In other words, the center tap con-
nection will carry the difference between the other two conductors. Assume that a trans-
former of this type is connected to a load that produces 10 amperes in each leg (Figure 7-2).
Since each of the ungrounded or hot conductors is carrying the same amount of current, the
neutral or grounded conductor will carry no current.

75
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Primary

120 120

240V
Figure 7-1 Typical 240/120 volt service. Figure 7-2 A common single-phase service.

Now assume that one of the ungrounded conductors has a current flow of 10 amperes, and
the other has a current flow of 7 amperes. The neutral conductor will now carry a current
of 3 amperes (10 — 7 = 3), as shown in Figure 7-3.

Single-Pole Switch Construction

A single-pole switch contains one movable and one stationary contact (Figure 7-4). This type
of switch is designated as single-pole single-throw (SPST). The movable contact is called the
switch pole. Since this switch is single-pole, it has only one movable contact. The switch pole
will make connection with a stationary contact when switched or thrown in only one posi-
tion. The switch is, therefore, called a single-throw. Single-pole switches can be easily
identified by the following:

1. They contain only two terminal screws (Figure 7-5). Switches will often contain an extra
green screw used for grounding. The bare copper grounding wire connects to the
green screw.

2. The words OFF and ON are shown on the switch lever. The switch contacts will be open
(OFF) or closed (ON) when the switch lever is thrown in one position.

Basic Switch Connection

Loads intended to operate on 120 volts are connected between the grounded neutral con-
ductor and the ungrounded hot conductor. These circuits are referred to as branch circuits.
Branch circuits are protected by fuses or circuit breakers installed at the panel box. A branch
circuit that supplies power to one lamp is shown in Figure 7-6.
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Movable contact (switch pole)

Stationary contact

O

Figure 7-3 The neutral carries the difference  Figure 7-4 Basic construction of a single-pole
between the two hot conductors. switch.

Terminal
»  Screw

Terminal
SCrew

Grounding
SCrew

Figure 7-5 A single-pole switch contains only two terminal screws, and the words OFF and ON
are shown on the switch lever.

https://engineersreferencebookspdf.com



78

Section 2 Basic Switch Connections

Neutral (grounded) conductor (white wire) j\

Circuit breaker j\

Hot (ungrounded) conductor (black wire) J

Figure 7-6 Typical lighting branch circuit.

The lamp is controlled by breaking connection between the circuit breaker and lamp
(Figure 7-7). Notice that the switch is placed in the hot or ungrounded conductor. The light
could be controlled by placing the switch in the neutral conductor, but the National
Electrical Code® (NEC®) does not permit the neutral conductor to be broken. The only
exception to this is if both the neutral (grounded) and hot (ungrounded) conductors are
broken at the same time. The reason for this is safety. If the switch were to be placed in
the neutral conductor, it would turn the lamp on or off, but power would still be connected
to the lamp. If a person were to attempt to work on the lamp with the light switched off,
he or she would still be working on a hot circuit. This could result in a severe electrical
shock (Figure 7-8).

The circuit shown in Figure 7-7 is a schematic diagram of a single-pole switch connection.
Schematic diagrams show components in their electrical sequence and are used to illustrate
circuit logic. However, they do not indicate how or where the components are placed.
Switches are generally located away from the light, not at the light. Switches are commonly
installed beside a door that enters a room and the light is installed in the ceiling. When this

Single-pole switch l

40/5—0\0

Figure 7-7 The lamp is controlled by breaking connection between the circuit breaker and the
lamp.
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O\C

©

Figure 7-8 Placing the switch in the neutral conductor creates a safety hazard.

is the case, the hot conductor must be extended to permit the switch to make or break the
circuit (Figure 7-9).

Wiring Consideration

When switches are installed in a home or business, several factors must be taken into
account.

1. Switch connections are made using two- and three-conductor cables. Two-conductor
cables actually contain three wires: black, white, and bare copper (Figure 7-10). The
black and white wires are actual circuit conductors. The bare copper wire is not con-
sidered a circuit conductor because it is there to provide a low-resistance path to
ground in the event of a grounded circuit. The bare copper wires connect together
throughout the entire building and are connected to green grounding screws on
switches and receptacle outlets. Three-conductor cables contain four wires: black,
white, red, and bare copper (Figure 7-11). As with two-conductor cables, the bare
copper wire 1s not considered a circuit conductor.

2. All connections must be made inside a box. Figure 7-9 shows that a switch leg is an
extension of the hot or ungrounded conductor. In reality, this connection must be
made inside a box, not in the middle of the conductor.

3. The white wire is connected to neutral. The NEC® requires that the white wire be con-
nected to neutral. For many years the NEC® permitted white wires to be connected to
the hot conductor when they were used as switch legs. The NEC® now requires that
the white wire be reidentified by marking it with colored tape or paint when it is used
as a switch leg.

4. When connection is made to a device such as a lamp or outlet receptacle, the wires must
be identified. This simply means that when connection is made to the lamp, the neu-
tral wire will be white and the hot wire will be red or black. In this way, if an electri-
cian is working on a device, he or she will know immediately which wire is neutral and
which is hot.
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—o\o—

Figure 7-9 A switch leg is an extension of the hot conductor.

Figure 7-10 Two-conductor cables contain three wires: black, white, and bare copper.
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Figure 7-11 Three-conductor cables contain four wires: black, white, red, and bare copper.

Standard Connections for Single-Pole Switches

There are two standard connections used for single-pole switches. One involves bringing
power to the switch and then running a two-conductor cable from the switch to the lamp
(Figure 7-12). When making this connection, remember that the neutral conductor is
never broken. All switching is done in the hot or ungrounded conductor. Therefore, the neu-
tral conductors (white wires) will be connected together inside the switch box, and the hot
conductors (black wires) will be connected to the switch. The black and white wires will then
be connected to the lamp (Figure 7-13).

The second connection involves supplying power to the light and bringing a switch leg from
the light to the switch (Figure 7-14). To make this connection, connect the neutral conductor
(white wire in the power cable) directly to the lamp. The NEC® requires that the wires that
connect to the lamp (device) be identified, so connect the black wire of the switch leg to the
other side of the lamp. The white wire of the switch leg is used to carry power down to the
switch. Therefore, the white wire of the switch leg connects to the black wire of the power
cable (Figure 7-15). This is the most common method of making this connection. Be sure to
reidentify the white switch leg conductor by marking it in both the light box and the
switch box with colored tape or paint.

LABORATORY EXERCISE

Name Date

Materials Required
120-volt AC power supply
1 single-pole switch

1 120-volt lamp
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© [

O\O
-

(P) Power from panel (P) Power from panel
Figure 7-12 Power is supplied to the switch.  Figure 7-13 The neutral conductor is not broken.

1 switch box mounted to a wall stud or on a board
1 standard octagon box mounted on a rafter or on a board

Two-conductor cable (length will be decided by the individual laboratory)
1. Mount the switch box and octagon box as indicated by your instructor.

2. Run a two-conductor cable between the octagon box and the switch box. Be sure to strip
the cable at both the octagon box and switch box so that approximately 6 inches of indi-
vidual wire is available to work with.

3. Test and verify that the power is turned off. Connect a two-conductor cable from
the power source to the switch box.

4. Connect the circuit shown in Figure 7-16. (Note: The bare grounding wire connection
1s not shown due to space limitations. The bare grounding wires should connect
together in the switch box, and one should be placed under the green screw on the
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(P) Power from panel (P) Power from panel

~+—— Switch leg
(must be marked
. Switch leg with colored paint
or tape at each
end to indicate
that it is not a
neutral conductor)

/

Figure 7-14 Power is brought to Figure 7-15 The white wire of the switch leg brings
the light. power to the switch.

© 0= ;

10.
11.
12.

switch if one exists. If the octagon or switch box is metal, a grounding clamp should be
used to ground the bare copper wire to the box. If the boxes are plastic, fold the bare
copper wires in the box so they are out of the way.

Turn on the power and test the circuit by turning the switch on and off.

Turn off the power and disconnect the circuit.

Reroute the power wire so that it enters the octagon box used as the light box.
Run a two-conductor cable from the octagon box to the switch box.

Connect the circuit illustrated in Figure 7-17.

Turn on the power and test the circuit by turning the switch on and off.

Turn off the power and disconnect the circuit.

Return the components to their proper place.
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120 VAC

ON

.

OFF

® O

gl

-«—— Switch leg

120 VAC

ON

Figure 7-16 Laboratory circuit 1. Figure 7-17 Laboratory circuit 2.
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Review Questions

1.

o

How many movable contacts are contained in a single-pole single-throw switch?

2. State two characteristics that can be used to identify a single-pole switch.
3.
4. A 240/120 volt residential service has a load of 12 amperes on one hot leg and

What are the three main types of switches used for connecting lighting circuits?

8 amperes on the other. How much current is flowing through the neutral conductor?
Define switch leg.

Is it permissible to control a light by placing the switch in the hot or ungrounded con-
ductor?

Many switches contain an extra screw that is green in color. Which wire is connected
to this green screw?
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Unit 8 3-Way Switches

Objectives

After studying this unit, you should be able to:
* Describe the construction of a 3-way switch.
* Determine which terminal is common and which terminals are for travelers.
* Draw a schematic diagram of a 3-way switch connection.

* Connect a 3-way switch circuit to control a lamp from two locations.

Three-way switches are used when it is desirable to control a light or outlet receptacle from
two locations. These connections are very common in rooms that have more than one
entrance or exit door, in long hallways, and for lights used to illuminate stairs. Making
3-way switch connections is one of the most common jobs for an electrician.

Switch Construction

A 3-way switch is a single-pole double-throw (SPDT) switch. Since the switch is a single-pole,
it has only one movable contact (Figure 8-1). Double-throw indicates that the movable con-
tact will make connection with a stationary contact when thrown in either direction. The
switch, therefore, contains two stationary contacts. Three-way switches can be identified
because they contain three terminal screws. The terminal screw that connects to the mov-
able contact is called the common terminal and is generally a different color than the two
terminal screws that connect to the stationary contacts (Figure 8-2). Some manufacturers

Movable contact (switch pole)

Traveler J. Traveler
terminal ' 7 S terminal
|
!
|
|
|

Common
. ‘j terminal
Stationary contact ,
Grounding [ )
screw .

O

Figure 8-1 A 3-way switch contains one mov- Figure 8-2 The common terminal screw is a dif-
able and two stationary contacts. ferent color than the two screws that connect
to stationary contacts.

Stationary contact
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Figure 8-3 Many 3-way switches will have the word common written beside the common screen
terminal.

also print the word common on the back of the switch beside the common screw terminal
(Figure 8-3). The common terminal is so well identified because it is necessary to know which
terminal is common when connecting a 3-way switch circuit.

Another way of identifying 3-way switches is that they do not have OFF or ON printed on
the switch lever as do single-pole switches. Three-way switches can turn a light or recep-
tacle outlet on or off when thrown in either direction.

3-Way Switch Logic

The circuit shown in Figure 8-4 illustrates the logic behind a 3-way switch connection. Notice
that the switches are connected in the hot or ungrounded conductor only. The neutral
conductor is connected directly to the lamp and is not broken by a switch. The conductors
that connect the two switches together are called travelers. To understand how this con-
nection works, trace the current path of the hot (ungrounded) conductor from the circuit
breaker through the switches, the lamp, and back to neutral. In the circuit shown, a com-
plete path exists from the circuit breaker through the lamp and back to neutral. Therefore,
the lamp is turned on with the switches in the position shown in Figure 8-5.

©

|||—

N ~—

Travelers
Figure 8-4 A basic 3-way switch connection.
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O O
Figure 8-5 A current path exists through the lamp.

o s

Figure 8-6 The current path is broken.

If either of the two 3-way switches is toggled to a different position, the current path will be
broken and a circuit will no longer be complete through the lamp, as shown in Figure 8-6. If
either of the two switches is again toggled to a different position, the current path will be
reestablished through the lamp, as in Figure 8-7. Regardless of which switch is toggled to
a different position, the light will be alternately turned on or off.

3-Way Switch Connections

Figure 8-5, Figure 8-6, and Figure 8-7 schematically illustrate the logic of a 3-way
switch connection. In reality, connection is made with two- and three-conductor cables.
When installing the wiring for 3-way switches, a three-conductor cable is connected

l o o
A ., . . ?o—

Figure 8-7 The current path is reestablished.

'
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between the two switches. There are several ways in which 3-way switches can be con-
nected. Making the proper connections is not difficult, however, if four rules are fol-
lowed:

1. Connect the neutral to the light. The neutral conductor is not to be broken by a
switch. It must be a continuous path from the power panel to the lamp.

2. Connect the hot conductor to the common terminal of one 3-way switch.

3. Connect the other side of the light to the common terminal of the other 3-way
switch.

4. Connect the travelers.

Example Connection 1

In the circuit shown in Figure 8-8, power is brought from the panel box to one 3-way
switch. A three-conductor cable is connected between the two switches, and a two-conductor

Black White

Red
White Black White
Black

Power
Figure 8-8 Example 1 of 3-way switch.
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Black White
|
\
\ A\
_1)
Red

White Black White

Black
Power

Figure 8-9 Rule 1: Connect the neutral to the light.

cable runs from the other 3-way switch to the lamp. To connect this circuit, follow these four
rules for connecting 3-way switches.

1. Connect the neutral to the light. The neutral is the white wire of the power cable from
the panel box. Neutral conductors should be color-coded white, 50 connect the neu-
tral conductor to the white wire in the three-conductor cable. Then connect the
white wire of the three-conductor cable to the white wire in the two-conductor cable that
runs from the second 3-way switch to the light. Connect the lamp to the white wire
(Figure 8-9). Note that the neutral conductor is continuous from the power wire to
the light. It has not been broken by a switch at any point.

2. Connect the hot conductor to the common terminal of one 3-way switch. Since the
power cable enters the box of one 3-way switch, the black wire of the power cable will
be connected to the common terminal of that 3-way switch (Figure 8-10).

3. Connect the other side of the light to the common terminal of the other 3-way switch. The
black wire of the two-conductor cable that runs between the switch box and the light
is connected to the common terminal of the second 3-way switch (Figure 8-11).
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Black White

-

Red
White Black White
Black

Power
Figure 8-10 Rule 2: Connect the hot conductor to the common terminal of one 3-way switch.

4. Connect the travelers. The travelers are used to connect the two remaining terminals
on each 3-way switch (Figure 8-12). The red and black conductors of the three-conductor
cable are used to make this connection.

Example Connection 2

In the next example, power is brought to the light box, and a three-conductor cable is run
from the light box to each 3-way switch box (Figure 8-13). The four rules for making 3-way
switch connections will be followed.

1. Connect the neutral to the light. The neutral is the white wire in the power cable.
Connect this wire directly to the light, as in Figure 8-14.

2. Connect the hot conductor to the common terminal of one 3-way switch. The black wire
of one three-conductor cable will be connected to the hot conductor in the power cable,
shown in Figure 8-15. The other end of the black wire will be connected to the com-
mon terminal of the 3-way switch. Since the three-conductor cables are used as switch
legs, the red or white wires could have been employed to carry the hot wire to the
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Black White
|
o o
Red
White Black White
Black
Power

Figure 8-11 Rule 3: Connect the other side of the light to the common terminal of the other
3-way switch.

common terminal of the switch. Another helpful rule that can be used when making
3-way switch connections is to always use a black wire to connect to the common ter-
minal of a switch. A black wire can always be used to connect to the common terminal
in any type of 3-way switch connection, but this is not true of the white or red wires.
When this is done, the electrician will always know which of the wires connects to the
common terminal when installing a 3-way switch.

3. Connect the other side of the light to the common terminal of the other 3-way switch. The
black wire of the other three-conductor cable will be used to make this connection, as
shown in Figure 8-16. Notice that the black wire is connected to the common terminal
of the switch.

4. Connect the travelers. The red and white wires of the three-conductor cables are used
as travelers (Figure 8-17). The NEC® requires that the white conductor be reidentified
by marking it with colored tape or paint because it is a switch leg. The white switch legs
should be marked in the light box and each of the switch boxes.
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Black White
o) o)
Red
White Black White
Black

Power
Figure 8-12 Rule 4: Connect the travelers.

Example Connection 3

In this example the power wire is again brought to the light box. A two-conductor cable is
run between the light box and one switch box, and a three-conductor cable is connected
between the two switch boxes (Figure 8-18). To connect this circuit, the four rules for making
3-way switch connections will again be employed.

1. Connect the neutral to the light. The white wire of the power cable is connected directly
to the light (Figure 8-19).

2. Connect the hot conductor to the common terminal of one 3-way switch. One of the
requirements of the NEC® is that the wires connected to the light must be identified.
The neutral conductor must be white and the other wire must be a color other than
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Power
Black White
Black Black
White White
Red Red

L
N

\ \

Figure 8-13 Example 2 of 3-way switch.

white or green. Therefore, the black conductor that runs between the light box and
the switch box should be connected to the light. That leaves the white wire of the switch
leg to carry power to the common terminal of one of the 3-way switches. In the previous
example, it was discussed that a black conductor can always be used as the wire that
connects to the common terminal of a 3-way switch. To do that, connect the white
switch leg in the light box to the hot power wire. Then connect the other end of the
white switch leg to the black wire in the three-conductor cable that runs between
the two switches. The black wire then connects to the common terminal of the 3-way
switch (Figure 8-20).

3. Connect the other side of the light to the common terminal of the other 3-way switch. The
black conductor of the switch leg that runs from the light box to the switch will be used
(Figure 8-21).

4. Connect the travelers. The red and white wires of the three-conductor cable are used
to connect the traveler terminals of the two switches (Figure 8-22). The white
switch leg wire should be reidentified with colored tape or paint at each
location.
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Power
Black White
Black Black
White White
Red CO) Red

\ \

Figure 8-14 The white wire of the power cable is connected to the light.

Power
Black White
Black Black
White White
Red O Red

aY \

Figure 8-15 The hot conductor is connected to the commaon terminal of one 3-way switch.
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Power

Black White

Black Black
White White
Red Red

o

Ay .

Figure 8-16 The other side of the light is connected to the common terminal of the second
3-way switch.

Power

Black White

Black Black
White White

Red \QJ Red

Figure 8-17 The travelers connect the two switches.
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Power

Black White

White

>

Black

Red
White
Black

Figure 8-18 Example 3 of 3-way switch.

Power

Black White

White

Black

Red
White
Black

Figure 8-19 The neutral conductor is connected to the light.
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. ) Power
Note: The white wire
must be marked with
paint or colored tape
at each end.
Black White
White (
Black

\° 5%

Red
White
Black

Figure 8-20 The hot wire connects to the common terminal of one 3-way switch.

. ) Power
Note: The white wire
must be marked with
paint or colored tape
at each end.
Black White
White {
Black

| A

Red
White
Black

Figure 8-21 The other side of the light is connected to the commmon terminal of the other 3-way
switch.
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Power

Black White

White {

Black

Red
White
Black

Figure 8-22 Connecting the travelers.

LABORATORY EXERCISE
(See Figure 8-23.)

Materials Required

120-volt AC power supply

1 120-volt lamp (any wattage)

2 3-way switches

2 switch boxes mounted to wall studs or on a board

1 standard octagon box mounted on a rafter or on a board

1 lamp socket that will mount to the octagon box

Two-conductor cable (length will be decided by the individual laboratory)

Three-conductor cable (length will be decided by the individual laboratory)
1. Test and verify that the power is turned off.

2. Using the materials listed, mount two switch boxes and one octagon box on a board or
wall studs according to the provisions of the laboratory.

3. Connect two- and three-conductor cables between the power supply and the boxes as
shown in Figure 8-24. (Note: Blueprints generally indicate electrical cables as lines
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(o] (o]
Power

White Black

White

Black

Red

White

Black

Figure 8-23 Connect the circuit.

with hash marks. The same notation will be used in this laboratory exercise. A line with
two hash marks indicates a two-conductor cable. A line with three hash marks indicates
a three-conductor cable.)

4. Use the four rules for connecting 3-way switches to connect the circuit.

5. Turn on the power and test the circuit by alternately changing the position of each

© ® 3o

10.
11.
12.
13.

14.

3-way switch.

Turn off the power and disconnect the circuit.

Reposition the two- and three-conductor cables as shown in Figure 8-25.
Use the four rules for connecting 3-way switches to connect the circuit.

Turn on the power and test the circuit by alternately changing the position of each
3-way switch.

Turn off the power and disconnect the circuit.
Reposition the two- and three-conductor cables as shown in Figure 8-26.
Use the four rules for connecting 3-way switches to connect the circuit.

Turn on the power and test the circuit by alternately changing the position of each
3-way switch.

Turn off the power and disconnect the circuit. Return the components to their
proper place.
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S3 S3

ON

OFF

Figure 8-24 First circuit for connection.

83 S3

Figure 8-25 Second circuit for connection.
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S3 S3

Figure 8-26 Third circuit for connection.

Review Questions

1.
2.

How many terminal screws are contained on a 3-way switch?

Name two methods commonly employed to identify the common terminal screw on
a 3-way switch.

List four rules for connecting 3-way switches.

4. What color wire is it possible to always connect to the common terminal of a 3-way

switch?

Refer to Figure 8-23. Connect the wires for proper switch operation. Connect the cir-
cuit so that a black conductor will supply the common terminal on each 3-way switch.

. According to the NEC®, when white wires are employed as switch legs, what should

be done to reidentify the conductors?

. What does SPDT stand for in reference to switches?
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Unit 9 4-Way Switches

Objectives

After studying this unit, you should be able to:

* Discuss the operation of a 4-way switch.
+ Identify a 4-way switch.
* Draw a schematic illustrating the operation of a 4-way switch.

* Connect a 4-way switch in a circuit.

Four-way switches are used when it is desirable to control a light or outlet receptacle
from more than two locations. Two 3-way switches are always used when a device is con-
trolled from more than one location, but the number of switches above two will be 4-way
switches. If a light was to be controlled from seven locations, for example, it would require
two 3-way switches and five 4-way switches.

Switch Construction

Four-way switches are double-pole double-throw (DPDT) switches. This means that the
switch contains two movable (pole) contacts, and each movable contact can make connection
to two stationary contacts. A 4-way switch is constructed like a DPDT knife blade switch with
the stationary contacts cross-connected (Figure 9-1). Although DPDT switches normally contain
six connection terminals, because the stationary contacts are cross-connected, the 4-way
switch requires only four terminal connections (Figure 9-2). When the switch lever is in one

Figure 9-1 A 4-way switch is a double-pole double-throw switch with the stationary contacts cross-
connected.
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AC ONLY

z
&
&
%

Figure 9-2 The 4-way switch contains four terminal connections.

position, connection will be made straight across the screw terminals as shown in Figure 9-3A.
When the switch lever is moved to the other position, the screw terminals are cross-connected
as shown in Figure 9-3B.

Four-way switches should not be confused with double-pole single-throw (DPST) switches,
which are often used to control the operation of 240 volt devices. DPST switches have four
terminal connection screws also. A simple method of identifying the difference between the
two switches is that DPST switches have OFF and ON printed on the switch lever and
4-way switches do not.

Basic Switch Logic

The logic for 4-way switches is basically the same as that of 3-way switches discussed in
Unit 8. As mentioned previously, when a device is to be controlled from more than one loca-
tion, two 3-way switches are required. In the circuit shown in Figure 9-4, a light is controlled

A D
~ ,

(A) (B)
Connection is made straight across the Connection is cross-connected between the
terminal screws. terminal screws.

Figure 9-3 Switch positions of 4-way switches.
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V.

— o
o >< _— - ?O_

Figure 9-4 A complete circuit exists.

by three switches. Two of the switches are 3-way and the third is a 4-way. Note that the 4-
way switch connects in the traveler wires between the two 3-way switches. In the example
shown, a complete circuit exists through the lamp. If the switch lever of any of the three
switches is changed, the circuit will be broken and the lamp will turn off (Figure 9-5). In this
example the lever of the 4-way switch has been changed. There is no longer a complete cir-
cuit through the lamp.

Now assume that the lever of one of the 3-way switches is changed (Figure 9-6). A complete
circuit again exists through the lamp. Regardless of which switch position is changed,
the lamp will toggle from off to on or on to off. Any number of 4-way switches can be con-
nected in the traveler circuit (Figure 9-7). Changing the position of any switch in the cir-
cuit will change the lamp from on to off or off to on.

; ©

—
% . — C_>C —> — e}
o 0 O /O_

Figure 9-5 The position of the 4-way switch has been changed.

(e}
O

. T
I C T
N e e, ?o—

Figure 9-6 The position of a 3-way switch has been changed.
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©

O O
A 7

Figure 9-7 Any number of 4-way switches can be connected in the travelers.

.||—

Circuit Connections

The schematics shown in Figures 9-4 through 9-7 are used to explain the logic of 4-way switch
circuits. In actual practice, connection is made with two- and three-conductor cables. In
Unit 8, four rules were given for the connection of 3-way switches. These same four rules can
be employed when connecting 4-way switches. The only exception is rule #4, which states “con-
nect the travelers.” When connecting 4-way switches, the switch must be connected in the trav-
elers that connect the stationary contact terminals of the two 3-way switches together.

Example Connection 1

In the first example, power is brought to one of the 3-way switch boxes. A three-conductor
cable runs from that switch box to the switch box containing the 4-way switch. The three-
conductor cable proceeds to the second 3-way switch box, and a two-conductor cable runs
from that box to the light (Figure 9-8). To connect the circuit, follow the four rules for con-
necting 3-way switches.

1. Connect the neutral to the light. The neutral is the white wire of the two-conductor cable
that enters the switch box. It will connect to the white conductor of the three-conductor
cable. The two white wires in the 4-way switch box will connect together, and the white
wire in the second 3-way switch box will connect to the white wire that runs between
the switch box and the lamp box. Then the white wire will connect to one side of the
lamp (Figure 9-9).

2. Connect the hot conductor to the common terminal of one 3-way switch. Since the
black wire of the power cable is hot, it will be connected to the common terminal of the
3-way switch (Figure 9-10).

3. Connect the other side of the light to the common terminal of the other 3-way switch. The
black wire of the switch leg that runs between the second 3-way switch and the light
will be connected to the common terminal of the second 3-way switch. The other end
of the black wire will be connected to the other side of the light (Figure 9-11).

4. Connect the travelers. The red and black wires of the three-conductor cable will be used
to connect the two 3-way switches together. The only difference is that the 4-way
switch is connected between the travelers (Figure 9-12).

Example Connection 2

In the second example, a two-conductor cable is connected between the light box and one
3-way switch box. A three-conductor cable runs from the 3-way switch box to the 4-way switch
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Black White Red

White
Black

Red
White Black White

Black

Power
Figure 9-8 Example 1 of 4-way switch.

Y

Black White Red

White
Black

o=
)égn

Red
White Black White

Black

Power
Figure 9-9 The neutral is connected to the lamp.
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Black White Red

White
Black

=
=

Red
White Black White

Black

Power
Figure 9-10 The hot conductor connects to the common terminal of one 3-way switch.

NS/

Black White Red

White
Black

o

Q===
OO
N2
(o)

Red
White Black White

Black

Power

Figure 9-11 The other side of the light is connected to the common terminal of the second
3-way switch.
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Black White Red

White
Black

-

o

o—0
’/o.

Red
White Black White

Black

Power
Figure 9-12 The 4-way switch is connected in the travelers.

box and on to the second 3-way switch box. The power cable enters the 4-way switch box
(Figure 9-13). Although it is seldom that a power cable will be brought to the 4-way switch
box, this example is intended to illustrate how the four rules for connecting 3-way switches
can be followed to make any 3- or 4-way switch connection.

1. Connect the neutral to the light. The white wire of the power cable is connected to the
white wire of the three-conductor cable that runs to the 3-way switch box that contains
the switch leg to the light (Figure 9-14). The neutral continues through the 3-way switch
box and connects to the white wire of the switch leg. It is then connected to one side of
the light.

2. Connect the hot conductor to the common terminal of one 3-way switch. The black
wire of the power cable connects to the black wire of the three-conductor cable that
runs to the 3-way switch box that does not contain the switch leg to the light
(Figure 9-15). Notice that the common terminal of the switch will be connected to
a black wire.

3. Connect the other side of the light to the common terminal of the other 3-way switch. The
black wire of the switch leg connects to the common terminal of the second 3-way switch
and to the other side of the light (Figure 9-16).

4. Connect the travelers. In this example, the red and white wires of one three-conductor
cable connect to one set of terminals of the 4-way switch, and the red and black wires
of the other three-conductor cable connect to the other set of 4-way switch
terminals (Figure 9-17). The white wire that is used as a switch leg should be re-
identified by marking it with colored tape or paint in each box.
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Black White Red

White
Black

Red
White White Black
Black
Power
Figure 9-13 Example 2 of 4-way switch.
Black White Red
White
Black

=
-,

Red
White White Black

Black

Power
Figure 9-14 The neutral connects to the light.
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Black White Red
White
Black
o 2
A\ I ] )
J
Red
White White Black
Black
Power

Figure 9-15 The hot conductor connects to the common terminal of one 3-way switch.

NS/

Black White Red
White
Black
/
@ I I\ ﬂ
/
Red
White White Black
Black
Power

Figure 916 The other side of the light connects to the common terminal of the second 3-way switch.
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Black White Red

White
Black

(3§ 1 A
/
Red
White White Black
Black

Power
Figure 9-17 The 4-way switch is connected in the travelers.

LABORATORY EXERCISE

Materials Required

120-volt AC power supply

1 120-volt lamp (any wattage)

2 3-way switches

1 4-way switch

3 switch boxes mounted to wall studs or on a board

1 standard octagon box mounted on a rafter or on a board

1 lamp socket that will mount to the octagon box

Two-conductor cable (length will be decided by the individual laboratory)

Three-conductor cable (length will be decided by the individual laboratory)
1. Test and verify that the power is turned off.

2. Using the materials list, mount three switch boxes and one octagon box on a board
or wall studs according to the provisions of the laboratory.
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S3 Sa S3

ON

OFF

Figure 9-18 First circuit for connection.

Connect two- and three-conductor cables between the power supply and the boxes as
shown in Figure 9-18. (Note: Blueprints generally indicate electrical cables as lines with
hash marks. The same notation will be used in this laboratory exercise. A line with two
hash marks indicates a two-conductor cable. A line with three hash marks indicates a
three-conductor cable.)

4. Use the four rules for connecting 3-way switches to connect the circuit.

5. Turn on the power and test the circuit by alternately changing the position of each

© ®° N o

10.

3-way switch and the 4-way switch.

Turn off the power and disconnect the circuit.

Reposition the two- and three-conductor cables as shown in Figure 9-19.
Use the four rules for connecting 3-way switches to connect the circuit.

Turn on the power and test the circuit by alternately changing the position of each
3-way switch and the 4-way switch.

Turn off the power and disconnect the circuit.

Review Questions

1.
2.

How many terminal screws are contained on a 4-way switch?

A light is to be controlled from eight different locations. How many of each type of switch
are required to make this connection?

Single-pole (Sq) 3-Way (Sg) 4-Way (Sy)
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S3 S4 S3

Figure 9-19 Second circuit for connection.

3. List four rules for connecting 3-way switches.
4. What type of switch other than the 4-way contains four terminal screws?

5. How can the two switches that contain four terminal screws be distinguished from each
other?

6. Refer to Figure 9-20. Connect the wires for proper switch operation. Connect the cir-
cuit so that a black conductor will supply the common terminal on each 3-way switch.
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Black

White

Red

White

Black

Power

Red

White

Black

Figure 9-20 Connect the circuit.
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SECTION

Alternating
Current Loads

Unit 10 Inductance

Objectives

After studying this unit, you should be able to:

Determine the impedance of an inductor.
Determine the inductive reactance of an inductor.

Determine the Q of an inductor.

* Determine the inductance of an inductor.

* Determine the inductance of coils connected in parallel.

* Determine the inductive reactance of coils connected in parallel.

Determine the inductance of coils connected in series.

Determine the inductive reactance of coils connected in series.

Inductance is one of the major types of load in an alternating current circuit. Inductive loads
exhibit different characteristics than resistive loads. Some of the characteristics of an
inductive circuit are:

1.

The current is mainly limited by inductive reactance (X;,) instead of resistance.

2. The current lags the applied voltage by 90°.
3.
4. Power in an inductive circuit is measured in VARs (Volt Amps Reactive) instead of watts.

The pure inductive part of the circuit consumes no power.

VARs is sometimes called wattless power. Watts is a measure of the amount of electrical
energy converted into some other form, such as heat or kinetic energy. In a pure
inductive circuit, power is stored in a magnetic field during part of the cycle and
then returned to the circuit during another part. The electrical energy is not converted
to some other form; it is stored and returned.

Impedance

Impedance (Z) is a measure of the total current-limiting effect of the circuit. It can be a com-
bination of resistance, inductive reactance, and capacitive reactance. All inductors have some
amount of resistance in the wire used to wind the inductor, but as a general rule, inductors
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limit current with inductive reactance instead of resistance. To determine the total current-
limiting effect of an inductor, the impedance, it is necessary to add the resistance and induc-
tive reactance together. In an AC circuit, however, the inductive part and resistive part are
90° out of phase with each other. To add these two quantities, vector addition must be used.
Assume that an inductor has a resistance of 5 Q and an inductive reactance of 8 Q. The total
current-limiting effect for this inductor can be determined using the formula:

Z= R +X]
Z=45+8
Z = J25+64
Z = [
Z =943 Q
This inductor will offer a total current-limiting effect of 9.43 Q to the circuit.

@ of an Inductor

Q stands for quality. The Q of a coil or inductor can be determined by comparing the
resistance and inductive reactance. To determine the Q of an inductor, divide the inductive
reactance by the resistance. In the previous example, the coil has a wire resistance of 5 Q
and an inductive reactance of 8 Q. To determine the Q of this coil, use the formula:

Q=16

Inductors with a Q of 10 or higher are generally considered to be pure inductors and their
resistance is not considered in circuit calculations. Assume that an inductor has a wire resist-
ance of 10 Q and an inductive reactance of 100 Q. Now determine the impedance of this coil:

Z= R +X]

Z = J10% +100°
Z = /100 + 10,000

Z = /10,100
Z = 100.5 Q

As you can see, almost all the current-limiting effect of the coil is caused by inductive reac-
tance. The amount of current limit due to resistance is negligible.
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Inductors and Transformers

In the following laboratory experiment, a transformer winding will be used as an inductor.
Inductors are also known as “chokes,” “reactors,” and “coils.” The electrical properties of
inductors and transformers are not identical, but they are extremely similar. The greatest
difference between a true reactor and a transformer is that reactors, or chokes, have the abil-
ity to limit inrush current when power is first applied to them. Transformers can exhibit
extremely high inrush currents. This different characteristic between the two devices is
caused by the type of magnetic core material used to make an inductor or transformer. For
the purpose of this experiment, the transformer will perform the same as a true inductor
or reactor.

LABORATORY EXERCISE
Name Date

Materials Required

2 0.5-kVA control transformers with two windings rated at 240 volts and one winding rated
at 120 volts

AC ammeter, in-line or clamp-on. (If a clamp-on type is employed, the use of a 10:1 scale
divider is recommended.)

Connecting wires

AC voltmeter

1 120-volt AC power supply
1 208-volt AC power supply

1. With an ohmmeter, measure the resistance of the low-voltage winding marked X; and
X, on the transformer.

Q
2. Connect the circuit shown in Figure 10-1.

CAUTION

Only one winding of the transformer will be connected to power at one time, but all ter-
minals will have voltage across them when the power is turned on. Use extreme cau-
tion NOT to touch any terminal on the transformer when the power is on, even if there
1s no connection made to the terminal.

3. Turn on the power and measure the voltage across terminals X; and X, with an AC
voltmeter.

volts
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120 VAC
ON AC amps
OFF
O O o Hs
X1
X2

Hy

Figure 10-1 The secondary of a control transformer is used as an inductive load.

4. Measure the amount of current flow in the winding.

amp(s)
5. Turn off the power supply.

6. Determine the total impedance of the inductor using the formula:

z =k
I
7= Q
7. Now that the impedance and resistance are known, the inductive reactance of the induc-
tor can be computed using the formula:

2 2
XL = Q
8. Now that the inductive reactance and resistance are known, the Q of the coil can be com-
puted using the formula:

XL
Q="t
R
Q =
9. The inductance (L) of the coil can be computed using the formula:
XL
= 2_71:]‘

where © = 3.1416
f = Frequency (60)

L= henrys
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208 VAC

ON AC amps

OFF

Figure 10-2 The high voltage-winding is connected to 208 volts.

Xq

10. Using an ohmmeter, measure the resistance between terminals H; and Hy of the

11.

12.

13.

14.
15.

16.

17.

control transformer.
Q

Connect the circuit shown in Figure 10-2. Note that H; and H are connected to a volt-

age of 208 VAC.

Turn on the power supply and measure the voltage applied to terminals H; and Hy with

an AC voltmeter.

volts

Measure the current flow in the circuit with an AC ammeter.

amp(s)
Turn off the power supply.

Using Ohm’s law, determine the impedance of the winding.

E
Z=7

Z= Q

Calculate the inductive reactance of the winding.

X, = JZ'-F°

XL = Q

Determine the Q of this inductor.
XL

Q = T

Q =
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18. Calculate the inductance of the coil using the formula
XL
2nf

L= henry

L

Inductors Connected in Parallel

When inductors are connected in parallel, the reciprocals of their inductance values add in
a similar manner as parallel resistors.

1

. .1
1 LZ L3 LN

LT:

Since inductive reactance is directly proportional to the amount of inductance in an AC
circuit, the reciprocal of the total inductive reactance will be the sum of all the reciprocals
of the individual inductive reactances in the circuit.

1
XL, = 1 1 1 1

e e e s
Xy, Xy, Xp, X

1

The next step in completing this experiment is to determine the characteristics of a second
0.5 kVA control transformer. The second transformer will be referred to as transformer #2
and the first transformer will be referred to as transformer #1 for the remainder of this
experiment.

19. Using control transformer #2, connect the circuit shown in Figure 10-3.

20. Turn on the power supply and measure the voltage applied to the transformer.

volts
120 VAC
ON AC amps Transformer #2
OFF
O O o s
X4
X2
O Ho
Hg

Figure 10-3 Determining the characteristics of the low-voltage winding for the second control
transformer.

https://engineersreferencebookspdf.com



Unit

10 Inductance

125

21.

22.

23.

24.
25.
26.

27.

Measure the amount of current flow in the circuit.

amp(s)
Determine the inductive reactance of this winding. (Since it has been shown earlier in
this experiment that the impedance and inductive reactance are practically the same,

inductive reactance will be determined by using the formula X, = l_fj )
XL = Q I
Determine the inductance of this winding.

~ 2nf
L= henry

Turn off the power supply.
Using both transformers, connect the circuit shown in Figure 10-4.

Determine the total inductance of the circuit by using the inductance value of winding
X and X, of transformer #1 as determined in step 9, and the inductance value of wind-
ing X; and X of transformer #2.

Ly = henry

Calculate the value of Xy, for the circuit shown in Figure 10-4. Use the value of Ly as
calculated in step 26 for the value of L in the formula.

X, = 2nfL

XLT = Q

28. Assuming an applied voltage of 120 volts, calculate the amount of current that should
flow in this circuit.
E
In = —
T
XLT
Ip= amp(s)
Transformer #1 Transformer #2
120 VAC
ON AC amps
OFF
0 c H3 H3
X1 X4
Xo X2
Ho Ho
Ha Hq

Figure 10-4 Parallel inductors.
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29. Turn on the power supply and measure the current flow through the circuit.

IT(measu]red) = amp(s)
30. Turn off the power supply.

Inductors Connected in Series

When inductors are connected in series, the total inductance is equal to the sum of the indi-
vidual inductors.

Ly =L +Ly+L;y+ Ly

As with series-connected resistors, when inductors are connected in series, the inductive reac-
tance of each inductor will be added together. Therefore, the total inductive reactance
will be equal to the sum of all the inductive reactances.

XLT = XLI + XL2 + XL; + XLN

31. Connect the circuit shown in Figure 10-5. Note that the power supply has changed to
a 208 volt supply.

32. After the connection is completed, turn on the power supply and measure the circuit
current.

I= amp(s)

208 VAC

ON AC amps Transformer #1

OFF
o O Hs
X4
X2
Hz
Hq

Transformer #2

H1
Hz
X1
X2
Hz
Ha
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33. Calculate the total inductive reactance of this connection using the current measured

in step 32 and the circuit voltage.

XLT =

Q

34. Calculate the total inductance of the circuit using the calculated value of total induc-

tive reactance.

L=

35. With an AC voltmeter, measure the amount of voltage across the X; and X, winding

henry

of transformer #1 (Figure 10-6).

E(Transformer #1) =

36. Use the measured voltage drop in step 35 and the measured current flow in step 32 to

volts

calculate the inductive reactance of this winding.

E
XL(Transformer #1) Q
208 VAC
ON AC amps
OFF
O O

X1

X2

Figure 10-6 Measuring the voltage.

Transformer #1

Transformer #2

H1

Hs
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37. Using the value of Xy, in step 36, calculate the value of inductance for this winding.

L(Transformer #1) henry

38. With the AC voltmeter, measure the voltage drop across the X; and X, winding of trans-
former #2.
E(Transformer #2) volts

39. Turn off the power supply.

40. Using the circuit current as measured in step 32, and the voltage drop measured in step
38, calculate the inductive reactance of the winding.

E
XL = 7
XL(Transformer #2) Q

41. Using the calculated value of inductive reactance for transformer #2, calculate the induc-
tance of the winding for transformer #2.

XL
= E}
L(Transformer #2) = henry
42. Add the inductive reactance values of transformer #1 and transformer #2. Compare the

sum with the calculated value of total inductive reactance in step 33. Are the two values
approximately the same?

43. Add the values of inductance for transformer #1 and transformer #2. Compare the sum
with the value of total inductance calculated in step 34. Are these two values approx-
1imately the same?

44. Disconnect the circuit and return the components to their proper place.

NOTE OF EXPLANATION

In some cases the values of inductance for the transformers may be different. For example,
the value of inductance for transformer #1 was calculated in step 9 of this experiment. The
inductance value for transformer #1 was calculated again in step 37. It is quite possible that
these two values are different even if the same transformer was used to make both meas-
urements. The reason for this difference is nonlinearity of the core material. As current flows
through the windings of the transformer, the magnetic field causes “magnetic domains” or
“magnetic molecules” to align. As more and more magnetic domains align themselves, the
core approaches saturation. The closer the core material comes to saturation, the less
magnetic effect it exhibits. The magnetic properties of the core material greatly affect the
amount of inductance.

Review Questions

1. An inductor has an inductance of 0.65 henry and is connected to a 277 volt, 60 Hz power
line. How much current will flow in this circuit? (Assume the wire resistance of the coil
to be negligible.)
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2.

10.

An ohmmeter is used to measure the wire resistance of a coil at 45 Q. When connected
to a 120 volt, 60 Hz AC circuit, there is a current flow of 1.5 amps. What is the inductive
reactance of the coil?

A coil has an inductive reactance of 75 Q and a wire resistance of 18 Q. What is the Q
of this coil?

. As a general rule, for an inductor to be considered as a pure inductor, it should have

a Q value of what or higher?

. Three choke coils have inductances of 0.56 henry, 0.72 henry, and 0.43 henry. If these

colls are connected in series, what would be total inductance of the circuit?

If the three choke coils in question 5 were to be connected in parallel, what would be
the total circuit inductance?

. An inductor is connected in a 240 volt, 60 Hz circuit. The circuit current is 2.5

amperes. If the frequency is changed to 400 Hz, how much current will flow if the volt-
age remains the same? (Assume the circuit to be a pure inductive circuit.)

. An inductor has an inductive reactance of 124 Q and a wire resistance of 44 Q. What

is the impedance of the inductor?

. Three inductors are connected in series to a 480 volt, 60 Hz power source. The current

flow in the circuit is 0.509 amp. Inductor #1 has an inductance of 1.3 henry, and
inductor #2 has an inductance of 0.75 henry. What is the inductance of inductor #3?
(Assume all inductors to be pure inductors.)

Three inductors are connected in a 208 volt, 60 Hz circuit. The circuit current is 1.2
amperes. Inductor #1 has an inductance of 1.2 henry, inductor #2 has an inductance of
1.6 henry, and inductor #3 has an inductance of 1.4 henry. Are these inductors connected
in series or parallel?
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Unit 11 Resistive-Inductive Series Circuits

Objectives

After studying this unit, you should be able to:

* Discuss the voltage and current relationship in an RL series circuit.
* Determine the phase angle of current in an RL series circuit.
* Determine the power factor in an RL series circuit.

+ Discuss the differences between apparent power, true power, and reactive power.

In an AC circuit containing pure resistance, the current and voltage are in phase with each
other. This means that the voltage and current waveforms are identical as far as time is con-
cerned (Figure 11-1). Both the current and voltage will be zero at the same time, both will
reach their positive peak at the same time, and both will reach their negative peak at the
same time. When the current and voltage are both positive or negative at the same time,
volts times amps equals watts.

Watts

Watts is often referred to as true power. To understand true power, you must realize that
electricity is a form of pure energy. Energy can be neither created nor destroyed, but its form
can be changed. Watts is a measure of the amount of electrical energy changed into some
other form. In the case of resistance, electrical energy is converted into thermal energy in
the form of heat. In the case of a motor, electrical energy is converted into kinetic energy.
There must be some form of energy conversion to have true power or watts.

—=— \/oltage

Current

Figure 11-1 The current and voltage are in-phase in a pure resistive circuit.
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Inductance

In an AC circuit containing a pure inductive load, the current will lag the voltage by 90°, as
shown in Figure 11-2. In a circuit of this type, there is no true power or watts because elec-
trical energy is not converted into another form. During periods when the current and volt-
age are both positive or both negative, energy is stored in the form of an electromagnetic field.
As current rises in the inductor, a magnetic field forms around the inductor. During periods
when the voltage and current are opposite in polarity, the stored energy is given back to the
circuit as the magnetic field collapses and induces a voltage back into itself. The only
true power, or watts, in the circuit is caused by losses in the inductor, such as the resistance
of the wire, eddy current losses caused by currents being induced into the core material, and
hysteresis losses.

VARs

Another electrical term, VARs, is used to describe the power associated with a reactive load.
VARs stands for “Volt Amperes Reactive.” VARs is to a reactive circuit what watts is to a
resistive circuit. Watts can be determined in a resistive circuit by multiplying the voltage
drop across the resistor by the amount of current flow through the resistor (Eg X Ig), or by

the amount of current flow through the resistor by the resistance (IgZ X R), or by dividing
2

the voltage drop and the resistance [%] . VARs can be determined in a like manner except

the inductive values are used instead of resistive values. VARs can be computed by multi-
plying the voltage drop across the inductor by the current flowing through the inductor (Ep,
X 1Ip,), or by the current and the inductive reactance of the inductor (I 2 X Xp,), or by the volt-

. . E L2
age and inductive reactance < |

-=«+—— \/oltage

-=-——— Current

A\

Figure 11-2 In a pure inductive circuit, the current lags the voltage by 90°.
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Apparent Power (Volt Amps)

Another electrical quantity that is very similar to watts and VARs is volt amps (VA). Volt
amps is generally referred to as apparent power because it is computed in a similar man-
ner as watts and VARs, except that the applied or total circuit values are used instead of
resistive or inductive value. Volt amps can be determined by multiplying the total or
applied voltage by the total circuit current (Ep X Ip), or by using the total current and circuit

2
. E
impedance (It2 X Z), or by using the applied voltage and impedance [TT)

Angle Theta (Q)

When an AC circuit contains elements of both resistance and inductance, the voltage and
current will be out of phase by some amount between 0° and 90°. The amount of out-of-phase
condition is determined by the values of resistance and inductance and is expressed as angle
theta (). The power factor is the cosine of angle theta. Angle theta can be computed
using the formula cos 20 = PF.

Power Factor

Power factor is a ratio of the amount of true power or watts as compared to apparent power
or volt amps. Power factor is expressed as a percent. Power companies become upset when
the power factor drops to a low percent because they must supply more current than is actu-
ally being consumed. Assume that an industrial plant operates on 480 volts three-phase and
that the apparent power is 250 kVA. Also assume that a watt meter indicates a true power
of 200 kW. The power factor can be determined by dividing the true power by the apparent
power.

P

PF = o
_ 200,000
PE = 555000

PF = 0.80 or 80%

This indicates that 80% of the supplied energy is actually being consumed. At the present
time, the power company is supplying a current of 300.7 amperes.

VA
I =
Ex .3
250,000
"~ 480 x1.732
I = 300.7 amps

If the power factor were to be corrected to 100% or unity, the current would drop to 240.6
amperes.
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p
I =
Ex .3
_ 200,000
480 % 1.732
I = 240.6 amps

Power factor correction will be discussed in a later unit.

Example Problem

A series circuit containing a resistor and inductor is shown in Figure 11-3. It is assumed
the circuit is connected to 120 VAC with a frequency of 60 Hz. The resistor has a resistance
of 24 Q and the inductor has an inductive reactance of 32 Q. The following values will be
computed:

7 - Total impedance of the circuit

Iy - Total circuit current

ER - Voltage drop across the resistor
P - True power or watts

Ep, - Voltage drop across the inductor
L - Inductance of the inductor
VARsy, - Reactive power

VA - Volt amps or apparent power
PF - Power factor

/D - Angle theta (the angle or degree amount that the current and voltage are out of phase
with each other)

AN, e

ET120V Er EL

IT IR IL
/M y4 R=240 XL32 ©

VA P VARsL

PF

A

Figure 11-3 RL series circuit.
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The first step in determining the missing values is to compute the total circuit impedance.
One of the rules for series circuits states that the total resistance is equal to the sum of the
individual resistances. This basic rule is still true, but it must be bent a bit to fit this cir-
cuit. It 1s true that the ohmic values still add, but the inductive and resistive parts of the
circuit are out of phase with each other by 90°. Vector addition must be used to determine
the total impedance. The formula for determining impedance in a series circuit containing

. . . . [p2 2
resistance and inductive reactance is Z = /R~ + XL .

Al 24% + 327
A276 + 1,024
/1,600

Z
Z
Z
Z

The total circuit current can now be computed using Ohm’s law.

ET

IT = —Z—

_ 120

Iv =%
Iy = 3 amps

The current is the same at any point in a series circuit. The values of I and Iy, are, there-
fore, the same as Iy.

Now that the amount of current flowing through the resistor is known, the voltage drop
across the resistor can be determined using Ohm’s law.

Ep = 3x24
Eg = 72 volts

The true power, or watts, can be computed using any of the power formulas. In this exam-
ple the true power will be computed using E X 1.

P=72x3
P = 216 watts

The voltage drop across the inductor can be determined using Ohm’s law and reactive
values.
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E. = 3x32
E; = 96 volts

Note that the resistor has a voltage drop of 72 volts and the inductor has a voltage drop of
96 volts. One of the rules for series circuit states that the total or applied voltage is equal
to the sum of the voltage drop in the circuit. The circuit has 120 volts applied. Therefore,
the sum of 72 and 96 should equal 120. In order for these two values to equal the applied
voltage, vector addition must be employed. In a series circuit, the current is the same
through all parts of the circuit. Since the voltage drop across the resistor is in phase with
the current and the voltage drop across the inductor leads the current by 90°, the voltage
drops across the resistor and inductor are 90° out of phase with each other. Total voltage can

be determined using the formula:

Eyp = JER" + By’
J72% + 967

ET =
EL = /14,400
Eq = 120 volts

The reactive VARs can be computed in a manner similar to determining the value for
watts or volt amps, except that reactive values are used.

VARSL = 96X3

VARs{ = 288
The value of inductance of the inductor can be computed using the formula:

X,

L=-%
2nf
32

L = —
377

L = 0.0849 henry

The apparent power or volt amps can be computed using formulas similar to those for deter-
mining watts or VARs, except that total circuit values are used in the formula:

VA = 120x3
VA = 360
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The circuit power factor can be computed using the formula:

P

PF =7
_ 216
PF_360

PF = 0.6 or 60%

The power factor is the cosine of angle theta. In this circuit, the decimal power factor is 0.6.
The cosine of angle theta is 0.6. To determine angle theta, find the angle that corresponds
to a cosine of 0.6. Most scientific calculators contain trigonometric functions. To find what
angle corresponds to one of the sin, cos, or tan functions, it is generally necessary to use the
invert key, the arc key, or one of the keys marked sin-!, cos-1, or tan-!.

cos L0 =0.6; LD =53.13°
The current and voltage are 53.13° out of phase with each other in this circuit.

The circuit, with all completed values, is shown in Figure 11-4.

AN\, .

Er 120V Ee 72V EL 96V

r BA Ik BA L 3A
N Z 40Q R-240Q X. 320

VA 360 P 216W VARsL 286

PF 6O%

L4 535

Figure 11-4 RL series circuit with all missing values.

LABORATORY EXERCISE

Name Date

Materials Required
Formulas for resistive-inductive series circuits are shown in Figure 11-5.

1 0.5-kVA control transformer with two windings rated at 240 volts and one winding
rated at 120 volts

1 40-watt incandescent lamp with normal lamp base
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RESISTIVE-INDUCTIVE SERIES CIRCUITS

AVAVAY
ET Er L Note: To find values for the
IT IR EL reisistor, use the formulas
2 R | in the PURE RESISTIVE section.
L
@ VA p XL Note: To find values for the
inductor, used the formulas
PF Vars, in the PURE INDUCTIVE section.

Er=\/ Er®+ EL? Z=NVR2 X2 VA= ETx IT IT=lRr=IL

ET 2 ET
Er=IrxZ Z=— VA= 171"x Z 1= =
IT Z
VA VA Er2 VA
Er=— Z=— VA= — ITo —
IT |72 V4 ET
L z-R VA = \/ P2+ VARs? VA=
T=PF “PF ST TR - PF
pF=2 P =Erx I z-ET lr=1T=IL
Z VA
P
PF=— P =\/ VAZ - VARs? Er=lrx R Ll
VA R
pr-ER F>—E—F‘2 Er=V PxR Ih= o
TET "R - ~En
P P
PF = Cos Z0 P=1r2xR Er= 1o IR= R
R=\ Z2-X/? P= VAxPF Er= \V/ ET?- EL? XL = Z?-R?
E
R=— EL=1L x XL Er=ET x PF XL = EL
IR L
2
R:E?R Et=\V ET’-EF lL=1lr=IT
2
P N2 EC XL = —
R= |R_2 EL= VARSLX XL L= XL VARSL
VARs
VARs VARs _ L
R=2ZxPF EL= L L= —= Xt=—"7
IL EL L
VARSs,
VARs =\/ VA? - P VARs, = EL x IL IL= XL Xt=2mfL
2 XL
2 ELC
VARs, = 1% x XL VARSs, = L= onf

Figure 11-5 Formulas for RL series circuits.
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1 60-watt incandescent lamp with normal lamp base

AC ammeter, in-line or clamp-on. (If a clamp-on type is employed, the use of a 10:1 scale
divider is recommended.)

Connecting wires
AC voltmeter
1 120-volt AC power supply

1. Connect the circuit shown in Figure 11-6. Note: During this experiment the H termi-
nals of the transformer will provide a step-up in voltage. Be careful not to come in con-
tact with these terminals.

2. Turn on the power and measure the current low in the circuit with an AC ammeter.

I= amp(s)
3. Measure the voltage drop across the 40-watt lamp with an AC voltmeter.
Er = volts
120 VAC
ON AC amps
OFF

40W

H1
H3

X4

X2

O Ho
Hg

Figure 11-6 Connecting an RL series circuit.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Compute the resistance of the lamp using Ohm’s law.

RZT

R= Q

Compute the true power in the circuit using the resistive values of voltage and current.

P= watts
. Measure the voltage drop across winding X; and X, of the transformer with an AC
voltmeter.
Ef, = volts
Compute the inductive reactance of the inductor (X; to X;) using Ohm’s law.
E
L
X = =
L=T
XL = Q

Compute the inductive VARs in the circuit using the formula VARsy, = Ef, X I;.
VARSL =

. Compute the apparent power (VA) using the total circuit values.

VA=Eyp X Ip

VA =

Compute the circuit power factor using the formula PF = i .

PF = % VA
- 0

Using the decimal value of the power factor, determine the phase angle difference
between the voltage and current in this circuit.

cos LD = PF
10 =
Turn off the power supply.

Replace the 40 watt incandescent lamp with a 60-watt lamp.
Turn on the power supply and measure the current in the circuit using an AC ammeter.
Measure the voltage drop across the 60 watt lamp with an AC voltmeter.

Er= volts

Compute the resistance of the lamp filament using Ohm’s law.
R= Q

Compute the true power in the circuit using Ohm’s law.

P= watts

Measure the voltage drop across the inductor (winding X; and X, of the transformer)
with an AC voltmeter.

Erf, = volts

Compute the inductive reactance of the inductor using Ohm’s law.
XL = Q
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20.

21.

22.

23.

24.

25.

Compute the reactive VARs for the inductor using Ohm’s law.
VARSL

Compute the inductance of the inductor.

L= henry

Compute the apparent power of the circuit using Ohm’s law.
VA =

Compute the power factor of the circuit.

PF = %

Determine the value of angle theta.

/0= °

Turn off the power supply and return the components to their proper place.

Review Questions

Refer to the formulas shown in Figure 11-5 to answer some of the following questions.

1.

What is the phase angle difference between current and voltage in a pure resistive cir-
cuit?

. What is the phase angle difference between current and voltage in a pure inductive cir-

cuit?

. An inductor and resistor are connected in series. The resistor has a resistance of 26 Q and

the inductor has an inductive reactance of 16 Q. What is the impedance of the circuit?

. An RL series circuit is connected to a 120 volt, 60 Hz line. The inductor has a voltage

drop of 54 volts. What is the voltage drop across the resistor?

. An inductor is using 1.6 kVARs and has an inductive reactance of 14 Q. How much cur-

rent is flowing through the inductor?

. An RL series circuit is connected to a 208 volt, 60 Hz line. The resistor has a power dis-

sipation of 46 watts and the inductor is operating at 38 VARs. How much current is flow-
ing in the circuit?

. An RL series circuit is connected to a 480 volt, 60 Hz line. The apparent power of the

circuit is 82 kVA. What is the impedance of the circuit?

An RL series circuit has a power factor of 82%. How many degrees are the voltage and
current out of phase with each other?
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9. An RL series circuit is connected to a 240 volt, 60 Hz line. The inductor has a current
of 8 amperes flowing through it. The X, of the inductor is 12 Q. The resistor has a resist-
ance of 9 Q. How much current is flowing through the resistor?

10. An RL series circuit has an apparent power of 650 VA and a true power of 375 watts.
What is the reactive power in the circuit?
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Objectives

After studying this unit, you should be able to:

+ Discuss the voltage and current relationship in an RL parallel circuit.

* Determine the phase angle of current in an RL parallel circuit.

* Determine the power factor in an RL parallel circuit.

+ Discuss the differences between apparent power, true power, and reactive power.

* Find the impedance in an RL parallel circuit.
In any parallel circuit, the voltage must be the same across all branches. Since the current
is in phase with the voltage in a pure resistive circuit, and the current lags the voltage by
90° in a pure inductive circuit, the current flow through the inductive branch will be out of
phase with the current through the resistive branch. The total current will be out of phase

with the applied voltage by some amount between 0° and 90° depending on the relative val-
ues of resistance and inductance.

Determining electrical values in an RL parallel circuit is very similar to determining val-
ues 1n a series circuit with a few exceptions. Probably the greatest difference is calculating
the value of impedance when the values of R and Xj, are known. Recall that vector addition
can be used with the ohmic values of an RL series circuit to determine the impedance.

Z = |R+X

The same basic concept is true for an RL parallel circuit, except that the reciprocal value of
R and Xj, must be used.

1

1V (1)
— + —_—
(7 +(z)
Example: A resistor and inductor are connected in parallel. The resistor has a resistance of
50 Q and the inductor has an inductive reactance of 60 Q. Find the impedance of the circuit.

Z =

Solution:
7 = ‘
1)\ [ 1)?
(56) *(66)
7 = !
J(0.02)% + (0.01667)
7 = I
,/0.0004 + 0.0002779
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1
Z = -
/0.0006779
1
Z = 0.02604
7 = 384Q

Example Circuit

An RL parallel circuit is connected to a 60 Hz line (see Figure 12-1). The resistor has a resist-
ance of 80 Q and the inductor has an inductive reactance of 60 Q. The circuit has total cur-
rent flow of 5 amps. The following values will be computed:

Erp - Total circuit voltage

7Z - Circuit impedance

VA - Apparent power

I - Current flow through the resistor
P - True power

I, - Current flow through the inductor
VARsy, - Reactive power

L - Inductance of the inductor

PF - Power factor

/@ - Angle theta

The first step in determining the missing values for this problem is to determine the circuit
impedance using the values of R and Xj.

Er
Ir 5A Er EL

. Ir IL

VA R 80 Q ‘ ‘ XL 60 Q
. P VARSsL

e -

Figure 12-1 RL parallel circuit.
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7 = !
12 1\2
(R) *(}TL)
7 = 1
1)\ [ 1)?
('s‘o) *(66)
7 = 1
J0.00015625 + 0.00027778
1
Z=—_
0.0208333
Z =48Q

Now that the value of impedance is known, the total voltage can be determined using Ohm’s law.
Ep =1y xZ
Ep = 5x%x48
Eq = 240 volts

In a parallel circuit, the voltage is the same across all branches. Therefore, the voltage drops
across the resistor and inductor are also 240 volts.

The apparent power can be computed using the formula:

VA = 240x5
VA = 1,200
The current flowing through the resistor can be computed using Ohm’s law.
E R
I, = —
R R
240
I, = —
R ™80
I; = 3 amps

The true power in the circuit can be computed using resistive values.

P =240x3
P = 720 watts
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The current flow through the inductor can be computed using Ohm’s law.

EL

I, = =

L XL
240

I, = =——=

L™ 60

I; = 4 amps

The inductive VARs can be computed using the inductive values and Ohm’s law.
VARsy = E; x I
VARs; = 240 x4

VARs| = 960

The inductance of the inductor can be computed using the formula:

X
L=t
2nf
60
L'=37
L = 0.159 henry

The power factor can be determined by comparing the true power and apparent power.

L
VA

_ 720
"~ 1,200

PF =

PF = 0.6 or 60%

The cosine of angle theta is equal to the decimal power factor value.

cos /S = PF
cosZD = 0.6
D = 53.1

The circuit with all missing values is shown in Figure 12-2.
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Er 240

It 5A Er 240 EL 240

Z 480 In 3 I 4

VA 1,200 R 80 Q XL 60 Q

PF 60% P 720 watts VARsL 960
4 ﬂ 53.13° L 0.159 henry

Figure 12-2 RL parallel circuit with all missing values.

LABORATORY EXERCISE
Name Date

Materials Required
Formulas for resistive-inductive parallel circuits are shown in Figure 12-3.

1 0.5-kVA control transformer with two windings rated at 240 volts and one winding
rated at 120 volts

1 40-watt incandescent lamp with normal lamp base
1 75-watt incandescent lamp with normal lamp base

AC ammeter, in-line or clamp-on. (If a clamp-on type is employed, the use of a 10:1 scale
divider is recommended.)

Connecting wires
AC voltmeter

1 120-volt AC power supply

1. Connect the circuit shown in Figure 12-4.

2. Turn on the power supply and measure the total circuit current with an AC ammeter.
Iy amp(s)

3. Turn off the power supply.

4. Connect an AC ammeter in series with the 40 watt lamp as shown in Figure 12-5.

5. Turn on the power supply and measure the current flowing through the lamp.

Iz amp(s)
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RESISTIVE-INDUCTIVE PARALLEL CIRCUITS

Et L
It Er EL
Z IR IL
/
PE P VARs,
Zo
)
LI A
Z-= R XL 2=V—A; IT=VIg+12
It
z-Er z—E—T2 Z=RxPF 7= ET
It VA - Tz
Z
VA=Etx It PF=§ EL=1LX XL
VA= IT2x Z PF = EL= ET =Enr
= VA T
2
va< ET PF=1R Et= \V/ VARs X XL
Z IT
VARSs
VA = \VP?+ VARs? PF =CosZ® L=TL
VA = PLF VARs =\ VA*~P? VARs =ELXIL
VARs_ = 1.2 x XL ] Er=IrRXR
: (3)-(3)
xL=|—LL XL = R z Er=VPxR
E2 P
= =2nfl =
VARs, Xu=2m ER=Th
XLzVA_RQSL R-ER Er=ET=EL
| L Ir
ER? P
R-EFR R=—
1 P |2
1 2 1 2
— — —_ 2 Z
R= <z> (x) p-ER R=—
- R PF
P=ErxIr P=1rR°xR

Figure 12-3 RL parallel circuit formulas.

Ir= 17 XPF

P=\/ VA’- VARs®

P =VAxPF

https://engineersreferencebookspdf.com

ET=ErR=EL

Et=I1txZ

Er=VVAXZ

XL
2nf




Unit 12 RL Parallel Circuits

149

120 VAC
ON AC amps
OFF
X4
40W
X2
Figure 12-4 Connecting an RL parallel circuit.
120 VAC
ON
OFF
AC amps
X1
40 W
X2

Figure 12-5 Measuring current through the resistive load.
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6. Turn off the power supply.

7. Connect the AC ammeter in series with the inductor as shown in Figure 12-6.

8. Turn on the power supply and measure the current flow through the transformer
winding.
I amp(s)

9. Turn off the power supply.

10. Use Ohm’s law to determine the resistance of the 40 watt lamp.

E
rR=E
IR
11. Calculate the true power in the circuit using resistive value of voltage and current.
P= watts
12. Calculate the value of inductive reactance using inductive values of voltage and current.
E
L
X = —
L
I L
X1, Q
120 VAC
ON
AC amps
OFF
H1
Hs
X1
40W
X2
Ho
Hg

Figure 12-6 Measuring current through the inductive load.
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13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

Calculate the reactive power using inductive values of voltage and current.
VARs;, = Ey, X I,

VARsy,

Compute the apparent power in the circuit using the total values.
VA=Eq X Ip

VA

Compute the power factor using the formula PF' = ViA .

PF %

Compute the angle theta using the formula cos 2@ = PF.

ya) °

Replace the 40 watt lamp with a 75 watt lamp in the RL parallel circuit.
Turn on the power supply and measure the total current flow in the circuit.
Ip amp(s)

Turn off the power supply and reconnect the ammeter to measure the current
flow through the 75 watt lamp.

Turn on the power supply and measure the resistive current.
I amp(s)

Turn off the power supply and reconnect the ammeter to measure the current
flow through the transformer winding.

Turn on the power supply and measure the inductive current.

Iy, amp(s)
Turn off the power supply.

Compute the total impedance of the circuit using Ohm’s law.

Z Q

Compute the resistance of the 75 watt lamp using Ohm’s law.
R Q

Compute the true power in the circuit using Ohm’s law.

P watts

Compute the inductive reactance of the inductor.

X, Q

Compute the reactive power using Ohm’s law.

VARsy,

Compute the apparent power in the circuit using total values of voltage and current.
VA

Compute the circuit power factor using the values of true power and apparent power.
PF %

Compute angle theta.

ya) °

Disconnect the circuit and return the components to their proper place.
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Review Questions

To answer the following questions, it may be necessary to refer to the formulas shown in
Figure 12-3.

1.

10.

A 5 mh inductor is connector to a 400 Hz line. What is the inductive reactance of the
inductor?

. Aresistor and inductor are connected in parallel to a 120 volt, 60 Hz line. The circuit

has a current flow of 3 amperes. The resistor has a resistance of 72 Q. What is the induc-
tance of the inductor?

. A resistor with a resistance of 50 Q is connected in parallel with an inductor with an

inductance of 0.175 henry. The power source is 60 Hz. What is the impedance of the cir-
cuit?

. A resistor and inductor are connected in parallel to a 277 volt, 60 Hz line. The resis-

tor has a current of 12 amperes flowing through it, and the inductor has a current flow
of 8 amperes flowing through it. What is the total current flow in the circuit?

. Aresistor and inductor are connected in parallel to a 400 Hz line. The inductor has a

voltage drop of 136 volts across it. What is the voltage drop across the resistor?

. An inductor has a current flow of 2 amperes when connected to a 240 volt, 50 Hz line.

How much current will flow through the inductor if it is connected to a 240 volt, 60 Hz
line?

. An RL parallel circuit has an apparent power of 2,400 VA. The true power is 1,860 watts.

What is the circuit power factor?

How many degrees out of phase are the voltage and current in question 77

. An RL parallel circuit has a power factor of 64%. The circuit voltage is 480 volts and

the total current is 25.6 amperes. What is the true power in the circuit?

The voltage and current are 44° out of phase with each other in an RL parallel circuit.
What is the circuit power factor?
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Objectives

After studying this unit, you should be able to:

* Describe polarized and nonpolarized capacitors.
* Perform an ohmmeter test on a capacitor.
+ Calculate values of capacitance and capacitive reactance.

* Determine the value of a capacitor by making electrical measurements.

Capacitors are the third major type of electrical load to be discussed. A basic capacitor is
constructed by separating two metal plates with an insulating material called a dielectric
(Figure 13-1). There are three factors that determine the amount of capacitance a capacitor
will have:

1. The surface area of the plates. The greater the surface area, the more capacitance the
capacitor will exhibit.

2. The distance between the plates. The closer the two plates are together, the greater the
amount of capacitance.

3. The type of dielectric. Different types of dielectric can produce more or less capacitance.

Dielectric materials have a rating called the dielectric constant. Some common dielectric
materials and their dielectric constants are shown in Figure 13-2. The dielectric constant of
a material is determined by measuring the amount of increased capacitance when a particular
material is employed. Air has a dielectric constant of 1 and is used as the base reference.
Assume that a dielectric material is inserted between the plates of the capacitor without
changing the distance between the plates. Now assume that the capacitor exhibits 10
times more capacitance with the dielectric material inserted between the plates instead of
air. The material will have a dielectric constant of 10.

Plates ST s, STy s, o0 | —a— Dielectric

Figure 13-1 Basic capacitor is formed by separating two metal plates by an insulating material.
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DIELECTRIC

MATERIAL CONSTANT
Air 1
Bakelite 4.0t010.0
Castor oil 4.31t04.7
Cellulose acetate 7.0
Ceramic 1,200
Dry paper 3.5
Hard rubber 2.8
Insulating oils 221t04.6
Lucite 2.41t0 3.0
Mica 6.41t07.0
Mycalex 8.0
Paraffin 1.9t022
Porcelain 5.5
Pure water 81
Pyrex glass 41t04.9
Rubber compounds 3.0t07.0
Teflon 2
Titanium dioxide compounds 90to 170

Figure 13-2 Dielectric constant of different materials.

The dielectric or insulating material has the ability to change the amount of capacitance
because of the manner in which a capacitor stores an electric charge. When a capacitor is
charged, electrons are deposited on one plate and removed from the other, as seen in
Figure 13-3. As electrons flow away from the capacitor plate connected to the positive
battery terminal and to the capacitor plate connected to the negative battery terminal, a volt-
age 1s developed across the two capacitor plates. This electron flow will continue until the
voltage across the plates is equal to the battery voltage. When the two voltages become equal,
the current flow stops. If the battery is disconnected from the circuit, the capacitor is left
in a charged state. The voltage across the capacitor plates produces stress on the dielectric
material. Since one plate is now more positive and the other plate is more negative, the atoms
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Battery

<
Figure 13-3 Charging a capacitor.

of the dielectric become stressed due to the attraction and repulsion of charged particles. The
negative electrons in the atoms of the dielectric are attracted to the positive plate and
repelled from the negative plate, as seen in Figure 13-4. This molecular stretching is
called dielectric stress. The greater the potential difference between the two plates, the
greater the dielectric stress. This is the reason that the voltage rating of a capacitor should
never be exceeded. This molecular stretching is similar to stretching a rubber band. If the
stress becomes too great (i.e., too much voltage), the dielectric will break down and short the
capacitor. The dielectric stress produces an electrostatic field. Most of the capacitor’s energy
1s stored in the electrostatic field.

The dielectric stress gives the capacitor the ability to produce almost infinite current. This
is the reason that capacitors are one of the most dangerous components in the electrical field.

Figure 13-4 Atoms of the dielectric in a charged capacitor.
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Never charge a capacitor and hand it to another person! Many people believe this to be
a comical act, but in reality it is extremely dangerous. One of the basic characteristics of a
capacitor is that it opposes a change of voltage. When a charged capacitor is connected
across a load, it will produce any current necessary to prevent a voltage change. Assume
that a capacitor has been charged to 500 volts. Now assume that the capacitor is connected
across a 100 Q load resistor. The capacitor will produce an initial current of 5 amps in an
effort to prevent a voltage change (I = 500/100). If a person should contact the leads of a
capacitor charged to 500 volts, the effect is the same as making contact with a 500 volt
power line.

Caution

Never charge a capacitor and hand it to another person!

Capacitor Charge and Discharge

Capacitors charge and discharge at an exponential rate. This is the same rate of increase
and decrease as the current flow through an inductor. Recall that each time constant of
the exponential curve has a value of 63.2% of the whole. It is assumed that there are five
time constants in the curve. An exponential charging curve is shown in Figure 13-5. The
curve assumes the capacitor to be connected to a 100 volt source. The capacitor charge and

100V
2VN—7 —"7"™— - | — — — T T T T T T =
9BV — [

864V — —/7 — — — — — — —

632V — — — — —

Time constants
Figure 13-5 Capacitors charge at an exponential rate.
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discharge time is determined by the amount of capacitance and resistance in the circuit. The
formula (T = RC) can be used to determine the charge or discharge time of a capacitor where:

T = Time in seconds
R = Resistance in ohms

C = Capacitance in farads
The value of T is for one time constant.

Example: Determine the amount of time needed to charge a 100 uF capacitor connected in
series with a 50 kQ resistor.

T = 50,000 x 0.000100 (100 pF)
T = 5 sec per time constant
Total time = 5 sec x 5 time constants

Total time = 25 sec

Capacitance Values

Capacitance is measured in units called farads. A farad is the amount of capacitance necessary
to produce a charge of 1 coulomb with a voltage change of 1 volt across its plates. The farad
1s an extremely large amount of capacitance. A 1 farad capacitor with air as a dielectric and
a spacing of 1 inch between the plates would have a plate area of approximately 1,100 square
miles. Since the farad is such a large amount of capacitance, capacitance values are generally
expressed as microfarads (uF), nanofarads (nF), and picofarads (pF).

1 -6
HF— WOI x 10

1 -9
nF = T 500.000000 O <10

1
1,000,000,000,000

pF = or x 102

The picofarad is sometimes called a micro-microfarad because it is one-millionth of a
microfarad.

Most formulas that use capacitance assume that the capacitance value is in farads. As a gen-
eral rule, the value given must be converted into farads for use in a formula. A value of 25 puF
can be converted to farads by moving the decimal point six places to the left so that 25 uF
becomes 0.000025 farads. Or a value of 300 pF can be converted to farads by moving the
decimal point twelve places to the left so that 300 pF becomes 0.000000000300 farads.

Another method of entering capacitance values with a scientific calculator is to enter the
value using scientific notation. Most scientific calculators contain an EE key or EXP key,
depending on the manufacturer. These keys can be used to enter a value in scientific
notation. Micro is one-millionth or 10-6. 25 uF can be entered as shown:

25 EE 6 +/—
300 pF can be entered as shown:
300 EE 12 +/-
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Polarized and Nonpolarized Capacitors

Capacitors can be divided into two major categories, polarized and nonpolarized. Nonpolarized
capacitors are often called AC capacitors because they can be connected to alternating cur-
rent circuits. These capacitors are not polarity sensitive. Either of the capacitor terminals
can be connected to a positive or negative voltage.

Polarized capacitors can be connected to direct current circuits only. One of their terminals
will be marked with a + or — sign to indicate the proper polarity. If the polarity connection
1s reversed, the capacitor will be damaged and possibly explode. Polarized capacitors are often
called electrolytic capacitors. The greatest advantage of an electrolytic capacitor is that it
can exhibit a large amount of capacitance in a small case size. Electrolytic capacitors are
generally used in electronic equipment.

Capacitor Voltage Rating

As stated previously, the voltage rating of a capacitor should never be exceeded. The volt-
age ratings are marked in different ways, often making it difficult for a student to determine
exactly what the voltage rating is. Some common capacitor voltage ratings are:

VDC (Volts DC)

WVDC (Working Volts DC)

VAC (Volts AC)

The VDC and WVDC ratings are essentially the same. Polarized capacitors will be rated
in DC volts because they must be connected to direct current. Nonpolarized capacitors are
generally marked VAC or WVAC. If the voltage rating is given as VAC, it is an RMS value.
If a nonpolarized capacitor is marked WVDC, it is a peak value, not an RMS value.

Example: Assume that an AC capacitor is marked 600 WVDC. What is the maximum RMS
value of voltage that can be connected to the capacitor? To find the answer, assume 600 volts
to be a peak value and multiply by 0.707 to find the RMS value.

Egpg = 600 x 0.707
ERMS =424.2 volts

Capacitance in AC Circuits

When a capacitor is connected in a DC circuit, current will flow during the time the capac-
itor is charging or discharging. Once the capacitor has become charged, it becomes an
open circuit. When a capacitor is connected into an AC circuit, the capacitor charges and dis-
charges each time the current changes direction. Since the current is continually changing
direction, current will appear to flow through the capacitor.

As the capacitor charges, the impressed voltage across the capacitor opposes the applied volt-
age, acting like a resistance to the flow of current. This opposition to current flow is called capac-
itive reactance and is symbolized X(. The formula for determining capacitive reactance is:

1
Xe = 2nfC
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where
X = Capacitive reactance in ohms
n=3.1416
f = Frequency in Hz
C = Capacitance in farads

Example: A 10 pF capacitor is connected to a 120 volt, 60 Hz line. How much current will
flow in this circuit? The first step is to determine the capacitive reactance.

1
XA =
C™ 2%t x60x0.000010 farad

X = 26526 Q

The current flow can now be determined by replacing the value of resistance (R) with the
value of capacitive reactance (X¢) in an Ohm’s law formula:

E
1= =
XC
120
265.26
I = 0.452 amp

If the value of capacitive reactance is known, the capacitance can be determined using the
formula:

1

C = e
2nfXc

Example: A capacitor is connected in a 480 volt, 60 Hz circuit. The circuit has a current of

14 amperes. What is the capacitance of the capacitor? The first step is to determine the capac-

itive reactance using Ohm’s law.

E
XC = T
480
%o =7
X = 3429Q

Now that the value of X is known, the capacitance can be determined.

1
T 2xmx60x34.29

C = 0.00007736 farad or 77.36 uF

Capacitors Connected in Series

When capacitors are connected in series, the total capacitance is reduced because it has the
effect of increasing the distance between the plates. The formula for determining the total
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30 uF 50 uF 80 uF

4 [ 4

AN AN AN

Figure 13-6 Capacitors connected in series.

capacitance of capacitors in series is similar to determining total resistance in a parallel
circuit.

Cr = i i ! 1 7 (reciprocal method)
—t — =+ =
1 C2 C3 CN

or

C,xC,
T = CITCZ (product over sum method)

or

This formula can be employed when all capacitor values are the same. The product over
sum method can be employed to determine the value of two capacitors at a time.

Assume that a circuit contains three capacitors with values of 30 uF, 50 uF, and 80 pF con-
nected in series, as shown in Figure 13-6. What is the total capacitance of this circuit?

1
CrEToTT
30 50 80
Cp = 15.19 uF

The total capacitive reactance is equal to the sum of the individual capacitive reactances in
the circuit.

Xop = Xeyp+ Xoo + Xz + Xon

The advantage of connecting capacitors in series is that it increases the voltage rating of the
connection. Assume that three capacitors rated at 100 pF and 100 volts each are connected
in series. The total capacitance of the connection would be 33.33 pF ( Cp = 100 ), but the
voltage rating would now be 300 volts instead of 100 volts. 3

Capacitors Connected in Parallel

When capacitors are connected in parallel, the total capacitance value will be the sum of the
individual capacitors. Connecting capacitors in parallel has the effect of increasing the plate
area of one capacitor. The formula for finding the total capacitance of parallel-connected
capacitors is:

Cr=C+C+Cy+Cy
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The total capacitive reactance can be determined in a manner similar to determining
parallel resistance.

1
Xeor = 7 1 ] ] (reciprocal method)
- + -
XCl XCZ XC3 XCN
or
Xop = *01*Xc) (product over sum method)
CT =~ ¥v_ L v__
Xop+Xe
or
XC
Xor = N

This formula can be employed when all values of capacitive reactance are the same.The prod-
uct over sum method can be employed when two values of capacitive reactance are known.

Voltage and Current Relationships

In a pure capacitive circuit, the voltage and current are 90° out of phase with each other,
as shown in Figure 13-7. In a pure capacitive circuit, the current leads the applied voltage
instead of lagging the applied voltage. Since the current and voltage are 90° out of phase,
there is no true power or watts produced in a pure capacitive circuit. The electrical energy
is stored in the form of an electrostatic field during part of the cycle and returned to the circuit
during another part. Like inductive circuits, the power in a capacitive circuit is in VARs and
not watts. To distinguish between inductive and capacitive VARs, capacitive VARs will be
noted as VARs¢. The formulas for determining capacitive VARs are the same basic formulas
used for watts and inductive VARs.

-=—— \oltage

-a-.—— Current

Figure 13-7 In a pure capacitive circuit, the current leads the voltage by 90°.
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VARs = Eox I

Eq

VARs = =
C

Capacitor Testing

Testing capacitors is difficult at best. To really test a capacitor, two conditions must be
assessed. One is the condition of the dielectric, and the other is the condition of the plate
area. The first test can be made with an ohmmeter. The ohmmeter is used to check for a
short circuit between the plates. If an analog ohmmeter is used, when the meter leads are
connected to the capacitor the needle should swing upscale and then return to infinity. If
the ohmmeter leads are reversed, the needle should move approximately twice as far
upscale and then return to infinity. If a digital ohmmeter is employed, it should indicate
either infinity or a very high resistance in the meg-ohm range.

The ohmmeter test can indicate a short circuit, but it cannot test the condition of the
dielectric. To test the dielectric, rated voltage must be applied to the capacitor. As a general
rule, a test instrument called a “HiPot” is used to test the dielectric. HiPot is an abbrevi-
ation for high potential. The HiPot permits rated voltage to be applied to the capacitor while
measuring the leakage current through the dielectric. In theory, there should be no current
flow through the dielectric. Leakage current is an indication that the dielectric is breaking
down under load.

The second test involves measuring the amount of capacitance of the capacitor. If the
plates are in good condition, the capacitance should be within a few percent of the marked
capacitor rating. The capacitance value can be determined in several ways. One is to use a
capacitance tester designed to measure the amount of capacitance. Another is to connect the
capacitor in an AC circuit and measure the current flow. The capacitive reactance can then
be computed using Ohm’s law, and the capacitance value can be computed once the capac-
itive reactance is known.

LABORATORY EXERCISE
Name Date

Materials Required:
1 120-VAC power supply
1 AC voltmeter

1 AC ammeter, in-line or clamp-on. (If a clamp-on meter is employed, the use of a 10:1 scale
divider is recommended.)

1 ohmmeter
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1 7.5-uF capacitor 240 VAC or more
1 10-pF capacitor 240 VAC or more
1 25-uF capacitor 240 VAC or more

1. Use an ohmmeter to test the resistance of the following capacitors. Be sure to reverse
the ohmmeter leads when checking each capacitor. List the amount of resistance for
each capacitor.

7.5 uF Q 10 pF Q 25 uF Q

Caution

If any of the capacitors tested indicate a low value of resistance (less than 100 kQ),
inform your instructor before continuing with this experiment.

2. Calculate the amount of capacitive reactance for the 7.5 pF capacitor. Assume a frequency

of 60 Hz.
1
Xp = ——
€~ 2rnfC
(Note: A shortcut is to use a value of 377 for (2xf) if the frequency is 60 Hz.)
XC = Q

3. Using the calculated value of capacitive reactance, compute the amount of current that
should flow if the capacitor is connected to 120 VAC.

I= amp(s)

4. Connect the circuit shown in Figure 13-8. Turn on the power and measure the amount
of current flow. Compare the measured value with the computed value. Are the two
answers approximately the same?

I= amp(s) Yes/no
120 VAC
ouN
OFF

—— 75pF

)
/

Figure 13-8 A capacitive circuit.
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10.
11.
12.

13.

14.
15.

. Turn off the power supply.
. Replace the 7.5 pF capacitor with a 10 pF capacitor.

. Turn on the power supply and measure the amount of current flow in the circuit.

I= amp(s)
. Using the measure value of current, compute the capacitive reactance for this circuit.
E
XC = 7
XC = Q

. Using the computed value of capacitive reactance, compute the capacitance of the capac-

itor. (Note: The computed value will be in farads. Change your answer to microfarads.) Is
the computed value approximately the same as the marked value on the capacitor?

= uF Yes/no

Turn off the power supply.
Replace the 10 pF capacitor with the 25 pF capacitor.

Compute the amount of current that should flow if a voltage of 120 volts is applied to
the circuit.

I= amp(s)

Turn on the power supply and measure the current in the circuit. Is the measured cur-
rent approximately the same as the computed value?

I= amp(s) Yes/no

Turn off the power supply.

Connect the three capacitors to form a series circuit as shown in Figure 13-9.

120 VAC

ON

OFF

()
© ©o >

7.5 uF

)|
/|

10 uF

)|
/|

25 uF

)|
/|

Figure 13-9 Capacitors connected in series.
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16.

17.

18.

19.

20.

21.
22.
23.

24.

Turn on the power supply and measure the current in the circuit.

I= amp(s)
Use an AC voltmeter to measure the voltage drop across each capacitor.
7.5 uF volts 10 uF volts 25 uF volts

Using the measured values of voltage and current, compute the capacitive reactance
of each capacitor. Recall that in a series circuit the current is the same in all parts of
the circuit.

7.5 uF Q 10 uF Q 25 uF Q

Using the formula (X = X1 + Xog + X3 + XenN), compute the capacitive reactance
for the circuit.

Xor = Q

Use Ohm’s law and the values of applied voltage and circuit current to compute the total

capacitive reactance for this circuit. Is this computed value approximately the same as
the capacitive reactance value in step 19?

Xor = Q Yes/no
Turn off the power supply.

Reconnect the three capacitors to form a parallel connection as shown in Figure 13-10.
Turn on the power supply and measure the current flow in the circuit.

I= amp(s)

Turn off the power supply.

25. Calculate the capacitive reactance of the circuit using Ohm’s law.
Xer = Q
120 VAC
ON

o

-

OFF
ol

25 uF

Figure 13-10 Capacitors connected in parallel.
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26.

27.

28.

29.

Use the values of capacitive reactance computed in step 18 for each of the capacitors
to compute the total amount of capacitive reactance for the circuit. Is the computed
value approximately the same as the value computed in step 25?
1
X =
T = I
XCI XC2 XC3 XCN

XCT e Q Yes/no

Using the computed value of capacitive reactance in step 26, compute the total amount
of capacitance in the circuit.

CT = ]J,F

Add the values of capacitance listed on the three capacitors. Is the sum of the listed val-
ues approximately the same as the computed value in step 27?

Cp= uF Yes/no

Disconnect the circuit and return the components to their proper place.

Review Questions
1.

Name three factors that determine the capacitance of a capacitor.

. A nonpolarized capacitor is connected in a DC circuit. Is there a danger of damaging

the capacitor when the power is turned on?

. A polarized capacitor is connected to an AC circuit. Is there a danger of damaging the

capacitor when the power is turned on?

Four capacitors having values of 100 uF, 175 uF, 75 pF, and 50 pF are connected in
series. What is the total capacitance of the circuit?

. Assume that the circuit in question 4 is connected to a 240 volt AC, 60 Hz power sup-

ply. How much voltage would be dropped across the 100 pF capacitor?

. Assume that the 175 uF capacitor in question 4 has a voltage rating of 35 WVDC. If

the circuit is connected to 240 VAC, will the voltage rating of the capacitor be
exceeded?

. A 500 pF capacitor is connected to a 60 Hz circuit. What is the capacitive reactance of

this capacitor?
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8. Assume that a 500 pF capacitor is connected in a circuit with a frequency of 100 kHz.
What is the capacitive reactance of the capacitor?

9. Assume that three capacitors with values of 5 pF, 12 uF, and 22 pF are connected in
parallel. What is the total capacitance of the circuit?

10. Assume that the circuit in question 9 is connected to a 208-volt, 60 Hz power line. How
much current will flow in the circuit?
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Unit 14 Resistive-Capacitive Series Circuits

Objectives

After studying this unit, you should be able to:

* Discuss the voltage and current relationship in an RC series circuit.
* Determine the phase angle of current in an RC series circuit.

* Determine the power factor in an RC series circuit.

In an AC circuit containing pure resistance, the current and voltage are in phase with each
other. In an AC circuit containing a pure capacitive load, the current will lead the voltage
by 90°. Since the current is the same at any point in a series circuit, the voltage drop across
the resistor and the voltage drop across the capacitor will be 90° out of phase with each other,
as shown in Figure 14-1.

Example Problem

A series circuit containing a resistor and capacitor is shown in Figure 14-2. It is assumed
the circuit is connected to 120 VAC with a frequency of 60 Hz. The resistor has a resistance
of 30 Q and the capacitor has a capacitive reactance of 46 Q. The following values will
be computed:

Z - Total impedance of the circuit

Iy - Total circuit current

Voltage across capacitor

Voltage across resistor

Current

Figure 14-1 The voltage across the resistor and the voltage across the capacitor are 90° out
of phase with each other.

169
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Er 120V Er Ec

I Ir le
/\v/ Z R=30Q Xc 46Q

VA P VARs ¢

PF ¢

Yy

Figure 14-2 RC series circuit.

ER - Voltage drop across the resistor
P - True power or watts

E( - Voltage drop across the capacitor
C - Capacitance of the capacitor
VARs( - Reactive power

VA - Volt amps or apparent power

PF - Power factor

/D - Angle theta (the angle’s degree amount that the current and voltage are out of phase
with each other)

The first step in determining the missing values is to compute the total circuit impedance.
Since the capacitive and resistive parts of the circuit are out of phase with each other by 90°,
vector addition must be used to determine the total impedance. The formula for impedance
determining the impedance in a series circuit containing resistance and capacitive reactance

s Z= JR+X]

7 = J30% + 46>
Z = /900 +2.116
Z = .J3.016

Z = 5492Q

The total circuit current can now be computed using Ohm’s law.
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ET
Iy = —
Tz
120
=5
Iy = 2.18 amps

The current is the same at any point in a series circuit. The values of I and Iy, are, there-
fore, the same as I.

Now that the amount of current flowing through the resistor is known, the voltage drop
across the resistor can be determined using Ohm’s law.

Eg = 2.18%30
Eg = 65.4 volts

The true power or watts can be computed using any of the power formulas. In this example
the true power will be computed using E X 1.

P =654x%x2.18
P = 142.57 watts

The voltage drop across the capacitor can be determined using Ohm’s law and reactive values.

E, 6 =1xX,
E, = 2.18x46
E . = 100.28 volts

The reactive VARs can be computed in a manner similar to determining the value for
watts or volt amps, except that reactive values are used.

VARs, = E, xI,

VARs, = 100.28 x 2.18

218.61

VARs

The value capacitance value of the capacitor can be computed using the formula:

1
¢= 2nfX,

1

C= 2% 3.1416 % 60 x 46
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1
377 x 46

C = 0.00005766 farad or 57.66 uF

The apparent power or volt amps can be computed using formulas similar to those for deter-
mining watts or VARs, except that total circuit values are used in the formula:

VA = 120x2.18
VA = 261.6
The circuit power factor can be computed using the formula:
P
PF = —
VA
_ 142,57
~ 2616

PF = 0.545 or 54.5%

The power factor is the cosine of angle theta. In this circuit, the decimal power factor is 0.545.
The cosine of angle theta is 0.545. To determine angle theta, find the angle that corresponds
to a cosine of 0.545. Most scientific calculators contain trigonometric functions. To find what
angle corresponds to one of the sin, cos, or tan functions, it is generally necessary to use the
invert key, the arc key, or one of the keys marked sin-!, cos'!, or tan-1.

cos ZJ = 0.545
£ = 56.97°

The current and voltage are 56.97° out of phase with each other in this circuit.

The circuit with all completed values is shown in Figure 14-3.

M 1

Er 654V Ec 100.28 V
Er 120V

lh 2.18 A lc 2.18 A
It 2.18 A

R 30 Q Xc 46 Q
Z 5492 Q

P 142,57 VARsc 218.61
VA 2616

C 57.66 uF
PF 54.5%
Z g 56.97°

Figure 14-3 RC series circuit with all missing values.

https://engineersreferencebookspdf.com



Unit 14  Resistive-Capacitive Series Circuits 173

LABORATORY EXERCISE
Name Date

Materials Required

1 25-uF AC capacitor with a minimum voltage rating of 240 VAC
1 10-pF AC capacitor with a minimum voltage rating of 240 VAC
1 100-watt incandescent lamp with normal lamp base

1 75-watt incandescent lamp with normal lamp base

AC ammeter, in-line or clamp-on. (If a clamp-on type is employed, the use of a 10:1 scale
divider is recommended.)

Connecting wires
AC voltmeter
1 120-volt AC power supply

Formulas for resistive-capacitive series circuits are shown in Figure 14-4.

1. Connect the circuit shown in Figure 14-5.

2. Turn on the power and measure the current flow in the circuit with an AC ammeter.

I= amp(s)
3. Measure the voltage drop across the 40-watt lamp with an AC voltmeter.
Egr = volts
4. Compute the resistance of the lamp using Ohm’s law.
rR-E
I
R= Q
5. Compute the true power in the circuit using the resistive values of voltage and
current.
P=Eg X Iy
P= watts
6. Measure the voltage drop across the capacitor with an AC voltmeter.
Ec= volts
7. Compute the capacitive reactance of the capacitor using Ohm’s law.
E
X, ==
Xo = Q
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RESISTIVE-CAPACITIVE SERIES CIRCUITS

AAAY
ET Er C
IT IR Ec
z R —_— lc IT=1Ir=1lc
f -
@ VA P Xc
ET
PF VARSs Ir==
Zo
1o VA
"TEr
VA 2
z=/R%+Xc? - = z-ET Cor—
It VA 2 f Xc
ET R
= — =— = X = X
ZIT ZPF P=ErRXIR Er=IrRXR
VA= ETX IT PF=§ P =\ VA% -VARs§ Er=V PXR
VA= 172X Z PF = p_Ee Ern=+
VA R IR
2
VA=E7T PF=? P=Ir°XR Er=VET*-Ec
T
VA = \/P?+ VARs] PF = Cos Z© P=VAxPF Er=ETXPF
VA=% R=\Z2-Xc® Ec=1lcxXc lc=lr =17
E
lr=IT=lc R=— Ec=\/ET?-E#? lc=EC
IR Xc
Er ER VARs¢
= = T = X =
lr=—2 R= Ec= VVARs; X Xc lo=—
VAR
ln=— Rzt Eo = YARS | xsC
" Er TR °= lc c= c

P
R R=ZxPF VARs; = Ecxlc Et=\ Er® + Ec?

Xc=\ z?-R? Xo= s VARs = Ic®x Xc Et=1TXZ
[}
VARs 2
Xc = E¢ Xc = < VARsg = E& Er= YA
lc 1c? Xc lc
1 Er
VARs ;= \/ VA% - P? Xc = Ere =R
Sc ‘T2ntfc T PF

Figure 14-4 Formulas for RC series circuits.
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120 VAC
ON
u Ammeter 100 W 25 uF
o o () {

Figure 14-5 Connecting the circuit components.

8.

10.

11.

12.
13.

14.

15.

Compute the inductive VARs in the circuit using the formula VARsq = E¢ x I¢.

VARs =

Compute the apparent power (VA) using the total circuit values.
VA = Eqp x Iy

VA =

Compute the circuit power factor using the formula pp — P
PF = % VA

Using the decimal value of the power factor, determine the phase angle difference
between the voltage and current in this circuit.

cos /@ = PF
L0 =
Turn off the power supply.

Using the measured values of voltage for Eg and E¢, compute the total voltage using

the formula:
Ep = JER" +E,’

Compare the computed value with the actual applied voltage value of 120 volts. Are they
approximately the same?

Ep= Yes/no

Compute the impedance of the circuit using the measured values for total voltage and
total current.

E
Z=7
7= Q

Using the computed values of R and X, compute the impedance using the formula:

Z= |R*+X.]
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120 VAC

ON

75 W
OFF Ammeter

s BN ¥
o o) Y &

Figure 14-6 Replacing the circuit components.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Compare this value with the computed value in step 14. Are they approximately the
same?

7= Q Yes/no

Replace the 100 watt incandescent lamp with a 75 watt lamp and replace the 25 pF
capacitor with a 10 uF capacitor, as shown in Figure 14-6.

Turn on the power supply and measure the current in the circuit using an AC ammeter.

1= amp(s)

Measure the voltage drop across the 75 watt lamp with an AC voltmeter.

Egr = volts

Compute the resistance of the lamp filament using Ohm’s law.

R = Q

Compute the true power in the circuit using Ohm’s law.

P= watts

Measure the voltage drop across the capacitor with an AC voltmeter.

Ec= volts

Compute the capacitive reactance of the inductor using Ohm’s law.

Xco= Q

Compute the reactive VARs for the inductor using Ohm’s law.
VARSs@

Compute the capacitance of the capacitor. Is the computed value approximately the
same as the listed value?

1

C =
2nfX,
C= uF
Compute the apparent power of the circuit using Ohm’s law.
VA=
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26.

217.

28.

Compute the power factor of the circuit.

PF = %
Determine the value of angle theta.
/0= °

Turn off the power supply and return the components to their proper place.

Review Questions

Refer to the formulas shown in Figure 14-4 to answer some of the following questions.

1.

10.

The current and voltage are 64° out of phase in an RC series circuit. The apparent power
1s 260 VA. What is the true power in the circuit?

. The circuit in question 1 has a current flow of 1.25 amperes. What is the applied voltage?

. A capacitor and resistor are connected in series. The resistor has a resistance of 26 Q and

the capacitor has a capacitive reactance of 16 Q. What is the impedance of the circuit?

. An RC series circuit is connected to a 120 volt, 60 Hz line. The capacitor has a voltage

drop of 84 volts. What is the voltage drop across the resistor?

A capacitor is using 1.6 kVARs and has a capacitive reactance of 24 Q. How much cur-
rent is flowing through the inductor?

. An RC series circuit is connected to a 277 volt, 60 Hz line. The resistor has a power dis-

sipation of 146 watts and the capacitor is using 138 VARs. How much current is flow-
ing in the circuit?

An RC series circuit is connected to a 480 volt, 60 Hz line. The apparent power of the
circuit is 8.2 kVA. What is the impedance of the circuit?

. An RC series circuit has a power factor of 72%. How many degrees are the voltage and

current out of phase with each other?

An RL series circuit is connected to a 240 volt, 60 Hz line. The capacitor has a current
of 1.25 amperes flowing though it. The X of the inductor is 22 Q. The resistor has a
resistance of 16 Q. How much voltage is dropped across the resistor?

An RC series circuit has an apparent power of 650 VA and a true power of 475 watts.
What is the reactive power in the circuit?
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Unit 15 RC Parallel Circuits

Objectives

After studying this unit, you should be able to:

+ Discuss the voltage and current relationship in an RC parallel circuit.

* Determine the phase angle of current in an RC parallel circuit.

* Determine the power factor in an RC parallel circuit.

+ Discuss the differences between apparent power, true power, and reactive power.

* Find the impedance in an RC parallel circuit.
In any parallel circuit, the voltage must be the same across all branches. Since the current
is in phase with the voltage in a pure resistive circuit, and the current leads the voltage by
90° in a pure capacitive circuit, the current flow through the capacitive branch will be out
of phase with the current through the resistive branch. The total current will be out of phase

with the applied voltage by some amount between 0° and 90° depending on the relative val-
ues of resistance and capacitive reactance.

Determining electrical values in an RC parallel circuit is very similar to determining val-
ues 1n a series circuit with a few exceptions. Probably the greatest difference is calculating
the value of impedance when the values of R and X are known. Recall that vector addition
can be used with the ohmic values of an RC series circuit to determine the impedance.

Z= R +X]

The same basic concept is true for an RL parallel circuit, except that the reciprocal value
of R and X must be used.

1

() ()

Example: A resistor and capacitor are connected in parallel. The resistor has a resistance
of 50 Q and the capacitor has a capacitive reactance of 60 Q. Find the impedance of the cir-
cuit, seen in Figure 15-1.

7 =

Er

Ir 4 A En Ee

z Ir | le

VA § R 240Q T Xc 18Q

PE P VARsc
Z g C

Figure 15-1 RC parallel circuit.
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Solution:
7 = 1
1\? 1)?
(5—0) ¥ (a))
7 = 1
J(0.02)% + (0.01667)
7 = !
,/0.0004 + 0.0002779
g1
/0.0006779
1
Z = 0.02604
7 = 384Q

Example Circuit

An RC parallel circuit is connected to a 60 Hz line. The resistor has a resistance of 24 Q and
the capacitor has a capacitive reactance of 18 Q. The circuit has total current flow of 4 amps.
The following values will be computed:

Er - Total circuit voltage

7 - Circuit impedance

VA - Apparent power

IR - Current flow through the resistor
P - True power

I - Current flow through the inductor
VARs( - Reactive power

C - Capacitance of the capacitor

PF - Power factor

£ - Angle theta

The first step in determining the missing values for this problem is to determine the circuit
impedance using the values of R and X.
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Z = !
1) (1)
(R) ’ (;7)
Z = !
1Y) (1)
(5) (%)
Z = !
,/0.001736 + 0.003086
1
7 =
0.06944
Z =144 Q
Now that the value of impedance is known, the total voltage can be determined using Ohm’s
law.
Ep =4x144
Eq = 57.6 volts

In a parallel circuit, the voltage is the same across all branches. Therefore, the voltage drops
across the resistor and capacitor are 57.6 volts.

The apparent power can be computed using the formula:

VA

VA
VA

Eqpx Iy
57.6 x4
230.4

The current flowing through the resistor can be computed using Ohm’s law.

Ey
R

57.6
24

2.4 amps

The true power in the circuit can be computed using resistive values.

P =576%x24

P = 138.24 watts
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The current flow through the capacitor can be computed using Ohm’s law.

EC
1, ==
XC
_ 576
L="%
I, = 3.2 amps

The capacitive VARs can be computed using the inductive values and Ohm’s law.
VARs, = E x 1,

VARs, = 57.6x32

VARs . = 184.32
The capacitance of the capacitor can be computed using the formula:

1
- 2nfX,

1
T 377x 18

C = 0.00014736 farad or 147.36 uF

The power factor can be determined by comparing the true power and apparent power.

L
VA

_ 13824
© 2304

PF = 0.6 or 60%

PF =

The cosine of angle theta is equal to the decimal power factor value.

cos /D = PF
cos ZD = 0.6
/0 = 53.13°

The circuit with all missing values is shown in Figure 15-2.
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Er 57.6

A En 57.6V Ec 57.6

Z 1440 ln 2.4 A | le32A

VA 230.4 R24Q T Xe 180

PE 60% P 138.24 VARsc 184.32
4 53143° C 147.36 uF

Figure 15-2 RC parallel circuit with all missing values.

LABORATORY EXERCISE
Name Date

Materials Required

1 25-pF AC capacitor rated at 240 VAC or greater

1 7.5-uF AC capacitor rated at 240 VAC or greater

1 100-watt incandescent lamp with normal lamp base
1 60-watt incandescent lamp with normal lamp base

AC ammeter, in-line or clamp-on. (If a clamp-on type is employed, the use of a 10:1 scale
divider is recommended.)

Connecting wires
AC voltmeter
1 120-volt AC power supply

Formulas for resistive-capacitive parallel circuits are shown in Figure 15-3.

1. Connect the circuit shown in Figure 15-4.

2. Turn on the power supply and measure the total circuit current with an AC ammeter.
Ip amp(s)

3. Turn off the power supply.

4. Connect an AC ammeter in series with the 100-watt lamp as shown in Figure 15-5.

5. Turn on the power supply and measure the current flowing through the lamp.
Ig amp(s)

6. Turn off the power supply.
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RESISTIVE-CAPACITIVE PARALLEL CIRCUITS

ET C
IT ERr Ec
Z IR J N e
VA R T Xc
PF P VARs
Zo

IT=~ 1R+ 1c? VA=ETXxlTt PF=%

ET 2 P
IT=— VA=I1"xZ PF = —
=7 T VA

VA ET2 Er
=22 VA== PF =
|T::3_Fl*: VA=</P?+VARs:  PF=Cos/0

VA ) Er
=7z VA=%F R=1 1
1\ 2 1)2
Er=IlrxR lr=It2-1c? R= (z) Xc
2
Ern=V'PxR ln=ER R=ER
R P

p P P

Er=— lr=— R=—;
: IR R Er |52
it Z
Er=ET=Ec Ir= R R=%2
PF
Er=ETxPF X(:—E Xc = Ec’
- e 1 ~ VARs,
1Y% /1
Y- (L VARs
lc=/IT2-1gr? Xc= <Z> <R> c= 20
lc

Ec 1 1
I = - X = =
°=Xe °=%xfcC 27 f Xc

VARSs

VARs. c Eq2
lc=—— lc= Xc =—

Ec 1 VA
<1>2 1Y

Z= R/ * \X¢/ z=YA z-ET

|12 I

Figure 15-3 RC parallel circuit formulas.

ET:ER:EC

Et=11txZ

Et=—
IT

Er=VVAXxZ

P=ERrXxIR
P =V VA® - VARs}
P=IR°XR
P=VAxPF

Ec=Ic x Xc

Ec=ET=ER

Ec =V VARs; X Xc

VARS,
c= C

lc
VARs =Ic%x Xc
2
VARs, = £€
Xc
VARsc=Ecxlc

VARs; =V VA2 - P2

Z=RxPF
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120 VAC

o

ON

.

OFF

AC amps

o

1OOW@ /T~ 25uF

Figure 15-4 Connecting an RC parallel circuit.

120 VAC

ON

OFF

AC amps

100 W

)|

— 25uF

Figure 15-5 Measuring current through the resistive load.
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11.

12.

13.

. Connect the AC ammeter in series with the inductor as shown in Figure 15-6.
. Turn on the power supply and measure the current flow through the capacitor.

Io amp(s)

. Turn off the power supply.
10.

Use Ohm’s law to determine the resistance of the 100-watt lamp.

R - Er
I R
R Q
Calculate the true power in the circuit using the resistive value of voltage and current.
P=FEg X Ig
P= watts

Calculate the value of capacitive reactance using capacitive values of voltage and
current.

E
X, =3

C
Xc Q
Calculate the reactive power using capacitive values of voltage and current.
VARSC = EC X IC

VARs(
120 VAC
ON
AC amps
OFF
100 W ;\ 25 uF

Figure 15-6 Measuring current through the capacitive load.
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
217.

28.

29.

Compute the apparent power in the circuit using the total values.

VA=Eqp X Ip

VA

Compute the power factor using the formula PF = _Z_)_ .
PF % VA

Compute the angle theta using the formula cos LJ = PF .
yA%) °

2 2
Compute the total circuit current using the formula Ip = JIx"+1, .

Is the computed value approximately the same as the measured value?

Ip amp(s) Yes/no

B

Compute the total impedance of the circuit using the formula Z = — .

1
Z Q

Compute the total impedance using the formula

1

(®) +(x)

Z =

Is this computed value approximately the same as the value computed in step 18?

Z Q Yes/no

Replace the 100 watt lamp with a 60 watt lamp, and replace the 25 uF AC capacitor with

a 7.5 pF AC capacitor in the RC parallel circuit.

Turn on the power supply and measure the total current flow in the circuit.

Ip amp(s)

Turn off the power supply and reconnect the ammeter to measure the current

flow through the 60 watt lamp.

Turn on the power supply and measure the resistive current.

I amp(s)

Turn off the power supply and reconnect the ammeter to measure the current

flow through the capacitor.

Turn on the power supply and measure the capacitive current.
Io amp(s)

Turn off the power supply.

Compute the total impedance of the circuit using Ohm’s law.
/ Q

Compute the resistance of the 60 watt lamp using Ohm’s law.
R Q

Compute the true power in the circuit using Ohm’s law.

P watts
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30.

31.

32.

33.

34.

35.

Compute the capacitive reactance of the capacitor.

X Q

Compute the reactive power using Ohm’s law.

VARsq

Compute the apparent power in the circuit using total values of voltage and current.
VA

Compute the circuit power factor using the values of true power and apparent power.
PF %

Compute angle theta.

YY) °

Disconnect the circuit and return the components to their proper place.

Review Questions

To answer the following questions, it may be necessary to refer to the formulas shown in
Figure 15-3.

1.

A 50 pF capacitor is connected to a 400 Hz line. What is the capacitive reactance of the
capacitor?

. Aresistor and capacitor are connected in parallel to a 120 volt, 60 Hz line. The circuit

has a current flow of 3 amperes. The resistor has a resistance of 68 Q. What is the capac-
itance of the capacitor?

. A resistor with a resistance of 50 Q is connected in parallel with a capacitor with a

capacitance of 35 uF. The power source is 60 Hz. What is the impedance of the circuit?

. A resistor and capacitor are connected in parallel to a 277 volt, 60 Hz line. The resis-

tor has a current of 16 amperes flowing through it, and the capacitor has a current flow
of 28 amperes flowing through it. What is the total current flow in the circuit?

. Aresistor and capacitor are connected in parallel to a 1,000 Hz line. The capacitor has

a voltage drop of 200 volts across it. What is the voltage drop across the resistor?

. A capacitor has a current flow of 1.6 amperes when connected to a 240 volt, 50 Hz line.

How much current will flow through the capacitor if it is connected to a 240 volt, 60 Hz
line?

. An RC parallel circuit has an apparent power of 21 kVA. The true power is 18.6 kW.

What is the circuit power factor?
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8.

10.

How many degrees out of phase are the voltage and current in question 7?

An RC parallel circuit has a power factor of 84%. The circuit voltage is 480 volts and
the total current is 28 amperes. What is the true power in the circuit?

The voltage and current are 24° out of phase with each other in an RC parallel circuit.
What is the circuit power factor?
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Unit 16 Resistive-Inductive-

Capacitive Series Circuits

Objectives

After studying this unit, you should be able to:

* Determine values of watts and VARs for circuit components.
* Determine circuit power factor.
* Measure values of current and voltage in an RLC series circuit.

+ Compute the phase angle difference between current and voltage in an RLC series
circuit.

* Connect an RLC series circuit.

In a pure resistive circuit, the current and voltage are in phase with each other. In a pure
inductive circuit, the voltage leads the current by 90°, and in a pure capacitive circuit, the
voltage lags the current by 90°. Since the current is the same at any point in a series cir-
cuit, the voltage drops across the different components are out of phase with each other, as
shown in Figure 16-1. Since the voltage across the capacitor lags the current by 90° and the
voltage across the inductor leads the current by 90°, they are 180° out of phase with each
other. Since these two voltages are 180° out of phase with each other, one tends to cancel the
effects of the other. The result is that the larger voltage is reduced and the smaller is elim-
inated as far as the circuit is concerned. Assume that an RLC series circuit contains a
resistor with a voltage drop of 100 volts, an inductor with a voltage drop of 150 volts, and a
capacitor with a voltage drop of 120 volts. The capacitive voltage reduces the inductive volt-
age to the point that the circuit is essentially an RL series circuit that has a resistor with a
voltage drop of 100 volts and an inductor with a voltage drop of 30 volts (Figure 16-2).

Voltage across capacitor

Voltage across resistor

Current

Voltage across inductor
Figure 16-1 Current and voltage relationships in an RLC series circuit.

https://engineersreferencebookspdf.com

191



192

Section 3  Alternating Current Loads

~=— [nductive voltage

~=—— Capacitive voltage reduces inductive voltage

/ Resultant voltage
\4

<

Resistive voltage

~=—— Capacitive voltage

A 4
Figure 16-2 Inductive and capacitive voltage drops oppose each other.

Since the inductive and capacitive voltages oppose each other, it is possible for these com-
ponents to have a greater voltage drop than the voltage applied to the circuit. The circuit
shown in Figure 16-3 contains a resistor, inductor, and capacitor connected in series. The
resistor has a resistance of 24 Q, the inductor has an inductive reactance of 40 Q, and the
capacitor has a capacitive reactance of 35 Q. The circuit has a total voltage of 208 volts. The
following values will be computed:

7Z - Total circuit impedance

I - Circuit current

ER - Voltage drop across the resistor

P - True power or watts

Ep, - Voltage drop across the inductor

VARsy, - Reactive power component of the inductor
E( - Voltage drop across the capacitor

VARSs( - Reactive power component of the capacitor

VA - Apparent power
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Wy A €

Er EL Ec
Er 208V
Ir I Ic
IT
R 24 Q XL 40 Q Xc 35Q
Z
P VARsL VARsc
PF
Z ¢

Figure 16-3 RLC series circuit.

PF - Power factor
£ - Angle theta

The first step is to determine the total circuit impedance using the formula:

Z = |R*+(X,-X,)

7 = 247 + (40 - 35)°

Z = 601

Z =2451Q

Now that the impedance is known, the total circuit current can be computed using Ohm’s
law.

Eq
IT = 7
208
Ir = 535
Iy = 8.49 amps

In a series circuit, current is the same through all parts. Therefore, Iy, I}, and I have a
value of 8.49 amperes.

The voltage drop across the resistor can be computed using Ohm’s law.

Ep = 849 x24
Ex = 203.76 volts
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True power can be determined using the formula:

P = 203.76 x 8.49

P = 1,729.92 watts

The voltage drop across the inductor can be computed using Ohm’s law and inductive
values.

E; = 849 x40
E;, = 339.6 volts

Note that the voltage across the inductor is greater than the applied voltage to the circuit.

The reactive power for the inductor can be computed using the formula:

VARsy, = 339.6 x 8.49

VARs| = 2,883.2

The voltage drop across the capacitor can be determined using Ohm’s law and capacitive
values.

I.xX,

8.49 x 35

= 297.15 volts

[¢

The reactive power for the capacitor can be computed using the formula:

VARs, = E x1I,
VARs, = 297.15 x 8.49
VARs, = 2,522.8

The apparent power can be computed using the total values of voltage and current.

VA = 208 x 8.49
VA = 4,288.72
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The power factor can be determined using the formula:

P

PF = i
_1,729.92
PE = 4,288.72

PF = 0.4034 or 40.34%

The power factor is the cosine of angle theta.

/D = cos 0.0434

ZD = 66.21°

The circuit with all missing values is shown in Figure 16-4. Formulas for RLC series circuits
are shown in Figure 16-5.

Wy e €

Er 203.76 V EL 339.6V Ec 297.15V
Er 208V
In 8.49 A I 8.49 A lc 8.49 A
Ir 8.49 A
R 240 XL 40 Q Xc 35Q
Z 24510
P 1,729.92 VARsL 2,883.2 VARsc 2,522.8
VA 4,288.72
PF 40.34%
Z 4 66.21%

Figure 16-4 RLC series circuit with all missing values.

LABORATORY EXERCISE
Name Date

Materials Required
1 120-volt power supply
1 100-watt incandescent lamp with normal lamp base

1 0.5-kVA control transformer with two windings rated at 240 volts each and one winding
rated at 120 volts
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RESISTIVE-INDUCTIVE-CAPACITIVE SERIES CIRCUITS

NV N
ET Er L
It IR EL
) 2 R I
VA P Ec XL
PF Ic VARs_
Zo Xc
| { VARsg
I\
Et=VER+(EL-Ec)® P=/VA2—(VARSL—VARsC)2 2 =R+ (XL-X0)? Z=P5F
Er=IlTxZ Er= ER P=1r°XR z-ET ItT=lr=lL=1lc
PF |7
VA VA
pF=2 ET=-—— P = VAXPF -— 1r=ET
Z IT |T2 Z
PF = P=Erxl p_EX Er=— = YA
—VA = R R = R R_|R T= Et
En VA
PF=g R=VZ2-(XL-Xc)? Er=IrXR Er=ETxPF =\ Z
PF = Cos/© R:% Er=V'PXR Er=VE-(EL-Ec)?
lr=lt=lc=IL R=ZxPF X __EC Ec=lcx X
rR=IlT=Ilc=1IL = L_VARSL c=lc c
Er ER’ VARs_ /
|R—W R=? L= 2 Ec =V VARscx Xc
VARs
|R=—P R:—P X|_=E Ec= c
Er |2 IL lc
P 1
lr=V R Xc = Xt=2nflL VA=JP2+(VARs,L—VARsC)2
2nf C
Ec? XL P
lc=Ilr=Il7=1 Xc= L=—"—— VA = —
c=iR=iT=it VARs onf PF
lo=EC Xc=EC S VA=I12x Z
Xc lc 2w f Xc
VARs VARs 2
lo=—pg— c= c VARs. = Ic2xXc VA= EL
C |02 Z
VARs, Eoe
lc=V T Xo VARsC=X—CC VARsg=Ecxlc  VA=EtxIt

Figure 16-5 Formulas for RLC series circuits.
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1 25-uF AC capacitor with a voltage rating not less than 240 volts
1 7.5-uF AC capacitor with a voltage rating not less than 240 volts

1 AC ammeter, in-line or clamp-on. (If a clamp-on type is employed, the use of a 10:1 scale
divider is recommended.)

1 AC voltmeter

1. Connect the circuit shown in Figure 16-6.
2. Turn on the power supply and measure the current flow in the circuit.
Ip amp(s)

3. Measure the voltage drop across the 100 watt lamp, terminals X; and X, of the trans-
former, and the 25 uF capacitor with an AC voltmeter.

ER amp) —— B (vansformery — B¢ (Capacitor)
4. Does any component exhibit a greater voltage drop than the amount of voltage being
applied to the circuit? If yes, which component?

Yes/no Component

5. Using the measured value of voltage and current, compute the apparent power, true
power, VARs;, and VARs(.

VA P
VARsy, VARs
6. Compute the circuit power factor.
PF = %
7. How many degrees are the voltage and current out of phase with each other?
/0= °

8. Turn off the power supply.

120 VAC

ON Transformer

.

OFF

O o 100 W 25uF
X1 X2 | /

AC amps

Figure 16-6 Connecting an RLC series circuit.
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10.

11.

12.

13.

14.

15.

16.
17.

Replace the 25 pF AC capacitor with a 7.5 uF AC capacitor.

Turn on the power supply and measure the current flow in the circuit.

Ip amp(s)

Measure the voltage drop across the 100 watt lamp, terminals X; and X, of the trans-
former, and the 25 pF capacitor with an AC voltmeter.

ER (Lamp) — EL (Transformer) ——— M — EC (Capacitor)

Do any components exhibit a greater voltage drop than the amount of voltage being
applied to the circuit? If yes, which component?

Yes/no Component(s)

Using the measured value of voltage and current, compute the apparent power, true
power, VARs;, and VARs(.

VA P

VARs;, VARs@

Compute the circuit power factor.

PF = %

How many degrees are the voltage and current out of phase with each other?
10 =

Turn off the power supply.

Disconnect the circuit and return the components to their proper place.

Review Questions

Refer to the formula sheet in Figure 16-5 to answer the following questions.

1.

A 120 volt, 60 Hz circuit contains a resistor, inductor, and capacitor connected in
series. The total impedance of the circuit is 16.5 Q. How much current is flowing
through the inductor?

. A circuit has a 48 Q resistor connected in series with an inductor with an inductive reac-

tance of 96 Q and a capacitor with a capacitive reactance of 76 Q. What is the total
impedance of the circuit?

. An RLC series circuit has a resistor with a power consumption of 124 watts. The induc-

tor has a reactive power of 366 VARsy, and the capacitor has a reactive power of 288
VARsq. What is the circuit power factor?

An RLC series circuit has an apparent power of 1,564 VA and a power factor of 77%.
What is the true power in the circuit?
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5.

10.

In an RLC series circuit, the resistor has a voltage drop of 121 volts, the inductor has
a voltage drop of 216 volts, and the capacitor has a voltage drop of 189 volts. What is
the voltage applied to the circuit?

. What is the power factor of the circuit in question 5?

. An RLC series circuit has an applied voltage of 277 volts. The inductor has a voltage

drop of 355 volts and the capacitor has a voltage drop of 124 volts. What is the voltage
drop across the resistor?

. The resistor of an RLC series circuit has a resistance of 16 Q and a voltage drop of

56 volts. The capacitor has a capacitive reactance of 24 Q. What is the reactive power
of the capacitor?

. An RLC series circuit has a power factor of 84%. The resistor has a voltage drop of

96 volts. What is the total voltage applied to the circuit?

The resistor of an RLC series circuit has a resistance of 48 Q. The inductor has an induc-
tive reactance of 88 Q and the capacitor has a capacitive reactance of 62 Q. The
apparent power of the circuit is 780 VA. What is the total current in the circuit?
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Unit 17 Resistive-Inductive-

Capacitive Parallel Circuits

Objectives

After studying this unit, you should be able to:

* Calculate the impedance in an RLC parallel circuit.

* Determine the phase angle difference between voltage and current.

* Determine the circuit power factor.

* Connect an RLC parallel circuit.
In a parallel circuit, the voltage is the same across all branches. In a resistive circuit, the
voltage and current are in phase with each other. In an inductive circuit, the current lags
the voltage, and in a capacitive circuit, the current leads the voltage. Since the voltage is the

same across all components, the currents through the resistive, inductive, and capacitive
branches are out of phase with each other.

Determining the Impedance of an RLC Parallel Circuit

The impedance of a parallel RLC circuit can be determined in a manner similar to deter-
mining the impedance of an RLC series circuit. The difference lies in the fact that the recip-
rocal values of resistance, inductive reactance, and capacitive reactance must be used.

Example: An RLC parallel circuit has a resistor valued at 40 Q, an inductor with an
inductive reactance of 60 Q, and a capacitor with a capacitive reactance of 30 Q. What is the
total circuit impedance?

The impedance can be determined using the formula:

7 =
[+ G5
R X, X,
7 = !
& o3
40 60 30
7 = 1
/0.000625 + 0.0002778
g1
./0.0009028
7 = 33.282Q

An RLC parallel circuit contains a 75 Q resistor, a 0.32 henry inductor, and a 15 pF capac-
itor (Figure 17-1). The circuit has an applied voltage of 240 volts and the frequency is 60 Hz.
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®
Er 240V Er 240V EL 240V
I IR I I
TN
Z R 75 Q XL
VA P VARsL
Z ¢ L 0.32 H
®

Figure 17-1 IRLC parallel circuit.

The following values will be determined:
Xy, - Inductive reactance

X¢ - Capacitive reactance

7Z - Circuit impedance

Iy - Total circuit current

VA - Apparent power

IR - Current flow through the resistor

P - True power

I, - Current flow through the inductor
VARs;j, - Reactive power of the inductor
I - Current flow through the capacitive branch
VARs( - Reactive power of the capacitor
PF - Circuit power factor

£ - Angle theta

Ec 240V
Ic

Xc

VARsc

C 15uF

The first step is to determine the values of inductive reactance and capacitive reactance.

Recall that in a circuit with a frequency of 60 Hz, 2nf has a value of 377.

XL = 377 x%x0.32
XL = 120.64 Q
1
X = 2nfC
1

X = 377 x 15EE - 6
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X, = 176.83 Q

Now that the values of inductive reactance and capacitive reactance are known, the total
circuit impedance can be determined.

7 = 1
Do,
) "\x, X
7 = 1
() (- ems)
75) "\12064 " 176.83
7 = 1
/0.000453 + 0.00000694
A S
/0.00046
7 = 46.625Q

The total circuit current can now be computed using Ohm’s law.

ET
I. = —
TT 'z
.= 240
T ™ 46.625

Iy = 5.147 amps

The apparent power can be determined using the total values for voltage and current.

VA = 240x5.147
VA = 1,235.28

Since all branches of a parallel circuit have the same voltage applied across them, the cur-
rent flow through the resistor can be determined using Ohm’s law.

ER
I; = —
R™R
240
I, = —
R™ 75
I; = 3.2 amps

True power can be computed using the formula:
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E
I'=%
P =240%x3.2
P = 768 watts

The current through the inductive branch of the circuit can be determined using the formula:

Ey,
I, = —
L XL
240
I, 120.64
I;, = 1.989 amps

Reactive power for the inductive branch can be computed using the inductive values of volt-
age and current.

VARsy, = 240 x 1.989

VARs, = 477.36

The current through the capacitive branch can be calculated using the formula:

EC
I = 5
XC
240
I, = ——
¢~ 176.83

I, = 1.357 amps

C

The reactive power for the capacitive branch can be determined using capacitive values of
voltage and current.

VARs, = 240 x 1.357

325.68

VARs

The power factor can be computed using the values for apparent power and true power.

- L
" VA

768
"~ 1,235.28

PF

PF = 0.6217 or 62.17%
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Er 240V
Ir 5.147 A Er 240V EL 240V Ec 240V
2 46.625 O I 3.2 A I 1.989 A — o 1357A
VA 1.235.28 R 750 XL 120.64 Q Xc 176.83 Q
_ 4 51560 P 768 VARsL 477.36 VARsc 325.68
PF 62.17% L 0.32H C 15uF

Figure 17-2 RLC parallel circuit with all missing values.

The power factor is the cosine of angle theta.

/D = inv cos 0.6217

£ = 51.56°

The circuit with all missing values is shown in Figure 17-2. Formulas for RLC parallel cir-
cuits are shown in Figure 17-3.

LABORATORY EXERCISE
Name Date

MATERIALS REQUIRED
1 120-volt power supply

1 0.5-kVA control transformer with two windings rated at 240 volts each and one winding
rated at 120 volts

100-watt normal base lamp and lamp socket
60-watt normal base lamp

25-uF AC capacitor rated not less than 240 volts
7.5-uF AC capacitor rated not less than 240 volts
AC voltmeter

I =

AC ammeter, in-line or clamp-on. (If a clamp-on type meter is used, a 10:1 scale divider
1s recommended.)
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RESISTIVE-INDUCTIVE-CAPACITIVE PARALLEL CIRCUITS

ET C L
It Er Ec EL
/\/ Z IR o lc L
VA R Xc XL
PF P VARs VARs,
Zo
1 Z=RxPF IT=VI+(IL—1c)? ErR=Er=EL=Ec  Er=IrxR
2 2
(l> +<l —i> VA VA In
Z= R XL Xc/ Z=— 1= — IT=o= Er=V PxR
|T2 ET PF
fva
ET Er? - P
Z—F Z_W Et=ErR=EL=Ec IT= Z ER_|H
ET Er
VA= ETXIT Et=IlTxZ IT== R=1— VARs; = Ecx lc
5 Er ER’ 2
VA=172xZ Et=VVAXZ ln=o R=— VARsg = 1¢? x X¢
P 2
Et2 P VA B Z Ec
VA = 7 VA—PF ET—F IR = R R—ﬁ VARSC—%
2 VARSs
VA:\/P2+(VARS|_—VARSC)2 lr=\17°=(L—1c) R:i2 Xc=—"00
IR lc
Z Ec?
PF = Cos.Z© PF=% Ir=ITxPF 1 XC = ARs,
AN /1 1 ¥
P IR P (—)—(———) Ec
= — = = X = — = =—
PF VA PF E EL=1LXXL IR En R Z XL Xc/ Xc o
VARs 2
=Bt -2 EL-Em=Er=Ec P = /VA®- (VARs, - VARsc) Xc=—1
XL EL 2n f C
VARSs, VARSs, ]
IL= XL EL=V VARs_ X XL P =VA x PF Ec= =
lc 2n fXc
VARs
Xi=onflL Xi=EX g L P=ErRXIR Ec=IcXXc 1o E¢
L L Xc
VARS, EC \aRs, = ELx| P=IXR Ec=Er=Er=E P
L= 2 L=VARS,_ s =EuxiL =IrR c=ET=ER=EL °C="Eo
, VARs,
L=XL  vARs,=ES VARs = 12X XL p-Ef Ec=v/VARs.x Xc  lc= Xc

Figure 17-3 RLC parallel circuit formulas.
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120 VAC

o

ON

u AC ammeter
OFF @
o

X1

— 254F

)
/

@ woow

Xo

Figure 17-4 Laboratory circuit.

Connect the circuit shown in Figure 17-4.

2. Turn on the power supply and measure the voltage with an AC voltmeter.

Ep volts

. Measure the total current flow in the circuit.
Iy amp(s)
Compute the apparent power in the circuit.
VA=Eqp X Ip
VA

. Turn off the power supply and reconnect the circuit to measure the current through

the resistive branch as shown in Figure 17-5.

Turn on the power and measure the current flow through the resistive branch.

Iz amp(s)

Compute the true power in the circuit using Ohm’s law.
P=Eg X Iy

P watts

Turn off the power supply and reconnect the circuit to measure the current flow
through the inductive part of the circuit, as shown in Figure 17-6.

. Turn on the power supply and measure the current through the inductive branch of the

circuit.

I, amp(s)
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120 VAC

ON

OFF

AC ammeter

@ oow

X4

X2

)

Figure 17-5 Measuring current through the resistive branch.

120 VAC
OuN
FF
0 AC ammeter
O O *
X4

@ woow

Xo

)

Figure 17-6 Measuring current through the inductive branch.
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120 VAC
ON
OFF
AC ammeter
O O *
X1
@ 100 W i 25 uF
X2
@

Figure 17-7 Measuring current through the capacitive branch.

10.

11.

12.

13.

14.
15.

16.

Compute the reactive power in the inductive branch.
VARsy, = Ey, X I,
VARSL

Turn off the power supply and reconnect the ammeter to measure the current
flow through the capacitive branch, as shown in Figure 17-7.

Turn on the power supply and measure the current flow through the capacitive
branch.

Io amp(s)

Compute the reactive power through the capacitive branch.

VARsqc = Eq X I

VARSsc
Turn off the power supply.

Using the values determined for apparent power and true power, compute the circuit
power factor.

P

PF = —

VA
PF %

Does this circuit have a leading or lagging power factor? Explain your answer.

Leading/lagging
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17.

18.
19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

How many degrees are the voltage and current out of phase with each other in this circuit?
cos PF=/0

20

Replace the 100 watt lamp in the circuit with a 60 watt lamp.

Replace the 25 uF AC capacitor with a 7.5 pF capacitor.

Turn on the power supply and measure the voltage with an AC voltmeter.

Ep volts

Measure the total current flow in the circuit.
Ip amp(s)

Compute the apparent power in the circuit.
VA=Ey X Ip

VA

Turn off the power supply and reconnect the circuit to measure the current through
the resistive branch.

Turn on the power and measure the current flow through the resistive branch.

Ir amp(s)

Compute the true power in the circuit using Ohm’s law.
P=FEg X Ig

P watts

Turn off the power supply and reconnect the circuit to measure the current flow
through the inductive part of the circuit.

Turn on the power supply and measure the current through the inductive branch of the
circuit.

I, amp(s)

Compute the reactive power in the inductive branch.
VARsy, = Ey, X I,

VARs;,

Turn off the power supply and reconnect the ammeter to measure the current
flow through the capacitive branch.

Turn on the power supply and measure the current flow through the capacitive
branch.

Ic amp(s)

Compute the reactive power through the capacitive branch.
VARsq = E¢ X I

VARs
Turn off the power supply.

Using the values determined for apparent power and true power, compute the circuit
power factor.

i
VA
PF %

PF =

https://engineersreferencebookspdf.com



Unit 17  Resistive-Inductive-Capacitive Parallel Circuits

34.

35.

36.

Does this circuit have a leading or lagging power factor? Explain your answer.
Leading/lagging

How many degrees are the voltage and current out of phase with each other in this
circuit?

cos PF'= /0

209 °

Disconnect the circuit and return the components to their proper place.

Review Questions

Use the formulas shown in Figure 17-3 to answer some of the following questions.

1.

An RLC parallel circuit has a resistive current of 4.8 amps, an inductive current of
7.6 amps, and a capacitive current of 6.6 amps. What is the total current flow in the
circuit?

. Assume that the circuit in question 1 is connected to a 480 volt, 60 Hz line. What is the

inductance of the inductor?

. What is the impedance of an RLC parallel circuit if the resistive branch has a resist-

ance of 112 Q, the inductive branch has an inductive reactance of 86 Q, and the
capacitive branch has a capacitive reactance of 94 Q?

. An RLC parallel circuit has a total current of 15.8 amps. The inductive branch has a

current flow of 9.6 amps, and the capacitive branch has a current flow of 12.4 amps.
How much current is flowing in the resistive branch?

. An RLC parallel circuit has a true power of 138 watts. The inductive VARs are 218 and

the capacitive VARs are 86. What is the circuit power factor?

. An RLC parallel circuit has a total current of 12 amps and an apparent power of 6,280

VA. How much voltage is across the capacitive branch of the circuit?

. The capacitive branch of an RLC parallel circuit has a voltage drop of 208 volts. The

reactive power is 2,268 VARs. What is the capacitive reactance of this branch?

. An RLC parallel circuit has a total current flow of 23.8 amperes. The circuit power fac-

tor is 56.5%. How much current is flowing through the resistive branch of the circuit?
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9. An RLC parallel circuit has an apparent power of 22.5 kVA. The total current is 46.6
amperes. What is the circuit impedance?

10. An RLC parallel circuit is connected to a 240 volt, 60 Hz line. The apparent power of
the circuit is 3,865 VA. The inductive VARs are 1,892 and the capacitive VARs are 1,563.
What is the resistance of the resistive branch?
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Objectives

After studying this unit, you should be able to:

+ Discuss the relationship between apparent power and true power.
* Determine the power factor of a circuit.
* Discuss the importance of power factor correction.

+ Determine the amount of capacitance needed to correct a lagging power factor.

Power factor is a ratio of the apparent power and the true power or watts. In an alternat-
ing current circuit, the voltage and current can become out of phase with each other.
Inductive loads cause the current to lag the applied voltage, and capacitive loads cause the
current to lead the applied voltage. Power factor is always expressed as a percent. Basically,
it indicates the portion of the power supplied by the power utility that is actually being uti-
lized by the connected load. The utility company must supply the apparent power or volt-
amperes. Wattmeters measure the true power or watts. Electric power is purchased in units
of kilowatt hours. When the power factor falls below a certain percent, the electric utility
generally charges a surcharge to make up the difference.

Example: Assume that a company has a power factor of 56%. Now assume that the
wattmeter is indicating that power is being consumed at a rate of 50 kilowatts per hour. With
a power factor of 56%, the power utility must actually supply 89.3 kVA (50 / 0.56). Assuming
a three-phase voltage of 480 volts, the utility company is supplying 140.94 amperes, com-
puted using the formula:

;. VA
Ex./3

If the power factor were to be correct to 100%, the apparent power and true power would
become the same and the power company would have to furnish only 78.9 amperes to
operate the load.

Although a power factor of 100% or unity is the ideal situation, as a general rule industrial
customers generally try to correct to about 95%. The amount of capacitance needed to cor-
rect the power factor to 100% is much greater than that need for 95% correction.

Example: Assume that a single-phase motor is operating with a 60% lagging power factor.
Also assume that the voltage is 240 volts single-phase at 60 Hz and that an ammeter indi-
cates a current of 12.5 amperes. Determine the following:

+ Apparent power (VA).

* True power (P).

* Reactive power (VARsy). The VARs are inductive because the power factor is lagging.
* The amount of capacitance needed to correct the power factor to 100%.

* The amount of capacitance needed to correct the power factor to 95%.
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Determining Capacitance for 100% PF

The apparent power can be computed using the formula:
VA = EApphed x 1
VA
VA = 3,000

240 x 12.5

The true power can be determined using the formula:
P = ExIxPF
P = 240x12.5x0.60
P = 1,800 watts

The inductive VARs can be found using the formula:

VARs, = J/VA* - P

VARs, = 4/3.000%— 1,800
VARSs, = 2.400

To correct the power factor to unity or 100%, an equal amount of capacitive VARs would have
to be added to the circuit. To determine the amount of capacitance needed, first determine
the amount of capacitive current necessary to produce 2,400 capacitive VARs.

VARs,
I, =
E
2,400
L= 240

I, = 10 amperes

Now that the amount of current needed is known, the amount of capacitive reactance
needed to produce that much current can be calculated.

E

X ==

C Ic
240
X = 10
X =24Q

C
The amount of capacitance needed to produce a capacitive reactance of 24 Q at 60 Hz can
be computed using the formula:

1

¢ = /X,
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1
T 377 x 24

C = 0.0001105 farad or 110.5 uF

Determining Capacitance for 95% PF

To determine the amount of capacitance needed to produce a 95% power factor, it is first nec-
essary to determine what the apparent power should be to produce a 95% power factor. This
can be computed using the formula:

_ P
VA = pR
1,800
VA = 0.95
VA = 1.894.75

The next step is to determine the amount of reactive power needed to produce an apparent
power of 1,894.75 VA. When correcting power factor, it is generally desirable to leave the
power factor lagging as opposed to leading.

VARs, = JVA? - P*

VARs, = /1.894.75" — 1.800"
VARSs, =591.67

At present, the reactive power is 2,400 VARsy,. To reduce the circuit to 591.6 VARs,
1,808.4 capacitive VARs will have to be added to the circuit (2,400 — 591.6).

The current needed to produce 1,808.4 VARs( can be determined using the formula:

VARs
I, = o
_1,808.4
I = 240

I, = 7.53 amperes

¢

Now that the amount of current needed is known, the amount of capacitive reactance
needed to produce that much current can be calculated.

E
X ==
C IC
240
X, = 7.53
X. =3187Q
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The amount of capacitance needed to produce a capacitive reactance of 31.87 Q at 60 Hz can
be computed using the formula:

1
C=—
2nfX,
1

¢= 377 x 31.87

C = 0.00008328 farad or 83.28 uF

Note that substantially less capacitance is needed to correct the power factor to 95%. The
current will now drop from 12.5 amperes to 7.89 amperes (1,894.75 VA / 240 V).

LABORATORY EXERCISE

Name Date

Materials Required
1 120-volt AC power supply

1 0.5-kVA control transformer with two windings rated at 240 volts each and one winding
rated at 120 volts

60-watt normal base lamp and lamp holder

25-uF AC capacitor rated at not less than 240 volts
10-uF AC capacitor rated at not less than 240 volts
7.5-uF AC capacitor rated at not less than 240 volts
AC voltmeter

e

AC ammeter, in-line or clamp-on. (If a clamp-on type is employed, the use of a 10:1 scale
divider is recommended.)

In this experiment the low-voltage winding (X; and Xj) of a transformer will be connected
in series with a 60 watt lamp to form a load with a lagging power factor. The apparent
power, true power, and reactive power of the circuit will then be calculated. After these
values have been determined, the amount of capacitance needed to correct the power
factor will be computed.

1. Connect the circuit shown in Figure 18-1.

2. Turn on the power and measure the total current.

Ip amp(s)
3. Measure the voltage applied to the circuit.

Ep= volts
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120 VAC
ON
u AC ammeter
OFF Q

X1

X2

Figure 18-1 Inductive load.

4. Measure the voltage drop across the 60 watt lamp.

Egr volts
5. Measure the voltage across the X; and X, winding of the transformer.
Eq, volts
6. Compute the apparent power in the circuit using the total voltage and the total circuit
current.
VA=Ep X1
VA

7. Compute the true power in the circuit using the voltage drop across the 60 watt lamp
and the circuit current.

P=Eg X1
P watts

8. Compute the inductive VARs in the circuit using the voltage drop across the transformer
winding and the circuit current.

VARsy, = Ey, X I
VARSL
9. Turn off the power supply.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Compute the circuit power factor.

il

VA

PF %

Determine the phase angle difference between the voltage and current.

cos PF=/0

209 °

To correct the amount of capacitance needed to correct the power factor to 95%, first

calculate the apparent power needed to produce a 95% power factor.

_ P

PF =

VA

Determine the inductive VARs necessary to produce the apparent power determined
in step 12.

VARs, = JVA* - P*

VARs;,

To determine the capacitive VARs needed, subtract the needed VARs in step 13 from
the calculated VARs in step 8.

VARSC
Compute the amount of capacitive current necessary to produce the capacitive VARs
determined in step 14.
VARs
C = E
I amp(s)

Compute the capacitive reactance required to produce the current calculated in
step 15.

Xc Q

Compute the amount of capacitance needed to produce the capacitive reactance
determined in step 16.

_1

2nfX,

C uF

From the capacitors provided in this experiment, select the capacitor that is the near-

est value to the capacitor value determined in step 17. Do not go over the computed
value. Connect the capacitor across the circuit as shown in Figure 18-2.

C =
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120 VAC
ON
AC ammeter
OFF
60 W
X1
/T~
X2
@

Figure 18-2 Adding capacitance to the circuit.

19.

20.

21.

22.
23.

24.

25.

Turn on the power supply and measure the total circuit current.

Ip amp(s)
Compute the apparent power of the circuit using the current value measured in
step 19.

VA

Assuming that the true power has remained constant, compute the circuit power
factor using the apparent power value determined in step 20.

PF %
Turn off the power supply.

Was there an improvement in the circuit power factor?

Yes/no

Did the total current decrease after the capacitor was added to the circuit?

Yes/no

Disconnect the circuit and return the components to their proper places.
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Review Questions

1. A single-phase motor is connected to a 120 volt, 60 Hz line. The motor has a current
draw of 15.7 amperes. A watt meter indicated the motor is actually using 1,340 watts.
Find the following:

Apparent power:

Power factor of the motor:

Reactive power of the motor:

Capacitance needed to correct the power factor to 100%:

Capacitance needed to correct the power factor to 95%:

2. An inductive load is connected to a 208 volt, 60 Hz line. The circuit has a current draw
of 6.25 amperes. The circuit power factor is 45%. If a 10 uF capacitor is connected in
parallel with the inductive load, what will the new power factor be? Determine the fol-
lowing values:

Apparent power:

True power:

Reactive power before the capacitor is connected:

New power factor:
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and Motors

Unit 19 Transformer Basics

Objectives

After studying this unit, you should be able to:

+ Discuss the construction of an isolation transformer.
* Determine the winding configuration with an ohmmeter.
+ Connect a transformer and make voltage measurements.

+ Compute the turns-ratio of the windings.

A transformer is a magnetically operated machine that can change values of voltage, cur-
rent, and impedance without a change of frequency. Transformers are the most efficient
machines known. Their efficiencies commonly range from 90% to 99% at full load.
Transformers can be divided into several classifications such as:

Isolation
Auto

Current

A basic law concerning transformers is that all values of a transformer are proportional to
its turns-ratio. This does not mean that the exact number of turns of wire on each winding
must be known to determine different values of voltage and current for a transformer.
What must be known is the ratio of turns. For example, assume a transformer has two
windings. One winding, the primary, has 1,000 turns of wire and the other, the secondary,
has 250 turns of wire, as shown in Figure 19-1. The turns-ratio of this transformer is 4 to 1
or 4:1 (1,000/250 = 4). This indicates there are four turns of wire on the primary for every
one turn of wire on the secondary.

Helpful Hint

A basic law concerning transformers is that all values of a transformer are proportional
to its turns-ratio.
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Primary Secondary
1,000 turns 250 turns

Figure 19-1 All values of a transformer are proportional to its turns-ratio.

Transformer Formulas

There are different formulas that can be used to find the values of voltage and current for
a transformer. The following is a list of standard formulas:

where:
N, = Number of turns in the primary
Ng = Number of turns in the secondary
E, = Voltage of the primary
Eg = Voltage of the secondary
I, = Current in the primary

I, = Current in the secondary

Ep Np
Eg~ Ng
Ep Ig
Sp  Ip
Np Ig
Ny Iy

or
EPXNS = ESXNP

NPXIP = Nsx_[S
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The primary winding of a transformer is the power input winding. It is the winding that is
connected to the incoming power supply. The secondary winding is the load winding or out-
put winding. It is the side of the transformer that is connected to the driven load, seen in
Figure 19-2. Any winding of a transformer can be used as a primary or secondary winding
provided its voltage or current rating is not exceeded. Transformers can also be operated at
a lower voltage than their rating indicates, but they cannot be connected to a higher volt-
age. Assume the transformer shown in Figure 19-2, for example, has a primary voltage rat-
ing of 480 volts and the secondary has a voltage rating of 240 volts. Now assume that the
primary winding is connected to a 120 volt source. No damage would occur to the trans-
former, but the secondary winding would produce only 60 volts.

Isolation Transformers

The transformers shown in Figures 19-1 and 19-2 are isolation transformers. This means
that the secondary winding is physically and electrically isolated from the primary wind-
ing. There is no electrical connection between the primary and secondary winding. This trans-
former is magnetically coupled, not electrically coupled. This “line isolation” is often a
very desirable characteristic. Since there is no electrical connection between the load and
power supply, the transformer becomes a filter between the two. The isolation transformer
will attenuate any voltage spikes that originate on the supply side before they are transferred
to the load side. Some isolation transformers are built with a turns-ratio of 1:1. A transformer
of this type will have the same input and output voltage and is used for the purpose of iso-
lation only.

The reason that the transformer can greatly reduce any voltage spikes before they reach the
secondary is because of the rise time of current through an inductor. The current in an induc-
tor rises at an exponential rate, as shown in Figure 19-3. As the current increases in
value, the expanding magnetic field cuts through the conductors of the coil and induces a
voltage that is opposed to the applied voltage. The amount of induced voltage is proportional
to the rate of change of current. This simply means that the faster current attempts to
increase, the greater the opposition to that increase will be. Spike voltages and currents are
generally of very short duration, which means that they increase in value very rapidly
(Figure 19-4). This rapid change of value causes the opposition to the change to increase just
as rapidly. By the time the spike has been transferred to the secondary winding of the transformer,
it has been eliminated or greatly reduced (Figure 19-5).

Another purpose of isolation transformers is to remove or isolate some piece of electrical
equipment from circuit ground. It is sometimes desirable that a piece of electrical equipment
not be connected directly to circuit ground. This is often done as a safety precaution to eliminate

Primary Secondary Load

Figure 19-2 Isolation transformer.
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\ Exponential curve

Current

Time
Figure 19-3 The current through an inductor rises at an exponential rate.

———— Spike voltage

| | -+—— Sine wave voltage

Duration of voltage spike
Figure 19-4 \/oltage spikes are generally of very short duration.
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Primary Secondary Load

Figure 19-5 The isolation transformer greatly reduces the voltage spike.

the hazard of an accidental contact between a person at ground potential and the ungrounded
conductor. If the case of the equipment should come in contact with the ungrounded con-
ductor, the isolation transformer would prevent a circuit being completed to ground through
a person touching the case of the equipment. Many alternating current circuits have one side
connected to ground. A familiar example of this is the common 120 volt circuit with a
grounded neutral conductor, as seen in Figure 19-6. An isolation transformer can be used
to remove or isolate a piece of equipment from circuit ground.

Ungrounded line

120 VAC Equipment

e Equipment has no
- connection to ground

Grounded line
Figure 19-6 Isolation transformer used to remove a piece of electrical equipment from ground.
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Excitation Current

There will always be some amount of current flow in the primary of a transformer even if
there is no load connected to the secondary. This is called the excitation current of the trans-
former. The excitation current is the amount of current required to magnetize the core of
the transformer. The excitation current remains constant from no load to full load. As a gen-
eral rule, the excitation current is such a small part of the full load current it is often omit-
ted when making calculations.

Transformer Calculations

In the following examples, values of voltage, current, and turns for different transformers
will be computed.

Example #1: Assume the isolation transformer shown in Figure 19-2 has 240 turns of wire
on the primary and 60 turns of wire on the secondary. This is a ratio of 4:1 (240/60 = 4).
Now assume that 120 volts is connected to the primary winding. What is the voltage of the
secondary winding?

EP NP
Eq ~ Ng
120 _ 240
Ey 60
Eg = 30 volts

The transformer in this example is known as a step-down transformer because it has a lower
secondary voltage than primary voltage.

Now assume that the load connected to the secondary winding has an impedance of 5 Q. The
next problem is to calculate the current flow in the secondary and primary windings. The
current flow of the secondary can be computed using Ohm’s law since the voltage and imped-
ance are known.

E
1=z
_ 30
I_S
I = 6 amps

Now that the amount of current flow in the secondary is known, the primary current can
be computed using the formula:

Zp_Is

ES IP

120 _ 6

30 Ip
1201p = 180

I, = 1.5 amps
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Notice that the primary voltage is higher than the secondary voltage, but the primary cur-
rent is much less than the secondary current. A good rule for transformers is that power in
must equal power out. If the primary voltage and current are multiplied together, the
result should equal the product of the voltage and current of the secondary.

Primary Secondary

120 X 1.5 = 180 volt-amps 30 X 6 =180 volt-amps

Helpful Hint

A good rule for transformers is that power in must equal power out.

Example #2: In the next example, assume that the primary winding contains 240 turns of
wire and the secondary contains 1,200 turns of wire. This is a turns-ratio of 1:5 (1,200/240
= 5). Now assume that 120 volts is connected to the primary winding. Compute the voltage
output of the secondary winding.

By Ny

ES NS

120 _ 240

Eq ~ 1,200
240Eg = 144,000

Eq = 600 volts

Notice that the secondary voltage of this transformer is higher than the primary voltage.
This type of transformer is known as a step-up transformer.

Now assume that the load connected to the secondary has an impedance of 2,400 Q. Find
the amount of current flow in the primary and secondary windings. The current flow in the
secondary winding can be computed using Ohm’s law.

E
=7
_ 600
2,400
I = 0.25 amp

Now that the amount of current flow in the secondary is known, the primary current can
be computed using the formula:

EP IS
Es  Ip
120 _ 025
600  Ip
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12015 = 150

Iy = 1.25 amps
Notice that the amount of power input equals the amount of power output.
Primary Secondary

120 X 1.25 = 150 volt-amps 600 X 0.25 = 150 volt-amps

Calculating Transformer Values Using the Turns-Ratio

As illustrated in the previous examples, transformer values of voltage, current, and turns
can be computed using formulas. It is also possible to compute these same values using the
turns-ratio. There are several ways in which turns-ratios can be expressed. One method is
to use a whole number value such as 13:5 or 6:21. The first ratio indicates that one wind-
ing has 13 turns of wire for every 5 turns of wire in the other winding. The second ratio indi-
cates that there are 6 turns of wire in one winding for every 21 turns in the other.

A second method is to use the number 1 as a base. When using this method, the number 1
is always assigned to the winding with the lowest voltage rating. The ratio is found by divid-
ing the higher voltage by the lower voltage. The number on the left side of the ratio rep-
resents the primary winding and the number on the right of the ratio represents the
secondary winding. For example, assume a transformer has a primary rated at 240 volts and
a secondary rated at 96 volts, as shown in Figure 19-7. The turns-ratio can be computed by
dividing the higher voltage by the lower voltage.

) 240
Ratio = =—
atio 96

Ratio = 2.5:1

Notice in this example that the primary winding has the higher voltage rating and the sec-
ondary has the lower. Therefore, the 2.5 is placed on the left and the base unit, 1, is placed
on the right. This ratio indicates that there are 2.5 turns of wire in the primary winding for
every 1 turn of wire in the secondary.

Now assume that there is a resistance of 24 Q connected to the secondary winding. The
amount of secondary current can be found using Ohm’s law.

Ratio 2.5:1

Load
240 VAC 96 VAC 24 Ohms

Figure 19-7 Computing transformer values using the turns-ratio.

https://engineersreferencebookspdf.com



Unit 19 Transformer Basics 229

96
I, = >4
I, = 4 amps

The primary current can be found using the turns-ratio. Recall that the volt-amps of the pri-
mary must equal the volt-amps of the secondary. Since the primary voltage is greater, the
primary current will have to be less than the secondary current. Therefore, the secondary
current will be divided by the turns-ratio.

IS
IP = -
Turns-ratio
4
Iy = —
P~95
Iy = 1.6 amps

To check the answer, find the volt-amps of the primary and secondary.
Primary Secondary
240 X 1.6 = 384 96 X 4 =384

Now assume that the secondary winding contains 150 turns of wire. The primary turns can
be found by using the turns-ratio, also. Since the primary voltage is higher than the sec-
ondary voltage, the primary must have more turns of wire. Since the primary must contain
more turns of wire, the secondary turns will be multiplied by the turns-ratio.

Np = NgxTurns-ratio

Np = 150x 2.5

=
I

375 turns

In the next example, assume a transformer has a primary voltage of 120 volts and a sec-
ondary voltage of 500 volts. The secondary has a load impedance of 1,200 Q. The secondary
contains 800 turns of wire (Figure 19-8). The turns-ratio can be found by dividing the higher
voltage by the lower voltage.

RATIO:
Ep 120 Es 500 V
lp ls Z=1,200 Q
Np Ns 800

Figure 19-8 Calculating transformer values.
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_ 500

Rati —
atio = 55

Ratio = 1:4.17

The secondary current can be found using Ohm’s law.

_ 500
Is = 1200
I = 0.417 amps

In this example the primary voltage is lower than the secondary voltage. Therefore, the pri-
mary current must be higher. To find the primary current, multiply the secondary current
by the turns-ratio.

IP = IS X Turns-ratio

I,=0.417 X 4.17

I,=1.74 amps
To check this answer, compute the volt-amps of both windings.
Primary Secondary
120 X 1.74 = 208.8 500 X 0.417 = 208.5

The slight difference in answers is caused by rounding off of values.

Since the primary voltage is less than the secondary voltage, the turns of wire in the pri-
mary will also be less. The primary turns will be found by dividing the turns of wire in the
secondary by the turns-ratio.

N Ns
p Turns-ratio
_ 800
Np = 4.17
Np = 192 turns
LABORATORY EXERCISE
Name Date

Materials Required
480-240/120-volt, 0.5-kVA control transformer
Ohmmeter

AC voltmeter, in-line or clamp-on. (If a clamp-on type is used, a 10:1 scale divider is
recommended.)

These experiments are intended to provide the electrician with hands-on experience deal-
ing with transformers. The transformers used in these experiments are standard control
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transformers with two high-voltage windings rated at 240 volts each generally used to pro-
vide primary voltages of 480/240, and one low-voltage winding rated at 120 volts. The trans-
formers have a rating of 0.5 kVA. The loads are standard 100 watt lamps that may be
connected in parallel or series. It is assumed that the power supply is 208/120 volt three-
phase four wire. It is also possible used with a 240/120 volt three-phase high leg system, pro-
vided adjustments are made in the calculations.

As in industry, these transformers will be operated with full voltage applied to the windings.
The utmost caution must be exercised when dealing with these transformers. These trans-
formers can provide enough voltage and current to seriously injure or kill anyone. The power
should be disconnected before attempting to make or change any connections.

Caution

These transformers can provide enough voltage and current to seriously injure or
kill anyone.

The transformer used in this experiment contains two high-voltage windings and one low-
voltage winding. The high-voltage windings are labeled H, - H, and H, - H,. The low-voltage
winding is labeled X, - X,
1. Set the ohmmeter to the Rx1 range and measure the resistance between the following
terminals:

H, -H

1 2

=

oI="l="

—

w

—
N

—

<

—
S

8]

> T

—_

w

Do
N

[\

<

S
S

T

w
N

w
—

N
—

e = = i =R == A =A==l ==l ==l ==
ol ol ol olN ol cRN ol BN ol ol O RN O O I @)

b4

Do

X -X Q
1799 —
2. Using the information provided by the measurements from step 1, which sets or terminals
form complete circuits within the transformer?

These circuits represent the connections to the three separate windings within the trans-
former.
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. Which of the windings exhibits the lowest resistance and why?

. The H, - H, terminals are connected to one of the high-voltage windings and the

H, - H, terminals are connected to the second high-voltage winding. Each of these wind-
ings is rated at 240 volts. When this transformer will be connected for 240 volt oper-
ation, the two high-voltage windings are connected in parallel to form one winding by
connecting H, to H, and H, to H,, as shown in Figure 19-9. This will provide a 2:1 turns-
ratio with the low-voltage winding.

When this transformer is operated with 480 volts connected to the primary, the high-
voltage windings are connected in series by connecting H, to H, and connecting power
to H, and H,, as shown in Figure 19-10. This effectively doubles the primary turns, pro-
viding a 4:1 turns-ratio with the low-voltage winding.

. Connect the two high-voltage windings for parallel operation as shown in Figure 19-9.

Assume a voltage of 208 volts is applied to the high-voltage windings. Compute the volt-
age that should be seen on the low-voltage winding between terminals X, and X,

volts.

. Make certain that the incoming power leads are connected to terminals H, and H, as

shown in Figure 19-9. Apply a voltage of 208 volts to the transformer and measure the
voltage across terminals X, and X,.

volts.

. The measured voltage may be slightly higher than the computered voltage. The rated

voltage of a transformer is based on full load. It is normal for the secondary voltage to
be slightly higher when no load is connected to the transformer. Transformers are gen-
erally wound with a few extra turns of wire in the winding that is intended to be used
as the load side. This helps overcome the voltage drop when load is added. The slight
change in turns-ratio does not affect the operation of the transformer to a great
extent.

‘ e

Ha

H2
X4

Incoming power

Ha X2

‘ H1

U

Figure 19-9 High-voltage windings connected in parallel.
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—~
Y
Ha
Ho
X4
Incoming power
Ha X2
) H
U

Figure 19-10 High-voltage windings connected in series.

8.
9.

10.

11.

12.

13.

14.

Turn off the power to the transformer.

Disconnect the wires connected to the transformer and reconnect the transformer as
shown in Figure 19-10. The two high-voltage windings are connected in series by
connecting H, and H, together. This connection changes the turns-ratio of the trans-
former from 2:1 to 4:1. Make certain that the incoming power is connected to terminals
H, and H,.

Assume that a voltage of 208 volts is applied to the high-voltage windings. Compute
the voltage across the low-voltage winding.

volts

Turn on the power and apply a voltage of 208 volts to the transformer. Measure the volt-
age across terminals X, and X,

volts

Turn off the power. Disconnect the power lines that are connected to terminals H,
and H,. Do not disconnect the wire between terminals H, and H,.

In the next part of the exercise, the low-voltage winding will be used as the primary and
the high-voltage windings will be used as the secondary. If the high-voltage windings are
connected in series, the turns-ratio will be 1:4, which means that the secondary voltage
will be four times greater than the primary voltage. The transformer has now become
a step-up transformer instead of a step-down transformer. Assume that a voltage of 120
volts is connected to terminals X, and X,. If the high-voltage windings are connected in
series, compute the voltage across terminals H, and H,.

volts

Connect the transformer as shown in Figure 19-11. Make certain that the voltage
applied to terminals X, and X, is 120 volts and not 208 volts. Also make certain that the
AC voltmeter is set for a higher range than the computed value of voltage in step 13.

Caution

The secondary voltage in this step will be 480 volts or higher. Use extreme caution when
making this measurement. Be sure to wear safety glasses at all times.
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H 4

? O X2 H3
Incoming power

l O X1 Ho

Ha

Figure 19-11 The incoming power is connected to terminals X, and X..

15.

16.
17.

18.

19.

20.

Turn on the power and measure the voltage across terminals H, and H,.

volts
Turn off the power supply.
Disconnect the lead between terminals H, and H,. Reconnect the transformer so that
the high-voltage windings are connected in parallel by connecting H, and H, together
and H, and H, together as shown in Figure 19-12. Do not disconnect the power leads
to terminals X, and X,. The transformer now has a turns-ratio of 1:2.
Assume that a voltage of 120 volts is connected to the low-voltage winding. Compute
the voltage across the high-voltage winding.

volts
Make certain the power leads are still connected to terminals X, and X,. Turn on the
power and apply 120 volts to terminals X, and X,,. Measure the voltage across terminals
H, and H,.

volts
Turn off the power supply and disconnect all leads to the transformer. Return the
components to their proper place.

O
| .
Incoming power

l o X
@,

Figure 19-12 The transformer has a turns-ratio of 1:2.
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Review Questions

1.

10.

What is a transformer?

. What are common efficiencies for transformers?

What is an isolation transformer?

. All values of a transformer are proportional to its:

. A transformer has a primary voltage of 480 volts and a secondary voltage of 20 volts.

What is the turns-ratio of the transformer?

If the secondary of the transformer in question 5 supplies a current of 9.6 amperes to
a load, what is the primary current (disregard excitation current)?

Explain the difference between a step-up and a step-down transformer.

. A transformer has a primary voltage of 240 volts and a secondary voltage of 48 volts.

What is the turns-ratio of this transformer?

. A transformer has an output of 750 volt-amps. The primary voltage is 120 volts.

What is the primary current?

A transformer has a turns-ratio of 1:6. The primary current is 18 amperes. What is the
secondary current?
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Unit 20 Single-Phase

Transformer Calculations

Objectives

After studying this unit, you should be able to:

+ Discuss transformer excitation current.
+ Compute values of primary current using the secondary current and the turns-ratio.
+ Compute the turns-ratio of a transformer using measured values.

+ Connect a step-down or step-up isolation transformer.

LABORATORY EXERCISE

Name Date

Materials Required

480-240/120-volt, 0.5-kVA control transformer
4 100-watt incandescent lamps

AC voltmeter

AC ammeter, in-line or clamp-on. (If a clamp-on type is used, the use of a 10:1 scale divider
1s recommended.)

In this experiment the excitation current of an isolation transformer will be measured.
The transformer will then be connected as both a step-down and a step-up transformer.
The turns-ratio will be determined from measured values and the primary current will
be computed and then measured.

1. Connect the high-voltage windings of the transformer in parallel for 240 volt operation.

2. Connect the high-voltage winding to a 208 volt AC source with an AC ammeter con-
nected in series with one of the lines, as shown in Figure 20-1.

3. Turn on the power source and measure the current. This is the excitation current of the
transformer. The excitation current is the amount of current necessary to magnetize
the iron in the transformer and will remain constant regardless of the load on the trans-
former.

amp(s)
4. Measure the voltage across the low-voltage winding at terminals X; - Xo.

volts

237
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>)

208 VAC

Figure 20-1 Connecting the high-voltage winding for parallel operation.

5.

Compute the turns-ratio by dividing the primary voltage by the secondary voltage. Since
the primary has the higher voltage, the larger number will be placed on the left side
of the ratio, such as 3:1 or 4:1.

ratio

Turn off the power supply.

Connect two 100 watt incandescent lamps in parallel with the low-voltage winding of
the transformer. Connect an AC ammeter in series with one of the lines, as shown in
Figure 20-2.

Turn on the power and measure the current flow in the secondary circuit of the trans-
former.

amp(s)

. Turn off the power supply.
10.

Compute the amount of primary current using the turns-ratio. Since the primary voltage
1s higher, the amount of primary current will be less. Divide the secondary current by
the turns-ratio. Then add the excitation current to this value.

208 VAC 100 W 100 W

Figure 20-2 Two lamps are connected in parallel to the secondary winding.
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©,

VAC 100 W 100 W

Figure 20-3 Measuring primary current.

11.
12.

13.

14.

15.
16.

17.

I (SECONDARY)

— + Excitation current
Turns-ratio

I (PRIMARY) —

L PRIMARY)
Reconnect the AC ammeter in one of the primary lines, as shown in Figure 20-3.

Turn on the power supply and measure the primary current. Compare this value
with the computed value.

L(PRIMARY)
Turn off the power supply and reconnect the AC ammeter in the secondary circuit
and add two more 100 watt incandescent lamps in parallel with the transformer sec-
ondary (Figure 20-4).

Turn on the power and measure the secondary current.
amp(s)
Turn off the power supply.
Compute the amount of current flow that should be in the primary circuit using the
turns-ratio. Be sure to add the excitation current.

IprRIMARY)
Reconnect the AC ammeter in series with one of the lines of the primary winding of the

transformer.
A
X4 g :5 E S g S
X2r'\
J

100 W 100 W 100 W 100 W

208 VAC

U

Figure 20-4 Adding load to the transformer secondary.
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O

-®
X1

120 VAC

Source
Xo

O

Figure 20-5 Using the low-voltage winding as the primary.

18.

19.
20.

21.

22.

23.

24.
25.

26.

27.

Turn on the power and measure the current flow. Compare the measured value with
the computed value.

I PRIMARY)
Turn off the power supply.

Reconnect the transformer by connecting the low-voltage terminals, X; - X,, to a 120 volt
AC source. Connect an AC ammeter in series with one of the power lines, as shown in
Figure 20-5.

Turn on the power and measure the excitation current of the transformer.
amp(s)

Measure the secondary voltage with an AC voltmeter.
volts

Determine the turns-ratio by dividing the secondary voltage by the primary voltage.
Since the primary voltage is lower, the higher number will be placed on the right-hand
side of the ratio: 1:3 or 1:4.

ratio
Turn off the power supply.

Connect two 100 watt incandescent lamps in series. Connect these two lamps in par-
allel with the high-voltage winding. Connect an AC ammeter in series with one of the
secondary leads, as shown in Figure 20-6.

Turn on the power supply and measure the secondary current.

amp(s)
Compute the primary current using the turns-ratio. Since the primary voltage is less
than the secondary voltage, the primary current will be more than the secondary

current. To determine the primary current, multiply the secondary current by the turns-
ratio and add the excitation current.

IpriMarY) = L(seconpary) XTurns-ratio+ Excitation current

I pr1MARY)
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M\
@),
| X
120 VAC
L a X2
@),

Figure 20-6 Connecting the load to the secondary.

28.
29.
30.

31.
32.

33.

34.

Turn off the power supply.
Reconnect the AC ammeter in series with the primary side of the transformer.
Turn on the power supply and measure the primary current. Compare this value
with the computed value.
IpPRIMARY)
Turn off the power supply.

Reconnect the AC ammeter in series with the secondary winding. Add two more 100 watt
lamps that have been connected in series to the secondary circuit. These two lamps
should be connected in parallel with the first two lamps, seen in Figure 20-7.

Turn on the power supply and measure the secondary current.
amp(s)
Turn off the power supply.

100 W 100 W

120 VAC

O

O

100 W 100 W

Figure 20-7 Adding load to the secondary.
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35.

36.
37.

38.
39.

Compute the amount of current that should flow in the primary circuit.
I prIMARY)
Reconnect the AC ammeter in series with one of the primary lines.
Turn on the power supply and measure the primary current. Compare this value
with the computed value.

IPRIMARY)
Turn off the power supply and disconnect the transformer and lamps.
Reconnect the transformer as shown in Figure 20-8 by connecting the two high-voltage
windings in series. Connect four 100 watt lamps in series and connect them to terminals
H; and H, for the transformer. Connect an ammeter in series with the secondary winding.

Caution

The transformer now has a turns-ratio of 1:4. The output voltage will be approximately
480 volts when 120 volts is applied to terminals X; and X,. Make sure that the power is
turned off before making any adjustments to the circuit.

40.

41.

42.

Turn on the power and measure the secondary current.

amp(s)
Make certain the voltmeter is set for a range greater than 480 volts. Measure the voltage
across terminals H; and H,. Use caution when making this measurement.

volts

Turn off the power.

100 W
e 100 W
O,
T X
120 VAC
i e X2
O,
100 W
100 W

Figure 20-8 Connect the two high voltage windings in series. The transformer now has a turns
ratio of 1:4.
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100 W
M\
Ny
Hy
100 W
Ho
X1
120 VAC
i O X2 H3
100 W
H ~
Ny
100 W

Figure 20-9 The ammeter is reconnected in the primary winding.

43. Use the turns-ratio to compute the primary current. Be sure to add the excitation cur-
rent to the calculation.

I pPRIMARY)
44. Reconnect the ammeter in series with the primary as shown in Figure 20-9.

45. Turn on the power and measure the amount of primary current. Compare this value
with the computed value.

amp(s)
46. Turn off the power. Disconnect the circuit and return the components to their proper
place.

Review Questions

1. Atransformer has a primary voltage of 277 volts and a secondary voltage of 120 volts.
What is the turns-ratio of this transformer?

2. A transformer has a turns-ratio of 1:6. Is this a step-up or a step-down transformer?

3. A transformer with a turns-ratio of 3.5:1 has a secondary current of 16 amperes.
What is the primary current?

4. A transformer has a primary current of 18 amperes and a secondary current of
6 amperes. What is the turns-ratio of the transformer?
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10.

. A transformer has a primary voltage of 240 volts and a secondary voltage of 60 volts.

It has a power rating of 7.5 VA. What is the rated current of the secondary?

. A 75 kVA transformer has a secondary voltage of 480 volts and a current of 183 amperes.

Is this transformer being operated within its power rating?

. A transformer has a primary voltage of 120 volts and a secondary voltage of 18 volts.

The primary excitation current is 0.25 amp. The total primary current is 6.5 amperes.
What is the secondary current?

. Would a 1 kVA transformer be large enough to supply the load of the transformer in

question 7?

. A transformer has a primary voltage of 12,470 volts and a secondary voltage of 2,400

volts. If the secondary current is 22.6 amperes, what is the primary current (disregard
excitation current)?

Would a 75 kVA transformer supply the power needed by the load in question 7?
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Objectives

After studying this unit, you should be able to:

+ Discuss buck and boost connections for a transformer.
* Connect a transformer for additive polarity.
* Connect a transformer for subtractive polarity.

* Determine the turns-ratio and calculate current values using measured values.

To understand what is meant by transformer polarity, the voltage produced across a wind-
ing must be considered during some point in time. In a 60 Hz AC circuit, the voltage
changes polarity 120 times per second. When discussing transformer polarity, it is neces-
sary to consider the relationship between the different windings at the same point in
time. It will, therefore, be assumed that this point in time is when the peak positive volt-
age 1s being produced across the winding.

Polarity Markings on Schematics

When a transformer is shown on a schematic diagram, it is common practice to indicate the
polarity of the transformer windings by placing a dot beside one end of each winding, as
shown in Figure 21-1. These dots signify that the polarity is the same at that point in time
for each winding. For example, assume the voltage applied to the primary winding is at its
peak positive value at the terminal indicated by the dot. The voltage at the dotted lead of
the secondary will be at its peak positive value at the same time.

This same type of polarity notation is used for transformers that have more than one pri-
mary or secondary winding. An example of a transformer with a multisecondary is shown
in Figure 21-2.

Additive and Subtractive Polarities

The polarity of transformer windings can be determined by connecting one lead of the pri-
mary to one lead of the secondary and testing for an increase or decrease in voltage. This

e

H1 Xo

Ho e X1

Figure 21-1 Transformer polarity dots.
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e

Figure 21-2 Polarity marks for multiple secondaries.

is often referred to as a buck or boost connection (Figure 21-3). The transformer shown in
the example has a primary voltage rating of 120 volts and a secondary voltage rating of 24
volts. This same circuit has been redrawn in Figure 21-4 to show the connection more
clearly. Notice that the secondary winding has been connected in series with the primary
winding. When 120 volts is applied to the primary winding, the voltmeter connected across
the secondary will indicate either the SUM of the two voltages or the DIFFERENCE
between the two voltages. If this voltmeter indicates 144 volts (120 + 24 = 144), the windings
are connected additive (boost) and polarity dots can be placed as shown in Figure 21-5.
Notice in this connection that the secondary voltage is added to the primary voltage.

If the voltmeter connected to the secondary winding should indicate a voltage of 96 volts
(120 — 24 = 96), the windings are connected subtractive (buck) and polarity dots would be
placed as shown in Figure 21-6.

Hy X4
120V 24V
Ho Xo

Figure 21-3 Connecting the secondary and primary windings forms an autotransformer.
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24V
X2

; 0

H2

120V

Figure 21-4 Redrawing the connection.

X1

24V
X2

120V

Figure 21-5 Placing polarity dots to indicate additive polarity.
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X1
2%V

0 X2

120V

Figure 21-6 Polarity dots indicate subtractive polarity.

Using Arrows to Place Dots

To help in the understanding of additive and subtractive polarity, arrows can be used to indi-
cate a direction of greater-than or less-than values. In Figure 21-7, arrows have been
added to indicate the direction in which the dot is to be placed. In this example, the trans-
former 1s connected additive, or boost, and both of the arrows point in the same direction.
Notice that the arrow points to the dot. In Figure 21-8 it is seen that the values of the two
arrows add to produce 144 volts.

In Figure 21-9, arrows have been added to a subtractive, or buck, connection. In this
instance, the arrows point in opposite directions and the voltage of one tries to cancel the
voltage of the other. The result is that the smaller value is eliminated and the larger
value is reduced as shown in Figure 21-10.

LABORATORY EXERCISE
Name Date

Materials Required
480-240/120-volt 0.5-kVA control transformer
AC voltmeter
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X4

24V
X2

120V

Figure 21-7 Arrows help indicate the placement of the polarity dots.

24V

120V

|

Figure 21-8 The values of the arrows add to indicate additive polarity.
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X1
24V

o X2

120V

Figure 21-9 The arrows help indicate subtractive polarity.

24V

120V

96V

Figure 21-10 The value of the arrows subtract.
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2 AC ammeters, in-line or clamp-on. (If a clamp-on type is used, a 10:1 scale divider is
recommended.)

4 100-watt lamps

In this experiment a control transformer will be connected for both additive (boost) and sub-
tractive (buck) polarity. Buck and boost connections are made by physically connecting the
primary and secondary windings together. If they are connected in such a way that the pri-
mary and secondary voltages add, the transformer is connected additive, or boost. If the wind-
ings are connected in such a way that the primary and secondary voltages subtract, they
are connected subtractive, or buck.

In this exercise only one of the high-voltage windings will be used. The other will not be con-
nected.

1. Connect the circuit shown in Figure 21-11.

2. Turn on the power and measure the primary and secondary voltages.

E (PRIMARW volts

EsEcoNDARY) — volts
3. Turn off the power supply.

4. Determine the turns-ratio of this transformer connection by dividing the higher volt-
age by the lower voltage. Recall that if the primary winding has the higher voltage, the
higher number will be placed on the left and 1 will be placed on the right. If the sec-
ondary has the higher voltage, a 1 will be placed on the left and the higher number will
be placed on the right.

Higher voltage

Turns-ratio =
Lower voltage

Ratio
Ha
Ho O
X1
208 VAC
Hs X2 O
) H1

/
Figure 21-11 Measuring the secondary voltage.
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(\)
U

Ha
Ho O
X4
208 VAC Ha X2O
T i

Figure 21-12 Connecting Xo and Ho.

Connect the circuit shown in Figure 21-12 by connecting X; to H;. Connect a voltmeter
across terminals Xy and Ho.

Turn on the power supply and measure the voltage across X, and Ho.

volts

7. Turn off the power supply.

8. Determine the turns-ratio of this transformer connection.

10.
11.

12.
13.

14.

15.
16.

Ratio

If the measured voltage is the difference between the applied voltage and the secondary
voltage, the transformer is connected subtractive polarity, or buck. If the measured volt-
age is the sum of the applied voltage and the secondary voltage, the transformer is con-
nected additive, or boost. Is the transformer connected buck or boost?

Connect an AC ammeter in series with one of the power supply lines.

Turn on the power supply and measure the excitation current of the transformer.
lgxcy— amp(s)

Turn off the power supply.

Reconnect the transformer as shown in Figure 21-13 by connecting X5 to H;. Connect
an AC voltmeter across terminals X; and H,.

Turn on the power supply and measure the voltage across terminals X; and H.
volts
Turn off the power supply.

Is the transformer connected buck or boost?
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()
/
Hy
Ho O
X4
208 VAC Hs X2
Hy

[

Figure 21-13 Connecting X4 and Ho.

17. Determine the turns-ratio of this transformer connection.
Ratio

18. Connect an AC ammeter in series with one of the primary leads.

19. Turn on the power supply and measure the excitation current of this connection.
Lexc) amp(s)

20. Compare the value of excitation current for the buck and boost connections. Is there
any difference between these two values?

21. Turn off the power supply.

22. Figure 21-14 shows the proper location for the placement of polarity dots. Recall that
polarity dots are used to indicate which windings of a transformer have the same polar-
ity at the same time. To better understand how the dots are placed, redraw the two
transformer windings in a series connection as shown in Figure 21-15. Place a dot beside

Hg
Ho
Ho
° X4
H1 °
X
208 VAC Hs Xo 2
H1 o X
M
@), ! b

Figure 21-14 Placing polarity dots on the transformer windings. Figure 21-15 Determining
the placement of polarity dots.
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23.

24.

25.

26.

one of the high-voltage terminals. In this example a dot has been placed beside the H;
terminal. Next, draw an arrow pointing to the dot. To place the second dot, draw an
arrow in the same direction as the first arrow. This arrow should point to the dot that
is to be placed beside the secondary terminal. Since terminal X, is connected to Hy, the
arrow must point to terminal Xj.

Reconnect the transformer for subtractive polarity. If two ammeters are available, place
one ammeter in series with one of the primary leads and the second ammeter in
series with the secondary lead that is not connected to the H; terminal. Connect a 100 watt
lamp in the secondary circuit, and connect a voltmeter in parallel with the lamp, as
shown in Figure 21-16.

Turn on the power supply and measure the secondary current.

IisEcONDARY) — amp(s)

Measure the secondary voltage. Since the lamp is the only load connected to the sec-
ondary, the voltage drop across the lamp will be the secondary voltage.

ESECONDARY) — volts

Calculate the amount of primary current using the measured value of secondary cur-
rent and the turns-ratio. Be sure to use the turns-ratio for this connection as determined

208
O

Figure 21-16 Connecting load to a subtractive polarity transformer.

100 W
Ha
®
Ha O
X1
208 VA
08 VAC Ha XZC
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217.

28.

29.
30.

31.

32.

33.

in step 8. Since the primary voltage is greater than the secondary voltage, the primary
current should be less. Therefore, divide the secondary current by the turns-ratio
and then add the excitation current measured in step 11.

7 I (SECONDARY)

(PRIMARY) = "7y, 7ms ratio - (EXO)

LpriMARY) — amp(s)
If necessary, turn off the power supply and connect an AC ammeter in series with
one of the primary leads.

Turn on the power supply and measure the primary current. Compare this value
with the calculated value.

LprRIMARY) — amp(s)

Turn off the power supply.

Connect another 100 watt lamp in parallel with the first as shown in Figure 21-17.
Reconnect the AC ammeter in series with the secondary winding if necessary.

Turn on the power supply and measure the amount of secondary current.

lsEcoNDARY) — amp(s)
Calculate the primary current.

LpRIMARY) — amp(s)
If necessary, turn off the power supply and connect the AC ammeter in series

with one of the primary leads.

100 W
100 W
Ha
®
Hz O
X1
208 VAC Ha X2 O

4@ TH1

Figure 21-17 Adding load to the transformer.
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34.

35.
36.

317.

38.
39.

Turn on the power supply and measure the primary current. Compare this value
with the computed value.

IpriMARY) — amp(s)

Turn off the power supply.

Reconnect the transformer for the boost connection by connecting terminal X, to Hj.
If two ammeters are available, connect one AC ammeter in series with one of the
power supply leads and the second AC ammeter in series with the secondary. Connect four
100 watt lamps in series with terminals X; and Hy as shown in Figure 21-18. Connect an
AC voltmeter across terminals X, and Hj.

Turn on the power and measure the secondary current.
L SECONDARY) — amp(s)
Turn off the power supply.

Compute the primary current using the turns-ratio. Be sure to use the turns-ratio for
this connection as determined in step 17. Since the primary voltage in this connection
1s less than the secondary voltage, the primary current will be greater. To calculate the
primary current, multiply the secondary current by the turns-ratio and then add the
excitation current.

I(PRIMARY) = (I(SECONDARY) x Turns-ratio)+ I(EXC)

IpriMARY)— amp(s)

100 W 100 W 100 W 100 W
Ha
Y o—(D—
X1
208 VAC
Hs X2 ~
N\

Figure 21-18 Connecting load to the boost connection.
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40.
41.
42.

43.
44.

If necessary, connect the AC ammeter in series with one of the power supply leads.
Turn on the power supply.

Measure the primary current. Compare this value with the calculated value.
LpriMARY) — amp(s)

Turn off the power supply.

Disconnect the circuit and return the components to their proper place.

Review Questions

1.

2.

What do the dots shown beside the terminal leads of a transformer represent on a
schematic?

A transformer has a primary voltage rating of 240 volts and a secondary voltage rat-
ing of 80 volts. If the windings are connected subtractive, what voltage would appear
across the entire connection?

If the windings of the transformer in question 2 were to be connected additive, what
voltage would appear across the entire winding?

. The primary leads of a transformer are labeled 1 and 2. The secondary leads are

labeled 3 and 4. If polarity dots are placed beside leads 1 and 4, which secondary lead
would be connected to terminal 2 to make the connection additive?
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Objectives

After studying this unit, you should be able to:

* Discuss the operation of an autotransformer.

+ Connect a control transformer as an autotransformer.

+ Calculate the turns-ratio from measured voltage values.

+ Calculate primary current using the secondary current and the turns-ratio.
+ Connect an autotransformer as a step-down transformer.

* Connect an autotransformer as a step-up transformer.

The word auto means self. An autotransformer is literally a self-transformer. It uses the same
winding as both the primary and secondary. Recall that the definition of a primary wind-
ing is a winding that is connected to the source of power and the definition of a secondary
winding is a winding that is connected to a load. Autotransformers have very high effi-
ciencies, most in the range of 95% to 98%.

In Figure 22-1 the entire winding is connected to the power source, and part of the wind-
ing is connected to the load. In this illustration all the turns of wire form the primary and
part of the turns form the secondary. Since the secondary part of the winding contains fewer
turns than the primary section, the secondary will produce less voltage. This autotransformer
is a step-down transformer.

In Figure 22-2 the primary section is connected across part of a winding and the secondary
is connected across the entire winding. In this illustration the secondary section contains
more windings than the primary. This autotransformer is a step-up transformer. Notice

/\/ Primary

winding

Secondary
winding

Figure 22-1 Autotransformer used as a step-down transformer.
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Secondary
winding

Primary
winding

Figure 22-2 Autotransformer used as a step-up transformer.

that autotransformers, like isolation transformers, can be used as step-up or step-down
transformers.

Determining Voltage Values

Autotransformers are not limited to a single secondary winding. Many autotransformers have
multiple taps to provide different voltages as shown in Figure 22-3. In this example there are
40 turns of wire between taps A and B, 80 turns of wire between taps B and C, 100 turns of
wire between taps C and D, and 60 turns of wire between taps D and E. The primary section
of the windings is connected between taps B and E. It will be assumed that the primary is
connected to a source of 120 volts. The voltage across each set of taps will be determined.

O A
40 turns
OB
% 80 turns
Oc
Primary 100 turns
winding
O D
§ 60 turns
OE

Figure 22-3 Autotransformer with multiple taps.
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There is generally more than one method that can be employed to determine values of a
transformer. Since the number of turns between each tap is known, the volts-per-turn method
will be used in this example. The volts-per-turn for any transformer is determined by the
primary winding. In this illustration the primary winding is connected across taps B and E.
The primary turns are, therefore, the sum of the turns between taps B and E (80 + 100 +
60 = 240 turns). Since 120 volts is connected across 240 turns, this transformer will have
a volts-per-turn ratio of 0.5 (240 turns/120 volts = 0.5 volt-per-turn). To determine the
amount of voltage between each set of taps, it becomes a simple matter of multiplying the
number of turns by the volts-per-turn.

A-B (40 turns X 0.5 = 20 volts)
A-C (120 turns X 0.5 = 60 volts)
A-D (220 turns X 0.5 = 110 volts)
A-E (280 turns X 0.5 = 140 volts)
B-C (80 turns X 0.5 = 40 volts)
B-D (180 turns X 0.5 = 90 volts)
B-E (240 turns X 0.5 = 120 volts)
C-D (100 turns X 0.5 = 50 volts)
C-E (160 turns X 0.5 = 80 volts)
D-E (60 turns X 0.5 = 30 volts)

Using Transformer Formulas

The values of voltage and current for autotransformers can also be determined by using stan-
dard transformer formulas. The primary winding of the transformer shown in Figure 22-4
1s between points B and N and has a voltage of 120 volts applied to it. If the turns of wire

40 turns

40 turns

120 VAC

40 turns

40 turns

Figure 22-4 Determining voltage and current values.
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are counted between points B and N, it can be seen there are 120 turns of wire. Now
assume that the selector switch is set to point D. The load is now connected between
points D and N. The secondary of this transformer contains 40 turns of wire. If the amount
of voltage applied to the load is to be computed, the following formula can be used:

By _ Ny
ES NS
120 _ 120
Eg 40
120E4 = 4,800
Eq = 40 volts

Assume that the load connected to the secondary has an impedance of 10 Q. The amount
of current flow in the secondary circuit can be computed using the formula:

E
I'=7
40
1‘10
I = 4 amps

The primary current can be computed by using the same formula that was used to compute
primary current for an isolation type of transformer.

E, g4
Es Ip
120 _ 4
40 I

Iy = 1.333 amps
The amount of power input and output for the autotransformer must also be the same.
Primary Secondary
120 X 1.333 = 160 volt-amps 40 X 4 =160 volt-amps

Now assume that the rotary switch is connected to point A. The load is now connected to 160
turns of wire. The voltage applied to the load can be computed by:

EP NP
Eg ~ Ng
120 _ 120
Eg 60

https://engineersreferencebookspdf.com



Unit 22 Autotransformers

263

120E4 = 19,200
Eq = 160 volts
The amount of secondary current can be computed using the formula:

I:Z

160
I =—
10

I = 16 amps
The primary current can be computed using the formula:

EP IS

Es " Ip

120 _ 16

160 Ip

1201 = 2,560

I, = 21.333 amps

The answers can be checked by determining if the power in and power out are the same.
Primary Secondary
120 X 21.333 = 2,560 volt-amps 160 X 16 = 2,560 volt-amps

Current Relationships

An autotransformer with a 2:1 turns-ratio is shown in Figure 22-5. It is assumed that a voltage
of 480 volts is connected across the entire winding. Since the transformer has a turns-ratio of
2:1, a voltage of 240 volts will be supplied to the load. Ammeters connected in series with
each winding indicate the current flow in the circuit. It is assumed that the load produces
a current flow of 4 amperes on the secondary. Note that a current flow of 2 amperes is supplied
to the primary.

I _ Isgconpary
PRIMARY — Ratio
4
IP = E
I, = 2 amperes

If the rotary switch shown in Figure 22-4 were to be removed and replaced with a sliding
tap that made contact directly to the transformer winding, the turns-ratio could be adjusted
continuously. This type of transformer is commonly referred to as a Variac or Powerstat
depending on the manufacturer. The windings are wrapped around a tape-wound torroid core
inside a plastic case. The tops of the windings have been milled flat similar to a commutator.
A carbon brush makes contact with the windings. When the brush is moved across the windings,
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2A
4 A
480 VAC
/\/ Primary
winding
Secondary
winding
2A 240 VAC

—r

Figure 22-5 Current divides between primary and secondary.

the turns-ratio changes, which changes the output voltage. This type of autotransformer provides
a very efficient means of controlling AC voltage. Autotransformers are often used by power
companies to provide a small increase or decrease to the line voltage. They help provide voltage
regulation to large power lines.

The autotransformer does have one disadvantage. Since the load is connected to one side
of the power line, there is no line isolation between the incoming power and the load.
This can cause problems with certain types of equipment and must be a consideration when
designing a power system.

LABORATORY EXERCISE

Name Date

Materials Required
480-240/120-volt, 0.5-kVA control transformer
AC voltmeter

2 AC ammeter, in-line or clamp-on. (If the clamp-on type is used, a 10:1 scale divider is
recommended.)

4 100-watt lamps

In this experiment the control transformer will be connected for operation as an autotransformer.
The low-voltage winding will not be used in this experiment. The two high-voltage windings
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will be connected in series to form one continuous winding. The transformer will be connected
as both a step-down and a step-up transformer.

1.

Series connect the two high-voltage windings by connecting terminals Hy and Hg
together. The H; and H, terminals will be connected to a source of 208 VAC. Connect
an ammeter in series with one of the power supply lines, as shown in Figure 22-6.

. Turn on the power supply and measure the excitation current. The current will be small,

and it may be difficult to determine this current value.

lgxcy——— amp(s)

. Measure the primary voltage across terminals H; and Hy.

E (PRIMARY) volts

. Measure the secondary voltage across terminals H; and H,. (Note: It is also possible

to use terminals Hs and H, as the secondary winding.)

EskeconDARY) — volts
Determine the turns-ratio of this transformer connection.

Higher voltage

Turns-ratio =
Lower voltage

Ratio

6. Turn off the power supply.

10.

Connect an AC ammeter in series with the Hy terminal and a 100 watt lamp as
shown in Figure 22-7. The secondary winding of the transformer will be between ter-
minals Hy and H;.

. Turn on the power supply and measure the amount of current flow in the secondary

winding.

L SECONDARY) — amp(s)

. Measure the voltage drop across the secondary winding with an AC voltmeter.

EsEcoNDARY) — Vvolts
Turn off the power supply.

n 5
_/ Ha
Ho
X1
208 VAC
Hs X2
~ Hi
@),

Figure 22-6 Connecting the high-voltage windings as an autotransformer.
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Ha

©o- @b

~ H1
)

208 VAC

Figure 22-7 Connecting a load to the autotransformer.

11.

12.
13.

14.
15.

Figure 22-8 Adding load to the autotransformer.

Calculate the primary current using the turns-ratio. Since the primary voltage is
greater than the secondary voltage, the primary current will be less than the second-
ary current. To determine the primary current, divide the secondary current by the
turns-ratio and add the excitation current.

1 (SECONDARY)
Turns—ratio

I (PRIMARY) ~ I (EXC)

IpriMARY) — amp(s)

If necessary, reconnect the AC ammeter in series with one of the power supply leads.
Turn on the power and measure the primary current. Compare this value with the com-
puted value.

IpRIMARY) — amp(s)

Turn off the power supply.

Connect another 100 watt lamp in parallel with the existing lamp (Figure 22-8).

®

208 VAC

) @
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16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

26.

217.
28.

29.

30.
31.

If necessary, reconnect the AC ammeter in series with the secondary winding of the
transformer.

Turn on the power supply and measure the secondary current.

L SECONDARY) — amp(s)
Calculate the primary current using the turns-ratio.

IpRIMARY) — amp(s)

Turn off the power supply.

If necessary, reconnect the AC ammeter in series with one of the power supply leads.
Turn on the power supply and measure the primary current. Compare this value
with the computed value.

LpPRIMARY) — amp(s)

Turn off the power supply.

Reconnect the circuit as shown in Figure 22-9. Terminals H; and Hy will be connected
to a source of 120 VAC. Connect an AC ammeter in series with terminal Hy. The
entire winding between terminals H; and H, will be used as the secondary.

Turn on the power and measure the excitation current of this transformer connection.
Lgxc)y — amp(s)
Measure the voltage across terminals H, and H;.
volts
Compute the turns-ratio of this transformer connection.
Ratio
Turn off the power supply.

Connect an AC ammeter and four 100 watt lamps in series with terminals H, and Hy,
as shown in Figure 22-10.

Turn on the power and measure the secondary current.

L SECONDARY) — amp(s)
Turn off the power supply.

If necessary, connect the AC ammeter in series with one of the primary leads.

X4

120 VAC

Xo

Figure 22-9 The autotransformer connected for high voltage.
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(»)
U

100 W

100 W

©

120 VAC
100 W

100 W

O~
)
—/

Figure 22-10 Adding load to the secondary winding.

32. Compute the value of primary current using the turns-ratio and the measured value
of secondary current.

IpriMARY) — amp(s)

33. Turn on the power and measure the primary current. Compare this value with the com-
puted value.
IPRIMARY) — amp(s)

34. Measure the voltage across terminals H; and H,.

EsEcoNDARY) — volts
35. Turn off the power supply.

36. Disconnect the circuit and return the components to their proper place.

Review Questions

1. An AC power source is connected across 325 turns of an autotransformer and the load
1s connected across 260 turns. What is the turns-ratio of this transformer?

2. Is the transformer in question 1 a step-up or step-down transformer?

3. An autotransformer has a turns-ratio of 3.2:1. A voltage of 208 volts is connected
across the primary. What is the voltage of the secondary?
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4. Aload impedance of 52 Q is connected to the secondary winding of the transformer in
question 3. How much current will flow in the secondary?

5. How much current will flow in the primary of the transformer in question 4?

6. The autotransformer shown in Figure 22-3 has the following number of turns between
windings: A-B (120 turns), B-C (180 turns), C-D (250 turns), and D-E (300 turns).
A voltage of 240 volts is connected across B and E. Find the voltages between each of the
following points:

A-B A-C A-D A-E B-C B-D
B-E C-D C-E D-E
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Unit 23 Three-Phase Circuits

Objectives

After studying this unit, you should be able to:
+ Connect a wye connected, three-phase load.
+ Calculate and measure voltage and current values for a wye connected load.
* Connect a delta connected load.

*+ Calculate and measure voltage and current values for a delta connected load.

Before beginning the study of three-phase transformers, it is appropriate to discuss three-
phase power connections and basic circuit calculations. This unit may be review for some
students and new ground for others. Whichever is the case, a working knowledge of three-
phase circuits is essential before beginning the study of three-phase transformers.

Most of the power generated in the world today is three-phase. Three-phase power was first
conceived by a man named Nikola Tesla. There are several reasons why three-phase power
1s superior to single-phase power.

1. The kVA rating of three-phase transformers is about 150% greater than for a single-
phase transformer with a similar core size.

2. The power delivered by a single-phase system pulsates (Figure 23-1). The power falls
to zero three times during each cycle. The power delivered by a three-phase circuit pulsates
also, but the power never falls to zero (Figure 23-2). In a three-phase system, the power
delivered to the load is the same at any instant.

Figure 23-1 Single-phase power falls to zero three times each cycle.

271
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Figure 23-2 Three-phase power never falls to zero.

3. In a balanced three-phase system, the conductors need be only about 75% the size of
conductors for a single-phase two-wire system of the same kVA rating. This helps off-
set the cost of supplying the third conductor required by three-phase systems.

A single-phase alternating voltage can be produced by rotating a magnetic field through the
conductors of a stationary coil as shown in Figure 23-3. Since alternate polarities of the mag-
netic field cut through the conductors of the stationary coil, the induced voltage will
change polarity at the same speed as the rotation of the magnetic field. The alternator shown
in Figure 23-3 is single-phase because it produces only one AC voltage.

If three separate coils are spaced 120° apart as shown in Figure 23-4, three voltages 120°
out of phase with each other will be produced when the magnetic field cuts through the coils.
This is the manner in which a three-phase voltage is produced. There are two basic three-
phase connections, the wye or star, and the delta.

Figure 23-3 Producing a single-phase voltage.
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A
/o

Figure 23-4 The voltages of a three-phase system are 120° out of phase with each other.

A
B
C

Wye Connection

The wye or star connection is made by connecting one end of each of the three-phase
windings together as shown is Figure 23-5. The voltage measured across a single winding
or phase is known as the phase voltage as shown in Figure 23-6. The voltage measured
between the lines is known as the line-to-line voltage or simply as the /ine voltage.

Figure 23-5 A wye connection is formed by joining one end of each winding together.
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Line
voltage

Phase
voltage

Figure 23-6 Line and phase voltages are different in a wye connection.

In Figure 23-7 ammeters have been placed in the phase winding of a wye connected load and
in the line supplying power to the load. Voltmeters have been connected across the input to
the load and across the phase. A line voltage of 208 volts has been applied to the load. Notice
that the voltmeter connected across the lines indicates a value of 208 volts, but the voltmeter
connected across the phase indicates a value of 120 volts.

In a wye connected system, the line voltage is higher than the phase voltage by a factor of
3 (1.732). Two formulas used to compute the voltage in a wye connected system are:

B _ Eyng
PHASE = N

or

Eying = Eppgase X J3

o

Line current
10A
Phase current
Line 10A
voltage
208 'V

Phase
voltage
120V

Figure 23-7 Line current and phase current are the same in a wye connection.
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Notice in Figure 23-7 that there is 10 amps of current flow in both the phase and the line.
In a wye connected system, phase current and line current are the same.

ILINE = IPHASE

Helpful Hint

In a wye connected system, the line voltage is higher than the phase voltage by a fac-
tor of \3 (1.732).

Helpful Hint
In a wye connected system, phase current and line current are the same.

ILINE = IPHASE

Voltage Relationships in a Wye Connection

Many students of electricity have difficulty at first understanding why the line voltage of
the wye connection used in this illustration is 208 volts instead of 240 volts. Since line voltage
1s measured across two phases that have a voltage of 120 volts each, it would appear that
the sum of the two voltages should be 240 volts. One cause of this misconception is that many
students are familiar with the 240/120 volt connection supplied to most homes. If voltage
is measured across the two incoming lines, a voltage of 240 volts will be seen. If voltage is
measured from either of the two lines to the neutral, a voltage of 120 volts will be seen. The
reason for this is that this connection is derived from the center tap of an isolation trans-
former, as shown in Figure 23-8. If the center tap is used as a common point, the two line

Transformer

CY Y Y Y Y Y Y Y Y Y Y

120 VAC 120 VAC

240 VAC
Figure 23-8 Single-phase transformer with grounded center tap.
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voltages on either side of it will be in phase with each other. Since the two voltages are in
phase, they add similar to a boost connected transformer, as shown in Figure 23-9. The vec-
tor sum of these two voltages would be 240 volts.

Three-phase voltages are 120° apart, not in phase. If the three voltages are drawn 120° apart,
it will be seen that the vector sum of these voltages is 208 volts, as shown in Figure 23-10.
Another illustration of vector addition is shown in Figure 23-11. In this illustration two-phase
voltage vectors are added and the resultant is drawn from the starting point of one vector
to the end point of the other. The parallelogram method of vector addition for the voltages
in a wye connected three-phase system is shown in Figure 23-12.

-— —
|
|
- 120V ——k— 120V —
|
|
240V

Figure 23-9 The two voltages are in phase with each other.

120V
208 V Y

120V

120V

Figure 23-10 Vector sum of the voltages in a three-phase wye connection.
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208 V

120°

120V

[,
-

Figure 23-11 Adding voltage vectors of two-phase voltage values.

A 208V
/AN
/ |\
/ \
/ \
/ \
/ \
120V
/!
/
/
120° / 1\200
/< _____ >\120V
/ \ \
/ \ \
/ \ \

/ \ \
/ \ \
208V L . * ______ "\ 208V
120V

Figure 23-12 The parallelogram method of adding three-phase vectors.

Delta Connection

In Figure 23-13 three separate inductive loads have been connected to form a delta con-
nection. This connection receives its name from the fact that a schematic diagram of this
connection resembles the Greek letter delta (A). In Figure 23-14, voltmeters have been
connected across the lines and across the phase. Ammeters have been connected in the line
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Figure 23-13 Three-phase delta connection.

and in the phase. In the delta connection, line voltage and phase voltage are the same. Notice
that both voltmeters indicated a value of 480 volts.

ELINE = EPHASE

Helpful Hint

In the delta connection, line voltage and phase voltage are the same.

Notice that the line current and phase current are different, however. The line current of
a delta connection is higher than the phase current by a factor of \/g (1.732). In the
example shown, it is assumed that each of the phase windings has a current flow of 10
amperes. The current in each of the lines, however, is 17.32 amperes. The reason for this

Line current
17.32 A

Line voltage
480V

Phase current
10A

Phase voltage
480 V

Figure 23-14 \oltage and current relationships in a delta connection.
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17.32 A

Figure 23-15 Division of currents in a delta connection.

difference in current is that current flows through different windings at different times in
a three-phase circuit. During some periods of time, current will flow between two lines only.
At other times, current will flow from two lines to the third, seen in Figure 23-15. The delta
connection is similar to a parallel connection because there is always more than one path
for current flow. Since these currents are 120° out of phase with each other, vector addition
must be used when finding the sum of the currents (Figure 23-16). Formulas for determining
the current in a delta connection are:

7 _Iyng
PHASE = N

or

It ing = Ippasge X J3

Three-Phase Power

Students sometimes become confused when computing values of power in three-phase cir-
cuits. One reason for this confusion is because there are actually two formulas that can be
used. If LINE values of voltage and current are known, the apparent power of the circuit
can be computed using the formula:

VA = /3x Eying X ILiNg

If the PHASE values of voltage and current are known, the apparent power can be computed
using the formula:

VA = 3X Epyagr X Ippyask
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10A
17.32 A Y

120°
10 A

120° 120°

17.32 A 17.32 A

— 10A

Figure 23-16 \ector addition is used to compute the sum of the currents in a delta connection.

Notice that in the first formula, the line values of voltage and current are multiplied by the
square root of 3. In the second formula, the phase values of voltage and current are mul-
tiplied by 3. The first formula is the most used because it is generally more convenient to
obtain line values of voltage and current since they can be measured with a voltmeter and
clamp-on ammeter.

Watts and VARs

Watts and VARs can be computed in a similar manner. Watts can be computed by multiplying
the apparent power by the power factor:

P = 3% Ey g x I ing X PF

or

P = 3xEpypsp X Ipgasy X PF

Note: When computing the power of a pure resistive load, the voltage and current are in
phase with each other and the power factor is 1.

VARs can be computed in a similar manner, except that voltage and current values of a pure
reactive load are used. For example, a pure capacitive load is shown in Figure 23-17. In this
example, it is assumed that the line voltage is 480 volts and the line current is 30 amperes.
Capacitive VARs can be computed using the formula:
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Line current Oy
30A

Line voltage
560 V

‘ O

Figure 23-17 Pure capacitive three-phase load.

VARs , = J3 % E1inE(cAPACITIVE) X [LINE(CAPACITIVE)
VARs , = 1.732x 560 x 30

VARs, = 29,097.6

Three-Phase Circuit Calculations

In the following examples, values of line and phase voltage, line and phase current, and
power will be computed for different types of three-phase connections.

Example #1. A wye connected, three-phase alternator supplies power to a delta connected
resistive load, as shown in Figure 23-18. The alternator has a line voltage of 480 volts.
Each resistor of the delta load has 8 Q of resistance. Find the following values:

ELwoap) - Line voltage of the load
Eproap) - Phase voltage of the load

Alternator

i

\ EL 480V

I

Figure 23-18 Computing three-phase values: Example Circuit #1.
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Ipa,0aD) - Phase current of the load

I, woaD) - Line current to the load

I, aLT) - Line current delivered by the alternator
Eparr) - Phase voltage of the alternator

P - True power

Solution: The load is connected directly to the alternator. Therefore, the line voltage sup-
plied by the alternator is the line voltage of the load.

The three resistors of the load are connected in a delta connection. In a delta connection, the
phase voltage is the same as the line voltage.

EP(LOAD) = EI(LOAD)

Each of the three resistors in the load comprises one phase of the load. Now that the phase
voltage is known (480 volts), the amount of phase current can be computed using Ohm’s law.

I Ep1,0aD)
P(LOAD) = — 7

/ 480
P(LOAD) — ?

IP(LOAD) = 60 amps

In this example the three load resistors are connected as a delta with 60 amperes of current
flow in each phase. The line current supplying a delta connection must be 1.732 times greater
than the phase current.

Inoap) = Ipoap) X 1.732

The alternator must supply the line current to the load or loads to which it is connected. In

this example, there is only one load connected to the alternator. Therefore, the line current
of the load will be the same as the line current of the alternator.

The phase windings of the alternator are connected in a wye connection. In a wye connec-
tion, the phase current and line current are equal. The phase current of the alternator will,
therefore, be the same as the alternator line current.

Iparry = 103.92 amps
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The phase voltage of a wye connection is less than the line voltage by a factor of the
square root of 3 (1/3 ). The phase voltage of the alternator will be:

E EraLm)
P(ALT) —[
3

480
Eparr = 1732

In this circuit the load is pure resistive. The voltage and current are in phase with each other,
which produces a unity power factor of 1. The true power in this circuit will be computed
using the formula:

P = 1.732x480x103.92x 1
P = 86,394.93 watts

Example #2. In the next example, a delta connected alternator is connected to a wye con-
nected resistive load, as shown in Figure 23-19. The alternator produces a line voltage of
240 volts and the resistors have a value of 6 Q each. The following values will be found:

ErLoap) - Line voltage of the load

Ept.0ap) - Phase voltage of the load

Ipr,0aD) - Phase current of the load

I 0AD) - Line current to the load

It aLT) - Line current delivered by the alternator
Ep(avr) - Phase voltage of the alternator

P - True power

As in the first example, the load is connected directly to the output of the alternator. The
line voltage of the load must, therefore, be the same as the line voltage of the alternator.

Alternator
Z=6Q
Er Er
I lp
EL 240V Ev
I I

Figure 23-19 Example #2.
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The phase voltage of a wye connection is less than the line voltage by a factor of 1.732.

240
EP(LOAD) = 1732

Each of the three 6 Q resistors comprises one phase of the wye connected load. Since the phase

voltage is 138.57 volts, this voltage is applied to each of the three resistors. The amount of
phase current can now be determined using Ohm’s law.

I _ Epwoap)
P(LOAD) = — 7
; _138.57
P(LOAD) = ~¢

The amount of line current needed to supply a wye connected load is the same as the phase
current of the load.

It 1,0apy = 23.1 amps

In this example there is only one load connected to the alternator. The line current supplied
to the load is the same as the line current of the alternator.

The phase windings of the alternator are connected in delta. In a delta connection the phase
current is less than the line current by a factor of 1.732.

T IP(ALT)
P(ALT) 1.732

/ _ 231
PALT) = 7733

Ipapry = 13.34 amps
The phase voltage of a delta is the same as the line voltage.

Since the load in this example is pure resistive, the power factor has a value of unity or 1.
Power will be computed by using the line values of voltage and current.

P = 1732 x E; xI; x PF

P =1.732x240x%x23.1x1
P = 9,602.21 watts

https://engineersreferencebookspdf.com



Unit 23 Three-Phase Circuits 285

LABORATORY EXERCISE
Name Date

Materials Required
2 AC voltmeters

AC ammeter, in-line or clamp-on. (If a clamp-on type is used, it is recommended to use
a 10:1 scale divider.)

6 100-watt lamps

In this experiment six 100 watt lamps will be connected to form different three-phase loads.
Two lamps will be connected in series to form three separate loads. These loads will be con-
nected to form wye or delta connections.

1. Connect the two 100 watt lamps in series to form three separated load banks. Connect
the load banks in wye by connecting one end of each bank together to form a center
point, as shown in Figure 23-20. It is assumed that this load is to be connected to a 208
VAC three-phase line. Connect an AC ammeter in series with the line supplying
power to the load.

2. Turn on the power and measure the line voltage supplied to the load.

E(LINE) volts
3. Calculate the value of phase voltage for a wye connected load.
i _ EpiNg
PHASE — /\[
3
E(PHASE) volts
4. Measure the phase voltage and compare this value with the computed value.
E(PHASE) volts
5. Measure the line current.
lomng) — amp(s)

6. Turn off the power supply.

7. In a wye connected system, the line current and phase current are the same. Reconnect
the circuit as shown in Figure 23-21.

8. Turn on the power and measure the phase current.
IpHASE) — amp(s)
9. Turn off the power supply.

10. Reconnect the three banks of lamps to form a delta connected load, as shown in
Figure 23-22.

11. Turn on the power and measure the line voltage supplied to the load.

E(LINE) volts
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208 VAC
ON

Line voltage .
L2 3
O,

Line current

100 W 100 W
C\/) Phase voltage
100 W 100 W

Figure 23-20 Measuring the line current in a wye connected load.

208 VAC
ON

OFF

00O

Line voltage

L1 L2 L3
)

100 W 100 W
Phase current <V> Phase voltage
100 W 100 W

Figure 23-21 Measuring the phase current in a wye connected load.
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208 VAC
ON

ILine voltage .
2 3
O

Line current

100 W 100 W
C\D Phase voltage
100 W 100 W

Figure 23-22 Measuring the voltage and line current values of a delta connected load.

12.

13.

14.

15.
16.

17.
18.

19.
20.

Measure the phase value of voltage.

E(PHASE) - volts
Are the line and phase voltage values the same or different?

Measure the line current.
IoNng) — amp(s)
Turn off the power supply.

In a delta connected system, the phase current will be less than the line current by a
factor of 1.732. Calculate the phase current value for this connection.

I _ ILINE
PHASE — 1.732

IpHAasE) — amp(s)
Reconnect the circuit as shown in Figure 23-23.

Turn on the power supply and measure the phase current. Compare this value with the
computed value.

IpHASE) — amp(s)
Turn off the power supply.

Disconnect the circuit and return the components to their proper place.
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208 VAC
ON
OFF
00O
Line voltage

Ly

Phase current

L3

100 W

100 W

100 W

C\D Phase voltage

100 W

Figure 23-23 Measuring the voltage and phase current values of a delta connected load.

Review Questions

1. How many degrees out of phase with each other are the voltages of a three-phase system?

2. What are the two main types of three-phase connections?

3. A wye connected load has a voltage of 480 volts applied to it. What is the voltage

dropped across each phase?

4. A wye connected load has a phase current of 25 amps. How much current is flowing
through the lines supplying the load?

5. A delta connection has a voltage of 560 volts connected to it. How much voltage is

dropped across each phase?

6. A delta connection has 30 amps of current flowing through each phase winding. How
much current is flowing through each of the lines supplying power to the load?

7. Athree-phase load has a phase voltage of 240 volts and a phase current of 18 amperes.
What is the apparent power of this load?
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8. If the load in question 7 is connected in a wye, what would be the line voltage and line
current supplying the load?

9. An alternator with a line voltage of 2,400 volts supplies a delta connected load. The line
current supplied to the load is 40 amperes. Assuming the load is a balanced three-phase
load, what is the impedance of each phase?

10. What is the apparent power of the circuit in question 9?
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Unit 24 Three-Phase Transformers

Objectives

After studying this unit, you should be able to:

+ Connect three single-phase transformers to form a three-phase bank.
* Connect transformer windings in a delta configuration.
* Connect transformer windings in a wye configuration.

+ Compute values of voltage, current, and turns-ratio for different three-phase
connections.

+ Compute the values for an open delta connected transformer bank.

Three-phase transformers are used throughout industry to change values of three-phase
voltage and current. Since three-phase power is the major way in which power is produced,
transmitted, and used, an understanding of how three-phase transformer connections are made
is essential. This unit discusses different types of three-phase transformer connections and
presents examples of how values of voltage and current for these connections are computed.

A three-phase transformer is constructed by winding three single-phase transformers on a
single core, as shown in Figure 24-1. The transformer is enclosed in a case and may be dry
or mounted in an enclosure that will be filled with a dielectric oil. The dielectric oil performs
several functions. Since it is a dielectric, it provides electrical insulation between the
windings and the case. It is also used to help provide cooling and to prevent the formation
of moisture, which can deteriorate the winding insulation.

Three-Phase Transformer Connections

Three-phase transformers are connected in delta or wye configurations. A wye-delta trans-
former, for example, has its primary winding connected in a wye and its secondary winding

iCore

N

Primary —\-
Secondary—/T

Figure 24-1 Basic construction of a three-phase transformer.
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L1

Primary Secondary A

Figure 24-2 \\ye-delta connected three-phase transformer.

connected in a delta, as shown in Figure 24-2. A delta-wye transformer would have its
primary winding connected in delta and its secondary connected in wye, as shown in
Figure 24-3.

Connecting Single-Phase Transformers into a Three-Phase Bank

If three-phase transformation is needed, and a three-phase transformer of the proper size
and turns-ratio is not available, three single-phase transformers can be connected to form
a three-phase bank. When three single-phase transformers are used to make a three-
phase transformer bank, their primary and secondary windings are connected in a wye or
delta connection. The three transformer windings in Figure 24-4 have been labeled A, B, and
C. One end of each primary lead has been labeled H; and the other end has been labeled
Hy. One end of each secondary lead has been labeled X; and the other end has been
labeled X,.

L1

Lo

Primary Secondary

L3

Figure 24-3 Delta-wye connected three-phase transformer.
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L1

Lo

L3

Figure 24-4 Identifying the windings.

Figure 24-5 shows three single-phase transformers labeled A, B, and C. The primary leads
of each transformer have been labeled H; and Hy, and the secondary leads have been labeled
X; and Xy. The schematic diagram of Figure 24-4 will be used to connect the three single-
phase transformers into a three-phase wye-delta connection as shown in Figure 24-6.

The primary winding will be tied into a wye connection first. The schematic in Figure 24-4
shows that the Hy lead of each primary winding is connected together, and the H; lead of
each winding is open for connection to the incoming power line. Notice in Figure 24-6
that the Hy lead of each primary winding has been connected together, and the H; lead of
each winding has been connected to the incoming power line.

Figure 24-4 also shows the X; lead of transformer A is connected to the X, lead of transformer C.
Notice that this same connection has been made in Figure 24-6. The X; lead of transformer B
is connected to the Xy lead of transformer A, and the X; lead to transformer C is connected
to the X, lead of transformer B. The load is connected to the points of the delta connection.

Although Figure 24-4 illustrates the proper schematic symbology for a three-phase trans-
former connection, some electrical schematics and wiring diagrams do not illustrate three-
phase transformer connections in this manner. One type of diagram, called the one line
diagram, would illustrate a delta-wye connection as shown in Figure 24-7. These diagrams
are generally used to show the main power distribution system of a large industrial plant.

@] @] @] @) @] @]
Hq Ho H1 Ho Hq Ho
A B C
A NANANANA AN \ANANANANANANL ANANANANANANAL
Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
X1 Xo X1 Xo X1 X2
O O O O O O

Figure 24-5 Three single-phase transformers.
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208 VAC
ON
OFF
L1 Lo L3
H1 Ho H1 Ho H1 Ho
A B C
ANANANANANANY \ANANANANANAN \ANANANANANAN
Y Y TYTYTYTY YN Y Y TYTYTYTY YN Y Y TYTYTYTY YN
X1 Xo X1 X2 X1 X2

Load
Figure 24-6 Connecting three single-phase transformers to form a wye-delta three-phase bank.

The one line diagram in Figure 24-8 shows the main power to the plant and the trans-
formation of voltages to different subfeeders. Notice that each transformer shows whether
the primary and secondary are connected as a wye or delta, and the secondary voltage of
the subfeeder.

Figure 24-7 One line diagram symbol used to represent a delta-wye three-phase transformer
connection.
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/\
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Figure 24-8 One line diagrams are generally used to show the main power distribution of a plant.

Closing a Delta

Delta connections should be checked for proper polarity before making the final connection
and applying power. If the phase winding of one transformer is reversed, an extremely high
current will flow when power is applied. Proper phasing can be checked with a voltmeter
as shown in Figure 24-9. If power is applied to the transformer bank before the delta con-
nection is closed, the voltmeter should indicate 0 volt. If one phase winding has been
reversed, however, the voltmeter will indicate double the amount of voltage. For example,
assume the output voltage of a delta secondary is 240 volts. If the voltage is checked

L1

Lo

L3

Hz

H1

H2

H1

H2

H1

Voltmeter should indicate zero

Figure 24-9 Testing for proper transformer polarity before closing the delta.
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before the delta is closed, the voltmeter should indicate a voltage of 0 volt if all windings have
been phased properly. If one winding has been reversed, however, the voltmeter will indi-
cate a voltage of 480 volts (240 + 240). This test will confirm whether a phase winding has
been reversed, but it will not indicate if the reversed winding is located in the primary or
secondary. If either primary or secondary windings have been reversed, the voltmeter will
indicate double the output voltage.

It should be noted, however, that a voltmeter is a high impedance device. It is not unusu-
al for a voltmeter to indicate some amount of voltage before the delta is closed, especially
if the primary has been connected as a wye and the secondary as a delta. When this is the
case, however, the voltmeter will generally indicate close to the normal output voltage if the
connection is correct and double the output voltage if the connection is incorrect. Regardless
of whether the primary is connected as a delta or wye, the voltmeter will indicate twice the
normal output voltage of the secondary if the connection is incorrect.

Three-Phase Transformer Calculations

When computing the values of voltage and current for three-phase transformers, the formulas
used for making transformer calculations and three-phase calculations must be followed.
Another very important rule that must be understood is that only phase values of voltage
and current can be used when computing transformer values. When three-phase trans-
formers are connected as a wye or delta, the primary and secondary windings themselves
become the phases of a three-phase connection. This is true whether a three-phase trans-
former is used or whether three single-phase transformers are employed to form a three-
phase bank. Refer to transformer A in Figure 24-5. All transformation of voltage and
current takes place between the primary and secondary windings. Since these windings form
the phase values of the three-phase connection, only phase, not line, values can be used when
calculating transformed voltages and currents.

Helpful Hint

Only phase values of voltage and current can be used when computing transformer
values.

Example #1: A three-phase transformer connection is shown in Figure 24-10. Three single-
phase transformers have been connected to form a wye-delta bank. The primary is connected
to a three-phase line of 13,800 volts, and the secondary voltage is 480. A three-phase
resistive load with an impedance of 2.77 Q per phase is connected to the secondary of the
transformer. The following values will be computed for this circuit.

EpPRriMARY) = Phase voltage of the primary
EpsEcoNDARY) = Phase voltage of the secondary
Ratio = Turns-ratio of the transformer

Epw.oap) = Phase voltage of the load bank
Ip,0ap) = Phase current of the load bank
I1,SECONDARY) = Secondary line current
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Z=277Q

Er Er Er

lp lp lp

E. E.

IL IL

Figure 24-10 Example #1: Three-phase transformer calculations.

IpsEcONDARY) = Phase current of the secondary

IpprIMARY) = Phase current of the primary

I1,(PRIMARY) = Line current of the primary
The primary windings of the three single-phase transformers have been connected to
form a wye connection. In a wye connection, the phase voltage is less than the line voltage

by a factor of 1.732 ( \/g) Therefore, the phase value of voltage can be computed using the
formula:

B,
EP(PRIMARY) = 1732

E 13,800
P(PRIMARY) = 735

The secondary windings are connected as a delta. In a delta connection, the phase voltage
and line voltage are the same.

EP(SECONDARY) = EL(SECONDARY)

480 volts

Ep(sECONDARY)

The turns-ratio can be computed by comparing the phase voltage of the primary to the phase
voltage of the secondary.

Primary phase voltage

Ratio =
aro Secondary phase voltage
. 7,967.67
Rat =7 7
0= TR0
Ratio = 16.6:1
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The load bank is connected in a wye connection. The voltage across the phase of the load
bank will be less than the line voltage by a factor of 1.732.

E EL(LOAD)
P(LOAD) — 1.732

480
EP(LOAD) = 1732

EP(LOAD) = 277 volts

Now that the voltage across each of the load resistors is known, the current flow through
the phase of the load can be computed using Ohm’s law.

7 _ Epwoap)
P(LOAD) =~ p

P 277
P(LOAD) = 577

IP(LOAD) = 100 amperes

Since the load is connected as a wye connection, the line current will be the same as the
phase current. Therefore, the line current supplied by the secondary of the transformer is
equal to the phase current of the load.

I sEcoNDARY) = 100 amperes

The secondary of the transformer bank is connected as a delta. The phase current of the delta
is less than the line current by a factor of 1.732.

T IL(SECONDARY)
P(SECONDARY) — 1.732

/ 100
P(SECONDARY) = 7733

IpsrcoNDARY) = 57.74 amps
The amount of current flow through the primary can be computed using the turns-ratio.
Since the primary has a higher voltage, it will have a lower current. (Volts X Amps input

must equal Volts X Amps output.)

I _ Ipsrconpary)
P(PRIMARY) = Ratio

7 5774
P(PRIMARY) = J¢ g
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Ratio: 16.6:1
Z2=277Q
Ep 7,967.67 V Ep 480V Er 277V
IP 3.48 A Ip 57.74 A Ip 100 A
EL 13,800V EL 480V EL 480V
IL 348 A I 100 A IL 100 A

Figure 24-11 Example #1 with all missing values.

Recall that all transformed values of voltage and current take place across the phases; the
primary has a phase current of 3.48 amps.

In a wye connection, the phase current is the same as the line current.
It priMARY) = 348 amps

The transformer connection with all computed values is shown in Figure 24-11.

Example #2: In the next example, a three-phase transformer is connected in a delta-delta
configuration (Figure 24-12). The load is connected as a wye and each phase has an imped-
ance of 7 Q. The primary is connected to a line voltage of 4,160 volts and the secondary line
voltage is 440 volts. The following values will be found.

EpprimaRry) = Phase voltage of the primary

EpsEconDpaRy) = Phase voltage of the secondary

Ratio = Turns-ratio of the transformer

Eproap) = Phase voltage of the load bank

Ip,0ap) = Phase current of the load bank

I1,(SECONDARY) = Secondary line current

IpsECcONDARY) = Phase current of the secondary

IpPRIMARY) = Phase current of the primary

IL(PRIM ARY) = Line current of the primary

Figure 24-12 Example #2: Three-phase transformer calculations.
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The primary is connected as a delta. The phase voltage will be the same as the applied line
voltage.

EP(PRIMARY) = EL(PRIMARY)

The secondary of the transformer is connected as a delta, also. Therefore, the phase voltage
of the secondary will be the same as the line voltage of the secondary.

EpsEconDaRy) = 440 volts

All transformer values must be computed using phase values of voltage and current. The
turns-ratio can be found by dividing the phase voltage of the primary by the phase voltage
of the secondary.

Primary phase voltage

Ratio =
atto Secondary phase voltage
) 4,160
Ratio = 420
Ratio = 9.45:1

The load is connected directly to the output of the secondary. The line voltage applied to the
load must, therefore, be the same as the line voltage of the secondary.

EL(LOAD) = 440 volts

The load is connected in a wye. The voltage applied across each phase will be less than the
line voltage by a factor of 1.732.

£ Er,1,0aD)
P(LOAD) = ~ 1737

. 440
P(LOAD) — 1.732

The phase current of the load can be computed using Ohm’s law.

I Ep1,0aD)
P(LOAD) = —— 7

I 254
P(LOAD) — '—7_

Ip1,0ap) = 36.29 amps

The amount of line current supplying a wye connected load will be the same as the phase
current of the load.

It .oapy = 36.39 amps
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Since the secondary of the transformer is supplying current to only one load, the line cur-
rent of the secondary will be the same as the line current of the load.

I1, sEconpARy) = 36.29 amps

The phase current in a delta connection is less than the line current by a factor of 1.732.

I It (sECONDARY)
P(SECONDARY) = 1732

I _36.29
P(SECONDARY) = 773

IpsrconpaRy) = 20.95 amps

The phase current of the transformer primary can now be computed using the phase cur-
rent of the secondary and the turns-ratio.

I IpsECONDARY)
P(PRIMARY) = Ralio

; _20.95
P(PRIMARY) = G5

IppriMARY) = 2:27 amps

In this example the primary of the transformer is connected as a delta. The line current sup-
plying the transformer will be higher than the phase current by a factor of 1.732.

I privARY) = Tp(PRIMARY) X 1732

It priMARY) = 3.93 amps

The circuit with all computed values is shown in Figure 24-13.

Open Delta Connections

The open delta transformer connection can be made with only two transformers instead of
three (Figure 24-14). This connection is often used when the amount of three-phase power
needed 1is not excessive, such as in a small business. It should be noted that the output power

Ratio 9.45:1
Z=7
Er 440V Ep 254V
IP 20.95A IP 36.29 A
EL 440V EL 440V
L 36.29A IL 36.29A

Figure 24-13 Example #2 with all missing values.
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L1

Lo

L3

Figure 24-14 Open delta connection.

of an open delta connection is only 86.6% of the rated power of the two transformers. For
example, assume two transformers, each having a capacity of 25 kVA (kilovolt-amperes), are
connected in an open delta connection. The total output power of this connection is 43.3 kVA
(50 kVA X 0.866 = 43.3 kVA).

Another figure given for this calculation is 57.7%. This percentage assumes a closed delta
bank containing three transformers. If three 25 kVA transformers were connected to form
a closed delta connection, the total output power would be 75 kVA (3 X 25 kVA = 75 kVA).
If one of these transformers were to be removed, and the transformer bank operated as
an open delta connection, the output power would be reduced to 57.7% of its original
capacity of 75 kVA. The output capacity of the open delta bank is 43.3 kVA (75 kVA X
0.577 = 43.3 kVA).

The voltage and current values of an open delta connection are computed in the same man-
ner as a standard delta-delta connection when three transformers are employed. The volt-
age and current rules for a delta connection must be used when determining line and
phase values of voltage and current.

LABORATORY EXERCISE
Name Date

Materials Required
3 480-240/120-volt, 0.5-kVA control transformers
AC voltmeter

2 AC ammeter, in-line or clamp-on. (If the clamp-on type is used, it is recommended to use
a 10:1 scale divider.)

6 100-watt lamps
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Figure 24-15 A delta-wye transformer connection.

In this experiment three single-phase control transformers will be connected to form different
three-phase transformer banks. Values of voltage, current, and turns-ratios will be computed
and then measured. The three transformers will be operated with their high-voltage wind-
ings connected in parallel for low-voltage operation. The high-voltage windings are used as
the primary for each connection.

The Delta-Wye Connection (PART 1)

A delta-wye connected three-phase transformer bank has its primary windings connected
in a delta configuration and its secondary windings connected in a wye configuration
(Figure 24-15). Notice that the three primary windings have been labeled A, B, and C. The
H; terminal of transformer A is connected to the H, terminal of transformer C. The H, ter-
minal of transformer A is connected to the H; terminal of transformer B, and the H, terminal
of transformer B is connected to the H; terminal of transformer C. The secondary windings
form a wye by connecting all the Xy terminals together.

1. Connect the circuit shown in Figure 24-16. Notice that the three transformers have been
labeled A, B, and C. The H; terminal of transformer A is connected to the H, terminal
of transformer C, the H, terminal of transformer A is connected to the H; terminal of
transformer B, and the H, terminal of transformer B is connected to the H; terminal of
transformer C. This is the same connection shown in the schematic drawing of Figure 24-15.
Also notice that the Xy terminal of each transformer is connected together to form a wye
connected secondary.

2. Turn on the power supply and measure the phase voltage of the secondary. Since the
secondary windings of the three transformers form the phases of the wye, the phase voltage
can be measured across the X;-X, terminals of any transformer.

E(PHASE SECONDARY) — Volts
3. Calculate the line-to-line, (line) voltage of the secondary.

Ey N = Epgasg X J3

EINE SECONDARY) — volts
4. Measure the line voltage of the secondary by connecting an AC voltmeter across any
two of the X; terminals.

E(LINE SECONDARY) — volts
5. Measure the excitation current flowing in the primary winding. The excitation current will
remain constant as long as the primary windings remain connected in a delta configuration.
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L1 L2 L3

Figure 24-16 Connecting three single-phase transformers to form a wye-delta three-phase bank.

Since this measurement indicates the line value of current for this delta connection, it
will later be added to the line value of computed current.

I(EXC) - amp(s)

6. Turn off the power supply.

. Connect three 100 watt lamps to the secondary of the transformer bank. These lamps

will be connected in wye to form a three-phase load for the transformer. If available,
connect a second AC ammeter meter in series with one of the secondary leads, as shown
in Figure 24-17.

. Turn on the power supply and measure the secondary current.

L(LINE SECONDARY) — amp(s)

. The measured value is the line current value. Since the secondary is connected in a wye

configuration, the phase current value will be the same as the line current value. When
calculating the primary current using secondary current and the turns-ratio, the
phase current value must be used. Calculate the phase current of the primary using
the turns-ratio. Since the phase voltage value of the primary is greater than the
phase voltage value of the secondary, the phase current of the primary will be less than
the phase current of the secondary. To determine the primary phase current value,
divide the phase current of the secondary by the turns-ratio.

I sEcoNDARY)
Turns-ratio

I (PRIMARY) —

L(PHASE PRIMARY) — amp(s)

Helpful Hint

When calculating the primary current using secondary current and the turns-ratio, the
phase current value must be used.
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Figure 24-17 Adding load to the connection.

10.

11.

12.
13.

14.

15.

Calculate the line current of the primary. Since the primary is connected as a delta, the
line current will be greater than the phase current by a factor of 1.732. Be sure to add
the line value of the excitation current in this calculation.

Ioing priMARY) = (pHASE PRIMARY) X 1.732) + 1 (gx()

LLINE PRIMARY) — amp(s)
Measure the line current of the primary and compare this value with the calculated
value.

L INE PRIMARY) — amp(s)
Turn off the power supply.

Add an additional 100 watt lamp in parallel with each of the three existing loads, as
shown in Figure 24-18.

Turn on the power supply and measure the line voltage of the secondary.

E(LINE SECONDARY) — volts
Measure the line current of the secondary.

LLINE SECONDARY) — amp(s)
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208 VAC
ON

Figure 24-18 Adding load to the transformers.

16. Calculate the phase current value of the primary using the phase current value of the
secondary and the turns-ratio.

L(PHASE PRIMARY) — amp(s)
17. Calculate the line current value of the primary.
LLINE PRIMARY) — amp(s)
18. Measure the line current of the primary and compare this value with the computed
value.
LLINE PRIMARY) — amp(s)

19. Turn off the power supply.

Delta-Delta Connection
The three transformers will now be reconnected to form a delta-delta connection. The
schematic diagram for a delta-delta connection is shown in Figure 24-19.

20. Reconnect the transformers as shown in Figure 24-20. In this connection, the primary
windings remain connected in a delta configuration, but the secondary windings have
been reconnected from a wye to a delta.
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Ha Hi1 X2 X1

H+ Ha X X2
Ha B H1 X2 B Xi
Figure 24-19 Delta-wye transformer connection.

21. Turn on the power supply and measure the phase voltage of the secondary. The phase
voltage can be measured across any set of X;-Xy terminals.

E(PHASE SECONDARY) — Volts

22. Since the secondary is connected as a delta, the line voltage value should be the same
as the phase voltage value. Measure the line-to-line voltage of the secondary. The line
voltage can be measured between any two X; terminals.

E(LINE SECONDARY) — Volts

208 VAC
ON

Figure 24-20 Transformers with delta connected primary, delta connected secondary, and wye
connected load.
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23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Measure the line current value of the secondary.

L(LINE SECONDARY) — amp(s)
Calculate the phase current value of the secondary.

I _ ILINE
PHASE — 1.732

L(PHASE SECONDARY) — amp(s)

Using the phase current of the secondary and the turns-ratio, calculate the phase cur-
rent of the primary.

L(PHASE PRIMARY) — amp(s)
Compute the line current of the primary.

LLINE PRIMARY) — amp(s)

Measure the line current of the primary and compare this value with the computed
value.

LLINE PRIMARY) — amp(s)
Turn off the power supply.

Reconnect the lamps to form a delta connected load instead of a wye connected load.
Each phase should have two 100 watt lamps connected in parallel as shown in
Figure 24-21.

Turn on the power supply and measure the line voltage of the secondary.

E(LINE SECONDARY) — volts
Measure the line current of the secondary.

L INE SECONDARY) — amp(s)
Calculate the value of secondary phase current.

L(PHASE SECONDARY) — amp(s)
Calculate the phase current value of the primary using the secondary phase current
and the turns-ratio.

L(PHASE PRIMARY) — amp(s)
Calculate the line current value of the primary.

LLINE PRIMARY) — amp(s)
Measure the primary line current and compare this value with the computed value.

LLINE PRIMARY) — amp(s)
Turn off the power supply.

Wye-Delta Connection (PART 2)

In the next part of the experiment, the three transformers will be reconnected to form a wye-
delta transformer bank. The schematic drawing of the connection is shown in Figure 24-22.
Notice that all the H, terminals have been joined together to form the wye connection.
Power will be applied to the H; terminals. The secondary winding will remain in a delta
connection.
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000

Figure 24-21 Changing the load from a wye connection to a delta connection.

X1

Figure 24-22 A wye-delta transformer connection.
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37.

38.

39.

40.

41.

42.
43.

Reconnect the transformers as shown in Figure 24-23. For the first part of this exper-
1iment, be sure that no load is connected to the secondary.

Turn on the power supply and measure the phase voltage of the primary.

E(PHASE PRIMARY) ——— volts
Measure the phase voltage of the secondary.

E(PHASE SECONDARY) —— volts
Compute the turns-ratio of this transformer connection.

Higher voltage

Turns-ratio =
Lower voltage

Ratio

Measure the excitation current of this connection. As long as the primary remains con-
nected in a wye configuration, this excitation current will remain constant.

IEXC)— amp(s)
Turn off the power supply.

Reconnect the delta connected lamp bank to the secondary of the transformer as
shown in Figure 24-24.

208 VAC
ON

OFF

000

L1 I—2 L3

Figure 24-23 Transformer bank with a wye connected primary and delta connected secondary.
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.

OFF

000

100 W

100 W

Figure 24-24 Adding load to the transformer connection.

44.

45.

46.

47.

48.

Turn on the power supply and measure the line voltage of the secondary.

E(LINE SECONDARY) — volts
Measure the line current of the secondary.

L INE SECONDARY) — amp(s)
Calculate the phase current of the secondary.

I _ ILINE
PHASE — 1.732

lPHASE SECONDARY) — amp(s)

Using the turns-ratio and the secondary phase current, compute the phase current of
the primary.

L (PHASE PRIMARY) — amp(s)

In a wye connection, the line current and the phase current are the same. To determine
the line current for a transformer connection, however, the excitation current must be
added to the line current value. Compute the value of primary line current.

L INE PRIMARY) — amp(s)
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Figure 24-25 A wye-wye three-phase transformer connection.

49.

50.

Measure the primary line current and compare this value with the computed value.

LLINE PRIMARY) — amp(s)
Turn off the power supply.

Wye-Wye Connection

The next section of this experiment deals with transformers connected in a wye-wye con-
nection. The schematic diagram for this connection is shown in Figure 24-25. Notice that
both the primary and secondary windings are connected to form a wye connection.

51.
52.

53.

54.

55.

56.

57.

58.

59.

Connect the circuit shown in Figure 24-26.

Turn on the power supply and measure the phase voltage of the secondary.

E(PHASE SECONDARY) — Volts
Calculate the line voltage value of the secondary.

Eying = Epgagy X 1.732

E(LINE SECONDARY) — Volts
Measure the line voltage of the secondary and compare this value with the computed value.

E(LINE SECONDARY) — volts
Measure the line current of the secondary.

LLINE SECONDARY) — amp(s)

Since the secondary is now connected in a wye configuration, the phase current will be
the same as the line current. Compute the value of the primary phase current using
the secondary phase current and the turns-ratio.

L(PHASE PRIMARY) — amp(s)

Since the primary is connected in a wye configuration also, the line current will be the
same as the phase current plus the excitation current. Compute the total line current
value for the primary.

LLINE PRIMARY) — amp(s)
Measure the line current value and compare it with the computed value.

LLINE PRIMARY) — amp(s)
Turn off the power supply.
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208 VAC
ON

Figure 24-26 Transformers with a wye connected primary, wye connected secondary, and
delta connected load.

Open Delta Connection

The last connection to be made is the open delta. The open delta connection requires
the use of only two transformers to supply three-phase power to a load. The schemat-
ic diagram for an open delta connection is shown in Figure 24-27. It should be noted
that the open delta connection can provide only about 87% of the combined kVA
capacity of the two transformers.

Ha X2

H1 X1

Ha B H1 X2 B X1

Figure 24-27 Open delta connection.
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208 VAC
ON

OFF

000

L1 L2 L3

Ha H» Hqg

Xz X1 X2 X1

Figure 24-28 Two transformers connected in an open delta.

60.
61.

62.

63.

64.

65.
66.

67.

68.

69.

Connect the circuit shown in Figure 24-28.
Turn on the power supply and measure the phase voltage of the primary.

E(PHASE PRIMARY) — volts
Measure the phase voltage of the secondary.

E(PHASE SECONDARY) — Volts
Calculate the turns-ratio of this transformer connection.
Ratio

Measure the line-to-line voltage between all three of the secondary line terminals. Is
there any variation in the voltages?

Turn off the power supply.

Connect three 100 watt lamps to form a delta connection. Connect these lamps to the
line terminals of the secondary, as shown in Figure 24-29.

Turn on the power supply and measure the line voltage between each of the three lines.
Are the voltage values the same?

Measure the line current of the secondary.

LLINE SECONDARY) — amp(s)
The phase current value for an open delta is calculated in the same way as a closed
delta. Calculate the phase current value for the secondary.
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208 VAC
ON

Figure 24-29 Connecting a three-phase load to the transformer bank.

70.

71.

72.

73.
74.

I _ ILINE
PHASE — 1.732

L PHASE SECONDARY) — amp(s)
Using the secondary phase current and the turns-ratio, calculate the phase current
value for the primary.

l(PHASE PRIMARY) — amp(s)
Calculate the line current value.

I ing = (Upgase X 1.732) + Ipx ¢

LLINE PRIMARY) — amp(s)
Measure the line current of the primary and compare this value with the computed
value.

L INE PRIMARY) — amp(s)
Turn off the power supply.

Disconnect the circuit and return the components to their proper place.
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Review Questions

1.

10.

How many transformers are needed to make an open delta connection?

. Two transformers rated at 100 kVA each are connected in an open delta connection.

What is the total output power that can be supplied by this bank?

. When computing values of voltage and current for a three-phase transformer, should

the line values of voltage and current be used or the phase values?

Refer to Figure 21-30 to answer the following questions:

. Assume a line voltage of 2,400 volts is connected to the primary of the three-phase trans-

former and the line voltage of the secondary is 240 volts. What is the turns-ratio of the
transformer?

. Assume the load has an impedance of 3.5 Q per phase. What is the line current provided

by the transformer secondary?

. How much current is flowing through the secondary winding?

How much current is flowing through the primary winding?

Refer to Figure 21-31 to answer the following questions:

. Assume a line voltage of 12,470 volts is connected to the primary of the transformer and

the line voltage of the secondary is 480 volts. What is the turns-ratio of the transformer?

. Assume the load has an impedance of 6 Q per phase. What is the secondary line cur-

rent?

How much current is flowing in the secondary winding?

Z2=277Q

EL

IL

\AANA
EL EL

IL IL

Figure 24-30 Example #1: Three-phase transformer calculation.
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Ep

Ep

EL

I

EL

I

Figure 24-31 Example #2: Three-phase transformer calculation.

11. How much current is flowing in the primary winding?

12. What is the line current of the primary?
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Unit 25 Three-Phase Motors

Objectives

After studying this unit, you should be able to:

* Determine if a 9 lead dual voltage three-phase motor is connected wye or delta.
+ Test continuity of motor windings.
+ Test motor windings for poor insulation.

+ Connect a dual voltage 9 lead three-phase motor.

Many three-phase squirrel cage motors are designed in such a manner that they can be con-
nected to 240 or 480 volts. The majority of these motors have 9 “T” leads at the terminal
connection box. The manner in which these T leads are connected determines if the motor
will operate on 240 or 480 volts.

Wye and Delta Connections

There are two basic ways of connecting the stator windings for three-phase dual voltage
motors: wye and delta. The standard numbering for stator windings of both wye and
delta connected motors is shown in Figure 25-1. Stator windings are numbered by start-
ing at an outer point with #1 and proceeding around in an ever-decreasing spiral. Notice
that the opposite end of the winding that begins with #1 is #4. The opposite end of the wind-
ing that begins with #2 is #5. These numbers have been standardized and are used by most
manufacturers.

High- and Low-Voltage Connections

When a motor is to be connected for high-voltage operation (generally 480 to 575 volts), the
windings are connected in series, as shown in Figure 25-2. In a series circuit the sum of the

SIS
& ds

Standard numbering for a Standard numbering for a
wye connected motor delta connected motor

Figure 25-1 Standard numbering for three-phase motors.
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L1

Lo

—» OO
—» &

L3 Lo L1
Lo L3 L4
High-voltage delta connection High-voltage wye connection

Figure 25-2 High-voltage connections.

voltage drops across the components must equal the applied voltage. If 480 volts were to be
connected across the delta connected motor, each of the windings of that phase would
have voltage drop of 240 volts.

When a motor is to be connected to operate on low voltage (generally 240 to 208 volts), the
stator windings are connected in parallel, as shown in Figure 25-3. Components connected
in parallel have the same voltage applied to them. Therefore, if 208 volts is connected to the
motor, all stator windings would have an applied voltage of 208 volts.

Determining If the Windings Are Connected Wye or Delta

An ohmmeter can be used to determine if a 9 lead motor is connected in wye or delta. In a
wye connected motor, the opposite ends of leads 7, 8, and 9 are connected together, as shown
in Figure 25-1. If an ohmmeter indicates continuity between these three leads, the motor
1s wye connected. In a delta connected motor, the ohmmeter should indicate continuity
between 1, 4, and 9; 2, 5, and 7; and 3, 6, and 8.

Testing Stator Windings

To test the condition of the insulation of stator windings, it is necessary to use an ohmmeter
that can supply a high voltage and measure high resistance. This device is a megohmmeter
or megger, shown in Figure 25-4. The megger measures the resistance of the insulation.
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®_

Lo L3 L4

L Lo L1
Low-voltage delta connection Low-voltage wye connection

Figure 25-3 Low-voltage connections.

Figure 25-4 Hand-crank megger. (Courtesy of Biddle Instruments)
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To test the motor, connect one megger lead to the case of the motor and the other to one of
the motor line leads (it is assumed that the motor is connected for high or low voltage). The
meter should indicate several million ohms of resistance. A low resistance reading indicates
a motor that may fail in the near future. Low readings can also be caused by moisture in
the stator winding. If a motor is left standing in a high humidity climate for long periods
without being operated, moisture can form in the stator. If this is the case, it may be necessary
to place the motor in a warm, dry environment until the moisture evaporates.

LABORATORY EXERCISE
Name Date

Materials Required

1 9 lead dual voltage three-phase motor
1 208-volt three-phase power supply

1 ohmmeter

1 megohmmeter

1. Using the 9 lead three-phase motor provided, separate all nine leads.

2. Use an ohmmeter to test for continuity between T7, T8, and T9. Does the meter indi-
cate continuity between these leads?

Yes/no

3. If the answer to step 2 is yes, proceed to step 4. If the answer is no, skip step 4.

4. Use the ohmmeter to test for continuity between the following T leads. Write yes
beside the leads that indicate continuity and no beside the ones that do not.

T1-T2 T1-T3 T1-T4 T1-T5
T1-T6 T1-T7 T1-T8 T1-T9
T2-T3 T2-T4 T2-T5 T2-T6
T2-T7 T2-T8 T2-T9 T3-T4
T3-T5 T3-T6 T3-T7 T3-T8
T3-T9 T4-T5 T4-T6 T4-T7
T4-T8 T4-T9 T5-T6 T5-T7
T5-T8 T5-T9 T6-T7 T6-T8
T6-T9 T7-T8 T7-T9 T8-T9

5. Compare the continuity readings with the schematic drawing of a 9 lead wye connected
motor shown in Figure 25-1. Do the readings confirm the connection diagram?

Yes/no
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6. Use a megohmmeter to test the insulation of the stator windings. Set the megger out-
put voltage for a value close to the rated voltage of the motor. Connect one lead of the
megger to the case of the motor. Measure the resistance between the motor case and
each of the following:

T1-case Q T2-case Q
T3-case Q T7-case Q

7. Connect the motor for low-voltage operation. Refer to the connection diagram on the
motor nameplate or the diagram shown in Figure 25-3 for a low-voltage wye connec-
tion.

8. Connect the motor to a 208 volt, three-phase power source.

9. Turn on the power and notice the direction of rotation. Viewing the motor from the rear,
does the motor turn in a clockwise or counterclockwise direction?

10. Turn off the power supply.
11. Reverse two of the line leads connected to the motor.

12. Turn on the power and notice the direction of rotation. Did the motor reverse its
direction of rotation?

Yes/no

13. Turn off the power supply and disconnect the motor. Return the components to their
proper place.

Review Questions

1. What are the two ways that the stator windings of three-phase motors can be connected?

2. An ohmmeter reveals that a 9 lead dual voltage motor has continuity between T7, T8,
and T9. Is the motor wye or delta connected?

3. An ohmmeter reveals that there is continuity between T1 and T4. Does this indicate
a wye connected motor?

4. An ohmmeter reveals continuity between T5 and T7. Does this indicate a delta con-
nected motor?

5. A 9 lead dual voltage motor is to be connected for high-voltage operation. An ohmme-
ter test indicates that the stator windings are delta connected. To which T lead(s) should
T5 be connected?

6. A9 lead dual voltage motor is to be connected for low-voltage operation. An ohmmeter
test indicates that the motor is delta connected. To which T lead(s) should T6 be con-
nected?
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7. A9 lead dual voltage motor is to be connected for low-voltage operation. An ohmmeter
test reveals that the motor is delta connected. To which T lead(s) should T2 be con-
nected?

8. A9 lead dual voltage motor is to be connected for low-voltage operation. An ohmmeter
test reveals that the motor is wye connected. To which T lead(s) should T4 be connected?

9. What piece of test equipment should be used to test the insulation of the stator
winding?

10. How is the direction of rotation of a three-phase motor reversed?
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Motor Controls

Unit 26 Start-Stop Push-Button Control

Objectives

After studying this unit, you should be able to:

* Place wire numbers on a schematic diagram.

* Place corresponding numbers on control components.

* Draw a wiring diagram from a schematic diagram.

* Define the difference between a schematic or ladder diagram and a wiring diagram.

+ Connect a start-stop push-button control circuit.
In this experiment a schematic diagram of a start-stop push-button control will be converted
to a wiring diagram and then connected in the laboratory. A schematic diagram shows com-
ponents in their electrical sequence without regard for the physical location of any component

(Figure 26-1). A wiring diagram is a pictorial representation of components with connect-
ing wires. The pictorial representation of the components is shown in Figure 26-2.

Helpful Hint

A schematic diagram shows components in their electrical sequence without regard for
the physical location of any component (Figure 26-1). A wiring diagram is a pictorial
representation of components with connecting wires.

To simplify the task of converting the schematic diagram into a wiring diagram, wire
numbers will be added to the schematic diagram. These numbers will then be transferred
to the control components shown in Figure 26-2. The rules for numbering a schematic dia-
gram are as follows:

1. A set of numbers can be used only once.
2. Each time you go through a component the number set must change.
3. All components that are connected together will have the same number.

325
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L|1 L|2 L3
QMN Control

' Lo Ls transformer f N N _LT
M oL I S S
M fo / ‘ Lol o ‘
{ | o0 MOTOR alo | T T |

i o \ o o
1T ,x’ ‘ @) ‘
| |

Control

tr%r;;%mer OJ_O E§ é % ‘
—|

[¢]
(@]
’7

Start

1
alo o o

1 @
1T
M

Figure 26-1 Schematic diagram of a basic Figure 26-2 Components of the basic start-
start-stop push-button control circuit. stop control circuit.

Stop

To begin the numbering procedure, begin at Line 1 (I.;) with the number 1 and place a num-
ber 1 beside each component that is connected to Li; (Figure 26-3). The number 2 is placed
beside each component connected to Ly (Figure 26-4), and a 3 is placed beside each com-
ponent connected to Lig (Figure 26-5). The number 4 will be placed on the other side of the
M load contact that already has a number 1 on one side and on one side of the overload
heater (Figure 26-6). Number 5 is placed on the other side of the M load contact, which has
one side numbered with a 2, and a 5 will be placed beside the second overload heater. The
other side of the M load contact, which has been numbered with a 3, will be numbered with
a 6, and one side of the third overload heater will be labeled with a 6. Numbers 7, 8, and 9
are placed between the other side of the overload heaters and the motor T leads.

1 M oL I'v: oL
M oL / 2y
{ | 9, MOTOR W ’8% MOTOR
1 X \ i oy \
1 ' 1 11
%MN Control %M/‘V Control
transformer "WY] transformer
Stop Start . Start
(o]
— D ) — D)
ol o o o \U i alo o © Q/ v din
f f
M M

Figure 26-3 The number 1 is placed beside
each component connected to L;.

Figure 26-4 A number 2 is placed beside
each component connected to L.
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M oL \
1 1t 29
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Stop Start
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Figure 26-5 A number 3 is placed beside

I
I
M

each component connected to Lg.

I
1 r
%.AJ,A/ :
Control

transformer

Stop
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Start
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M

AT

==
N\

Figure 26-6 The number changes each time

you pI‘OCEEd across a component.

The number 10 will begin at one side of the control transformer secondary and go to one side
of the normally closed stop push button. The number 11 is placed on the other side of the
stop button and on one side of the normally open start push button and normally open M
auxiliary contact. A number 12 is placed on the other side of the start button and M aux-
iliary contact and on one side of M coil. Number 13 is placed on the other side of the coil to
one side of the normally closed overload contact. Number 14 is placed on the other side of
the normally closed overload contact and on the other side of the control transformer sec-
ondary winding. See Figure 26-7.

Numbering the Components

Now that the components on the schematic have been numbered, the next step is to place
the same numbers on the corresponding components of the wiring diagram. The schematic
diagram in Figure 26-7 shows that the number 1 has been placed beside L, the fuse on the
control transformer, and one side of a load contact on M starter (Figure 26-8). The number 2
is placed beside Ly and the second load contact on M starter (Figure 26-9). The number 3
is placed beside Lg, the third load contact on M starter, and the other side of the primary

L1 L2 Lz

1 2 |3 9 9

o

N
—=Z=Z-Z

8 / MOTOR
7 7

3

Control
transformer

i

10 14

Stop
10, | 11 11 12

12@13 13:?1514

11,12
Ll

M
Figure 26-7 Numbers are placed beside all components.
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L4 L2 3
1 .
1Q.u.v
—_— Ec:r%r:;%rmer . TJ_* *_L* *_Lj
R 2 2
alo } T T ¥
o o |
RO;
|
L ERE

Figure 26-8 A 1 is placed beside L, the con-

trol transformer fuse, and M load contact.

Lq Lo L3
o2 |
1
va Control
transformer f 1. 2_|_ _I_T
k2 K2
4
olo T P
(o] (e}

Figure 26-9 The number 2 is placed beside Ly
and the second load contact on M starter.

winding on the control transformer. Numbers 4, 5, 6, 7, 8, and 9 are placed beside the com-
ponents that correspond to those on the schematic diagram (Figure 26-10). Note on con-
nection points 4, 5, and 6 from the output of the load contacts to the overload heaters, that
these connections are factory made on a motor starter and do not have to be made in the
field. These connections are not shown in the diagram for the sake of simplicity. If a sep-
arate contactor and overload relay are being used, however, these connections will have to

q)\M.S/
Control

transformer

Ly

Figure 26-10 Placing numbers 3, 4, 5, 6, 7, 8, and 9 beside the proper components.
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be made. Recall that a contactor is a relay that contains load contacts and may or may not
contain auxiliary contacts. A motor starter is a contactor and overload relay combined.

The number 10 starts at the secondary winding of the control transformer and goes to one
side of the normally closed stop push button. When making this connection, care must be
taken to make certain that connection is made to the normally closed side of the push but-
ton. Since this is a double-acting push button, it contains both normally closed and normally
open contacts (Figure 26-11).

The number 11 starts at the other side of the normally closed stop button and goes to one
side of the normally open start push button and to one side of a normally open M auxiliary
contact (Figure 26-12). The starter in this example shows three auxiliary contacts: two
normally open and one normally closed. It makes no difference which normally open con-
tact is used.

This same procedure is followed until all circuit components have been numbered with the
number that corresponds to the same component on the schematic diagram (Figure 26-13).

Connecting the Wires

Now that numbers have been placed beside the components, wiring the circuit becomes a
matter of connecting numbers. Connect all components labeled with a number 1 together
(Figure 26-14). All components numbered with a 2 are connected together (Figure 26-15).
All components numbered with a 3 are connected together (Figure 26-16). This procedure
is followed until all the numbered components are connected together, with the exception
of 4, 5, and 6, which are assumed to be factory connected (Figure 26-17).

L4 Lo Lz L L, Ls
1| 2| 3| w‘ 2‘ 3‘
1 1
QMJ\:: @J\./\Jf/
control Control
10 7YYy M transformer ’7 175 23 3_|_—‘ 0 I~ transformer ﬁ TLi 27#7 ?L—}
} 4_‘; 5_‘; 6_‘;‘ ‘ 4V 5? 6?‘
11 |
o Lo Lot ol 0Ty
o o } } o o \ T \
IO ! RO
10 | + Y5 vYdl 11 \ \
o (N B
T L8 19 °© ° — Lz 18 g

Figure 26-11 \Wire number 10 connects from Figure 26-12 Number 11 connects to the
the transformer secondary to the stop button.  stop button, start button, and holding contact.
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L4 Lo L3
1 2| 3|
1
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: 4_‘; 5_‘; 6_‘;:
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— | TR T X
o 6]
12 1 I |
| 12 13|
10 11 14l 4 Y5 Yql
= S, 3 3

Figure 26-13 All components have been
numbered.

1
3
Control

transformer
10 7YY Y14

Figure 26-15 Connecting all components num-
bered with a 2 together.

L1 Ly L3
1 2| 3|
1
3
Control
10 :Tnsformer |_1J_ 2. 3_|__|
: 4_‘; 5_‘; 6_‘;:
11
L 4
o o
12 11 | |
I 12 13|
10 11 14:Eé4 g}s ée:
] ¢} 13|_ 7 8 g_l

Figure 26-14 Connecting all components num-
bered with a 1 together.

! QAA/E]
Control

transformer

Y Y YN 14
0 | 'L 2‘ 3] 1
| 4T 5T GT
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alo T T ;#f
o o |
12 " |

Figure 26-16 Connecting all components num-
bered with a 3 together.
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L1 ) L3

3
Control
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Figure 26-17 Completing the wiring diagram.

LABORATORY EXERCISE
Name Date

Materials Required

Three-phase power supply

Three-phase squirrel cage induction motor or simulated load
2 double-acting push buttons (N.O./N.C. on same button)

Three-phase motor starter or contactor with overload relay containing three load contacts
and at least one normally open auxiliary contact

Control transformer

Connecting a Start-Stop Push-Button Control Circuit

To connect the control circuit, follow the same procedure that was used to develop the wiring
diagram. Use the schematic diagram shown in Figure 26-7. It is sometimes helpful to use
a highlighter to mark the diagram as connections are made.
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. Connect all components that are labeled with a number 1. Make certain to connect to

a load contact on the starter or contactor.

Connect all components labeled with a number 2. Again make sure to connect to a load
contact on the starter or contactor.

Connect all components labeled with a 3.

4. Wire connections 4, 5, and 6 may or may not have to be made depending on whether

10.

11.
12.
13.

you are using a starter or a contactor and separate overload relay.

. Wires 7, 8, and 9 connect from the output of the heaters on the overload relay(s) to the

motor T leads. Your circuit may contain a single three-phase overload relay or three sep-
arate overload relays if you are using a contactor and separate overload relay(s).

. Wire number 10 connects from the secondary winding of the control transformer to one

side of the normally closed push button used for the stop button. If using a double-acting
push button, make certain to connect to the closed side.

. Wire number 11 connects from the other side of the normally closed push button to the

normally open push button used for the start button. If a double-acting push button is
being used, make certain to connect to the open side. Wire number 11 also connects to
a normally open auxiliary contact on M starter. Auxiliary contacts are smaller than the
load contacts and are used as part of the control circuit. Make certain to connect to one
side of an open contact.

. Wire number 12 connects from the other side of the normally open start button to the

other side of the normally open auxiliary contact and to one side of the coil on M starter.

. Wire number 13 connects from the other side of the coil on M starter to one side of the

normally open contact located on the overload relay. If a three-phase motor starter is
being used, or if a separate three-phase overload relay is being used, there will be only
one overload contact. Note the number of contacts on the overload relay. Some overload
relays contain both normally open and normally closed contacts, and some do not. Make
certain that connection is made to the normally closed contact if the relay contains more
than one contact. If three separate single-phase overload relays are being used, each
overload relay contains an overload contact. These three contacts will have to be con-
nected in series so that if one opens, the circuit will be broken.

Wire number 14 connects from the other side of the normally closed overload contact
to the other side of the secondary winding on the control transformer.

Check with your instructor before turning on the power.
Test the circuit for proper operation.

If the circuit works properly, turn off the power and disconnect the circuit. Return
the wires and components to their proper place.

Review Questions

1.

Refer to the circuit shown in Figure 26-7. If wire number 11 were disconnected at the
normally open auxiliary M contact, how would the circuit operate?
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2. Assume that when the start button is pressed, M starter does not energize. List seven
possible causes for this problem:

™o AL T

3. Explain the difference between a motor starter and a contactor.

4. Refer to the schematic in Figure 26-7. Assume that when the start button is pressed,
the control transformer fuse blows. What is the most likely cause of this trouble?

5. Explain the difference between load and auxiliary contacts.
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Objectives

After studying this unit, you should be able to:

* Place wire numbers on a schematic diagram.
* Place corresponding numbers on control components.
* Draw a wiring diagram from a schematic diagram.

+ Connect a control circuit using two stop and two start push buttons.

There may be times when it is desirable to have more than one start-stop push-button sta-
tion to control a motor. In this experiment the basic start-stop push-button control circuit
discussed previously will be modified to include a second stop and start push button.

When a component is used to perform the function of stop in a control circuit, it will gen-
erally be a normally closed component and be connected in series with the motor starter coil.
In this example a second stop push button is to be added to an existing start-stop control
circuit. The second push button will be added to the control circuit by connecting it in series
with the existing stop push button (Figure 27-1).

When a component is used to perform the function of start, it is generally normally open and
connected in parallel with the existing start button (Figure 27-2). If either start button is
pressed, a circuit will be completed to M coil. When M coil energizes, all M contacts change
position. The three load contacts connected between the three-phase power line and the motor
close to connect the motor to the line. The normally open auxiliary contact connected in par-
allel with the two start buttons close to maintain the circuit to M coil when the start button
is released.

L L2 Ls

I'v: oL
X
M oL /
1L Ls :Ni ch)cL, MOTOR
M oL 11 X, \
I fx/ 1T
M oL /
{ X MOTOR
M oL \
{1 X SAAAL Control
MNW transformer
%MN Control
transformer Start
1
—0 oO—
Start Start
Stop Stop Sto Sto
oL P P oL
olo—alo ° o @ A lalo—alo o o @ F o
= I
M M
Figure 27-1 Adding a stop button to the circuit.  Figure 27-2 A second start button is added to

the circuit.
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Developing the Wiring Diagram

Now that the circuit logic has been developed in the form of a schematic diagram, a wiring dia-
gram will be drawn from the schematic. The components needed to connect this circuit are
shown in Figure 27-3. Following the same procedure discussed in Experiment 1, wire numbers
will be placed on the schematic diagram (Figure 27-4). After wire numbers are placed on the
schematic, corresponding numbers will be placed on the control components (Figure 27-5).

LABORATORY EXERCISE
Name Date

Materials Required

Three-phase power supply

Three-phase squirrel cage induction motor or simulated load
4 double-acting push buttons (N.O./N.C. on same button)

Three-phase motor starter or contactor with overload relay containing three load contacts
and at least one normally open auxiliary contact

Control transformer

Connecting the Circuit

1. Using the schematic in Figure 27-4 or the diagram with numbered components in
Figure 27-5, connect the circuit in the laboratory by connecting all like numbers
together.

transformer ’7 8 / MOTOR

112 |3 M
36 6 OL 7 7
EKAMJ {| X
Control 'v: oL
M
I
I

5
4 + oL 9 9

|
4L L )
2 ; ! G
‘ N
alo alo | T T # 3
6 o 6 o \ Control
‘ G@O transformer
| 1o Lis
cleele R 2 g
o o o o |- Start
12—'— 13
_O 0—
Start
Stop Stop
10,11 11 12 121 13| 43 14 OL 45
lolo—alo o O @ -
12,13
1T
M

Figure 27-3 Components needed to produce a Figure 27-4 Numbering the schematic dia-
wiring diagram. gram.
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2. After the circuit has been connected, check with your instructor before turning on the
power.

3. Turn on the power and test the circuit for proper operation.

4. Turn off the power and disconnect the circuit. Return all components to their proper
place.

Review Questions

1. When a component is to be used for the function of start, is the component generally
normally open or normally closed?

2. When a component is to be used for the function of stop, is the component generally nor-
mally open or normally closed?

3. The two stop push buttons in Figure 27-2 are connected in series with each other. What
would be the action of the circuit if they were to be connected in parallel as shown in
Figure 27-6?

4. What would be the action of the circuit if both start buttons were to be connected in
series as shown in Figure 27-7?
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10, 11 1, 12 15! \
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Figure 27-5 Numbering the components. Figure 27-6 The stop buttons are connected
in parallel.
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Figure 27-7 The start buttons are connected in series.

5. Following the procedure discussed previously, place wire numbers on the schematic in
Figure 27-7. Place corresponding wire numbers on the components shown in Figure

27-8.
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Figure 27-8 Add wire numbers to these components.
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Unit 28 Forward-Reverse Control

Objectives

After studying this unit, you should be able to:

* Discuss cautions that must be observed in reversing circuits.
+ Explain how to reverse a three-phase motor.
* Discuss interlocking methods.

* Connect a forward-reverse motor control circuit.

The direction of rotation of any three-phase motor can be reversed by changing any two motor
T leads. Since the motor is connected to the power line regardless of which direction it oper-
ates, a separate contactor is needed for each direction. Since only one motor is in operation,
however, only one overload relay is needed to protect the motor. True reversing controllers
contain two separate contactors and one overload relay built into one unit.

Interlocking

Interlocking prevents some action from taking place until some other action has been
performed. In the case of reversing starters, interlocking is used to prevent both contactors
from being energized at the same time. This would result in two of the three-phase lines
being shorted together. Interlocking forces one contactor to be de-energized before the
other one can be energized.

Most reversing controllers contain mechanical interlocks as well as electrical interlocks.
Mechanical interlocking is accomplished by using the contactors to operate a mechanical lever
that prevents the other contactor from closing while the other is energized.

Electrical interlocking is accomplished by connecting the normally closed auxiliary contacts
on one contactor in series with the coil of the other contactor (Figure 28-1). Assume that the
forward push button is pressed and F coil energizes. This causes all F contacts to change
position. The three F load contacts close and connect the motor to the line. The normally open
F auxiliary contact closes to maintain the circuit when the forward push button is released, and
the normally closed F auxiliary contact connected in series with R coil opens (Figure 28-2).
(Note: Figure 28-2 illustrates the circuit as it is when the forward starter has been energized.
Schematics of this type are used throughout this laboratory manual to help students under-
stand how relay logic operates. This can lead to confusion, however, because contacts that are
connected normally open will be shown closed and normally closed contacts will be shown open.
To help avoid confusion, normally open contacts that are closed during the stage the circuit
1s in at that moment will use double lines to indicate the contact is now closed. Contacts that
are normally closed, but open at that stage of circuit operation, will show a line at the edges
of the contact, but the contact will be open in the middle, as shown in Figure 28-3.)

If the opposite direction of rotation is desired, the stop button must be pressed first. If the
reverse push button were to be pressed first, the now open F auxiliary contact connected in
series with R coil would prevent a complete circuit from being established. Once the stop
button has been pressed, however, F coil de-energizes and all F contacts return to their nor-
mal position. The reverse push button can now be pressed to energize R coil (Figure 28-4).
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When R coil energizes, all R contacts change position. The three R load contacts close and
connect the motor to the line. Notice, however, that two of the motor T leads are connected
to different lines. The normally closed R auxiliary contact opens to prevent the possibility
of F coil being energized until R coil is de-energized.

LABORATORY EXERCISE
Name Date

Materials Required
Three-phase power supply
Control transformer
One of the following:
1. A three-phase reversing starter

2. Two three-phase contactors with at least one normally open and one normally closed
auxiliary contact on each contactor; one three-phase overload relay or three single-phase
overload relays

Three-phase squirrel cage motor or simulated motor load

3 double-acting push buttons (N.O./N.C. on each button)

Developing a Wiring Diagram

The same basic procedure will be used to develop a wiring diagram from the schematic as
was followed in the previous experiments. The components needed to construct this circuit
are shown in Figure 28-5. In this example it will be assumed that two contactors and a sep-
arate three-phase overload relay will be used.

The first step is to place wire numbers on the schematic diagram. A suggested numbering
sequence 1s shown in Figure 28-6. The next step is to place the wire numbers beside the cor-
responding components of the wiring diagram (Figure 28-7).

Wiring the Circuit
1. Using the components listed at the beginning of this unit, connect a forward-reverse
control circuit with interlocks. Connect the control section of the circuit before connecting
the load section. This will permit the control circuit to be tested without the possibility
of shorting two of the three-phase lines together.

2. After checking with the instructor, turn on the power and test the control section of the
circuit for proper operation.

3. Turn off the power and complete the wiring by connecting the load portion of the
circuit.

4. Turn on the power and test the motor for proper operation.

5. Turn off the power and disconnect the circuit. Return the components to their
proper place.
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Figure 28-7 Placing corresponding wire numbers on the components.
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Review Questions

1. How can the direction of rotation of a three-phase motor be changed?

2. What is interlocking?

3. Referring to the schematic shown in Figure 28-1, how would the circuit operate if the
normally closed R contact connected in series with F coil were to be connected normally
open?

4. What would be the danger, if any, if the circuit were to be wired as stated in review
question 3?

5. How would the circuit operate if the normally closed auxiliary contacts were to be con-
nected so that F contact was connected in series with F coil and R contact was connected
in series with R coil (Figure 28-8)?

6. Assume that the circuit shown in Figure 28-1 were to be connected as shown in
Figure 28-9. In what way would the operation of the circuit be different, if at all?
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Unit 29 Sequence Control

Objectives

After studying this unit, you should be able to:

* Define sequence control.
* Discuss methods of obtaining sequence control.

+ Connect a control circuit for three motors that must be started in a predetermined
sequence.

LABORATORY EXERCISE
Name Date

Materials Required
Three-phase power supply
Control transformer

3 motor starters containing at least three load contacts and two normally open auxiliary
contacts

3 squirrel cage motors or three simulated motor loads

4 double-acting push buttons (N.O./N.C. on each button)

Sequence control forces a circuit to operate in a predetermined manner. In this experiment
three motors are to be started in sequence from 1 to 3. The requirements for the circuit are
as follows:

1. The motors must start in sequence from #1 to #3. For example, motor #1 must be started
before motor #2 can be started, and motor #2 must start before motor #3 can be started.
Motor #2 cannot start before motor #1, and motor #3 cannot start before motor #2.

2. Each motor is started by a separate push button.
3. One stop button will stop all motors.

4. An overload on any motor will stop all three motors.

As a general rule, there is more than one way to design a circuit that will meet the speci-
fied requirements, just as there is generally more than one road that can be taken to
reach a destination. One design that will meet the requirements is shown in Figure 29-1.
Since the logic of the circuit is of primary interest, the load contacts and motors are not
shown. In this circuit, push button #1 must be pressed before power can be provided to push
button #2. When motor starter #1 energizes, the normally open auxiliary contact 1M closes,
providing power to coil 1M and to push button #2. Motor starter #2 can now be started
by pressing push button #2. Once motor starter #2 energizes, auxiliary contact 2M closes
and provides power to coil 2M and push button #3. If the stop button should be pressed or
any overload contact open, power will be interrupted to all starters.
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A Second Circuit for Sequence Control

A second method of providing sequence control is shown in Figure 29-2. In this circuit, nor-
mally open auxiliary contacts located on motor starters 1M and 2M are used to ensure that
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Figure 29-2 A second circuit for sequence contral.
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the three motors start in the proper sequence. A normally open 1M auxiliary contact con-
nected in series with starter coil 2M prevents motor #2 from starting before motor #1, and
a normally open 2M auxiliary contact connected in series with coil 3M prevents motor #3
from starting before motor #2. If the stop button should be pressed or if any overload contact

should open, power will be interrupted to all starters.

Developing a Wiring Diagram

The schematic shown in Figure 29-2 is shown with the motors in Figure 29-3. A drawing of
the components needed to connect this circuit is shown in Figure 29-4. The schematic
diagram shown in Figure 29-3 is shown with wire numbers in Figure 29-5. The components

with corresponding wire numbers are shown in Figure 29-6.
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Figure 29-3 Sequence control with maotors.
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Connecting the Circuit

1.

ro

o Otk

Using the materials listed at the beginning of this experiment, connect the circuit shown
in Figure 29-5. Follow the number sequence shown.

After checking with the instructor, turn on the power and test the circuit for proper
operation.

Turn off the power and disconnect the circuit.
Using the schematic diagram shown in Figure 29-1, add wire numbers to the schematic.
Place these wire numbers beside the proper components shown in Figure 29-4.

Connect the circuit shown in Figure 29-1 by following the wire numbers placed on the
schematic.

7. Turn on the power and test the circuit for proper operation.

. Turn off the power and disconnect the circuit. Return the components to their

proper places.
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Review Questions

1. What is the purpose of sequence control?

2. Refer to the schematic diagram in Figure 29-5. Assume that the 1M contact located
between wire numbers 29 and 30 had been connected normally closed instead of nor-
mally open. How would this circuit operate?

3. Assume that all three motors shown in Figure 29-5 are running. Now assume that the
stop button is pressed and motors 1 and 2 stop running, but motor 3 continues to oper-
ate. Which of the following could cause this problem?

a. Stop button is shorted.

b. 2M contact between wire numbers 31 and 32 is hung closed.

c. The 3M load contacts are welded shut.

d. The normally open 3M contact between wire numbers 23 and 31 is hung closed.

4. Referring to Figure 29-5, assume that the normally open 2M contact located between
wire numbers 23 and 29 is welded closed. Also assume that none of the motors are run-
ning. What would happen if:

a. The #2 push button were to be pressed before the #1 push button?

b. The #1 push button were to be pressed first?

5. In the control circuit shown in Figure 29-2, if an overload occurs on any motor, all three
motors will stop running. In the space provided in Figure 29-7, redesign the circuit so
that the motors must still start in sequence from 1 to 3, but an overload on any motor
will stop only that motor. If an overload should occur on motor 1, for example, motors
2 and 3 would continue to operate.
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Figure 29-7 Circuit redesign.
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Unit 30 Jogging Controls

Objectives

After studying this unit, you should be able to:

* Describe the difference between inching and jogging circuits.

* Discuss different jogging control circuits.

* Draw a schematic diagram of a jogging circuit.

+ Discuss the connection of an 8-pin control relay.

+ Connect a jogging circuit in the laboratory using double-acting push buttons.

+ Connect a jogging circuit in the laboratory using an 8-pin control relay.

Jogging or inching control is used to help position objects by permitting the motor to be
momentarily connected to power. Jogging and inching are very similar and the terms are
often used synonymously. Both involve starting a motor with short jabs of power. The difference
between jogging and inching is that when a motor is jogged, it is started with short jabs of
power at full voltage. When a motor is inched, it is started with short jabs at reduced power.
Inching circuits require the use of two contactors, one to run the motor at full power and the
other to start the motor at reduced power (Figure 30-1). The run contactor is generally a
motor starter that contains an overload relay while the inching contactor does not. In the
circuit shown in Figure 30-1, if the inch push button is pressed, a circuit is completed to
S contactor coil causing all S contacts to close. This connects the motor to the line through
a set of series resistors used to reduce power to the motor. Note that there is no S holding
contact in parallel with the inch push button. When the push button is released, S contactor

MOTOR
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-

Control
transformer

Stop /_\ oL
olo o o \h—A/ —E
11
11
M
Inch
L
L—o

Figure 30-1 Inching control circuit.

https://engineersreferencebookspdf.com

355



356

Section 5 Motor Controls

de-energizes and all S contacts reopen and disconnect the motor from the power line. If the
run push button is pressed, M contactor energizes and connects the motor directly to the
power line. Note the normally open M auxiliary contact connected in parallel with the run
push button to maintain the circuit when the button is released.

Other Jogging Circuits

Like most control circuits, jog circuits can be connected in different ways. One method is
shown in Figure 30-2. In this circuit a simple single-pole switch is inserted in series with
the normally open M auxiliary contact connected in parallel with the start button. When the
switch is open, it is in the jog position and prevents M holding contact from providing a com-
plete path to M coil. When the start button is pushed, M coil will energize and connect the
motor to the power line. When the start button is released, M coil will de-energize and dis-
connect the motor from the line. If the switch is closed, it is in the run position and permits
the holding contact to complete a circuit around the start button.

Another method of constructing a run-jog control is shown in Figure 30-3. This circuit
employs a double-acting push button as the jog button. The normally closed section of the
jog push button is connected in series with the normally open M auxiliary holding contact.
If the jog button is pressed, the normally closed section of the button opens to disconnect the
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“AAAL Control
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Figure 30-2 Run-jog controls using a single-pole switch.
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Figure 30-3 Jogging control using a double-acting push button.

holding contacts before the normally open section of the button closes. Although M auxiliary
contact closes when M coil energizes, the now open jog button prevents it from completing
a circuit to the coil. When the jog button is released, the normally open section reopens and
breaks contact before the normally closed section can reclose.

Although a double-acting push button can be used to construct a run-jog circuit, it is not
generally done because there is a possibility that the normally closed section of the jog
button could reclose before the normally open section reopens. This could cause the hold-
ing contacts to lock the circuit in the run position causing an accident. To prevent this
possibility, a control relay is often employed (Figure 30-4). In the circuit shown in
Figure 30-4, if the jog push button is pressed, M contactor energizes and connects the
motor to the line. When the jog button is released, M coil de-energizes and disconnects
the motor from the line.

When the run push button is pressed, CR relay energizes and closes both CR contacts. The
CR contacts connected in parallel with the run button close to maintain the circuit to CR
coil, and the CR contacts connected in parallel with the jog button close and complete a cir-
cuit to M coil.
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Figure 30-4 Run-jog control using a contral relay.

LABORATORY EXERCISE
Name Date

Materials Required

Three-phase power supply

Three-phase motor starter

1 three-phase motor or equivalent motor load

3 double-acting push buttons (N.O./N.C. on each button)
1 8-pin tube socket

1 8-pin control relay

1 single-pole switch

Control transformer

Connecting Jogging Circuits

In this experiment four different jog circuits will be connected in the laboratory. Three of
these circuits are illustrated in Figures 30-2, 30-3, and 30-4. The fourth circuit will be
designed by the student in accord with given circuit parameters.
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Connecting Circuit 1

1. Refer to the schematic diagram in Figure 30-2. Place wire numbers beside the com-
ponents following the procedure discussed in previous experiments.

2. Using the components shown in Figure 30-5, place corresponding wire numbers beside
the components.

3. Connect the circuit by following the wire numbers in the schematic diagram in
Figure 30-2.

4. Turn on the power and test the circuit for proper operation. The motor should jog when
the switch is open and run when the switch is closed.

5. Turn off the power and disconnect the circuit.

Connecting the Second Run-Jog Circuit
1. Using the schematic shown in Figure 30-3, place wire numbers beside the components.
2. Place corresponding wire numbers beside the components shown in Figure 30-6.
3. Connect the circuit using the schematic diagram in Figure 30-3.
4

. After checking with the instructor, turn on the power and test the circuit for proper
operation.

5. Turn off the power and disconnect the circuit.

Connecting the Third Run-Jog Circuit

The third run-jog circuit involves the use of a control relay. In this circuit, an 8-pin control
relay will be used. Eight-pin relays are designed to fit into an 8-pin tube socket. Therefore,
the socket is the device to which connection is made, not the relay itself. Eight-pin relays
commonly have coils with different voltage ratings such as 12 VDC, 24 VDC, 24 VAC, and
120 VAC, so make certain that the coil of the relay you use is rated for the circuit control
voltage. Most 8-pin relays contain two single-pole, double-throw contacts. A diagram show-
ing the standard pin connection for 8-pin relays with two sets of contacts is shown in
Figure 30-7.

Connecting the Tube Socket

When making connections to tube sockets, it is generally helpful to place the proper relay pin
numbers beside the component on the schematic diagram. To distinguish pin numbers
from wire numbers, pin numbers will be circled. The schematic in Figure 30-4 is shown in
Figure 30-8 with the addition of relay pin numbers. The connection diagram in Figure 30-7
shows that the relay coil is connected to pins 2 and 7. Note that CR relay coil in Figure 30-8
has a circled 2 and 7 placed beside it.

The connection diagram also indicates that the relay contains two sets of normally open con-
tacts. One set is connected to pins 1 and 3, and the other set is connected to pins 8 and 6.
Note in the schematic of Figure 30-8 that one of the normally open CR contacts has the circled
numbers 1 and 3 beside it and the other normally open CR contact has the circled numbers
8 and 6 beside it.

1. Using the drawing in Figure 30-8, place wire numbers on the schematic.

2. Using the wire numbers placed on the schematic diagram in Figure 30-8, place cor-
responding wire numbers beside the proper components shown in Figure 30-9.
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Typical pin connection for an 8-pin relay

:
T

Typical 8-pin socket connection
Figure 30-7 Standard diagram for an 8-pin control relay.

3
<

112

3. Connect the circuit shown in Figure 30-8.

4. After checking with the instructor, turn on the power and test the circuit for proper
operation.

5. Turn off the power and disconnect the circuit.
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Review Questions
1. Explain the difference between inching and jogging.

2. What is the main purpose of jogging?

3. Refer to the circuit shown in Figure 30-10. In this circuit, the jog button has been con-
nected incorrectly. The normally closed section has been connected in parallel with the
run push button and the normally open section has been connected in series with the
holding contacts. Explain how this circuit operates.

Ly Lo Ls
M oL
| | 0,
M oL /
|| X MOTOR
M oL \
|| X

“AAAL Control
transformer

|
Stop | oL
I

|
|
M

Figure 30-10 Jog button has been connected incorrectly.

https://engineersreferencebookspdf.com



366 Section 5 Motor Controls

4. Refer to the circuit shown in Figure 30-11. In this circuit the jog push button has again
been connected incorrectly. The normally closed section of the button has been connected
in series with the normally open run push button and the normally open section of the
jog button is connecting in parallel with the holding contacts. Explain how this circuit

operates.
Ly Lz L3
M oL
|| X
M oL /
|| X MOTOR
M oL \
|| X
“AAAL Control
—— transformer
Y Y Y )
Run Jo
Stop | 9 oL

Figure 30-11 Push button has been connected incorrectly.
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5. In the space provided in Figure 30-12, design a run-jog circuit to the following specfi-
cations:

a. The circuit contains two push buttons, a normally closed stop button and a normally
open start button.

b. When the start button is pressed, the motor will run normally. When the stop
button is pressed, the motor will stop.

c. If the stop button is manually held in, however, the motor can be jogged by pressing
the start button.

d. The circuit contains a control transformer, motor, and three-phase motor starter with
at least one normally open auxiliary contact.

6. After your instructor has approved the new circuit design, connect the circuit in the
laboratory.

7. Turn on the power and test the circuit for proper operation.

8. Turn off the power and disconnect the circuit. Return the components to their
proper place.
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Figure 30-12 Circuit design.

https://engineersreferencebookspdf.com



Unit 31 On-Delay Timers

Objectives

After studying this unit, you should be able to:

+ Discuss the operation of an on-delay timer.

* Draw the NEMA contact symbols used to represent both normally open and normally
closed on-delay contacts.

* Discuss the difference in operation between pneumatic and electronic timers.

* Connect a circuit in the laboratory employing an on-delay timer.

Timers can be divided into two basic types: on-delay and off-delay. Although there are other
types such as one shot and interval, they are basically an on- or off-delay timer. In this unit
the operation of on-delay timers is discussed. The operating sequence of an on-delay timer
is as follows:

When the coil is energized, the timed contacts will delay changing position for some period
of time. When the coil is de-energized, the timed contacts will return to their normal position
immediately. In this explanation, the word “timed contacts” is used. The reason is that some
timers contain both timed and instantaneous contacts. When using a timer of this type, care
must be taken to connect to the proper set of contacts.

Helpful Hint

When the coil is energized, the timed contacts will delay changing position for some
period of time. When the coil is de-energized, the timed contacts will return to their
normal position immediately.

Timed Contacts

The timed contacts are controlled by the action of the timer, while the instantaneous con-
tacts operate like any standard set of contacts on a control relay; when the coil energizes,
the contacts change position immediately, and when the coil de-energizes they change
back to their normal position immediately.

The standard NEMA symbols used to represent on-delay contacts are shown in Figure 31-1.
The arrow points in the direction the contact will move after the delay period. The normally
open contact, for example, will close after the time delay period, and the normally closed con-
tact will open after the time delay period.

Instantaneous Contacts

Instantaneous contacts are drawn in the same manner as standard relay contacts. Figure 31-2
illustrates a set of instantaneous contacts controlled by timer TR. The instantaneous con-
tacts are often used as holding or sealing contacts in a control circuit. The control circuit
shown in Figure 31-3 illustrates an on-delay timer used to delay the starting of a motor.
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Normally Open Normally Closed
Normally Open Normally Closed
TR TR
o
D ! - H
Figure 31-1 NEMA standard symbols for Figure 31-2 Instantaneous contact symbols.

on-delay contacts.

When the start push button is pressed, TR coil energizes and the normally open instantaneous
TR contacts close immediately to hold the circuit. After the preset time period, the normally
open TR timed contacts will close and energize the coil of M starter, which connects the motor
to the line.

When the stop button is pressed and TR coil de-energizes, both TR contacts return to their
normal position immediately. This de-energizes M coil and disconnects the motor from the line.

Control Relays Used with Timers

Not all timers contain instantaneous contacts. Most electronic timers, for example, do
not. When an instantaneous contact is needed and the timer does not have one available,
1t is common practice to connect the coil of a control relay in parallel with the coil of the timer
(Figure 31-4). In this way the electronic timer will operate with the timer. In the circuit
shown in Figure 31-4, both coils TR and CR will energize when the start button is pressed.
This causes CR contact to close and seal the circuit.

Time Delay Methods

Although there are two basic types of timers, there are different methods employed to obtain
a time delay. One of the oldest methods still in general use is the pneumatic timer. Pneumatic
timers use a bellows or diaphragm and operate on the principle of air displacement. Some type

M oL M oL
— 7 T — 7
{ | X MOTOR { | X s MOTOR
M or \ M oL \
1} X {1
%’\’\’V Control %M/\‘ Control
transformer transformer
Stop Start Stop Start
oL oL
ol o o o /'I;\ —- o © ’ /T_R\ —H
T _— N
TR CR
11 I
1T 1 @
TR TR
M

3 ! e
Figure 31-3 The motor starts after the start Figure 31-4 A control relay furnishes the
button is pressed. instantaneous contact.
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of needle valve is generally used to regulate the airflow and thereby regulate the time delay.
Pneumatic timers are simple in that they contain a coil, contacts, and some method of
adjusting the amount of time delay. Because of their simplicity of operation, when control
circuits are in the design stage, the circuit logic is generally developed with the assumption
that pneumatic timers will be used. After the circuit logic has been developed, it may be
necessary to make changes that will accommodate a particular type of timer.

Another very common method of providing a time delay is with an electric clock similar to
a wall clock. These timers contain a small single-phase synchronous motor. As a general rule,
most clock timers can be set for different full-scale values by changing the gear ratio.

Electronic timers are becoming very popular for several reasons:

1. They are much less expensive than pneumatic or clock timers.

2. They have better repeat accuracy than pneumatic or clock timers.

3. Most can be set for 0.1-second delays and many can be set to an accuracy of 0.01 second.
4

. Many electronic timers are intended to be plugged into an 8- or 11-pin tube socket. This
makes replacing the timer much simpler and takes less time.

LABORATORY EXERCISE
Name Date

Materials Required

Three-phase power supply

Control transformer

2 double-acting push buttons (N.O./N.C. on each button)

2 three-phase motor starters with at least one normally open auxiliary contact
Dayton Solid-State Timer—model 6A855 or equivalent and 11-pin socket
8-pin control relay and 8-pin socket

2 three-phase motors or equivalent motor loads

The First Circuit

The first circuit to be connected is shown in Figure 31-4. In this circuit it will be assumed
that an 11-pin timer is being used and that the coil is connected to pins 2 and 10, and a
set of normally open timed contacts is connected to pins 1 and 3. The coil of the 8-pin con-
trol relay is connected to pins 2 and 7 and a normally open contact is connected to pins
1 and 3. When using control devices that are connected with 8- and 11-pin sockets, it is
generally helpful to place pin numbers beside the component. To prevent pin numbers from
being confused with wire numbers, a circle will be drawn around the pin numbers
(Figure 31-5).
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Figure 31-5 Placing pin nhumbers beside the components.

Connecting Circuit #1
1. Using the circuit shown in Figure 31-5, place wire numbers beside the components.

2. Connect the control part of the circuit by following the wire numbers placed beside the
components. Note the pin numbers beside the coils and contacts of the timer and
control relay.

3. Plug the timer and control relay into their appropriate sockets. Set the timer to operate
as an on-delay timer and set the time period for 5 seconds.

4. After checking with the instructor, turn on the power and test the operation of the
circuit.

5. Turn off the power.
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6. If the control part of the circuit operated correctly, connect the motor or equivalent motor
load.

7. Turn on the power and test the total circuit for proper operation.

8. Turn off the power and disconnect the circuit.

Discussing Circuit #2

In the next circuit, two motors are to be started with a 5-second time delay between the
starting of the first motor and the second motor. In this circuit a normally open auxiliary
contact on starter 1M is used as the holding contact, making the use of the control relay
unnecessary.

When the start button is pressed, coils 1M and TR energize immediately. This causes
motor #1 to start operating and timer TR to begin timing. After 5 seconds, TR contacts close
and connect motor #2 to the line. When the stop button is pressed, or if an overload on either
motor should occur, all coils will be de-energized and both motors will stop.

Connecting Circuit #2

1. Using the circuit shown in Figure 31-6, place pin numbers beside the timer coil and nor-
mally open contact.

Place wire numbers on the circuit in Figure 31-6.
Connect the control part of the circuit.
Turn on the power and test the circuit for proper operation.

Turn off the power.

S Ov ok W

If the control part of the circuit operated properly, connect the motors or equivalent
motor loads.

7. Turn on the power and test the circuit for proper operation.

8. Turn off the power and disconnect the circuit.

Review Questions

1. Explain the operation of an on-delay timer.

2. Explain the difference between timed contacts and instantaneous contacts.

3. Refer to the circuit shown in Figure 31-3. If the timer has been set for a delay of 10
seconds, explain the operation of the circuit when the start button is pressed.
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Figure 31-6 Motor 2 starts after motor 1.

4. In the circuit shown in Figure 31-3, is it necessary to hold the start button closed for
a period of at least 10 seconds to ensure that the circuit will remain energized?
Explain your answer.

5. Assume that the timer in Figure 31-3 is set for a delay of 10 seconds. Now assume that
the start button is pressed, and after a delay of 8 seconds the stop button is pressed.
Will the motor start 2 seconds after the stop button is pressed?
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6. What is generally done to compensate when a set of instantaneous timer contacts is
needed and the timer does not contain them?

7. Refer to the circuit shown in Figure 31-6. Assume that it is necessary to stop the operation
of both motors after the second motor has been operating for a period of 10 seconds.
Using the space provided in Figure 31-7, redraw the circuit to turn off both motors after
the second motor has been in operation for 10 seconds. (Note: It will be necessary to use
a second timer.)

8. After your instructor has approved the design change, connect the new circuit in the
laboratory and test it for proper operation.
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Figure 31-7 Circuit redesign.
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Unit 32 Off-Delay Timers

Objectives

After studying this unit, you should be able to:

* Discuss the operation of an off-delay timer.

* Draw the NEMA contact symbols used to represent both normally open and normally
closed off-delay contacts.

* Discuss the difference in operation between pneumatic and electronic timers.

* Connect a circuit in the laboratory employing an off-delay timer.

The logic of an off-delay timer is as follows: When the coil is energized, the timed contacts
change position immediately. When the coil is de-energized, the timed contacts remain in
their energized position for some period of time before changing back to their normal position.
Figure 32-1 shows the standard NEMA contact symbols used to represent an off-delay timer.
Notice that the arrow points in the direction the contact will move after the time delay period.
The arrow indicates that the normally open contact will delay reopening and that the
normally closed contact will delay reclosing. Like on-delay timers, some off-delay timers will
contain instantaneous contacts as well as timed contacts, and some will not.

Helpful Hint

When the coil is energized, the timed contacts change position immediately. When the
coil 1s de-energized, the timed contacts remain in their energized position for some period
of time before changing back to their normal position.

Example Circuit #1

The circuit shown in Figure 32-2 illustrates the logic of an off-delay timer. It will be
assumed that the timer has been set for a delay of 5 seconds. When switch Sy closes, TR coil
energizes. This causes the normally open TR contacts to close immediately and turn on the
lamp. When switch S; opens, TR coil will de-energize, but the TR contacts will remain closed

St
»—O\C @-"
Normally Open Normally Closed TR
o}yo ° oTy 0}0 m@
Figure 32-1 NEMA standard symbals for Figure 32-2 Basic operation of an off-delay timer.

off-delay contacts.
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for 5 seconds before they reopen. Notice that the time delay period does not start until the
coil is de-energized.

Example Circuit #2

In the second example it is assumed that timer TR has been set for a delay of 10 seconds.
Two motors start when the start button is pressed. When the stop button is pressed,
motor #1 stops operating immediately, but motor #2 continues to run for 10 seconds
(Figure 32-3). In this circuit the coil of the off-delay timer has been placed in parallel with
motor starter 1M, permitting the action of the timer to be controlled by the first motor starter.

Example Circuit #3

Now assume that the logic of the previous circuit is to be changed so that when the start but-
ton 1is pressed both motors still start at the same time, but when the stop button is pressed,
motor #2 must stop operating immediately and motor #1 continues to run for 10 seconds.
In this circuit the action of the timer must be controlled by the operation of starter 2M
instead of starter 1M (Figure 32-4). In the circuit shown in Figure 32-4, a control relay is
used to energize both motor starters at the same time. Notice that timer coil TR energizes
at the same time as starter 2M, causing the normally open TR contacts to close around the
CR contact connected in series with coil 1M.

When the stop button is pressed, coil CR de-energizes and all CR contacts open. Power is
maintained to starter 1M, however, by the now closed TR contacts. When the CR contact con-
nected in series with coils 2M and TR opens, these coils de-energize, causing motor #2 to stop
operating and starting the time sequence for the off-delay timer. After a delay of 10 seconds,
TR contacts reopen and de-energize coil 1M, stopping the operation of motor #1.

1|b|/| OL
{ | X
1|b|/| oL /
LG “A }: \MOTOR 1
M oL 1} 28
| } X
1M oL /
I X, MOTOR 1 Z'M ’OXL/
—s——  — —
I ~, It X MOTOR 2
2M oL \
oM oL Il X
{ | X
2M oL /
Il T MOTOR 2 %AM/
2M oL \
2N Control
| | X m transformer
- Stop Start
ontro L oL oL
transformer o} [e} /CR\ H—AF
= o« |
o Start eRr
p —| ™
alo o o TR
™
| ¢
" 10 Sec.

N
Figure 32-3 Off-delay motor circuit using Figure 32-4 Motor 1 stops after maotor 2.
pneumatic timer.
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Using Electronic Timers

In the circuits shown in Figure 32-3 and Figure 32-4, it was assumed that the off-delay timers
were of the pneumatic type. It is common practice to develop circuit logic assuming that the
timers are of the pneumatic type. The reason for this is that the action of a pneumatic timer
is controlled by the coil being energized or de-energized. The action of the timer is dependent
on air pressure, not an electric circuit. This, however, is generally not the case when using solid-
state time delay relays. Solid-state timers that can be used as off-delay timers are generally
designed to be plugged into an 11-pin tube socket. The pin connection for a Dayton model 6A855
timer is shown in Figure 32-5. Although this is by no means the only type of electronic
timer available, it is typical of many.

Notice in Figure 32-5 that power is connected to pins 2 and 10. When this timer is used in
the on-delay mode, there is no problem with the application of power because the time
sequence starts when the timer is energized. When power is removed, the timer de-energizes
and the contacts return to their normal state immediately.

An off-delay timer, however, does not start the timing sequence until the timer is de-energized.
Since this timer depends on an electronic circuit to operate the timing mechanism, power
must be connected to the timer at all times. Therefore, some means other than disconnecting
the power must be used to start the timing circuit. This particular timer uses pins 5 and 6

L
e

J
4 8
3 | | 9

2
O 100
1 11
Input
120 VAC

=—50/60 Hz————=
Figure 32-5 Connection diagram for a Dayton model BA855 timer.
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to start the operation. The diagram in Figure 32-5 uses a start switch to illustrate this oper-
ation. When pins 5 and 6 are shorted together, it has the effect of energizing the coil of an
off-delay timer and all contacts change position immediately. The timer will remain in this
state as long as pins 5 and 6 are short circuited together. When the short circuit between
pins 5 and 6 is removed, it has the effect of de-energizing the coil of a pneumatic off-delay
timer and the timing sequence will start. At the end of the time period, the contacts will
return to their normal position.

LABORATORY EXERCISE

Name Date

Materials Required:

Three-phase power supply

Control transformer

2 double-acting push buttons (N.O./N.C. on each button)

2 three-phase motor starters with at least one normally open auxiliary contact
Dayton Solid-State Timer—model 6A855 or equivalent

11-pin control relay and two 11-pin sockets

2 three-phase motors or equivalent motor loads

Amending Circuit #1

The circuit in Figure 32-3 has been amended in Figure 32-6 to accommodate the use of an
electronic timer. Notice in this circuit that power is connected to pins 2 and 10 of the timer
at all times. Since the action of the timer in the original circuit is that the coil of the timer
operates at the same time as starter coil 1M, an auxiliary contact on starter 1M will be used
to control the action of timer TR. When the start button is pressed, coil 1M energizes and
all 1M contacts close. This connects motor #1 to the line, the 1M contact in parallel with
the start button seals the circuit, and the normally open 1M contact connected to pins 5
and 6 of the timer closes and starts the operation of the timer. When timer pins 5 and 6
become shorted, the timed contact connected in series with 2M coil closes and energizes
starter 2M.

When the stop button is pressed, coil 1M de-energizes and all 1M contacts return to their
normal position, stopping the operation of motor #1. When the 1M contacts connected
to timer pins 5 and 6 reopen, the timing sequence of the timer begins. After a delay of
10 seconds, timed contact TR reopens and disconnects starter coil 2M from the circuit.
This stops the operation of motor #2.
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Figure 32-6 Amending the first circuit for an electronic timer.

2M

Amending Circuit #2

Circuit #2 will be amended in much the same way as circuit #1. The timer must have power
connected to it at all times (Figure 32-7). Notice in this circuit that the action of the timer
is controlled by starter 2M instead of 1M. When coil 2M energizes, a set of normally open
2M contacts closes and shorts pins 5 and 6 of the timer. When coil 2M de-energizes, the 2M
auxiliary contacts reopen and start the time sequence of timer TR.
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Figure 32-7 Amending circuit 2 for an electronic timer.
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Circuit #2 assumes the use of an 11-pin control relay instead of an 8 pin. An 11-pin control
relay contains three sets of contacts instead of two. Figure 32-8 shows the connection diagram
for most 11-pin control relays. Notice that normally open contacts are located on pins 1 and 3,
6 and 7, and 9 and 11. The coil pins are 2 and 10. Pin numbers have been placed beside the
components in Figure 32-7.

Connecting the First Circuit

1.
2.
3.

Place wire numbers on the schematic shown in Figure 32-6.
Using an 11-pin tube socket, connect the control part of the circuit in Figure 32-6.

Set the electronic timer to operate as an off-delay timer and set the time delay for
10 seconds.

Plug the timer into the tube socket and turn on the power.

. Test the control part of the circuit for proper operation.

. If the control portion of the circuit operated properly, connect the motors or equivalent

motor loads and test the entire circuit for proper operation.

Turn off the power and disconnect the circuit.

Connecting the Second Circuit

1.
2.
3.

S

y o
b o

Place wire numbers on the schematic diagram shown in Figure 32-7.
Using two 11-pin tube sockets, connect the control part of the circuit.

Set the electronic timer to operate as an off-delay timer and set the time delay for
10 seconds.

Plug the timer and control relay into the tube sockets and turn on the power.

. Test the control part of the circuit for proper operation.

7

ooy
i

5 LK@J;
@F !

Figure 32-8 Connection diagram for an 11-pin control relay.
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7.
8.

If the control portion of the circuit operated properly, connect the motors or equivalent
motor loads and test the entire circuit for proper operation.

Turn off the power and disconnect the circuit.

Return the components to their proper location.

Review Questions
1.

Describe the operation of an off-delay timer.

. Why is it common practice to develop circuit logic assuming all timers are of the

pneumatic type?

. Refer to the schematic diagram shown in Figure 32-6. Assume that starter coil 2M is

open. Describe the action of the circuit when the start button is pressed and when the
stop button is pressed.

. Refer to the circuit shown in Figure 32-7. Assume that when the start button is

pressed, motor #1 starts operating immediately, but motor #2 does not start. When the
stop button is pressed, motor #1 stops operating immediately. Which of the following
could cause this condition?

a. 1M coil is open.
b. 2M coil is open.
c. Timer TR is not operating.
d. CR coil is open.

. Refer to the circuit shown in Figure 32-7. When the start button is pressed, both

motors #1 and #2 start operating immediately. When the stop button is pressed, motor
#2 stops operating immediately, but motor #1 remains running and does not turn off after
the time delay period has expired. Which of the following could cause this condition?

a. CR contacts are shorted together.

b. 2M auxiliary contacts connected to pins 5 and 6 of the timer did not close.
c. 2M auxiliary contacts connected to pins 5 and 6 of the timer are shorted.
d. The stop button is shorted.

. Refer to the circuit shown in Figure 32-7. Assume that timer TR is set for a delay

of 10 seconds. Now assume that timer TR is changed from an off-delay timer to an
on-delay timer. Explain the operation of the circuit.
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7.

Using the space provided in Figure 32-9, modify the circuit in Figure 32-7 to operate
as follows:

a. When the start button is pressed, motor #1 starts running immediately. After a delay
of 10 seconds, motor #2 begins running. Both motors remain operating until the stop
button is pressed or an overload occurs.

b. When the stop button is pressed, motor #2 stops operating immediately, but motor
#1 continues to operate for a period of 10 seconds before stopping.

c. An overload on either motor will stop both motors immediately.
d. Assume the use of electronic timers in final design.

After your instructor has approved the modification, connect your circuit in the laboratory.

. Turn on the power and test the circuit for proper operation.
10.

Turn off the power, disconnect the circuit, and return the components to their proper
location.
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Figure 32-9 Amending the circuit design.
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Unit 33 Changing the Logic of an

On-Delay Timer to an Off-Delay Timer

Objectives

After studying this unit, you should be able to:

* Discuss the difference in logic between on- and off-delay timers.

* Draw a schematic diagram of a circuit that will change the logic of an on-delay timer
into the logic of an off-delay timer.

* Connect an on-delay timer circuit that will operate with the logic of an off-delay
timer.

Some manufacturers purchase on-delay timers only. The reason for this is that most timing
circuits require the logic of an on-delay timer. If it should become necessary to construct a
circuit with the logic of an off-delay timer, it is a relatively simple matter to build a circuit
using an on-delay timer that will operate with the same logic as an off-delay timer. A cir-
cuit of this type is shown in Figure 33-1. The basic idea is to cause the timer to start oper-
ating when a control component is turned off instead of on. Control relay CR is used to
perform this function.

In the circuit shown in Figure 33-1, starter 1M is to energize immediately when switch S1
closes. When switch S1 opens, starter 1M should remain energized for some period of
time before de-energizing. This is the logic of an off-delay timer. This logic can be accom-
plished by using an on-delay timer and the circuit shown in Figure 33-1. When switch S1
closes, CR coil energizes and all CR contacts change position (Figure 33-2). The normally
closed CR contact connected in series with TR coil opens to prevent the timer energizing.
The normally open CR contact connected in series with starter coil 1M closes and energizes
the coil. This causes both 1M auxiliary contacts to close. Starter 1M is now energized, but
the timer has not started its time sequence.

When switch S1 is reopened, CR coil de-energizes and all CR contacts return to their nor-
mal position (Figure 33-3). When the CR contact connected in series with starter coil 1M
reopens, a current path is maintained though the now closed 1M auxiliary contact connected

e @ @
CR ™ CR ™ m
a1 (°) | — A (®)
CR TR oL CR TR /_\ oL
H e @t
1™ ™
{1 e

Figure 33-1 Basic circuit to change the logic Figure 33-2 Starter 1M energizes immediately,
of an on-delay timer into an off-delay timer. but the timer does not start timing.
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Figure 33-3 Switch 5S4 opens and starts the Figure 334 Starter 1M de-energizes when timer
timer. contact TR opens.

in parallel with the open CR contact. When the CR contact connected in series with timer
coil TR closed, it provided a path to coil TR and the timer began its time sequence.

At the end of the timing sequence, timed contact TR opens and de-energizes coil 1M, causing
all 1M contacts to return to their normal position (Figure 33-4). The auxiliary 1M contact
connected in series with timer coil TR opens and de-energizes coil TR. This causes contact
TR to reclose and the circuit is back to the beginning state shown in Figure 33-1.

Changing an Existing Schematic

The circuit shown in Figure 33-5 is an off-delay timer circuit for the control of two motors.
It is assumed that the timer used in this circuit is a pneumatic timer. This circuit was dis-
cussed in the previous unit. Both motors start when the start button is pressed. When the
stop button is pressed, motor #2 stops operating immediately, but motor #1 continues to oper-
ate for a period of 10 seconds. Now assume that it is necessary to change the circuit logic
to permit an on-delay timer to be used.

Notice in the circuit in Figure 33-5 that timer coil TR is energized or de-energized at the same
time as starter coil 2M. In the amended circuit, starter 2M will control the starting of
on-delay timer TR (Figure 33-6). A set of 1M auxiliary contacts prevents coil TR from being ener-
gized until starter 1M has been energized. To understand the operation of the circuit, trace
the logic through each step of operation. Assume that the start button is pushed and coil CR
energizes. This causes all CR contacts to close and connect starters 1M and 2M to the line
(Figure 33-7). Both 1M auxiliary contacts close, but the normally closed 2M auxiliary contact
connected in series with TR coil opens and prevents it from starting its time sequence.

When the stop button is pressed, CR coil de-energizes and all CR contacts return to their
normal position (Figure 33-8). Motor starter 1M remains energized because of the closed 1M
auxiliary contact connected in parallel with the CR contact. When starter 2M de-energizes,
the normally closed auxiliary contact connected in series with timer coil TR recloses and on-
delay timer TR begins its timing sequence.

After a delay of 10 seconds, timed contact TR opens and disconnects starter coil 1M from the
line (Figure 33-9). This stops the operation of motor #1 and returns all 1M auxiliary contacts
to their normal position. When timer TR de-energizes, timed contact TR returns to its nor-
mally closed position and the circuit is back to its original state as shown in Figure 33-6.
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Figure 33-5 Off-delay timer circuit using a pneumatic timer.

LABORATORY EXERCISE
Name Date

Materials Required

Three-phase power source

Control transformer

2 three-phase motors or equivalent motor load

2 three-phase motor starters with at least two normally open and one normally closed aux-
iliary contacts

8-pin or 11-pin on-delay timer with appropriate socket

11-pin control relay with 11-pin socket

Connecting the Circuit

1. Using the circuit shown in Figure 33-6, place pin numbers beside the control compo-
nents that mount into tube sockets. These components will probably be the control relay
and the timer. Be sure to place pin numbers beside contacts as well as coils. Circle the
pin numbers to distinguish them from wire numbers.

2. Place wire numbers on the schematic diagram.

3. Connect the control part of the circuit.
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Figure 33-7 Both motors start at the same Figure 33-8 Starter 2M de-energizes; timer TR
time. starts its time sequence.

4. Turn on the power and test the circuit for proper operation.

5. If the control part of the circuit operates properly, turn off the power and connect the
motors or equivalent motor loads.

6. Turn on the power and test the entire circuit for proper operation.

7. Turn off the power and disconnect the circuit.
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Figure 33-9 Timed contact de-energizes starter 1M.
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Review Questions

1. Why do some companies purchase only on-delay timers?

2. Refer to the circuit shown in Figure 33-10. This circuit assumes the use of a pneumatic
off-delay timer. It is also assumed that the timer is set for a delay of 10 seconds.
Describe the operation of this circuit when the start push button is pressed.

3. Assume that the circuit in Figure 33-10 is in operation. Describe the action of the cir-
cuit when the stop button is pressed.

4. The circuit shown in Figure 33-10 employs a pneumatic off-delay timer. Redraw the
circuit in the space provided in Figure 33-11 to use an electronic on-delay timer.
Make certain that the logic of the circuit is the same.

5. After your instructor has approved the redrawn circuit, connect the circuit in the
laboratory.

6. Turn on the power and test the circuit for proper operation.

7. Turn off the power and return the components to their proper place.
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Figure 33-10 Motor 1 stops operating before motor 2.
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Figure 33-11 Circuit redesign.
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Unit 34 Designing a Printing Press Circuit

Objectives

After studying this unit, you should be able to:

* Describe a step-by-step procedure for designing a motor control circuit.
* Design a basic control circuit.

+ Connect the completed circuit in the laboratory.

LABORATORY EXERCISE
Name Date

Materials Required

Three-phase power supply

Three-phase motor starter

8- or 11-pin on-delay relay with appropriate socket
Three-phase motor or equivalent motor load

Pilot light

Buzzer or simulated load

Control transformer

8-pin control relay and 8-pin socket

In this experiment a circuit for a large printing press will be designed in a step-by-step
procedure. The owner of a printing company has the following concern when starting a large
printing press:

The printing press is very large and the surrounding noise level is high. There is a danger
that when the press starts, a person unseen by the operator may have his or her hands
in the press. To prevent an accident, I would like to install a circuit that sounds an alarm
and flashes a light for 10 seconds before the press actually starts. This would give the person
time to get clear of the machine before it starts.

To begin the design procedure, list the requirements of the circuit. List not only the concerns
of the owner but also any electrical or safety requirements that the owner may not be aware
of. Understand that the owner is probably not an electrical technician and does not know
all the electrical requirements of a motor control circuit.

1. There must be a start and stop push-button control.

2. When the start button is pressed, a warning light and buzzer turn on.
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Figure 34-1 First step in the circuit design. Figure 34-2 Completing the circuit logic.

3. After a delay of 10 seconds, the warning light and buzzer turn off and the press
motor starts.

4. The press motor should be overload protected.

5. When the stop push button is pressed, the circuit will de-energize even if the motor has
not started.

To begin design of the circuit, fulfill the first requirement of the logic: “When the start button
1s pressed, a warning light and buzzer turn on for a period of 10 seconds.” This first part of
the circuit can be satisfied with the circuit shown in Figure 34-1. In this example a timer
is used because the warning light and buzzer are to remain on for only 10 seconds. Since
the warning light and buzzer are to turn on immediately when the start button is pressed,
a normally closed timed contact is used. This circuit also assumes that the timer contains an
instantaneous contact that is used to hold the circuit in after the start button is released.

The next part of the logic states that after a delay of 10 seconds the warning light and buzzer
are to turn off and the press motor is to start. As the present circuit is shown in Figure 34-1,
when the start button is pressed, TR coil will energize. This causes the normally open instan-
taneous TR contacts to close and hold TR coil in the circuit when the start button is
released. At the same time, timer TR starts its timing sequence. After a delay of 10 seconds,
the normally closed TR timed contact connected in series with the warning light and
buzzer will open and disconnect them from the circuit.

The only remaining circuit logic is to start the motor after the warning light and buzzer have
turned off. This can be accomplished with a normally open timed contact controlled by timer
TR (Figure 34-2). At the end of the timing sequence, the normally closed TR contact will open
and disconnect the warning light and buzzer. At the same time, the normally open TR timed
contact will close and energize the coil of M starter. The normally closed overload contact
connected in series with the rest of the circuit will de-energize the entire circuit in the event
of motor overload.

Now that the logic of the control circuit has been completed, the motor load can be added
as shown in Figure 34-3.

Addressing a Potential Problem

The completed circuit shown in Figure 34-3 assumes the use of a timer that contains both
timed and instantaneous contacts. This contact arrangement is common for certain types
of timers such as pneumatic and some clock timers, but most electronic timers do not
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Figure 34-3 The complete circuit.

contain instantaneous contacts. If this is the case, a control relay can be added to supply the
needed instantaneous contact by connecting the coil of the control relay in parallel with the
coil of TR timer (Figure 34-4).

Connecting the Circuit

1.

It will be assumed that the timer in this circuit is the electronic type. Therefore, it will
be assumed that a control relay will be used to provide the normally open holding contacts.
Assuming the use of an electronic on-delay timer and an 8-pin control relay, place pin
numbers beside the components of the timer and control relay shown in Figure 34-4. Circle
the numbers to distinguish them from wire numbers.

. Place wire numbers beside the components in Figure 34-4.

Connect the control portion of the circuit. (Note: It may be necessary to use a pilot light
for the buzzer if one is not available.)

4. Turn on the power and test the control part of the circuit for proper operation.

. Turn the power off.

. If the control part of the circuit operated properly, connect the motor or simulated motor

load to the circuit.

Turn on the power and test the entire circuit for proper operation.

. Turn off the power and return the components to their proper location.
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Review Questions
1. What should be the first step when beginning the design of a control circuit?

2. Why is it sometimes necessary to connect the coil of a control relay in parallel with the
coil of a timer?

3. Refer to the circuit shown in Figure 34-3. Assume that the on-delay timer is replaced
with an off-delay timer. Describe the action of the circuit when the start button is
pressed.

4. Describe the operation of the circuit when the stop button is pressed. Assume the cir-
cuit is running with an off-delay timer as described in question 3.

5. Refer to the circuit shown in Figure 34-4. Assume the owner decides to change the logic
of the circuit as follows:

When the operator presses the start button, a warning light and buzzer turn on for a
period of 10 seconds. During this 10 seconds, the operator must continue to hold
down the start button. If the start button should be released, the timing sequence
will stop and the motor will not start. At the end of 10 seconds, provided the operator
continues to hold the start button down, the warning light and buzzer will turn off and
the motor will start. When the motor starts, the operator can release the start button
and the press will continue to run.

Amend the circuit in Figure 34-4 to meet the requirement.
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Unit 35 Sequence Starting

and Stopping for Three Motors

Objectives

After studying this unit, you should be able to:

Discuss the step-by-step procedure for designing a circuit.

Change a circuit designed with pneumatic timers into a circuit to use electronic
timers.

Connect the circuit in the laboratory.
Troubleshoot the circuit.

LABORATORY EXERCISE

Name Date

Materials Required

Three-phase power supply

Control transformer

2 8-pin control relays and 8-pin sockets

3 three-phase motor starters

4 electronic timers (Dayton model 6A855 or equivalent) and 11-pin sockets

3 three-phase motors or equivalent motor loads

In this experiment a circuit will be designed and connected. The requirements of the circuit
are as follows:

1.
2.
3.

4.
5.

Three motors are to start in sequence from motor #1 to motor #3.
There is to be a time delay of 3 seconds between the starting of each motor.

When the stop button is pressed, the motors are to stop in sequence from motor #3 to
motor #1.

There is to be a time delay of 3 seconds between the stopping of each motor.

An overload on any motor will stop all motors.

When designing a control circuit, satisfy one requirement at a time. This may at times lead
to an unforeseen dead end, but don’t let these dead ends concern you. When they happen,
back up and redesign around them. In this example the first part of the circuit is to start
three motors in sequence from motor #1 to motor #3 with a 3-second delay between the start-
ing of each motor. This is also the time to satisfy the requirement that an overload on any
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motor will stop all motors. The first part of the circuit can be satisfied by the circuit
shown in Figure 35-1. (Note: In this experiment the motor connections will not be shown
because of space limitations. It is to be assumed that the motor starters are controlling three-
phase motors. It is also assumed that all timers are set for a delay of 3 seconds.)

When the start button is pressed, coils 1M and TR energize. Starter 1M starts motor #1
immediately, and timer TR, starts its time sequence of 3 seconds. After a delay of 3 seconds,
timed contact TR closes and energizes coils 2M and TR,. Starter 2M starts motor #2 and
timer TR, begins its 3-second timing sequence. After a delay of 3 seconds, timed contact TR,
closes and energizes motor #3. The motors have been started in sequence from #1 to #3 with
a delay of 3 seconds between the starting of each motor. This satisfies the first part of the
circuit logic.

The next requirement is that the circuit stop in sequence from motor #3 to motor #1. To fulfill
this requirement, power must be maintained to starters 2M and 1M after the stop button
has been pushed. In the circuit shown in Figure 35-1, this is not possible. Since all coils are
connected after the M auxiliary holding contact, power will be disconnected from all coils
when the stop button is pressed and the holding contact opens. This circuit has proven to
be a dead end. There is no way to fulfill the second requirement with the circuit connected
in this manner. Therefore, the circuit must be amended in such a manner that it will not
only start in sequence from motor #1 to motor #3 with a 3-second time delay between the
starting of each motor but also be able to maintain power after the start button is pressed.
This amendment is shown in Figure 35-2.

To modify the circuit so that power can be maintained to coils 2M and 1M, a control relay
has been added to the circuit. Contact 1CRy prevents power from being applied to coils 1M
and TR until the start button is pressed.

Designing the Second Part of the Circuit

The second part of the circuit states that the motors must stop in sequence from motor #3
to motor #1. Do not try to solve all the logic at once. Solve each problem as it arises. The first
problem is to stop motor #3. In the circuit shown in Figure 35-2, when the stop button is
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Figure 35-1 The motors start in sequence Figure 35-2 A control relay is added to the circuit.
from 1 to 3.
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pressed, coil 1CR will de-energize. This will cause contact 1CR4 to open and de-energize coils
1M and TR;. Contact TR, will open immediately and de-energize coils 2M and TRy, causing
contact TRy to open immediately and de-energize coil 3M. Notice that coil 3M does de-energize
when the stop button is pressed, but so does everything else. The circuit requirement
states that there is to be a 3-second time delay between the stopping of motor #3 and motor #2.
Therefore, an off-delay timer will be added to maintain connection to coil 2M after coil 3M
has de-energized (Figure 35-3).

The same basic problem exists with motor #1. In the present circuit, motor #1 will turn off
immediately when the stop button is pressed. To help satisfy the second part of the problem,
another off-delay relay must be added to maintain a circuit to motor #1 for a period of 3 seconds
after motor #2 has turned off. This addition is shown in Figure 35-4.

Motors #2 and #1 will now continue to operate after the stop button is pressed, but so will
motor #3. In the present design, none of the motors will turn off when the stop button is
pressed. To understand this condition, trace the logic step-by-step. When the start button
is pressed, coil 1CR energizes and closes all 1CR contacts. When contact 1CRy closes,
coils 1M and TR, energize. After a period of 3 seconds, timed contact TR; closes and ener-
gizes coils 2M, TRo, and TR,. Timed contact TR, closes immediately to bypass contact 1CR,.
After a delay of 3 seconds, timed contact TR, closes and energizes coils 3M and TRj.
Timed contact TR3 closes immediately and bypasses contact TR;. When the stop button is
pressed, coil 1CR de-energizes and all 1CR contacts open, but a circuit is maintained to coils
1M and TR, by contact TR,. This prevents timed contact TR; from opening to de-energize
coils 2M, TRy, and TR, which in turn prevents timed contact TR, from opening to de-energize
coils 3M and TRg. To overcome this problem, two more contacts controlled by relay 1CR will
be added to the circuit (Figure 35-5). The circuit will now operate in accord with all the stated
requirements.
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Figure 35-3 Timer TRg prevents motor 2 Figure 35-4 Off-delay timer TR, prevents
from stopping. motor 1 from stopping.
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Modifying the Circuit

The circuit in Figure 35-5 was designed with the assumption that all the timers are of the
pneumatic type. When this circuit is connected in the laboratory, 8-pin control relays and
electronic timers will be used. The circuit will be amended to accommodate these components.
The first change to be made concerns the control relays. Notice that the circuit requires the
use of four normally open contacts controlled by coil 1CR. Since 8-pin control relays have only
two normally open contacts, it will be necessary to add a second control relay, 2CR. The coil
of relay 2CR will be connected in parallel with 1CR, which will permit both to operate at the
same time (Figure 35-6).

Timers TR; and TR, are on-delay timers and do not require an adjustment in the circuit logic
to operate. Timers TR5 and TR, however, are off-delay timers and do require changing the
circuit. The coils must be connected to power at all times. Assuming the use of a Dayton timer
model 6A855, power would connect to pins 2 and 10. Starter 3M will be used to control the
action of timer TRg by connecting a 3M normally open auxiliary contact to pins 5 and 6 of
timer TR3 (Figure 35-7). Starter 2M will control the action of timer TR, by connecting a 2M
normally open auxiliary contact to pins 5 and 6 of that timer. The circuit is now complete
and ready for connection in the laboratory.

Connecting the Circuit

1. Using the circuit shown in Figure 35-7, place pin numbers beside the proper compo-
nents. Circle the pin numbers to distinguish them from wire numbers.

2. Place wire numbers on the schematic.
3. Connect the control circuit in the laboratory.

4. Turn on the power and test the circuit for proper operation.
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Figure 35-5 Control relay contacts are added
to permit the circuit to turn off.

Figure 35-6 Adding a control relay to the circuit.
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Figure 35-7 Changing pneumatic timers for electronic timers.

5. Turn off the power and connect the motor loads to starters 1M, 2M, and 3M.
6. Turn on the power and test the complete circuit.

7. Turn off the power.
8

. Disconnect the circuit and return the components to their proper places.
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Review Questions

Refer to the circuit in Figure 35-7 to answer the following questions. It is assumed that all
timers are set for a delay of 3 seconds.

1.

When the start button is pressed, motor #1 starts operating immediately. Three
seconds later motor #2 starts, but motor #3 never starts. When the stop button is
pressed, motor #2 stops operating immediately. After a delay of 3 seconds, motor #1 stops
running. Which of the following could not cause this condition?

a. TRg coil is open.
b. 3M coil is open.

c. TRy coil is open.
d. 2CR coil is open.

. When the start button is pressed, motor #1 starts operating immediately. Motor #2 does

not start operating after 3 seconds, but after a delay of 6 seconds motor #3 starts operating.
When the stop button is pushed, motors #3 and #1 stop operating immediately. Which
of the following could cause this condition?

a. 2CR coil is open.
b. TR; coil is open.
c. TRg coil is open.
d. 2M coil is open.

. When the start button is pressed, all three motors start normally with a 3-second delay

between the starting of each motor. When the stop button is pressed, motor #3 stops
operating immediately. After a delay of 3 seconds, both motors #2 and #1 stop operating
at the same time. Which of the following could cause this problem?

a. Timer TR; is defective.
b. Timer TRy is defective.
c. Timer TRg is defective.
d. Timer TRy is defective.

. When the start button is pressed, nothing happens. None of the motors start. Which

of the following could not cause this problem?
a. Overload contact OL; is open.

b. 1CR relay coil is open.

c. 2CR relay coil is open.

d. The stop button is open.

. When the start button is pressed, motor #1 does not start, but after a delay of 3 seconds

motor #2 starts, and 3 seconds later motor #3 starts. When the stop button is pressed,
motor #3 stops running immediately and after a delay of 3 seconds motor #2 stops running.
Which of the following could cause this problem?

a. Starter coil 1M is open.
b. TR timer coil is open.

c. Timer TR, is defective.
d. 1CR coil is open.
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Unit 36 Hydraulic Press Control Circuit

Objectives

After studying this unit, you should be able to:

+ Discuss the operation of this hydraulic press control circuit.
* Connect the circuit in the laboratory.

* Operate the circuit using toggle switches to simulate limit and pressure switches.

LABORATORY EXERCISE
Name Date

Materials Required

Three-phase power supply

Control transformer

Three-phase motor starter with at least two normally open auxiliary contacts

5 double-acting push buttons (N.O./N.C. on each button)

Pilot light

3 toggle switches that can be used to simulate two limit switches and one pressure switch
1 three-phase motor or equivalent motor load

2 solenoid coils or lamps to simulate solenoid coils

3 control relays with three sets of contacts (11-pin) and 11-pin sockets

3 control relays with two sets of contacts (8-pin) and 8-pin sockets

The next circuit to be discussed is a control for a large hydraulic press (Figure 36-1). In this
circuit, a hydraulic pump must be started before the press can operate. Pressure switch PS
closes when there is sufficient hydraulic pressure to operate the press. If switch PS should
open, it will stop the operation of the circuit. A green pilot light is used to tell the operator
that there is enough pressure to operate the press.

Two run push buttons are located far enough apart so that both of the operator’s hands must
be used to cause the press to cycle. This is to prevent the operator from getting his hands
in the press when it is operating. Limit switches UPLS and DNLS are used to determine
when the press is at the bottom of its downstroke and when it is at the top of its upstroke.
In the event one or both of the run push buttons are released during the cycle, a reset button
can be used to reset the press to its top position. The up solenoid causes the press to travel
upward when it is energized, and the down solenoid causes the press to travel downward
when it is energized.
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To understand the operation of this circuit, assume that the press is in the up position. Notice
that limit switch UPLS is shown normally open held closed. This limit switch is connected
normally open, but when the press is in the up position it is being held closed. Now assume
that the hydraulic pump is started and that the pressure switch closes. When pressure switch
PS closes, the green pilot light turns on and UPLSCR (Up Limit Switch Control Relay) energizes,
changing all UPLSCR contacts (Figure 36-2).

When both run push buttons are held down, a circuit is completed to CR; relay, causing all
CR; contacts to change position (Figure 36-3). The CR; contact connected in series with the
coil of DNCR closes and energizes the relay, causing all DNCR contacts to change position.
The DNCR contact connected in series with the down solenoid coil closes and energizes the
down solenoid.

As the press begins to move downward, limit switch UPLS opens and de-energizes coil
UPLSCR, returning all UPLSCR contacts to their normal position (Figure 36-4).

When the press reaches the bottom of its stroke, it closes down limit switch DNLS. This ener-
gizes the coil of the down limit switch control relay, DNLSCR, causing all DNLSCR contacts
to change position (Figure 36-5). The normally open DNLSCR contact connected in series with

v
v X /
HP
J//If/ X PUMP
HP
)4 \
QJ\J\N /YI b
Control
—_— transformer
Pump start
Stop m oL
e
Q o) O e HP A1
HP
HP PS ﬂ
H oo I\,
Aun Aun UPLSCR m
o oo o 1
CR \_/
) I
Zd
CRy DNLSCR m
| 1|
H f 1 \C-Ry
CR,
Il
UPLS I m
DNLS fl:m
CR4 DNLSCR UPCR m
I v y4
11 i zdl \DN-CD
Reset
DNLSCR UPLSCR DNCR m
I 11 Iy
11 1T i @
UPCR CRy
UPCR Up sol O/V
|
I

DNCR Down sol {4/:
_| |
F

Figure 36-2 The circuit with pump operating.
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Figure 36-3 Circuit is started.

the coil of CRy closes and energizes that relay, causing all CR, contacts to change position.
The normally closed DNLSCR contact connected in series with DNCR coil opens and de-
energizes that relay. All DNCR contacts return to their normal positions. The normally open
contact connected in series with the down solenoid coil opens and de-energizes the solenoid.
The normally closed DNCR contact connected in series with UPCR coil recloses and provides
a current path to that relay.

The UPCR contact connected in series with coil DNCR opens and prevents coil DNCR from
re-energizing when coil DNLSCR de-energizes. The normally open UPCR contact connected
in series with the up solenoid closes and provides a current path to the up solenoid. When
the press starts upward, limit switch DNLS reopens and de-energizes coil DNLSCR. A circuit
is maintained to UPCR coil by the now closed UPCR contact connected in series with the
CR; contact (Figure 36-6).

The press will continue to travel upward until it reaches its upper limit and closes limit
switch UPLS, energizing coil UPLSCR (Figure 36-7). This causes both UPLSCR contacts to
change position. The UPLSCR contact connected in series with coil UPCR opens and de-
energizes the up solenoid. Notice that control relays CR; and CRy are still energized.
Before the press can be re-cycled, one or both of the run buttons must be released to break
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Figure 36-4 The up limit switch opens.

the circuit to the control relays. This will permit the circuit to reset to the state shown in
Figure 36-2. If for some reason the press should be stopped during a cycle, the reset button

can be used to return the press to the starting position.

Connecting the Circuit

In this exercise toggle switches will be used to simulate the action of the pressure switch
and the two limit switches. Lights may also be substituted for the up and down solenoid coils.

1. Refer to the circuit shown in Figure 36-1. Count the number of contacts controlled by
each of the control relays to determine which should be 11-pin and which should be
8-pin. Relays that need three contacts will have to be 11-pin, and relays that need two

contacts may be 8-pin.

2. After determining whether a relay is to be 11-pin or 8-pin, identify the relay with some
type of marker that can be removed later. Identifying the relays as CR;, CRo, and so

on can make connection much simp

3. Place the pin numbers on the schematic in Figure 36-1 to correspond with the contacts and
coils of the control relays. Circle the numbers to distinguish them from wire numbers.

ler.

https://engineersreferencebookspdf.com



412 Section 5 Motor Controls
L L2 Ls L HP
! P R 14
/% P X \PUMP
Control
—___—_————— transformer
Pump start
Stop oL
ol o o] (o] HP ]
HP,
%P PSe r“}s !
| Run Run UPLSCR
<>—O_LO—O_|_C +F ( CR1 )
CB{} \J
A
CB} U
UPLS 7 UP
L &
DNLS N
o= &
j:() DN/IHS,CR UZE:}'R @
Reset
T DALSCR UPLSCR  DNCR
Y74 % % @
4/[ AT AT v
UPCR CR
—
UPCR Up sol
— | O/bc
DNCR Down sol
—|

Figure 36-5 DNLSCR and CRo relays energize.

4. Place wire numbers beside each component on the schematic.

5. Connect the circuit. (Note: When connecting the two run push buttons, connect them
close enough together to permit both to be held closed with one hand.)

Testing the Circuit

To test the circuit for proper operation:

1. Set the toggle switches used to simulate the pressure and down limit switch in the
open (off) position. Set the toggle used to simulate the up limit switch in the closed
(on) position.

2. Press the “pump start” button and the motor or simulated motor load should start
operating.

3. Close the pressure switch. The pilot light and UPLSCR relay should energize.
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4. Press and hold down both of the run push buttons. Relays CR; and DNCR should
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energize. The down solenoid should also turn on.

5. The press is now traveling in the down direction. Open the up limit switch. This
should cause UPLSCR to de-energize. The down solenoid should remain turned on.

6. Close the down limit switch to simulate the press reaching the bottom of its stroke.
DNLSCR, CRy, and UPCR should energize. The press is now starting to travel upward.

7. Open the down limit switch. DNLSCR should de-energize, but the UPCR should

remain energized.

8. Close the up limit switch to simulate the press reaching the top of its stroke. The up
solenoid should turn off. Control relays CR; and CRy should both remain on as long as

the two run buttons are held closed.

9. To restart the cycle, release the run buttons and reclose them.
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Figure 36-7 The press completes the cycle.

Review Questions

1. Assume that the hydraulic pump is running and the pilot light is turned on indicating
that there is sufficient pressure to operate the press. Now assume that the up limit
switch is not closed. What will be action of the circuit if both run buttons are pressed?

2. Assume that the press is in the middle of its downstroke when the operator releases
the two run push buttons. Explain the action of the circuit.
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3. Referring to the condition of the circuit as stated in question 2, what would happen
if the two run push buttons are pressed and held closed? Explain your answer.

4. Referring to the condition of the circuit as stated in question 2, what would happen
if the reset button is pressed and held closed? Explain your answer.

5. Assume that the press traveled to the bottom of its stroke and then started back up.
When it reached the middle of its stroke, the power was interrupted. After the power
has been restored, if the two run buttons are pressed, will the press continue to travel
upward to complete its stroke, or will it start moving downward?
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Unit 37 Design of Two Flashing Lights

Objectives

After studying this unit, you should be able to:

* Design a circuit from a written statement of requirements.

* Connect the circuit in the laboratory after the design has been approved.

LABORATORY EXERCISE
Name Date

Materials Required

Materials depend on the circuit design

In the space provided in Figure 37-1, draw a schematic diagram of a circuit that will fulfill
the following requirements. Use two separate timers. Do not use an electronic timer set in
the repeat mode. Remember that there is generally more than one way to design any circuit.
Try to keep the design as simple as possible. The fewer components a circuit has, the less
it is likely to fail.

1. An on-off toggle switch is used to connect power to the circuit.

2. When the switch is turned on, two lights will alternately flash on and off. Light #1 will
be turned on when light #2 is turned off. When light #1 turns off, light #2 will turn on.

3. The lights are to flash at a rate of on for 1 second and off for 1 second.

When completed, have your instructor approve the design. After the design has been
approved, connect it in the laboratory.

Review Questions

1. When designing a control circuit that requires the use of a timing relay, what type of
timer is generally used during the design?

2. Should schematic diagrams be drawn to assume that the circuit is energized or de-
energized?
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Figure 37-1 Design of two flashing lights.
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3. Explain the difference between a schematic and a wiring diagram.

4. In a forward-reverse control circuit, a normally closed F contact is connected in series
with the R starter coil, and a normally closed R contact is connected in series with the
F starter coil. What is the purpose of doing this and what is this contact arrangement
called?

5. What type of overload relay is not sensitive to changes in ambient temperature?
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Unit 38 Design of Three Flashing Lights

Objectives

After studying this unit, you should be able to:

+ Design a motor control circuit using timers.
* Discuss the operation of this circuit.

+ Connect this circuit in the laboratory.

LABORATORY EXERCISE
Name Date

Materials Required

Materials depend on the design of the circuit

The design of this circuit will be somewhat similar to the circuit in Unit 37. This circuit, however,
contains three lights that turn on and off in sequence. Use the space provided in Figure 38-1
to design this circuit. The requirements of the circuit are as follows:

1. A toggle switch is used to connect power to the circuit. When the power is turned on,
light #1 will turn on.

After a delay of 1 second, light #1 will turn off and light #2 will turn on.
After a delay of 1 second, light #2 will turn off and light #3 will turn on.
After a delay of 1 second, light #3 will turn off and light #1 will turn back on.
The lights will repeat this action until the toggle switch is opened.

A

Procedure

1. After the design of your circuit has been approved by your instructor, connect the cir-
cuit in the laboratory.

2. Test the circuit for proper operation.
3. Disconnect the circuit and return the components to their proper location.

Review Questions

1. A 60 hp, three-phase squirrel cage induction motor is to be connected to a 480 volt line.
What size NEMA starter should be used to make this connection?
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Figure 38-1 Design of three lights that turn on and off in sequence.
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2. An electrician is given a NEMA size 2 starter to connect a 30 hp, three-phase squirrel
cage motor to a 575 volt line. Should this starter be used to operate this motor?

3. Assume that the motor in question 2 has a design code B. What standard size inverse
time circuit breaker should be used to connect the motor?

4. The motor described in questions 2 and 3 is to be connected with copper conductors with
type THHN insulation. What size conductors should be used? The termination temperature
rating is not known.

5. Assume that the motor in question 2 has a nameplate current rating of 28 amperes and
a marked service factor of 1. What size overload heater should be used for this motor?
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Unit 39 Control for Three Pumps

Objectives

After studying this unit, you should be able to:

* Analyze a motor control circuit.
+ List the steps of operation in a control circuit.

+ Connect this circuit in the laboratory.

LABORATORY EXERCISE
Name Date

Materials Required

Three-phase power supply

Control transformer

3 motor starters with normally open auxiliary contacts

6 toggle switches to simulate auto-man switches and float switches
8-pin control relay and 8-pin socket

3 three-phase motors or equivalent motor loads

1 normally open and 1 normally closed push button

One of the primary duties of an industrial electrician is to troubleshoot existing control circuits.
To troubleshoot a circuit, the electrician must understand what the circuit is designed to do and
how it accomplishes it. To analyze a control circuit, start by listing the major components. Next,
determine the basic function of each component. Finally, determine what occurs during the
circuit operation.

To illustrate this procedure, the circuit previously discussed in Unit 36 will be analyzed. The
hydraulic press circuit is shown in Figure 39-1. In order to facilitate circuit analysis, wire
numbers have been placed beside the components. The first step will be to list the major com-
ponents in the circuit.

Normally closed stop push button

Normally open push button used to start the hydraulic pump
Two normally open push buttons used as run buttons
Normally open push button used for the reset button

Normally open pressure switch

A

Two normally open limit switches
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Figure 39-1 Analyzing the circuit.

7. Two solenoid valves
8. Three 8-pin control relays (CRy, UPLSCR, and DNCR)
9. Three 11-pin control relays (CR;, DNLSCR, and UPCR)
10. Control transformer
11. Green pilot light
The next step in the process is to give a brief description of the function of each listed
component:
1. (Normally closed stop push button)—Used to stop the operation of the hydraulic
pump motor.
2. (Normally open push button used to start the hydraulic pump)—Starts the hydraulic
pump.
3. (Two normally open push buttons used as run buttons)—Both push buttons must be
held down to start the action of the press.
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4.

9.
10.

11.

(Normally open push button used for the reset button)—Resets the press to the topmost
position.

(Normally open pressure switch)—Determines whether or not there is enough hydraulic
pressure to operate the press.

(Two normally open limit switches)—Determine when the press is at the top of its stroke
and when it is at the bottom of its stroke.

(Two solenoid valves)—The up solenoid valve opens on energize to permit hydraulic fluid
to move the press upward. The down solenoid valve opens on energize to permit
hydraulic fluid to move the press downward.

(Three 8-pin control relays [CRy, UPLSCR, and DNCR])—Part of the control circuit.
(Three 11-pin control relays [CR;, DNLSCR, and UPCR])—Part of the control circuit.

(Control transformer)—Reduces the value of the line voltage to the voltage needed to
operate the control circuit.

(Green pilot light)—Indicates there is enough hydraulic pressure to operate the pump.

The final step is to analyze the operation of the circuit. To analyze circuit operation, trace
the current paths each time a change is made in the circuit. Start by pressing the pump start
button.

1.
2.

When the pump start button is pressed, a circuit is completed to the coil of starter HP.

When coil HP energizes, all HP contacts change position. The three load contacts
close to connect the pump motor to the line. The HP auxiliary contact located between
wire points 11 and 12 closes to maintain the circuit after the pump start button is
released, and the HP auxiliary contact located between wire numbers 10 and 15 closes
to provide power to the rest of the circuit.

After the hydraulic pump starts, the hydraulic pressure in the system increases and
closes the pressure switch.

. When the pressure switch closes, a current path is provided to the green pilot light to

indicate that there is sufficient hydraulic pressure to operate the press. A current path

also exists through the normally open held closed up limit switch to control relay coil
UPLSCR.

When UPLSCR relay energizes, both UPLSCR contacts open. The UPLSCR contact
located between wire numbers 18 and 19 opens to break a current path to CR; coil.

UPLSCR contact located between wire numbers 27 and 29 opens to break the current
path to coil UPCR.

Both run push buttons must be held down to provide a current path through the
normally closed CR,, contact located between wire numbers 18 and 19 to the coil of CR;
relay.

. When CR; relay coil energizes, the CR; contact located between wire numbers 18 and

20 closes to provide a path to CRg coil in the event that the DNLSCR contact should
close. The CR; contact located between wire numbers 16 and 24 closes to provide a
current path to the down control relay (DNCR). The CR; contact located between wire
numbers 28 and 27 closes to provide an eventual current path to the up control relay

(UPCR).

. When DNCR coil energizes, the DNCR contact located between wire numbers 29 and

30 opens to provide interlock with the up control relay. The DNCR contact between wire
numbers 16 and 32 closes and provides a current path to the down solenoid valve.
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10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

When the down solenoid valve energizes, the press begins its downward stroke. This
causes the normally open held closed up limit switch to open and de-energize the coil
of the up limit switch control relay (UPLSCR).

Both UPLSCR contacts reclose.

When the press reaches the bottom of its stroke, the down limit switch located between
wire numbers 16 and 23 closes to provide a current path to the coil of the down limit
switch control relay (DNLSCR).

All DNLSCR contacts change position. The DNLSCR contact located between wire num-
bers 20 and 21 closes to provide a current path through the now closed CR; contact to
the coil of CRy relay. The DNLSCR contact located between wire numbers 24 and 25
opens and breaks the current path to DNCR relay. The DNLSCR contact located
between wire numbers 16 and 27 closes to provide a current path to UPCR relay
when the DNCR contact located between 29 and 30 recloses.

When CR, coil energizes, the normally closed CRy contact located between wires 18
and 19 opens to prevent a maintained current path to CR; when the UPLSCR contact
reopens. The normally open CR,, contact located between 18 and 21 closes to main-
tain a current path to the coil of CRy in the event that CR; or DNLSCR contacts should
open.

When the DNCR relay coil de-energizes, the DNCR contact located between wires 29
and 30 recloses to permit coil UPCR to be energized. The DNCR contact located
between 16 and 32 reopens to break the current path to the down solenoid valve.

When the UPCR coil energizes, the normally closed UPCR contact located between wires
25 and 26 opens to provide interlock with the DNCR relay coil. The UPCR contact
located between 16 and 28 closes to maintain a circuit through the now closed CR; contact
to the coil of UPCR. The UPCR contact located between 16 and 31 closes and provides
a current path to the up solenoid valve.

When the up solenoid valve opens, hydraulic fluid causes the press to begin its upward
stroke.

When the press starts upward, the down limit switch reopens and de-energizes the coil
of DNLSCR relay.

When coil DNLSCR de-energizes, the DNLSCR contact located between wires 20 and
21 reopens, but a current path is maintained by the now closed CR, contact. The
DNLSCR contact located between 24 and 25 recloses, but the current path to DNCR
coil remains broken by the UPCR contact located between 25 and 26. The DNLSCR con-
tact located between wires 16 and 27 reopens, but a current path is maintained by the
now closed UPCR and CR contacts.

When the press reaches the top of its stroke, the up limit switch again closes and provides
a current path to the coil of UPLSCR relay.

The UPLSCR contact located between wires 18 and 19 opens to break the current path
to CR; coil. The UPLSCR contact located between wires 27 and 29 opens to break the
current path to the coil of UPCR.

When CR; coil de-energizes, all CR{ contacts return to their normal position. The CR;
contact between wires 18 and 20 reopens, CR; contact between wires 16 and 24
reopens to prevent a current path from being established to the DNCR relay coil, and
CR; contact between wires 27 and 28 reopens.
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22. When coil UPCR de-energizes, its contacts return to their normal position. The UPCR
contacts located between wires 16 and 28 reopen, and the UPCR contact located
between wires 16 and 31 reopens to break the circuit to the up solenoid.

23. Before the circuit can be restarted, the current path to relay CRy must be broken by
releasing one or both of the run push buttons. This will return all contacts back to their
original state.

24. In the event the press should be stopped in the middle of its stroke, the up limit
switch will be open and coil UPLSCR will be de-energized. The DNCR coil will also be
de-energized. If the reset button is pressed and held, a circuit will be completed

through the normally closed DNLSCR and DNCR contacts to the coil of UPCR. This
will cause the up solenoid valve to energize and return the press to its up position.

Determining What the Circuit Does

The circuit in this experiment is intended to operate three pumps. The pumps are used to
pump water from a sump to a roof storage tank. The water in the storage tank is used for
cooling throughout the plant. After the water has been used for cooling, it returns to the sump
to be recooled. Three float switches are used to detect the water level in the storage tank.
As the water is drained out of the tank, the level drops and the float switches turn on the
pumps to pump water from the sump back to the storage tank (Figure 39-2).

List the Components

In the space provided, list the major components in the control circuit shown in Figure 39-3.

e T A L

—
e

Describe the Components

In the space provided, give a brief description of the function of the components in this
circuit.

1.
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Figure 39-3 Control circuit for three pumps.
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3.

10.

Describing the Circuit Operation

In the space provided, describe the operation of the circuit. Assume that in the normal state
the roof storage tank is filled with water, and all the auto-off-man switches are set in the
auto position. Also assume that the three motor starters control the operation of the three
pumps, although the pumps are not shown on the schematic.

1.
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10.

11.

12.

13.

14.

15.
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Review Questions

To answer the following questions, refer to the circuit shown in Figure 39-3.

1. Assume that all three pumps are operating. What would be the action of the circuit if
the auto-off-man switch of pump #2 were to be switched to the off position?

2. Assume that the auto-off-man switch of pump #3 is set in the manual position. What
will be the operation of the circuit if float switch F'S; closes?

3. Assume that the roof storage tank empties completely, but none of the pumps have
started. Which of the following could not cause this condition?

a. The emergency stop button has been pushed and the control relay is de-energized.
b. The auto-off-man switch of pump #1 has been set in the off position.

c. The auto-off-man switch of pump #1 has been set in the manual position.

d. 1M coil is open.

4. Assume that all three pumps are in operation and OLg contact opens. Will this affect
the operation of the other two pumps?

5. Assume that F'Sy float switch is defective. If the water level drops enough to close float
switch F'S3, will pump #3 start running?
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Unit 40 Oil Pressure Pump

Circuit for a Compressor

Objectives

After studying this unit, you should be able to:

* Analyze a motor control circuit.
+ List the steps of operation in a control circuit.

+ Connect this circuit in the laboratory.

LABORATORY EXERCISE
Name Date

Materials Required

Three-phase power supply

2 motor starters

Control transformer

2 electronic timers (Dayton model 6A855) and 11-pin tube sockets
2 pilot lights

2 double-acting push buttons

In the circuit shown in Figure 40-1, the oil pump must start for some time before the com-
pressor 1s started. When the start button is pressed, the oil pump should continue to run
for some time after the compressor stops operating.

List the Components

In the space provided, list the circuit components.

e A L

—
e
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Figure 40-1 Compressor oil pump circuit.

Describe the Components

In the space provided, give a brief description of what function is performed by each
component.

1.
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6.

10.

Circuit Operation

In the space provided, describe the operation of the circuit in a step-by-step sequence.
1.

10.

11.

12.

13.
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14.

15.

Connecting the Circuit

1.
2.

Connect the circuit shown in Figure 40-1.

After checking with the instructor, turn on the power and test the circuit for proper
operation.

. Turn off the power and disconnect the circuit. Return the components to their

proper location.

Review Questions

To answer the following questions, refer to the circuit shown in Figure 40-1.

1.

2.

Assume that the start button is pressed and the oil pump starts operating. After a delay
of 5 seconds, the COMP pilot light turns on, but the compressor motor does not start.
Which of the following could cause this condition?

a. TRy timer is defective.

b. COMP starter coil is defective.

c. The compressor motor is defective.
d. All of the above.

Assume that the circuit is in operation. When the stop button is pressed, both the com-
pressor and oil pump stop operating immediately. Which of the following could cause
this condition?

a. CR relay is defective.

b. TR; timer is defective.
c. OP starter is defective.
d. Timer TRy is defective.

. When the start button is pressed, the oil pump starts operating immediately. After a

delay of 5 seconds, the oil pump motor turns off. An electrician finds that the control
transformer fuse is blown. Which of the following could cause this condition?

a. TRy coil is shorted.

b. OP coil is shorted.
TRy coil 1s shorted.

d. COMP coil is shorted.

o

. When the start button is pressed, the oil pump motor starts operating immediately. After

a long time delay, it is determined that the compressor motor will not start. Which of
the following could not cause this condition?

a. OP coil is defective.
b. TRy coil is defective.
COMP coil is defective.

. The compressor overload contact is open.

o

oL
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Unit 40 QOil Pressure Pump Circuit for a Compressor 439

5. When the start button is pressed, the oil pump motor starts operating immediately.
When the start button is released, however, the oil pump motor turns off. The opera-
tor then presses the start button and holds it down for a period of 10 seconds. This time
the oil pump motor starts operating immediately, but the compressor motor never starts.
When the start button is released, the oil pump motor again immediately turns off.
Which of the following could cause this condition?

a. CR coil is defective.

b. TR coil is defective.
c. TRy coil is defective.
d

. COMP coil is defective.

https://engineersreferencebookspdf.com



This page intentionally left blank

https://engineersreferencebookspdf.com



Unit 41 Autotransformer Starter

Objectives

After studying this unit, you should be able to:

* Discuss the operation of an autotransformer starter.
+ Explain the operation of an autotransformer starter.

+ Connect an autotransformer starter in the laboratory.

Autotransformer starters are used to reduce the amount of inrush current when starting
a large motor. The autotransformer starter accomplishes this by reducing the voltage applied
to the motor during the starting period. If the voltage is reduced by one-half, the current will
be reduced by one-half, and the torque will be reduced to one-fourth of normal.

There are several different ways to construct an autotransformer starter. Some use three
transformers, and others use two transformers. In this experiment two transformers con-
nected as an open delta will be used. Two 0.5 kVA control transformers will be employed.
Since these transformers are to be used as autotransformers, only the high-voltage windings
will be connected. The low-voltage windings (X; and X,) will not be used in this experiment.
The high-voltage windings can be identified by the markings on the terminal leads of H;
through H,. These high-voltage windings are to be connected in series by connecting a
jumper between terminals Hy and Hg. This jumpered point provides a center tap for the
entire winding.

Obtaining Enough Contacts

A schematic diagram of this connection is shown in Figure 41-1. Notice that there are a total
of five starting contactor (SC) load contacts needed during the starting period. Contactors
that contain five load contacts can be purchased, but they are difficult to obtain and they
are expensive. For this reason, two three-phase contactors will be used to provide the
needed load contacts. This can be accomplished by connecting the coil of SC; and SCq con-
tactors in parallel with each other.

Circuit Operation

When the start button is pressed, coils CR, TR, SCq, and SC, energize. When the SC; and
SCy load contacts close, the motor is connected to the center tap of the open delta auto-
transformer. Since the transformers have been center tapped, the motor is connected to half
of the line voltage. A basic schematic diagram of this connection is shown in Figure 41-2.
The normally closed SC; and SC, auxiliary contacts connected in series with the R coil open
to provide interlock and prevent the R contactor from energizing as long as SC; or SC,, is
energized.

After some time, TR timer reaches the end of its timing sequence and the two timed TR con-
tacts change position. The normally closed TR contact connected in series with coils SC; and
SCgy opens and de-energizes these contactors. This causes all SC; and SC, load contacts to
open and disconnect the autotransformer from the line. The normally closed SC; and SC,
auxiliary contacts connected in series with R coil reclose.
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Control transformer

Start

Stop | oL

<L
T

TR R

0 S

SCo

TR SC; SC»

.

:

Figure 41-1 Autotransformer starter.

When the normally open TR contact connected in series with R coil closes, the R contactor
energizes and closes all R load contacts. This connects the motor directly to the power line.
The normally closed R auxiliary contact connected in series with coils SC; and SC, opens
to provide interlock. The motor will continue to run until the stop button is pressed or an
overload occurs.
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L1
H1
Ho—H3
Ha
Lo
Motor
Hg
Ho—H3
H1
L3

Figure 41-2 Schematic diagram of a basic autotransformer connection.

LABORATORY EXERCISE

Materials Required
Three-phase power supply
Control transformer

3 three-phase contactors with at least one normally open and one normally closed auxiliary
contact
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2 0.5-kVA control transformers (480/240-120)

Three-phase motor or equivalent motor load

On-delay timer (Dayton model 6A855 or equivalent) and 11-pin tube socket

8-pin control relay and 8-pin tube socket

2 double-acting push buttons (N.O./N.C. on each button)

Three-phase overload relay or three single-phase overload relays with the overload contacts
connected 1in series

(In this circuit it is possible to replace the two SC contactors with a single contactor that
contains five load contacts, if one is available. Also, if true contactors are not available,
it is permissible to use motor starters for the two SC contactors.)

1.

© 0= o

10.

Assuming that relay CR is an 8-pin control relay, and that timer TR is a Dayton
model 6A855, place pin numbers beside the components of CR and TR in Figure 41-1.
Circle the pin numbers to distinguish them from wire numbers.

Place wire numbers beside all circuit components in Figure 41-1.

. Place corresponding wire numbers beside the components shown in Figure 41-3.

Make certain to make the connection between Hy and Hg on the high-voltage side of
the control transformers.

Connect the control section of the circuit shown in Figure 41-1.

Set the timing relay for a delay of 5 seconds.

Turn on the power and test the control section of the circuit for proper operation.
Turn off the power.

Connect the load section of the circuit.

Turn on the power and test the circuit for proper operation. (Note: Connect a voltmeter
across the motor or equivalent motor load terminals and monitor the voltage. When the
circuit is first energized, the voltage applied to the motor should be one-half the full-
line value. After a delay of 5 seconds, the voltage should increase to full value.)

Turn off the power and disconnect the circuit. Return the components to their
proper places.

Review Questions

1.

2.

How does the autotransformer reduce the amount of starting current to a motor?

Is the autotransformer used in this experiment connected as a wye, delta, or open delta?
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Start L
olo P
6 ;0
o o
TR ?
Q
Stop ? C\J
10
olo .
o o 150%AC
— 50/60 Hz

Figure 41-3 Developing a wiring diagram.
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3. What is the advantage, if any, of using an open delta connection as opposed to a
closed delta or wye?

4. Assume that the line-to-line voltage in Figure 41-1 1s 480 volts. Also assume that when
the start button is pressed, the motor starts with 240 volts applied to the motor.
When the start button is released, however, the motor stops running. Which of the fol-
lowing could cause this problem?

a. SCq coil is open.

b. CR coil is open.

c. TR coil is open.

d. The stop push button is open.

5. Refer to the circuit shown in Figure 41-1. When the start button is pressed, nothing hap-
pens for 5 seconds. After 5 seconds, the motor suddenly starts with full voltage connected
to it. Which of the following could cause this problem?

a. CR coil is open.

b. TR coil is open.

c. R coil is open.

d. R normally closed auxiliary contact is open.
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£ (See Angle theta; Cosine £0)

A

AC (See Alternating current)
AC ammeters, 15-19
AC capacitor (See Nonpolarized capacitor)
Accuracy, of meters, 1
Additive polarity (See Boost connection)
Additive/subtractive polarities, 245-257
Alternating current (AC), DC voltmeter and, 3
Alternating current (AC) circuit:

capacitance in, 158-159

current and voltage phase with pure resistance,
131

pure inductive load, 132
Alternating current (AC) loads, 119-219
capacitance, 153—166
impedance, 119-120
inductance, 119-128
power factor correction, 213—-219
RC parallel circuits, 179-188
RC series circuits, 169-177
RL parallel circuits, 143—-151
RL series circuits, 131-141
RLC parallel circuits, 201-211
RLC series circuits, 191-198
Ammeters, 10-19
AC, 15-19
Ayrton shunt for, 14-15
DC, 12-15
scale divider for, 17-19
Analog DC ammeters, 12-15
Analog ohmmeters, 8-10, 162
Analog voltmeters, 2—4
Angle theta () (See also Cosine £Q)

power factor, 137
RL series circuits, 133

Apparent power (VA) (See also Volt amps)

defined, 133

for 100% power factor correction, 214

for 95% power factor correction, 215

power factor correction, 213

RC parallel circuits, 181

RC series circuits, 172

RL parallel circuits, 145

RL series circuits, 133, 136

RLC parallel circuits, 203

RLC series circuits, 194

three-phase circuit, 279-280
Arrows, for polarities, 248-250
Autotransformer(s), 259-268

current relationships, 263—264

for starting large motor, 441444

voltage values, 260-261

voltage/current calculations, 261-263
Autotransformer starter, 441-444
Ayrton shunt, 14-15

B

Black wire, 79-81

Boost connection, 245-246, 248, 251
Branch circuit, 76, 78

Buck connection, 245-246, 248, 251

C

Capacitance (C), 153—-166
in AC circuits, 158
and capacitive reactance (X), 159
and capacitor testing, 162
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Capacitance (continued)
of capacitors connected in parallel, 160
of capacitors connected in series, 160
determining, for 95% PF, 215-216
determining, for 100% PF, 214-215
factors determining value of, in capacitor, 153
for 100% power factor correction, 214-215
for 95% power factor correction, 215-216
in RC parallel circuits, 182
of RC series circuits, 171-172
values, 157

Capacitive current (I):
determining capacitance for 95% PF, 215
determining capacitance for 100% PF, 214

Capacitive load, power factor correction
and, 213

Capacitive reactance (X;) (See also Total capaci-
tive reactance)

capacitors connected in parallel, 161
capacitors connected in series, 160
determining capacitance for 95% PF, 215
determining capacitance for 100% PF, 214
formula for, 158-159
RLC parallel circuits, 202—203
Capacitive VARs (VARs(), 161-162
determining capacitance for 95% PF, 215
RC parallel circuits, 182
RC series circuits, 171
RLC parallel circuits, 204
RLC series circuits, 194
three-phase alternator circuit, 280-281
Capacitive voltage, RLC series circuits, 191, 192
Capacitor(s), 153—-166
capacitance values, 153—-154, 157
charge/discharge, 156-157
in parallel, 160-161
polarized/nonpolarized, 158
in series, 159-160
testing of, 162
voltage rating, 158
voltage/current relationships, 161-162
Center-tapped transformer, 75
Choke(s) (See Inductor(s))
Clamp-on AC ammeters, 15-19
Coil(s) (See Inductor(s))
Color codes, for resistors, 6773
five-band resistors, 68—69
gold/silver as multipliers, 69—70
power rating, 70, 72

standard resistance values, 70
tolerance band, 68
Combination circuits, 47—63
Common terminal (3-way switch), 87—88
Compressor, oil pressure pump circuit for, 435-438
Contacts (3-way switch), 87
Control relays, for on-delay timers, 370
Core saturation, 128
Cosine (cos) £O:
RC parallel circuits, 182
RC series circuits, 172
RL parallel circuits, 146
RL series circuits, 137
RLC parallel circuits, 205
RLC series circuits, 195
Cr (See Total capacitance)

Current (I) (See also Line current; Phase current;
Total current)

autotransformers, 261-264

capacitive reactance (X¢), 159

combination circuits, 50-51, 54—56

open delta connection, 302

parallel circuits, 35—-36

and PF, 133-134

phase in RLC series circuits, 191

and power factor correction, 133-134, 213

RC parallel circuits, 179, 181, 182

RL parallel circuits, 143, 145, 146

RLC parallel circuits, 204

series circuits, 27-28

single-phase transformer, 238—-243

three-phase transformer, 296-301

transformer values, 222223, 226-236

and turns-ratio, 229

and VARs, 132

and voltage, in capacitors, 161-162
Current flow through capacitor (I):

for 100% PF, 214

RC parallel circuits, 182

RLC parallel circuits, 204

Current flow through inductor (I1), in RLC
parallel circuits, 204

Current flow through resistor (Iy):
RC parallel circuits, 181
RLC parallel circuits, 203
Current in primary winding (Ip):
autotransformers, 262, 263
transformers, 222, 226
and turns-ratio, 229, 230
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Current in secondary winding (Ig), 222, 226-230
Current lag, in pure inductive load, 132
Current limiting, by inductors, 120

Current rating, of transformer, 223

Current transformer, AC ammeter and, 15-17

D
Dayton 6A855 electronic timer, 379
DC ammeters, 12-15
Delta connection:
three-phase circuits, 277-279
three-phase motors, 319
three-phase motors, determining, 320
three-phase transformers, closing, 295-296

three-phase transformers, open, 301-302,
313-315

Delta-delta connection (three-phase transform-
ers), 299-301, 306-308

Delta-wye connection (three-phase transformers),
292294, 303-306

Dielectric constant, 153—-154
Dielectric materials, 153—154, 162
Dielectric oil, 291

Dielectric stress, 155

Digital ohmmeters, 10, 11, 162
Digital voltmeters, 4—6

Dots, for polarities, 245-250, 253, 254

Double-pole double-throw (DPDT) switch,
105-106

Double-pole single-throw (DPST) switch, 106

E

E (See Voltage)

E, (See Voltage drop; Voltage drop across resistor)
E. (See Voltage drop across capacitor)

E;, (See Voltage drop across inductor)

E\ 10ap) (See Line voltage of load)

Electrical interlocking, 341-343

Electrolytic capacitor (See Polarized capacitor)
Electronic timer, 371, 379—-380

Electrostatic field, dielectric stress and, 155
Eiing (See Line voltage)

Energy conversion, watts and, 131

Ep (See Voltage of primary winding)

Epq.0an) (See Phase voltage of load)

Epprivary) (See Phase voltage of primary)
Epseconpary) (Phase voltage of secondary), 297
Eppasy (See Phase voltage)

Ey, (See Voltage drop across resistor)

Erns (RMS voltage), 158

Eg (See Voltage of secondary winding)
Ey (See Total voltage)

Excitation current, 226, 237

F
Farad, 157
Filament resistance, 22, 31
Flashing lights, 417, 421
Forward-reverse motor control, 341-344
4-way switches, 105-117

connections, 108-117

construction, 105-106

logic, 106-107

Ground, isolation transformer and, 223, 225
Grounded conductor, 75

H
Heat:
dissipation by resistors, 70, 71
and watts, 131
High-voltage motors, 319-320
HiPot, 162
Hot conductor, for 3-way switches, 90—92
Hydraulic press, motor control circuit for, 407—414

[
I (See Current)
I (See Capacitive current; Current flow through
capacitor)
I, (See Current flow through inductor)
I1,1.0ap) (See Line current of load)
I privary) (See Line current of primary)
I seconpary) (See Line current of secondary)
I ing (See Line current)
Impedance (Z), 119-120
RC parallel circuits, 179-181
RC series circuits, 170
RL parallel circuits, 143—-145
RL series circuits, 135
RLC parallel circuits, 201-211
RLC series circuits, 193
Inching control, jogging control vs., 355—-356
Inductance (L), 119-128
changing values, in transformers, 128
and impedance, 119-120
inductors and transformers, 121-124
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Inductance (continued)
inductors connected in parallel, 124
inductors connected in series, 126
RL parallel circuits, 146
RL series circuits, 132, 136

Inductive load, power factor correction
and, 213

Inductive reactance (Xj) (See also Total inductive
reactance)

inductors, 120, 122, 124
inductors connected in parallel, 124
inductors connected in series, 126
RLC parallel circuits, 202
and VARs, 132
Inductive VARs (VARs;):
95% PF correction, 215
100% PF correction, 214
RL parallel circuits, 146
RLC series circuits, 194

Inductive voltage, in RLC series circuits,
191, 192

Inductor(s):
isolation transformer as, 223, 224
parallel, 124-126
Q of, 120
series, 126-128
transformer as, 121-124
Input resistance, of voltmeter, 5
Inrush currents, 121
Instantaneous contacts, 369-370
Interlocking (motor controls), 341-343
Iy (See Current in primary winding)
Iparm (phase voltage of alternator), 283
Ipq0ap) (See Phase current of load)
Ipprivary) (Phase current of primary), 301
Ivspconpary) (Phase current of secondary), 301
Ippase (See Phase current)
I (See Current flow through resistor)
Ig (See Current in secondary winding)
Isolation transformer(s), 223-225
I (See Total current)

J

Jogging control, 355-364

K

Kilowatt hours, power factor correction
and, 213

Kinetic energy, watts and, 131

L
L (See Inductance)
Leakage current, 162
Lights, flashing, 417, 421
Line current (I yp):
delta-connected load, 278-279, 285, 287

delta-delta three-phase transformer bank,
300-301

three-phase alternator circuit, 279, 280, 282—287

wye-connected alternator system formulas, 275

wye-connected load, 285, 286

wye-delta three-phase transformer bank, 298
Line current of load (I1,10ap)):

delta-delta three-phase transformer bank,
300-301

three-phase alternator circuit, 282
Line current of primary (I privary)):
delta-delta three-phase transformer bank, 301

wye-delta three-phase transformer bank, 298,
299

Line current of secondary (I, sgconpary)):
delta-delta three-phase transformer bank, 301
wye-delta three-phase transformer bank, 298

Line isolation, 223

Line voltage (E;np):
definition, 273
delta-connected load, 278, 285, 287, 288
delta-delta three-phase transformer bank, 300
three-phase alternator circuit, 279—287

wye-connected alternator system formulas, 274,
275

Line voltage of load (Ey0ap)):
delta-delta three-phase transformer bank, 300
three-phase alternator circuit, 282

Load winding (See Secondary winding)

Loads, AC, 119-219

Low-voltage motors, 320

Ly (See Total inductance)

M
Magnetic domains, 128
Make-before-break switch, 13—14
Measuring instruments (See Meters)
Mechanical interlocking, 341
Megohmmeter (megger), 320—-322
Meters, 1-19

ammeters, 10-19

ohmmeters, 8-10

voltmeters, 1-8
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Military resistors, 69 digital, 10, 11
Motor(s), three-phase, 319—-323 for stator winding test, 320-321
Motor controls, 325—444 for wye/delta motor determination, 320
autotransformer starter, 441-444 Ohm’s law, 21-25
changing logic of on-delay timer to off-delay capacitive reactance (X¢), 159
timer, 387-391 current measurements, 7—8
control for three pumps, 425-432 I in combination circuit, 54, 55
flashing light exercise, 417, 421 ohmmeter calibration, 9
forward-reverse motor control, 341-344 resistance in parallel circuits, 3637
for hydraulic press circuit, 407-414 RL series circuits computations, 135
interlocking, 341-343 series circuit current, 28
jogging control, 355-364 transformer calculations, 226—228, 230
multiple-station start-stop push-button control, 01l pressure pump circuit for compressor, 435—438
835-337 On-delay timers, 369373

off-delay timers, 377-384

oil pressure pump circuit for compressor,
435-438

on-delay timers, 369-373
for printing press circuit, 395-398

changing logic to off-delay timer from, 387-391
control relays for, 370
Iinstantaneous contacts, 369-370
timed contacts, 369, 370
One line diagram, 293-295

. . Open delta transformer connection, 301-302,
sequence starting and stopping for three 313-315

motors, 401-405
start-stop push-button control, 325-332
Multimeter, 2

sequence control, 347-352

Output winding (See Secondary winding)

Multirange DC ammeters, 13—15 P
P (See Watts)
N Parallel circuits, 35-44
National Electrical Code® (NEC®): as part of combination circuit, 47
neutral conductor, 78, 79 RC, 179-188
3-way switches, 93, 94 RL, 143-151
wire identification, 81 RLC, 201-211
NEMA symbols, for contacts, 370, 377 Parallel resistance, 38-39
Neutral (transformer tap), 75 Parallelogram method of vector addition, 276, 277
Neutral conductor: PF (See Power factor)
NEC regulations, 78, 79 Phase:
for single-pole switch, 76, 77, 81 and angle theta (9), 133

current/voltage in AC circuit with pure

for 3-way switches, 88 -
resistance, 131

Nonpolarized capacitor, 158 . . o
current/voltage in pure capacitive circuit,

161-162
current/voltage in RC parallel circuits, 179

Np (See Number of turns in primary winding)
Ng (number of turns in secondary winding), 222

Number of turns in primary winding (Np), 222,
229, 230

Number of turns in secondary winding (Ng), 222

current/voltage in RLC series circuits, 191
and power factor correction, 213
Phase current (Ipyasg):
delta-connected load, 278-279, 287, 288
delta-delta three-phase transformer bank, 300,

Off-delay timers, 377-384, 387-391 301

Ohmmeters, 8-11 three-phase alternator circuit, 279, 280,
analog, 8-10 282286, 288
for capacitor testing, 162 wye-connected alternator system formulas, 275
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Phase current (continued)
wye-connected load, 285, 286

wye-delta three-phase transformer bank, 298,
299

Phase current of load (Ipq0an)):
delta-delta three-phase transformer bank, 300
three-phase alternator circuit, 282
wye-delta three-phase transformer bank, 298
Phase current of primary (Ipprmvary)), 301
Phase current of secondary (Ipsgconpary)), 301
Phase voltage (Eppasy):
definition, 273
delta-connected load, 278, 287, 288
delta-delta three-phase transformer bank, 300
three-phase alternator circuit, 279-284

wye-connected alternator system formulas, 274,
275

wye-delta three-phase transformer bank, 297, 298
Phase voltage of alternator (Iprr), 283
Phase voltage of load (Epgoan)):
delta-delta three-phase transformer bank, 300
three-phase alternator circuit, 282
wye-delta three-phase transformer bank, 298
Phase voltage of primary (Epprmvary)):
delta-delta three-phase transformer bank, 300
wye-delta three-phase transformer bank, 297
Phase voltage of secondary (Epsrconpary), 297
Pneumatic timer, 370-371
Polarity, of transformers, 245-257
Polarized capacitor, 158
Power (See watts)
Power consumption, of parallel circuits, 35
Power factor (PF) (See also Cosine £O)
defined, 133
RC parallel circuits, 182
RC series circuits, 172
RL parallel circuits, 146
RL series circuits, 133—134, 137
RLC parallel circuits, 204—205
RLC series circuits, 195
Power factor correction, 213-219
Power rating, of resistors, 70
Powerstat, 263
Primary winding, 223
autotransformer, 259
transformer calculations, 227
and turns-ratio, 221, 222, 227, 229
and voltage calculations, 226

Printing press, motor control circuit for, 395-398
Pumps, motor control for, 425-432, 435—-438

Q

Q (quality), 120, 122

R
R (See Resistance)

RC circuits (See Resistive-capacitive circuits)

Reactance (X), 120 (See also Capacitive reactance;
Inductive reactance; Total capacitive reac-
tance; Total inductive reactance)

Reactive VARs (See VARSs)
Reactor(s) (See Inductor(s))
Reciprocal formula, for total resistance in parallel
circuits, 38-39
Red wire, 79
Resistance (R):
in inductors, 120
in parallel circuits, 36—39
in series circuits, 28—29
and temperature, 21
total (See Total resistance)
in voltmeter, 3-5

Resistive-capacitive (RC) parallel circuits,
179-188

Resistive-capacitive (RC) series circuits, 169-177
Resistive-inductive (RL) parallel circuits, 143-151
Resistive-inductive (RL) series circuits, 131-141

angle theta (0), 133

apparent power, 133

inductance, 132

power factor, 133-134

VARs, 132

volt amps (VA), 133

watts, 131

Resistive-inductive-capacitive (RLC) parallel cir-
cuits, 201-211

Resistive-inductive-capacitive (RLC) series cir-
cuits, 191-198
Resistor(s):
color code for, 67-73
in combination circuit, 47-56
in series circuit, 28
RL circuits (See Resistive-inductive circuits)

RLC circuits (See Resistive-inductive-capacitive
circuits)

RMS voltage (Egpg), 158
Ry (See Total resistance)
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Safety procedures:
capacitors, 156
ohmmeters, 8
single-phase transformer, 242
transformer voltages, 231
voltmeter use, 3, 7-8
Scale divider, for ammeter, 17-19
Schematic diagrams:
numbering rules, 325-326
transformer polarity markings on, 245

Secondary line current (See Line current
of secondary)

Secondary winding, 223
autotransformer, 259
transformer calculations, 226, 227
turns-ratio, 221, 222, 227, 229
Sequence control, 347-352, 401-405
Series circuits, 27-33
current in, 27
as part of combination circuit, 47
RC, 169-177
RL, 131-141
RLC, 191-198
Shunt, 12-15
Single-phase power system, 271
Single-phase transformers:
calculation of values for, 237-243

connecting into three-phase bank,
292-295

Single-pole double-throw (SPDT) switch, 87
Single-pole single-throw (SPST), 76
Single-pole switch(es), 75—-84

basic switch connection, 7579

construction, 75

current relationships, 75-76

standard connections for, 81-84

wiring considerations, 7981
Spike voltage/current, 223-225
Star connection (See Wye connection)
Start-stop push-button control, 325-332, 335-337
Stator windings, 319—-322
Step-down transformer, 226, 259—260
Step-up transformer, 227, 259-260
Subtractive polarity (See Buck connection)
Switch(es), 756117

basic connections, 75—117

4-way, 105-117

single-pole, 75—-84
3-way, 87-103
Switch leg, 79, 80

T
Temperature, and filament resistance, 31
Tesla, Nikola, 271
Three-conductor cables, 79, 81, 89-90, 92-93
Three-phase circuits, 271-288
delta connection, 277-279
power calculations, 279-288
watts and VARs, 280-281
wye connection, 273278
Three-phase motors, 319-323
high and low-voltage connections, 319-320
reversing direction of, 341
stator winding testing, 320—322
wye/delta connections, 319, 320
Three-phase transformers, 291-315

connecting single-phase transformers
into three-phase bank, 292-295

connections, 291-292
delta connections, closing, 295-296
delta connections, open, 301-302, 313—-315
delta-delta connection, 299-301, 306—-308
delta-wye connection, 292—-294, 303-306
voltage/current calculations, 296-301
wye-delta connection, 291-294, 297-299, 308-312
wye-wye connection, 312—-313
3-way switches, 87-103
connections, 89-103
construction, 87—88
and 4-way switches, 106-107
logic, 88—-89
Timed contacts, 369, 370, 377
Timers, 369-373, 377-384, 387-391
Tolerance band, for resistor, 68
Total capacitance (Cy):
capacitors connected in parallel, 160-161
capacitors in series, 159—-160
Total capacitive reactance (Xqr):
capacitors connected in parallel, 160-161
capacitors in series, 160
Total current (Iy):
combination circuit, 49, 54
RC series circuits, 170-171
RL series circuits, 135
RLC parallel circuits, 203
RLC series circuits, 193
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Total inductance (Ly), 124, 126
Total inductive reactance (X):
inductors connected in parallel, 124
inductors connected in series, 126
Total resistance (Rry):
combination circuit, 48—49, 52—-54
parallel circuits, 37-39
Total voltage (Eq):
RC parallel circuits, 181
RL parallel circuits, 145
RL series circuits, 136
Transformer(s), 221-317
and AC ammeter, 15-17

additive and subtractive polarities,
245-257

autotransformers, 259-268
basic laws/construction, 221-234

calculations of voltage/current/turns,
226236

changing values of inductance, 128

connecting single-phase transformers
into three-phase bank, 292—-295

excitation current of, 226

formulas for voltage and current, 222-223
as inductor, 121-124

isolation, 223-225

open delta connection, 301-302, 313-315
polarities, 245-257

polarity markings on schematics, 245
single-phase calculations, 237—243
three-phase, 291-315

three-phase circuits, 271-288

turns-ratio for calculating values, 228-230
(See also Turns-ratio)

Traveler(s), 88
True power (See also Watts)
and power factor, 133
and power factor correction, 213
and watts, 131
Tube socket, 359, 362, 364
Turns-ratio:

calculating transformer values, 221-222,
228-230, 251

delta-delta three-phase transformer
bank, 300

single-phase transformer, 238

wye-delta three-phase transformer
bank, 297

Two-conductor cables, 79, 80, 89

'/
VA (volt amps) (See Apparent power; Volt amps)
VAC (Volts AC), for capacitor rating, 158
Variac, 263
VARs (volt amperes reactive):

capacitive (See Capacitive VARs)

inductive (See Inductive VARSs)

in inductive circuit, 119

in pure capacitive circuit, 161-162

in RL series circuits, 132, 136

in RLC series circuits, 194

in three-phase alternator circuit, 280—281
VARs (See Capacitive VARs)
VARs;, (See Inductive VARs)
VDC (volts DC), for capacitor rating, 158
Vector addition, 276, 280
Volt amperes reactive (See VARs)
Volt amps (VA), 133 (See also Apparent power)
Voltage (E):

calculation of autotransformer values, 261-263

calculation of three-phase transformer values,
296-301

calculation of transformer values, 222—-223,
226-236

and current, in capacitors, 161-162

of open delta connection, 302

in parallel circuits, 36—37

phase (See Phase voltage)

phase in RLC series circuits, 191

in RC parallel circuits, 179

relationships in wye connection, 275-278

in RL parallel circuits, 143

in series circuits, 29

and sum of voltage drops in series circuit, 29

values for autotransformers, 260-261

and voltmeters, 1-2
Voltage divider, for digital voltmeter, 5
Voltage drop (E,):

and DC ammeter shunt, 12

and digital ohmmeters, 10

voltmeters for measurement of, 7—8
Voltage drop across capacitor (E¢):

in RC series circuits, 171

in RLC series circuits, 191, 194
Voltage drop across inductor (Ey):

in RL series circuits, 135-136

in RLC series circuits, 191, 194
Voltage drop across resistor (Ey; E;):
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in combination circuit, 49-50, 55
in RC series circuits, 171
in RL series circuits, 135
in RLC series circuits, 191, 193
in series circuit, 28—29
and VARs, 132
Voltage of primary winding (Ep), 222, 227-228
Voltage of secondary winding (Eg):
in autotransformers, 262—263
in transformers, 222, 226, 227
Voltage rating, of transformer, 223
Voltage spike, 223—-225
Voltmeters, 1-8
Volts-per-turn, 261
V.0.M. (volt-ohm-milliammeter), 2

W
Wattless power (See VARs)
Wattmeter, 213
Watts (P):
determining capacitance for 100% PF, 214
open delta connection, 301-302
RC parallel circuits, 181
RC series circuits, 171
resistor ratings, 70
RL parallel circuits, 145
RL series circuits, 131, 135

RLC parallel circuits, 203-204
RLC series circuits, 194
three-phase alternator circuit, 283, 284
three-phase circuits, 280
three-phase system, 271
VARs vs., 119

White wire, 79, 81

WVDC (working volts DC), 158

Wye connection:
three-phase circuits, 273277
three-phase motors, 319, 320
voltage relationships, 275-278

Wye-delta connection (three-phase transformers),
291-294, 308-312

Wye-wye connection (three-phase transformers),
312-313

X

X (reactance), 120

X¢ (See Capacitive reactance)

Xcr (See Total capacitive reactance)
X}, (See Inductive reactance)

Xir (See Total inductive reactance)

Y4

Z (See Impedance)
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