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Safety and Common Symbols

The following safety and common symbols may be used in this manual and on

the equipment:

Symbol

Description

DANGER indicates a hazard with a high level of risk which, if not
avoided, will result in death or serious injury.

WARNING indicates a hazard with a medium level of risk which,
if not avoided, could result in death or serious injury.

CAUTION indicates a hazard with a low level of risk which, if not
avoided, could result in minor or moderate injury.

CAUTION used without the Caution, risk of danger sign A\,
indicates a hazard with a potentially hazardous situation which,
if not avoided, may result in property damage.

Caution, risk of electric shock

Caution, hot surface

Caution, risk of danger

Caution, lifting hazard

Caution, hand entanglement hazard

Notice, non-ionizing radiation

Direct current

Alternating current

Both direct and alternating current

Three-phase alternating current

Earth (ground) terminal

© Festo Didactic 584079
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Safety and Common Symbols

Symbol

Description

Protective conductor terminal

Frame or chassis terminal

Equipotentiality

On (supply)

Off (supply)

Equipment protected throughout by double insulation or
reinforced insulation

D

In position of a bi-stable push control

Out position of a bi-stable push control
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Preface

Computer-based teaching technologies are becoming more and more
widespread in the field of education, and the Data Acquisition and Control for
Electromechanical Systems (LVDAC-EMS), the Data Acquisition and
Management for Electromechanical Systems (LVDAM-EMS), and the Simulation
Software for Electromechanical Systems (LVSIM®-EMS) are witness to this new
approach.

The LVDAC-EMS (or LVDAM-EMS) system is a complete set of measurin%
instruments that runs on a Pentium-type personal computer under the Microsoft
Windows® operating environment. Computer-based instruments (voltmeters,
ammeters, power meters, an oscilloscope, a phasor analyzer, and an harmonic
analyzer) provide instructors the opportunity to clearly demonstrate concepts
related to electric power technology that, until now, could only be presented
using traditional textbook methods and static drawings.

The LVDAC-EMS (or LVDAM-EMS) system uses a customized data acquisition
module to interconnect modules of the Electromechanical System with the
personal computer. Dedicated software routes the measured values from the
data acquisition module to the computer-based instruments that provide all the
standard measurements associated with voltage, current, power, and other
electrical parameters. However, the system does much more: it provides built-in
capabilities for waveform observation and phasor analysis, data storage and
graphical representation, as well as programmable meter functions, thereby
allowing unimagined possibilities for presenting courseware material.

LVSIM®-EMS is a software that faithfully simulates the Electromechanical System
(EMS). Like the LVDAC-EMS (or LVDAM-EMS) system, LVSIM®-EMS runs on a
PC-type computer under the Microsoft® Windows® operating environment.

LVSIM®-EMS recreates a three-dimensional classroom laboratory on a computer
screen. Using the mouse, students can install an EMS training system in this
virtual laboratory, make equipment setups, and perform exercises in the same
way as if actual EMS equipment were used. The EMS equipment that can be
installed in the virtual laboratory faithfully reproduces the actual EMS equipment
included in the Computer-Assisted 0.2-kW Electromechanical Training System
(Model 8006) in every detail. As in the actual EMS system, the operation and
behavior of the circuits simulated with LVSIM®-EMS can be observed by
performing voltage, current, speed, and torque measurements, using the same
computer-based instruments as in the LVDAC-EMS (or LVDAM-EMS) system.

The existing EMS courseware has been completely revised and adapted for the
LVDAC-EMS (or LVDAM-EMS) system as well as LVSIM®-EMS, and the new
series is titled Electrical Power Technology Using Data Acquisition. Exercises
have been grouped in two separate manuals: manual 1, tited Power Circuits and
Transformers, and manual 2, titled AC/DC Motors and Generators.

Each exercise approaches the subject matter from a practical point of view, and
uses a hands-on approach to the study of electrical power technology. Students
are guided through step-by-step exercise procedures that confirm concepts and
theory presented in the exercise discussion. A conclusion and set of review
guestions complete each exercise, and a 10-question unit test helps evaluate
knowledge gained in the courseware unit.
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Preface

Do you have suggestions or criticism regarding this manual?

If so, send us an e-mail at did@de.festo.com.

The authors and Festo Didactic look forward to your comments.
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About This Manual

The 29 exercises in this manual, Power Circuits and Transformers, provide a
foundation for the study of electrical power technology. Completion of these
exercises allows students to continue with the second manual, AC/DC Motors
and Generators using data acquisition.

This manual is divided into nine units:

e Units 1 to 4 provide a basic review of electrical concepts and theory, as
well as highlighting specific details relating to capacitors, inductors and
single-phase circuits.

e Unit 5 introduces and explores the concepts of vectors, phasors, and
impedance, and how they are used in analyzing ac circuit operation.

e Units 6 to 9 deal with three-phase circuits, single- and three-phase
transformers, as well as special transformer connections.

The hands-on exercises in this manual can be performed using either the
Electromechanical System (EMS system) or the Electromechanical System using
Virtual Laboratory Equipment (LVSIM®-EMS). When using the EMS system, you
should turn on the computer and start Windows® before each exercise. On the
other hand, when using LVSIM®-EMS, you should turn on the computer, start
Windows®, and start LVSIM®-EMS before each exercise.

The hands-on exercises guide students through circuit setup and operation, and
explore many of the measurement and observation capabilities of the virtual
instrumentation system. Much detailed information about circuit parameters
(voltage and current levels, waveforms, phase angles, etc.) can be visualized
with the virtual instruments, and students are encouraged to fully explore system
capabilities.

Various symbols are used in many of the circuit diagrams given in the exercises.
Each symbol is a functional representation of a device used in Electrical Power
Technology. The use of these symbols greatly simplifies the circuit diagrams by
reducing the number of interconnections shown, and makes it easier to
understand circuit operation. Appendix A lists the symbols used, the name of the
device which each symbol represents, and a diagram showing the equipment
and connections required to obtain the device.

The exercises in this manual can be carried out with ac network voltages of
120V, 220V, and 240 V. The component values used in the different circuits
often depend on the ac line voltage. For this reason, components in the circuit
diagrams are identified where necessary with letters and subscripts. A table
accompanying the circuit diagram indicates the component value required for
each ac network voltage (120 V, 220 V, 240 V).

Appendix B provides a table giving the usual impedance values that can be
obtained with each of the 120-V, 220-V, and 240-V versions of the EMS load
modules. Finally, Appendix C provides a chart outlining the exact equipment
required for each exercise.
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About This Manual

Safety considerations

Safety symbols that may be used in this manual and on the equipment are listed
in the Safety Symbols table at the beginning of the manual.

Safety procedures related to the tasks that you will be asked to perform are
indicated in each exercise.

Make sure that you are wearing appropriate protective equipment when
performing the tasks. You should never perform a task if you have any reason to
think that a manipulation could be dangerous for you or your teammates.
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Unit ]

Fundamentals for Electrical Power Technology

UNIT OBJECTIVE

DISCUSSION OF
FUNDAMENTALS
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When you have completed this unit, you will be able to demonstrate and apply
basic concepts for solving simple electric circuits. You will also be able to
measure circuit voltages and currents using the Data Acquisition and Control
(LVDAC-EMS) [or the Data Acquisition and Management (LVDAM-EMS)
system.]

The study of electricity and electric circuits revolves around just a few
fundamental laws, principles, key words and terms. The symbols used to
represent them are universal and form the basic language of people working in
the electrical field. It is therefore important to learn the symbols and terminology.
Whether one is talking about voltage (E), current (I), resistance (R), power (P),
or other electrical concepts, they are all represented in a compact way using
different symbols. Appendix A lists the symbols and terms used in the circuit
diagrams of this manual.

In order to better understand the relationship between voltage, current and
resistance, a basic understanding of the nature of electricity is useful. Electricity
is just another kind of energy. Present in various forms, such as atomic,
chemical, thermal, hydraulic, etc., energy in one form can be transformed to
another form. For example, the chemical energy of a dry-cell battery produces
electricity to power everyday electronic devices.

Electricity is intimately linked to the atomic structure of matter and one of the
atomic particles present in matter is the electron. It has a negative electric charge
and orbits around the atomic nucleus. Since the nucleus has a positive electric
charge, it attracts the negatively charged electron and holds it in place. The
further the electron is from the nucleus, the lower the atomic force attracting it.
Certain materials, called conductors, have electrons in their outer orbit that can
be easily dislodged using external means like heating, or applying an electric
field. The electrons thus removed from their orbit become free electrons and
move between atoms. This leads to the flow of electric current, which is simply
the movement of many electrons at the same time. Figure 1-1a tod shows
simplified representations of the electric field around a single positive electric
charge, around a single negative electric charge, between electric charges of
opposite polarities, and between electric charges of the same polarity.
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Unit 1 — Fundamentals for Electrical Power Technology ® Discussion of Fundamentals
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Figure 1-1. Simplified representations of electric fields.

The greater the electric field, the greater the number of

electrons that move at

the same time, and the greater the electric current. The magnitude of the electric

field is measured between two points of the field, and is

referred to as potential

difference, or voltage. The idea of potential difference is similar to that for
hydraulic pressure. A water dam 300 meters high produces a higher pressure on
water flowing in a pipe than a dam which is only 30 meters high. This is because
potential energy increases when height increases. Similarly, a voltage of 100 V
therefore creates a greater electrical pressure on the electrons (so that they
move) than a voltage of 10 V. Some of the various sources of electricity that

produce different levels of electrical pressure, or vo

generators and alternators, lead-acid and dry-cell batte
cells.
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Unit 1 — Fundamentals for Electrical Power Technology ® Discussion of Fundamentals
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As mentioned previously in this discussion, it is easy to dislodge electrons in
materials that have electrons in the outer orbit of atoms, and thereby, create an
electric current. Conversely, it is difficult to dislodge electrons in materials whose
electrons are all located in the inner orbits of atoms, and thereby, create an
electric current. Therefore, the opposition to electric current flow is different from
one material to another. This opposition is referred to as resistance. Copper,
aluminum, and gold, although considered good electrical conductors, do offer
some resistance, while ceramic, plastic, and rubber, which are considered good
insulators, have a great resistance. Figure 1-2 shows the simplified atomic
structure of two conductors: copper and aluminium.

A German physicist, George Simon Ohm (1787-1854), discovered that the ratio
of voltage to current is constant for a given metal conductor of specified length

and cross-sectional area. This ratio is the resistance and is expressed in units of
ohms (Q), in his honour.

ELECTRONS

NUCLEUS

a) COPPER, Cu b) ALUMINIUM, Al

Figure 1-2. Conducting materials have electrons in the outer orbits of their atoms.

Early experimenters in electricity recognized that electric current was the
movement of charges along a conductor. The direction of current flow was not
known and was arbitrarily chosen to be from a positively charged body to a
negatively charged body (positive to negative). This convention has been so
firmly established that it is now almost universal. Thus, the conventional, or
positive direction of current flow, is taken to be from positive to negative, even
though the direction of electron flow is from negative to positive. In this manual,
conventional current flow from a positive terminal to a negative terminal is used.

The basic principles used in the study of electricity are the Ohm's law and the
Kirchhoff's voltage and current laws. These laws are dealt with in this unit.
You will use these laws to calculate voltages, currents, resistances, etc. in series
circuits as well as in parallel circuits.
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Exercise 1-1

Voltage, Current, Ohm's Law

EXERCISE OBJECTIVE

DISCUSSION

© Festo Didactic 584079
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When you have completed this exercise, you will be able to measure circuit
voltages and currents, and demonstrate Ohm's Law using measurements of
these circuit parameters.

Ohm's law is often referred to as the foundation of circuit analysis and is
expressed by the following formula:

I_E
"R

where [ is the current that flows through the electric device, expressed in
amperes (A).

E is the potential difference, or voltage, across an electric device,
expressed in volts (V).

R is the resistance of the electric device, expressed in chms (Q).

This equation simply states that a current I flows through an electric device
having a resistance R when a voltage E is applied across this device. Two useful
expressions can be derived from Ohm's law, namely:

E
E=I1 XR and R=7

The basic instrument for the measurement of resistance is the ohmmeter. It
generally contains a dc voltage source (usually a battery), a current meter, and a
range switch to select internal calibration resistors. The meter scale is calibrated
in terms of the resistance value that corresponds to a given current. The
unknown resistor is placed across the terminals of the ohmmeter and the
resistance value is read from the meter scale or display. The ohm (Q) is the
measurement unit for resistance.

The volt (V) is the measurement unit for potential difference and voltage is
measured with a voltmeter. Voltmeters are always connected in parallel with the
circuit or component as shown in Figure 1-3. They have a high internal
resistance to minimize the amount of circuit current that will flow into their
terminals. Their effect on circuit operation is then minimal.
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Ex. 1-1 —Voltage, Current, Ohm's Law ® D/scussion

B -
+
Es —— R, (V> <:> R, R voLtmeTer
- B BE—

NOTE : WHEN R yorrwzres 1S TOO LOW, IT REDUCES CIRCUIT RESISTANCE
CAUSING MORE CURRENT TO FLOW.

Figure 1-3. Measuring voltage with a voltmeter.

Note that the polarities marked on standard analog meter terminals must be
observed to obtain a positive (up-scale) reading. If the connections are reversed,
the reading will be negative (the pointer will deflect in the negative direction).

The ampere (A) is the unit of measure for electric current flow and current is
measured with an ammeter. Ammeters are always connected in series with the
circuit as shown in Figure 1-4. They have low internal resistance to minimize the
addition of extra resistance to the circuit.

Polarities must also be observed when connecting an analog ammeter to ensure
that the pointer deflects in the proper direction.

R AMMETER

NOTE : WHEN R pyzres 1S TOO HIGH, IT INCREASES CIRCUIT RESISTANCE
CAUSING LESS CURRENT TO FLOW.

Figure 1-4. Measuring current with an ammeter.
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Ex. 1-1 —Voltage, Current, Ohm's Law ® Procedure

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

J7 If you are performing this exercise using LVSIM-EMS, skip manipulation 1
N7/ and 2.

1. Use an ohmmeter to check the resistance of one pair of voltage input
terminals (E1, E2, E3) on the data acquisition module.

R = Q

2. Use an ohmmeter to check the resistance of one pair of current input
terminals (11,12,13) on the data acquisition module.

R= Q

3. Does the voltmeter input have a much higher resistance than the current
input? Why?

4. Install the Power Supply, data acquisition module, and Resistive Load
module in the EMS Workstation.

5. Make sure the main power switch of the Power Supply is set to the O (OFF)
position and the voltage control knob is turned fully counterclockwise (ccw).
Make sure that the Power Supply is connected to a three-phase wall
receptacle.

6. Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24 V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position. . )
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Ex. 1-1 —Voltage, Current, Ohm's Law ® Procedure

7. Set up the circuit shown in Figure 1-5. Connect input E1 of the data
acquisition module across R;, and connect inputll to measure circuit
current. Make sure that the correct polarities for voltage and current
measurement are respected when connecting the data acquisition module.

J7 The values of various components (resistors, inductors, capacitors, etc.) in the
circuits used in this manual depend on your local ac power network voltage.
Whenever necessary, a table in the circuit diagram indicates the value of each
component for ac power network voltages (line voltages) of 120 V, 220 V, and
240V. Use the component values corresponding to your local ac power
network voltage.

®
Local ac power network
R

Voltage Frequency (01)

V) (Hz)

120 60 171

220 50 629

220 60 629

240 50 686

NOTE : USE THE IMPEDANCE TABLE IN APPENDIX B TO
SET THE RESISTANCE VALUES REQUIRED FOR THE
CIRCUIT.

Figure 1-5. Circuit setup for voltage and current measurement.

8. Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES11-1.dai.

o8

If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.

52

The metering setup configuration files are not essential for completion of the
N7 exercises. They are intended as a starting point and can be changed at any
time during the exercise.

Make sure that the continuous refresh mode is selected.

9. Turn on the main Power Supply.
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Ex. 1-1 —Voltage, Current, Ohm's Law ® Procedure

10. Adjust the main voltage control knob on the Power Supply to obtain a series
of voltages from 0 to 100% of the control knob range. Seven or eight values
will be enough. For each setting, click on the Record Data button to record
the data in the Data Table. Turn off the main Power Supply after the last data
acquisition.

<7 The Data Table window must be opened to allow data to be recorded.
11. Verify that the measured values have been stored in the Data Table.

12. Click on the Graph button to display the Graph window. Make the following
selections:

Y-axis: 11 (Ig) X-axis: E1 (Es)

13. In the Graph window, make sure the line graph format and the linear scale
are selected. A graphical plot of the data should be displayed in the Graph
window.

14. Does the graph of this data show that the current doubles, triples, etc. when
the voltage doubles, triples?

15. Calculate the ratio Eg/I for several of the voltage/current values. Is the ratio
approximately equal to the value of the resistor used in the circuit?

16. Calculate the ratio E;/R, using the data in the last row of the Data
Table (100%). Is it approximately equal to the value of I;?

ES_
R,

U Yes U No

17. Change the resistance to the value given in Table 1-1. Turn on the Power
Supply and adjust the voltage to obtain the current I given in the following
table. Use the Record Data button to store the value of the measured voltage
in the Data Table, then turn off the Power Supply.
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Ex. 1-1 —Voltage, Current, Ohm's Law ® Procedure

18.

19.

20.

21.

22.

23.

10

Table 1-1. Resistor Ry and current I.

Local ac power network
R, Is
Voltage Frequency Q) (A)
W) (Hz)
120 60 200 0.6
220 50 733 0.3
220 60 733 0.3
240 50 800 0.3

Is the product I X R; approximately equal to the value of Eg?

U Yes U No

You will now use voltage and current to determine the equivalent resistance
of a circuit. Using the same circuit setup, turn on the Power Supply and set
the voltage control knob to 50%. Select a parallel combination of resistors on
the Resistive Load module that will allow a current approximately equal to the
current given in Table 1-1 to flow in the circuit.

Calculate the circuit resistance using Es and I.

Es

J7 Skip manipulations 21 and 22 if you are performing this exercise using
N7 LVSIM-EMS.

Turn the voltage control knob fully counterclockwise, and turn off the Power
Supply. Disconnect the circuit, taking care not to change the position of the
selector switches on the Resistive Load. Use an ohmmeter to measure the
equivalent resistance of the module.

Are the results of steps 20 and 21 similar?

O Yes O No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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Ex. 1-1 —Voltage, Current, Ohm's Law ® Conclusion

CONCLUSION

REVIEW QUESTIONS

© Festo Didactic 584079

In this exercise, you used voltage and current measurements to demonstrate
Ohm's law, and you determined unknown voltage, current, and equivalent
resistance values. Also, you saw that Ohm's law can be used to predict circuit
values for voltage, current, and resistance.

1. A voltmeter with an internal resistance of 100 000 ohms has less effect on
circuit operation than one with an internal resistance of 1 000 000 ohms?

aoop

True.

False.

It depends on the circuit voltage.
There is no difference.

2. An ammeter has an internal resistance equal to the equivalent resistance of
the circuit in which measurements are to be taken. How will this affect the

current?

a. There will be no effect.

b. The current will decrease by half.
c. The current will double.

d. The current will triple.

3. The term potential difference refers to the electrical pressure of a voltage
source that causes current flow in a circuit.

coop

True.

False.

True only in dc circuits.
None of the above.

4. What is the resistance of a circuit in which 2.5 A flows when a dc voltage of
120 V is applied?

aoow

300 Q
48 Q

0.030Q
480 Q

5. What voltage applied to a 15-Q resistor will cause 3 A of current to flow?

aoop

5V
0.2V
45V
50V
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Exercise -2

Equivalent Resistance

EXERCISE OBJECTIVE When you have completed this exercise, you will be able to determine the
equivalent resistance for different combinations of series and parallel resistors.
You will also be able to explain the concept of equivalent resistance using the
information given in the exercise. You will verify your results by using circuit
measurements of voltage and current.

DISCUSSION Most electric circuits are made up of different combinations of series and parallel
resistors. The equivalent resistance of the complete circuit depends on the way
the resistors are connected together.

Resistors in series

When a group of resistors is connected in series, the total (equivalent) resistance
is simply equal to the sum of the values of the resistors. If a resistor having a
value of 5ohms (Q) is connected in series with one of 20 Q, as shown in
Figure 1-6, the total resistance between terminals A and B is 25 Q.

Ry Rs Req
A QO OB <> A0 OB

50 200Q 250

Figure 1-6. Series resistor combination.

The two resistors could be replaced with a single resistor having an equivalent
resistance Ry, equal to the value of R, + R,, which in this case is 25 Q. The
general formula for several resistors in series is as follows:

REQ=R1+R2+R3+R4+... +RTL
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Ex. 1-2 — Equivalent Resistance ® Discussion

14

Resistors in parallel

When two or more resistors are connected in parallel between two terminals, the
resulting (equivalent) resistance is always less than the value of the resistor
having the lowest resistance. If as shown in Figure 1-7, the initial resistance
between terminals A and B is changed by adding a 20-Q resistor in parallel with
the 5-Q resistor, the opposition to current flow will be less than before. This is
because the current now has an additional path to flow through, which was not
available when the 5-Q resistor was alone in the circuit. Electric current, like
water, will flow through any path provided for it. When a resistor is connected
across a power source, current will flow in the resistor. When a second resistor is
connected in parallel with the first, additional current will flow, meaning that the
effective resistance of the circuit has been reduced. If the second resistor is the
same value as the first, the same amount of current will flow through each
resistor, so the effect of adding a resistor of the same value is to double the
current, or make the resistance half as great. If a third equal resistor is added,
the current will be tripled, meaning that the equivalent resistance is only one-third
of the original. This relationship is valid for any number of equal resistors. The
formula for finding the equivalent resistance (Rgo) for a group of n resistors in
parallel is given below.

1/Ryy =1/Ry +1/Ry+1/Ry+1/R, +... + 1/R,

For the special case when only two resistors are in parallel, the formula
becomes:

_ Ry xR,
EQ ™R, +R,

Thus, 20 Q in parallel with 5 Q is equal to:

20x5 100

2045 25 8

meaning that R; and R, could be replaced by a single resistor Rg, = 4 Q.

AOD— —————————— A O—

Ry Ry <:> Rea

5Q 200 40Q

807 —————————— BO—

Figure 1-7. Parallel resistor combination.
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Ex. 1-2 — Equivalent Resistance ® Procedure

The Resistive Load module in the EMS system consists of three identical
sections each having three resistors that can be added to a circuit using toggle
switches. The selected value appears across the output terminals of each section
when the appropriate switch is closed, and any two, or all three of the resistors
can be placed in parallel. The equivalent parallel resistance is then present
across the output terminals. This resistor arrangement permits different values of
resistance to be set, and a table giving many of the values can be found in
Appendix B of this manual. Among the different types of circuit and resistor
arrangements possible, the four combinations shown in Figure 1-8 will be used
throughout this manual.

A A O *® ® A O °
RT
R R, R, Ry Ry
RS
B BO ® ® BO—@—
SERIES PARALLEL SERIES-PARALLEL SERIES-PARALLEL

Figure 1-8. Different combinations of series and parallel resistors.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

© Festo Didactic 584079

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Install the Power Supply, data acquisition module, and Resistive Load
module in the EMS Workstation.

Make sure the main power switch of the Power Supply is set to the O (OFF)
position and the voltage control knob is turned fully counterclockwise. Make
sure that the Power Supply is connected to a three-phase wall receptacle.
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Ex. 1-2 — Equivalent Resistance ® Procedure
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3. Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.

4. Set up the series circuit shown in Figure 1-9. Connect input E1 at circuit
points A and B, and connect input |11 to measure circuit current. Make sure
that the correct polarities for voltage and current measurement are respected
when connecting the data acquisition module.

lg A
—— 4
11 —O
R 1
4
e, 2 A,
R 3
o—O
B
Local ac power network
Ry R, R;
Voltage Frequency ) @ @
V) (Hz)
120 60 171 200 240
220 50 629 733 880
220 60 629 733 880
240 50 686 800 960

Figure 1-9. Determining equivalent resistance of a series circuit.

5. Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES11-2.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

J7 The metering setup configuration can be changed during the exercise if
A\ desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.
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Ex. 1-2 — Equivalent Resistance ® Procedure

6.

10.

11.

© Festo Didactic 584079
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Turn on the main Power Supply and adjust the voltage control knob to 100%.
From the Data Table application, click the Record Data button to store the
values of the measured circuit voltage and current. Turn off the Power

Supply.

Calculate the equivalent resistance for the series circuit of Figure 1-9.

REQ:R1+R2+R3: Q

Calculate Rg, using the values of the measured voltage and current.

Es

J7 If you are performing this exercise using LVSIM-EMS, skip the next
N manipulation and go directly to manipulation 10.

Make sure that the Power Supply is turned off and use an ohmmeter to
measure the equivalent resistance of the circuit.

Are the results of steps 7, 8, and 9 approximately the same?

O Yes O No

Set up the parallel circuit shown in Figure 1-10. Connect input E1 at circuit
points A and B, and connect input I1 to measure circuit current. Make sure
that the correct polarities for voltage and current measurement are respected
when connecting the data acquisition module.
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Ex. 1-2 — Equivalent Resistance ® Procedure

4 4 4
B
Local ac power network
Ry R, R,
Voltage Frequency ) @ )
V) (Hz)
120 60 300 600 1200
220 50 1100 2200 4400
220 60 1100 2200 4400
240 50 1200 2400 4800

Figure 1-10. Determining equivalent resistance of a parallel circuit.

12. Turn on the Power Supply and adjust the voltage control knob to 100%. Use
the Data Table to store the values of the circuit voltage and current as
before. Turn off the Power Supply.

13. Calculate the equivalent resistance for the circuit of Figure 1-10.

1_1 1+1
Rgg Ry R, R

14. Calculate the equivalent resistance using the values of the measured voltage
and current for Figure 1-10.

Eg

J7 If you are performing this exercise using LVSIM-EMS, skip the next
N manipulation and go directly to manipulation 16.
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Ex. 1-2 — Equivalent Resistance ® Procedure
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15. Make sure that the Power Supply is turned off and use an ohmmeter to
measure the equivalent resistance of the circuit.

16. Are the results of steps 13, 14, and 15 approximately the same?

U Yes U No

17. Set up the series-parallel circuit shown in Figure 1-11. Connect input E1 at
circuit points A and B, and connect input I1 to measure circuit current. Make
sure that correct polarities are respected when connecting the data
acquisition module.

* O
B
Local ac power network
Ry R, R
Voltage Frequency @ ) )
V) (Hz)
120 60 171 300 600
220 50 629 1100 2200
220 60 629 1100 2200
240 50 686 1200 2400

Figure 1-11. Determining equivalent resistance of a series-parallel circuit.

18. Turn on the main Power Supply, adjust the voltage control knob to 100%,
and use the Data Table to store the values of the measured circuit voltage
and current as before. Turn off the Power Supply.

19. Calculate the equivalent resistance for the circuit of Figure 1-11.

Property of Festo Didactic
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Ex. 1-2 — Equivalent Resistance ® Procedure

20. Calculate the equivalent resistance using the values of the measured voltage
and current for Figure 1-11.

Es

J7 If you are performing this exercise using LVSIM-EMS, skip the next
N manipulation and go directly to manipulation 22.

21. Make sure that the Power Supply is turned off and use an ohmmeter to
measure the equivalent resistance of the circuit.

22. Are the results of steps 19, 20, and 21 the same?

U Yes U No

23. Set up the parallel-series circuit shown in Figure 1-12. Connect input E1 at
circuit points A and B, and connect input |1 to measure circuit current. Make
sure that correct polarities are respected when connecting the data
acquisition module.

@ <
B
Local ac power network
R, R, R,
Voltage Frequency @ © ©
V) (Hz)
120 60 300 171 200
220 50 1100 629 733
220 60 1100 629 733
240 50 1200 686 800

Figure 1-12. Determining equivalent resistance of a parallel-series circuit.
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24,

25.

26.

27.

28.

29.

© Festo Didactic 584079
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Turn on the Power Supply, adjust the voltage control knob to 100%, and use
the Data Table to store the values of the measured circuit voltage and
current as before. Turn off the Power Supply.

Calculate the equivalent resistance for the circuit of Figure 1-12.

Calculate the equivalent resistance using the values of the measured voltage
and current for Figure 1-12.

Es

J7 If you are performing this exercise using LVSIM-EMS, skip the next
N7 manipulation and go directly to step 28.

Make sure that the Power Supply is turned off and use an ohmmeter to
measure the equivalent resistance of the circuit.

Are the results of steps 25, 26, and 27 the same?

U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS

22

In this exercise, you determined the equivalent resistance for different
combinations of resistors by using the formulas for series and parallel equivalent
resistance. You also used measurements of circuit voltages and currents to find
equivalent circuit resistance, and were able to compare your calculations with
actual ohmmeter measurements.

1. What is the formula for finding the equivalent resistance of a series circuit?

oo ow

l/REQ = 1/R1+1/R2+1/R3+1/R4+... +1/Rn
Rpg = (Ry X Ry)/(Ry + Ry)
REQ:R1+R2+R3+R4+... +Rn

2. What formula is used to find the equivalent resistance of a parallel circuit?

aoow

REQ :1/R1+1/R2+1/R3+1/R4_ +... +1/Rn
Rpg = (Ry + R3)/(Ry X R;)
1/REQ=1/R1+1/R2+1/R3+1/R4+... +1/Rn
REQ:R1+R2+R3+R4+... +Rn

3. When each of the three resistors in Figure 1-10 has a value of 100 Q, the
equivalent resistance is

oo op

300 Q.
1/3 Q.
33.3Q.
impossible to determine.

4. When a resistor of 100 Q is connected across points A and B in Figure 1-11,
the equivalent resistance of the resulting circuit is

aoow

greater than before.
less than before.

the same as before.
impossible to determine.

5. The equivalent resistance of a circuit with one hundred 100-Q resistors all
connected in parallel combined with a series resistor of 1 Q is

Sale and/or reproduction forbidden

a0 op

100 Q.
10 000 Q.
(1/100) X 100 Q.
20.
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Exercise 1-3

Power in DC Circuits

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to determine the power
dissipated in a dc circuit. You will verify power calculations using voltage and
current measurements.

A power source in an electric circuit is used to supply energy to a load. The load
uses this energy to perform some useful function or work. In electricity, work is
performed by the movement of electrons and power is the rate of doing work. A
voltage of one volt producing one ampere of current flow through a resistor of
one ohm equals one watt of power. In dc circuits, the power supplied to a load is
always equal to the product of the dc voltage across the load and the dc current
through the load.

This fact, along with the conservation of energy law, allows us to conclude that
the power dissipated by a combination of several resistors in a circuit is equal to
the total power supplied by the source. The total power can be obtained by
adding the individual powers dissipated by each resistor.

When electrical energy is supplied to a resistor, it is immediately converted to
heat, and the resistor heats up. The more power supplied to the resistor, the
hotter it will become, until a point is reached where the resistor or nearby
components burn out. In order to maintain acceptable temperatures, resistors
having to dissipate large amounts of power are made physically large, while
those dissipating small amounts are physically smaller. It is for this reason that
the physical size of a resistor depends almost entirely on the power it has to
dissipate and not its resistance value. That is why 150-W lamps are physically
larger than 25-W lamps. The increased size allows better cooling both by
convection and by radiation.

The formula for calculating power in any two-terminal device is given below.

P=EXxI

where P s the power in the device, expressed in watts (W).

E is the voltage across the device, expressed in volts (V).

I is the current flowing through the device, expressed in
amperes (A).
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PROCEDURE

24

Other useful equations can be derived from the formula for calculating power,
including the equations below.

p=" 4 1="
=7 “E

Since voltage and current are related to resistance through Ohm's Law, the
formula for calculating power in any two-terminal device can be written in terms
of either the current or the voltage.

Substituting IR for E gives:

P=IRXI=1>%XR

Substituting E /R for I gives:

Therefore, power in a resistor can be calculated using the voltage and current
related to the resistor or the value of resistance and either the voltage or the
current.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

<7 If you are performing this exercise using LVSIM-EMS, skip manipulation 1.

1. Examine the resistors in the Resistive Load module. Based on their size, list
them in order of their power dissipation capability and state which one can
safely handle the most power.

2. Install the Power Supply, data acquisition module, and Resistive Load
module in the EMS Workstation.
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3. Make sure that the main power switch of the Power Supply is set to the

O (OFF) position and the voltage control knob is turned fully
counterclockwise. Make sure that the Power Supply is connected to a three-
phase wall receptacle.

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the 24 V - AC
output of the Power Supply. Set the 24 V - AC power switch to the | (ON)
position.

Set up the circuit shown in Figure 1-13. Select the appropriate resistor value
for the given line voltage, and connect inputs E1 and 11 as shown in the
figure. Make sure that that the polarity of the connections is correct.

— +
11 ®
+
— R
E, /Zl 1 E1
®
Local ac power network
R
Voltage Frequency (01)
V) (Hz)
120 60 120
220 50 440
220 60 440
240 50 480

Figure 1-13. Circuit setup for determining power.

6. Start the Data Acquisition software (LVDAC or LVDAM). Open setup

configuration file ES11-3.dai.

I3

If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

2

The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

Turn on the main Power Supply and adjust the voltage control knob to 100%.
Property of Festo Didactic
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10.

From the Data Acquisition software (LVDAC or LVDAM), use the Data Table
to store the values of the measured circuit voltage and current. Turn off the
Power Supply.

Use the measured values to calculate the power dissipated in the circuit.
P=E;xI = w

J7 If you are performing this exercise using LVSIM-EMS, skip the next
A\ manipulation and go directly to manipulation 11.

Turn on the Power Supply and adjust the voltage control knob to 100%. Wait
a few minutes then turn off the Power Supply. Place your hand near the
resistor and verify that it is quite hot (it is designed to operate at a continuous
temperature of 350°C). Be very careful not to touch the resistor.

Be careful not to touch the resistors since some of them can become quite hot. Contact
with hot resistors can result in burn injuries.

11.

12.

13.

14.

26

Double the circuit resistance value. Turn on the Power Supply and adjust the
voltage control knob to 100%. Use the Data Table to store the values of the
measured circuit voltage and current, then turn off the Power Supply.

Calculate the power dissipated by the resistor using the three forms of the
power formula given in the DISCUSSION.

P=E;xI = w

P=I2xR= w

p=—1= w
R

Do the three formulas give approximately the same results?

U Yes U No

Set up the circuit shown in Figure 1-14, and use the Impedance Table in
Appendix B to select the resistor values indicated in the figure. Connect
input E1 across R,, input E2 across R,, and input E3 across R;, and use
input 11 to measure the total circuit current I;. Select the ES11-4.dai file for
the metering setup. Make sure that the correct polarities for voltage and
current measurement are respected.
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m
\\T\
s}
n
+
m
S
m
[\%)

+
R, Ers E3
‘ i

Local ac power network
Volt F i e ‘a
oltage requency Q Q Q
W H2) @ @ @
120 60 171 200 240
220 50 629 733 880
220 60 629 733 880
240 50 686 800 960

Figure 1-14. Determining total power in a circuit with several resistors.

15. Turn on the Power Supply and adjust the voltage control knob to 100%. Use
the Data Table to record the values of the measured circuit voltages and
current, then turn off the Power Supply.

16. Calculate the power dissipated by each resistor using the measured values
recorded in the Data Table.

P1=ER1XIS=—W
P2=ER2XIS=—W
P3=ER3XIS=—W
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Ex. 1-3 — Power in DC Circuits ® Procedure

17. Calculate the total power dissipated, and compare it to the total power
supplied by the source.

PT=P1+P2+P3= w

Pr=EgX I = w

18. Are the results approximately the same?

O Yes O No

19. Remove the connections for voltage measurement from the circuit of
Figure 1-14, and connect input E1 to measure the supply voltage E; at
terminals 7-N. Leave input I1 connected to measure the circuit current. Edit
the label of the meter associated with input E1 so that it indicates Es instead
of Eg;.

20. Turn on the Power Supply and set the voltage control knob to 75%. Use the
Data Table to record the values of the measured circuit voltage and current,
return the voltage to zero and turn off the Power Supply.

21. Calculate the power dissipated by each of the resistors.

P,=I2xXR, = w
P,=I?%XR, = w
Py =I%XR; = w

22. Calculate the total power dissipated, and compare it to the total power
supplied by the source.

PT:P1+P2+P3: —W

Pr=EgXIs = w
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23. Are the results approximately the same?

U Yes U No

24. Figure 1-15 shows a source voltage E; applied across the parallel
combination of R, and R,. Use the formula for finding power from the voltage
to determine the power dissipated by each resistor, and the total power (use
value of E given in Figure 1-15).

Py = = w
R1 Rl_
ESZ
Ppy=—= w
R2 Rz
PT:PR1+PR2: W

Local ac power network
Eg R, R,
Voltage Frequency ) ) )
V) (Hz)
120 60 120 171 200
220 50 220 629 733
220 60 220 629 733
240 50 240 686 800

Figure 1-15. Determining total power in a circuit with parallel resistors.

25. Knowing that the Power Supply must feed the total power and the source
voltage is Eg, calculate the current supplied by the source.

PT_

J. = —L =
s T
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26.

27.

28.

Set up the circuit shown in Figure 1-15. Connect input E1 to measure the
source voltage Eg, and use input |1 to measure the total circuit current I;.

Do not save the modification made to the ES11-4.dai file. Select the
ES11-5.dai file for the metering setup.

Turn on the Power Supply and set E for the value given in Figure 1-15. Use
the Data Table to record the values of E5 and I;, then turn off the Power

Supply.

Compare the value of the measured current with the value calculated in
step 25. Are they approximately the same?

U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS

© Festo Didactic 584079

In this exercise, you demonstrated that power in a dc circuit can be determined
from voltage and current measurements. You also demonstrated that the total
power in a circuit with several resistors is the sum of the powers dissipated in
each resistor. Finally, you verified the fact that power can be calculated using
either the circuit voltage or current in combination with the resistance. It is not
necessary to know both.

1. An electrical potential of one volt causing one ampere of current flow through
a resistor of one ohm is the definition of?

coop

work

voltage

one watt of power.
resistance.

2. The power dissipated in a resistive dc circuit can be determined

aoop

from E and I.
from E and R.
from I and R.
all of the above.

3. The shunt-field winding of a dc motor has a resistance of 240 Q. What
amount of power is dissipated when the dc voltage across the winding is

120 v?

a. 480W
b. 120W
c. 60W
d. 600W

4. The earth ground resistance at the base of a transmission tower is 2 Q. If the
tower is struck by a lightning bolt of 20 000 A, what power will be dissipated
in the ground?

aoop

800 megawatts
80 kilowatts

40 kilovolts
None

5. A dc motor draws a current of 50 A at 230V, and 1200 W of power is
dissipated as heat by the motor. How much power is left for mechanical

work?

a. 11500wW
b. 10300W
c. l1l2100W
d. 11900WwW
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Series and Parallel Circuits

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to solve series and
parallel circuits and demonstrate Kirchhoff's voltage and current laws.

As you advance in your study of electric circuits, it will become obvious that even
the most complex circuits can be solved using just a few fundamental rules.
These rules are summarized in two groups, as shown below: one for series
circuits, and one for parallel circuits. They are directly related to Ohm's law, the
formulas for equivalent resistance, and the Kirchhoff's voltage and current laws.
The Kirchhoff's voltage law states that the sum of the voltages in a closed-circuit
loop is equal to zero. Its counterpart, the Kirchhoff's current law, states that the
sum of the currents entering a circuit node is equal to the sum of the currents
leaving the node.

Rules for series circuits

1. The sum of the voltage drops across each resistor in a series circuit equals
the applied voltage.

2. The same current flows in each series resistor.
3. The total series-circuit resistance is the sum of the individual resistor values.
Figure 1-16 is used to illustrate the rules for series circuits. As this figure shows,
a dc source Es is connected to the series combination of resistors R;, R,, and R;.
Current I flows around the circuit through the single path that is available. From
Ohm's law, we know that the voltage across each resistor is equal to I;R, thus
gIVIng VO|tageS ERl = ISR].' ERZ = Ist, and ER3 = 15R3. NOW, based on RU|e 1 fOI‘
this circuit, we can see that,

Ep1 + Epy + Egz = Es

and

ISR]. + ISRZ + IsR3 = ES

Since I is common to all terms, the equation above can be rewritten as follows:

IS (Rl +R2 +R3) :ES
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Using the equation for calculating the equivalent resistance Rg in a series circuit
(Reg = Ry + R, + R3), or Rule 3, we obtain:

IS XREQ = ES

]

m
2

L

m
w
|
|
il
S

L

py
w

m
ol
@

L

Figure 1-16. A typical series circuit.

Rules for parallel circuits

1. The sum of the branch currents in a parallel circuit equals the total source
current.

2. The voltage is the same across all parallel branches.

3. The reciprocal of the total parallel-circuit resistance is equal to the sum of the
reciprocals of the individual resistor values.

Figure 1-17 is used to illustrate the rules for parallel circuits. As this figure shows,
a dc source Es is connected across the parallel combination of resistors R;, R,,
and R;. Current I; divides and flows through three circuit branches. Also,
Figure 1-17 shows that the voltage across each resistor is the same. Therefore,
the three branch currents can be determined, using Ohm's law. From Rule 1 for
this circuit, we obtain:

Ipy + Iy +1Igs = Is
and

Es  Es  Es _

=1
R, R, Ry °
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Since Es is common to all terms, the equation can be rewritten as follows:

1 1 1

E (_+_+_)=1
S\R, R, Ry °

Using the equation for equivalent resistance Ry, in a parallel circuit
(1/Rgg = 1/Ry + 1/R, + 1/R3), or rule 3, we obtain:

E ! I
X — =
S REQ S

and

Es

=]
Rgg  °

s

—-
lR1l lei lel
Es —— R, R, R,
- -

Figure 1-17. A typical parallel circuit.

Two other fundamental principles used in solving electric circuits are the voltage
divider principle and the current divider principle. Stated simply, the voltage
divider principle states that when a voltage E; is applied across two series
resistors R; and R,, it divides so that the ratio of the voltage drops across the
resistors (Ez; and Ey,) is equal to the ratio of the resistors. This can be written as
follows:

Era _ Ry
ERZ RZ

This leads to the following two equations:

_EgXRy
RU™ R, +R,

and
_E;XR,
R2 ™R, +R,
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PROCEDURE

36

The current divider principle states that current I; splits between two parallel
resistors R; and R,, so that the ratio of the currents in the resistors (I, and I,) is
equal to the inverse ratio of the resistors. This can be written as follows:

le _ Ry
IR2 Rl

This leads to the following two equations:

o I, X R,

RL™R, +R,
and

o Iy X R,

R2 ™R, +R,

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, and Resistive Load
module in the EMS Workstation.

2. Make sure the main power switch of the Power Supply is set to the
O (OFF) position and the voltage control knob is turned fully
counterclockwise. Set the voltmeter select switch on the Power Supply to
the 7-N DC position. Make sure that the Power Supply is connected to a
three-phase wall receptacle.

3. Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the 24 V — AC
output of the Power Supply. Set the 24 V - AC power switch to the | (ON)
position.

4. Set up the circuit shown in Figure 1-18. Select the appropriate resistor values
for the given line voltage, and connect inputs 11, E1, E2, and E3 as shown to
measure the series-circuit current and voltages. Pay attention to the polarity
of the connections.
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R2 Egp E2

ml'l'l
\4\
|
AN AN AN

R 3 ERS E3
Local ac power network
ES Rl RZ R3
Voltage Frequency ) ) © )
V) (Hz)
120 60 120 171 220 240
220 50 220 629 733 880
220 60 220 629 733 880
240 50 240 686 800 960

Figure 1-18. Setup for a typical series circuit.

5. Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES11-6.dai.
"] you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.
“] The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

6. Turn on the main Power Supply and adjust the voltage control knob for the
value of voltage Es given in Figure 1-18.

7. Use the Data Table to store the values of the measured circuit voltages and
current. Turn off the Power Supply.
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Ex. 1-4 — Series and Parallel Circuits ¢ Procedure

8. Calculate the circuit equivalent resistance Rg, and the circuit current I, using
the values given in Figure 1-18.

REQ=R1+R2+R3= —Q
Es

= =5 = A

N REQ -

9. Calculate the voltage drops for each resistor using the current I calculated in
the previous step and the resistor values given in Figure 1-18. Compare with
the measured values in Figure 1-18.

Epy = \
Epy = \
ER3 == —V

10. Are the results approximately the same?

U Yes U No

11. Set up the series combination circuit in Figure 1-19, and set the Resistive
Load module for the given resistor values. Connect inputs 11, E1, and E2 to
measure the circuit parameters. Use setup configuration file ES11-7.dai for
the circuit measurements.
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% ®
+
R. Rs  Erops E2
Local ac power network
ES Rl RZ R3
Voltage Frequency ) © ) ©
M) (H2)
120 60 120 171 300 600
220 50 220 629 1100 2200
220 60 220 629 1100 2200
240 50 240 686 1200 2400

Figure 1-19. Setup for a series combination circuit.

12. Turn on the Power Supply, set Es as required, and measure the circuit
parameters.

13. Turn off the Power Supply and calculate Er; and Eg, g3 using the equivalent
resistance of R, in parallel with Rz, Rg, r3, R; and the value measured for ;.

RRZ,R3

Egpi =

ERZ,RS

14. Calculate Eg; and Eg, g3, Using the voltage divider principle.

Egpi =

\

Egors =

Q
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15. Compare the values obtained in the previous steps. Are they approximately
the same?

U Yes U No
16. Set up the parallel circuit shown in Figure 1-20, and set the Resistive Load

module for the given resistor values. Connect inputs 11, 12, 13, and E1 to
measure the parallel-circuit voltage and currents.

R R, R,

® ® L
Local ac power network
Eg Ry R, R;3
Voltage Frequency ) @ @ @
™) (Hz)
120 60 120 300 600 1200
220 50 220 1100 2200 4400
220 60 220 1100 2200 4400
240 50 240 1200 2400 4800

Figure 1-20. Setup for a typical parallel circuit.

17. Turn on the Power Supply and set E; as required. Measure the circuit
parameters, using the ES11-8.dai configuration file for the measurements.
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18. Turn off the Power Supply and calculate the values for Rg,, Is, and the
branch currents, using the values given in Figure 1-20.

Regg=_____Q
Is = A

Iy = A
Iy = A
Ins = A

IR]. = —A
IRZ = —A
IR3 = —A

20. Compare the calculated and measured values. Are they approximately the
same?

U Yes U No

21. Set up the parallel combination circuit in Figure 1-21, and set the Resistive
Load module for the given resistor values. Connect inputs 11, 12, 13, E1,
and E2 to measure the circuit parameters.
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R, +

Local ac power network

Eg Ry R, R3
Voltage Frequency ) © © )

V) (Hz)
120 60 120 300 171 200
220 50 220 1100 629 733
220 60 220 1100 629 733
240 50 240 1200 686 800

Figure 1-21. Setup for a parallel combination circuit.

22. Turn on the Power Supply and set Es as required. Measure the circuit
parameters, using the ES11-9.dai configuration file for the measurements.

23. Turn off the Power Supply and calculate the values for Ir; and Iz, g3 using
the values given in Figure 1-21.

Iy = A

IR2,R3 =_____A
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24,

25.

26.

27.

28.

Sale and/or reproduction forbidden

Compare the measured and calculated values. Are they approximately the
same?

O Yes O No

Compare the source current I with the sum of the branch currents. Are these
results approximately the same?

U Yes U No

Calculate the values for Ep, and Eg; using the values given in Figure 1-21,
and compare with the measured values

Epy = \
ER3 == —V

Are the calculated and measured values approximately the same?

U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS

44

In this exercise, you demonstrated that different combinations of series and
parallel circuits can be solved using rules and principles based on Ohm's law and
Kirchhoff's laws. You also had the opportunity to practice the techniques
presented in the previous exercises.

1. The main rules and principles for solving electric circuits are related to

a.
b.
c.

d.

the conservation of energy law.

combinations of different circuits.

Kirchhoff's law, Ohm's law, and rules for equivalent
resistance.

the random operation of a circuit.

2. The source voltage in the circuit of Figure 1-19 is doubled. What effect does
this have on the circuit current and voltages?

oo

Both will double.

Both will decrease by half.
Both will increase by half.
There will be no change.

3. The value of resistor R; in Figure 1-19 is reduced by half. Will the current
through R, increase or decrease?

coop

Increase.
Decrease.

It will not change.
None of the above.

4. What will be the effect of removing one of the resistors in Figure 1-20?

aoow

The source voltage will drop.

The source current will increase.
The source current will decrease.
There will be no effect.

5. How can current I be reduced by half in the circuit of Figure 1-217?

aoop
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By reducing the source voltage by half, or doubling R; .

By increasing the source voltage by half, or doubling Rg,.
By reducing the source voltage by half, or doubling Rg.
By increasing the source voltage by half and doubling Rg,.
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Unit 1 — Fundamentals for Electrical Power Technology ® Unit Test

Unit Test

1. Voltage can be defined as

the ratio between current and resistance.

the potential difference between two points in an electric circuit.
the flow of free electrons in an electrical conductor.

the ratio of resistance to current.

coop

2. Which of the following is a valid expression for Ohm's law?

a. E?=PR

b. E=1I?/R

c. E=RI

d. Bothaandc.

3. The formula for finding the equivalent resistance of a series circuit is

1/REQ=1/R1+1/R2+1/R3+1/R4+... +1/Rn
Rgg = (Ry X Ry)/(Ry + Ry)
REQ=1/R1+1/R2+1/R3+1/R4 + ... +1/RT[
REQ=R1+R2+R3+R4+... +RTl

o0 oy

4. The formula for finding the equivalent resistance of a parallel circuit is

REQ:1/R1+1/R2+1/R3+1/R4 +... +1/Rn
Rpg = (Ry + R2)/(Ry X Ry)
REQ=R1+R2+R3+R4+... +RTl

aoop

5. What is the equivalent resistance of four 1-Q resistors in parallel?

a. 4Q

b. 12Q
c. 0.25Q
d 1Q

6. Power can be defined as

the product of voltage and current in a dc circuit.
the ratio of voltage to current in a dc circuit.

the ratio of current to voltage in a dc circuit.

the product of current and resistance in a dc circuit.

aoow

7. Power in a resistive dc circuit can be calculated using

the current and the voltage.

the current and the resistance.

the voltage and the resistance.

any two of the voltage, current, and resistance parameters.
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Unit 1 — Fundamentals for Electrical Power Technology ® Unit Test

8. Solving electric circuits requires knowledge of

the conservation of energy law.

Kirchhoff's law, Ohm's law, and rules for equivalent resistance.
vectorial calculation.

the natural conservation of energy law.

aoow

9. If the source voltage in a circuit is doubled, the current will increase

True, if the circuit resistance is doubled.

True, if the circuit resistance stays the same.

False, because voltage and current are independent.
There will be no change.

aoop

10. If the resistance of a parallel circuit branch is doubled, the voltage across the
branch will change.

True because the IR product will be different.

True, because the voltage is proportional to resistance.

False, there will be no change in the voltage across the branch.
True, because the circuit current also change.

aoow

Property of Festo Didactic

Sale and/or reproduction forbidden

46 © Festo Didactic 584079



Alternating Current

UNIT OBJECTIVE

DISCUSSION OF
FUNDAMENTALS
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When you have completed this unit, you will be able to explain and demonstrate
the amplitude, frequency and phase of alternating voltage and current
waveforms. You will also demonstrate concepts related to instantaneous power.

Alternating current (ac) is universally used throughout the world for driving
motors and for powering electrical equipment. As its name suggests, an
alternating voltage is one which is continually reversing (alternating) its polarity.
When speaking of ac voltages, it is quite correct to consider them as being
dc voltages which are continually in the process of changing their value and
polarity. The number of times that the polarity passes from positive to negative
and then from negative to positive in one second is called the frequency. The
normal ac line frequency in North America is 60 Hz, while most countries in
Europe, and several others, have an ac line frequency of 50 Hz.

Besides reversing polarity periodically, ac voltages also change in value from
instant to instant, in a way that depends on the type of power supply. It is
possible to obtain a square wave, a triangular wave, or other types of waveforms
for the voltage. Theory and practical evidence has shown though, that the type of
waveform best suited for running electrical machinery is the sine wave. This
periodic waveform permits us to obtain the highest efficiency from transformers,
motors, and generators, and also results in the quietest operation. Although sine
waves seem more complicated than triangular or square waves, they make
calculations of voltages and currents in electrical circuitry simpler. The value of a
sine wave can be calculated for any instant of its cycle using the sine function,
and this value always repeats after one complete cycle.
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Figure 2-1 gives fractional values for a sine wave over a complete cycle. It can
be used to quickly calculate and sketch the waveform. Sine waves having
maximum values other than unity can be calculated using simple proportion.
Negative values indicate that the polarity of the voltage or current has reversed.

R R

+0.707 1" "~

% +0.5
D
E
—
o
=
<C P
|
<
z PHASE ANGLE
» [DEGREES]
o s
el
-0.707 ~
-1
\j
Phase angle Relative amplitude Phase angle Relative amplitude
0° 0 180° 0
15° 0.26 195° -0.26
30° 0.50 210° -0.50
45° 0.71 225° -0.71
60° 0.87 240° -0.87
75° 0.97 250° -0.97
90° 1.00 270° -1.00
105° 0.97 285° -0.97
120° 0.87 300° -0.87
135° 0.71 315° -0.71
150° 0.50 330° -0.50
165° 0.26 345° -0.26
180° 0 360° 0

Figure 2-1. Sine wave values over a complete cycle.
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Unit 2 — Alternating Current ® Discussion of Fundamentals

At any given instant in time, a sine wave will be at a given position, measured in
degrees from a reference point. Consider two identical generators adjusted to
exactly the same frequency. Suppose now that the second generator is turned on
a short instant after the first. When both waveforms are observed together on an
oscilloscope, the display will be similar to Figure 2-2. Using the sine wave from
the first generator as a reference, we can say that the second waveform is
lagging the reference by several degrees. The separation in time between the
two ac waveforms is the phase shift. Phase shifts are often measured using
phase angles. The term lagging or leading phase shift is used to indicate
whether the waveform reaches maximum after or before the reference.

GENERATOR 1 GENERATOR 2
REFERENCE LAGGING

) i

uNAN®

I I
I I
PHASE SHIFT »: :‘*

Figure 2-2. Shift angle between two sine waves of identical frequency.
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The Sine Wave

EXERCISE OBJECTIVE

DISCUSSION
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Exercise 2-1

When you have completed this exercise, you will be able to measure the
amplitude and frequency of ac waveforms, and demonstrate concepts associated
with these parameters.

The sine wave has a direct relationship to circular rotation, as Figure 2-3 shows.
Each cycle of a sine wave is equivalent to one complete revolution, which
equals 360°. In fact, standard alternating voltage produced at the local power
plant is a sine wave. The voltage starts at zero, and then increases to a
maximum value. It then decreases until it reaches zero again, at which point the
voltage changes polarity. It then increases until a maximum at the opposite
polarity is reached, and once again it decreases towards zero. At the point where
the voltage reaches zero a second time, a full revolution of 360 angular degrees
has been completed. For a 60-Hz system, this means that in one second,
60 complete cycles of the sine wave take place. Therefore, the period T of a
60-Hz sine wave is 1/60 seconds.

Property of Festo Didactic

51



Ex. 2-1 —The Sine Wave ® Djscussion

180°

180°

180°

180°

270°

Figure 2-3. One full cycle of a sine wave equals 360° of rotation.
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Amplitude and frequency are important parameters of a sine wave. The
amplitude can be indicated as a peak-to-peak value, peak value or rms value.
The maximum value reached by the sine wave during its cycle is the peak value,
while the peak-to-peak amplitude is simply twice the peak value. The rms
(root-mean-square) value or effective value is defined by the heating effect of
the sine wave. For example, suppose that a sine-wave voltage (ac voltage) with
a peak value of 100V is connected to a load resistor and the resistor
temperature is measured once it has stabilized. The effective value of the
ac voltage can be found by using a variable dc supply, and adjusting the
dc voltage until the temperature of the resistor stabilizes at the same point as
before. The resulting dc voltage is 71 V, meaning that the rms value of the
ac voltage is 71 V. Another way to obtain a measure of the rms value consists in
applying a dc voltage to one lamp and an ac voltage to another. The lamp
brightness is a fairly accurate indicator of the power being dissipated, and the
dc voltage can be adjusted to obtain the same brightness as the ac voltage.
Naturally, these methods are time consuming and not very efficient for
determining the rms value of an alternating voltage or current.

Measuring instruments for standard (sine wave) alternating current are calibrated
to indicate the rms value directly. The rms value is related to the peak value by a
simple relationship, Exys = Epgax X 0.707 (the peak value multiplied by 1/v2).
Note that this relationship is only valid for sine waves. Also, the rms subscript is
usually indicated only if necessary.

Finally, the other important parameter of the sine wave, its frequency, is just the
reciprocal of the waveform's period, i.e., f = 1/T. For 60-Hz ac power systems,
the period is 1/60 = 0.0167 s and the reciprocal is 60 Hz. For 50-Hz ac power
systems, the period is 1/50 = 0.02 s and the reciprocal is 50 Hz. Conversely, the
period is the reciprocal of the frequency, T =1/f. Figure 2-4 shows the
parameters of a sine wave.

+E
0.707E

REL. SIGNAL AMPLITUDE

‘¢——— PERIODT — ™!

Figure 2-4. Amplitude and period of a sine wave.
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Ex. 2-1 — The Sine Wave ® Procedure

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, and Resistive Load
module in the EMS Workstation.

2. Make sure that the main power switch of the Power Supply is set to the
O (OFF) position, and the voltage control knob is turned fully
counterclockwise. Make sure that the Power Supply is connected to a three-
phase wall receptacle.

3. Set up the circuit shown in Figure 2-5. Note the symbol used to indicate a
variable ac source in this circuit. Set the Resistive Load module for the given
resistance value, and connect inputs E1 and 11 to measure the circuit voltage
and current.

=

ES@ R, Et

N

L
Local ac power network
R
Voltage Frequency (QL)
) (Hz)
120 60 300
220 50 1100
220 60 1100
240 50 1200

Figure 2-5. AC sine wave circuit.

Property of Festo Didactic
Sale and/or reproduction forbidden

54 © Festo Didactic 584079



Ex. 2-1 — The Sine Wave ® Procedure

© Festo Didactic 584079

4,

10.

Sale and/or reproduction forbidden

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES12-1.dai.

2

If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

I3

The metering setup configuration can be changed during the exercise if
desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.
Turn on the main Power Supply and adjust the voltage control knob to 100%.

Use the Data Table to store the values of the measured circuit voltage and
current.

Click on the Oscilloscope button and display E1 and 11 on CH1 and CH2. If
necessary, readjust the time base to show at least two cycles of the sine
waves.

Set convenient vertical scales for the display and note the peak amplitudes of
the voltage and current.

Epk = \%

ka = A

Multiply the peak values by 0.707 and compare with the results stored in the
Data Table.

Eyy X 0.707 = Eg = \

I X 0.707 = s = A
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11.

12.

13.

14.

15.

16.

17.

56

Is there a difference between your calculations and the stored values?

J7 The results in the Data Table are rms values. Also, the waveform data box of
N7 the Oscilloscope screen gives the rms value of the signals applied to the input
channels, their average value, and the frequency.

Compare the current waveform with the voltage waveform. Are they both
sine waves?

U Yes U No

What is the approximate amplitude of the voltage sine wave at 225°?

Amplitude = \

What is the time period for one complete cycle of the ac voltage waveform?

T = ms
Calculate the frequency.

= Hz

Compare the frequency of the current waveform to that of the voltage. Are
they the same?

U Yes U No

Do the current and voltage waveforms reach their maximum and minimum
values at the same time, as well as passing through zero amplitude?

When the conditions of going through zero and reaching maximum at the
same time occur, the waveforms are said to be in phase, meaning that there is
no phase angle separation between them.

U Yes U No
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19.

20.

21.
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Turn off the Power Supply and set up the series circuit in Figure 2-6. Set the
Resistive Load module for the given resistor values, and connect
inputs I1, E1, and E2 as shown in the figure.

Local ac power network
Eg Ry R,
Voltage Frequency V) (Q) (@)
V) (Hz)
120 60 120 171 300
220 50 220 629 1100
220 60 220 629 1100
240 50 240 686 1200

Figure 2-6. AC series circuit.

Set the voltmeter select switch to the 4-N position. Turn on the Power Supply
and adjust the voltage control knob to obtain the value of voltage E given in
Figure 2-6. Use the ES12-2.daiconfiguration file for the circuit
measurements.

Click on the Oscilloscope button and display E1, E2, 11 on CH1, CH2,
and CH3. Make sure that the time base control is set to show at least two
cycles of the sine waves.

Select convenient vertical scales for the display and note the rms values of
the voltages and the current.

El(Er)=___ V
E2 (Egy) = v
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22.

23.

24,

25.

26.

27.

Compare the ratio of the voltages to the ratio of the resistors.

Calculate the voltage drops for each resistor using the values given in
Figure 2-6 and compare with the measured rms values of step 21.

ERl = —V

ERZ = —V

Calculate the value of source current that should flow in this circuit and
compare with the measured rms value of step 21.

Eg
I — —
s Reg

Do the results of steps 21, 22, 23, and 24 demonstrate that Ohm's law,
Kirchhoff's laws, and the other circuit theory of Unit 1 is valid for ac circuits?
U Yes U No
Observe the current and voltage waveforms and notice that they have the
same type of relationship as the waveforms in step 17. Does this mean that
they are in phase?
U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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Ex. 2-1 —The Sine Wave ® Conclusion

CONCLUSION In this exercise, you demonstrated that a sine wave of voltage produces a sine
wave of current, and that the rms value of a sine wave equals 0.707 times the
peak amplitude. You also confirmed that the frequency is the reciprocal of the
waveform's period, and you saw that the theory presented in Unit 1 is valid for

ac circuits.
REVIEW QUESTIONS 1. The peak-to-peak amplitude of a sine wave is 200 V. What is the rms value?
a. 282V
b. 70.7V
c. 141V
d 141V

2. The period of a sine wave is 0.02 seconds. What is its frequency?

a. S5Hz

b. 50Hz
c. 50s

d. 0.02Hz

3. An ac voltage can be considered as a dc voltage that is continually changing
its amplitude and polarity.

a. False.

b. True in cases when the current is zero.
c. True.

d. None of the above.

4. One complete cycle of a sine wave is the same as one circular rotation of

360°.

a. True in cases where the frequency is less than 100 Hz.
b. True.

c. False because a sine wave is not a circle.

d. False.

5. When are two sine waves said to be in phase?

a. When the current leads the voltage.

b. When they both attain their maximum values at the same
time.

c. When they both go through zero at the same time.

d. Both b and c together.
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Phase Angle

EXERCISE OBJECTIVE

DISCUSSION
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Exercise Q-7

When you have completed this exercise, you will be able to determine the phase
angle between sine waves, and distinguish between leading and lagging phase
shift.

Phase angle is used to measure the amount of separation (phase shift) between
two sine waves of the same frequency. The sine waves being compared must
have the same frequency, but they do not need to have the same amplitude. In
later units, you will see that components like capacitors and inductors cause a
phase shift between the voltage and current. The amount of phase shift between
two sine waves is often expressed as a phase angle. One of the two sine waves
is used as the reference for phase shift measurements.

To determine the phase angle using an oscilloscope, the reference waveform is
applied to one channel input, and the other channel receives the waveform for
which we want to measure the relative phase difference. Figure 2-7 gives an
example of how this can be done. The oscilloscope is adjusted so that one
complete cycle of the reference waveform (360°) is displayed over an exact
number of divisions, i.e., 8 divisions in this example. Each division is therefore
equal to 45°, and minor divisions correspond to 9°. Finally, the horizontal
separation (d) between the waveforms is measured, which in this example gives
0.8 division. The phase angle is therefore 0.8 x 45° = 36°.

CHANNEL 1 CHANNEL 2
REFERENCE LAGGING

\

\
MGaN

V. - \ U PO N A
NG
I\

Figure 2-7. Phase angle between two waveforms.
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Ex. 2-2 — Phase Angle ® Procedure

PROCEDURE

62

The second waveform lags the reference waveform since it reaches maximum
amplitude after the reference waveform. As the figure shows, a lagging waveform
is shifted to the right of the reference on the oscilloscope display. Since the
phase is lagging, it is common to see a minus sign or the word lagging included
with the number, i.e. —36°, or 36° lagging. This is a standard shorthand way of
indicating whether the phase is leading or lagging. If the second waveform were
shifted to the left on the oscilloscope, the phase shift would be leading, since the
second waveform reaches maximum before the reference waveform. Phase shift
could also be indicated by using positive numbers for phase differences greater
than 180°. If you examine closely the waveforms in Figure 2-3, it becomes clear
that a phase shift of 270° leading is the same as 90° lagging. Further along in the
study program, you will set up circuits with capacitors and inductors that cause
large phase shifts between voltages and currents.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply and data acquisition module in the
EMS Workstation.

2. Make sure that the main power switch of the Power Supply is set to the
O (OFF) position, and the voltage control knob is turned fully
counterclockwise. Make sure that the Power Supply is connected to a three-
phase wall receptacle.

3. Set up the circuit shown in Figure 2-8. Connect inputs E1, E2, and E3 to
measure the phase voltages of the Power Supply at 1-N, 2-N, and 3-N.

Make sure that that the data acquisition module is connected to a USB port
of the computer. Connect the POWER INPUT of the data acquisition module
to the 24 V - AC output of the Power Supply. Set the 24 V - AC power switch
to the | (ON) position.
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E3

J—

Figure 2-8. Phase angle measurement.

4. Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES12-3.dai.
“] i you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.
“] The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

5. Turn on the main Power Supply and verify that the phase voltages are
displayed on the Metering application.

6. Click on the Oscilloscope button and display E1, E2, and E3 (that is,
voltages 1-N, 2-N and 3-N) on CH1, CH2, and CH3. Make sure that the time
base control is adjusted to show at least two complete cycles of the sine
waves.

7. If necessary, select convenient vertical scales for the amplitudes and use E1
as the reference waveform for phase shift measurement.

8. Looking at the three waveforms, is there a phase shift between them?

U Yes U No

9. How many degrees separate the voltage on

Elfromthaton E2? = °
E2 fromthaton E3? = °
E3 fromthaton E1? = °
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Ex. 2-2 — Phase Angle ® Procedure

10. Is the voltage on E1 leading or lagging the voltage on E2 by 120°?

11. Is the voltage on E3 leading or lagging the voltage on E1 by 240°?

12. You will have noticed that the voltages on E1, E2, and E3 are separated
by 120°, which is the case for standard three-phase alternating current. If the
voltage on E2 is now used as the reference waveform, is it leading or lagging
the voltage on E1 by 120°7?

13. Change the time base setting on the oscilloscope to increase the number of
cycles displayed. Does the amount of phase shift between the waveforms
change?

U Yes U No

14. Change the vertical scale settings on the oscilloscope. Does the amount of

phase shift between the waveforms change?
U Yes U No
15. Turn on the Cursors, and use the left and right cursors to measure the time

difference t; between the waveforms displayed on channels E1, E2, and E3
at the point where they pass through zero amplitude.

ty (E1-E2) =
t; (E3-E1) =

td (E2 - E3) =

16. Determine the phase angle between the waveforms. Note that T is the period
of the reference waveform.

t
Phase angle = ?d X 360° = °
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17. Are the measured values similar to the results of step 97

O Yes O No

18. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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Ex. 2-2 — Phase Angle ¢ Conclusion

CONCLUSION

REVIEW QUESTIONS

66

In this exercise, you observed three sine waves that were separated in phase by
120°. You also saw that to determine whether one waveform leads or lags
another, it is necessary to decide which waveform will be used as the reference.

1. Phase angle can be used as

a measurement of the period of a periodic waveform.

an indication of a signal's frequency.

a measurement of the separation between two waveforms.
only valid when three-phase signals are considered.

aoow

2. A sine wave has a leading phase angle of 72°. Will it reach maximum before
or after the reference waveform?

After.

Before.

It depends on the frequency.
None of the above.

apow

3. Three-phase ac power consists of three sine waves separated by 120°7?

a. True in North America only.
b. False.

c. True.

d.

False since square waves are sometimes used.

4. A sine wave has a phase angle of —45°. Is the reference waveform leading
or lagging this sine wave?

Leading.

Lagging.

Neither, it is in phase.

The reference cannot lead or lag another waveform.

aoow

5. The oscilloscope waveforms of the current and voltage in a circuit show that
a large phase difference exists between the two. What does this indicate
about the type of circuit components?

Nothing

They must be defective.

They are all resistors.

There must be capacitors and/or inductors in the circuit.

aoow
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DISCUSSION
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When you have completed this exercise, you will be able to explain and
demonstrate the concept of instantaneous power. You will also be able to
determine the average power dissipated in a resistive load when it is connected
to a source of alternating current.

When electrical power is supplied to a dc motor, part of the power is converted
into mechanical energy and the remainder is converted into heat. When power is
supplied to a storage battery during charging, some of the power is converted to
chemical energy, while the rest is converted into heat. However, when power is
supplied to a resistor, all of it is converted into heat. This conversion of electrical
power into heat is a very efficient process, and we make use of it every day in
electric toasters, stoves, and electrically-heated homes.

As you have seen in Unit 1, power is the product of the voltage and the current in
dc circuits. The same is true for ac circuits, except that it is important to know
whether one is talking about instantaneous power or average power. From what
has been seen so far, it should be clear that the power dissipated by a resistor
connected to an ac source varies sinusoidally with time, since the circuit voltage
and current are sine waves. Instantaneous power is simply the product of E x I
calculated at each instant in the sine wave cycle. If a wattmeter were connected
to measure power in the circuit of Figure 2-9, it would indicate a value other than
zero, even though the average value of the voltage and current waveforms is
zero over a period.
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This is what is shown by the instantaneous power waveform in Figure 2-9. Close
examination of this figure shows that when the voltage is negative, the current is
negative, so that the E x I product is always positive. As you will learn in this
exercise, the average power dissipated by a resistive load is simply the product
of the rms voltage and current in the circuit. Another important point to note is
that the frequency of the instantaneous power waveform is twice that of the
source. This is because the E x I product gives a sine-squared function which is
at twice the frequency of the original sine waves.

—
w g Ps
>
E
1
s Es
5 Is
S
w
—
L
[sn)
TIME
Figure 2-9. Instantaneous power waveform for a resistive load.
EQUIPMENT REQUIRED
Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.
PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, and Resistive Load
module in the EMS Workstation.

2. Make sure that the main power switch of the Power Supply is set to the
O (OFF) position, and the voltage control knob is turned fully
counterclockwise. Make sure that the Power Supply is connected to a three-
phase wall receptacle.
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Set up the circuit shown in Figure 2-10. Set the Resistive Load module for
the given resistance value, and connect inputs E1 and I1 to measure the
circuit current and voltage.

Make sure that the data acquisition module is connected to a USB port of the
computer. Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.

Ry

®
Local ac power network
R
Voltage Frequency (Ql)
V) (Hz)
120 60 171
220 50 629
220 60 629
240 50 686

Figure 2-10. Instantaneous power in a resistive load.

4. Start the Data Acquisition software (LVDAC or LVDAM). Open setup

configuration file ES12-4.dai.

"] you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

“] The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

Turn on the main Power Supply and adjust the voltage control knob to 100%.
Verify that the circuit parameters are displayed on the Metering application.

Click on the Oscilloscope button and display E1, 11, and P1 on CH1, CH2,
and CH3. Make sure that the time base control is adjusted to show at least
two complete cycles of the sine waves.
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7. Select convenient vertical scales for the display and note the rms values of
the voltage and current, and the average power (AVG) for P1.

El (E) = \%
11 () = A
Pl (Pg) = . L

8. Compare the current waveform with the voltage waveform. Do they have the
same frequency?

U Yes U No

9. What are the time period and frequency of the instantaneous power

waveform?
T = ms
f=g=___ He

10. How does the frequency of the instantaneous power waveform compare with
those of the current and voltage waveforms?

11. Are the current, voltage, and power waveforms in phase?

12. Calculate the product of the rms values of the current and voltage and
compare it with the AVG value for P1 given in the waveform data box of the
Oscilloscope screen.

EgxIg = w

P1 (PR].) :—W
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Ex. 2-3 — Instantaneous Power ® Procedure

13. Are the results approximately the same?

U Yes U No

14. Turn off the Power Supply and set up the circuit shown in Figure 2-11. Set
the Resistive Load module for the given resistance values, and connect
inputs 11, 12, 13, and E1, E2, E3 as shown in the figure.

s

——
L 4 L 4
11 12 13
ot
N + + +
R, E1 R, E2 Rs E3
® ® ® ® ®
Local ac power network
Ry R, R
Voltage Frequency ) @ @
V) (Hz)
120 60 171 171 171
220 50 629 629 629
220 60 629 629 629
240 50 686 686 686

Figure 2-11. Instantaneous power in a parallel circuit.

15. Open configuration file ES12-5.dai.

16. Turn on the Power Supply, adjust the voltage control knob to 100%, and
verify that the circuit parameters are displayed on the Metering application.

17. Click on the Oscilloscope button and display 11, 12, 13, and E1 on CH1, CH2,
CH3, and CH4. Make sure that the time base control is adjusted to show at
least two complete cycles of the sine waves.
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18. Select convenient vertical scales for the display and note the rms value of the
voltage and currents below.

El(E)=__ V
LUp)=__ A
2(p)=___ A
B(ps)=__ A

19. Calculate the product of the voltage and the currents to obtain the power
dissipated in each of the three resistors R1, R2, and R3.

Py = w
Pgy = w
PR3=—W

20. What is the total power dissipated by the circuit?

PTZPR1+PR2+PR3= \\%

21. On the Oscilloscope, display P1, P2, and P3 on CH5, CH6, and CH7. Note
the values given in the waveform data box.

P1 (PRl) =_W
P2 (PRZ) =_W
PS (PR3) =_W

22. What is the total measured power?

PT=PR1+PR2+PR3=—W
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23. Compare the results of steps 20 and 22. Is the total power approximately the
same in both cases?

U Yes U No
24. Compare the phase angles between the different waveforms. Is there any
appreciable phase shift?
U Yes U No
25. Do the instantaneous power waveforms of Pg;, Pgr,, and Pg; confirm that the
power dissipated in a resistive circuit is always positive?
U Yes U No

26. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS

74

In this exercise, you demonstrated that the instantaneous power waveform
produced when alternating current is connected to a resistive load is always
positive and has a frequency twice that of the ac source. You also saw that the
average power dissipated by the load is the product of the rms values of the
circuit currents and voltages.

1. The average power dissipated in an ac circuit is equal to

zero over a period.

the square of the voltage divided by the current.
one-half the peak value.

equal to the product of the rms values of E and I.

aoow

2. The power waveform in an ac circuit is a sine wave at double the source

frequency.

a. True.

b. False, because the average power is greater than zero.
c. True, but only with a resistive load.

d. False, the power waveform is a square wave.

3. The instantaneous power waveform shows that the power is always positive
even though the voltage and current waveforms in an ac circuit alternate
between positive and negative values.

False.

True when the load is resistive.

True all the time.

It depends on the waveform frequency.

coop

4. What is the average power dissipated by a 100-Q resistor when it is
connected to an ac source with a peak value of 141 V

a. 1410 W
b. 141W
c. 141W
d. 100w

5. Isit possible to have "negative power" in an ac circuit?

Yes, when capacitors or inductors are connected.
No.

Only if the source frequency is very low.

Negative power is possible only in extreme cases.

aoow
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Unit 2 — Alternating Current & Unijt Test

Unit Test

1. The rms value of a sine wave voltage equals Ej, X 1/4/2, which is the
dc equivalent value that will produce the same heating effect.

aoow

False.

True.

It depends on the load.

It depends on the frequency.

2. What is the period of a sine wave whose frequency is 120 Hz?

a.
b.
c
d

120 ms
8.3 ms

33.4ms
16.7 ms

3. Alternating current is one which periodically changes direction and alternates
between maximum positive and negative values.

aoow

True.

False.

Only if the rms value is greater than zero.
None of the above.

4. What is the normal phase shift between the voltage and current in a circuit
with only a resistive load?

a.
b.
c
d

90°
There is no phase shift.
It depends on the power dissipated in the load.

5. What is the period of a sine wave whose frequency is 50 Hz?

aoow

35 ms
25 ms
20 ms
16.7 ms

6. Knowing the phase angle between the voltage and current allows us to

oo

© Festo Didactic 584079

know the frequency.

determine if the power is instantaneous.
determine the rms amplitude of the waveforms.
know if only resistors are present in the circuit.
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10.

Alternating current will produce more power in a given circuit than a
dc voltage with the same value as the peak ac voltage.

True.

False, because the average ac value is zero over a complete period.
False, because the dc voltage is greater than the rms ac voltage.
True, because power equals the product of the rms values of E and I.

aoow

The instantaneous power waveform in a dc circuit is the same as in an
ac circuit.

True.

False, it is a straight line.

True, but the frequency is very low.

False, instantaneous power does not exist in dc circuits.

oo

It is impossible to solve ac circuits since Ohm's law and Kirchhoff's laws used
in solving dc circuits do not apply.

True.

False except when dealing with inductive loads.
True if the circuit only has resistors.

False, all the laws used so far apply to ac circuits.

aoow

What is the peak ac voltage required to produce the same average power as
a dc voltage of 50 V?

a. 141V
b. 70.7V
c. 50V
d. 50/V2V

Property of Festo Didactic
Sale and/or reproduction forbidden

© Festo Didactic 584079



Capacitors in AC Circuits

UNIT OBJECTIVE

DISCUSSION OF
FUNDAMENTALS
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When you have completed this unit, you will be able to demonstrate and explain
the effects of capacitors in ac circuits. You will use circuit measurements to
determine the capacitive reactance of capacitors, and you will measure and
observe the phase shift between voltage and current caused by capacitors.

The fundamental property of capacitors is to oppose voltage changes across
their terminals. The opposition to voltage changes is proportional to the
capacitor's capacitance (C). When capacitance is added to an ac circuit, an
effect similar to that produced by circuit resistance is observed, that is, there is
opposition to the flow of current. This effect is due to capacitive reactance (X.),
which is defined as the opposition created by capacitance to the flow of
alternating current.

Capacitance is a measure of the amount of electrical charge that a capacitor can
store in the dielectric between its two conducting plates when a given voltage is
applied across them. The measurement unit for capacitance is the farad (F),
which is an extremely large quantity. Most typical capacitors have values in the
range of microfarads and picofarads, depending on whether they are used in
electric power circuits or electronic circuits.

When a dc voltage is applied suddenly to a capacitor, a large current flows into
the capacitor. The current continues to flow at a decreasing rate until the
capacitor has charged up to the value of the source voltage Es. At that point, the
current becomes zero because the voltage across the capacitor is no longer
changing, and the capacitor is neither charging nor discharging. The current can
be quite large if the voltage across the capacitor changes quickly. If the source
voltage increases at a rapid rate, a large charging current flows into the
capacitor, and the capacitor acts as a load and stores energy. Conversely, if the
source voltage decreases at a rapid rate, a large discharging current flows out of
the capacitor, the capacitor acts as a momentary source of power just like a
generator, and releases energy. The ability to store electric energy comes from
the electric field set up between the plates of the capacitor. The quantity of
energy stored depends on the capacitor's capacitance and the applied voltage.
When a capacitor is charging, it receives and stores energy but does not
dissipate it. When it discharges, the stored energy will be released until the
voltage across the capacitor drops to zero. These facts help in understanding the
behavior of a capacitor when it is connected to an ac power source.
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When the ac voltage increases, the capacitor stores energy, and when the
voltage decreases, the capacitor releases the stored energy. During the storing
period, the capacitor is a load on the source, but during the releasing period, the
capacitor actually returns power back to the source. This produces an interesting
situation in which the capacitor acts periodically as a source of power returning
energy to the source that gave it power in the first place. In ac circuits, power
flows back and forth between the capacitor and the power source, and nothing
useful is accomplished. As Figure 3-1 shows, power flows from left to right when
the capacitor is charging, and from right to left when it is discharging.

PCHARGING
—_—

———
PDISCHARGING

Figure 3-1. Power flow during charging and discharging.

If a wattmeter is connected to measure power in the circuit of Figure 3-1, it will
indicate zero since no power is dissipated in the capacitor. The wattmeter
actually tries to indicate positive when the capacitor charges, and negative when
it discharges, but power flow reversal takes place so quickly that the meter
pointer cannot follow. The real power, or active power as it is more properly
known, that is associated with an ideal capacitor is therefore zero. However,
there is a voltage drop across the capacitor and current flows in the circuit. The
product of E x I is known as apparent power, expressed in volt-amperes (VA).
For the special cases of purely capacitive and inductive ac circuits, the apparent
power is known as reactive power, expressed in var (volt-amperes reactive).
Observation of the instantaneous power waveform shows that there are
instances of both positive and negative power peaks in reactive circuits, which
corresponds to the fact that power swings back and forth between the load and
the source. As you will learn in this unit, the capacitive phase shift between the
voltage and current is directly linked to the alternating power flow direction.
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Capacitive Reactance

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to determine capacitive
reactance by using measurements of circuit currents and voltages.

Capacitive reactance is defined as the opposition to alternating current flow
caused by capacitance. Its effect is similar to that caused by the resistance of
resistors, but unlike resistance, capacitive reactance is dependent on frequency.
It also depends on the capacitance value of the capacitor. Capacitance exists
whenever two conducting surfaces are separated by a non-conducting medium.
The contacts of an open switch, the terminals of a battery, the insulated windings
of a coil or transformer, even the parallel conductors of a power transmission
line, are capacitors. Practical capacitors, however are manufactured to be
compact devices with specific capacitance that meet specific circuit
requirements.

When a dc circuit containing capacitance is first energized, current flows and
electrons pile up on one capacitor plate and leave the other. An electric field is
created in the space between the plates as the excess electrons on one plate try
to cross over to the other. The initial current, which is maximum, decreases as
the potential across the capacitor plates increases to the potential of the source,
at which point no more current can flow. If the capacitor were now removed from
the circuit, it would retain this potential for some time. When a conducting path is
provided between the capacitor plates, current flows for a short period of time
until the capacitor is discharged. After a capacitor is charged in a dc circuit, it
represents an open circuit, since current can no longer flow.

The formula for determining capacitive reactance in an ac circuit is as follows:

g 1
¢ 7 2nfC

where X, is the capacitive reactance, expressed in ohms (Q).

C isthe capacitance, expressed in farads (F).
f s the ac source frequency, expressed in hertz (Hz).

Using the numerical value of 6.28 to replace the constant 27 is sufficient for most
calculations dealing with capacitive reactance. Also, for 50 and 60 Hz circuits,
2nf can be replaced with the equivalent numerical values 314 (50 Hz) and
377 (60 Hz), without causing much error.

The formula for determining capacitive reactance shows that it is inversely
proportional to frequency and capacitance. Because of this, the reactance is

reduced by half each time the capacitance is doubled. The same result is
obtained if the frequency is doubled.
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Ex. 3-1 — Capacitive Reactance ® Procedure

PROCEDURE

80

Since Ohm's law applies equally to ac and dc circuits, the capacitive reactance
can also be determined from the circuit voltage and current, using the familiar
formula seen in Unit 1 (repeated below):

I_E
"R

This gives X, = E;/I., along with the equivalent expressions I, = E./X. and
E. =1 xX.. E; and I. used in these expressions represent rms voltage and
current values.

These expressions of Ohm's law, along with the laws of Kirchhoff seen in earlier
exercises are all valid for solving capacitive ac circuits.

The EMS Capacitive Load module used in this exercise consists of three
identical sections each having three capacitors that can be added to a circuit
using toggle switches. The selected value appears across the output terminals of
each section when the appropriate switch is closed, and any two, or all three of
the capacitors can be placed in parallel. The equivalent parallel capacitance is
then present across the output terminals. This arrangement permits different
values of capacitance, and consequently capacitive reactance, to be set. A table
listing many of the reactance values which can be obtained is given in
Appendix B of this manual. Also, the capacitance, current, and reactance values
of each individual capacitor are silkscreened next to them on the module front
panel. The current and reactance values are the nominal values obtained at the
specified line voltage and frequency.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, and Capacitive Load
module in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position. Make sure that the Power
Supply is connected to a three-phase wall receptacle.
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3. Set up the circuit shown in Figure 3-2. Close all switches on the Capacitive

Load module so that all capacitors are in parallel. This will produce a
capacitance value of Cy4x. Connect inputs E1 and I1 to measure the circuit
current and voltage.

Es@ E1 7 Cax
N

Local ac power network

Voltage Frequency ES(\_/)EC L(‘II:I;;‘
V) (Hz)
120 60 120 46.2*
220 50 220 15.2*
220 60 220 12.7*
240 50 240 13.9*

* VALUE OBTAINED WITH ALL CAPACITORS IN PARALLEL

Figure 3-2. Capacitive ac circuit.

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24 V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES13-1.dai.

o8

If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.

52

The metering setup configuration can be changed during the exercise if
desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

Turn on the main Power Supply and adjust the voltage control knob to obtain
the value of voltage Eg given in Figure 3-2.

Property of Festo Didactic

81



Ex. 3-1 — Capacitive Reactance ® Procedure

10.

11.

12.

82

Use the Data Table to store the values of the measured circuit voltage and
current. Note the results below.

ES=EC= V

Use the measured values of E; and I; to determine the capacitive
reactance X, of the circuit. Eg = E¢, and I = I.

Use the value obtained for X, to determine circuit capacitance Cy4x-

1
= = F
MAX 2nX gy I

Is the value calculated in step 9 approximately equal to the value of
capacitance set on the Capacitive Load module?

U Yes U No
Reduce the circuit capacitance by opening the three switches of one

complete section on the Capacitive Load module. Measure and record Eg
and .

Determine X, for the new values of voltage and current obtained in the
previous step.

XCZ = —Q
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Ex. 3-1 — Capacitive Reactance ® Procedure

13. Reduce circuit capacitance once again by opening the switches on a second
section of capacitors. Measure E; and Ig, and calculate X5.

ES=EC= V
IS=IC= A
Xc3= —Q

14. Calculate the ratios of the changes in reactance for the different circuits.

Xe2 _
XC1

Xes _
XC1

15. Knowing that the initial circuit was made up of three parallel capacitors
having the same capacitance, do the ratios of step 14 show that the
capacitive reactance changed in inverse proportion to the ratios of the
changes in capacitance?

U Yes U No

16. With E5 equal to 50% of the value used in step 6, calculate the circuit current
for the present circuit reactance set in step 13.

Es
f=—= A
57 Xes

17. Use the voltage control knob to set E; equal to 50% of the value used in
step 6, and measure the circuit voltage and current.

ES=EC=—V
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84

18.

19.

20.

21.

22.

Compare the measured value of current with the value calculated in step 16.
Are they approximately equal?

O Yes O No

Does the ratio of circuit voltage to current correspond to the present value of
circuit capacitive reactance X.? Explain.

Did the change in source voltage affect the value of circuit reactance?

U Yes U No
Did the measured values of circuit voltages and currents demonstrate that
Ohm's law is valid for capacitive ac circuits?

U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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Ex. 3-1 — Capacitive Reactance ® Conclusion

CONCLUSION

REVIEW QUESTIONS

© Festo Didactic 584079

In this exercise, you determined the capacitive reactance for different ac circuits
using Ohm's law and measurements of circuit voltages and currents. You also
observed that Ohm's law is valid for capacitive ac circuits, and demonstrated that
reactance changed in inverse proportion to the amount of circuit capacitance.

1. In a capacitive ac circuit with two unequal parallel capacitors, the rms values
of the circuit voltage and current are 100 V and 2 A. What is the value of X?

aoow

200 Q
50 Q

3530
353F

2. What will happen to the capacitive reactance of a circuit if the ac source
frequency is reduced by half?

aoow

It will double.

It will be reduced by one-half.

It will not change.

It will change only if there is no resistance in the circuit.

3. At what frequency will a 27-pF capacitor have a reactance of 98 Q?

aoop

300 Hz
60 Hz
16 Hz
6 Hz

4. The formula used to determine capacitive reactance is

oo o

Xc=1c/E¢
Ir =E; X X;
Xc =2nfC
X.=1/2rnfC

5. How does capacitive reactance vary with frequency and capacitance?

20

It varies directly with frequency and inversely with
capacitance.

It varies directly with frequency and capacitance.

It varies inversely with frequency and capacitance.

It varies inversely with frequency and directly with
capacitance.
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Equivalent Capacitance

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to determine the
equivalent capacitance for series and parallel capacitors. You will also be able to
explain and demonstrate equivalent capacitance using circuit measurements of
current and voltage.

Capacitors are electrical devices made up of two parallel conducting plates
separated by air, paper, mica, or some other type of material. The separating
material is called the dielectric, and different materials have different dielectric
constants. This is similar to the fact that different materials have different values
for resistivity. Capacitance, like resistance, provides opposition in electric circuits.
However, unlike resistance which opposes current flow, capacitance opposes
changes in the voltage across the capacitor's terminals. Figure 3-3 illustrates the
basic construction of different kinds of capacitors.

- - - me— ey

ALUMINUM
FOIL

Figure 3-3. Construction of different types of capacitors.

A capacitor stores energy in the electric field that is created between its plates
when a voltage is applied across them. The amount of energy that a capacitor is
able to store depends on its capacitance, which is related to the dielectric
constant of the material separating the plates, the size of the plates, and the
distance between them. The measurement unit of capacitance, the farad (F), is
an extremely large unit, and practical capacitors have values that range in size
from picofarads to microfarads. One effective way to increase capacitance is to
use a chemical electrolyte between the capacitor plates. This produces a
polarized capacitor called electrolytic capacitor. While relatively high values of
capacitance are possible with electrolytic capacitors, their polarity must be
respected to prevent them from blowing up, often with dangerous explosive
force. In all cases, capacitors must be treated carefully, especially those used in
power circuits, and high voltage devices like cathode ray tubes. They can store
large amounts of energy and may take several days or even weeks to discharge.
It is always wise to check that capacitors are discharged before handling them.
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88

When capacitors are connected in series or parallel, the formulas used to
determine equivalent capacitance are similar to those used for equivalent
resistance. There is a difference however, since the formulas are reversed for
capacitance. In parallel combinations, the equivalent capacitance Cg, is greater,
while in series combinations, Cgq, is smaller. This is not surprising when you
consider that the effect of several capacitors in parallel is the same as having
more plate area in which to store energy. The effect of placing them in series is
equivalent to increasing the separation between the plates. This effect is shown

in Figure 3-4.
T CH T o ——C3s
(a)

(b)

Figure 3-4. Capacitors in parallel (a), and capacitors in series (b).

The formula for finding the equivalent capacitance of capacitors in parallel is as
follows:

CEQ=C1+C2+C3+C4+ +Cn

The formula for finding the equivalent capacitance of capacitors in series is as
follows:

1/Co = 1/CL+1/Co +1/C53 +1/C4 +... +1/C,

Rearranging the formula X, = 1/2nfC relating capacitive reactance and
capacitance gives C = 1/2rnfX.. This other form can be used to determine circuit
capacitance from measurements of circuit current and voltage.
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Ex. 3-2 — Equivalent Capacitance ® Procedure

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any

banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, and Capacitive Load
module in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Make

sure that the Power Supply is connected to a three-phase wall receptacle.

3. Set up the parallel circuit of Figure 3-5, and connect inputs I1, 12, 13, and E1
as shown. Set the Capacitive Load module for the values of C;, C,, and C;

given in Figure 3-5.

ls
—-

® ® ®
+ + +
¥ I 12 13
N
j— —C, ——C;
® ® ®
Local ac power network
Volt F €1 €2 s
oltage requency (
HF) (MF) (MF)
V) (Hz)
120 60 15.4 15.4 154
220 50 5.1 5.1 5.1
220 60 4.2 4.2 4.2
240 50 4.6 4.6 4.6

Figure 3-5. Determining equivalent capacitance of a parallel circuit.
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Ex. 3-2 — Equivalent Capacitance ¢ Procedure
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Calculate the equivalent circuit capacitance Cg, using the capacitance values
given in Figure 3-5.

CEQ:C1+CZ+C3= H.F

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES13-2.dai.

I3

If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

“] The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

Turn on the main Power Supply and adjust the voltage control knob to 100%.

Use the Data Table to store the values of the measured circuit currents and
voltage. Note the results below.

Iy = A
Iy = A
Iz = A
Eg = E; = s
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Ex. 3-2 — Equivalent Capacitance ¢ Procedure

9. Use the circuit measured values to determine the capacitance values for C;,
C,, and C;. Remember that X, = E. /I, = 1/2xnfC.

_ e _ F
1= 2nfE. "
ICZ
C, = = F
27 2nfE, "
IC3
= = F
3= 2nfE. "

10. Do the results of step 9 correspond with the capacitance values set on the
Capacitive Load module?

O Yes O No

11. Calculate Cg, using the capacitance values from step 9.

CEQ=61+62+63= IJ.F
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Ex. 3-2 — Equivalent Capacitance ¢ Procedure

12. Compare the result of step 11 with the theoretical calculation done in step 4.
Are they approximately the same?

O Yes O No

13. Turn off the Power Supply and set up the circuit of Figure 3-6. Connect
inputs 11, E1, E2, and E3 as shown, and set the Capacitive Load module for
the required values of capacitance.

I

S, +
11 *
+
p— E1
®
+
—_—C
N
®
+
——Cy E3
®
Local ac power network
Voltage Frequenc €1 C: Cs
g uency (
HF) (MF) (MF)
™) (Hz)
120 60 15.4 15.4 15.4
220 50 5.1 5.1 5.1
220 60 4.2 4.2 4.2
240 50 4.6 4.6 4.6

Figure 3-6. Determining equivalent capacitance of a series circuit.

14. Calculate the equivalent circuit capacitance Cg, using the capacitance values
given in Figure 3-6.

1 1 1 1

CEQ B Cl CZ C3

15. Open configuration file ES13-3.dai.
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Ex. 3-2 — Equivalent Capacitance ¢ Procedure

16. Turn on the Power Supply and verify that the voltage control knob is set
to 100%. Measure and record the circuit voltages and current.

En,=_ V
Eqp = 1%
Egy = 1%
Iy = A

17. Use the circuit measured values to determine the capacitance values for C;,

C,, and Cs.

18. Calculate Cg, using the capacitance values from step 17.

1_1+1+1
Crp G G G

19. Compare the result of step 18 with the theoretical calculation done in step 14.
Are they approximately the same?
U Yes U No

20. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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Ex. 3-2 — Equivalent Capacitance ® Conclusion

CONCLUSION In this exercise, you determined the equivalent circuit capacitance for parallel
and series combinations of capacitors, using the formulas for equivalent
capacitance. You also combined the use of these formulas with measurements of

circuit voltages, currents, and capacitive reactance.

REVIEW QUESTIONS 1. What is the formula for determining the equivalent capacitance of a parallel
circuit?
a. Cgp=1/C,+1/C,+1/Cs+1/C4 +... +1/C,
b. 1/Cpo=1/C;+1/C,+1/C3+1/C4+... +1/C,
C. Cpp=C+C+C+Ct... +C,
d. 1/Cop=C,+Co+C3+Cyt... +Cp

2. What is the formula for determining the equivalent capacitance of a series

circuit?
CEQ261+62+C3+C4+... +Cn

CEQZI/(C1+C2+C3+C4+... +CTI.)
1/CEQ261+62+C3+C4+... +Cn

oo

1/Cpp=1/Ci+1/Co+1/C3+1/Co+... +1/C,

3. What is the equivalent capacitance of three 15-uF capacitors connected in

parallel?

a. 50 pF
b. 4.5yuF
c. 45yF
d. 5.0 uF

4. What is the equivalent capacitance of three series-connected capacitors with

values of 1 pF, 2 pF, and 4 pF?

a. 7pF
b. 8uF
c. 1.75yF
d. 0.57 yF

5. What is the equivalent capacitance of

parallel-connected,

10-uF capacitors connected in series with a 5-uF capacitor?

a. 50 yF
b. 25pF
c. 10ypF
d. 4pF
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EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be to measure and demonstrate
capacitive phase shift. You will also observe the instances of positive and
negative power in the power waveform of reactive ac circuits.

As you saw in previous units, the voltages and currents in resistive ac circuits are
in phase, and the power dissipated by resistors is active power in the form of
heat. However, unlike the case when only resistance is present in an ac circuit,
there is a phase shift between the circuit voltage and current because of the
presence of capacitance. The phase shift is due to the fact that capacitors
oppose changes in the voltage across their terminals.

As previously discussed, the charging-discharging process associated with
capacitors, hence the capacitive current flow, is related to the fact that the
applied voltage is changing. If we consider what is happening when an
ac voltage goes through a minimum value (negative peak value), we realize that
for that particular moment, the voltage is no longer changing. Hence, the
capacitive current must be zero at that time, since the rate of change of the
voltage is zero. Then, when the ac voltage is going through zero amplitude, its
rate of change is maximum, and the current must therefore be maximum. As a
result, the voltage lags the current by 90°. In the case of an ideal capacitor, the
phase shift is 90°. The capacitive phase shift of 90° between voltage and current
is shown in Figure 3-7.

m

TIME

REL. SIGNAL AMPLITUDE

Figure 3-7. Capacitive phase shift in an ac circuit.
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Ex. 3-3 — Capacitive Phase Shift and Reactive Power ¢ Procedure

PROCEDURE

96

As mentioned earlier in Unit 2, reactive components like capacitors that cause a
phase shift between circuit voltage and current will produce an instantaneous
power waveform having negative values as well as positive values. The positive
and negative instances in the power waveform just mean that power goes back
and forth between the source and the capacitor. The instantaneous power
waveform of a purely capacitive ac circuit is shown in Figure 3-8. The waveform
has equal areas of positive and negative power, and therefore the average power
over a complete period is zero. The positive and negative portions in the
waveform indicates the presence of reactive power, and the reactive power is
equal to the apparent power when there is no resistance present in the circuit.
Note also that the instantaneous power waveform frequency is twice the
ac source frequency.

Figure 3-8. Instantaneous power in a capacitive ac circuit.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, and Capacitive Load
module in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Make
sure that the Power Supply is connected to a three-phase wall receptacle.
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Ex. 3-3 — Capacitive Phase Shift and Reactive Power ¢ Procedure

3. Set up the circuit shown in Figure 3-9, and connect inputs E1 and I1 to
measure the circuit voltage and current. Set the Capacitive Load module for
the value of Cy4x given in Figure 3-9.

Local ac power network
Voltage Frequency fﬁ;;‘
V) (Hz)
120 60 46.2%
220 50 15.2*
220 60 12.7*
240 50 13.9*

* VALUE OBTAINED WITH ALL CAPACITORS IN PARALLEL

Figure 3-9. Capacitive phase shift and reactive power in an ac circuit.

4. Make sure that the data acquisition module is connected to a USB port of the
computer. Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES13-4.dai.

"] you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

“] The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

5. Turn on the main Power Supply and adjust the voltage control knob to 100%
and verify that the circuit parameters are displayed on the Metering
application.
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Ex. 3-3 — Capacitive Phase Shift and Reactive Power ¢ Procedure

10.

11.

12.

13.

98

Note the rms values of the voltage and current, and the apparent power (S)
displayed by the meters.

ES = —V
Is = A
S (PQS1) = VA

Is the apparent power equal to the product of the rms values of voltage and
current?

O Yes O No

Click on the Oscilloscope button and display E1, |11, and P1 on CH1, CH2,
and CH3. Make sure that the time base control is adjusted to show at least
two complete cycles of the sine waves.

Compare the current waveform with the voltage waveform. Are they both
sine waves at the same frequency?

O Yes O No

What is the phase shift between the voltage and current?

Phase shift = °

Does step 10 confirm that the current leads the voltage by about 90°?
U Yes U No
Does the current waveform attain its maximum when the voltage is going

through zero amplitude, and become zero when the voltage is going through
its maximum?

U Yes U No

Determine the period and frequency of the instantaneous power waveform.
T = ms
f=z= z
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Ex. 3-3 — Capacitive Phase Shift and Reactive Power ¢ Procedure

14.

15.

16.

17.

18.

19.

20.

21.

© Festo Didactic 584079

How does the frequency of the instantaneous power waveform compare with
that of the ac source?

Does the instantaneous power waveform show that the areas of positive and
negative power are approximately equal?

O Yes O No

Calculate the apparent power (S) by multiplying the rms values of the current
and voltage displayed on the oscilloscope and compare your result with the
active power P [average (AVG) power value of P1 given in the waveform
data box of the Oscilloscope screen].

Apparent power (S) = E; X I = VA

Active power (P) = w

Do the results of step 16 confirm that the apparent power and the active
power are different, due to the presence of reactive power (Q) in the circuit?

O Yes O No

What is the total active power consumed by the circuit?

Pocrwve=_____ W

Is the instantaneous power null when the current or the voltage is zero?

U Yes U No

Change the circuit capacitance by opening the three switches on one section
of the Capacitive Load module.

What effect does the change in capacitive reactance produce on the circuit
current, voltage and reactive power?
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Ex. 3-3 — Capacitive Phase Shift and Reactive Power ¢ Procedure

22. Did the phase shift between the current and voltage change?

U Yes U No

23. Why is the instantaneous power waveform different in amplitude?

24. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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Ex. 3-3 — Capacitive Phase Shift and Reactive Power ¢ Conclusion

CONCLUSION In this exercise, you determined capacitive phase shift in an ac circuit using
measurements of the current and voltage waveforms. You examined the
instantaneous power waveform and saw that there was no active power
dissipated in a purely capacitive circuit. Finally, observation of the circuit
waveforms allowed you to confirm the theoretical behavior of the circuit current
and voltage.

REVIEW QUESTIONS 1. Capacitors store energy in the electric field set up between their plates when
a voltage is applied across them.

True.

False.

False, the energy is stored in the dielectric.
True in ac circuits only.

coop

2. The phase shift between current and voltage caused by a capacitor equals

+90°, if the voltage is used as reference.
+90°, if the current is used as reference.
—90°, if the voltage is used as reference.
Both b and c.

aoop

3. In a purely capacitive ac circuit, when is the instantaneous power waveform
equal to zero?

a. Whenever the voltage or the current is zero.

b. Whenever the voltage and current waveforms intersect.

c. Whenever the rms voltage and current values are
maximum.

d. None of the above because the active power equals zero.

4. What is the reactive power in a purely capacitive ac circuit when the
rms voltage and current values are 250 V and 3 A respectively?

750 W

750 VA
750 var
83.3 var

aoop

5. The instantaneous power waveform for a circuit has equal positive and
negative areas. What does this indicate?

That the circuit is resistive.

That the circuit contains only reactive components.
That the active power is zero.

Both b and c.

oo
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Unit 3 — Capacitors in AC Circuits ® Unit Test

Unit Test

1. What will be the voltage drop across a 100-Q capacitive reactance when the
circuit current is 1.2 A?

a. 1200V
b. 80V

c. 120V
d. 120 kV

2. The capacitive reactance of a circuit can be doubled by

increasing the source frequency by one-half.
doubling the source voltage.

doubling the capacitance.

reducing the capacitance by one-half.

coop

3. The formula X, = 1/2nfC can be used to determine the

reactance of resistors.

capacitive resistance of capacitors.
capacitive reactance of capacitors.
capacitive phase shift of a circuit.

coop

4. Frequency and capacitance directly affect

the resistance of a power source.

the amount of active power dissipated by a resistor.
the polarity of the current flowing in a circuit.

a circuit's capacitive reactance.

oo

5. What formula is used to determine Cg, for parallel-connected capacitors?

Cpo=1/Ci+1/C+1/C3+1/C+ .. +1/C,
1/Cpo =1/C, +1/C, +1/C3 +1/C4 + ... 1/Cy
Crog=C+C+C+C+ . + 6y
1/Chp=C+C+C3+Coi+ .. +Cp

aoow

6. What formula is used to determine C, for series-connected capacitors?

Coo=Ci+Co+Cs+Cht o +Cp

1/Cro = 1/C, +1/C, +1/C3 +1/C4 + ... 1/C,
Cpo=1/(CL+Cy+C3+Cy+ . +Cp)
1/Chg=Ci+Co+C3+Cyt+ o +Cy

aoow
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10.

What is the equivalent capacitance of three 15-uyF capacitors connected in
series?

a. 45uF
b. 45uF
c. 50 pF
d. 5.0uF

What is the equivalent capacitance of three parallel-connected capacitors
with values of 1 yF, 2 yF, and 4 uF?

a. 8uF
b. 7uF
c. 0.57pF
d. 1.75uF

In a purely capacitive ac circuit, the phase shift between voltage and current
is

—90° if the current is used as reference.
+90° if the voltage is used as reference.
+90° if the current is used as reference.
Either a or b, depending on which is used as reference.

a0 o

What is the reactive power in a purely capacitive ac circuit with an
rms voltage of 75 V and a current of 5 A?

a. 375W
b. 375VA
c. 375var
d. 15var
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Inductors in AC Circuits

UNIT OBJECTIVE

DISCUSSION OF
FUNDAMENTALS

© Festo Didactic 584079

Sale and/or reproduction forbidden

When you have completed this unit, you will be able to demonstrate and explain
the effects of inductors in ac circuits. You will use circuit measurements to
determine the inductive reactance of inductors, and you will measure and
observe the phase shift between voltage and current caused by inductors.

The exercises in this unit are quite similar to those in Unit 3, and as you will
discover, inductor behavior in electric circuits is the converse to capacitor
behavior in electric circuits. Both components store energy, and both cause a
phase shift of 90° between voltage and current. Capacitors store energy in an
electric field set up by the application of a voltage, while inductors store energy in
a magnetic field set up by a current that flows in a coil of wire.

Inductors are frequently called chokes or coils. The entire electrical industry
revolves around coils, which are found in motors, generators, relays, and
numerous other electrical devices. The fundamental property of inductors is to
oppose changes in the current flowing through its coil. The opposition to current
changes is proportional to the inductor's inductance (L). The inductance is a
measure of the amount of energy that an inductor stores in the magnetic field set
up when a current flows through its coil, and the measurement unit for
inductance is the henry (H).

When inductance is added to an ac circuit, an effect similar to that of capacitance
is observed, that is, there is opposition to the flow of current. This effect is
referred to as the inductive reactance (X,), which is defined as the opposition
created by inductance to the flow of alternating current. When current flows
through a coil of wire, a magnetic field is set up and this field contains energy. As
the current increases, the energy contained in the field also increases. When the
current decreases, energy contained in the field is released, and the magnetic
field eventually falls to zero when the current is zero. The situation is analogous
to the capacitor, except that in a capacitor, it is the voltage that determines the
amount of stored energy, while in the inductor it is the current.

Consider the inductive circuit shown in Figure 4-1. The ac power source will
cause alternating current flow in the inductor coil, and the current will increase,
decrease, and change polarity in the same alternating manner as the source
voltage. Consequently, the coil will alternately receive energy from the source
and then return it, depending on whether the current through the inductor is
increasing (magnetic field is expanding) or decreasing (magnetic field is
collapsing). In ac circuits, power flows back and forth between the inductor and
the power source and nothing useful is accomplished, just like the case for
capacitors. Figure 4-1 shows that power flow is from left to right while the
magnetic field is expanding (current magnitude is increasing), and from right to
left when the magnetic field is collapsing (current magnitude is decreasing). As
you will later see, the alternating power flow in inductive ac circuits is related to
the inductive phase shift between current and voltage, in a manner similar to
capacitive phase shift.
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Figure 4-1. Power flow during magnetic-field expansion and collapse.

If a wattmeter were connected to measure the power consumed by an ideal
inductor, it would indicate zero. In practice however, all coils dissipate some
active power and the wattmeter indicates a small amount of power. This is
because the coil wire always has resistance, and therefore, dissipates power as
a resistor does.

There is a voltage drop across the inductor and current flows in the inductive
ac circuit in a way very similar to the purely capacitive circuit. The apparent
power (EI product) is equal to the reactive power in the case of the ideal inductor,
and the instantaneous power waveform shows that there are instances of both
positive and negative power peaks like it does for capacitive ac circuits. In order
to distinguish between capacitive reactive power and inductive reactive
power, a negative sign is usually associated with capacitive var, and a positive
sign with inductive var.
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Inductive Reactance

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to determine inductive
reactance by using measurements of circuit currents and voltages.

Inductive reactance is defined as the opposition to alternating current flow
caused by inductance. Inductance is a property of inductors and increases when
the inductor has an iron core. The measurement unit for inductance is the
henry (H). Its effect is very similar to that caused by capacitance, and like
capacitive reactance, inductive reactance changes with frequency. However,
since it is directly proportional to frequency, inductive reactance increases when
the frequency increases, which is opposite to capacitive reactance. Also,
increasing an inductor's inductance increases its inductive reactance.

When a dc voltage is applied to an inductor, a dc current flows through the
inductor's coil. Because the dc current does not change with time, the inductor
does not oppose current flow and the current magnitude is only limited by the
resistance of the coil wire. When an alternating voltage having an rms value
equal to the dc voltage is applied to the same inductor, an alternating current
flows through the inductor's coil. Because the current changes continuously, the
inductor opposes changes in current and the current magnitude is limited to a
much lower value than that obtained with the dc voltage. The greater the
inductance of the inductor, the greater the opposition to current changes. The
opposition to ac current flow caused by an inductor is referred to as inductive
reactance.

The formula for determining inductive reactance in an ac circuit is as follows:

where X; isthe inductive reactance, expressed in ohms (Q).
L is the inductance, expressed in henries (H).

f isthe ac source frequency, expressed in Hz.

Using the numerical value of 6.28 to replace the constant 27 is sufficient for most
calculations dealing with inductive reactance. Also, for 50 and 60 Hz circuits, 2rtf
can be replaced with the equivalent numerical values 314 (50 Hz) and
377 (60 Hz), without causing much error. The formula for determining inductive
reactance shows that it is directly proportional to frequency and inductance, and
will double whenever the frequency or the inductance is doubled.
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PROCEDURE
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Inductive reactance can be determined from circuit voltage and current using the
familiar Ohm's law, which gives X, =E,/I,, along with the equivalent
expressions I, = E; /X, and E, =1, xX,. E;, and I, used in these expressions
represent rms voltage and current values.

These expressions of Ohm's law, along with the laws of Kirchhoff seen in earlier
exercises are all valid for solving inductive ac circuits.

The EMS Inductive Load module used in this exercise consists of three identical
sections each having three inductors that can be added to a circuit using toggle
switches. The selected value appears across the output terminals of each section
when the appropriate switch is closed, and any two, or all three of the inductors
can be placed in parallel. The equivalent parallel inductance is then present
across the output terminals. This arrangement permits different values of
inductance, and consequently inductive reactance, to be set. A table listing many
of the reactance values which can be obtained is given in Appendix B of this
manual. Also, the inductance, current, and reactance values of each individual
inductor are silkscreened next to each of them on the module front panel. The
current and reactance values are the nominal values obtained at the specified
line voltage and frequency.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, and Inductive Load
module in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position. Make sure that the Power
Supply is connected to a three-phase wall receptacle.

3. Set up the circuit shown in Figure 4-2. Close all switches on the Inductive
Load module so that all inductors are in parallel. This will produce an
inductance value of Ly;y. Connect inputs E1 and I1 to measure the circuit
current and voltage.
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E1 Ly
Local ac power network
Es=E L
Voltage Frequency S(V) t g_f)v
) (Hz)
120 60 120 0.15*
220 50 220 0.67*
220 60 220 0.55*
240 50 240 0.72*

* VALUE OBTAINED WITH ALL INDUCTORS IN PARALLEL

Figure 4-2. Inductive ac circuit.

4. Make sure that the data acquisition module is connected to a USB port of the

computer.

Connect the POWER INPUT of the data acquisition module to the
24 V - AC output of the Power Supply. Set the 24 V - AC power switch to the

| (ON) position.

5. Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES14-1.dai.

If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.

52

The metering setup configuration can be changed during the exercise if
desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

6. Turn on the main Power Supply. Adjust the voltage control knob to obtain the

value of E5 (= E}) given in Figure 4-2.
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10.

11.

12.

110

Use the Data Table to store the values of the measured circuit voltage and
current. Note the results below.

EL= V

1L= A

Use the measured values of E;, and I, to determine the inductive
reactance X, of the circuit.

Use the value obtained for X, to determine circuit capacitance L.

XL1

LMIN=M= H

Is the value calculated in step 9 approximately equal to the value of the
capacitance set on the Capacitive Load module?

U Yes U No

Increase the circuit inductance by opening the three switches of one
complete section on the Inductive Load module. Measure and record E|
and ;.

EL: \%

IL: —A

Determine X;, for the new values of voltage and current obtained in the
previous step.

X2 = Q
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13. Increase circuit capacitance once again by opening the switches on a second
section of inductors. Measure E;, and I, and calculate X, 5.

EL = —V
IL = A
XL3 = —Q

14. Calculate the ratios of the changes in reactance for the different circuits.

Xia _
XLl

Xia _
XLl

15. Knowing that the initial circuit was made up of three parallel inductors having
the same inductance, do the ratios of step 14 show that the inductive
reactance changed in direct proportion to the ratios of the changes in
inductance?

U Yes U No

16. With E5 equal to 50% of the value used in step 6, calculate the circuit current
for the present circuit reactance set in step 13.

B _ A

I, = =
LT X

17. Use the voltage control knob to set Es equal to 50% of the value in step 6,
and measure the circuit voltage and current.

EL= \%

IL= A
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18.

19.

20.

21.

22.

Compare the measured value of current with the value calculated in step 16.
Are they approximately the same?

O Yes O No

How well does the ratio of circuit voltage to current correspond with the
present value of circuit inductive reactance X, ?

Did the change in source voltage affect the value of circuit reactance?

U Yes U No
Did the measured values of the circuit voltages and currents demonstrate
that Ohm's law is valid for inductive ac circuits?

U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS

© Festo Didactic 584079

In this exercise, you determined the inductive reactance for different ac circuits
using Ohm's law and measurements of circuit voltages and currents. You also
observed that Ohm's law is valid for inductive ac circuits, and demonstrated that
reactance changed in direct proportion to the amount of circuit inductance.

1. In an inductive ac circuit with one series inductor, the rms values of the circuit
voltage and current are 120 V and 3 A. What is the value of X;?

aoow

360 Q
36 Q
40 Q
40 H

2. What will happen to the inductive reactance of a circuit if the ac source
frequency is reduced by half?

aoow

It will double.

It will be reduced by one-half.

It will not change.

It will change only if there is no resistance in the circuit.

3. What happens when the current flow through an inductor in a dc circuit is
suddenly interrupted?

a.

b.

The magnetic field expands and a very high circuit potential
develops.

The magnetic field collapses and the voltage drops
instantly.

The magnetic field collapses and a very high circuit
potential develops.

The magnetic field expands and the voltage drops instantly.

4. The formula used to determine inductive reactance is

oo op

X =IL/EL
I, =E XX,
X, = 2nfL
X, =1/2nfL

5. How does inductive reactance vary with frequency and inductance?

2o

It varies directly with frequency and inversely with
inductance.

It varies directly with frequency and inductance.

It varies inversely with frequency and inductance.

It varies inversely with frequency and directly with
inductance.
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Exercise -2

Equivalent Inductance

EXERCISE OBJECTIVE When you have completed this exercise, you will be able to determine the
equivalent inductance for series and parallel inductors. You will also be able to
explain and demonstrate equivalent inductance using circuit measurements of
current and voltage.

DiscussioN Inductors are electrical devices made up of a coil of wire wound around a core.
The core material can be non-magnetic like wood or plastic, or magnetic material
like iron or steel. Inductors made with non-magnetic cores are called air-core
inductors, while those with iron and steel are iron-core inductors. Using magnetic
materials for the core allows greater values of inductance to be obtained because
magnetic materials concentrate the magnetic lines of force into a smaller area.
Figure 4-3 shows examples of air-core and iron-core inductors.

(a) (b)

Figure 4-3. Air-core inductor (a) and iron-core inductor (b).

An inductor stores energy in the magnetic field created around its coil of wire
when the current through the coil changes. The amount of energy that the
inductor can store depends on its inductance, the type of core, and the number of
turns of wire. The measurement unit for inductance, the henry (H), is the value
obtained when current changing at a rate of one ampere per second causes a
voltage of one volt to be induced in the inductor.

The formulas used to determine equivalent inductance are the same form as
those used for equivalent resistance. As in the case for resistance, equivalent
inductance Lg, is greater for series-connected inductors, while it is smaller for
parallel combinations. Series and parallel combinations of inductors are shown in
Figure 4-4 and Figure 4-5, respectively.
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Lo
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Figure 4-4. Inductors in series.

I M

O ® L

Figure 4-5. Inductors in parallel.

The formula for finding the equivalent inductance of inductors in series is as
follows:

LEQ=L1+L2+L3+L4+... +LTl

The formula for finding the equivalent inductance of inductors in parallel is as
follows:

1/Lgg =1/Ly+1/Ly +1/Ls +1/Ly +... +1/L,

Rearranging the formula X, = 2rnfL relating inductive reactance and inductance
gives L = X, /2nf. This other form can be used to determine circuit inductance
from measurements of circuit current and voltage.
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EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of

equipment required for this exercise.

PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module and Inductive Load module
in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Make

sure that the Power Supply is connected to a three-phase wall receptacle.

3. Set up the parallel circuit of Figure 4-6, and connect inputs I1, 12, 13, and E1
as shown. Set the Inductive Load module for the values of L, L,, and L,
given in Figure 4-6.

L 4 L 4 L 4
+ + +
I 12 13
+
N
L, L, Lg
L 4
Local ac power network
Ly L, L;
Voltage Frequency (H) (H) (H)
V) (Hz)
120 60 0.46 0.46 0.46
220 50 2.0 2.0 2.0
220 60 1.66 1.66 1.66
240 50 2.2 2.2 2.2

Figure 4-6. Determining equivalent inductance of a parallel circuit.
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4. Calculate the equivalent circuit inductance Lg, using the inductance values

given in Figure 4-6.

1 1 1 1

=t —
Lgg Ly Ly L

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES14-2.dai.

“] i you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

“] The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.
Turn on the main Power Supply and set the voltage control knob to 100%.

Use the Data Table to store the values of the measured circuit voltage and
currents. Note the results below.

I, = A
I, = A
I3 = A
Eg = 1
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9. Use the measured values to determine the inductance values for L,, L,,
and L;. Remember that X, = Eg/I, =2nfL.

L= 05 H
! 2nfl,
Eg
L, = = H
2 2nfl;,
Eg
Ly = = H
: 2nfl3

10. Do the results of step 9 correspond with the inductance values set on the
Inductive Load module?

O Yes O No

11. Calculate Lg, using the inductance values from step 9.

1 1 1 1

LEQ_Ll L, L

12. Compare the result of step 11 with the theoretical calculation done in step 4.
Are they approximately the same?

U Yes U No

13. Turn off the Power Supply and set up the circuit of Figure 4-7. Connect
inputs 11, E1, E2, and E3 as shown, and set the Inductive Load module for
the required values of inductance.
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Local ac power network
Ly L, Ly
Voltage Frequency (H) (H) (H)
V) (Hz)
120 60 0.46 0.46 0.46
220 50 2.0 2.0 2.0
220 60 1.66 1.66 1.66
240 50 2.2 2.2 2.2

Figure 4-7. Determining equivalent inductance of a series circuit.

14. Calculate the equivalent circuit inductance Lg, using the inductance values
given in Figure 4-7.

LEQ=L1+L2+L3= H

15. Open configuration file ES14-3.dai.

Property of Festo Didactic
Sale and/or reproduction forbidden

120 © Festo Didactic 584079



Ex. 4-2 — Equivalent Inductance ® Procedure

16. Turn on the Power Supply and verify that the voltage control knob is set
to 100%. Measure and record the circuit voltages and current.

E,=_____V
E, = Vv
Eps = Vv
Iy = A

17. Use the measured values to determine the inductance values for L, L,,

and L.
le%?ls: H
L2=%;ZIS= H
L3=%;3IS= H

18. Calculate Lg, using the inductance values from step 17.

LEQ=L1+L2+L3= —H

19. Compare the result of step 18 with the theoretical calculation done in step 14.
Are they approximately the same?

U Yes U No

20. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.

Property of Festo Didactic

Sale and/or reproduction forbidden

© Festo Didactic 584079 121



Ex. 4-2 — Equivalent Inductance ¢ Conclusion

CONCLUSION In this exercise, you determined the equivalent circuit inductance for parallel and
series combinations of inductors using the formulas for equivalent inductance.
You also combined the use of these formulas with measurements of circuit

voltages, currents, and inductive reactance.

REVIEW QUESTIONS 1. What is the formula for determining the equivalent inductance of parallel-

connected inductors?

LEQ=L1+L2+L3+L4+ +Ln
1/LEQ:L1+L2+L3+L4+... +Ln

a0 ow

LEQ = 1/L1+1/L2+1/L3+1/L4 +... +1/Ln
1/LEQ=1/L1+1/L2+1/L3+1/L4_+... +1/LT[

2. What is the formula for determining the equivalent inductance of series-

connected inductors?
LEQ =L1+L2+L3 +L4+... +Ln

LEQ=1/(L1+L2+L3+L4+... +Ln)
1/LEQ:L1+L2+L3+L4+... +Ln

aoop

1/LEQ=1/L1+1/L2+1/L3+1/L4_+... +1/LT[

3. What is the equivalent inductance of three 15-H inductors in parallel?

a. 50H
b. 45H
c. 45H
d 50H

4. What is the equivalent inductance of three series-connected inductors with

values of 1 H, 2 H, and 4 H?

a. 7H
b. 8H
c. 175H
d. 057H

5. What is the equivalent inductance of two parallel-connected, 10-H inductors

connected is series with a 5-H inductor?

a. 50H
b. 25H
c. 10H
d 5H

Property of Festo Didactic

122

Sale and/or reproduction forbidden

© Festo Didactic 584079



Inductive Phase Shift and Reactive Power

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to measure and
demonstrate inductive phase shift. You will also observe the instances of positive
and negative power in the power waveform of reactive ac circuits.

As you saw in previous units, the voltage and current waveforms in resistive
ac circuits are in phase, and the power dissipated by resistors is active power in
the form of heat. Now, just like the case when capacitance is present in an
ac circuit, there is a phase shift between voltage and current because of
inductance. This phase shift is caused by the opposition of inductors to current
changes.

When current flowing in an inductor starts to change, the inductor reacts by
producing a voltage that opposes the current change. The faster the current
changes, the greater the voltage produced by the inductor to oppose the current
change. In other words, the voltage across the inductor is proportional to the rate
of change in current. Now, suppose that a sine-wave current flows in an inductor.
At the instant the current goes through a minimum value (negative peak value),
the current is no longer changing and the inductor voltage is zero since the
current rate of change is zero. Then, when the current is going to zero amplitude,
its rate of change is maximum and the inductor voltage is maximum. As a result,
the current in an ideal inductor lags the voltage by 90°. The inductive phase shift
of 90° between current and voltage is shown in Figure 4-8.

TIME

REL. SIGNAL AMPLITUDE
\

Figure 4-8. Inductive phase shift in an ac circuit.
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As mentioned earlier in Unit 2, reactive components that cause a phase shift
between circuit voltage and current produce instantaneous power waveforms
having negative and positive values, meaning that power goes back and forth
between the source and the reactive component. The instantaneous power
waveform for a purely inductive ac circuit is shown in Figure 4-9. This waveform
also has equal areas of positive and negative power, like that for a purely
capacitive ac circuit, and the average power over a complete period is zero.
However, as you will see in this exercise, real inductors have some resistance
and they will consume a small amount of active power. Consequently, positive
and negative areas in the power waveform will not be exactly equal. Note that the
instantaneous power waveform frequency is twice the ac source frequency.

Figure 4-9. Instantaneous power in an inductive ac circuit.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Set up and connections

1. Install the Power Supply, data acquisition module, and Inductive Load
module in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Make
sure that the Power Supply is connected to a three-phase wall receptacle.
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Ex. 4-3 — Inductive Phase Shift and Reactive Power ® Procedure

3. Set up the circuit shown in Figure 4-10, and connect inputs E1 and I1 to
measure the circuit voltage and current. Set the Inductive Load module for
the value of L,y given in Figure 4-10.

-+
I
+
Esg E1 § Lnin
N
Local ac power network
L
Voltage Frequency (':l')’v
V) (Hz)
120 60 0.15*
220 50 0.67*
220 60 0.55*
240 50 0.72*

* VALUE OBTAINED WITH ALL INDUCTORS IN PARALLEL

Figure 4-10. Inductive phase shift and reactive power in an ac circuit.

4. Make sure that the data acquisition module is connected to a USB port of the
computer. Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES14-4.dai.

"] you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

“] The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

5. Turn on the main Power Supply and adjust the voltage control knob to 100%.
Verify that the circuit parameters are displayed on the Metering application.

Property of Festo Didactic

Sale and/or reproduction forbidden

© Festo Didactic 584079 125



Ex. 4-3 — Inductive Phase Shift and Reactive Power ¢ Procedure

6. Note the rms values of the voltage and current, and the apparent power (S)
displayed by the meters.

EL = —V
IL = A
S (PQS1) = VA

7. Is the apparent power equal to the product of the rms values of voltage and
current?

U Yes U No
8. Click on the Oscilloscope button and display E1, |11, and P1 on CH1, CH2,

and CH3. Make sure that the time base control is adjusted to show at least
two complete cycles of the sine waves.

9. Compare the current waveform with the voltage waveform. Are both sine
waves at the same frequency?

O Yes O No

10. What is the phase shift between the voltage and current?

Phase shift = °

11. Does the phase shift show that the inductor current lags the voltage by
about 80°?

U Yes U No

J7 The resistance of the inductor wire causes the phase shift to be less than the
X theoretical value of 90° and causes real inductors to consume some active
power.
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Ex. 4-3 — Inductive Phase Shift and Reactive Power ® Procedure

12. Does the current waveform attain its maximum when the voltage is going
through zero amplitude, and become zero when the voltage is going through
its maximum?

O Yes O No

13. Determine the period and frequency of the instantaneous power waveform.

= Hz

14. How does the frequency of the instantaneous power waveform compare with
that of the ac source?

15. Does the instantaneous power waveform have unequal areas of positive and
negative power, thus demonstrating that real inductors consume active
power?

U Yes U No

16. Calculate the apparent power (S) by multiplying the rms values of the current
and voltage displayed on the oscilloscope and compare your result with the
active power P [average (AVG) power value of P1 given in the waveform
data box of the Oscilloscope screen].

Apparent power (S) = E, X I, = VA

Active power (P) = w

17. Do the results of step 16 confirm that the apparent power and the active
power are different, due to the presence of reactive power in the circuit?

U Yes U No

18. What is the total active power consumed by the circuit?

Pacrve=____ W

19. When does the instantaneous power waveform go through zero amplitude?
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20.

21.

22.

23.

24,

25.

Does step 19 confirm that the instantaneous power is zero when the current
or the voltage is zero?

O Yes O No

Change the circuit inductance by opening the three switches on one section
of the Inductive Load module Load module.

What effect does the change in inductive reactance produce on the circuit
current, voltage and reactive power?

Did the phase shift between the current and voltage change?

U Yes U No

Why is the instantaneous power waveform different in amplitude?

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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Ex. 4-3 — Inductive Phase Shift and Reactive Power ¢ Conclusion

CONCLUSION

REVIEW QUESTIONS

© Festo Didactic 584079

In this exercise, you determined inductive phase shift in an ac circuit using
measurements of the current and voltage waveforms. You demonstrated that
some active power is dissipated in inductive circuits because of the resistance of
the inductor wire. Finally, observation of the circuit waveforms allowed you to
confirm the theoretical behavior of the circuit current and voltage.

1. Inductors store energy in a magnetic field created and sustained by

aoop

current flowing through a coil of wire.

voltage connected to the resistive part of the inductor.
connecting the inductor to a capacitor.

connecting the ends of the inductor together.

2. The phase shift between current and voltage caused by an inductor is

oo ow

+90°, if the voltage is used as reference.
+90°, if the current is used as reference.
-90°, if the voltage is used as reference.

Both b and c.

3. When does the instantaneous power waveform cross through zero amplitude
in an ideal inductive circuit?

oo

When the voltage and current are both maximum.

When the voltage and current waveforms intersect.

When the rms values of voltage and current are maximum.
Whenever the voltage or current is zero.

4. What is the reactive power in a purely inductive ac circuit when the
rms voltage and current values are 80 V and 3 A?

cooTp

240 W
240 VA
240 var
26.7 var

5. The instantaneous power waveform for a circuit has unequal positive and
negative areas. What can this indicate?

coop

That the circuit is resistive, as well as being reactive.
That the circuit contains only reactive components.
That the apparent power is zero.

Both a and c.
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Unit 4 — Inductors in AC Circuits ® Unit Test

Unit Test

1. How much current will flow in an inductive ac circuit having a reactance of
60 Q, when the circuit voltage is 120 V?

aoop

20A
05A
2A
2H

2. How can the inductive reactance of a circuit be reduced by half without
changing any circuit components?

oo

By increasing the reactance by one-half.

By reducing the source frequency by one-half.
By increasing the source frequency by one-half.
By reducing the source voltage by one-half.

3. How can inductive reactance be tripled in an ac circuit?

aoow

By tripling the source voltage.

By reducing the source frequency by one-third.
By tripling the inductance.

By reducing the inductance by one-third.

4. Inductive reactance can be determined from

aoop

EL = anl IL
I, =E/X,
XL = anL
a,b,andc

5. What is the formula for determining the equivalent inductance of inductors in

parallel?

a Lpg=1/Li+1/Ly+1/Ls+1/L, +... +1/L,
C. LEQ=L1+L2+L3+L4+...+Ln

d. 1/Lgg=Ly+L,+Ls+Ly+... +1L,

6. What is the formula for determining the equivalent inductance of inductors in

series?
C. LEQzl/(L1+L2+L3+L4+... +Ln)
d. 1/LEQ=L1+L2+L3+L4+... +LTL
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10.

What is the equivalent inductance of three 15-H inductors connected in

series?

a. 5.0H
b. 45H
c. 45H
d. 50H

What is the equivalent inductance of three parallel-connected inductors with

values of 1 H, 2 H, and 4 H?

a. 7H
b. 1.75H
c. 057H
d. 8H

In a purely inductive ac circuit, the voltage leads the current by

a. 80°

b. 90°

c. 270°

d. Bothbandc.

What is the reactive power in a purely inductive ac circuit when the voltage

and current values are 85 V and 10 A respectively?

a. 850w

b. 850 VA
c. 850var
d. 8.5var
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Unit §

Power, Phasors, and Impedance in AC Circuits

UNIT OBJECTIVE

DISCUSSION OF
FUNDAMENTALS
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When you have completed this unit, you will be able to determine the active,
reactive and apparent power in ac circuits, and calculate the power factor. You
will use vector diagrams to solve ac circuits and determine circuit impedance.
Concepts associated with phasors, impedance and ac power will be verified
through circuit measurements and waveform observations.

As seen in the last two units, an ac circuit containing pure reactance, either
capacitive or inductive, has voltages and currents that are 90° out-of-phase with
each other, and no active power is consumed. Most practical ac circuits have
both resistance and reactance, and the apparent power in volt-amperes is
greater than the active power in watts. The difference between apparent power
and active power is caused by the reactance, and is known as reactive power,
expressed in var. Since capacitive reactive power has the opposite sign to
inductive reactive power, apparent power in ac circuits can be minimized by
adjusting the amount of capacitive and inductive reactance in the circuit. This
allows the current drawn from the ac power source (line current) to be reduced to
a minimum value without changing the active power consumed by the load.
Minimizing the line current corresponds to increasing the power factor (cos ¢)
which in the case of a purely resistive load equals 1. Circuits with purely reactive
loads have a power factor of zero since they consume no active power, even
though they draw line current and are a load on the source.
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In preceding exercises, sine waves were used to aid in understanding the
concept of phase shift in ac circuits. However, when a circuit contains three, four,
or even more sine waves, it becomes very confusing to try and use drawings of
the various waveforms to determine the phase relationships between the
different voltages and currents. For example, in the circuit shown in Figure 5-1,
the source voltage is the sum of the instantaneous values of three voltage
waveforms all 90° out-of-phase with each other. The quantity of information
present makes the drawing very difficult to interpret, and thereby, complicates
circuit analysis.

Figure 5-1. Voltage and current waveforms for an RLC series circuit.

Fortunately, voltage and current sine waves having the same frequency can be
represented as phasors to simplify circuit analysis. Furthermore, voltage and
current phasors, as well as reactance, impedance, and other electric circuit
parameters can be represented by a simple graphical mean called a vector.
Figure 5-2 is a vector diagram (in the X-Y plane) representing the voltage and
current sine waves shown in Figure 5-1. The use of vector diagrams greatly
simplifies the study of ac circuits because the complex form of each sine wave is
reduced to a single straight line. Vector diagrams allow the resultant from many
different voltages or currents to be determined using simple graphical techniques
of vector addition. Power factor, impedance, and the distribution between active,
reactive, and apparent power in ac circuits can also be determined with vector
analysis.

Property of Festo Didactic
Sale and/or reproduction forbidden

© Festo Didactic 584079



Unit 5 — Power, Phasors, and Impedance in AC Circuits ® Discussion of Fundamentals

Es

180° > > o
R

-Y

270°

Figure 5-2. Vector diagram for the RLC series circuit in Figure 5-1.

Vector analysis can be easily applied to both series and parallel circuits. In series
circuits, the current is the same for all the circuit components, so current is
usually the reference parameter and is drawn in the +X direction. The vector
which represents the phasor for out-of-phase inductive voltage is in the
+Y direction because voltage leads current in an inductor, and the vector for the
capacitive voltage phasor is drawn in the -Y direction. In parallel circuits, a
common voltage exists across the circuit components, so voltage is usually the
reference parameter. The vector for the capacitive current phasor is drawn in the
+Y direction since current leads the voltage across the capacitor, while the vector
for the inductive current phasor is drawn in the -Y direction.

The total opposition to current flow in ac circuits containing both resistance and
reactance is known as impedance, and it can graphically be determined using
vector analysis. In fact, impedance is made up of two orthogonal components: a
resistive component and a reactive component (Z = +jX mathematically).
Impedance is a phasor, and thereby, it can be represented graphically on a
vector diagram, as shown in Figure 5-3. From geometry, the magnitude of Z
equals the square root of the sum of the squares of the triangle's sides, tan ¢
equals X/R, and cos ¢ equals R/Z.
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FOR +X :Z=VR?+ X?

1Y (INDUCTIVE) TAN @ = X/R, COS ® = R/Z
s :
X z :
|
|
l
(D |
R
T
X X
_(D :
I
l
z l
-X |
Y ™ |
=Y
FOR-X: Z=VR?+ (-X)?

(CAPACITIVE) TAN (-0) = -X/R, COS (-0} = COS ¢ = R/Z

Figure 5-3. Vector diagram of impedance in a reactive circuit.

Impedance calculations can become quite confusing and lead to incorrect results
if the differences between series and parallel circuits are not taken into account.
The main points to remember when performing the calculations are:

Z =R +jX is a mathematical expression in which +jX indicates inductive
reactance, and —jX indicates capacitive reactance.

— The magnitude of Z is calculated without considering the sign of j.
— The sign of j must be taken into account when calculating the angle of Z.

— In parallel circuits, the sign of j is reversed because 1/j = —j,and 1/—j = j.
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Exercise 5-1

Power in AC Circuits

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to determine the active,
reactive, and apparent power supplied to an inductive load by using
measurements of circuit currents and voltages. You will also learn how to
improve the power factor.

As stated previously, the apparent power supplied to a load equals the product of
the load voltage and current. In ac circuits, apparent power is always greater
than active power when the load contains reactance, because reactive power
must be supplied by the source. The reactive power may be inductive or
capacitive, but in most electromechanical devices it will be inductive because of
the inductance of the coils in transformers and motors.

The formula for determining reactive power in an ac circuit is as follows:
Q — 152 _ P2

where (@ is the reactive power in var.

S is the apparent power in VA.

P is the active power in W.

When the phase shift ¢ between the voltage E and current I is known, active
power can be determined from the following formula:

P =EI cosgp = Scos¢

In ac circuits where the voltage and current are sine waves, the term cos ¢ is
called the power factor and it is equal to the ratio of active power to apparent
power, P/S. The actual value of the power factor depends on how much the
current and voltage are out-of-phase. If E and I are in phase (purely resistive
circuit), meaning phase shift ¢ is 0°, then cos ¢ = 1 and the active power is equal
to the product EI (apparent power). When the phase shift between current and
voltage is 90° (purely reactive circuit), cos@ = 0, therefore the active power is
zero. When a circuit contains both resistance and reactance, the phase shift ¢
lies between 0° and + 90°, depending on whether circuit reactance is inductive or
capacitive, cos ¢ has a value between 0 and 1, and the active power equals a
fraction of the apparent power.
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Power distribution analysis of ac circuits can be simplified using the power
triangle technique and Figure 5-4 shows how P, Q, and S are related. The angle
between the active power axis (X-axis) and the hypotenuse of the triangle
corresponds to the phase shift ¢ between the source voltage E; and the source
current I;. Inductive reactive power is drawn in a +Y direction and capacitive
reactive power is drawn in a -Y direction.

Certain texts use a convention for inductive and capacitive reactive power
opposite to the one used here. Inductive power is shown as a negative vector
guantity because inductive current lags the voltage across the inductor, and
capacitive power is drawn as a positive vector quantity since capacitive current
leads the voltage.

J
Y
s
Q (INDUCTIVE)
S = APPARENT POWER =VP% Q°
o P = ACTIVE POWER = S COS ¢
~ p i < Q = REACTIVE POWER = S SIN &
S | COS ® = P/S = POWER FACTOR
~o |
Y | Q (CAPACITIVE)
. !
\\ |
So |
~
v

Figure 5-4. The power triangle.

AC motors draw inductive reactive power from the ac power supply to create the
magnetic field which they require. In addition, ac motors absorb active power,
most of which is converted to mechanical power, and dissipate the remainder as
heat. The reactive power travels back and forth between the motor and the
ac power supply and it does no useful work other than creating the magnetic field
for the motor. If a capacitor is placed in parallel with the motor, and its value
adjusted so that capacitive reactive power exactly equals inductive reactive
power, the negative reactive power of the capacitor will cancel out the positive
reactive power of the motor. In fact, the reactive power will travel back and forth
between the motor and the capacitor instead of travelling back and forth between
the motor and the ac power supply. The ac power supply will no longer have to
supply reactive power, which will result in a large reduction in the current the
motor draws from the power supply. Adding capacitive reactance in this way to
lower the current (the current drawn from an ac power source) is called power
factor correction and leads to improved line regulation. Also, this allows smaller
diameter wire to be used for the transmission lines. The power factor of an
ac motor by itself is usually quite low, often below 0.7, but once the
capacitor/motor combination is in place, the power factor is substantially
improved. With the proper choice of capacitance, the power factor will be close to
unity.
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Ex. 5-1 — Power in AC Circuits ® Procedure

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of

equipment required for this exercise.

PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any

banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, Resistive Load, Inductive
Load, and Capacitive Load modules in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position, then make sure that the
Power Supply is connected to a three-phase wall receptacle.

3. Set up the circuit shown in Figure 5-5. The RL section of the circuit simulates
the load of a single-phase ac motor. Connect all three sections of the
Resistive and Inductive Load modules in parallel. Set R and X, to the values
given in the figure. Connect inputs 11 and E1 as shown to measure the circuit
current and voltage.

| : R-L LOAD :

S+ I I

11 ® —e :

I I

| |

l l

l l

| |

l l

| |

Es @I E1 i R X, i

N l l

| |

l l

| |

( (

| |

’ —e i

l l

e ____1

Local ac power network
Eg R X,
Voltage Frequency W) ) )
™) (H2)

120 60 120 100 100
220 50 220 367 367
220 60 220 367 367
240 50 240 400 400
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Figure 5-5. RL load to simulate an ac motor.
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Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES15-1.dai.

2

If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

I3

The metering setup configuration can be changed during the exercise if
desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

Turn on the main Power Supply and adjust the voltage control knob to obtain
the value of voltage E given in Figure 5-5.

Measure the load voltage and current, and the active power (P) consumed by
the circuit. Note the results, then turn off the Power Supply.

E = Vv
I = A
P = w

Use the measured values of E and I to determine the apparent power (S)
supplied to the load.

S=EXI= VA

Determine the power factor cos ¢, and the reactive power Q.

P
S

cos ¢ =

Q=+52-pP2= var
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11.

12.

13.
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Do the values calculated in step 9 demonstrate a low power factor and a
notable amount of reactive power for the simulated motor load?

U Yes U No
Modify the RL circuit by adding capacitive reactance in parallel with the load
as shown in Figure 5-6. Make sure that all sections of the Capacitive Load

module are connected in parallel, and all the switches on the module are
open.

R-L LOAD

4 L L
- ____ 2
Local ac power network
Eg R X,
Voltage Frequency ) @ @
V) (Hz)
120 60 120 100 100
220 50 220 367 367
220 60 220 367 367
240 50 240 400 400

Figure 5-6. Power factor correction by adding capacitive reactance.

Turn on the Power Supply and add capacitance to the circuit by closing the
first switch in each section one after the other, then the middle switches, and
finally the third switch in each section, until all switches have been closed.
For each new value of capacitance, click the Record Data button to record
the measured value of the source current in the Data Table.

After all values have been recorded, display the Graph window, select |1
(source current I) as the Y-axis parameter, and make sure the line graph
format and the linear scale are selected. Observe the source current
variation curve. Does the source current increase, decrease, or stay the
same as more and more capacitance is added to the circuit?
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14. Is there a point at which the source current stops decreasing, and then starts
to increase again when more capacitance is added?

O Yes O No

15. Carefully adjust the switches on the Capacitive Load module to obtain
minimum source current, while readjusting the voltage control knob as
necessary to maintain the exact value of voltage Es given in the table. Use
the settings on the module to determine the value of capacitive reactance
that produces minimum source current.

Xe=— =
T 2nfc

o8 . . . .. e
J7 You will have noticed that the source current is minimum when the capacitive
reactance equals the inductive reactance. The negative reactive power then
cancels the positive reactive power, and line current is minimized.

16. With X, adjusted for minimum source current, record the value of E, I, and
the active power P.

E = \'
I = A
P = w

17. Determine the apparent power S.

S=EXI= VA

18. Calculate the power factor cos ¢, and the reactive power Q.

P
cosg =< =

Q=+52-P2= var
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19.

20.

21.

22.
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Has the reactive power Q consumed by the circuit decreased between step 9
and step 187

O Yes O No

Has the line current been reduced by a significant amount with the addition of
capacitance?

U Yes U No

Is the active power P consumed by the RL load approximately the same with
and without capacitance?

U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS

144

In this exercise, you determined the active, reactive and apparent power for an
inductive load, and were able to observe the effect produced by adding
capacitance in parallel with the load. You saw how the power factor can be
improved with the addition of capacitance, and you were able to demonstrate that
line current can be reduced without affecting the amount of active power
consumed by the load.

1. An electromagnet draws 3 kW of active power and 4 kvar of inductive
reactive power. What is the apparent power?

a. 500 VA
b. 5kVA
c. 50kVA
d. 7kVA

2. What is the power factor cos ¢ for the electromagnet in Question 1?

a. 0.75
b. 1.33
c. 0.60
d. 1.00

3. A capacitor drawing 4 kvar of reactive power is placed in parallel with the
electromagnet in Question 1. How does this affect the apparent power S and
the power factor cos ¢?

a. Apparent power now equals the active power and cos ¢
equals 1.

b. Apparent power is doubled and cos ¢ remains the same.

c. Apparent power remains the same and cos ¢ decreases.

d. Both apparent power and cos ¢ increase.

4. What is the formula used to determine reactive power Q?

a Q=S-P
b. Q=S coseg

C. Q=EIcosg
d Q=+Vsz-p2

5. A capacitor drawing 8 kvar is placed in parallel with an electromagnet that
draws 3 kW of active power and 4 kvar of reactive power. What effect does
this have on the reactive power Q provided by the ac power source and the
power factor cos ¢?

Q goes from +4 to —4 kvar and cos ¢ is corrected to unity.
Q goes from +4 to —8 kvar and cos ¢ remains the same.
Q goes from +4 to —4 kvar and cos ¢ remains the same.
Q goes from +4 to —8 kvar and cos ¢ is corrected to unity.

aoop
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Vectors and Phasors in Series AC Circuits

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to use phasors to solve
series ac circuits and determine the circuit voltages. Basic vector concepts
combined with measurements of circuit currents and voltages will be used to
verify your work.

In ac circuits, sine-wave currents flow through the circuit components and sine-
wave voltages appear across the components. Each of the voltage and current
sine waves has its own amplitude, but all these sine waves have the same
frequency. As a result, there is a fixed phase relationship between the various
voltage and current sine waves. Each of the voltage and current sine waves in
ac circuits can be described by an amplitude and a phase angle. This allows a
phasor (in polar coordinates) to be used to represent each of the voltage and
current sine waves, the modulus and phase angle of the phasor corresponding to
the amplitude and phase angle of the sine wave, respectively.

Phasors representing voltage and current sine waves in ac circuits (voltage and
current phasors) can be represented graphically using vectors drawn in the X-Y
plane. This graphical representation is referred to as a vector diagram. This
allows each of the sine waves in an ac circuit to be reduced to a single line in the
vector diagram. This greatly simplifies ac circuit analysis as will be demonstrated
in the rest of this discussion.

Figure 5-7 shows two voltage sine waves and the corresponding vector diagram.
Sine wave E, leads sine wave E; by 90°. In this example, sine wave E; is
selected as the reference. It is therefore described by a voltage phasor having a
magnitude E; equal to the amplitude of sine wave E; and a phase angle
of 0° (E; £0°). As a result, sine wave E, will be described by a voltage phasor
having a magnitude E, equal to the amplitude of sine wave E, and a phase angle
of +90° (E, £ +90°) because sine wave E, leads sine wave E; by 90°. The
vector corresponding to voltage phasor E; is drawn along the positive-value
X-axis because it is used as the reference. Its length corresponds to
magnitude E;. The vector corresponding to voltage phasor E, is drawn in the
+Y direction so that it is at right angle with vector E;. Its length corresponds to
magnitude E,. The vector diagram clearly shows that E, leads E; by 90°, and E;
and E, have the same amplitude.

o8

Angles measured in the counterclockwise direction from the reference phasor

N7 are considered positive, and thereby, indicate a phase lead. Conversely,
angles measured in the clockwise direction from the reference phasor are
considered negative, and thereby, indicate a phase lag.
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REL. SIGNAL AMPLITUDE

90°

\j
\

TIME X X

Figure 5-7. Vector representation of two sine waves.

Figure 5-8 shows how to obtain the sum of phasors which represent two
sine-wave voltages (E, and Eg), using vector addition. First, the tail of vector Eg
is placed at the head of vector E,, and this must be done without changing the
direction or the amplitude of either vector. A third vector is then drawn from the
tail of vector E, to the arrowhead of vector Ez. This third vector is the vector sum
of the two original vectors, and its amplitude and direction (phase angle ¢) can
be measured directly from the drawing.

Y Y
/
/
/
/
/
//
Sy /
/
Es / Eg
/
/
/
/
/
/
(D /
E, X E, X
(@) (b)

Figure 5-8. Vector addition of two phasors.

Any number of vectors can be added using the tail-to-arrowhead method. Each
vector is placed in turn at the arrowhead of the previous vector. The sum is found
by drawing a final vector from the tail of the first vector to the arrowhead of the
last vector. Figure 5-9 gives the vector diagram of the circuit in Figure 5-1, and
shows the vector sum of all the voltage phasors. Both the amplitude and the
phase angle of the source voltage Es can be measured directly from the diagram.
Since the source current I is common to all components in series circuits, it is
usually the reference phasor.
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270°

Figure 5-9. Vector addition of several voltage phasors.

When an ac voltage is applied to a series RL or RC circuit, the current causes a
voltage drop across both the resistive and reactive components. The voltage
drop across the resistive element is in phase with the current that causes it, while
the voltage drop across the reactive component either leads (inductive
reactance) or lags (capacitive reactance) the current by 90°. The resistive voltage
drop is proportional to the line current and the resistance (E; = IR), while the
reactive voltage drop is proportional to the current and the value of X, or X,
(E, = 1X,, E; = IX,).

Because these voltage drops are not in phase, their arithmetical sum is greater
than the source voltage. However, when they are added as vector quantities, the
resulting sum has the same value as the source voltage. The phase shift ¢
between the source voltage Es; and the source current I; can be determined with
the formula ¢ = arctan (E, — E;)/E;. Note that the capacitive voltage drop
subtracts from the inductive voltage drop because of the 180° phase difference
between them. In a series ac circuit having capacitive reactance only, voltage E.
lags the current, thus phase shift ¢ is negative.
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EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, Resistive Load, Inductive
Load, and Capacitive Load modules in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position, then make sure the Power
Supply is connected to a three-phase wall receptacle.

3. Set up the circuit shown in Figure 5-10. Connect all sections on the load
modules in parallel, and setR and X; to the values given in the figure.
Connect inputs 11, E1, E2, and E3 as shown to measure the circuit current
and voltages.

Local ac power network
Ig R X,
Voltage Frequency (A) @ @
V) (Hz)
120 60 1.0 80 60
220 50 0.5 293 220
220 60 0.5 293 220
240 50 0.5 320 240

Figure 5-10. Voltage phasors in a series ac circuit.

Property of Festo Didactic
Sale and/or reproduction forbidden

148 © Festo Didactic 584079



Ex. 5-2 — Vectors and Phasors in Series AC Circuits ¢ Procedure

4. Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.

5. Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES15-2.dai.

2

If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.
“] The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

6. Turn on the main Power Supply and slowly adjust the voltage control knob to
obtain the exact value of current I given in Figure 5-10.

7. Measure the circuit voltages, and note the results below.

ES= \%
ER= \%
EL= \%

8. Determine the arithmetical sum of E; and E,, and compare it to the
measured value of Es.

ER+EL= \%
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9. Does the sum of the voltage drops equal the measured value of the source
voltage?

O Yes O No

10. Calculate the magnitude of the source voltage, and the phase shift ¢
between the source voltage Es and the source current I;.

Eg = /ERZ +E2= v

(p—arcanER—

11. Click on the Phasor Analyzer button and display the three phasors
representing the circuit voltages (Es, Er, E, on channels E1, E2, and E3,
respectively), as well as the reference phasorI; (channel I1). Does the
phasor diagram show that Es is the vector sum of E; and E,?

J7 The phasor of voltage E; is not in perfect quadrature with the phasor of E;.
N7 This is because the resistance of the inductor is not negligible when compared
to the reactance of the inductor.

U Yes U No

12. Are the results of your calculations in step 10 approximately equal to the
values of magnitude and phase shown in the Phasor Data section of the
Phasor Analyzer?

J7 Due to the fact that the inductor has a resistive component, the measured
N values differ slightly from the calculated values.

U Yes U No

13. Turn off the Power Supply and replace the inductive reactance X, in the
circuit of Figure 5-10 with a capacitive reactance. Set X, equal to the value
previously used for X, and set the resistance to the same value as X.. Turn
on the Power Supply and readjust the source voltage to obtain the same
value of current I that was used in step 6.
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15.

16.

17.
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Use the Phasor Analyzer to once again examine the voltage phasors (Es, Eg,
and E;) on channels E1, E2, and E3, respectively. Calculate the magnitude
of the source voltage and the phase shift ¢ between the source voltage E;
and the source current I;, then compare the results with the values given in
the Phasor Data section. Note that E. lags the current.

Es = ’ERZ + (—Eg)? = \%

¢ = arctan B, -

Are your results approximately the same as those shown in the phasor
diagram?

U Yes U No
Do your calculations and the phasor diagram show that the phase shift is
now lagging?

U Yes U No
Turn off the Power Supply and set up the RLC series circuit of Figure 5-11.
Connect inputs 11, E1, E2, and E3 as shown to measure I;, Eg, E, and E.,
respectively. Set the values of R, X, and X, to those given in the figure. Turn

on the Power Supply and carefully adjust the source voltage Eg to obtain the
exact value required for current Is.
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Local ac power network
I R X, X
Voltage Frequency (A) ) @ )
(V) (Hz)
120 60 1.0 80 80 60
220 50 0.5 293 293 220
220 60 0.5 293 293 220
240 50 0.5 320 320 240

Figure 5-11. Voltage phasors in an RLC series circuit.

18. Use the Phasor Analyzer to once again examine the voltage phasors (Eg, E|,
Econ channels E1, E2, E3, respectively). Determine the magnitude of
phasor Es.

Es = ’ERZ +(E,-E))?*=___V
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19. Turn off the Power Supply and reconnect inputs E1, E2, and E3 as shown
in Figure 5-12 to measure E;, E,, and E;, — E., respectively. Turn on the
Power Supply and display the voltage phasors again.

E3 EL- Ec

Figure 5-12. Measuring the source voltage in an RLC series circuit.

20. Does the phasor diagram display confirm that Eg is the vector sum of the
circuit voltages, and approximately equal to the calculated value?

U vYes U No
21. Calculate the phase shift ¢ between the source voltage Es and the source

current I;. Remember that the inductive and capacitive voltages are 180° out-
of-phase with each other.

¢ = arctan B

22. Is the calculated phase shift approximately equal to the value given in the
Phasor Data section of the Phasor Analyzer?

U Yes U No

23. Turn the voltage control knob fully counterclockwise and turn off the Power
Supply before setting up the circuit shown in Figure 5-13. Set the value of X,
equal to the value of X, used in step 17, and connect inputs 11, E1, E2,
and E3 as shown. The resulting circuit is the special case of a series
resonant circuit in which both reactances are equal but of opposite sign.
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24,

25.

26.

>/
=

Xe E3
|
Local ac power network
Ig X, Xc
Voltage Frequency A) © )
V) (Hz)
120 60 1.0 60 60
220 50 0.5 220 220
220 60 0.5 220 220
240 50 0.5 240 240

Figure 5-13. Voltage phasors in a series resonant circuit.

Turn on the Power Supply and very carefully adjust the voltage control knob
to obtain the exact value of current I; used previously. Calculate the value of
voltage E5 and compare your result with the voltage phasor display on the
Phasor Analyzer.

ES = EL_EC = V
Does the Phasor Analyzer data confirm that the source voltage Eg is
approximately zero?

0 . . . . .
J) The inductor wire has some dc resistance so there will be a small amount of in-
X7 phase voltage. Es will therefore have some small value close to zero volts.

U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS

In this exercise, you used phasors and vector analysis techniques to determine
the different voltages in series ac circuits. You used source current as the
reference phasor since it is common to all components of series circuits. You
saw that the equal but opposite-sign reactances in a series-resonant circuit
reduced the opposition to source current to a very small value. Phasor displays
(vector diagrams) of the different circuit voltages were used to confirm your

calculations.

1. In an RL series circuit, what is the phase shift between the source voltage
and current when R and X, are both equal to 100 Q?

aoow

37°
53°
45°
90°

2. The main characteristic of a series resonant circuit is that the

aoow

source voltage is a high value.

source current is a low value.

source voltage is almost equal to zero.
source current is almost equal to zero.

3. Inan RL series circuit, the parameter used as reference for drawing a vector
diagram is the

oo

voltage.
current.
reactance.
resistance.

4. The magnitude of the vector sum of the two voltages in an RL series circuit
can be determined with the formula

oo op

ES = ER + EL

ES = ISRXL

ES = '\IZISER

Es = JEZ + E,2

5. When an ac voltage is applied to a series RL or RC circuit, the current
causes a voltage drop across

a.
b.

© Festo Didactic 584079

the resistive component of the circuit.

the reactive component of the circuit, and this voltage drop lags the
current by 90° when the component has a capacitive reactance.

the reactive component of the circuit, and this voltage drop leads the
current by 90° when the component has an inductive reactance.

all of the above.
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Vectors and Phasors in Parallel AC Circuits

EXERCISE OBJECTIVE

DISCUSSION

PROCEDURE
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When you have completed this exercise, you will be able to use phasors to solve
parallel ac circuits and determine branch currents. Basic vector concepts and
measurements of circuit currents and voltages will be used to verify your work.

When an ac voltage is applied to a parallel RL or RC circuit, the source voltage
causes current to flow through both the resistive and reactive components. The
resistive current is in phase with the source voltage, while the reactive current
either leads (capacitive reactance) or lags (inductive reactance) the source
voltage by 90°.

Because the same voltage is present across all components in a parallel circuit, it
is used as the reference phasor. In vector diagrams, the vector which represents
the phasor for capacitive current is drawn in the +Y direction because it leads the
voltage across the capacitor, while the vector which represents the inductive
current phasor is drawn in the -Y direction.

Since the different branch currents in a parallel circuit are out-of-phase with each
other, their arithmetical sum is greater than the actual current supplied by the
source. However, when the branch currents are presented as phasors, their
vector sum equals the source current. The phase shift ¢ between the source
voltage Es and the source current I can be determined with the formula ¢ =
arctan (I —I,)/I. Notice that the inductive current subtracts from the capacitive
current because of the 180° phase difference between them. In a parallel
ac circuit having inductive reactance only, current I, lags the voltage, thus phase
shift ¢ will be negative. Note that this laboratory exercise is very similar to the
previous one, but the parallel circuits are solved by performing vector addition of
current phasors instead of voltage phasors.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, Resistive Load, Inductive
Load, and Capacitive Load modules in the EMS Workstation.
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2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position, then make sure that the
Power Supply is connected to a three-phase wall receptacle.

3. Set up the circuit shown in Figure 5-14. Connect all sections on the load
modules in parallel, and set R and X, to the values given in the figure.
Connect inputs E1, 11, 12, and I3 as shown to measure the circuit voltage and
currents.

R O
® ®
Local ac power network
Eg R X
Voltage Frequency V) © ©
V) (Hz)
120 60 120 60 60
220 50 220 220 220
220 60 220 220 220
240 50 240 240 240

Figure 5-14. Current phasors in a parallel ac circuit.

4. Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24 V - AC output of the Power Supply. Set the 24 V - AC power switch to the
| (ON) position.
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5. Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES15-3.dai.

If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.
“] The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.

6. Turn on the main Power Supply and slowly adjust the voltage control knob to
obtain the exact value of voltage E given in Figure 5-14.

7. Measure the circuit currents, and note the results below.

Is (current 1) = A
I (current 2) = A
I (current 3) = A

8. Determine the arithmetical sum of I, and I;, and compare it to the measured
value of .

I+ Ic = A
9. Does the sum of the branch currents equal the measured value of the source
current?
U Yes U No

10. Calculate the magnitude of the source current, and the phase shift ¢
between the source voltage Eg and the source current I;.

Ig = /1R2+162= A

I¢
@ = arctan — =
I
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11.

12.

13.

14.

15.

16.

17.

Click on the Phasor Analyzer button and display the three phasors
representing the circuit currents, as well as the reference phasor E;. Does
the phasor diagram show that I is the vector sum of Iy and I.;?

U Yes U No

Are the results of your calculations in step 10 approximately equal to the
values of magnitude and phase shown in the Phasor Data section of the
Phasor Analyzer?

O Yes O No

Turn off the Power Supply and replace the capacitive reactance X in the
circuit of Figure 5-14 with an inductive reactance. Set X, equal to double the
value previously used for X, and leave the resistance value as it is. Make
sure inputs E1, 11, 12, and I3 are connected to measure Eg, I, Iz, and I,
respectively. Turn on the Power Supply and readjust the source voltage to
obtain the same value of voltage Es as used in step 6.

Use the Phasor Analyzer to once again examine the current phasors.
Calculate the magnitude of the source current and the phase shift ¢ between
the source voltage E; and the source current I, then compare the results
with the values given in the Phasor Data section.

Is = ’IRZ +(-I))?=___ A

¢ = arctan —t=
Ig

Are your results approximately the same as those shown in the phasor
diagram?

U Yes U No

Do your calculations and the phasor diagram show that the phase shift is
now lagging?

O Yes O No

Turn off the Power Supply and set up the RLC parallel circuit of Figure 5-15.
Set the values of R, X, and X, to those given in the figure. Connect
inputs E1, 11, 12, and I3 as shown to measure Eg, I, I, and I, respectively.
Turn on the Power Supply and carefully adjust the source voltage to obtain
the exact value of voltage E given in Figure 5-15.
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e L @ L 4
1 12 13
e () [ |
: >\{ .
R § XL p—
@ L 4 @

Local ac power network
Eg R X Xc
Voltage Frequency ) @ ) )
V) (Hz)
120 60 120 60 80 100
220 50 220 220 293 367
220 60 220 220 293 367
240 50 240 240 320 400

Figure 5-15. Current phasors in an RLC parallel circuit.

18. Use the Phasor Analyzer to once again examine the current phasors.
Determine the magnitude of phasor .

IS: IR2+(IC_IL)2:—A

19. Turn off the Power Supply and reconnect inputs E1, I1, 12, and 13 as shown
in Figure 5-16 to measure I, Is, and I — I, respectively. Turn on the Power
Supply and display the current phasors again.

z
AL
x
\
I
>
O

Figure 5-16. Measuring the source current in a parallel resonant circuit.
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20. Does the phasor diagram display show that I is the vector sum of the circuit
currents, and approximately equal to the calculated value?

O Yes O No

21. Calculate the phase shift ¢ between the source voltage Es and the source
current I;. Remember that the phase shift between the inductive and
capacitive currents is 180°.

Ie =1, _

¢ = arctan
R

22. Is the calculated phase shift approximately equal to the value given in the
Phasor Data section of the Phasor Analyzer?

U Yes U No

23. Turn off the Power Supply and set up the circuit shown in Figure 5-17. Set X,
and X, to the given values, and connect inputs E1, I1, 12, and I3 as shown to
measure Eg, I, I, and .. This circuit is the special case of a parallel
resonant circuit in which both reactances are equal but of opposite sign.

|
S +

N

§ Xy P
< <
Local ac power network
Eg X, X
Voltage Frequency ) ) ©
V) (Hz)
120 60 120 60 60
220 50 220 220 220
220 60 220 220 220
240 50 240 240 240

Figure 5-17. Current phasors in an RLC parallel circuit.
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24. Turn on the Power Supply and very carefully adjust the voltage control knob
to obtain the exact value of voltage E given in Figure 5-17. Calculate I; and
compare your result with the Phasor Analyzer data.

IS=V(IC_L)2= A

25. Does the Phasor Data confirm that the source current is approximately zero?

0 . . . . .
J7 The inductor wire has some dc resistance so there will be a small amount of in-
N7 phase current. I will therefore have some small value close to 0 A.

U Yes U No

26. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION In this exercise, you used phasors and vector analysis to determine the different
currents in parallel ac circuits. Source voltage was used as the reference phasor
since it is common to all components of parallel circuits. You saw that the equal
but opposite-sign reactances in a parallel-resonant circuit caused the source
current to be a very small value. Phasor displays (vector diagrams) of the
different circuit currents were used to confirm your calculations.

REVIEW QUESTIONS 1. In an RC parallel circuit, what is the phase shift between the source voltage
and current when R and X are 30 Q and 40 Q, respectively?

37°
53°
45°
90°

coop

2. The main characteristic of a parallel resonant circuit is that the

source current is a high value.
source voltage is a low value.
source current is almost equal to zero.
source voltage is almost equal to zero.

aoow

3. In an RL parallel circuit, the parameter used as reference for drawing a
vector diagram is the

voltage.
current.
reactance.
resistance.

coop

4. The formula used to determine the magnitude of the vector sum of the two
currents in an RL parallel circuit is

Iy=1 +1
IS = ES/RXL
IS = "ZESIR
Is = T2 +1,°

Qo op

5. The phase shift between the source voltage Es and the source current I in
an RL parallel circuit can be determined from

the ratio Is/I
the ratio I, /I
the ratio S/Q
none of the above.

coow
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When you have completed this exercise, you will be able to determine and
demonstrate the impedance of ac circuits. Circuit measurements of currents and
voltages will be used to verify the theory and formulas presented with the
impedance equations.

You observed in previous exercises that the total opposition to current flow in
circuits containing both resistance and reactance (X; or X) is not the simple sum
of resistance and reactance. The reactance must be added to the resistance in
such a way as to take into account the 90° phase difference between the two
voltages in series circuits, or the two currents in parallel circuits. The total
opposition to current flow is called impedance (Z), and is expressed
mathematically as a phasor using either rectangular or polar coordinates:

Z =R tjX (rectangular coordinates)

Z=A_6 (polar coordinates)

where A is the magnitude of the impedance.
0 is the phase angle related to the impedance.

In a series RL or RC circuit, the voltage across a resistor, inductor or capacitor
equals the product of the current and the resistance, the inductive reactance or
the capacitive reactance. Ohm's law for the RL series circuit in Figure 5-18 gives:

Ex=I1 xR and E, =1xX,

The total voltage is the current times the total opposition to current flow in the
circuit and is expressed as E = [ X Z. The impedance, as the total voltage drop
across the components (the source voltage E5), may also be determined
graphically using vectors, as shown in Figure 5-18.
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-

X Ev Er T ols R T

|

Figure 5-18. Impedance in an ac circuit.

Voltage E; equals I X R, and voltage E, equals I; X X;. The vector sum of Eg
and E, is the source voltage Eg, which equals Is x Z. Because each vector
represents a product in which the current I; is a common factor, the vectors may
be drawn proportional to R and X;,as shown. The vector sum of R and X,
therefore represents the circuit impedance, Z. The vector sum is also the
hypotenuse of the right triangle, and can be calculated with the following

Pythagorean theorem:
Z= /RZ + X2

The phase angle 8 of Z is the same as the phase shift ¢ between the source
voltage Es and the source current Ig, and from geometry, we find that:

XL
tangozﬁ or cosg =<

The relationships between E, I, and Z in ac circuits are similar to those between
E, I, and R in dc circuits. Therefore, Ohm's law can be used to solve ac circuits
by using Z in place of R, thus giving:

E=1xZ Z—E dI—E
= , =7, and =~
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In a parallel RL or RC circuit, the applied voltage E is the same across each
branch, thus it is used as the reference. The current in each of the branches is
found by dividing Eg by the branch impedance, R, X, or X.. The source current I
is then found by adding the branch currents vectorially. This gives:

Ig = /IR2+IL2 and Is = /IRZHC2

The impedance of parallel circuits can be found using Ohm's law, Z = E/I. The
magnitude of Z can also be found by vector addition of the resistance and
reactance values, using the following formulas:

RX RX,
7=——%Y _ and Z= ¢

JRZ+X,? JRZ+ X2

The phase shift ¢ for parallel circuits can be determined using the following
relationships:

Z
tangp = R/X; and cos¢ = R

When a circuit contains both inductive and capacitive elements, first solve for the
equivalent reactance Xy, and use this value in the preceding formulas. For series
circuits, Xgo = X, — X, while for parallel circuits, Xy = (X, X X¢)/(Xc — X.).
Depending on whether (X, — X;) is positive or negative, the combined reactance
will be inductive or capacitive, and the corresponding phase shift will be leading
(positive) or lagging (negative).

This exercise is divided into two distinct parts, Impedance in series circuits and
Impedance in parallel circuits. It can be completed over two consecutive
laboratory sessions if insufficient time is available in one period.
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PROCEDURE
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EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Impedance in series circuits

1.

Install the Power Supply, data acquisition module, Resistive Load, Inductive
Load, and Capacitive Load modules in the EMS Workstation.

Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position, then make sure the Power
Supply is connected to a three-phase wall receptacle.

Set up the circuit shown in Figure 5-19. Connect all sections on the load
modules in parallel, and setR and X; to the values given in the figure.
Connect inputs 11, 12, 13, E1, E2, and E3 as shown to measure the circuit
currents and voltages.

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the | (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES15-4.dai.

"] i you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.

“] The metering setup configuration can be changed during the exercise if
N7 desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.
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11 L 4 T
+
12
+
E2
R
+
., @/ -
+
N
13 +
E3
X L
®
Local ac power network
Ig R X,
Voltage Frequency (A) @ )
V) (Hz)

120 60 1.0 80 60
220 50 0.5 293 220
220 60 0.5 293 220
240 50 0.5 320 240

Figure 5-19. Determining impedance in an RL series circuit.

6. Turn on the main Power Supply and adjust the voltage control knob to obtain
the exact value of current I given in Figure 5-19.

7. Record the values of the circuit voltages, and the values of Z, R and X,
displayed by the meters.

E; (voltage 3) =

Z (E1,11) =

R (E2,12) =

X, (E3, 13) =
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8.

9.

10.

11.

12.

13.

170

Calculate Z and ¢ using the circuit values given in Figure 5-19.

Z= |R2+ X2 = Q

¢ = arctan - =

Use Ohm's law, the value of Z calculated in the previous step, and the values
of I, R, and X; given in Figure 5-19 to calculate the circuit voltages (Es = I X
Z),Egr = I X R,and E, =I5 X X}).

ES :—V
Ep = v
EL = \%

Compare the calculated and measured values of Z and those for the different
voltages. Are they approximately the same?

J7 The actual results should slightly differ from the calculated values since the
N7 inductor coil resistance is not negligible.

O Yes O No

Are the measured values of R and X, approximately the same as the values
set on the load modules?

U Yes U No

Use the Phasor Analyzer to observe the phase shift ¢ between the source
voltage E5 and the source current ;. Is the magnitude of the measured
phase shift ¢ approximately equal to the calculated value?

J7 The actual results should slightly differ from the calculated values since the
N7 inductor coil resistance is not negligible.

U Yes U No

Turn off the Power Supply and replace the inductive reactance in the circuit
of Figure 5-19 with a capacitive reactance. Set the value of X, equal to the
value used for X;, and set the value of R equal to that of X.. Turn on the
Power Supply and adjust the voltage control knob to obtain the same value
of current I used in step 6.
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14. Record the values displayed by the meters.

J7 The minus sign on meter X (E3,13) indicates that a capacitive reactance is
N measured. Neglect the minus sign when recording the value of X,.

Eg = \%

Eg = \%

E. (voltage 3) = \'
Z (E1,11) = Q

R (E2, 12) = Q

Xc (E3,13) = Q

15. Calculate Z and ¢ using the circuit values set in step 13.

Z= [R?+ X% = Q

j— t _XC_ o
¢ = arctan —= =

16. Once again, use Ohm's law, the value of Z calculated in the previous step,
and the values of I;, R, and X, used in step 13 to calculate the circuit

voltages.
Eg = \Y
Er = \%
E. = \

17. Compare the calculated and measured values of Z and those for the different
voltages. Are they approximately the same?

U Yes U No

18. Are the measured values of R and X, approximately the same as the values
set on the load modules?
U Yes U No
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19. Use the Phasor Analyzer to observe the phase shift ¢ between the source
voltage Es and the source current Is. Is the magnitude of the measured

phase shift ¢ approximately equal to the calculated value?

U Yes

20. Turn off the Power Supply and add inductive reactance to set up the
RLC series circuit shown in Figure 5-20. Connect inputs 11 and E1 as shown
in the figure and set R, X;, and X, to the given values. Open configuration
file ES15-5.dai. Turn on the Power Supply and slowly adjust the voltage

U No

control knob to obtain the exact value of current I given in Figure 5-20.

g

—
il L 4
R
+
Es /@I E1 X
N
XC
‘ "\
Local ac power network
Ig R X, X,
Voltage Frequency (A) ) ) @
™) (Hz)
120 60 0.5 80 60 120
220 50 0.25 293 220 440
220 60 0.25 293 220 440
240 50 0.25 320 240 480

21. Record the values of Z, R and Xz, (equal to X, — X.) displayed by the

meters.

Figure 5-20. Determining impedance in an RLC series circuit.
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22.

23.

24,

25.

© Festo Didactic 584079
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Calculate Z and ¢ using the circuit values given in Figure 5-20.

Z=\/R2+ X, —X.2) = Q

XEQ
= arctan — = °
¢ R —

Compare the calculated and measured values of Z. Are they approximately
the same?

U Yes U No
Are the measured values of R and X, approximately the same as those set
in the circuit?

U Yes U No
Use the Phasor Analyzer to observe the phase shift ¢ between the source

voltage E; and the source current I;. Is the magnitude of the measured
phase shift ¢ approximately equal to the calculated value?

J7 The actual results should slightly differ from the calculated values since the
N inductor coil resistance is not negligible.

U Yes U No
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Impedance in parallel circuits

26. Turn off the Power Supply and set up the RL parallel circuit in Figure 5-21.
Set R and X; to the given values, and connect inputs 1, 12, 13, E1, E2,
and E3 as shown to measure the circuit currents and voltages. Open
configuration file ES15-6.dai.

s

— t
11 L 4 ®
12 13
+
Esg E1 ®
N + +
R E2 XL E3
L 4 L 4 @
Local ac power network
Eg R X,
Voltage Frequency ) © @)
) (H2)
120 60 120 80 60
220 50 220 293 220
220 60 220 293 220
240 50 240 320 240

Figure 5-21. Determining impedance in an RL parallel circuit.

27. Turn on the Power Supply and adjust the voltage control knob for the value
of voltage Es given in Figure 5-21. Record the values of the circuit currents,
and the values of Z, R and X, given by the meters.

Is = A
I = A
I, (current 3) = A
Z = Q
R = Q
X, = Q
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28.

29.

30.

31.

32.

33.
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Calculate Z and ¢ using the circuit values given in Figure 5-21.

RX,

L2 -
JRZ+ X

(p—arcanXL—

Use the value of Z calculated in the previous step and the values of Eg, R,
and X, given in Figure 5-21 to calculate the currents.

IS= A
IR= A
IL= A

Compare the calculated and measured values of Z and those for the different
currents. Are they approximately the same?

O Yes O No

Are the measured values of R and X, approximately the same as the values
set on the load modules?

U Yes U No

Use the Phasor Analyzer to observe the phase shift ¢ between the source
voltage Es and the source current ;. Is the magnitude of the measured
phase shift ¢ approximately equal to the calculated value?

J7 The actual results should slightly differ from the calculated values since the
N7 inductor coil resistance is not negligible.

U Yes U No
Turn off the Power Supply and replace X;, in the circuit of Figure 5-21 with a
capacitive reactance to obtain an RC parallel circuit. Set X, at the same
value used for X;, and leave R set at the same value. Turn on the Power

Supply and slowly adjust the voltage control knob to obtain the same value of
voltage Es used in step 27.
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34. Record the values indicated by the meters.

J7 A minus sign indicates that a capacitive reactance is measured. Neglect the
N minus sign when recording the value of X.

Is = A
Iz = A
I (current 3) = A
Z = Q
R = Q
Xc = Q

35. Calculate Z and ¢ using the circuit values set in step 33.

RX,
Z=——— Q

s

— arcan (-2 - .
¢ = arctan X))~

36. Use Ohm's law, the value of Z calculated in the previous step, and the values
of Eg, R, and X, set in step 33 to calculate the circuit currents.

Is=—A
IR =—A
IC= A
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37.

38.

39.

40.

Compare the calculated and measured values of Z and those for the different
currents. Are they approximately the same?

O Yes O No

Are the measured values of R and X, approximately the same as the values
set on the load modules?

U Yes U No

Use the Phasor Analyzer to observe the phase shift ¢ between the source
voltage Es and the source current Is. Is the magnitude of the phase shift ¢
approximately equal to the calculated value?

U Yes U No

Turn off the Power Supply and set up the RLC parallel circuit of Figure 5-22.
Connect inputs 11, 12, 13, E1, E2, and E3 as shown. Set R, X,, and X, to the
given values. Open configuration file ES15-7.dai. Turn on the Power Supply
and slowly adjust the voltage control knob to obtain the exact value of
voltage Es given in Figure 5-22.

N R E2
® l ®
Local ac power network
Eg R X, X
Voltage Frequency ) © ) ©
V) (H2)
120 60 120 80 80 60
220 50 220 293 293 220
220 60 220 293 293 220
240 50 240 320 320 240
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Figure 5-22. Determining impedance in an RLC parallel circuit.
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41. Record the values of Z, R, and Xz, [equal to (X, x X¢)/(X¢ — X,)] displayed
by the meters.

Z = Q
R = Q

42. Calculate Z, Xg,, and ¢ using the circuit values given in Figure 5-22.

J7 Neglect the minus sign of Xp, when calculating the impedance Z and the
N7 phase shift ¢.

CXexX,
EQ_XC_XL_

RxX

/RZ + XEQZ

" R
@ = arctan — =
XEQ
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43.

44.

45,

46.
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Compare the calculated and measured values of Z. Are they approximately
the same?

J7 The actual results should slightly differ from the calculated values since the
7 inductor coil resistance is not negligible.

U Yes U No
Are the measured values of R and X, approximately the same as those set
in the circuit?

J7 The actual results should slightly differ from the calculated values since the
N7 inductor coil resistance is not negligible.

U Yes U No

Use the Phasor Analyzer to observe the phase shift ¢ between the source
voltage Es and the source current Is. Is the magnitude of the measured
phase shift ¢ approximately equal to the calculated value?

U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS

180

In this exercise, you calculated the impedance in series and parallel circuits and
compared your results with those obtained using measurements of the current
and voltage. You demonstrated that impedance is the quotient of source voltage
to current, and that the combined reactance in RLC circuits is either inductive or
capacitive, depending on the relative values of X; and X.. Finally, observation of
the voltage and current phasors with the Phasor Analyzer allowed you to verify
your calculations of the impedance phase shift.

1. The total opposition to current flow in an ac circuit is called

resistance.
reactance.
impedance.
inductance.

coop

2. Circuit impedance can be determined from

a. Z=E/I
b. Z=R+X,+X,
c. Z=ExI
d. Z=1I/E

3. What is the impedance of an RLC parallel circuit when R, X,, and X, are all
equal, Es equals 120 V, and I is 2 A?

a. 60Q
b. 240 Q
c. 20Q
d. 180Q

4. The combined reactance in a series ac circuit results in the impedance
having a positive phase shift. Does the circuit current lead or lag the source
voltage?

a. The current leads the voltage because the reactance is
capacitive.

b. The current lags the voltage because the reactance is
inductive.

c. The current leads the voltage because the reactance is
inductive.

d. The current lags the voltage because the reactance is
capacitive.

5. The impedance of an RLC parallel circuit can be determined from

a. the quotient of source voltage to circuit current.
b. the product of source voltage with circuit current.

c. theformulaZz = \/%}:22.

d. Both aandc. ] ]
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Unit Test

1. A motor whose power factor is 0.8 draws 4 kW of active power. What is the
apparent power S supplied to the motor?

oo op

cos@ = P/S = 0.80, therefore S = 5 kVA

cos @ = S/P = 0.80, therefore S = 3.2 kVA
cos @ = +/P% + Q% = 0.80, therefore § = 7.2 kVA
cos /S — Q = 0.8, therefore S = 8.8 kVA

2. Apparent power is related to active and reactive power by the formula

oo op

Il
a-Rav!

\h \hr \lh
I
el
[
N

N

+Q
—q

2

PZ+Q

3. A capacitor drawing 8 kvar is placed in parallel with an electromagnet that
draws 6 kW of active power and 6 kvar of reactive power. What effect does
this have on cos ¢?

oo

The power factor is corrected to unity.

The power factor goes from 0.5 to 0.67.

The power factor changes polarity from positive to negative.
None of the above.

4. In an RLC series circuit, what is the phase shift between the voltage and
current when R, X;, and X, are all equal to 100 Q?

aoop

45°
37°
00

30°

5. The parameter used as reference for vector analysis is

aoow

voltage in series circuits, and current in parallel circuits.
current in series circuits, and voltage in parallel circuits.
reactance in both series and parallel circuits.

always the voltage.

6. The phase shift between Eg and I; in an RL series circuit can be determined

aoow

© Festo Didactic 584079

from the ratio Eg/Ep.
from the ratio E, /Eg.
from the ratio P/Q.
none of the above.
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7. In an RC parallel circuit, what is the phase shift between the voltage and
current when R and X, are 60 Q and 100 Q, respectively?

a. 53°
b. 31°
c. 59°
d. 37°

8. Impedance is the total opposition to current in a circuit and is made up of

resistance and reactance.
reactance only.
capacitance only.
inductance only.

oo

9. What is the impedance of an RLC series circuit when R, X;, and X, are all
equal, E5 equals 120 V, and Ig is 2 A?

a. 60Q
b. 240 Q
c. 200
d. 180 Q

10. The impedance in a parallel ac circuit has a positive phase shift. Does the
source current lead or lag the source voltage?

The current leads the voltage because the reactance is capacitive.
The current lags the voltage because the reactance is inductive.
The current leads the voltage because the reactance is inductive.
The current lags the voltage because the reactance is capacitive.

aoow
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Three-Phase Circuits

UNIT OBJECTIVE

DISCUSSION OF
FUNDAMENTALS
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When you have completed this unit, you will be able to solve balanced three-
phase ac circuits connected in wye and delta configurations, and demonstrate
the difference between line and phase voltage. You will also be able to determine
active, reactive and apparent power, and establish the phase sequence of a
three-phase ac power supply. You will use voltage and current measurements to
verify the theory and calculations presented in the exercises.

Three-phase circuits are no more complicated to solve than single-phase circuits.
In the majority of cases they are symmetrical and have identical impedances in
each of the three branches. Each branch can be treated exactly like a single-
phase circuit, because a balanced three-phase circuit is simply a combination
of three single-phase circuits. Therefore, voltage, current, and power
relationships for three-phase circuits can be determined using the same rules
and methods developed for single-phase circuits. Non-symmetrical, or
unbalanced, three-phase circuits represent a special condition and their analysis
can become complicated. Unbalanced three-phase circuits are not covered in
this manual.

A three-phase ac circuit is powered by three sine waves of the same frequency
and magnitude that are displaced from each other by 120°. The phase shift
between the voltages of a three-phase power supply is therefore 120° as seen in
Unit 2. The voltages of a three-phase power supply can be produced as
illustrated by the simplified three-phase generator (alternator) in Figure 6-1. A
rotating magnetic field (produced by a rotating magnet) turns inside three
identical coils of wire (windings) placed physically at 120° to each other, to
produce three separate ac voltages (one per winding). The rotating magnet turns
at a fixed speed, thus the frequency is constant, and the three separate voltages
reach maximum one after the other at intervals of 120°.

PHASE 1
A a

N
[
S
c B
PHASE 3 PHASE 2
C b

Figure 6-1. A simplified three-phase generator.
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The phase sequence of the voltages of a three-phase power supply is the order
in which they follow each other and become maximum. Figure 6-2 is an example
of the voltage waveforms produced by a three-phase power supply. These
voltages are shown with the phase sequence E,, Eg, E., which in shorthand form
is the sequence A-B-C. Phase sequence is important because it determines the
direction in which three-phase motors turn. If the phases are connected out of
sequence, the motor will turn in the opposite direction, and the consequences
could be quite serious. For example, if clockwise rotation of a motor is the normal
direction to make an elevator go up, connecting the phase wires incorrectly
would result in the elevator going down instead of up, and vice-versa, and a
serious accident could occur.

REL. SIGNAL AMPLITUDE

Figure 6-2. A-B-C phase sequence of a three-phase supply.
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Balanced Three-Phase Circuits

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to distinguish between
line and phase voltages in wye- and delta-connected ac circuits. Measured
parameters in balanced resistive loads will be used to verify the circuit
calculations.

The windings of a three-phase ac power supply (the generator in Figure 6-1) can
be connected in either a wye configuration or a delta configuration. These names
come from the appearance of the circuit drawings, which resemble the letter Y
and the Greek letter delta. The connections for each configuration are shown
in Figure 6-3, and each has definite electrical characteristics. The voltage
produced by a single winding is called the phase voltage, Epyasg (Eans Egns Ecn),
while the voltage between any two windings is the line-to-line, or line
voltage, E;ng (Eag, Esc, Eca)- In a delta-connected system, the line voltage E, g
is the voltage between windings AC and BC, and it is also the voltage across
winding AB. Consequently, the phase voltage (that is, the voltage across a single
winding) equals the line voltage (the voltage between any two windings) in a
delta-connected system. In a wye-connected system, the line voltage
is V3 (approximately 1.73) times greater than the phase voltage, as indicated in
the following equation:

Eyng = \/§ Eppase

J7 In the EMS System, the numbers 1, 2, 3 (fixed-voltage output) and 4, 5, 6
(variable-voltage output) are used instead of the letters A, B, C for the
corresponding line and phase voltages. The neutral line is designated by N.

N ‘ 1 1
L E une g 11? E prase E une
. | |

Figure 6-3. Three-phase wye configuration (a) and three-phase delta configuration (b).
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Usually, the three line wires (wires connected to points A, B, and C) and the
neutral wire of a three-phase power system are available for connection to the
load, which can be set up as either a wye connection or a delta connection.
The two types of circuit connections are illustrated in Figure 6-4. Circuit analysis
demonstrates that the voltage between any two line wires, or lines, in a
wye-connected load is 1.73 times greater than the voltage across each load
resistor (phase voltage). Also, the line current in a delta-connected load is
1.73 times greater than the current in each load resistor (phase current). The
phase current in a delta-connected load is therefore 1.73 times smaller than the
line current.

I LINE

LINE 1 LINE 1

Figure 6-4. Wye-connected load (a) and delta-connected load (b).

The relationships between line and phase voltages and line and phase currents
simplify the analysis of balanced three-phase circuits. A shorthand way of writing
them is as follows:

For wye circuits:

Eneg = \/§EPHASE and Ipng = Ipnase

For delta circuits:

Eine = Eppase and  Ipyg = \/§IPHASE

The formulas for calculating active, reactive, and apparent power in balanced
three-phase circuits are the same as those used for single-phase circuits. Based
on the formula used for determining power in a single-phase circuit, we can state
that the active power dissipated in each phase of either a wye- or delta-
connected load is:

Pprase = Epnase X Ippasg X cos @

where ¢ is the angle between the phase voltage and phase current.
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PROCEDURE
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The total active power P, supplied to the load is therefore:

Pr =3 X Ppyase = 3 Eppase X Ipyasg X oS @

For a resistive load, cos ¢ equals 1. Therefore,

Pr =3 Epyase X Ipnase

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Install the Power Supply, data acquisition module, and Resistive Load
modules in the EMS Workstation.

Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Make
sure that the Power Supply is connected to a three-phase wall receptacle.

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the | (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES16-1.dai.

"] you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

I3

The metering setup configuration can be changed during the exercise if
desired. This exercise was written using those given.

Make sure that the continuous refresh mode is selected.
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5. Connect meter inputs E1, E2, and E3 to measure the line-to-neutral and then
the line-to-line fixed voltages of the Power Supply shown in Figure 6-5.

“J In this manual, E is used to designate the line-to-neutral voltage,
< ° PH.ASE
A\ and E; ;g the line-to-line voltage.

b
m
Z

Figure 6-5. Measurement of line and phase voltages.

6. Turn on the main Power Supply and adjust the voltage control knob to 100%.
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7. Record the measured values, then turn off the Power Supply. Determine the
average value of the phase and line voltages.

Ein= \
E; n= \
E3—N = —V

El—N + EZ—N + E3—N —

Average Epyasp = 3 \'
E,= v

E, 5= v

Ey = v

Average E;jyg = Biat Byt By = \%

3

8. Calculate the ratio of the average line to phase voltage.

Average E;ng
Average Epyasi

9. s the ratio approximately equal to 1.73 (+/3)?

U Yes U No

10. Connect meter inputs E1, E2, and E3 to measure the line-to-neutral and
line-to-line variable voltages of the Power Supply, E,_n, Es_n, E¢_n»
and E,_c, Es_g, Eg_4.
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11. Turn on the Power Supply and adjust the voltage control knob to 100%.
Record your measurements, then turn off the Power Supply. Determine the
average value of the phase and line voltages.

Ey,n= \
Es_y = \
Es_n = \

Esn+ Es_y+Es_y _

Average Epyasg = 3 Vv
E, ¢ = \%

Es_¢ = \%

Eq_s = \%

Average E;jyg = East Bs-o ¥ Eos = \%

3

12. Calculate the ratio of the average line to phase voltage.

Average E;ng
Average Epyasg

13. Is the ratio approximately equal to 1.73 (+/3)?

U Yes U No

14. Set up the three-phase, wye-connected, resistive circuit shown in Figure 6-6.
Do not connect the neutral of the resistive load to the neutral of the Power
Supply. Connect meter inputs 11, 12, 13, E1, E2, and E3 as shown in the
figure to measure the currents and voltages.

J7 Do not perform the connection indicated by the dashed line from now. This will
X7 be done in another step.
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E1

+ R,
11
+
E2
Es };\,‘ 12 o "\NN\—O— @
N
T
E3
+ R3
13 /\V/\V/\
|
|
+ |
______________ I R ——
* See note in step 14.
Local ac power network
Es Ry R, R;
Voltage Frequency ) @ @ @
V) (H2)
120 60 208 300 300 300
220 50 380 1100 1100 1100
220 60 380 1100 1100 1100
240 50 415 1200 1200 1200

Figure 6-6. Three-phase wye-connected resistive load.
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15. Set the voltmeter select switch to the 4-5 position. Turn on the Power Supply
and adjust the voltage control knob for the line-to-line voltage Es (E,_s, Es_g,
or E,_¢) given in Figure 6-6. Open configuration file ES16-2.dai. Measure the
circuit voltages and currents, then turn off the Power Supply.

Epy = Vv
Egs = Vv
Egs = Vv
Iy = A
Iy = A
Ins = A

16. Compare the individual load voltages and load currents. Are they
approximately equal, showing that the load is balanced?

U Yes U No

17. Calculate the average phase voltage from the values measured in step 15.

ERl + ERZ + ER3 —

AVerage EPHASE = 3

18. Is the ratio of E; g 10 Epy4se @approximately equal to v3?

U Yes U No

19. Connect meter input 11 as shown by the dashed line in Figure 6-6 to measure
the neutral line current with the Power Supply neutral connected to the
neutral of the wye-connected load. Open configuration file ES16-3.dai. Turn
on the Power Supply and record the value of current Iy with voltage E;
adjusted to the same value as in step 15.

IN: A
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20. Is the neutral current equal to zero?

U Yes U No

21. Using the results of step 15, calculate the active power consumed in each
phase of the circuit, and the total power consumed by the load.

Pry = Epy X Ip; = w
Pro =EpaXIgp=__ W
Prz = Epg X Iz = w
Pr = Ppq + Ppy + Pp3 = W

22. Determine the phase current using the values measured in step 15.
Ipgase =__ A

Calculate P; using the phase voltage and current, and compare it with the
result obtained in step 21. Are both values approximately the same?

Pr =3 (Epyase X lpyase) =W

U Yes U No
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23. Turn off the Power Supply and set up the three-phase, delta-connected,
resistive circuit shown in Figure 6-7. Connect meter inputs 11, 12, 13, E1, E2,

and E3 as shown in the figure to measure the currents and voltages.

-1
1
13
E1 R +
Es (~U ¢
w1 ,—«
12
E3 Rs
* \—«
E2 Ro
3
Local ac power network
Eg Ry R, R;
Voltage Frequency ) ) © ©
V) (Hz)
120 60 120 300 300 300
220 50 220 1100 1100 1100
220 60 220 1100 1100 1100
240 50 240 1200 1200 1200

24. Turn on the Power Supply and adjust the voltage control knob for the
line-to-line voltage Es (E,_s, Es_g, OF E,_¢) given in Figure 6-7. Open
configuration file ES16-4.dai. Measure the circuit voltages and currents, then
turn off the Power Supply.

Figure 6-7. Three-phase delta-connected resistive load.

Em=_____V
A
Eps = Y
Iy = A
Iy = A
Iz = A

194
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25

26.

27.

Sale
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. Compare the individual load voltages and load currents. Are they
approximately equal, showing that the load is balanced?

O Yes O No

Calculate the average phase current from the from the values measured in
step 24.

Ip1 + Igy + I3 _

Average Ipyasp = 3

Reconnect meter inputs 11, 12, and 13 as shown in Figure 6-8 to measure the
line currents for the delta-connected load. Make sure that Es is set to the
same value used in step 24. Open configuration file ES16-5.dai. Measure
and record the line currents, then turn off the Power Supply. Determine the
average line current.

11: A
12: A
13: A
L+ L+1
Average I;;yg = ! 32 = A

=

%RT

Eq (™o 12 E3 Rj
+
%Rg

Figure 6-8. Measuring the line currents in the delta-connected resistive load.
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28. Calculate the ratio of the average line current to the average phase current.

Average Iy g

Average Ipyasi
Is it approximately equal to v/3?

U Yes U No

29. Using the results of step 24, calculate the active power consumed in each
phase of the circuit, and the total power consumed by the load.

Pry = Epy X Ip1 = w
Pry = Epy X Ipp = w
Prz = Eg3 X I3 = w
Pr = Ppq + Ppy + Ppy = w

30. Determine the phase voltage using the values measured in step 24.
Eppase=__ V

Calculate P, using the phase voltage and current, and compare it with the
result obtained in step 29. Are both values approximately the same?

Pr =3 (Eppase X lppase) = W

U Yes U No

31. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS

© Festo Didactic 584079

In this exercise, you measured the line and phase voltages and currents for
balanced wye- and delta-connected resistive loads, and saw that the line and

phase values were related by the factor v3. You saw that no current flows in the
neutral wire of a balanced wye-connected load, and demonstrated that individual
line voltages and currents are equal with balanced three-phase loads. Finally,
you demonstrated that total power for a three-phase resistive load is three times
the power supplied to one of the circuit branches.

1. In a balanced wye-connected circuit the

line voltages and currents equal the load values.

line voltage is v/3 times greater than the phase voltage.
line voltage is v/3 times smaller than the phase voltage.
line current is v/3 times greater than the phase current.

oo op

2. In a balanced delta-connected circuit the

line voltages and currents equal the load values.

line current is V3 times smaller than the phase current.
line current is V3 times greater than the phase current.
line voltage is V3 times greater than the phase voltage.

aoow

3. What is the line-to-neutral (phase) voltage in a balanced wye-connected
circuit when the line-to-line voltage is 346 V?

a. 346V
b. 600V
c. 200V
d. 245V

4. What is the line current in a balanced delta-connected resistive load when
the load current through each branch is 10 A?

a. 27.3A
b. 17.3A
c. 116A
d. 58A

5. The line current in a balanced three-phase, wye-connected, resistive load is
25 A. What will happen if the neutral wire is disconnected?

a. The power protection circuits will operate because of the
imbalance.

b. Nothing, because there is no current in the neutral line.

c. The line voltage will become unbalanced.

d. The phase current will increase to dangerous levels.
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Three-Phase Power Measurement

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to calculate active,
reactive, and apparent power in balanced, wye- or delta-connected, three-phase
circuits. You will know how to use a power meter to measure power in single-
phase circuits. You will also know how to measure power in three- and four-wire,
three-phase circuits.

Calculating power in balanced three-phase circuits

As seen in the previous exercise, the total active power P; supplied to a
balanced three-phase load (i.e., the total active power dissipated in a circuit) can
be calculated using the following equation:

Pr =3 X Pppase = 3 (Epnase X Ipnase X €OS @)

In a wye-connected circuit, Epngse = Erme/v3 and the phase current Ippgs, IS
equal to the line current I,;,,.. The above equation then becomes:

3
Pr =—=XEjpe X I jne X COS @

V3

The 3/+/3 factor can be simplified to v/3, so that the final equation for the total
active power dissipated in the wye-connected circuit is

Pr = \/§ (ELine X I jpe X COS (P)

where P, is the total active power dissipated in the three-phase circuit,
expressed in watts (W).

In a delta-connected circuit, the above equation is obtained because the phase
voltage Eppgse is €qual to the line voltage E; e, and Ippgse = Iime/V3. Therefore,
in either a balanced wye-connected circuit or a balanced delta-connected circuit,
the total active power P; dissipated in the three-phase circuit can be calculated
using the equation above.
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Since  (Eppgse X Ipnase X COs@) is the expression representing the active
power Pp,.c. dissipated in a single phase of a three-phase circuit, it follows that
the expression Epp.se X Ipnase fepPresents the apparent power in a single phase.
The total apparent power S; in a balanced, wye- or delta-connected, three-phase
circuit can thus be calculated using the following equation:

Sr=3 (EPhase X IPhase)

where S, s the total apparent power in the three-phase circuit, expressed in
volt-amperes (VA).

Following the same steps used to obtain the equation for calculating the total
active power Py in three-phase circuits using the line voltage E;;,,. and the line
current I,;,,., the equation for the total apparent power S; in a three-phase circuit
can be rewritten as follows:

Sr = \/§ (ELine X ILine)

The power factor of a balanced three-phase circuit is the ratio of the total active
power to the total apparent power (i.e., P;/S7), and the relationship between Py,
Qr, and S; is the same as for single-phase ac circuits (i.e., S;2 = Pr* + Q2).
Thus, the total reactive power Q in a three-phase circuit can be calculated using
the following equation:

Qr = ,/STZ _PT2

where Q@ is the total reactive power in the three-phase circuit, expressed in
reactive volt-amperes (var).

Power measurements in single-phase circuits

Commercial instruments are available to measure active, reactive, and apparent
power directly. These instruments are referred to as power meters. A selector on
the power meter usually allows the unit to measure active, reactive, or apparent
power. A power meter determines power by measuring the circuit voltage and
current. All power meters thus generally have at least a voltage input and a
current input to measure the circuit voltage and current. Figure 6-9a shows the
typical connections of a power meter in a single-phase circuit and Figure 6-9b
shows the equivalent connections required to measure power using the data
acquisition module.
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AC power
source

(a) Typical power meter connections (b) Equivalent connections for power measurements
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using the Data Acquisition module

Figure 6-9. Three-phase circuit diagrams showing the connections required for power
measurements.

Measuring the total power in four-wire, three-phase circuits

Measuring the total power in a four-wire, three-phase circuit is done by first
measuring the voltage and current in each phase of the circuit (i.e., the voltage
across each load element and the current flowing in each load element) and
calculating the active power and reactive power in each phase from the voltage
and current measured in each phase of the circuit. The total active power (Py) in
the four-wire, three-phase circuit is simply the algebraic sum of the active power
values obtained for the three phases of the circuit. Similarly, the total reactive
power (Qr) is simply the algebraic sum of the reactive power values obtained for
the three phases of the circuit.

In other words, it is like measuring the active power and reactive power in each
phase independently using three power meters and algebraically adding the
three measured power (either active or reactive) values. The total apparent
power (S;) can then be obtained by computing the vectorial sum of the total
active power P, and the total reactive power Q;. Figure 6-10 shows the
connections required to measure the total power in a four-wire, three-phase
circuit using the data acquisition module. Note that, in the circuit diagram,
inputs E1 and 11, inputs E2 and 12, and inputs E3 and I3 each represent a power
meter.
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Ry
L1

Ry
L2

Rs
L3

Figure 6-10. Three-phase power measurement using three power meters.

The method of power measurement shown in Figure 6-10 works whether the
three-phase circuit is balanced or not.

Measuring the total power in three-wire, three-phase circuits (two-
wattmeter method)

A three-wire, three-phase circuit is simply a three-phase circuit with three line
conductors but no neutral conductor. Three-wire, three-phase circuits are used
commonly because they allow three-phase power to be conveyed using three
conductors instead of four conductors. This makes three-wire, three-phase
circuits more economical than four-wire, three-phase circuits.

The method for measuring the total power in four-wire, three-phase circuits
discussed in the previous section cannot be used to measure the total power in
three-wire, three-phase circuits. For instance, when the load is connected in a
wye configuration, the phase currents can be measured but the phase voltages
(voltage across each load element) cannot because the neutral point generally is
not available to connect the voltage inputs of the power meters, as Figure 6-11
shows.
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Wye-connected load

R
L1 !
R
L2 2
R
L3 3

? ? ?

Figure 6-11. Diagram of a three-wire, wye-connected, three-phase circuit showing that the
voltage inputs of the power meters generally cannot be connected to the neutral point of the
circuit.

Similarly, when the load is connected in a delta configuration, the phase voltages
can be measured but the phase currents (current flowing through each load
element) cannot be measured because individual access to each load element
generally is not possible (i.e., it is impossible to connect the current inputs of the
power meters to measure the phase currents), as Figure 6-12 shows.
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Delta-connected load

L1 P - - -
Ry
L2
Rs
R,
L3

? ? ?

Figure 6-12. Diagram of a three-wire, delta-connected, three-phase circuit showing that the
current inputs of the power meters cannot be connected to measure the phase currents.

To measure the total power (either the total active power P, the total reactive
power Q, or the total apparent power S;) in three-wire, three-phase circuits, a
method using only two power meters can be used. This method is usually
referred to as the two-wattmeter method because historically, it was first
implemented with two wattmeters instead of two power meters. Figure 6-13
shows the connections of the voltage and current inputs of the two power meters
required for the two-wattmeter method of measuring three-phase power. Note
that the voltage and current inputs of the power meters must be connected with
the polarity indicated in the figure in order to obtain correct power measurements.
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Wye-connected Delta-connected
load load
Ry
L1
Ry
R
2 " OR
R
R
L3 ’

Figure 6-13. Connections of the voltage and current inputs of the power meters to a three-wire,
three-phase circuit when measuring the total power using the two-wattmeter method.

The total active power (P;) in the three-wire, three-phase circuit is simply the
algebraic sum of the active power values indicated by the two power meters.
Similarly, the total reactive power (Qr) is simply the algebraic sum of the reactive
power values indicated by the two power meters. The total apparent power (S;)
can then be obtained by computing the vectorial sum of the total active power P,
and the total reactive power Q. This method of power measurement works
whether the three-phase circuit is balanced or not.

Measuring the total power in four-wire, three-phase circuits using the two-
wattmeter method

The two-wattmeter method of power measurement can also be used to measure
the total power (either active, reactive, or apparent) in four-wire, three-phase
circuits. This can be useful because the two-wattmeter method requires only two
power meters (i.e., two voltage inputs and two current inputs) instead of three
power meters (i.e., three voltage inputs and three current inputs) as with the
method seen earlier in this discussion. However, care must be exercised when
using the two-wattmeter method to measure the total power in four-wire, three-
phase circuits because the method works only with balanced circuits.
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EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Setup and connections

In this section, you will set up the equipment to measure power in a four-wire,
three-phase circuit.

1.

206

Install the Power Supply, data acquisition module, Resistive Load, and
Capacitive Load modules in the EMS Workstation.

Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-5 position, then make sure that the Power
Supply is connected to a three-phase wall receptacle.

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the

24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the 1 (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES16-6a.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

<7 Make sure that the continuous refresh mode is selected.

Set up the circuit shown in Figure 6-14.
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Figure 6-14. Balanced, four-wire, wye-connected, three-phase circuit set

measurements.

L1 Ry Hor
R X,
L2 2 Cc2
X
R Cc3
L3 3
| |
Local ac power network
Rlv RZ-R3 XCerCZrXCS
Voltage Frequency @ (o)}
(V) (Hz)
120 60 171 240
220 50 629 880
220 60 629 880
240 50 686 960

up for power

6. Make the necessary switch settings on the Resistive Load and Capacitive
Load modules in order to obtain the resistance and capacitive reactance
values required.
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Measuring the total power in four-wire, three-phase circuits

In this section, you will solve the circuit you set up in the previous section by
calculating the active, reactive, and apparent power values in each phase of the
circuit, and the total active, reactive, and apparent power values in the circuit.
You will measure the circuit's voltage, current, and power values, and confirm
that the measured circuit parameters are equal to the calculated circuit
parameters. You will then unbalance the three-phase circuit by modifying the
impedance in one phase of the circuit, and solve the resulting unbalanced, three-
phase circuit. Finally, you will measure the total active, reactive, and apparent
power values in the circuit, and verify that the measured circuit parameters are
equal to the calculated circuit parameters, thus confirming that the total power in
both balanced and unbalanced, four-wire, three-phase circuits can be measured
using three power meters.

7. Solve the circuit in Figure 6-14 to determine the following parameters: the
active power P, reactive power Q, and apparent power S in each phase of the
circuit, as well as the total active power P, total reactive power @, and total
apparent power Sy in the circuit.

8. Turn on the main Power Supply and set the voltage control knob so that the
ac power source voltage (indicated by meter E;_j) is equal to the nominal
voltage of the ac power network. Do not change the setting of the voltage
control knob until the end of the exercise.

Measure and record below the voltages and currents in the circuit of
Figure 6-14, as well as the active power, reactive power, and apparent power
in each phase of the circuit, then turn off the Power Supply.

J7 You can change the type of power (i.e., active, reactive, or apparent)

N7 measured by a power meter in the Metering window by clicking on the meter
Mode button. With this method, you can rapidly perform all active power
measurements, then all reactive power measurements, and finally all apparent
power measurements using the same three meters.
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Voltage and current measurements:

Einy= Vv
E, y= Vv
Es_ny= Vv
Ippase1 =
Iphase2 =
Iphases =

Active, reactive, and apparent power measurements:

Pp=__ W
Ppbb=__ W
Py = w
Q, = var
Q, = var
Qs = var
S = VA
S, = VA
S; = VA

A

9. Compare the voltage, current, and power (active, reactive, and apparent)
values measured in the previous step with the parameter values calculated in

step 7. Are all values approximately equal?

U Yes U No

10. Open setup configuration file ES16-7a.dai. This file adds a meter in the

Metering window that indicates the total power in the three-phase circuit.
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11. Turn on the Power Supply.

12.

Measure and record successively the total active power Py, total reactive
power Q,, and total apparent power S; in the circuit using the total power
meter set in the previous step, then turn off the Power Supply.

PT :—W
Qr = var
Sy = VA

Compare the total power values you just measured with the total active
power P, total reactive power Qr, and total apparent power S; calculated in
step 7. Are all values approximately equal?

U Yes U No

Modify the switch settings on the Resistive Load and Capacitive Load
modules in the circuit of Figure 6-14 in order to obtain the resistance and
capacitive reactance values indicated in Table 6-1. Due to these
modifications, the three-phase load is now unbalanced (i.e., the first phase of
the circuit has a different impedance from that of the second and third
phases).

Table 6-1. Resistance and capacitive reactance values used for unbalancing the four-wire,
wye-connected, three-phase circuit of Figure 6-14.

Local ac power network

Volt F Rl RZ: R3 XCl XCZ: XC3
oltage requency qQ qQ qQ qQ
v e @ @ @ @
120 60 300 171 600 240
220 50 1100 629 2200 880
220 60 1100 629 2200 880
240 50 1200 686 2400 960
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13. Solve the circuit in Figure 6-14 using the resistance and capacitive reactance
values indicated in Table 6-1, to determine the following parameters: the total
active power P;, total reactive power Q;, and total apparent power S; in the
circuit.

14. Turn on the Power Supply.

Successively measure and record the active power Py, reactive power Qr,
and apparent power Sy in the circuit using the total power meter you set up
before, then turn off the Power Supply.

PT =—W
Qr = var
ST= VA

15. Compare the total active power P, total reactive power Q;, and total
apparent power S; measured in the previous step with the total power values
calculated in step 13. Are all values approximately equal?

U Yes U No

Do the circuit measurements performed in this section confirm that the total
power in both balanced and unbalanced, four-wire, three-phase circuits can
be measured using three power meters?

O Yes O No
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Measuring the total power in three-wire, three-phase circuits (wye
configuration)

In this section, you will set up a balanced, three-wire, wye-connected, three-
phase circuit. You will measure the total active, reactive, and apparent power
values in the circuit using the two-wattmeter method, and verify that the
measured power values are equal to the calculated power values, thus
confirming that the two-wattmeter method of power measurement works for
measuring the total power in balanced, three-wire, three-phase circuits.

16. Set up the circuit shown in Figure 6-15.

J7 The balanced, three-phase load in the circuit of Figure 6-15 is identical to the
A\ balanced, three-phase load used in the previous section of this exercise. The
total active power Py, total reactive power Q, and total apparent power Sy are
thus equal to those calculated in the previous section (see step 7) of the

exercise.
R, Xe1
L1
R, Xea
L2
R; Xc3
L3
Local ac power network
Ry, Ry, R3 Xc1, Xc2, X3
Voltage Frequency @ @
V) (Hz)
120 60 171 240
220 50 629 880
220 60 629 880
240 50 686 960

Figure 6-15. Balanced, three-wire, wye-connected, three-phase circuit set up for power
measurements using the two-wattmeter method.

17. Make the necessary switch settings on the Resistive Load and Capacitive
Load modules in order to obtain the resistance and capacitive reactance
values required.

18. Open setup configuration file ES16-8a.dai.
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19. Turn on the Power Supply.

Successively measure and record the total active power P, total reactive
power Q,, and total apparent power Sy in the circuit using the meter you set
up for total power measurement, then off the Power Supply.

PT :—W
Qr = var
Sy = VA

20. Compare the total active power P, total reactive power Q, and total
apparent power S; measured in the previous step with the total power values
calculated in step 7. Are all values approximately equal?

U Yes U No

Do the circuit measurements performed in this section confirm that the two-
wattmeter method of power measurement can be used to measure the total
power in balanced, three-wire, wye-connected, three-phase circuits?

U Yes U No

Measuring the total power in three-wire, three-phase circuits (delta
configuration)

In this section, you will set up a balanced, three-wire, delta-connected, three-
phase circuit. You will solve the circuit by calculating the active, reactive, and
apparent power values in each phase of the circuit, and the total active, reactive,
and apparent power values in the circuit. You will measure the total active,
reactive, and apparent power values in the circuit using the two-wattmeter
method, and confirm that the measured values are equal to the calculated
values. You will then unbalance the three-phase circuit by modifying the
impedance in one phase of the circuit, and solve the resulting unbalanced three-
phase circuit. Finally, you will measure the total active, reactive, and apparent
power values in the circuit using the two-wattmeter method, and verify that the
measured values are equal to the calculated values, thus confirming that the two-
wattmeter method of power measurement can be used to measure the total
power in both balanced and unbalanced, three-wire, three-phase circuits.
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21. Set up the circuit shown in Figure 6-16.

L1
R,
Xc1
L2 Rs
Xcs
R,
XCZ
L3
Local ac power network
Rlv R21R3 XCerCZrXCS
Voltage Frequency @ @
™) (Hz)
120 60 171 240
220 50 629 880
220 60 629 880
240 50 686 960

Figure 6-16. Balanced, three-wire, delta-connected, three-phase circuit set up for power

measurements using the two-wattmeter method.

22. Make the necessary switch settings on the Resistive Load and Capacitive
Load modules in order to obtain the resistance and capacitive reactance

values required.
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23. Solve the circuit in Figure 6-16 to determine the following parameters: the

24,

25.

26.

Sale and/or reproduction forbidden

active power P and reactive power Q in each phase of the circuit, as well as
the total active power Py, total reactive power Qr, and total apparent
power S; in the circuit.

Turn on the Power Supply.

Successively measure and record the total active power P, total reactive
power Q,, and total apparent power S; in the circuit using the meter you set
up for total power measurement, then off the power.

PT = W
Qr = var
ST = VA

Compare the total active power P, total reactive power Q, and total
apparent power S; measured in the previous step with the total power values
calculated in step 23. Are all values approximately equal?

U Yes U No

Modify the switch settings on the Resistive Load and Capacitive Load
modules in the circuit of Figure 6-16 in order to obtain the resistance and
capacitive reactance values indicated in Table 6-2. Due to these
modifications, the three-phase load is now unbalanced (i.e., the first phase of
the circuit has a different impedance from that of the second and third
phases).
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Table 6-2. Resistance and capacitive reactance values used for unbalancing the three-wire,

delta-connected, three-phase circuit in Figure 6-16.

Local ac power network
Voltage Frequency (I:;) R?;I;ﬁ )((S;; Xczz;]fm
V) (Hz2)
120 60 300 171 600 240
220 50 1100 629 2200 880
220 60 1100 629 2200 880
240 50 1200 686 2400 960

27. Solve the circuit in Figure 6-16 using the resistance and capacitive reactance
values indicated in Table 6-2, to determine the following parameters: the total
active power Py, total reactive power Qr, and total apparent power S; in the

circuit.

28. Turn on the Power Supply.

Successively measure and record the total active power P, total reactive
power Q;, and total apparent power Sy in the circuit using the meter you set
up for total power measurement, then turn off the Power Supply.

PT=

Qr=__

ST=
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29. Compare the total active power P, total reactive power Q;, and total
apparent power S; measured in the previous step with the total power values
calculated in step 27. Are all values approximately equal?

U Yes U No

Do the circuit measurements performed in this section confirm that the two-
wattmeter method of power measurement can be used to measure the total
power in both balanced and unbalanced, three-wire, delta-connected, three-
phase circuits?

O Yes O No

Measuring the total power in four-wire, three-phase circuits using the two-
wattmeter method

In this section, you will set up a balanced, four-wire, wye-connected, three-phase
circuit similar (same load but voltage and current inputs connected for total power
measurement using the two-wattmeter method) to the one you set up in the
“Measuring the total power in four-wire, three-phase circuits” section of this
exercise. You will measure the total active, reactive, and apparent power values
in the circuit using the two-wattmeter method, and confirm that the measured
values are equal to the values calculated for this balanced, three-phase circuit in
the “Measuring the total power in four-wire, three-phase circuits” section of this
exercise. You will then unbalance the three-phase circuit by modifying the
impedance in one phase of the circuit. Finally, you will measure the total active,
reactive, and apparent power values in the circuit, and verify that the measured
values differ from the values calculated for this unbalanced, three-phase circuit in
the section “Measuring the total power in four-wire, three-phase circuits” of this
exercise. You will confirm that the two-wattmeter method of power measurement
can only be used to measure power in four-wire, three-phase circuits that are
balanced.

30. Set up the circuit shown in Figure 6-17.
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R, Xc1
L1
R, Xez
L2
Rs Xe3
L3
Local ac power network
Ry, Ry, R3 Xc1, Xc2, X3
Voltage Frequency @ @
V) (Hz)
120 60 171 240
220 50 629 880
220 60 629 880
240 50 686 960

Figure 6-17. Four-wire, wye-connected, three-phase circuit set up for power measurements
using the two-wattmeter method.

31. Make the necessary switch settings on the Resistive Load and Capacitive
Load modules in order to obtain the resistance and capacitive reactance
values required.

“] The balanced, three-phase circuit you just set up corresponds to the balanced,
X7 four-wire three-phase circuit set up in the “Measuring the total power in four-
wire, three-phase circuits” section of this exercise. The calculations required

for solving the circuit are identical and do not need to be repeated.
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32.

33.

34.

Turn on the Power Supply.

Successively measure and record the total active power P, total reactive
power Q,, and total apparent power Sy in the circuit using the meter you set
up for total power measurement, then turn off the Power Supply.

PT :—W
Qr = var
Sy = VA

Compare the total active power P, total reactive power Q, and total
apparent power S; measured in the previous step with the total power values
calculated in step 7. Are all values approximately equal?

U Yes U No

Modify the switch settings on the Resistive Load and Capacitive Load
modules in the circuit of Figure 6-17 in order to obtain the resistance and
capacitive reactance values indicated in Table 6-3. Due to these
modifications, the three-phase load is now unbalanced (i.e., the first phase of
the circuit has a different impedance from that of the second and third
phases).
“] The unbalanced, three-phase circuit you just set up corresponds to the
A unbalanced, four-wire, three-phase circuit set up in the section “Measuring the
total power in four-wire, three-phase circuits” of this exercise. The calculations
required for solving the circuit are identical and do not need to be repeated.

Table 6-3. Resistance and capacitive reactance values used for unbalancing the four-wire,
wye-connected, three-phase circuit.

Sale and/or reproduction forbidden

Local ac power network

Volt = Rl RZ: R3 XCl XCZ: XC3
oltage requency qQ qQ qQ qQ
v e @ @ @ @
120 60 300 171 600 240
220 50 1100 629 2200 880
220 60 1100 629 2200 880
240 50 1200 686 2400 960
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35. Turn on the Power Supply.

36.

37.

220

Successively measure and record the total active power P, total reactive
power Q,, and total apparent power Sy in the circuit using the meter you set
up for total power measurement, then turn off the Power Supply.

PT :—W
Qr = var
Sy = VA

Compare the total active power P, total reactive power Q, and total
apparent power S; values measured in the previous step with the total power
values calculated in step 13. Are all values equal?

U Yes U No

What conclusions can you draw concerning the two-wattmeter method of
power measurement when measuring power in four-wire, three-phase
circuits?

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS
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In this exercise, you learned how to calculate active, reactive, and apparent
power in balanced, wye- and delta-connected, three-phase circuits. You also
learned how to use power meters to measure power in three-phase circuits. You
saw how to measure power in three- and four-wire, three-phase circuits, as well
as when it is possible to use the two-wattmeter method of power measurement to
measure power in a three-phase circuit.

1. A balanced, delta-connected, purely resistive, three-phase circuit has a line
voltage E;;,, 0f 100V and a line current I;;,, of 1.5 A. What is the total
amount of active power P dissipated in the resistive load of the circuit?

260 W
300 W
450 W
150 W

aoow

2. Explain how to connect the two power meters to the lines of a three-wire,
three-phase circuit when using the two-wattmeter method of power
measurement.

a. the current input of one of the power meters is connected to
measure the line current flowing in one of the circuit line wires,
while the second power meter current input is connected to
measure the neutral line current. One voltage input of a power
meter in then connected to measure the line voltage between
two line wires and the other between a line wire and the neutral
line wire.

b. the current inputs of the power meters are connected to measure
the line current flowing in two of the circuit line wires, while the
voltage inputs of the power meters are connected to measure
the line voltage between each of the two line wires connected to
the current inputs and the neutral wire.

c. the current inputs of the power meters are connected to measure
the line current flowing in two of the circuit line wires, while the
voltage inputs of the power meters are connected to measure
the line voltage between each of the two line wires connected to
the current inputs and the remaining line wire.

d. the current input of one of the power meters is connected to
measure the line current flowing in one of the circuit line wires,
while the second power meter current input is connected to
measure the line current flowing in two of the circuit line wires.
One voltage input of a power meter in then connected to
measure the line voltage between a line wire and the neutral line
wire.
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A balanced, wye-connected, resistive and capacitive, three-phase circuit has
a phase voltage Ep,4. 0f 80 V and a phase current I, 0f 2.5 A. Calculate
the total apparent power Sy in the circuit.

a. 350 VA
b. 800 VA
c. 600 VA
d. 1000 VA

A balanced, three-wire, resistive and capacitive, three-phase circuit is
connected to two power meters set up to measure power using the two-
wattmeter method of power measurement. The two power meters indicate
active power readings of 175W and -35W. Calculate the total active
power P; dissipated in the circuit.

a. 120w
b. 375W
c. 230W
d. 140W

In which type of three-phase circuits does the two-wattmeter method of
power measurement not work to measure the total power in the circuit?

a. The two-wattmeter method of power measurement does not
work to measure power in unbalanced, four-wire, three-phase
circuits.

b. The two-wattmeter method of power measurement does not
work to measure power in balanced, three-wire, three-phase
circuits.

c. The two-wattmeter method of power measurement does not
work to measure power in unbalanced, three-wire, three-phase
circuits.

d. None of the above
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When you have completed this exercise, you will know what a phase sequence is
and why it is important to know the phase sequence of a three-phase power
system. You will be able to determine the phase sequence of a three-phase
power system using an oscilloscope.

Phase sequence fundamentals

As mentioned earlier in this manual, a three-phase power system is a
polyphase system in which three voltages E,, Egz, and E; have an equal
magnitude and are displaced 120° from each other. However, simply stating that
the voltages are 120° out of phase with each other is not sufficient to fully
describe the system. The order in which the voltages succeed each other, i.e.,
the phase sequence of the power system, is also important.

The phase sequence of a power system is determined directly at the power
generating station by the direction of rotation of the ac generators. Figure 6-18a
shows a three-phase power system rotating in clockwise (cw) direction. The
phase sequence is thus A-B-C-A-B-C.... Figure 6-18b and Figure 6-18c show the
resulting phase voltage waveforms and phase voltage phasor diagram,
respectively.
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E A
Phase A
120°
120° 120° E B
Phase B
120°
120°
120°
E C
Phase C
(a) Three-phase power system rotating in cw direction (b) Corresponding phase voltage waveforms
Ec
120°
A
120°
120°
Ep

(c) Corresponding phase voltage phasor diagram

Figure 6-18. A-B-C-A-B-C... phase sequence.

Figure 6-19a, on the other hand, shows the same three-phase power system
rotating in counterclockwise (ccw) direction. The corresponding phase sequence
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is A-C-B-A-C-B.... Figure 6-19b and Figure 6-19c show the resulting phase
voltage waveforms and phase voltage phasor diagram, respectively.

A
E
Phase A
120°
120°
120° 120° B
E
Phase B
120°
120 c
E
Phase C
(a) Three-phase power system rotating in ccw direction (b) Corresponding phase voltage waveforms
Ep
120°
Ey
120°
120°
Ec

(c) Corresponding phase voltage phasor diagram

Figure 6-19. A-C-B-A-C-B... phase sequence.
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When phase sequence A-B-C is written in the form A-B-C-A-B-C..., it becomes
clear that B-C-A and C-A-B represent the same sequence as A-B-C and that only
the phase used as reference for describing the sequence has changed. The
opposite sequence to A-B-C is A-C-B, which is the same as C-B-A and B-A-C (as
demonstrated when the sequence is written in the form A-C-B-A-C-B...). Thus,
the phase sequence of a three-phase system can be inverted by simply
interchanging any two phases of the system.

When connecting a three-phase motor to power lines, it is extremely important to
know the phase sequence of the power distribution system because the direction
in which the motor turns depends on it. Consider for example the connection of
a 4000-kw three-phase motor. It takes several hours of work for an electrician to
connect the three large leads of the motor to the local three-phase power system.
If the phase sequence is not determined in advance, the motor has a fifty percent
chance of turning in the wrong direction, which would result in the work having to
be redone and possibly in damage to the equipment if the motor is connected to
a load. Another situation where phase sequence is of critical importance is when
additional power is needed in a three-phase ac power network, and one or more
alternators (three-phase ac generators) must be added to share the load. The
alternators are connected in parallel and so, if the phase sequencing is incorrect,
serious damage will occur when the switch connecting the alternators to the
power network is turned on.

Determining the phase sequence of a three-phase power system using an
oscilloscope

The phase sequence of a three-phase power system can be determined quickly
by observing the power system phase voltage waveforms related to the system
using an oscilloscope. Figure 6-20 shows an oscilloscope display obtained when
channels 1, 2, and 3 of the oscilloscope are connected to phases A, B, and C,
respectively, of a three-phase ac power source. In this case, the voltage
waveforms of phases A, B, and C appear in sequence from top to bottom on the
oscilloscope display, thereby indicating that the phase sequence with the present
connections to channels 1, 2, and 3 is A-B-C.
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Oscilloscope Settings

Channel-1 Scale...........co...... 200 V/div
Channel-2 Scale............cc...... 200 V/div
Channel-3 Scale .........ccoovvu 200 Vidiv
Time Base.......cccovvvvvevieinenns 5 ms/div

Oscilloscope Settings
Channel-1 Scale.........c.ccc..... 200 V/div

Channel-2 Scale ..200 V/div
Channel-3 Scale ..200 V/div
Time Base.......cccovvvvvevieinenns 5 ms/div

© Festo Didactic 584079
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Figure 6-20. Oscilloscope display when channels 1, 2, and 3 of an oscilloscope are connected
to phases A, B, and C, respectively, of a three-phase ac power source.

In Figure 6-21, the connections to phases B and C of the three-phase ac power
source have been inverted and channels 1, 2, and 3 of the oscilloscope are now
connected to phases A, C, and B, respectively. In this case, the voltage
waveforms of phases A, C, and B appear in sequence from top to bottom on the
oscilloscope display, thereby indicating that the phase sequence with the present
connections to channels 1, 2, and 3 is A-C-B. Therefore, the oscilloscope display
clearly shows that the phase sequence has been inverted.

=

Figure 6-21. Oscilloscope display when channels 1, 2, and 3 of an oscilloscope are connected
to phases A, C, and B, respectively, of a three-phase ac power source.
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Connecting an oscilloscope to a three-phase power system

When the neutral wire of a three-phase power system is available, each channel
of the oscilloscope can be connected directly to a line wire and the neutral wire to
measure a phase voltage, as shown in Figure 6-22.

L1

Three-phase

ac power source
L2
L3

Figure 6-22. Oscilloscope connections to a four-wire, three-phase power system.

In most cases, direct connection of the oscilloscope to a three-wire, three-phase
power system to measure the phase voltages is not possible because the neutral
point generally is not available. In this case, a balanced, wye-connected resistive
load is temporarily connected to the line wires of the three-phase power system
and each oscilloscope channel is connected to measure the phase voltage
across one of the load resistors. Figure 6-23 shows the circuit connections
required to connect an oscilloscope to a three-wire, three-phase power system
(system with no neutral wire).
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Balanced
resistive load

R

L1 !
R,

Three-phase ac L2
power source

R

L3 :

Figure 6-23. Oscilloscope connections to a three-wire, three-phase power system (system with
no neutral wire).

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Set up and connections

In this section, you will set up the equipment to determine the phase sequence of
the three-phase ac power source in the Power Supply.

1. Install the Power Supply, data acquisition module, Resistive Load, Inductive
Load, and Capacitive Load modules in the EMS Workstation.

Property of Festo Didactic
Sale and/or reproduction forbidden

© Festo Didactic 584079 229



Ex. 6-3 — Phase Sequence ¢ Procedure

230

2. Make sure that the main switch of the Power Supply is set to the O (OFF)

position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position, then make sure that the
Power Supply is connected to a three-phase wall receptacle.

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24V - AC power switch to
the | (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES16-11a.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

<7 Make sure that the continuous refresh mode is selected.

5. Set up the circuit shown in Figure 6-24.

L1

L2

L3

Figure 6-24. Circuit set up for determining the phase sequence of the three-phase ac power
source in the Power Supply.
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Determining the phase sequence of the three-phase ac power source

In this section, you will determine the phase sequence of the three-phase
ac power source in the Power Supply by observing the phase voltage waveforms
using the Oscilloscope, and confirm the phase sequence by observing the phase
voltage phasors using the Phasor Analyzer. You will then interchange the
connections at two terminals of the three-phase ac power source and determine
the new phase sequence using the Oscilloscope. Finally, you will confirm the
new phase sequence using the Phasor Analyzer.

6. Turn on the main Power Supply and set the voltage control knob so that the
ac power source voltage (indicated by meter E;_y) is equal to the nominal
voltage of the ac power network. Do not change the setting of the voltage
control knob until the end of the exercise.

Using the oscilloscope, determine the phase sequence of the three-phase
ac power source from the phase voltage waveforms you observe.

2

The phase sequence related to terminals 4,5, and 6 of the Power Supply is

N7 A-B-C. When the three-phase ac power outlet to which the Power Supply is
connected is wired accordingly, the sequence of the phase voltages at
terminals 4,5, and 6 is A-B-C.

Phase sequence:

7. Open the Phasor Analyzer, then make the appropriate settings in order to
observe the phasors of the phase voltages measured using inputs E1, E2,
and E3 of the data acquisition module.

8. Using the Phasor Analyzer, observe the relative positions of the phase
voltage phasors at terminals 4,5, and 6 of the three-phase ac power source
(i.e., the phasors of the phase voltages measured using inputs E1, E2,
and E3 of the data acquisition module). Determine the phase sequence from
the phase voltage phasors you observe.

Phase sequence:

Is the phase sequence the same as the phase sequence you determined in
step 6?

U Yes U No
9. Turn off the Power Supply, then interchange the connections at terminals 5
and 6 of the Power Supply.

Turn on the Power Supply.
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10.

11.

12.

13.

Using the Oscilloscope, determine the phase sequence of the three-phase
ac power source from the phase voltage waveforms you observe and record
it below.

Phase sequence:

Is the phase voltage sequence opposite to the one you recorded in step 6?
U Yes U No

Using the Phasor Analyzer, observe the relative positions of the phase

voltage phasors at terminals 4,5, and 6 of the three-phase ac power source

(i.e., the phasors of the phase voltages measured using inputs E1, E2,

and E3). Determine the phase sequence from the phase voltage phasors you

observe.

Phase sequence:

Is the phase sequence the same as the phase sequence you determined in
the previous step?

U Yes U No
What is the effect on the phase sequence of the three-phase ac power

source in the Power Supply of interchanging the connections at two terminals
of the Power Supply?

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.

In this exercise, you saw what a phase sequence is and why it is important to
know the phase sequence of a three-phase ac power system. You learned how
to determine the phase sequence of a three-phase ac power source using an
oscilloscope.

1.

The opposite phase sequence to B-A-C is

a. B-C-A (C-A-B, A-B-C).
b. A-C-B.

c. C-B-A.

d.

Both A and B are correct.
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2. A three-phase motor rotates clockwise when the ac supply lines A, B, C are
connected to motor leads 1, 2, 3, respectively. If the connections are
changed so that lines A, B, C are now connected to leads 3, 1, and 2,
respectively, the motor

a.
b.

will rotate counterclockwise because the sequence is reversed.
will still rotate clockwise as the new phase sequence at motor
leads 1, 2, and 3 is B-C-A, which is equivalent to the original
phase sequence A-B-C.

will oscillate between clockwise and counterclockwise rotations.
will stop because the sequence is incorrect.

3. How is it possible to use an oscilloscope to determine the phase sequence of
a three-wire, three-phase ac power system?

a.

a direct connection of the oscilloscope to a wye-configured,
three-wire, three-phase power system to measure the phase
voltage is not possible because the neutral point generally is not
available.

by first connecting a delta-configured, three phase resistive load
to the line wires of the power system. Three channels of the
oscilloscope are then used to observe the phase voltages across
the load resistors and determine the phase sequence.

by first connecting a wye-configured, three phase resistive load
to the line wires of the power system. Three channels of the
oscilloscope are then used to observe the phase voltages across
the load resistors and determine the phase sequence.

None of the above.

4. Why is it important to know the phase sequence of a three-phase power
distribution system when connecting a three-phase motor to the system?

a.

b.

The phase sequence of the distribution system determines the
direction in which the motor turns.

Connecting the motor in the wrong phase sequence will make
the motor rotate in the wrong direction.

Connecting the motor in the wrong phase sequence may result
in damage to the motor and the surrounding equipment.

All of the above.

5. Determine the phase sequence of the voltage waveforms shown in the
following figure.

apow

The phase sequence shown is B-A-C (A-C-B, C-B-A).
The phase sequence shown is B-C-A (A-B-C, C-A-B).
The phase sequence shown is all of the above.

The phase sequence shown is none of the above.
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Ch1

Ch2

Ch3

Voltage waveforms.
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Unit Test

1. The line current is v/3 times greater than the phase current

with a balanced wye-connected load.
with a balanced delta-connected load.

when the line voltage is v/3 times smaller than the phase voltage.
when the line voltage is v/3 times greater than the phase voltage.

oo op

2. The line voltage is V3 times greater than the phase voltage

with a balanced wye-connected load.
with a balanced delta-connected load.

when the line current is /3 times greater than the phase current.
when the line current is +/3 times smaller than the phase current.

oo op

3. What is the neutral line current in a wye-connected circuit when the line-to-
line voltage is 346 V, and the load resistors are 100 Q?

a. 346 A
b. 10.38A
c. OA

d 2A

4. What is the current in each phase of a balanced delta-connected resistive
load when the line current is 34.6 A?

a. 60A
b. 115A
c. 20A
d. 104 A

5. The apparent power in a three-phase balanced circuit is 150 VA, and the
active power is 100 W. What is the load power factor?

a. 0.67
b. 15

c. 0.33
d. 0.25

6. The two-wattmeter method of power measurement

allows reactive power in a single-phase circuit to be determined.
allows active power in a single-phase circuit to be determined.
allows active power in a three-phase circuit to be determined.
allows apparent power in a single-phase circuit to be determined.

cooTp
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7. The formula for total apparent power in a three-phase balanced circuit is

Papparent = 1.73 (Eppase X Ipyasg X €0s @)
Papparent = 1.73 (Eping X Ippase X €OS @)
Papparent = 1.73 (Epng X Ine X €OS @)
Papparent = 1.73 (Eyng X Iuing)

Qoo

8. The two wattmeter readings for a three-phase balanced load are 200 W and
50 W. Knowing that the power measurements have been made using the
two-wattmeter method, what is the total power consumed by the load?

a. 250w
b. 150 W
c. 500w
d 750w

9. The phase sequence A-C-B is the same as

a. A-B-C.
b. C-B-A.
c. B-C-A.
d. bothaandec.

10. What changes in supply-line connections must be made for a three-phase
motor to reverse direction?

All leads must be reversed.

The leads must be connected through a transformer.
Two leads must be interchanged.

Motor direction cannot be changed in this way.

apow
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DISCUSSION OF
FUNDAMENTALS
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When you have completed this unit, you will be able to explain and demonstrate
important operating characteristics of single-phase transformers. You will be able
to connect transformer windings in series-aiding and series-opposing
configurations, and demonstrate the effect that loading has on secondary
voltage. Voltage and current measurements along with transformer load curves
will be used to study transformer operation and working characteristics.

Transformers are magnetically-operated devices that can change voltage,
current, and impedance values in ac circuits. In its simplest form, a transformer
consists of two coils of wire wound on a common core of ferromagnetic material,
such as iron. One coil is called the primary winding while the other is called the
secondary winding. Transformers are probably the most universal pieces of
equipment in the electrical industry, and range in size from tiny units in transistor
radios to extremely large units weighing several tons in power distribution
stations. However, all transformers have basically the same operating principles
and characteristics, and every transformer has a primary winding for the input
power and a secondary winding for the load. Some transformers are also
designed to have more than one secondary winding. The ratio of the number of
turns of wire in the primary winding (N; or Np) to the number of turns of wire in
the secondary winding (N, or Ng) is called the turns ratio. This ratio sets the
relationship between the input and output values of a transformer. Figure 7-1
shows a single-phase transformer with a turns ratio N; /N, of 1:1, connected to a
resistive load. The first exercise in this unit will show how Epg;, Ipg;, Esgc, @and Isge
are related through the turns ratio.

I PRI I SEC

— - —
W @
e PRIMARY SECONDARY e
Es (7™ Pl WINDING WINDING s=e Re
l O

TURNS RATIO Np/ Ng= Ny /N, = 1/1 (USUALLY WRITTEN 1:1)

Figure 7-1. Single-phase transformer connected to a resistive load.
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When mutual inductance exists between two coils or windings, a change in
current in one coil induces a voltage in the other. Also, when the primary winding
of a transformer is connected to an ac power source, it receives electrical energy
from the source and couples the energy to the secondary winding by means of a
changing magnetic flux. This energy appears as an electromotive force (a
voltage) across the secondary winding, and when a load is connected to the
secondary, the energy is transferred to the load. This process of magnetic
coupling allows electrical energy to be transferred from one circuit to another
without any physical connection between the two, therefore providing electrical
isolation between them. Because transformers allow power at one voltage and
current level to be converted into equivalent power at some other voltage and
current level, they are indispensable in ac power distribution systems.

Because alternating current flows in the windings of a transformer, an alternating
magnetic field is created in the iron core. Active power is dissipated in the
transformer because of copper loss and iron loss, and the transformer heats
up. The resistance of the wire used in the winding causes the copper loss, and
the iron loss results from eddy currents and hysteresis, the property of magnetic
materials causing resistance to changes in magnetization.

Despite the copper and iron losses, transformers are among the most efficient
electrical devices that exist, and the apparent power at the primary is frequently
considered equal to the apparent power at the secondary. The voltage at the
secondary, however, usually varies with changes in the load, from a given value
at no load to a lesser value when the secondary is fully loaded. The amount of
variation in secondary voltage as the load applied to the secondary changes is
called transformer regulation and depends on the type of load (resistive,
inductive, or capacitive) connected to the secondary. As will be seen in this unit,
the secondary voltage can even rise above its rated value instead of decreasing.
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DISCUSSION
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When you have completed this exercise, you will be familiar with voltage and
current characteristics of a single-phase transformer, and able to use the
transformer turns ratio to predict the voltage and current that will flow in the
secondary winding.

The windings of a standard single-phase transformer are called the primary
winding and the secondary winding, as shown in Figure 7-1 of the Unit
Discussion. The primary winding is the power input winding and this is the side
that is connected to the ac power source. The secondary winding is connected to
the load and is physically and electrically isolated from the primary. The voltage
and current that flow in the secondary are related to the primary voltage and
current by the transformer turns ratio N; /N, (or Np/Ng) through a very simple
relationship. The ratio of primary voltage to secondary voltage equals N;/N,,
while the ratio of primary to secondary current is equal to the inverse of the turns
ratio, N; /N,. This results in the following:

EPRI — &
Esge Ny
which gives:
Epri X N,
Esgc = N
1
and
Ibri _ Na
ISEC Nl
which gives:
_ prr XNy
Isge = N,

Transformers are designed with fixed ratios between primary and secondary
voltages, and are widely used to step-up (increase) or step-down (decrease) load
voltages and currents. The Single-Phase Transformer module used in these
exercises has its nominal ratings silk-screened on the front panel, and most
transformers have markings to indicate their nominal characteristics. Also, many
transformers have intermediate taps, or connection terminals on the secondary
side, so that different voltage ratios can be obtained using a single transformer.
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Determining a transformer's voltage ratio is a relatively simple matter. With no
load connected to the secondary winding, only the small exciting current
necessary to create the magnetic flux inside the transformer flows in the primary
winding. Transformer losses are minimum and the ratio of primary to secondary
voltage equals the turns ratio. The turns ratio can be found by measuring the
unloaded secondary voltage with nominal voltage applied to the primary. The
current ratio can be evaluated by measuring the short-circuit secondary current
with a small ac voltage applied to the primary. The voltage applied to the primary
must be low enough to ensure that the nominal current in the primary winding is
not exceeded. Otherwise, the windings may overheat and be damaged.

The exciting current, which is directly related to the alternating magnetic flux,
increases in direct proportion to the applied voltage until core saturation sets in.
Saturation occurs when the applied voltage exceeds the rated value of the
primary, and then the linear relationship between the primary voltage and the
exciting current breaks down. The curve of primary voltage versus exciting
current flattens and smaller increases in primary voltage lead to larger increases
in exciting current, as shown in Figure 7-2. The exciting current is only a few
milliamperes in the EMS Single-Phase Transformer module, and generally its
value is a small percentage of the nominal current of a transformer.

APPLIED VOLTAGE
(PROPORTIONAL TO THE FLUX)

|

EXCITING CURRENT
Figure 7-2. Saturation curve of a transformer.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, and Single-Phase
Transformer module in the EMS Workstation.
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2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position, then make sure that the
Power Supply is connected to a three-phase wall receptacle.

3. Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the

24V - AC output of the Power Supply. Set the 24V - AC power switch to
the | (ON) position.

4. Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES17-1.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

Make sure that the continuous refresh mode is selected.

5. Set up the transformer circuit shown in Figure 7-3. Connect meter inputs E1
and 11 as shown and use E2 to measure the different secondary voltages.

Is = lpri
— + i 3 5
4 1 -
+ +
Eg f\j E1 E2
7 9
N
8
@ -
2 4 6

Local ac power network
Voltage Frequency (EVS)
V) (Hz)
120 60 120
220 50 220
220 60 220
240 50 240

Figure 7-3. Single-phase transformer measurements.
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Turn on the main Power Supply and adjust the voltage control knob for the
value of voltage E; given in Figure 7-3. Measure the transformer primary
current and the different voltages across the various terminals of the
transformer secondary windings, listed below. Change the connections of
input E2 to measure each secondary voltage, making sure to turn off the
Power Supply before modifying the connections of input E2. After recording
the measured values, turn the voltage control knob fully counterclockwise,
then turn off the Power Supply.

Is = Ipp; = A
Es=E _,= Vv
Es_ ¢ = Vv
Ez 4= Vv
E; ;= Vv
E, g= Vv
Eg_4 = Vv
Es_ = Vv

Ey_¢ = Vv

7. Do the secondary voltages compare well with the rated values written on the

front panel?

U Yes U No

The transformer windings between terminals 1 and 2, and between
terminals 5 and 6, each have 500 turns of wire. The number of turns in the
winding between terminals 3 and 4 is 865. Calculate the turns ratios between
the primary and secondary windings for each case.

N1—2
Ns_¢

N1—2

Nos
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9. Using the measured values in step 6, compare these transformer turns ratios
with the corresponding voltage ratios. Are they approximately the same?

O Yes O No

10. Make sure that the power supply is turned off and the voltage control knob is
set to 0% (turned fully counterclockwise). Connect meter input 12 as shown in
Figure 7-4 and note that it short-circuits secondary winding 5-6. Select setup
configuration file ES17-2.dai. Turn on the power and slowly adjust the
voltage control knob to obtain the value of current I given in Figure 7-4.

|5 = |pR| ]SEC
+ = =
11 . O O
1 5
+ +
+ +
Eg Q\J E1 E pri Esec 12
N
2 6
* O O
Local ac power network
Is=1
Voltage Frequency s (A)PRI
V) (Hz)
120 60 0.40
220 50 0.20
220 60 0.20
240 50 0.20

Figure 7-4. Determining the ratio of primary current to secondary current.

11. Record the values of primary voltage and current, and the value of the short-
circuit secondary current in winding 5-6.

Eg = Epp; = \
Ippr=______ A
Igge=___ A
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12. Return the voltage control knob to zero and turn off the Power Supply.
Calculate the ratio of primary current to secondary current.

Ippr

ISEC
13. Is the ratio approximately equal to N, /N, [Ns_s/N;_5]?
U Yes U No
14. Connect meter input 12 so that it now short-circuits secondary terminals 3-4.
Turn on the Power Supply and slowly adjust the voltage control knob for the

same value of primary current Ipg; used in step 10. Once again, record the
values of primary voltage and current, and the secondary winding current.

Eppp=__ V
Ipp; = A
Isgc = A

15. Return the voltage control knob to zero and turn off the Power Supply. Again,
calculate the ratio of primary current to secondary current. Is it equal
to Ny /Ny [N3_4/Ny_5]?

U Yes U No

16. Set up the transformer circuit shown in Figure 7-5. It will be used to show
how exciting current is affected when the transformer core becomes
saturated. Since the exciting current is so small, the corresponding
voltage E; across a sense resistor (R) will be used to illustrate its variation.
Connect the transformer primary terminals to Power Supply terminals 4
and 5 through sense resistor R. Connect meter inputs E1, E2, and E3 to
measure the transformer voltages, Eg, Epg;, and Egg:, respectively. Connect
meter input 11 to measure the primary current, Ipg;.
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Is = lpri R

WH 0 O
g Bk &

Local ac power network
Voltage Frequency (g)
) (Hz)
120 60 100
220 50 367
220 60 367
240 50 400

Figure 7-5. Effect of core saturation on exciting current.

17. Open configuration file ES17-3.dai. Turn on the Power Supply and use the
voltage control knob to obtain values for Epg, (E2) equally spaced at about
10% intervals over the complete control knob range. For each voltage
adjustment, use the Data Table to record the measured values.

Do not leave high currents circulate through the transformer primary coil over a long
period of time. Take all your measurements requiring a primary current higher than the
transformer coil nominal value within two minutes. Let the transformer cool down for
15 minutes after the Power Supply is turned off.

18. When all measured values have been recorded, turn the voltage control knob
fully counterclockwise, and turn off the Power Supply.

19. Display the Graph window, select E1 (E;) as the X-axis parameter, and
E2 (Epg;) as the Y-axis parameter. Make sure the line graph format and the
linear scale are selected. Observe the curve of primary voltage versus
exciting current, represented by E1. Does the exciting current increase more
rapidly after the rated voltage is exceeded?

U Yes U No

20. Does the curve illustrate that the transformer core becomes saturated?

U Yes U No
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21. Review the measured data to determine how the primary-to-secondary
voltage ratio was affected when the transformer core became saturated.

22. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS
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In this exercise, you measured the primary and secondary voltages in a single-
phase transformer and confirmed that the ratio of primary-to-secondary voltage
equals the transformer turns ratio N;/N,. Measurements of primary and
secondary currents showed that the ratio of currents was equal to the inverse of
the turns ratio. You also observed the phenomenon of core saturation, and saw
that transformer saturation did not affect the voltage ratio.

The turns ratio for a transformer with 225 turns of wire in its primary winding
and 675 turns in the secondary is

a. 1.3
b. 31
c. Ng/Np
d. N,/N;

The short-circuit secondary current in a transformer is 5A. What is the
primary current if the transformer turns ratio is 1:4?

20A
1.25A
20A
0.8A

aoow

Transformer saturation occurs when the

primary current is greater than the rated value.
secondary winding is short-circuited.

secondary voltage is lower than the rated value.
primary voltage is greater than the rated value.

oo

When 200 V is applied to the primary winding of a step-up transformer that
doubles the primary voltage, how much current will flow in a 100-Q load
resistor connected across the secondary winding?

1A
2A
3A
4 A

aoop

Why is it necessary to apply a low voltage to the primary winding instead of
the rated voltage when evaluating the current ratio of a transformer?

a. To ensure that rated current will flow in the secondary.

b. To ensure that the current rating of the primary is not
exceeded.

c. To ensure that the voltage rating of the secondary is
respected.

d. To ensure that exciting current is maximum.
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Transformer Polarity

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to determine and use
transformer polarities to properly connect separate windings so that the voltages
add (series-aiding) or subtract (series-opposing).

When the primary winding of a transformer is energized by an ac source, an
alternating magnetic flux is established in the iron core. This alternating flux links,
or couples, the turns of each winding on the transformer and induces ac voltages
in the windings. Polarity might seem to be of minor importance for transformers
since they are ac devices. However, when two or more windings are connected
together, their relative instantaneous polarities have a significant effect on the
resulting net voltage. If the voltage in one winding is at its maximum positive
peak when the voltage in another winding is at its maximum negative peak, that
is, they are 180° out of phase, they will oppose each other and the resulting
voltage will be the difference between the two. For this reason, standards have
been adopted for marking the polarity of transformer leads. In North American
standards, the high-voltage leads are identified H1 and H2, and low voltage leads
are marked X1 and X2. When H1 is instantaneously positive, X1 is also
instantaneously positive. This system of marking allows transformers to be
properly connected so that winding voltages will add or subtract as desired.
Other types of markings are also used to identify the polarity of transformers, and
transformer terminals could be marked with dots, crosses, numerals, or other
convenient symbols. In Figure 7-6, dots have been used in the schematic
drawing of a transformer and its windings.

! PRI

o

Figure 7-6. Transformer polarity markings.
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When we speak of the polarity of transformer windings, we are identifying all
terminals that have the same polarity, either negative or positive, at any instant in
time. The dots used in Figure 7-6 indicate that at a given instant in time, when
terminal 1 is positive with respect to terminal 2, then

e terminal 3 is positive with respect to terminal 4;
e terminal 6 is positive with respect to terminal 5;
e terminal 7 is positive with respect to terminal 8;
e terminal 10 is positive with respect to terminal 9.

Note that a terminal cannot be positive by itself, it can only be positive with
respect to another terminal. Therefore, terminals 1, 3, 6, 7 and 10 are all positive
with respect to terminals 2, 4, 5, 8 and 9 at any given instant in time.

When two dc cells or batteries are connected in series to obtain a higher output
voltage, the positive terminal of one battery must be connected to the negative
terminal of the other. In the same manner, if two transformer windings are to be
connected in series so that their voltages add, the marked terminal of one of the
windings must be connected to the unmarked terminal of the other winding.
Conversely, if two transformer windings are to be connected in series so that
their voltages subtract, the marked terminal of one of the windings must be
connected to the marked terminal of the other winding.

It is also very important to respect polarities when connecting transformer
windings having the same nominal voltage in parallel to share the current
supplied to a load. Connecting transformer windings in parallel with opposite
polarities will cause a large current to flow in the windings. An exercise in the
next unit of this manual deals with parallel connections of transformers.

There are two methods for determining the polarity of a transformer, one using a
dc source, the other an ac source. In the dc method, a dc voltmeter is connected
across the secondary winding and a small dc voltage is applied to the primary.
The direction in which the voltmeter pointer temporarily deflects when power is
turned on will indicate the polarity of the secondary winding. The pointer will
temporarily deflect to the right if the secondary winding terminal to which the
voltmeter positive probe is connected has the same polarity as the primary
winding terminal to which the positive side of the source is connected. If it
deflects to the left, the primary and secondary terminals have opposite polarities.
With the ac source method, an ac voltage is connected to the primary winding
which is temporarily connected in series with the secondary. The voltage across
the series combination will be less than the applied voltage if the two terminals
that are interconnected have the same polarity. If the voltage is greater, the
interconnected terminals have opposite polarities. Figure 7-7 illustrates both
methods of determining transformer polarity.
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SWITCH
oo

(a) DC METHOD (b) AC METHOD

Figure 7-7. Methods for determining transformer polarity.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Install the Power Supply, data acquisition module, and Single-Phase
Transformer module in the EMS Workstation.

Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position, then make sure that the
Power Supply is connected to a three-phase wall receptacle.

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the

24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the | (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES17-4.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.

Make sure that the continuous refresh mode is selected.
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5. Set up the transformer circuit shown in Figure 7-8. Connect terminals 1 and 5

together as shown. Note that the ac input power in this circuit is connected at
winding 3-4.

—-
3
+
N
4
L

Figure 7-8. Transformer windings connected in series.

Turn on the Power Supply and adjust the voltage control knob to set
voltage Es at exactly 50% of the rated voltage for winding 3-4. Note that the
rated voltage is the sum of the intermediate winding voltages between
terminals 3 and 4. Measure and record the voltages at transformer windings
1-2, 5-6, and 2-6. Note that voltage E,_¢ is obtained by using the metering
function E2 + E3.

B, = \
Es ¢ = \
E 6= \

Are the windings connected in series-aiding, or series-opposing?

J7 The voltage measured between terminals 2 and 6 is normally around zero

N7 volts, meaning that the windings are connected so that the voltages subtract
from each other. Transformer polarity can be determined in this manner
because the voltage across two interconnected windings will be less than the
applied voltage when the interconnected terminals have the same polarity.

Return the voltage control knob to zero and turn off the Power Supply.
Disconnect terminals 1 and 5, and connect terminals 1 and 6 together.
Reverse connections to meter input E3. If this new connection is series-
aiding, what will be the value of voltage E,_s when the same voltage as that
in step 6 is applied to winding 3-47?
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10.

11.

12.

13.

14.

© Festo Didactic 584079

Open configuration file ES17-5.dai. Turn on the Power Supply and once
again set voltage E; at exactly 50% of the rated voltage for winding 3-4.
Measure and record the voltages at transformer windings 1-2, 5-6, and 2-5
indicated on the meters. Note that voltage E,_s is obtained by using the
metering function E2 + E3.

Ei_,= v
Es_¢ = v
E, 5= v

Is the value obtained for voltage E,_s the same as predicted in step 8?

U Yes U No

Return the voltage control knob to zero, turn off the Power Supply and
remove the connection between terminals 1 and 6. What are the two
voltages which can be obtained across the series combination of
windings 3-4 and 1-2 when the same voltage as that in step 9 is applied to
winding 3-4?

Sale and/or reproduction forbidden

Connect terminals 1 and 4 together, turn on the Power Supply and set
voltage E; at exactly 50% of the rated voltage for winding 3-4. Open
configuration file ES17-6.dai. Measure and record the voltages at transformer
windings 1-2, and 2-3, using the meters.

E, 3= v

Return the voltage control knob to zero and turn off the Power Supply.
Disconnect terminals 1 and 4, and connect terminals 1 and 3 together.

Interchange the connections at input E2 of the data acquisition module.

Turn on the Power Supply and set voltage E; at exactly 50% of the rated
voltage for winding 3-4. Open configuration file ES17-7.dai. Measure and
record the voltage at transformer winding 2-4.

Eyu= \
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15. How do the results of steps 12 and 14 compare with the predictions in
step 117

16. Which sets of terminals have the same polarity, 1 and 3, 2 and 4, 1 and 4, or
2 and 3?

17. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS
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In this exercise, you determined transformer polarity using the ac voltage
method. When connecting transformer windings in series, you observed that the
winding voltages subtract when winding terminals of the same polarity are
connected together. Conversely, you observed that the winding voltages add
when winding terminals of opposite polarities are connected together. This is
similar to connecting batteries in series to obtain higher voltages.

1. Can different transformer windings be connected together for higher voltages

if the terminals are not marked?

a. Yes, but the polarity must be determined experimentally

beforehand.

b. No.

c. Only if the windings are on the primary side of the
transformer.

d. Only if the current is less than 1 A.

Two of four secondary terminals on a transformer are marked with a cross. If
these two terminals are connected together, the secondary windings are

connected in series-opposing.

connected in series-aiding.

connected to increase the resulting voltage.
both b and c.

aoop

Is it possible for a voltmeter connected across the secondary windings of a
transformer with three windings having nominal voltages of 50 V, 125 V, and
75V to measure zero volts, even though rated voltage is applied to the
primary winding?

a. No, there must be something wrong with the voltmeter.

b. Yes, if the 50-V and 75-V windings are connected to
oppose the 125-V winding.

c. Yes, if the 50-V and 75-V windings are connected to aid the
125-V winding.

d. No, the transformer must be damaged.

Two methods of determining the polarity of transformer windings are

the resistive method and the inductive method.

the series-opposing method and the series-aiding method.
the dc method and the ac method.

the experimental method and the theoretical method.

aoow

To properly connect transformer windings for higher voltage, it is necessary

a. to know their ratings.

b. to know the maximum winding current.
c. to know the type of core material.

d. to know the polarity of the windings.
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EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will be able to determine the
voltage regulation of a transformer with varying loads, and discuss capacitive and
inductive loading on transformer regulation. Voltage and current measurements
will be used to produce load regulation curves.

The load on a large power transformer in a sub-station will vary from a very small
value in the early hours of the morning to a very high value during the heavy
peaks of maximum industrial and commercial activity. The transformer secondary
voltage will vary somewhat with the load, and because motors, incandescent
lamps, and heating devices are all quite sensitive to voltage changes,
transformer regulation is of considerable importance. The secondary voltage also
depends upon whether the power factor of the load is leading, lagging, or unity.
Therefore, it should be known how the transformer will behave (its voltage
regulation) when connected to a capacitive, an inductive, or a resistive load.
Transformer voltage regulation in percent is determined with the following
formula:

Ey. — E
Voltage regulation (%) = 100 x NLE—
NL

where Ey, isthe no-load secondary voltage.
Eg, is the full-load secondary voltage.

The result (a percentage value) obtained gives an indication of transformer
behavior under load. The smaller the voltage regulation percentage, the smaller
the secondary voltage variation with load, and the better the voltage regulation.
Note that E,, is measured with the secondary winding open while Eg; is
measured when nominal current flows in the secondary winding.

Several factors affect a transformer's operation. The resistance and inductive
reactance of its windings cause internal voltage drops that vary with the amount
of current flowing in the windings. If the secondary is lightly loaded, current
through the winding resistance and reactance is small and the internal voltage
drops are not significant. As the load increases, current and internal voltage
drops also increase. If a transformer were perfectly ideal, its windings would have
neither resistance nor inductive reactance to cause voltage drops. Such a
transformer would have perfect regulation under all load conditions and the
secondary voltage would remain absolutely constant. But practical transformer
coils are made of real wire, and thereby, have resistance and inductive
reactance. Therefore, the primary and secondary windings have an overall
resistance R, and an overall reactance X. The simplified equivalent circuit of a
practical transformer with a 1:1 turns ratio can be approximated by the circuit
shown in Figure 7-9. The actual transformer terminals are P;, P, on the primary
side, and S;, S, on the secondary side.
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1:1 Y'Y
P, S,

-0 :

Py S,

Figure 7-9. Simplified equivalent circuit of a practical transformer.

In this equivalent circuit, the practical transformer is shown to be made up of an
ideal transformer in series with an impedance consisting of R and X that
represents the imperfections of the transformer. When a load (Z) is connected to
the secondary winding terminals (terminals S; and S,), a series ac circuit
consisting of the secondary winding of the ideal transformer, R, X, and Z is
obtained. Analysis of this series ac circuit shows that when the load is either
resistive or inductive, the load voltage decreases continuously as the load
increases (as the secondary current increases). Furthermore, when the load is
capacitive, the load voltage increases to a maximum as the load increases from
zero (no load condition), and then, the load voltage decreases as the load
continues to increase.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, Single-Phase
Transformer, Resistive Load, Capacitive Load, and Inductive Load modules
in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position, then make sure that the
Power Supply is connected to a three-phase wall receptacle.

3. Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the | (ON) position.
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4. Start the Data Acquisition software (LVDAC or LVDAM). Open setup

configuration file ES17-8.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.

Make sure that the continuous refresh mode is selected.

Set up the transformer loading circuit shown in Figure 7-10. Make sure that
all switches on the Resistive, Capacitive, and Inductive Load modules are
open, and connect meter inputs E1, E2, 11, and 12 as shown in the figure.
Different load values will be used to examine how the secondary (load)
voltage changes as transformer loading changes.

Figure 7-10. Transformer with a variable load.

6. Turn on the main Power Supply and adjust the voltage control knob to obtain

the value of voltage Es given in Figure 7-10. With no load on the transformer
(all switches open on the load module), record the measured values of Epg;,
Ipriy Esge, @and Iggc in the Data Table.

Adjust the switches on the Resistive Load module to successively obtain the
resistance values given in Table 7-1. For each resistance value, record the
measured values as in step 6. When all values have been recorded, turn the
voltage control knob fully counterclockwise, and turn off the Power Supply.
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Table 7-1. Values for R, X, and X,.

Local ac power network

Voltage Frequency R X Xe B XX R X Xe R X Xe R X Xe
W) (H2) (@) (@) (@) (@) @)
120 60 1200 600 400 300 240
220 50 4400 2200 1467 1100 880
220 60 4400 2200 1467 1100 880
240 50 4800 2400 1600 1200 9600

8.

10.

11.

12.

Display the Graph window, select E2 (Egg.) as the Y-axis parameter, and
12 (Iggc) as the X-axis parameter. Make sure the line graph format and the
linear scale are selected. Observe the curve of secondary voltage versus
current. What happens to the secondary voltage as the resistive load
increases, i.e. load resistance decreases?

J7 To make it easier to compare the curves obtained with different loads, hard
N copies of the graphs in steps 8, 13, and 17 can be printed using the Print
button on the Tool Bar.

Calculate the voltage regulation using the no-load (R = o) and full-load
(R = minimum value) output voltages.

Ey,— E
OO(NL FL):

1
Eyy,

%

Clear the Data Table, then replace the Resistive Load module in the circuit of
Figure 7-10 with the Inductive Load module.

Turn on the Power Supply and adjust the voltage control knob to obtain the
value of voltage Es given in Figure 7-10. With no load on the transformer (all
switches open on the load module), record the measured values of Epg;, Ipg;,
Eggc, and Iggc in the Data Table.

Adjust the switches on the Inductive Load module to successively obtain the
reactance values given in Table 7-1. For each reactance value, record the
measured values as in step 11. When all values have been recorded, turn
the voltage control knob fully counterclockwise, and turn off the Power

Supply.
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14.

15.

16.

17.

18.

19.
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Display the Graph window, select E2 (Egz.) as the Y-axis parameter, and
12 (Isgc) as the X-axis parameter. Make sure the line graph format and the
linear scale are selected. Observe the curve of secondary voltage versus
current. How does the secondary voltage vary as the inductive load
increases?

Clear the Data Table, then replace the Inductive Load module in the circuit
of Figure 7-10 with the Capacitive Load module.

Turn on the Power Supply and adjust the voltage control knob to obtain the
value of voltage Es given in Figure 7-10. With no load on the transformer (all
switches open on the load module), record the measured values of Epg;, Ipg;,
Eggc, and Iggc in the Data Table.

Adjust the switches on the Capacitive Load module to successively obtain
the reactance values given in Table 7-1. For each reactance value, record
the measured values as in step 15. When all values have been recorded,
turn the voltage control knob fully counterclockwise, and turn off the Power

Supply.

Display the Graph window, select E2 (Esg;) as the Y-axis parameter,
and 12 (Isg¢) as the X-axis parameter. Make sure the line graph format and
the linear scale are selected. Observe the curve of secondary voltage versus
current. How does the secondary voltage vary as the capacitive load
increases?

What differences do you observe between the three load curves?

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS

262

In this exercise, you examined the voltage regulation of a transformer, and saw
that the secondary voltage varied as the load placed on the transformer changed.
Load variation curves for resistive, inductive, and capacitive loads were plotted.
These curves showed that under resistive or inductive loading conditions, the
secondary voltage decreases as the load increases, and that under capacitive
loading conditions, the secondary voltage can rise above its nominal value. Also,
inductive loading caused greater voltage drops than resistive loading, hence
poorer regulation.

1. Transformer regulation can be determined with the formula

100 (EPRI - ESEC)/EPRI
100 (En. — EFL)/ENL
100 (Ipg; — ISEC)/IPRI
100 (Iny = IpL)/Ine

coow

2. What is the transformer regulation if the no-load and full-load voltages are
100 V and 95 V respectively?

105%
10.5%
95%
5%

oo

3. The secondary voltage can rise above its rated value when the load is

a. resistive.

b. capacitive.

c. inductive.

d. an RL series combination.

4. The voltage measured across the secondary winding of a transformer with no
load connected is 150 V. This voltage drops to 147 V when the secondary
current is equal to the nominal full-load current. What is the transformer

regulation?
a. 90%

b. 3%

c. 2%

d. 6%

5. Transformer regulation

depends on the type of load connected at the secondary.
is independent of the load connected at the secondary.
can only be determined with no load on the secondary.
depends on the voltage applied to the primary.

aoow
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Unit Test

1. A transformer primary has 320 turns of wire and the secondary voltage
measures 160 V when 40V is applied to the primary. The voltage ratio is

therefore
a. 1:8
b. 2:1
c. 1:4
d 1:2

2. The short-circuit secondary current in a transformer is 2 A. What is the
primary current if the transformer turns ratio is 2: 5?

aoow

2A
5A
25A
0.8A

3. When the primary voltage exceeds its rated value

a.
b.
c
d

transformer operation is enhanced.

transformer operation suffers because of core saturation.
by more than double, transformer operation improves.
the primary current decreases.

4. To evaluate the current ratio of a transformer,

coop

rated voltage must be applied to the primary.
rated current must flow in the primary.

a very low primary voltage must be applied.
the primary must be short-circuited.

5. When unmarked transformer terminals are connected together, this usually
means that the windings are connected

aoop

in series-aiding.

in series-opposing.

to increase the resulting voltage.
both a and c.

6. Voltage regulation of a transformer can be determined with the formula

coow

© Festo Didactic 584079

100 (INL - [FL)/INL
100 (IPRI - ISEC)/IPRI
100 (ENL - EFL)/ENL
100 (EPRI - ESEC)/EPRI
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7. What is the no-load voltage when the full-load secondary voltage is 108 V
and transformer regulation is 10%?

a. 98V

b. 120V
c. 12v

d. 118.8V

8. A capacitive load can cause the secondary voltage of a transformer to

rise above its rated value.

steadily decrease with increasing load.
steadily increase with decreasing load.
none of the above.

oo

9. What is the transformer regulation if the no-load and full-load voltages are
2 kV and 1.95 kV, respectively?

a. 5%

b. 2.5%
c. 3.6%
d. 0.25%

10. The type of load connected to the secondary of a transformer has

a small effect on transformer regulation.

a significant effect on transformer regulation.
no effect on transformer regulation.

none of the above.

aoop
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UNIT OBJECTIVE

DISCUSSION OF
FUNDAMENTALS
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When you have completed this unit, you will be familiar with specially-connected
transformers like autotransformers and distribution transformers. You will also be
able to connect transformers in parallel so that they work together to supply
power to a load. Voltage and current measurements will be used to study
transformer operation and working characteristics.

As explained in the previous unit, transformers can change voltage and current
levels, and the input-output relationship of a transformer depends on the turns
ratio. Some different ways in which single-phase transformers can be connected
are as an autotransformer to increase or decrease voltage, as a distribution
transformer to provide different levels of load voltages, or in parallel to provide
load sharing.

In general, most transformers provide isolation between an ac source and its
load circuit, and this is often an important safety factor. An autotransformer
however, does not provide any isolation because the primary and secondary
windings share common turns of wire. On the other hand, the autotransformer
can operate at an apparent power level that is twice that of a conventional
transformer of the same size. Figure 8-1 shows a typical autotransformer with
different taps allowing different voltages at the secondary. Since the same rules
that were seen previously apply to autotransformers, it is clear from the turns
ratios in the figure that:

E
tL_—L anp /4 - 1L
= 2 3 3
E 0 ¢ Ex
2920 "' T 3
E 0 _ B
=320 °' T 15

Figure 8-1. A typical autotransformer.
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Figure 8-1 also shows how the primary and secondary sides of an autotransform-
er are interconnected through a common point in the single winding, thus
illustrating why electrical isolation is lost. This lack of isolation is the major
disadvantage of an autotransformer.

Distribution transformers have a primary winding and often more than one
secondary winding, such as the Single-Phase Transformer module. The
secondary windings are usually connected in series so that their voltages add
(series-aiding configuration), and the common connection between the
secondary windings serves as a neutral in a dual-voltage distribution circuit.
Figure 8-2 shows a typical distribution transformer that provides two different
load voltages.

O
E,=E,=05E py
+ Eg=E4+Ey=Epy
N
. 80 £
PRI TURNS 3
O O

Figure 8-2. A typical distribution transformer.
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Exercise 8-1

The Autotransformer

EXERCISE OBJECTIVE

DISCUSSION

|
PRI

Es

+
PRIMARY Epp,

A

When you have completed this exercise, you will be familiar with voltage and
current characteristics of an autotransformer, and you will be able to connect a
standard transformer as an autotransformer in step-up and step-down
configurations.

The autotransformer is a special type of transformer with only one winding which
serves as both the primary and secondary. When the autotransformer is used to
step-up the voltage, only part of the single winding acts as the primary, while the
complete winding serves as the secondary. However, when the autotransformer
is used to step-down the voltage, primary and secondary use is reversed. The
whole winding is connected for use as the primary and only a part serves as the
secondary. Figure 8-3 shows the autotransformer connections necessary for
step-up and step-down operation.

I I
SEC PRI

Isec
+ + B OEY e
Egec H LOAD Esg @ Eeri

SECONDARY PRIMARY Esec LOAD
SECONDARY

‘ A
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(a) STEP-UP CONFIGURATION

N\
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N4

(b} STEP-DOWN CONFIGURATION

Figure 8-3.  Autotransformer connections (a), step-up configuration (b), step-down
configuration.
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Ex. 8-1 — The Autotransformer ® Discussion

Autotransformer operation is basically the same as a standard two-winding
transformer. Power is transferred from the primary to the secondary by a
changing magnetic flux. The amount of increase or decrease in the voltage
depends on the turns ratio between the primary and the secondary. To determine
the turns ratio of the autotransformer, each winding is considered as separate
even though some turns are common to both the primary and the secondary.
Voltages and currents can be found using two simple equations:

Epgri X Ipp; = Esgc X Isgc

and

Epri &

Esee N

The first equation simply states that the apparent power on the primary side
(Epgr; X Ipg;) of the transformer equals the apparent power on the secondary side
(Esge X Isgc)- The second equation relates the primary and secondary voltages
(Epgr; and Esgc) with the turns ratio (Np,/Ng). Thus, from Figure 8-3 we obtain the

following relationships:

Epri Na-p

ESEC B NA—C

and

EPRI NA—C

ESEC B NA—B

for step — up operation

= for step — down operation

These relationships are true when voltages E,_z and Ez_. are in phase, and

thus, add in the same direction.

The autotransformer has a great advantage over a conventional transformer: it
can operate at an apparent power level that is twice that of a conventional
transformer of the same size. Furthermore, the autotransformer is somewhat
more efficient than transformers with separate windings because it has smaller
copper and iron losses. It is used mainly when small increases or decreases are
required in the secondary voltage. For example, to boost a power line voltage
and compensate for losses caused by long transmission lines, or to reduce the
starting voltage of a motor, thus holding down its starting current within
reasonable values. One major disadvantage of an autotransformer is the lack of
electrical isolation between the primary and secondary windings since the
windings are not separate. Also, it is generally unadvisable to use an
autotransformer as a large-ratio step-down device because the high-voltage
primary voltage would be placed across the low-voltage load if the low-voltage

section of the winding became defective and opened up.
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PROCEDURE
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EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Install the Power Supply, data acquisition module, Resistive Load, and
Single-Phase Transformer modules in the EMS Workstation.

Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position, then make sure that the
Power Supply is connected to a three-phase wall receptacle.

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the 1 (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES18-1.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
N7 File menu to open the configuration file.

Make sure that the continuous refresh mode is selected.

Set up the autotransformer circuit shown in Figure 8-4. Connect meter
inputs E1 and 11 as shown, and use meter inputs E2 and 12 to measure the
secondary voltage and current. Note that winding 5-6 is connected as the

primary, and that center-tap terminal 9 and terminal 6 act as the secondary
winding.
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N +
E2 R
Local ac power network
Voltage Frequency (EVS) (g)
) (Hz)
120 60 120 )
220 50 220 )
220 60 220 [<S)
240 50 240 o0

Figure 8-4. Autotransformer circuit to decrease secondary voltage.

6. Turn on the main Power Supply and make sure that all switches on the
Resistive Load module are open. Adjust the voltage control knob to obtain
the value of voltage Es given in Figure 8-4. This is the rated voltage for the

primary winding.

7. Set the Resistive Load module to obtain the value of R given in Table 8-1.

Table 8-1. Value of resistor R.

Local ac power network

Voltage Frequency (g)
V) (Hz2)
120 60 120
220 50 440
220 60 440
240 50 480
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Measure and record the values of Epg;, Ipg;, Esgc, Lsgc, @s well as the values
of the primary and secondary apparent power Spg; and Sgg.. After recording
these values, turn the voltage control knob fully counterclockwise and turn off
the Power Supply.

Eppp=__ V
Ippr = A
Esge=__ V
Isge=__ A
Spri = VA
Ssec = VA

8. Compare the values of Spg; and Ssgc. Are they approximately the same,
except for a small difference caused by copper and core losses?

U Yes U No

9. Using the measured values in step 7, calculate the apparent power for both
the primary and secondary circuits.

Sprr = Epri X Ipp; = VA

Ssec = Esge Xlspc=__ VA
10. Are the calculated results approximately the same as the measured values
of Spg; and Sggc?

U Yes U No

11. Is the autotransformer connected in a step-up, or a step-down configuration?
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Ex. 8-1 — The Autotransformer ® Procedure

12. Compare the ratio of primary to secondary current. Is it approximately equal
to the inverse of the turns ratio?

O Yes O No

13. Set up the autotransformer circuit shown in Figure 8-5. Connect meter
inputs E1 and 11 as shown, and use meter inputs E2 and 12 to measure the
secondary voltage and current. Note that winding 9-6 is now connected as
the primary, and that terminals 5 and 6 are used for the secondary winding.

+
12 L 4
N *
o
i E2 R
“
N
L
Local ac power network
Eg R
Voltage Frequency V) @
V) (Hz)
120 60 60 o0
220 50 110 )
220 60 110 [eS)
240 50 120 o0

Figure 8-5. Autotransformer circuit to increase secondary voltage.

14. Make sure that all switches on the Resistive Load module are open, then turn
on the Power Supply. Adjust the voltage control knob to obtain the value of
voltage Es given in Figure 8-5. This is the rated voltage for winding 9-6.
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15. Set the Resistive Load module to obtain the value of R given in Table 8-2.

Table 8-2. Value of resistor R.

Local ac power network

Voltage Frequency (!I;)
V) (Hz2)
120 60 600
220 50 2200
220 60 2200
240 50 2400

Measure and record the values of Epg;, Ipriy Esgcy Isgc, Spriy @nd Sggc. After
recording these values, turn the voltage control knob fully counterclockwise
and turn off the Power Supply.

Epri = \Y
Ippp=___ A
Esge=__  V
Isge=__ A
Spri = VA
Ssec = VA

16. Compare the values of Spp; and Sszc. Are they approximately the same,
except for a small difference caused by copper and core losses?

U Yes U No

17. Using the measured values in step 15, calculate the apparent power for both
the primary and secondary circuits.

Spri = Epri X Ipp; = VA

Ssec = Espe X Ispe = VA

18. Are the calculated results approximately the same as the measured values
of Spr; and Sggc?

U Yes U No
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Ex. 8-1 — The Autotransformer ® Procedure

19. Is the autotransformer connected in a step-up, or a step-down configuration?

20. Compare the ratio of primary to secondary current. Does it agree with the
inverse of the turns ratio?

U Yes U No

21. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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Ex. 8-1 — The Autotransformer ® Conclusion

CONCLUSION In this exercise, you connected a standard two-winding transformer to operate as
an autotransformer in both step-up and step-down configurations. Measurements
of apparent power on the primary and secondary sides of the circuit showed that
they are approximately equal except for the small difference caused by
transformer losses. You also saw that the voltage and current relationships for an
autotransformer are based on the same rules as for standard transformers.

REVIEW QUESTIONS 1. An autotransformer is a special type of transformer that has

a. a single winding which serves as both primary and
secondary.

b. a separate primary and secondary winding.

c. more than one primary winding.

d. two secondary windings connected in series.

2. The power on the primary side of an autotransformer is

less than the power on the secondary side.

much greater than the power on the secondary side.
exactly equal to the power on the secondary side.
slightly greater than the power on the secondary side.

aoow

3. What is the secondary voltage when a source voltage of 150-V is applied
across the complete winding of a center-tapped autotransformer?

a. 300V
b. 150V
c. 75V

d. 225V

4. The secondary current in a step-up autotransformer

equals the turns ratio.

cannot exceed the winding current.
is less than the primary current.

is not limited.

oo

5. The apparent power rating of a 10: 1 autotransformer is 450 VA. This means
that the apparent power rating of the secondary is

a. 45VA

b. 4500 VA

c. 450 VA

d. none of the above.
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Transformers in Parallel

EXERCISE OBJECTIVE

DISCUSSION
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When you have completed this exercise, you will able to connect transformers in
parallel and determine overall efficiency by measuring the input and output
power.

Transformers can be connected in parallel to supply power greater than the
nominal power rating of an individual transformer. There are two precautions to
be observed when connecting transformers in parallel. The windings to be
paralleled must have identical voltage ratings, and the windings must be
connected with the correct polarity, a marked terminal being connected to
another marked terminal and an unmarked terminal being connected to another
unmarked terminal. Very large short-circuit currents can flow if the connections
are not properly made. Transformers, circuit breakers, and associated circuitry
can be severely damaged, if the short-circuit currents are large enough.

Figure 8-6 shows two equally-rated transformers (T;and T,) connected in parallel
to supply a 200-VA load. Each transformer has a 100-VA rating and terminals
having the same polarity are connected together so that each individual unit
supplies half of the load power.

T‘I T2
I E— O ® O D
1 3 3 1
. ' 200 VA : :
2 4 4 2
S O *® O O
T, RATING = 100/200 V, 100 VA T,RATING = 100/200 V, 100 VA

Figure 8-6. Connecting transformers in parallel.

Property of Festo Didactic

277



Ex. 8-2 — Transformers in Parallel ® Procedure

PROCEDURE

278

The efficiency of any electrical device, expressed as a percentage, is the ratio of
the active power which the device supplies (P,;r) to the active power supplied to
the device (P;y) multiplied by 100, and is symbolized by the Greek letter eta (n).

POUT

n =100 x
PIN

Apparent power and reactive power are not used in calculating efficiency.

In an ideal transformer there are no internal losses. Therefore, the power in the
secondary is exactly equal to the power in the primary. In practice, this type of
transformer does not exist and power is lost because of copper and iron losses.
The global amount of these losses is simply the difference between P,y and P,,r
(P,y — Poyr), Since this lost power is a part of the total power supplied by the
source.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, Resistive Load, and
Three-Phase Transformer modules in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully counterclockwise. Set
the voltmeter select switch to the 4-N position, then make sure that the
Power Supply is connected to a three-phase wall receptacle.

3. Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the | (ON) position.
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4. Start the Data Acquisition software (LVDAC or LVDAM). Open setup

configuration file ES18-2.dai.

J

Make sure that the continuous refresh mode is selected.

If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
File menu to open the configuration file.

Set up the circuit shown in Figure 8-7. The two transformers in this circuit are
separate sections on the Three-Phase Transformer module. Two Single-
Phase Transformer modules can be used if desired, as long as transformer
ratings and polarities are respected.

J7 Each transformer section is connected to step-up the source voltage. The load
N7 s connected across parallel-connected windings 1-2 and 6-7, and the source
voltage is applied to the parallel combination of windings 4-5 and 9-10.

Ii>+ + +
11—0—4) 01—0—|2—0 13 ® 6") Cg
+ + +
«J =] f [ o [e] gk
N
5 2 7 10
® Yy O ® 3 ® O O

Local ac power network Eq R
Vo(li/a;ge Fre?#;)ncy V) @
120 60 60 0
220 50 110 )
220 60 110 )
240 50 120 )

Figure 8-7. Parallel-connected transformers and efficiency.

6. Use meter inputs E1, E2, and E3 to measure the primary and secondary

Sale and/or reproduction forbidden
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voltages, and connect meter inputs 11, 12, and 13 as shown in Figure 8-7. It
must now be verified that no current flows in the secondary windings with the
load disconnected, to confirm that the parallel connections are correct.

Make sure that all switches on the Resistive Load module are open, then turn
on the main Power Supply. Slowly adjust the voltage control knob to
about 10% while observing the meter readings for current 2 and current 3
(measured using inputs 12 and 13, respectively).
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8. The meter readings for current 2 and current 3 should be virtually zero,

thereby confirming that no current is flowing in the secondary windings of the
parallel-connected transformers. If current flows in the secondary windings,
the connections are incorrect and must be verified. Turn off the Power
Supply, check the wiring, turn on the Power Supply and verify that current 2
and current 3 are virtually zero.

Once the connections are correct, return the voltage control knob to zero and
turn off the Power Supply.

When the connections are confirmed to be correct, reconnect input 12 so that
it is in series with R in order to measure the current through the resistor I, 4p-
Turn on the Power Supply and adjust the voltage control knob to obtain the
value of voltage E; given in Figure 8-7. Set the Resistive Load module to
obtain the value of R given in Table 8-3. Open configuration file ES18-3.dai.

Table 8-3. Value of resistor R.

Local ac power network
R
Voltage (V) Fre?:;)ncy )
120 60 200
220 50 733
220 60 733
240 50 800

10. Measure and record the values of Epg;, ELoap, Ipris ILoans Prris Proap, @and the

ratio P.oap/Prri (P2/P,). After recording the measured values, turn off the
Power Supply without readjusting the voltage control knob.

Eprr = \
Eroap = v
Iprr = A
Ioap=___ A
Pppr = w
Poap=__ W
Ppgi
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11. Calculate P,y and Pyyr.
Py = Pppy = Epgy XIppy= W
Poyr = Proap = Eroap Xloap= W

Compare them with the measured values for Ppg; and Py.p. Are they
approximately the same?

U Yes U No
12. Calculate the efficiency n of the circuit.

Pour _
PIN

Efficiency n = 100 x %

13. Compare your calculation of n with the measured ratio Pyy,p/Ppr; [P2/P1].
Are they approximately the same?

U Yes U No

14. Calculate the "lost power" in the transformer.
"Lost power" = Py — Poyr = w
15. Reconnect meter input I2 as in step 6 to measure secondary current in the
first transformer. Open configuration file ES18-4.dai. Turn on the Power

Supply and make sure that the value of E; is exactly the same as it was in
step 9.

16. Measure and record the values of P, and P; given by the meters.
Pz = —W

P3 = —W
17. Calculate the sum of P, and P; and compare it with the value of P,y,p
measured in step 10. Are they approximately the same?

U Yes U No
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18. Do the measured results confirm that the load power is evenly distributed
between the two transformers?

O Yes O No

19. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS
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In this exercise, you connected two transformers in parallel to supply more power
to a load than was possible with a single transformer. You confirmed that
transformer connections were correct by verifying that no current flowed in the
secondary windings before the load was connected. You also determined the
overall efficiency of the parallel-connected transformers, and saw that the load
power was evenly distributed between the two transformers.

1. Connecting transformers in parallel is a way to

supply greater load power.
save energy.

increase load voltage.
decrease load power.

oo

2. Parallel-connected transformers must

have identical voltage ratings.

be connected with the proper polarity.

each have ratings equal to the load power required.
both a and b.

oo

3. A 500-VA load can be supplied with parallel-connected transformers

each rated at 500 VA.

each rated at 200 VA.

each rated at 300 VA.

both a and c, but smaller-rated transformers may be more
economical.

aoop

4. When current flows in the secondary windings of parallel-connected
transformers with no load connected,

the connections are correct.

the windings are connected with the wrong polarity.
the windings have identical ratings.

the primary windings are short-circuited.

oo o

5. The power supplied to a load by two identical transformers connected in

parallel is

a. shared equally by the transformers.

b. shared in proportion to their turns ratio.
c. shared in proportion to their ratings.

d. shared in proportion to their current ratio.
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When you have completed this exercise, you will be familiar with the basic
concepts of distribution transformers. You will measure line voltages and currents
to observe how a distribution transformer behaves under various load conditions.

The majority of distribution transformers that supply homes and residential
buildings with power in North America have one high-voltage primary winding.
The secondary winding provides 120 V for lighting and small appliances, as well
as 240V for heating, electric stoves and other heavy-duty electrical loads. The
secondary winding may be a 240-V center-tapped single winding or two 120-V
single windings connected in series.

To obtain the advantage of a higher-voltage distribution circuit, while at the same
time allowing the operation of lower-voltage equipment, the 120/240-V three-wire
power distribution system was developed. For a given amount of power supplied
to a load, the line loss in the 120/240-V three-wire power distribution system is
less than that in a 120-V two-wire power distribution system. The three-wire
system has the further advantage of setting the voltage between any line wire
and ground to an acceptable level, thereby, limiting the risks for harmful electric
shocks.

Distribution transformers are usually wound with the secondary or low-voltage
winding in two sections, each section having a nominal voltage of 120 V. When
the sections are connected in series, the transformer can be used to supply a
two-wire 240-V load. The series connection can also supply a three-wire
120/240-V circuit by connecting the neutral or common wire of this circuit to the
common terminal of the secondary (point of junction of the two winding sections).
In this way, 120-V lamps and equipment can be connected between the neutral
wire and either one of the two other wires (line wires), while 240-V loads like
stoves and electric heaters can be connected across the two line wires.

When the loads on each side of the neutral wire are balanced, no current flows in
this wire. However, when a heavy load is added between one line wire and the
neutral wire, the neutral wire carries the unbalanced current from the transformer
to the load. The neutral current is always the difference between the currents
flowing in the two line wires. Therefore, the loads on each side of the neutral wire
should be as balanced as possible to minimize the neutral current.

If a load is connected to only one side of a three-wire system, the neutral wire
carries all the load current. For this reason the neutral wire is the same size as
the two line wires. An accidental opening of the neutral wire when an unbalanced
load is being supplied results in large imbalances in the voltages across the other
loads, causing incandescent lamps, for example, to brighten or become dim.
Therefore, the neutral wire is solidly connected from the transformer to the load,
and no fuses or overcurrent devices are installed in series with the neutral wire.
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EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Install the Power Supply, data acquisition module, Resistive Load, Inductive
Load, and Single-Phase Transformer modules in the EMS Workstation.

Make sure that the main switch of the Power Supply is set to
the O (OFF) position, and the voltage control knob is turned fully
counterclockwise. Set the voltmeter select switch to the 4-5 position, then
make sure that the Power Supply is connected to a three-phase wall
receptacle.

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the | (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES18-5.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.

Make sure that the continuous refresh mode is selected.

Set up the distribution transformer circuit shown in Figure 8-8. Note that
winding 3-4 is used as the primary and is connected to variable ac output
terminals 4-5 on the Power Supply. Transformer windings 1-2 and 5-6 are
connected in series to obtain high-voltage across terminals 2 and 5. Make
sure that all switches on the Resistive Load and Inductive Load modules are
open, and connect meter inputs 11, 12, 13, E1, E2, and E3 as shown in the
figure.
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+
1 L 4
3 2
+
E1 R,
1 +
+
Esg @{ 13 ' E3
6 +
E2 R,
4 5 +
12 ®
Local ac power network

Vol F i - Ry

oltage requency
QO QO
V) +H2) ) @ O]
120 60 208 o0 o
220 50 380 ) )
220 60 380 o0 o
240 50 415 ) oo

Figure 8-8. Distribution transformer with a resistive load.

6. Turn on the main Power Supply and adjust the voltage control knob to obtain
the value of voltage Es given in Figure 8-8. Open the Data Table. With no
load on the transformer (all switches open on the load modules), record the
measured circuit values in the Data Table.

7. Set the Resistive Load module to obtain the values of R, and R, given in
Table 8-4.

Record the measured circuit values as in step 6. Note that separate sections
of the Resistive Load module are used for R; and R,.

Table 8-4. Values of resistors R; and R,.

Local ac power network
R, R,
Voltage Frequency @ )
W) (Hz)
120 60 300 300
220 50 1100 1100
220 60 1100 1100
240 50 1200 1200

8. Why is the neutral current I; indicated by the meter equal to zero?
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10.

11.

12.

13.

14.

15.

16.

Set R, so that it is now double the value of R;. Once again record the
measured circuit values.

Is the neutral line current I; equal to the difference between the two line
currents I; and 1,?

U Yes U No
Turn off the Power Supply and disconnect the neutral line between the
transformer and the load circuit (at input 13). Turn on the Power Supply and

make sure that Es is at the same value as in step 6. Record the measured
circuit values in the Data Table.

What difference do you observe in the load voltages E;, E,, and E5?

If the load resistors were incandescent lamps in a home, what would be
noticeable with this imbalance?

Turn off the Power Supply. Disconnect resistor R, from the circuit of
Figure 8-8 and replace it with an inductive reactance X;. Reconnect the
neutral line between the transformer and load circuit. Set R, and X, to the
values given in Table 8-5.

Table 8-5. Values of resistors Ry and inductive reactance X;.

Local ac power network
R, Xy
Voltage Frequency @ )
W) (Hz)
120 60 400 400
220 50 1467 1467
220 60 1467 1467
240 50 1600 1600

Turn on the Power Supply. Make sure that E; is at the same value as before.
Record the measured circuit values in the Data Table.

What difference do you observe in the load voltages E;, E,, and E5?
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17. Is the neutral line current I; equal to the difference in the two line currents I,
and I,?

O Yes O No

18. Explain why your answer in step 17 is different than that in step 10.

19. Review the measured circuit values stored in the Data Table. Do they agree
with the theoretical information presented in the Discussion?

U Yes U No

It should be clear from the measurements that the neutral line current is the
N7 vectorial difference between I; and I,. When the currents are in phase, such
as the case for equal load resistors, this difference is the same as the
arithmetical difference.

20. Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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In this exercise, you set up the circuit for a typical distribution transformer, and
observed its behavior under various load conditions. You saw that it was possible
to supply both high- and low-voltage loads with a distribution transformer, and
that the neutral current was equal to zero with a balanced load.

1. A 120/240-V distribution transformer can provide power for

aoop

loads at different voltage levels.
loads at one voltage level only.
resistive loads only.

loads that are less than 1000 VA.

2. Atypical 120/240-V distribution transformer requires

oo

three wires for the primary circuit.

two wires for the secondary circuit.

two wires and a neutral wire for the secondary circuit.
four wires for each 120-V secondary circuit.

3. Neutral current in a distribution transformer

aoow

is not important.

equals zero when loads are properly balanced.
equals the difference of the currents in the line wires.
both b and c.

4. The neutral wire in a three-wire distribution system

coop

is the same size as the line wires.

is smaller in size than the line wires.

is larger in size than the line wires.

must be a larger size than the line wires.

5. Circuit breakers and fuses are

aoow
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always connected to the neutral wire.
never connected to the neutral wire.
not useful for a three-wire system.
can only protect against lightning.
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Unit Test

1. A transformer with a single winding serving as primary and secondary

coop

is called a distribution transformer.

is called an autotransformer.

is called a double-winding transformer.
is called a current transformer.

2. The apparent power rating of an autotransformer determines

aoow

the power on the secondary side.

the minimum current that can flow in the winding.
the maximum power available for a load.

both a and c.

3. What is the primary voltage when the secondary voltage at the center-tap of
an autotransformer is 100 V?

aoow

100 v
200 Vv
300 V
50V

4. Parallel-connected transformers can supply more power when

aoop

they are connected in series-opposing.

they are connected in series-aiding.

they are connected with the proper polarity.
they are connected to a purely-capacitive load.

5. Two 300-VA parallel-connected transformers can supply a maximum load of

oo

150 VA
300 VA
450 VA
600 VA

6. To ensure connections are correct when two transformers are put in parallel

coop

© Festo Didactic 584079

secondary current is measured at half load and reduced primary voltage.
secondary current is measured at full load and reduced primary voltage.
secondary current is measured at no load and reduced primary voltage.

secondary current is measured at no load and full primary voltage.
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7. Two transformers of different apparent power ratings connected in parallel

can supply

a. amaximum load equal to twice the larger rating.

b. a maximum load equal to one-half the sum of both ratings.
c. amaximum load equal to twice the smaller rating.

d. a maximum load equal to the sum of both ratings.

8. A distribution transformer is used to supply

high-voltage loads only.
low-voltage loads only.

both low- and high-voltage loads.
any type of four-wire load.

aoop

9. If the current in the neutral wire of a typical 120/240-V distribution system

equals zero,

a. something must be wrong.

b. the loads connected to the system are balanced.
c. the currents in the line wires are out of phase.

d. the neutral wire is short-circuited to ground.

10. The neutral wire in a three-wire distribution system

is never connected to ground.

is never connected through circuit breakers or fuses.
is always connected through a protection device.
never has any current flowing in it.

aoop
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DISCUSSION OF
FUNDAMENTALS
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When you have completed this unit, you will be familiar with operating
characteristics of three-phase transformers. You will be able to connect
transformer windings in wye and delta configurations, and verify that windings
are connected with the proper phase relationships. Voltage and current
measurements will be used to study transformer operation and working
characteristics.

Many of the concepts used in this unit were seen in Unit 6, and it may be useful
to review its contents to ensure better understanding of the material presented
here. The main features of three-phase circuits that are important to recall are
that there are two types of connections, wye and delta. Furthermore, in wye-
connected three-phase circuits, the line voltages are greater than the phase
voltages by the factor +/3 and the line and phase currents are equal. On the other
hand, in delta-connected three-phase circuits, the line currents are greater than
the phase currents by the factor v/3 and the line and phase voltages are equal.

A three-phase transformer can be a single unit or three single-phase units, and
the primary and secondary windings can be connected in either wye or delta to
give four types of connections, delta-delta, wye-wye, delta-wye, and wye-delta.
Usually, three-phase power systems have a line voltage of 208V (380V or
415V in some countries), and standard 120-V voltage (220 V or 240 V in some
countries) can be obtained between a line wire and the neutral wire as shown in
Figure 9-1. The wye-connected secondary provides three-phase 120/208-V
power using 4 wires as shown, and the primary side of the transformer may be
connected in delta like in the figure, or in wye. One big advantage of using a
delta configuration for the primary is that only three wires are needed to distribute
the three phases.

LINE 1
LYY O

. J |
208 V
LINE 2
I FYY O 208V —
2 1
3 % 208 V 120V
' LINE 3
® fW\ O 120 V
3
120 V
NEUTRAL * | |

O

Figure 9-1. Commercial three-phase 120/208-V power system.

Property of Festo Didactic

293



Unit 9 — Three-Phase Transformers ® Discussion of Fundamentals

294

An advantage of a delta-delta connection is that two single-phase transformers
(instead of three) can be operated in what is known as the open-delta or
"V" configuration if one of the three transformers becomes damaged or is
removed from service. The open-delta transformer bank still delivers phase
voltages and currents in the correct relationship, but the capacity of the bank is
reduced to 57.7% (1/+/3) of the total nominal capacity available with three
transformers in service.

In the delta-delta and wye-wye configurations, the line voltage at the secondary
is equal to the line voltage at the primary times the inverse of the turns ratio. In
the delta-wye configuration, the line voltage at the secondary is equal to the line
voltage at the primary times the inverse of the turn ratio times+/3. In the
wye-delta configuration, the line voltage at the secondary is equal to the line
voltage at the primary times the inverse of the turn ratio times 1/+/3.

Regardless of how the windings in a three-phase transformer are connected,
precautions must be taken to ensure that the secondaries are connected with the
proper phase relationships. For a wye configuration, this means that the voltage
measured across any two secondary windings (line voltage) must be /3 times
greater than the voltage across either winding (phase voltage). If not, the
connections must be reversed before continuing.

With a delta configuration, the voltage measured between the ends of two series-
connected secondary windings must equal the voltage across either winding. If
not, the connections must be reversed. When one end of the third winding is
connected, the voltage measured across all three series-connected windings
must equal zero before connecting them together to close the delta. It is
extremely important to verify that the voltage within the delta equals zero before
the delta is closed. If not, the resulting current will be very high and damage the
windings.
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When you have completed this exercise, you will be able to connect three-phase
transformers in delta-delta and wye-wye configurations. You will measure
winding voltages to verify that the secondary windings are connected with the
proper phase relationships, and you will verify that the voltage within a delta
equals zero before the delta is closed.

As mentioned earlier, four common ways of connecting transformer windings to
form a three-phase transformer are: delta-delta, wye-wye, delta-wye, and wye-
delta, as shown in Figure 9-2 and Figure 9-3. As seen in Unit 6, in order to set up
a wye connection, first connect the three components (windings) together at a
common point for interconnection with the neutral wire, then connect the other
end of each component in turn to the three line wires. To set up a delta
connection, connect the first component in series with the second, the second in
series with the third, and the third in series with the first to close the delta loop.
The three line wires are then separately connected to each of the junction nodes
in the delta loop.

PRIMARY SECONDARY PRIMARY SECONDARY

2 N N 2
3 3
Oo—
(a) DELTA-DELTA N (b) WYE-WYE

Figure 9-2. Delta-delta and wye-wye connections.
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PRIMARY SECONDARY PRIMARY SECONDARY

(a) DELTA-WYE (b) WYE-DELTA

Figure 9-3. Delta-wye and wye-delta connections.

Before a three-phase transformer is put into service, the phase relationships
must be verified. For a wye configuration, the line voltages at the secondary
windings must all be /3 times greater than the corresponding phase voltages. If
not, winding connections must be reversed. To verify that phase relationships are
correct for a wye configuration, the voltage between two windings (E,gz) is
measured as shown in Figure 9-4a to confirm that it is v/3 times greater than the
line-to-neutral voltage across either winding (for example E,y). The voltages
between the third winding and the others (Ez. and E;,) are then measured to
confirm that they are also +/3 times greater than the phase voltage (E,y), as
shown in Figure 9-4b.

+
~—Ean 4" ~—Ean 4"
A { A |
+
EAB
| P | | P
N N Eca
B B
.
EBC
c c -
SECONDARY WINDINGS SECONDARY WINDINGS
OF TRANSFORMER OF TRANSFORMER
(a) (b)

Figure 9-4. Confirming phase relationships in a wye-connected secondary.
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For a delta configuration, the line voltages at the secondary windings must all be
equal. If not, winding connections must be reversed. To verify that phase
relationships are correct for a delta configuration, the voltage across two series-
connected windings (E.,) is measured as shown in Figure 9-5a to confirm that it
is equal to the voltage across either winding (E4z and Eg.). The third winding is
then connected in series, and the voltage across the series combination of the
three windings is measured to confirm that it is zero before the delta is closed, as
shown in Figure 9-5b. This is extremely important for a delta configuration,
because a very high short-circuit current will flow if the voltage within the delta is
not equal to zero when it is closed.

m

BC

| !

C

C
E=Q —®

Exs=Egc =Eca

SECONDARY WINDINGS SECONDARY WINDINGS
OF TRANSFORMER OF TRANSFORMER
(a) (b)

Figure 9-5. Confirming that the delta voltage equals zero.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

1.

© Festo Didactic 584079
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High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Install the Power Supply, data acquisition module, and Three-Phase
Transformer module in the EMS Workstation.

Make sure that the main switch of the Power Supply is set to
the O (OFF) position, and the voltage control knob is turned fully
counterclockwise. Set the voltmeter select switch to the 4-5 position, then
make sure that the Power Supply is connected to a three-phase wall
receptacle.
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3. Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the | (ON) position.

4. Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES19-1.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
File menu to open the configuration file.

Make sure that the continuous refresh mode is selected.

5. Connect the Three-Phase Transformer module in the delta-delta
configuration shown in Figure 9-6.

Do not close the delta on the secondary side of the transformer until the voltages are
verified.

PRIMARY- & SECONDARY-4
O

1 12 15 3

8
6
7 11 13 10
Local ac power network
E
Voltage Frequency (VS)
V) (H2)
120 60 120
220 50 220
220 60 220
240 50 240

Figure 9-6. Three-phase transformer connected in delta-delta.
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Turn on the Power Supply and adjust the voltage control knob to obtain the
line-to-line voltage Es given in Figure 9-6. Use meter input E1 to measure the
winding voltages and record the measured values. After recording these
values, turn the voltage control knob fully counterclockwise, then turn off the
Power Supply.

When measuring the various voltages, turn off the Power Supply before
N7 modifying the connections of the meter input E1 to the circuit.

Ei,= Vv
Ei_,= Vv
Ei 1= \Y
E; 5= Vv
Es_ 10 = \Y
Es 15 = \Y

Do the measurements confirm that the secondary windings are connected
with the proper phase relationships?

U Yes U No

Are the voltages within the secondary delta equal to zero, thus confirming
that it is safe to close the delta?

U Yes U No

J7 The value of voltage E;_;5 will not be exactly zero volts because of small
N7 imbalances in the three-phase line voltages. If it is more than 5 V, the winding
connections have to be checked carefully.

When the winding connections are confirmed to be correct, close the delta on
the secondary side of the transformer. Connect meter inputs E1, E2, and E3
to measure the line voltages at the secondary. Open configuration
file ES19-2.dai. Turn on the Power Supply and adjust the voltage control
knob to obtain the same value of voltage E; used in step 6. Note that the
transformer is connected using the 1:1 ratio, so the primary and secondary
voltages should be equal.
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10.

11.

12.

13.

Is the sum of the three line voltages indicated by the meter E1 + E2 + E3
approximately equal to zero?

O Yes O No

Observe the voltage phasors on the Phasor Analyzer. Does the display
confirm they are equal with a 120° phase shift between each of them?

U Yes U No

Turn off the Power Supply. Connect meter input E2 to measure line
voltage E;_, on the primary side. Turn on the Power Supply and adjust the
voltage control knob to obtain the same value of voltage Es used in step 6.
Compare the voltage phasor of E;_, on the primary side with that of E;_g on
the secondary side. Does the Phasor Analyzer display show that the voltages
are equal and in phase, except for possibly a small difference due to
transformer reactance?

O Yes O No

Turn off the power and connect the Three-Phase Transformer module in the
wye-wye configuration shown in Figure 9-7.

PRIMARY-Y SECONDARY-Y

11 12 15 13

Figure 9-7. Three-phase transformer connected in wye-wye.
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14. Turn on the Power Supply and adjust the voltage control knob to obtain the
value of voltage E5 used in step 6. Open configuration file ES19-3.dai. Use
meter input E1 to measure the winding voltages and record the results. After
recording the measurements, turn the voltage control knob fully
counterclockwise, then turn off the Power Supply.

When measuring the various voltages, turn off the Power Supply before
N7 modifying the connections of meter input E1 to the circuit.

Ei_¢= Vv
Ei 1= \Y
Eg_ 11 = \Y
Ei_,= Vv
E¢ ;= Vv
Ej1-12 = \
E; g = Vv
E3_13= \
Eg 13 = \
E; 5= Vv
Eg_10 = \
Ei3_15 = \

15. Do the measurements confirm that the secondary windings are connected
with the proper phase relationships?

U Yes U No

16. Are the line-to-line voltages on the primary and secondary sides of the
transformer /3 times greater than the line-to-neutral values?

U Yes U No
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17.

18.

19.

20.

21.

Connect meter inputs E1, E2, and E3 to measure phase voltages E;_s, E5_q,,
and E;;_,5 at the secondary. Open configuration file ES19-4.dai. Turn on the
Power Supply and adjust voltage E; at about the same value as used
previously.

Is the sum of the three phase voltages indicated by the meter E1 + E2 + E3
approximately equal to zero?

U Yes U No

Observe the voltage phasors on the Phasor Analyzer. Does the display
confirm they are equal with a 120° phase shift between each of them?

U Yes U No

Turn off the Power Supply without modifying the setting of the voltage
control. Connect meter input E2 to measure phase voltage E;_, on the
primary side. Turn on the power and compare the voltage phasor of E;_, on
the primary side with that of E;_; on the secondary side. Does the Phasor
Analyzer display show that the voltages are equal and in phase, except for
possibly a small difference due to transformer reactance?

U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS
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In this exercise, you connected transformer windings in three-phase delta-delta
and wye-wye configurations, and measured winding voltages to ensure that
secondary windings were connected with the proper phase relationships. You
confirmed that the voltage within a delta was zero before closing the delta, and
that the delta-delta and wye-wye configurations produced no phase shift between
the incoming primary voltages and the outgoing secondary voltages.

1. Why is it extremely important to confirm that the delta voltage equals zero
before the delta is closed?

a.
b.

c.
d.

To ensure that the secondary voltage does not become too
high.

To avoid possible damage because of high current.

To avoid a short-circuit of the primary winding.

To maintain the secondary voltage at a constant level.

2. In a delta-delta configuration, the line voltage on the secondary side is

a.

equal to the primary voltage times the inverse of the turns
ratio.

/3 times the primary voltage

/3 times the primary voltage times the inverse of the turns
ratio.

1/+/3 times the primary voltage.

3. The voltage across two windings in a wye-wye configuration must be

aoop

equal to the voltage across each winding.

/3 times the voltage across each winding.
less than the voltage across each winding.

/3 times less than the voltage across each winding.

4. The voltage across two windings in a delta-delta configuration must be

Qoo

equal to the voltage across each winding.

/3 times the voltage across each winding.
less than the voltage across each winding.

/3 times less than the voltage across each winding.

5. A three-phase transformer can be

a.

a single unit with three separate sets of single-phase
windings.

three single-phase transformers connected together.

a single unit with one primary and three secondary
windings.

either a or b.
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When you have completed this exercise, you will be familiar with the voltage and
current ratios of three-phase transformers connected in delta-wye and wye-delta
configurations. Measurements of primary and secondary voltages will
demonstrate that these configurations create a phase shift between the incoming
and outgoing voltages.

As seen in the previous exercise, primary and secondary voltages in delta-delta
and wye-wye connections are in phase and the voltage at the secondary is equal
to the voltage at the primary times the inverse of the turns ratio. In delta-wye and
wye-delta connections however, there will be a 30° phase difference between the
primary and secondary voltages. Also, in the delta-wye configuration, the line
voltage at the secondary is equal to the line voltage at the primary times the
inverse of the turn ratio times+v3. On the other hand, in the wye-delta
configuration, the line voltage at the secondary is equal to the line voltage at the
primary times the inverse of the turn ratio times 1/+/3.

The 30° phase shift between the primary and secondary does not create any
problems for isolated groups of loads connected to the outgoing lines from the
secondary. However, if the outgoing lines from the secondary of a three-phase
transformer have to be connected in parallel with another source, the phase shift
might make such a parallel connection impossible, even if the line voltages are
the same. Recall that in order for three-phase circuits and sources to be
connected in parallel, line voltages must be equal, have the same phase
sequence, and be in phase when the parallel connection is made.

Figure 9-8 shows a three-phase transformer, with a turns ratio equal to 1:1,
connected in the delta-wye configuration and feeding a three-phase load. The
voltage across each primary winding Epg; equals the incoming line voltage, but

the outgoing line voltage Eszc is V3 times that voltage because the voltage

across any two secondary windings is V3 times greater than the voltage across a
single secondary winding. Note that if the three-phase transformer had a turns

ratio of 1:10, the line voltage at the secondary would be 10 x +/3 times greater
the line voltage at the primary, because the inverse of the turns ratio is multiplied

by the /3 factor. The line current in the secondary is the same as the phase

current, but the line current in the primary is +/3times greater than the
corresponding phase current.
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1 1 T
+
E SEC
i THREE
m PHASE ESEC= \/g EPRI
2 2
LOAD
Y YN
3 3
PRIMARY SECONDARY

TURNS RATIO = 1:1

Figure 9-8. Three-phase delta-wye configuration.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

1. Install the Power Supply, data acquisition module, Resistive Load, and
Three-Phase Transformer modules in the EMS Workstation.

2. Make sure that the main switch of the Power Supply is set to
the O (OFF) position, and the voltage control knob is turned fully
counterclockwise. Set the voltmeter select switch to the 4-5 position, then
make sure that the Power Supply is connected to a three-phase wall
receptacle.

3. Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the | (ON) position.
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4. Start the Data Acquisition software (LVDAC or LVDAM). Open setup

configuration file ES19-5.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.

Make sure that the continuous refresh mode is selected.

5. Connect the Three-Phase Transformer module in the wye-delta configuration
shown in Figure 9-9. Make sure that the voltage within the delta is zero
before closing the delta.

D
11 12
Local ac power network
E
Voltage Frequency (Vs)
V) (Hz)
120 60 120
220 50 220
220 60 220
240 50 240

Figure 9-9. Three-phase transformer connected in wye-delta.
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10.

308

Turn on the Power Supply and adjust the voltage control to obtain the line-to-
line voltage E5 given in Figure 9-9. Connect meter inputs E1, E2, and E3 to
measure the line voltages at the primary and record the results. Record also
the average value of the primary line voltage given by the meter (E1, E2, E3).

Ej¢= \%
Eyya= \

Eg_11 = \

Average line voltage (primary) = \Y

Observe the voltage phasors on the Phasor Analyzer. Are they
approximately equal with a 120° phase shift between each of them?

U Yes U No

Turn off the Power Supply without modifying the setting of the voltage
control. Connect meter inputs E1, E2, and E3 to now measure the line
voltages at the secondary. Open configuration file ES19-6.dai. Turn on the
Power Supply and record the line voltages as well as the average value of
the secondary line voltage (meter E1, E2, E3).

Ess = \%
Eg 10 = \
Eizgs=__ V
Average line voltage (secondary) = \

Observe the voltage phasors on the Phasor Analyzer. Does the display
confirm they are equal with a 120° phase shift between each of them?

U Yes U No

Turn off the power without modifying the setting of the voltage control.
Connect meter input E2 to measure line voltage E;_¢ on the primary side.
Open configuration file ES19-7.dai. Turn on the power and compare the
voltage phasor of E;_¢ on the primary side with that of E;_¢ on the secondary
side. Does the Phasor Analyzer display confirm a phase shift of around 30°
between the two?

U Yes U No
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11. Calculate the ratio Average secondary line voltage/Average primary line
voltage using the values recorded in steps 6 and 8. Is it approximately equal

to 1/v/3?

U Yes U No

12. Turn off the power and connect the Three-Phase Transformer module in the
delta-wye configuration shown in Figure 9-10. Set the Resistive Load module
for the given values of R, and connect inputs 11, 12, and I3 to measure the
three line currents to the load.

X N R
. O O— O 11— AN
v 12 5 3
1 +
E1
2 N R
E E3 YV O— 2 —AAN—
s\ P 8
+
6 +
E2
. R
O— Y —0— 1B —\\WN—
77 7 s 13 °
Local ac power network E R
Voltage Frequency s
V QO
V) (H2) & i
120 60 70 300
220 50 125 1100
220 60 125 1100
240 50 220 1200

Figure 9-10. Three-phase transformer connected in delta-wye.
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13.

14.

15.

16.

310

Connect inputs E1, E2, and E3 to measure the line voltages at the primary,
turn on the Power Supply, and adjust the voltage control knob to obtain the
line-to-line voltage of E; given inFigure 9-10. Open configuration
file ES19-8.dai. Record the value of the line voltages, as well as the average
value of the primary line voltage [meter Avg (E1, E2, E3)].

E_,= \%

Eg_y = \%

Eyyorp=__ V

Average line voltage (primary) = \

Observe the voltage and current phasors on the Phasor Analyzer. Does the
display confirm that the voltage and current phasors are virtually in phase?

U Yes U No

Turn off the power without modifying the setting of the voltage control.
Connect meter inputs E1, E2, and E3 to now measure the line voltages E, g,

Eg .5, and E,; , on the secondary side. Open configuration file ES19-9.dai.

Turn on the Power Supply. Does the Phasor Analyzer display show that the
voltage phasors lead the current phasors by 30°?

U Yes U No

Since the currents in the secondary are in phase with the voltages in the

7 primary, the Phasor Analyzer display is equivalent to observing all voltage
phasors at the same time, except for the difference in scale between the
parameters.

Return to the Metering application and record the measured values for the
line voltages at the secondary, and also the average value of the secondary
line voltage [meter Avg (E1, E2, E3)].

Esg = \%
Eg 13 = \
Eiz 3= \
Average line voltage (secondary) = \
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18.

19.

20.

21.

Sale

. Calculate the ratio Average secondary line voltage/Average primary line
voltage using the values recorded in steps 13 and 16. Is it approximately
equal to v3?

U Yes U No

Turn off the power and connect meter inputs I1 and 12 to measure the line
and phase currents on the primary side of the delta-wye configuration by
opening the circuit at points X and Y shown in Figure 9-10. Remember to
reconnect the load resistors at the secondary when meter inputs 11 and 12
are disconnected.

Open configuration file ES19-10.dai. Turn on the power and calculate the
ratio I;;yg/Ipnasg fOr the primary circuit using the measured currents. Is the

ratio approximately equal to v/3?

U Yes U No
Is the line current on the primary side approximately equal to the line current
on the secondary side?

U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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In this exercise, you connected a 1:1 three-phase transformer in wye-delta and
delta-wye configurations, and saw that the line voltage between primary and
secondary either increased or decreased by a /3 factor. You also confirmed that
the outgoing line voltages at the secondary were shifted 30° with respect to the
incoming line voltages at the primary.

1. Delta-wye and wye-delta configurations both produce

a.
b.
c.

d.

increases in the secondary voltages and currents.
decreases in the secondary voltages and currents.

phase shifts between the incoming and outgoing line
voltages.

additional v/3 increases in the secondary voltages and
currents.

2. The line voltage at the secondary of a 10:1 wye-delta connected transformer

will be

a. equal to the line voltage at the primary times 1/+/3.

b. equal to the line voltage at the primary times v/3.

c. equal to the line voltage at the primary times
0.1 times 1/4/3.

d. equal to the line voltage at the primary times 0.1 times /3.

3. The line voltage at the secondary of a delta-wye connected transformer is

aoow

greater than it is with a wye-delta connection.
less than it is with a wye-delta connection.
the same as it is with a wye-delta connection.
only dependent on the turns ratio.

4. The sum of the phase voltages in three-phase transformers

oo op

depends on the connection.

equals zero when the transformers are properly connected.
is v/3 times the turns ratio.

can only be determined when a load is connected to the
secondary.

5. Before three-phase transformers are put into service
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the phase sequence of the incoming lines must be verified.
the winding connections must be checked to ensure proper
phase relationship.

the load must be balanced.

the phase shift must be measured.
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When you have completed this exercise, you will be able to connect two
transformers in an open-delta configuration to supply a balanced three-phase
load. You will also be able to demonstrate that the maximum power in the open-
delta configuration is 57.7% (1/+/3) the capacity of a normal delta-delta
configuration.

The open-delta connection allows three-phase balanced loads to be supplied
using only two transformers. This configuration is useful if the amount of load
power is not excessive, or when one of the three transformers must be taken out
of service because of damage or some other reason. The most important thing to
note is that the power capacity in the open-delta configuration is 57.7% of the
total capacity of the normal delta-delta configuration, or 86.6% of the capacity of
the two remaining transformers. The reason for this is quite simple, and
Figure 9-11 will be used to illustrate the explanation.

Figure 9-11. Open-delta configuration.

In a standard delta configuration, the line current is v/3 times greater than the
current flowing in the phase winding. When one of the transformers is absent, full
line current flows through the phase windings, since line and phase currents are
the same in an open-delta configuration. The large increase in current will cause
the phase windings to overheat and will damage the transformer unless load
power is reduced. The line current must therefore be reduced by v/3, meaning
that the power capacity in the open-delta configuration is limited to 57.7% of the
power capacity normal delta-delta configuration. The following example illustrates
the calculation of maximum power. When three 50-kVA transformers are
connected in delta-delta configuration, the total capacity of the bank is their sum,
or 150 kVA. For two transformers in an open-delta configuration, the capacity is
150 kVA/+/3, or 86.6 kVA, which is the same as 86.6% of the total capacity of two

transformers (0.866 x 100 kVA = 86.6 kVA).
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PROCEDURE
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EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

High voltages are present in this laboratory exercise. Do not make or modify any
banana jack connections with the power on unless otherwise specified.

Install the Power Supply, data acquisition module, Resistive Load, and
Three-Phase Transformer modules in the EMS Workstation.

Make sure that the main switch of the Power Supply is set to
the O (OFF) position, and the voltage control knob is turned fully
counterclockwise. Set the voltmeter select switch to the 4-5 position, then
make sure that the Power Supply is connected to a three-phase wall
receptacle.

Make sure that the data acquisition module is connected to a USB port of the
computer.

Connect the POWER INPUT of the data acquisition module to the
24V - AC output of the Power Supply. Set the 24 V - AC power switch to
the | (ON) position.

Start the Data Acquisition software (LVDAC or LVDAM). Open setup
configuration file ES19-11.dai.

J7 If you are using LVSIM-EMS in LVVL, you must use the IMPORT option in the
7 File menu to open the configuration file.

Make sure that the continuous refresh mode is selected.

Connect the Three-Phase Transformer module in the delta-delta
configuration shown in Figure 9-12 (do not connect the resistive load for
now). Close the deltas at primary terminals 7, 11 (point X) and secondary
terminals 10, 13 (point Y) last, and use separate wires for the connections.
Connect meter inputs E1 and I1 at the primary and meter inputs E2, 12,
and I3 at the secondary as shown. Make sure the current within the
secondary delta equals zero before applying full power to the circuit.
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1 126 150 3 ° L J
+ . E3
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R
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Local ac power network
Voltage Frequency . K
(0]
\Y% Q
V) (H) % @
120 60 120 171
220 50 220 629
220 60 220 629
240 50 240 686
Figure 9-12. Demonstrating an open-delta configuration.

6. Connect the Resistive Load module as shown, and set R to the given values
by placing all switches in the on position. Connect input E3 in parallel with
one of the resistors as shown in Figure 9-12. Turn on the Power Supply and
adjust the voltage control knob to obtain the line-to-line voltage E; given
in Figure 9-12. Record the values of the line and phase (winding) voltages
and currents indicated by the meters, as well as the apparent power
values (S;, S,, and S3).

ELOAD (V0|tage 3) = V

Ipg; (current 1) = A

Isgc (current 2) = A

I 0ap (current 3) = A

Spri (81) = VA ) )
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7.

10.

11.

12.

316

Ssec (52) =______VA

SLoap (53) =______VA

Do the meters show that the primary and secondary line voltages Epg;
and Esg are equal, and the current in the primary windings Ip; equals that
flowing in the secondary windings (Isz¢)?

U Yes U No
Is the line current to the load I,,,, around 3 times greater than the phase
current in the secondary winding Igg.?

O Yes O No

J7 Observe also that the load voltage E;,,4p, is V3 times less than the line voltage
N7 atthe secondary Egg.

Carefully open the primary delta at point X by disconnecting the wire at
primary terminal 11, and observe the change in line and phase currents.

Exercise caution when you open the delta since high voltage is present on the
wire.

Do the phase currents at the primary and secondary (Ipg; and Igzc) increase
by a large amount, as well as the apparent power values S; and S,?

U Yes U No

Is the increase approximately equal to v/3?

U Yes U No
With the open-delta configuration, does the phase current in the secondary
now equal the line current to the load?

U Yes U No
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13.

14.

15.

16.

17.

18.
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Close the delta at point X, and open the secondary at pointY by
disconnecting the wire at terminal 13.

Again, exercise caution with the open connection since high voltage is present on
the wire.

Do you observe the same results as in the previous steps?

U Yes U No

Turn off the power without readjusting the voltage control. Remove the
connecting wires completely between primary terminals 7, 11 and secondary
terminals 10, 13.

Turn on the power. Since the load power requirement has not changed, are
the currents in the primary and secondary windings still at the same high
level?

U Yes U No

By what amount should the load resistance be increased to lower the
currents in the windings to the value measured in step 6? Note that
increasing load resistance lowers the current flowing in the load, hence load
power.

Adjust the value of the load resistors so that the same winding current is as
close as possible to the value measured in step 6. What value do you
obtain?

J7 The Resistive Load module was initially set with all three resistors in parallel to

N7 obtain the value indicated in Figure 9-12. As you have observed, selecting the
single smallest value on the module now gives a load resistance that is
increased by /3. Consequently, the winding current is reduced by the same
factor and should equal its previous value.

Record the apparent power values S; and S5 indicated by the meters.
Sl = VA

53 = VA
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19.

20.

21.

22.

23.

Is the value of apparent power S; approximately 57.7% less than that
measured in step 6, thus confirming that load power must be reduced to
avoid exceeding the current rating of the transformer windings?

O Yes O No

Turn off the power without readjusting the voltage control and reconnect the
deltas at terminals 7, 11, and terminals 10, 13. Connect meter inputs E1, E2,
E3, 11, 12, and I3 to measure the line voltages and line currents at the
secondary.

Turn on the Power Supply and then use the Phasor Analyzer to observe the
voltage and current phasors. Once again, open the deltas at the primary, and
then the secondary in the same sequence as in steps 9 and 13.

Does the Phasor Analyzer display confirm that there is no change in the
three-phase load voltages and currents?
U Yes U No

Ensure that the Power Supply is turned off, and that the voltage control knob
is turned fully counterclockwise. Remove all leads and cables.
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CONCLUSION

REVIEW QUESTIONS
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In this exercise, you set up a three-phase transformer in the open-delta
configuration and observed that it supplies a three-phase load with voltages and
currents in the proper phase relationships. You also demonstrated that load
power must be reduced by 57.7% (1/+/3) to avoid exceeding the current rating of
the phase windings.

1. Athree-phase transformer in the open-delta configuration can supply

oo

the same load power as in the delta-delta configuration.
only 57.7% of the power in the delta-delta configuration
only 86.6% of the power in the delta-delta configuration.
only 67% of the power of two transformers.

2. What will happen to the current in the windings of a three-phase transformer
in delta-delta configuration if one of the transformers is disconnected from

the line?

a. Nothing.

b. They will decrease.

c. They will increase by 33.3%.

d. They will increase to about 1.73 times the previous value.

3. The main advantage of an open-delta configuration is that

three-phase balanced loads can still be supplied, but at
reduced power.

only two transformers are needed to supply the same
power.

it is simpler to understand.

the line voltages across the windings are reduced by /3.

4. A wye-connected load is supplied using an open-delta configuration. The
voltages across the individual load branches are

aoow

/3 times greater than with a delta-delta configuration.
/3 times smaller than with a delta-delta configuration.
the same as with a delta-delta configuration.

the same as with a wye-delta configuration.

5. Two 100 kVA, 7200 V : 1000 V single-phase transformers are connected in
an open-delta configuration to supply a three-phase load. The maximum load
power that can be supplied will be

oo

100 kVA
200 kVA
300 kVA
173 kVA
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Unit 9 — Three-Phase Transformers ¢ Unit Test

Unit Test

1. The line voltage at the secondary of a three-phase transformer connected in
the delta-wye configuration is 208 V. What is the line voltage at the primary
knowing that the turns ratio is 10:17?

2080V
1200 V
3600 V
3280V

aoow

2. What is the most important thing to check when connecting the secondary
windings of a three-phase transformer in delta?

a. That the secondary voltage equals zero with the primary disconnected.
b. That the phase wires are well connected.

c. That the voltage within the delta equals zero before it is closed.

d. That the primary voltage is the proper value.

3. In a delta-wye configuration, the line voltage on the secondary side is

a. the same value as the line voltage at the primary.

b. /3 times the line voltage at the primary multiplied by the inverse of the
turns ratio.

c. equal to the line voltage at the primary times the inverse of the turns
ratio.

d. 1/+/3times the line voltage at the primary.

4. The voltage across two secondary windings in a wye-delta configuration
must be

equal to the voltage across each winding.

a
b. /3 times greater than the voltage across each winding.
c. less than the voltage across each winding.

d

/3 times less than the voltage across each winding.

5. What will be the line voltage at the secondary if 1000 V is applied to the
primary of a delta-wye connected transformer with a turns ratio of 1:5?

a. 8660V
b. 5000V
c. 1000V
d. 2887V

6. Delta-delta, delta-wye, wye-wye, and wye-delta refer to

different types of single-phase circuits.

different ways of connecting three-phase transformers.
different types of phase measurement circuits.

both a and b.

oo
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Unit 9 — Three-Phase Transformers ¢ Unit Test

7. A delta-delta connected transformer can supply

a. three times as much load power as an open-delta connected
transformer.

b. /3 times more load power than an open-delta connected transformer.

c. 86.6% more power than an open-delta connected transformer.

d. 57.7% more power than an open-delta connected transformer.

8. A main advantage of a delta-connected primary is that

three-phase balanced loads can still be supplied, but at reduced power.
only three line wires are needed to distribute the phases.

the neutral current will be minimized.

the line voltage across the windings is the same.

coop

9. A delta-connected load is supplied using an open-delta configuration. The
voltages across the individual load branches are

a. /3 times greater than with a delta-delta configuration.
b. +/3 times smaller than with a delta-delta configuration.
c. the same as with a delta-delta configuration.

d. the same as with a wye-delta configuration.

10. Two 50 kVA, 750 V:175 V single-phase transformers are connected in an
open-delta configuration to supply a three-phase load. The maximum load
power that can be supplied will be

a. 57.7 kVA
b. 86.6 kVA
c. 100 kVA
d. 173 kVA
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Appendix A

Circuit Diagram Symbols

Various symbols are used in many of the circuit diagrams given in the
DISCUSSION and PROCEDURE sections of this manual. Each symbol is a
functional representation of a device used in electrical power technology. For
example, different symbols represent a fixed-voltage dc power supply, a variable-
voltage single-phase ac power supply, and a synchronous motor/generator. The
use of these symbols greatly simplifies the circuit diagrams, by reducing the
number of interconnections shown, and makes it easier to understand operation.

For each symbol used in this and other manuals of the Electrical Power
Technology using Data Acquisition series, this appendix gives the name of the
device which the symbol represents and a diagram showing the equipment, and
in some cases the connections, required to obtain the device. Notice that the
terminals of each symbol are identified using encircled numbers. Identical
encircled numbers identify the corresponding terminals in the equipment and
connections diagram.

Symbol Equipment and connections

Power
Supply
(8821)

Fixed-voltage
dc power supply

Power
Supply
(8821)

Variable-voltage
dc power supply
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Appendix A Circuit Diagram Symbols

Symbol Equipment and connections

Power
Supply
(8821)

Fixed-voltage * Note: terminal 2 or 3
ac power supply can also be used.

Power
Supply
(8821)

Variable-voltage * Note: terminal 5 or 6
ac power supply can also be used.

Power
supply
(8821)

Fixed-voltage three-phase
ac power supply

Power
Supply
(8821)

Variable-voltage three-phase
ac power supply
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Appendix A Circuit Diagram Symbols
Symbol Equipment and connections

Data Acquisition Interface
(9061, 9062)

Torque

Speed

For 9061 'gﬂf"&?
or 9062 P

Data Acquisition and Control
Interface

Torque
For 9063
Speed
Analog
output
Analog
output

*Note: When current at input 11, 12, or 13 exceeds 4 A (either
permanently or momentarily), use the corresponding
40 A input terminal and set the Range parameter of the
corresponding input to High in the Data Acquisition and
Control Settings window of LVDAC-EMS.

Property of Festo Didactic
Sale and/or reproduction forbidden

© Festo Didactic 584079 325



Appendix A Circuit Diagram Symbols

Symbol Equipment and connections

Four-Pole Squirrel-Cage
Induction Motor

(8221)
Squirrel-
cage
induction
motor
Squirrel-cage
induction motor
Synchronous
Motor/Generator
(8241)
Synchronous
motor
Synchronous
motor
Synchronous
Motor/Generator
(8241)
@ ]
@ ———0 @
® @ —+——=0® ® |
®—+—6 e ||
® i
® i
Three-phase T
synchronous generator @
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Appendix A Circuit Diagram Symbols

Symbol Equipment and connections

Four-Quadrant Dynamometer/Power Supply
(8960-B or -2)

Analog Analog
Output Output

Prime
n mover

Prime Mover/Dynamometer

(8960-1)

Power Prime

Supply Mover

(8821) Input
Torque Speed
Output Output
- -

® ®
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Appendix A Circuit Diagram Symbols

Symbol Equipment and connections

Four-Quadrant Dynamometer/Power Supply
(8960-B or -2)

Analog Analog Command
Output Output Intput
T A n A A

Brake

Prime Mover/Dynamometer

(8960-1)
Torque Speed External
Output Output Input
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Impedance Table for the Load Modules

Appendix B

The following table gives impedance values which can be obtained using either
the Resistive Load, Model 8311, the Inductive Load, Model 8321, or the
Capacitive Load, Model 8331. Figure B-1 shows the load elements and
connections. Other parallel combinations can be used to obtain the same
impedance values listed.

Table B-1. Impedance table for the load modules.

Impedance (Q) Position of the switches
sotz | sormeomz | S0t 3| 4ls|e|7]8]0
1200 4400 4800
600 2200 2400
300 1100 1200
400 1467 1600
240 880 960 I
200 733 800 I
171 629 686 I
150 550 600 | | |
133 489 533 | | |
120 440 480 I | |
109 400 436 | | | |
100 367 400 I | I |
92 338 369 I I I I
86 314 343 I | | |
80 293 320 I I I I I
75 275 300 | I | | I
71 259 282 I I | I I
67 244 267 I | I | | I
63 232 253 I | I | I I
60 220 240 [ I I I I I
57 210 229 I | I | I I
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Appendix B Impedance Table for the Load Modules

Figure B-1. Location of the load elements on the Resistive Load, Inductive Load, and Capacitive
Load, Models 8311, 8321, and 8331, respectively.
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Appendix B Impedance Table for the Load Modules

The following table gives inductance values which can be obtained using the
Inductive Load module, Model 8321. Figure B-1 shows the load elements and
connections. Other parallel combinations can be used to obtain the same
inductance values listed.

Table B-2. Inductance table for the Inductive Load module.

Inductance (H) Position of the switches
pov |y |y faev oo s |as o] 7]s]s
3.20 14.00 11.70 15.30 |
1.60 7.00 5.80 7.60 I
1.07 4.67 3.88 5.08 I I
0.80 3.50 2.90 3.80 |
0.64 2.80 2.32 3.04 | |
0.53 2.33 1.93 2.53 I I
0.46 2.00 1.66 2.17 | | |
0.40 1.75 1.45 1.90 | | | |
0.36 1.56 1.29 1.69 | | | |
0.32 1.40 1.16 1.52 | | |
0.29 1.27 1.06 1.38 | | | |
0.27 1.17 0.97 1.27 | | | | |
0.25 1.08 0.89 1.17 | | | | |
0.23 1.00 0.83 1.09 I I I I I I
0.21 0.93 0.77 1.01 | | | | | | |
0.20 0.88 0.73 0.95 | | | | | | |
0.19 0.82 0.68 0.89 | | | | | |
0.18 0.78 0.65 0.85 | | | | | | |
0.17 0.74 0.61 0.80 | | | | | | | |
0.16 0.70 0.58 0.76 | | | | | | | |
0.15 0.67 0.55 0.72 | | | | | | | | |
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Equipment Utilization Chart

Appendix C

The following equipment is required to perform the exercises in this manual.

Equipment Exercise

Model Description 1-1|11-2|1-3|14|2-1|22|2-3|31]|32]3-3
8134 EMS Workstation i S T T T O O O A A A
8311 Resistive Load 1 1 1 1 1 1
8321 Inductive Load
8331 Capacitive Load 1 1 1
8341 Single-Phase Transformer
8348 Three-Phase Transformer
8621 Synchronizing Module
8821-2X Power Supply 1 1 1 1 1 1 1 1 1 1
8951 Connection Leads and Accessories 1 1 1 1 1 1 1 1 1 1
3?22)’62062’ Data Acquisition Module 1 1 1 1 1 1 1 1 1 1
@ Workstation model 8110-2 can also be used.

Equipment Exercise

Model Description 4-1|4-2 (4-3|5-1|5-2|53|5-4|6-1|6-2|6-3
8134 EMS Workstation 11|21 |1]1|21|1]1]1]|1
8311 Resistive Load 1 1 1 1 1 1 1
8321 Inductive Load 1 1 1 1 1 1 1 1
8331 Capacitive Load 1 1 1 1 1 1
8341 Single-Phase Transformer
8348 Three-Phase Transformer
8621 Synchronizing Module 1
8821-2X Power Supply 1 1 1 1 1 1 1 1 1 1
8951 Connection Leads and Accessories 1 1 1 1 1 1 1 1 1 1
2?23’62062' Data Acquisition Module 1 1 1 1 1 1 1 1 1 1
' workstation model 8110-2 can also be used.
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Appendix C Equipment Utilization Chart

Equipment Exercise

Model Description 7-1|7-2|7-3[81|82|83|9-1]|9-2|09-3
8134" EMS Workstation 1 1 1 1 1 1 1 1 1
8311 Resistive Load 1 1 1 1 1 1
8321 Inductive Load 1 1
8331 Capacitive Load 1
8341 Single-Phase Transformer 1 1 1 1 1
8348 Three-Phase Transformer 1 1 1 1
8621 Synchronizing Module
8821-2X Power Supply 1 1 1 1 1 1 1 1 1
8951 Connection Leads and Accessories 1 1 1 1 1 1 1 1 1
g?gé’é%z’ Data Acquisition Module 1 1 1 1 1 1 1 1 1

W \workstation model 8110-2 can also be used.

Additional equipment

Completion of the exercises in this manual requires a currently available personal
computer with USB 2.0 ports, running under one of the following systems:
Windows® XP, Windows® Vista (32 Bits version only), or Windows® 7.
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active power

alternating current (ac)

apparent power

autotransformer

balanced three-phase
circuit

capacitance (C)

capacitive phase shift

capacitive reactance (X;)

capacitive reactive power

copper loss
coulomb

current
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Appendix D

Glossary of New Terms

The real power consumed by a load in an electric circuit. It is equal to the
product of the circuit rms voltage and current multiplied by the cosine of the
phase angle between the circuit voltage and current waveforms. It is
expressed in units of watt (W) and is equal to the apparent power when there
is only resistors in the circuit.

A current which periodically reverses its direction of flow and alternately goes
from a maximum positive value (+1) to a maximum negative value (—I).

The product of the circuit rms voltage and current is called apparent power
and is expressed in units of volt-amperes (VA). It equals the active power only
when there is no phase shift between voltage and current.

A single-winding transformer in which the primary coil is a fraction of the entire
winding for voltage step up, or the secondary coil is a fraction of the entire
winding for voltage step down. Because there is only one winding, the
autotransformer does not provide any isolation between the primary and
secondary circuits.

A three-phase ac circuit with equal impedances in each of the three load
branches. The three phase voltages that energize the circuit are equal in
amplitude but phase-shifted from each other by 120.

The property of a capacitor allowing it to store energy in the electric field
created between its plates when a voltage is applied across them.
Capacitance causes opposition to voltage changes in an electric circuit. The
measurement unit for the capacitance is the farad (F).

The phase shift between the voltage and current caused by a capacitor. With
an ideal capacitor, the current leads the voltage by 90.

The opposition to alternating current flow created by capacitance. It is equal
to E./1. and, like resistance, is measured in ohms. However, it is dependent
on the frequency of the source and the capacitance of the capacitor, as shown
by the formula: X, = 1/2xfC.

The reactive power, expressed in var, in a capacitive ac circuit. The sign
associated with capacitive var is negative to distinguish it from inductive
reactive power.

Active power (I?R) loss in copper-wire lines or coils.
Measurement unit of electric charge.

The flow of electricity, i.e., the movement of electrons in matter. It is
symbolized by letter "I" and measured in amperes (A)
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delta connection A method of connecting a three-phase circuit in which the three branches of
the source or load are connected end-to-end to form a continuous circuit loop.
The three line wires are connected to the three junction nodes of the circuit.
There is no circuit node to which a neutral wire can be connected in a three-
phase delta-connected circuit.

delta-delta Refers to a method of connecting the primary and secondary windings in a
three-phase transformer. In the delta-delta connection, the primary windings
are connected in delta, and the secondary windings are also connected in
delta.

delta-wye Refers to a method of connecting the primary and secondary windings in a
three-phase transformer. In the delta-wye connection, the primary windings
are connected in delta, and the secondary windings are connected in wye.

distribution transformer A type of transformer in which secondary windings are connected in series to
obtain different load voltages.

eddy currents A circulating current induced in a conducting material by a varying magnetic
field, often parasitic in nature. Such a current may, for example, flow in the
iron core of a transformer.

effective value See "rms (root-mean-square) value".

efficiency The efficiency of any electrical device, expressed as a percentage, is the ratio
of the active power which the device supplies (P,yr) to the active power
supplied to the device (P;y) multiplied by 100, and is symbolized by the Greek
letter eta (n). Notice that apparent power and reactive power are not used in
calculating efficiency.

electric field The space surrounding an electric charge or electrically-charged body, in
which electric energy acts (electric lines of force fill this space). Refer to
Figure 1-1 of this manual.

electrolytic capacitor A type of polarized capacitor having a chemical electrolyte between its plates.

equivalent resistance When an electric circuit is made up of a combination of series and/or parallel
resistors, the equivalent resistance is the total (resulting) resistance of the
complete circuit.

electric lines of force Invisible lines associated with one or many electric charge(s) and constituting
an electric field. Electric lines of force cannot intersect one another. Refer to
Figure 1-1 of this manual.

exciting current The alternating current flowing in the primary winding that is necessary to
create the magnetic flux in the transformer core. It is usually very small,
about 2 to 5% of the nominal primary current, and can be determined by
measuring the current flow in the primary winding of an unloaded transformer
when nominal voltage is applied to the primary winding.
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Appendix D

farad (F)
frequency

henry (H)

impedance

inductance (L)

inductive load

inductive phase shift

inductive reactance (X;)

inductive reactive power

instantaneous power

iron loss
Kirchhoff's current law

Kirchhoff's voltage law
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Glossary of New Terms

The measurement unit for capacitance. One farad equals a charge of one
coulomb when a potential difference of 1 V exists across the capacitor plates.

The number of times a periodic waveform repeats itself during a time interval
of one second. Frequency is measured in units of hertz (Hz).

The measurement unit for inductance. One henry equals the value obtained
when current changing at a rate of 1 A per second causes a self-induced
voltage of 1 V.

The total opposition to current flow in an ac circuit. Impedance is a complex
quantity that is made up of a resistive component (real component) and a
reactive component (imaginary component) that can be either inductive or
capacitive. Impedance can be expressed as a complex number (Z = R + jX).

The property of an inductor allowing it to store energy in the magnetic field
created when current flows through the coil. Inductance causes opposition to
changes in current in electric circuits. The measurement unit for the
inductance is the henry (H).

A load which basically consists of a resistor and an inductor.

The phase shift between the voltage and current caused by an inductor. With
an ideal inductor, the current lags the voltage by 90.

The opposition to alternating current flow created by inductance. It is equal to
E. /I, and, like resistance, is measured in ohms. However, as the formula
X, = 2nfL shows, it is dependant on the frequency of the source and the
inductance of the inductor.

The reactive power, expressed in var, in an inductive ac circuit. The sign
associated with inductive var is positive to distinguish it from capacitive
reactive power.

The product of the voltage and current of ac waveforms at any instant in the
cycle of the waveforms. In dc circuits, this product is always constant since
the current and voltage are constant. However, in ac circuits, the product is
continuously varying because the voltage and current values are continuously

varying.

Power lost in the iron cores of transformers, inductors, and electrical
machinery as a result of eddy currents and hysteresis.

The statement that the sum of all the currents entering a circuit node is equal
to the sum of the currents leaving the node.

The statement that the sum of the voltages in a closed-circuit loop is equal to
Zero.
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line current

line voltage

magnetic coupling

magnetic field

magnetic flux

magnetic lines of force

mutual inductance
Ohm's law

open-delta

parallel circuit

peak-to-peak amplitude

periodic waveform

phase angle
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Glossary of New Terms

The line current in a three-phase circuit is the current measured in any line
wire of the circuit. In balanced, delta-connected, three-phase circuits, the line

current is v/3 times higher than the phase current.

The line voltage in a three-phase circuit is the voltage measured between any
two line wires of the circuit. In balanced, wye-connected, three-phase circuits,

the line voltage is v/3 times higher than the phase voltage.

The process by which physically separate circuits are connected through
magnetic lines of force. Magnetic coupling allows energy to be transferred
from the primary to the secondary of a transformer.

The region around a magnetic object in which magnetic lines of force are
present.

The number of magnetic lines of force present in a given region.

The invisible lines representing closed magnetic paths. Magnetic lines of force
cannot intersect one another, and they form closed loop that exit one pole of a
magnet to enter at the other.

The common property of two electric circuits whereby an electromotive force
(a voltage) is induced in one circuit by a change of current in the other circuit.

The statement of the relationship between voltage, current, and resistance. It
is expressed by the formula E = IR.

Refers to a method of supplying power to a three-phase balanced load by
using only two of the transformers normally used in a complete delta-delta
configuration. The power demand in the open-delta configuration must be
reduced to 57.7% of the normal three-transformer power capacity to prevent
exceeding the nominal ratings of the two remaining transformers.

An electric circuit in which the current flows through more than one circuit
path.

The amplitude between the maximum value (positive peak) and the minimum
value (negative peak) of an ac waveform. If the peak amplitude of a sine wave
is E, then the peak-to-peak amplitude is 2E.

A waveform which repeats itself in a cyclical manner over a fixed time interval
called period. The frequency of a periodic waveform equals the reciprocal of
the period.

A measurement of the progression in time of an ac waveform from a chosen
instant. Phase angle is often used to express the amount of separation
between two ac waveforms having the same frequency. Phase angles are
usually expressed in angular degrees.
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phase current

phase sequence

phase shift

phase voltage

phasor

power

power factor (cos @)

power factor correction

primary winding

reactive power

resistance
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Glossary of New Terms

The phase current in a three-phase circuit is the current measured in any
phase of the circuit (i.e., the current flowing in each element of a three-phase
load). In balanced, delta-connected, three-phase circuits, the phase current is

v/3 times lower than the line current.

The sequence in which the phase voltages attain their maximum values in a
three-phase circuit. The usual shorthand form of indicating phase sequence is
A-B-C, which is the same as the sequences B-C-A and C-A-B. The opposite
phase sequence to A-B-C is A-C-B (C-B-A, B-A-C).

The separation in time between two ac waveforms. Phase shifts are often
measured using phase angles.

The phase voltage in a three-phase circuit is the voltage measured between
any line wire and the neutral wire of the circuit. In balanced, wye-connected,

three phase circuits, the phase voltage is V3 times lower than the line voltage.

A complex number, that is, a quantity containing both real (R) and imaginary
(£ jX) components. In rectangular coordinates, a complex number is written
as R + jX. A complex number can also be written using polar coordinates, i.e.
A 8, where A is the magnitude and 6 is the phase angle. Complex numbers
under the polar form can be used to represent the amplitude and phase angle
of voltage and current sine waves.

Energy produced, or dissipated, per unit of time. It is symbolized by letter "P"
and measured in watts (W).

The ratio between the active power and the apparent power supplied to an
ac circuit load. In ac circuits where the voltage and current are sine waves, the
power factor is equal to the cosine of the phase angle between voltage and
current (cos ¢). In symbolic form: cos¢ = P/S.

The addition of reactance to an ac circuit in a way that reduces the apparent
power draw on the ac source. This causes the ratio of active power to
apparent power to be increased or improved.

The side of a transformer to which an ac power source is usually connected.

In an ac circuit, power that swings back and forth between the source of
power and the load. It is equal to the product of the circuit rms voltage and
current multiplied by the sine of the phase angle between the circuit voltage
and current waveforms. It is expressed in units of var (volt-amperes reactive)
and equals the apparent power when there is no circuit resistance.

The opposition to current flow in an electric circuit. It is symbolized by letter
"R" and measured in ohms (Q).

Property of Festo Didactic

339



Appendix D

rms (root-mean-square)
value or effective value

secondary winding
series circuit

series-aiding

series-opposing

sine wave

three-phase power
system

three-phase transformer

transformer regulation

turns ratio

340

Glossary of New Terms

The equivalent dc voltage or current that produces the same heating effect in
a resistor as a given ac voltage or current. For sine waves, the rms value

corresponds to 0.707 (1/+/2) times the peak value.
The side of a transformer to which a load is usually connected.
An electric circuit in which the current flows through only one circuit path.

Refers to the method of connecting transformer windings so that the winding
voltages add together because they are in phase. In this method of
connection, a marked transformer terminal is connected in series with an
unmarked terminal. This is similar to connecting two dc batteries in series,
with the positive terminal of one battery connected to the negative terminal of
the other. The resulting voltage across the two batteries will be the sum of the
two battery voltages.

Refers to the method of connecting transformer windings so that the winding
voltages subtract because they are 180 out of phase with each other. In this
method of connection, a marked transformer terminal is connected in series
with another marked terminal. This is similar to connecting two dc batteries in
series, with the negative terminal of one battery connected to the negative
terminal of the other. The resulting voltage across the two batteries will be the
difference of the two battery voltages.

A periodic waveform that alternates between maximum positive and negative
values over one complete cycle. The instantaneous amplitude of a sine wave
over a cycle changes in accordance with the mathematical sine function and
its average value over a complete cycle is zero.

A polyphase system in which three voltages E,, Ez, and E; have an equal
magnitude and are displaced 120° from each other.

A transformer with three separate sets of primary and secondary windings that
allows three-phase circuits to be operated from a three-phase power source.
Three individual single-phase transformers with identical ratings can be
connected together to form a three-phase transformer bank.

Refers to the variation in the transformer secondary voltage as the load
changes from no load to full load. Percentage transformer regulation equals
100(Ey, — Er,), Where Ey, is the no-load voltage and Ep, is the full-load
voltage.

The turns ratio of a transformer is the ratio of the number of turns of wire in
the primary winding (N; or Np) to the number of turns of wire in the secondary
winding (N, or Ng). The ratio determines the input-output relationship of a
transformer and is expressed N; /N,, or Np/Ns.
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two-wattmeter method A method of measuring power in three-phase circuits, in which two-single
phase wattmeters are connected across the three line wires so that the total
power is the algebraic sum of the two wattmeter readings. In this method, the
two current coils are connected to measure the current in two of the line wires
while the two voltage coils measure the voltage between these two line wires
and the remaining line wire. The neutral wire is not connected to the
wattmeters.

var A graphical representation of a quantity that has magnitude and direction.
Generally, vectors are drawn as a straight-line arrow in the x-y plane. The
length of the arrow corresponds to the magnitude of the quantity represented
by the vector. The angle between the arrow and the positive-value x-axis
corresponds to the direction of the quantity represented by the vector.

vector A graphical representation of a quantity that has magnitude and direction.
Generally, vectors are drawn as a straight-line arrow in the x-y plane. The
length of the arrow corresponds to the magnitude of the quantity represented
by the vector. The angle between the arrow and the positive-value x-axis
corresponds to the direction of the quantity represented by the vector.

voltage The potential difference between two points in an electric circuit. It is usually
symbolized by letter "E" and measured in volts (V).

wattmeter Instrument which allows electrical power to be measured directly in circuits. A
positive reading indicates that power flows from the input to the output of the
wattmeter and vice versa.

wye connection A method of connecting a three-phase circuit in which the three branches of
the source or load are connected together at a common junction point called
the neutral. The three line wires are each connected to an individual circuit
branch, and a neutral wire can be connected to the neutral of the circuit.
However, with a balanced three-phase circuit no current flows in the neutral
wire.

wye-delta Refers to a method of connecting the primary and secondary windings in a
three-phase transformer. In the wye-delta connection, the primary windings
are connected in wye, and the secondary windings are connected in delta.

wye-wye Refers to a method of connecting the primary and secondary windings in a
three-phase transformer. In the wye-wye connection, the primary windings are
connected in wye, and the secondary windings are also connected in wye.
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J7 The bold page number indicates the main entry. Refer to Appendix D for
definitions of new terms.
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