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Introduction

Welcome to the first course in the STEP series, 
Siemens Technical Education Program designed to prepare 
our distributors to sell Siemens Industry, Inc. products more 
effectively. This course covers Basics of Electricity and is 
designed to prepare you for courses on Siemens Industry, Inc. 
products.

Upon completion of Basics of Electricity you will be able to:

• Explain the difference between conductors and insulators
• Use Ohm’s law to calculate current, voltage, and 

resistance
• Calculate equivalent resistance for series, parallel, or 

series-parallel circuits
• Calculate voltage drop across a resistor
• Calculate power given other basic values
• Identify factors that determine the strength and polarity of 

a current-carrying coil’s magnetic field
• Determine peak, instantaneous, and effective values of an 

AC sine wave
• Identify factors that effect inductive reactance and 

capacitive reactance in an AC circuit
• Calculate total impedance of an AC circuit
• Explain the difference between real power and apparent 

power in an AC circuit
• Calculate primary and secondary voltages of single-phase 

and three-phase transformers
• Calculate the required apparent power for a transformer

This knowledge will help you better understand customer 
applications. In addition, you will be better able to describe 
products to customers and determine important differences 
between products. 

After you have completed this course, if you wish to determine 
how well you have retained the information covered, you can 
complete a final exam online as described later in this course. If 
you pass the exam, you will be given the opportunity to print a 
certificate of completion from your computer.
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Conductors and Insulators

Elements of an Atom All matter is made up atoms. Atoms have a nucleus with 
electrons in motion around it. The nucleus is composed of 
protons and neutrons (not shown). Electrons have a negative 
charge (-). Protons have a positive charge (+). Neutrons are 
neutral. In the normal state of an atom, the number of electrons 
is equal to the number of protons and the negative charge of 
the electrons is balanced by the positive charge of the protons.

Free Electrons Electrons move about the nucleus at different distances. The 
closer to the nucleus, the more tightly bound the electrons are 
to the atom. Electrons in the outer band can be easily force out 
of the atom by the application of some external force such as a 
magnetic field, friction, or chemical action.

Electrons forced from atoms are sometimes called free 
electrons. A free electron leaves a void which can be filled by 
an electron forced out of another atom. 
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Conductors An electric current is produced when free electrons move 
from atom to atom in a material. Materials that permit many 
electrons to move freely are called conductors. Copper, silver, 
gold, aluminum, zinc, brass, and iron are considered good 
conductors. Of these materials, copper and aluminum are the 
ones most commonly used as conductors. 

Insulators Materials that allow few free electrons are called insulators. 
Materials such as plastic, rubber, glass, mica, and ceramic are 
good insulators.

An electric cable is one example of how conductors and 
insulators are used. Electrons flow along a copper or aluminum 
conductor to provide energy to an electric device such as a 
radio, lamp, or a motor. An insulator around the outside of 
the copper conductor is provided to keep electrons in the 
conductor.

Rubber Insulator
Copper Conductor
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Semiconductors Semiconductor materials, such as silicon, can be used 
to manufacture devices that have characteristics of both 
conductors and insulators. Many semiconductor devices act like 
a conductor when an external force is applied in one direction 
and like an insulator when the external force is applied in the 
opposite direction. This principle is the basis for transistors, 
diodes, and other solid-state electronic devices. 

Transistor
Diode

Review 1
1. List the three basic particles of an atom and state the 

charge of each (positive, negative, or neutral). 
 
 Element  Charge
     
 ________ ________

 ________ ________

 ________ ________

2. Materials that permit many electrons to move freely are 
called ________.

3. Which of the following materials are good conductors?

 a. copper  e. aluminum
 b. plastic   f. glass
 c. silver   g. iron
 d. rubber   h. mica

4. Materials that allow few free electrons are called
 ________.
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Current, Voltage, and Resistance

All materials are composed of one or more elements. An 
element is a material made up of one type of atom. Elements 
are often identified by the number of protons and electrons in 
one atom of the element. A hydrogen atom, for example, has 
only one electron and one proton. An aluminum atom has 13 
electrons and 13 protons. An atom with an equal number of 
electrons and protons is electrically neutral. 

Electrical Charges Electrons in the outer band of an atom can be easily displaced 
by the application of external force. When an electron is forced 
out of an atom, the atom it leaves behind has more protons 
than electrons. This atom now has a positive charge. Atoms or 
molecules of a material can also have an excess of electrons, 
giving the material a negative charge. A positive or negative 
charge is caused by an absence or excess of electrons. The 
number of protons remains constant.

Neutral Charge Negative Charge Positive Charge

Attraction and Repulsion of The old saying, “opposites attract,” is true when dealing with 
Electric Charges electric charges. Charged bodies have an invisible electric field 

around them. These invisible lines of force cause attraction or 
repulsion. When two like-charged bodies are brought together, 
their electric fields repel one body from the other. When two 
unlike-charged bodies are brought together, their electric fields 
attract one body to the other. 

Unlike Charges Attract Like Charges Repel
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The interaction of electrical charges is dependent upon 
both the both the amount of each charge and the distance 
between charges. The greater the amount of each charge the 
more charged objects attract or repel one another. However 
this interaction is inversely proportional to the square of the 
distance between charges. 

Current The flow of free electrons in a material from one atom to the 
next atom in the same direction is referred to as current and 
is designated by the symbol I. The amount of current flowing 
is determined by the number of electrons that pass through a 
cross-section of a conductor in one second. 

Keep in mind that atoms are very small. It takes about 1024 

atoms to fill one cubic centimeter of a copper conductor. This 
means that trying to represent even a small value of current as 
electrons would result in an extremely large number.

For this reason, current is measured in amperes, often 
shortened to amps. The letter A is the symbol for amps. A 
current of one amp means that in one second about 6.24 x 1018 
electrons move through a cross-section of conductor. These 
numbers are given for information only and you do not need 
to be concerned with them. It is important, however, to 
understand the concept of current flow.

Because in practice it is common to find wide variations in the 
magnitude of electrical quantities, electrical units often have 
metric unit prefixes that represent powers of ten. The following 
chart shows how three of these prefixes are used to represent 
large and small values of current.

Unit Symbol Equivalent Measure
kiloampere kA 1 kA = 1000 A
milliampere mA 1 mA = 0.001 A

microampere µA 1 µA = 0.000001 A
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Direction of Current Flow Some sources distinguish between electron flow and current 
flow. The conventional current flow approach ignores the flow 
of electrons and states that current flows from positive to 
negative. To avoid confusion, this book uses the electron flow 
concept which states that electrons flow from negative to 
positive.

Electron Flow Conventional
Current Flow

Voltage The force required to make electricity flow through a conductor 
is called a difference in potential, electromotive force (emf), 
or voltage. Voltage is designated by the letter E or the letter V. 
The unit of measurement for voltage is the volt which is also 
designated by the letter V.

A voltage can be generated in various ways. A battery uses an 
electrochemical process. A car’s alternator and a power plant 
generator utilize a magnetic induction process. All voltage 
sources share the characteristic of an excess of electrons at 
one terminal and a shortage at the other terminal. This results in 
a difference of potential between the two terminals. 

For a direct current (DC) voltage source, the polarity of the 
terminals does not change, so the resulting current constantly 
flows in the same direction.

+

-

+

-

Direct Current (DC) Voltage Source Symbols
Note: the + and - signs are optional

-
+
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The following chart shows how selected metric unit prefixes are 
used to represent large and small values of voltage.

Unit Symbol Equivalent Measure
kilovolt kV 1 kV = 1000 V
millivolt mV 1 mV = 0.001 V

microvolt µV 1 µV = 0.000001 V

Resistance  A third factor that plays a role in an electrical circuit is 
resistance. All material impedes the flow of electrical current 
to some extent. The amount of resistance depends upon 
the composition, length, cross-section and temperature of 
the resistive material. As a rule of thumb, the resistance of a 
conductor increases with an increase of length or a decrease of 
cross-section. Resistance is designated by the symbol R. The 
unit of measurement for resistance is the ohm ( ). 

Resistors are devices manufactured to have a specific 
resistance and are used in a circuit to limit current flow and to 
reduce the voltage applied to other components. A resistor is 
usually shown symbolically on an electrical drawing in one of 
two ways, a zigzag line or an unfilled rectangle. 

Resistor
Resistor
Symbols

In addition to resistors, all other circuit components and the 
conductors that connect components to form a circuit also have 
resistance.

The basic unit for resistance is 1 ohm; however, resistance is often 
expressed in multiples of the larger units shown in the following 
table.

Unit Symbol Equivalent Measure
megohm M 1 M  = 1,000,000 
kilohm k 1 k  = 1000 
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Review 2 
1. A material that has an excess of electrons has a
 ________ charge.

2. A material that has a deficiency of electrons has a 
________ charge.

3. Like charges ________ and unlike charges ________.

4. ________ is the force that, when applied to a conductor, 
causes current flow.

5. Electrons move from ________ to ________.

6. Identify the basic unit of measure for each of the items 
shown below.

 a. Resistance ________
 b. Current ________
 c. Voltage ________
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Ohm’s Law

Electric Circuit A simple electric circuit consists of a voltage source, some 
type of load, and conductors to allow electrons to flow between 
the voltage source and the load.

Ohm’s law shows that current varies directly with voltage and 
inversely with resistance.

Current (I) is measured in amperes (amps)
Voltage (E) is measured in volts
Resistance (R) is measured in ohms

I

RE I
E
R

=

There are three ways to express Ohm’s law. 

I = E
R

E = I x R R = E
I

Ohm’s Law Triangle There is an easy way to remember which formula to use. By 
arranging current, voltage and resistance in a triangle, you can 
quickly determine the correct formula. 
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To use the triangle, cover the value you want to calculate. The 
remaining letters make up the formula.

I = E
R

E = I x R R = E
I

Ohm’s Law Example As the following simple example shows, if any two values are 
known, you can determine the other value using Ohm’s law.

10 V 5 

2 A

I = E
R

= 2 A=10 V
5 

R =
E
I

= 5 =
10 V
2 A

E = I x R = 2 A x 5  = 10 V 

Using a similar circuit, but with a current of 200 mA and a 
resistance of 10 . To solve for voltage, cover the E in the 
triangle and use the resulting equation.

E = I x R  E = 0.2 A x 10  = 2 V 

Remember to use the correct decimal equivalent when dealing 
with numbers that are preceded with milli (m), micro ( ), kilo (k) 
or mega (M). In this example, current was converted to 0.2 A, 
because 200 mA is 200 x 10-3 A, which is equal to 0.2 A.
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DC Circuits

Series Circuits A series circuit is formed when any number of devices are 
connected end-to-end so that there is only one path for current 
to flow. The following illustration shows five resistors connected 
in series. There is one path for current flow from the negative 
terminal of the voltage source through all five resistors and 
returning to the positive terminal.

11 k 2 k 2 k 100 1k 

R1 R2 R3 R4 R5

Total Resistance = Rt = R1 + R2 + R3 + R4 + R5

Rt = 11,000  + 2000  + 2000  + 100  + 1000 

Rt = 16,100  = 16.1k  

Total Current (It) = I1 = I2 = I3 = I4 = I5

The total resistance (Rt) in a series circuit can be determined by 
adding all the resistor values. Although the unit for resistance 
is the ohm, different metric unit prefixes, such as kilo (k) or 
mega (M) are often used. Therefore, it is important to convert all 
resistance values to the same units before adding.

Current in a series circuit can be determined using Ohm’s law. 
First, total the resistance and then divide the source voltage by 
the total resistance. This current flows through each resistor in 
the circuit. 

The voltage measured across each resistor can also be 
calculated using Ohm’s law. The voltage across a resistor is 
often referred to as a voltage drop. The sum of the voltage 
drops across each resistor is equal to the source voltage. 
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The following illustration shows two voltmeters, one measuring 
total voltage and one measuring the voltage across R3.

VOLTS OHMS

AMPSVOLTS OHMS

AMPS

VOLTS
OHMSAMPS

VOLTS
OHMSAMPS

-
+

12 V Battery

R1 R2 R3 R4

250 500 150 100 

Rt = 500  + 150  + 250  + 100  = 1000  = 1k 

I = 12 V
1000 

= 0.012 A = 12 mA

 E3 (The voltage accross R3) = I x R3 = 0.012 A x 250  = 3 V

Et = E1 + E2 + E3 + E4 = 6 V + 1.8 V + 3 V + 1.2 V = 12 V 

Parallel Circuits A parallel circuit is formed when two or more devices are 
placed in a circuit side-by-side so that current can flow through 
more than one path. 

The following illustration shows the simplest parallel circuit, 
two parallel resistors. There are two paths of current flow. 
One path is from the negative terminal of the battery through 
R1 returning to the positive terminal. The second path is from 
the negative terminal of the battery through R2 returning to 
the positive terminal of the battery. The current through either 
resistor can be determined by dividing the circuit voltage by the 
resistance of that resistor.

It = I1 + I2

R1 R2
I1 I2

It

It

E

I1 =
E

R1

I2 =
E

R2
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The total resistance for a parallel circuit with any number of 
resistors can be calculated using the formula shown in the 
following illustration.

1
Rt R1 R2 R3 Rn

1 1 11= + ++ ...

Rt
R1 R2 R3 Rn
1 1 11+ ++ ...

1
=

R1 R2 R3 Rn

In the unique example where all resistors have the same 
resistance, the total resistance is equal to the resistance of one 
resistor divided by the number of resistors.

The following example shows a total resistance calculation for a 
circuit with three parallel resistors.

R1 R2 R3

5 10 20 

1
Rt R1 R2 R3

1 1 1= + + = 1 1 1+ + = 4 2 1+ +
5 10 20 20 20 20 

= 7
20 

Rt

R1 R2 R3

1 1 1+ +

1
= =

1

7
20 

=
7

20 
= 2.86 
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Current in each of the branches of a parallel circuit can be 
calculated by dividing the circuit voltage, which is the same for 
all branches, by the resistance of the branch. The total circuit 
current can be calculated by adding the current for all branches 
or by dividing the circuit voltage by the total resistance.

R1 R2 R3

5 10 20 
E = 10 V

+ +R1

E
R2

E
R3

E =It = I1 + I2 + I3 = + +10 V
5 10 

10 V
20 
10 V = + = +2 A 1 A 0.5 A 3.5 A

Rt

=It 
E =

2.86 
10 V = 3.5 A

Series-Parallel Circuits Series-parallel circuits are also known as compound circuits. 
At least three components are required to form a series-parallel 
circuit. The following illustration shows the two simplest series-
parallel circuits. The circuit on the left has two parallel resistors 
in series with another resistor. The circuit on the right has two 
series resistors in parallel with another resistor.

Series-parallel circuits are usually more complex than 
the circuits shown here, but by using the circuit formulas 
discussed earlier in this course, you can easily determine circuit 
characteristics.
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 The following illustration shows how total resistance can be 
determined for two series-parallel circuits in two easy steps 
for each circuit. More complex circuits require more steps, but 
each step is relatively simple. In addition, if the source voltage 
is known, by using Ohm’s law you can also solve for current and 
voltage throughout each circuit, . 

R1 = 5 

R2= 10 

R3 = 10 

1. Combine the parallel resistors

R = 1

10 
1

10 

1

2

10 
5 

R1 = 5 R = 5 

2. Add the series resistors

Rt = 5  + 5  = 10 

1. Add the series resistors

R4 = 10 

R5 = 5 

R6 = 5 

R = R5 + R6 = 5  + 5  = 10 

R4 = 10 R = 10 

2. Combine the parallel resistors

Rt = 1

10 
1

10 

1

=
2

10 
= 5 

+

+
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Using the same two series-parallel circuits as in the previous 
example, but with source voltages included, the following 
illustration shows how Ohm’s law can be used to calculate 
other circuit values.

R1 = 5 
R2= 10 

R3 = 10
Et = 20 V

R1 = 5 R = 5

Equivalent Circuit

Et = 20 V
It

Rt = 10 It =
20 V
10 

= 2 A

E1 = It x R1 = 2 A x 5  = 10 V

ER = E2 = E3 = Et - E1 = 20 V - 10 V = 10 V

It = I2 + I3 =
ER

R2 R3

ER+ =
10 V

+
10 V

10 10 
= 2 A

Equivalent Circuit

R4 = 10 

R5 = 5 

R6 = 5 

Et = 15 V

R4 = 10 R = 10 Et = 15 V

Rt = 5 It =
15 V
5 

= 3 A

Et = E4 = ER = 15 V

It = I4 + IR = 
Et

R4

Et

R
+ =

10 
15 V

+
10 
15 V

= 3 A

It

Power in a DC Circuit Whenever a force of any kind causes motion, work is 
accomplished. If a force is exerted without causing motion, 
then no work is done.

In an electrical circuit, voltage applied to a conductor causes 
electrons to flow. Voltage is the force and electron flow is 
the motion. Power is the rate at which work is done and is 
represented by the symbol P. The unit of measure for power 
is the watt, represented by the symbol W. In a direct current 
circuit, one watt is the rate at which work is done when 1 volt 
causes a current of 1 amp. You will learn later that there are 
other types of power that apply to alternating current circuits.
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From the basic formula power = current times voltage, other 
formulas for power can be derived using Ohm’s law.

P = I x E = IE

E = I x R = IRP = IE = I(IR) = I2R

I = E
R

Ohm’s LawDirect Current Power Formulas

P = IE = E
R( )E = E2

R

The following example shows how power can be calculated 
using any of the power formulas.

R = 6 E = 12 V

I = E
R = 2 A 

P = IE = (2 A)(12 V) = 24 W

P = I2R = (2 A)2(6 ) = 24 W

P = E2

R
= (12 V)2

6 
= 24 W

Review 3
1. The total current in a circuit that has a voltage of 12 V 

and a resistance of 24  is ________ A.

2. The total resistance of a series circuit with resistors 
of the following values: R1 = 10 , R2 = 15 , and 
R3 = 20  is _______ .

3. The voltage for a series circuit that has a current of 
0.5 A and a resistance of 60  is ________ V.

4. The total resistance of a parallel circuit that has four 
20  resistors is ________ .

5. In a parallel circuit with two resistors of equal value and 
a total current flow of 12 A, the current through each 
resistor is ________ A.

6.  For a DC circuit with a voltage of 24 V and a current of 
5 A, the power is ________ W.
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Magnetism

The principles of magnetism are an integral part of electricity. 
In fact, magnetism can be used to produce electric current and 
vice versa.

When we think of a permanent magnet, we often envision a 
horse-shoe or bar magnet or a compass needle, but permanent 
magnets come in many shapes. However, all magnets have two 
characteristics. They attract iron and, if free to move (like the 
compass needle), a magnet assumes a north-south orientation. 

N

S

Magnetic Lines of Flux Every magnet has two poles, one north pole and one south 
pole. Invisible magnetic lines of flux leave the north pole and 
enter the south pole. While the lines of flux are invisible, the 
effects of magnetic fields can be made visible. When a sheet 
of paper is placed on a magnet and iron filings loosely scattered 
over it, the filings arrange themselves along the invisible lines of 
flux. 
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The density of these lines of flux is greatest inside the magnet 
and where the lines of flux enter and leave the magnet. 
The greater the density of the lines of flux, the stronger the 
magnetic field.

Interaction Between When two magnets are brought together, the magnetic flux 
Magnets around the magnets causes some form of interaction. When 

two unlike poles are brought together the magnets attract each 
other. When two like poles brought together the magnets repel 
each other.

Unlike Poles Attract

Like Poles Repel

Electromagnetism An electromagnetic field is a magnetic field generated by 
current flow in a conductor. Every electric current generates a 
magnetic field and a relationship exists between the direction 
of current flow and the direction of the magnetic field. 

The left-hand rule for conductors demonstrates this 
relationship. If a current-carrying conductor is grasped with the 
left hand with the thumb pointing in the direction of electron 
flow, the fingers point in the direction of the magnetic lines of 
flux.

Electron Flow Away From You
Causes Counterclockwise Magnetic Flux

Electron Flow Towards You
Causes Clockwise Magnetic Flux
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Current-Carrying Coil A coil of wire carrying a current, acts like a magnet. Individual 
loops of wire act as small magnets. The individual fields add 
together to form one magnet. The strength of the field can 
be increased by adding more turns to the coil, increasing the 
amount of current, or winding the coil around a material such as 
iron that conducts magnetic flux more easily than air. 

The left-hand rule for coils states that, if the fingers of the left 
hand are wrapped around the coil in the direction of electron 
flow, the thumb points to the north pole of the electromagnet.

An electromagnet is usually wound around a core of soft iron 
or some other material that easily conducts magnetic lines of 
force. 

A large variety of electrical devices such as motors, 
circuit breakers, contactors, relays and motor starters use 
electromagnetic principles.

Review 4 
1. The two characteristics of all magnets are: they attract 

and hold ________, and, if free to move, they assume 
roughly a ________ position.

2. Lines of flux always leave the ________ pole and enter 
the _________ pole.

3. The left-hand rule for conductors states that, when the 
left hand is placed around a current-carrying conductor 
with the thumb pointing in the direction of ________ 
flow, the fingers point in the direction of ________.
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Alternating Current

The supply of current for electrical devices may come from 
a direct current (DC) source or an alternating current (AC) 
source. In a direct current circuit, electrons flow continuously 
in one direction from the source of power through a conductor 
to a load and back to the source of power. Voltage polarity for 
a direct current source remains constant. DC power sources 
include batteries and DC generators. 

By contrast, an AC generator makes electrons flow first in one 
direction then in another. In fact, an AC generator reverses its 
terminal polarities many times a second, causing current to 
change direction with each reversal.

AC Sine Wave Alternating voltage and current vary continuously. The graphic 
representation for AC is a sine wave. A sine wave can represent 
current or voltage. There are two axes. The vertical axis 
represents the direction and magnitude of current or voltage. 
The horizontal axis represents time.

+ Direction

- Direction

0
Time

When the waveform is above the time axis, current is flowing in 
one direction. This is referred to as the positive direction. When 
the waveform is below the time axis, current is flowing in the 
opposite direction. This is referred to as the negative direction. 
A sine wave moves through a complete rotation of 360 
degrees, which is referred to as one cycle. Alternating current 
goes through many of these cycles each second. 
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Basic AC Generator A basic generator consists of a magnetic field, an armature, 
slip rings, brushes and a resistive load. In a commercial 
generator, the magnetic field is created by an electromagnet, 
but, for this simple generator, permanent magnets are used.

An armature is any number of conductive wires wound in loops 
which rotates through the magnetic field. For simplicity, one 
loop is shown. When a conductor is moved through a magnetic 
field, a voltage is induced in the conductor. As the armature 
rotates through the magnetic field, a voltage is generated in the 
armature which causes current to flow. Slip rings are attached 
to the armature and rotate with it. Carbon brushes ride against 
the slip rings to conduct current from the armature to a resistive 
load.

Pole Piece

Magnetic Field

Armature

Brush

Slip Ring

R1

An armature rotates through the magnetic field. At an initial 
position of zero degrees, the armature conductors are moving 
parallel to the magnetic field and not cutting through any 
magnetic lines of flux. No voltage is induced. 

R1
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Generator Operation from As the armature rotates from zero to 90 degrees, the 
Zero to 90 Degrees conductors cut through more and more lines of flux, building up 

to a maximum induced voltage in the positive direction.

R1

90
Degrees

Generator Operation from The armature continues to rotate from 90 to 180 degrees, 
90 to 180 Degrees cutting fewer lines of flux. The induced voltage decreases from 

a maximum positive value to zero.

S

R1

180
Degrees

Generator Operation from As the armature continues to rotate from 180 degrees to 270 
180 to 270 Degrees degrees, the conductors cut more lines of flux, but in the 

opposite direction, and voltage is induced in the negative 
direction, building up to a maximum at 270 degrees.

R1

270
Degrees
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Generator Operation from As the armature continues to rotate from 270 to 360 degrees, 
270 to 360 Degrees induced voltage decreases from a maximum negative value 

to zero. This completes one cycle. The armature continues to 
rotate at a constant speed causing the cycle to repeat as long 
as the armature rotates.

S

R1

One Revolution

360
Degrees

Four-Pole AC Generator An AC generator produces one cycle per revolution for each 
pair of poles. An increase in the number of poles, causes an 
increase in the number of cycles completed in a revolution. A 
two-pole generator completes one cycle per revolution and a 
four-pole generator completes two cycles per revolution. 

R1

One Revolution

Frequency The number of cycles per second of voltage induced in the 
armature is the frequency of the generator. If a two-pole 
generator armature rotates at a speed of 60 revolutions 
per second, the generated voltage have a frequency of 60 
cycles per second. The recognized unit for frequency is hertz, 
abbreviated Hz. 1 Hz is equal to 1 cycle per second.
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Power companies generate and distribute electricity at very low 
frequencies. The standard power line frequency in the United 
States and many other countries is 60 Hz. 50 Hz is also a 
common power line frequency used throughout the world. The 
following illustration shows 15 cycles in 1/4 second which is 
equivalent to 60 Hz.

1/4 Second

Amplitude As previously discussed, voltage and current in an AC circuit 
rise and fall over time in a pattern referred to as a sine wave. 
In addition to frequency, which is the rate of variation, an AC 
sine wave also has amplitude, which is the range of variation. 
Amplitude can be specified in three ways: peak value, peak-to-
peak value, and effective value.

Alternating Current or Voltage+ Direction

- Direction

0
Time

Peak Value

Peak Value

Peak-to-Peak Value

Effective value  (also called RMS value) = Peak Value x 0.707

The peak value of a sine wave is the maximum value for each 
half of the sine wave. The peak-to-peak value is the range 
from the positive peak to the negative peak. This is twice the 
peak value. The effective value of AC is defined in terms of an 
equivalent heating effect when compared to DC. Instruments 
designed to measure AC voltage and current usually display the 
effective value. The effective value of an AC voltage or current is 
approximately equal to 0.707 times the peak value.

The effective value is also referred to as the RMS value. This 
name is derived from the root-mean-square mathematical 
process used to calculate the effective value of a waveform.
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Instantaneous Value The instantaneous value is the value at any one point on the 
sine wave. The voltage waveform produced as the armature of 
a basic two-pole AC generator rotates through 360 degrees is 
called a sine wave because the instantaneous voltage or current 
is related to the sine trigonometric function. 

As shown in the following illustration, the instantaneous 
voltage (e) and current (i) at any point on the sine wave are 
equal to the peak value times the sine of the angle. The sine 
values shown in the illustration are obtained from trigonometric 
tables.  Keep in mind that each point has an instantaneous 
value, but this illustration only shows the sine of the angle 
at 30 degree intervals. The sine of an angle is represented 
symbolically as sin , where the Greek letter theta ( ) 
represents the angle

Instantaneous Value of Alternating Current or Voltage

Instantaneous voltage (e) = Epeak x sin 

A ng le 0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°
S in  0 .000 0 .500 0 .866 1 .000 0 .866 0 .500 0 .000 -0 .500 -0 .866 -1 .000 -0 .866 -0 .500 0 .000

Instaneous current (i) = Ipeak x sin 

Example: if Epeak = 170 v, at 150 degrees e = (170)(0.5) = 85 v

The following example illustrates instantaneous values at 
90, 150, and 240 degrees for a peak voltage of 100 volts. By 
substituting the sine at the instantaneous angle value, the 
instantaneous voltage can be calculated.

90° = +100 v

150° = +50 v

240° = -86.6 v

+ 

0 

- 
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Review 5 
1. A __________ is the graphic representation of AC 

voltage or current values over time.

2. An AC generator produces ____________ cycle(s) per 
revolution for each pair of poles.

3. The instantaneous voltage at 240 degrees for a sine 
wave with a peak voltage of 150 V is ________ V.

4. The effective voltage for a sine wave with a peak 
voltage of 150 V is ________ V.



30

Inductance and Capacitance

Inductance The circuits studied to this point have been resistive. 
Resistance and voltage are not the only circuit properties that 
effect current flow, however. Inductance is the property of 
an electric circuit that opposes any change in electric current. 
Resistance opposes current flow, inductance opposes changes 
in current flow. Inductance is designated by the letter L. The 
unit of measurement for inductance is the henry (h); however, 
because the henry is a relatively large unit, inductance is often 
rated in millihenries or microhenries.

Unit Symbol Equivalent Measure
millihenry mh 1 mh = 0.001 h

microhenry µh 1 µh = 0.000001 h

Current flow produces a magnetic field in a conductor. The 
amount of current determines the strength of the magnetic 
field. As current flow increases, field strength increases, and as 
current flow decreases, field strength decreases.

Any change in current causes a corresponding change in 
the magnetic field surrounding the conductor. Current is 
constant for a regulated DC source, except when the circuit is 
turned on and off, or when there is a load change. However, 
alternating current is constantly changing, and inductance is 
continually opposing the change. A change in the magnetic field 
surrounding the conductor induces a voltage in the conductor. 
This self-induced voltage opposes the change in current. This is 
known as counter emf. 

All conductors and many electrical devices have a significant 
amount of inductance, but inductors are coils of wire wound 
for a specific inductance. For some applications, inductors 
are wound around a metal core to further concentrate the 
inductance. The inductance of a coil is determined by the 
number of turns in the coil, the coil diameter and length, 
and the core material. As shown in the following illustration, 
an inductor is usually indicated symbolically on an electrical 
drawing as a curled line.
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All electrical products have inductance, but the
products shown below are examples of products
that are primariliy inductive.

Control Relays Contactors

Transformers

Electric Motor

Inductors are components
manufactured to have a 
specific inductance.

Schematic Symbols

Inductor Iron Core Inductor

L = (Permeability of Core) x 
(Number of Turns)2 x (Cross Sectional Area)

Length

Inductor

Inductors in Series In the following circuit, an AC source supplies electrical power 
to four inductors. Total inductance of series inductors is equal to 
the sum of the inductances.

AC Source

R 2 mh 2 mh 1 mh 3 mh

L1 L2 L3 L4

Lt = L1 + L2 + L3 + L4 = 2 mh + 2 mh + 1 mh + 3 mh = 8 mh
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Inductors in Parallel The total inductance of inductors in parallel is calculated using a 
formula similar to the formula for resistance of parallel resistors. 
The following illustration shows the calculation for a circuit with 
three parallel inductors.

AC Source

R

L1 L2 L3

5 mh 10 mh 20 mh

Lt L1 L2 L3

1 111
= + + =

5 mh 10 mh 20 mh
1 11

+ +
20 mh

2 14
+ +=

20 mh20 mh
=

20 mh
7

Lt

L1
L2

L3

1 11
+ +

=
1

=
1

20 mh
7 20 mh

7
= = 2.86 mh

Capacitance and Capacitors Capacitance is a measure of a circuit’s ability to store an 
electrical charge. A device manufactured to have a specific 
amount of capacitance is called a capacitor. A capacitor is made 
up of a pair of conductive plates separated by a thin layer of 
insulating material. Another name for the insulating material is 
dielectric material. A capacitor is usually indicated symbolically 
on an electrical drawing by a combination of a straight line with 
a curved line or two straight lines.

Negative Plate
Dielectric Material

Positive Plate

Direct current cannot flow through
a capacitor unless it is defective

53JZ 22UF

Schematic Symbols

Capacitors are components manufactured
to have a specific capacitance.

When a voltage is applied to the plates of a capacitor, electrons 
are forced onto one plate and pulled from the other. This 
charges the capacitor. Direct current cannot flow through the 
dielectric material because it is an insulator; however, the 
electric field created when the capacitor is charged is felt 
through the dielectric. Capacitors are rated for the amount of 
charge they can hold. 



33

The capacitance of a capacitor depends on the area of the 
plates, the distance between the plates, and type of dielectric 
material used. The symbol for capacitance is C and the unit of 
measurement is the farad (F). However, because the farad is 
a large unit, capacitors are often rated in microfarads ( F) or 
picofarads (pF).

Unit Symbol Equivalent Measure
microfarad µF 1 µF = 0.000001 F
picofarad pF 1 pF = 0.000000000001 F

Capacitors in Series  Connecting capacitors in series decreases total capacitance.  
The formula for series capacitors is similar to the formula 
for parallel resistors. In the following example, an AC source 
supplies electrical power to three capacitors. 

AC Source

R
C1 C2 C3

5 µF 10 µF 2 µF

Ct C1 C3 C2

1 111
= + + =5 µF 10 µF 2 µF

1 11
+ + 10 µF

1 52
+ += 10 µF10 µF =10 µF

8

1 1
Ct

C1 C2 C3

1 11 + += =
10 µF

8 10 µF
8 

= = 1.25 µF

Capacitors in Parallel Adding capacitors in parallel increases circuit capacitance. In the 
following circuit, an AC source supplies electrical power to three 
capacitors. Total capacitance is determined by adding the values 
of the capacitors.

C1 C2 C3

5 µF 10 µF 20 µF
AC Source

R

Ct = C1 + C2 + C3 = 5 µF + 10 µF + 20 µF = 35 µF
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Review 6
1. The total inductance for this circuit is ________ mh.
 

 

4 mh 2 mh 3 mh 1 mh

L1 L2 L3 L4

2. The total inductance for this circuit is ________ mh.
 

 

L1 L2 L3

5 mh 10 mh 10 mh

3. The total capacitance for this circuit is ________ F.
 

 

C1 C2 C3
5 µF 10 µF10 µF

4. The total capacitance for this circuit is ________ F.
 

 

C1 C2 C3

5 µF 10 µF 10 µF
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Reactance and Impedance

In a purely resistive AC circuit, resistance is the only opposition 
to current flow. In an AC circuit with only inductance, 
capacitance, or both inductance and capacitance, but no 
resistance, opposition to current flow is called reactance, 
designated by the symbol X. Total opposition to current flow 
in an AC circuit that contains both reactance and resistance 
is called impedance, designated by the symbol Z. Just like 
resistance, reactance and impedance are expressed in ohms.

Inductive Reactance Inductance only affects current flow when the current is 
changing. Inductance produces a self-induced voltage (counter 
emf) that opposes changes in current. In an AC circuit, current 
is changing constantly. Therefore inductance causes a continual 
opposition to current flow that is called inductive reactance 
and is designated by the symbol XL. 

Inductive reactance is proportional to both the inductance and 
the frequency applied. The formula for inductive reactance is 
shown below.

XL= 2 fL= 2 x 3.14 x frequency x inductance

For a 60 Hz circuit containing a 10 mh inductor, the inductive 
reactance is:

XL= 2 fL = 2 x 3.14 x 60 Hz x 0.010 h = 3.768  

For this example, the resistance is zero, so the impedance is 
equal to the reactance. If the voltage is known, Ohm’s law can 
be used to calculate the current. If, for example, the voltage is 
10 V, the current is calculated as follows:

I = E
Z

= 2.65A= 10 V
3.768 
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Current and Voltage Phases In a purely resistive AC circuit, current and voltage are said to 
be in phase current because they rise and fall at the same time 
as shown in the following example.

+

0

_

Voltage

Current

 R = 100 

In a purely inductive AC circuit, current and voltage are said to 
be out of phase because voltage leads current by 90 degrees 
as shown in the following example. Another way of saying that 
voltage leads current by 90 degrees is to say that current lags 
voltage by 90 degrees.

+

0

_

90
o

Voltage

Current

XL = 100 

In an AC circuit with both resistance and inductance, current 
lags voltage by more than 0 degrees and less than 90 degrees. 
The exact amount of lag depends on the relative amounts 
of resistance and inductive reactance. The more resistive a 
circuit is, the closer it is to being in phase. The more reactive a 
circuit is, the more current and voltage are out of phase. In the 
following example, resistance and inductive reactance are equal 
and current lags voltage by 45 degrees.

+

0

_

45o

Voltage

Current

 R = 100 

XL = 100 
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Calculating Impedance in When calculating impedance for a circuit with resistance and 
an Inductive Circuit inductive reactance, the following formula is used.

Z = R2 + XL2

Fore example, if resistance and inductive reactance are each 
10 , impedance is calculated as follows.

Z = 102 + 102 = = 14.1421  200

Vectors A common way to represent AC circuit values is with a 
vector diagram. A vector is a quantity that has magnitude and 
direction. For example, the following vector diagram illustrates 
the relationship between resistance and inductive reactance 
for a circuit containing 10 ohms of each. The angle between the 
vectors is the phase angle represented by the symbol . When 
inductive reactance is equal to resistance the resultant angle 
is 45 degrees. This angle represents how much current lags 
voltage for this circuit.

XL = 10 

R = 10 

Z =
 14

.14
21

 

Capacitive Reactance Circuits with capacitance also have reactance. Capacitive 
reactance is designated by the symbol XC. The larger the 
capacitor, the smaller the capacitive reactance. Current flow 
in a capacitive AC circuit is also dependent on frequency. The 
following formula is used to calculate capacitive reactance.

XC = 1 
2 fC 

The capacitive reactance for a 60 Hz circuit with a 10 F 
capacitor is calculated as follows.

XC = 1
2 fC

= 1
2 x 3.14 x 60 Hz x 0.000010 F

= 265.39 

For this example, the resistance is zero so the impedance is 
equal to the reactance. If the voltage is known, Ohm’s law can 
be used to calculate the current. For example, if the voltage is 
10 V, the current is calculated as follows.

= 0.0376 A I =  E 
Z 

= 10 V
265.39 
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Current and Voltage Phases The phase relationship between current and voltage in a 
capacitive circuit is opposite to the phase relationship in an 
inductive circuit. In a purely capacitive circuit, current leads 
voltage by 90 degrees.

+

0

_

90o

Voltage

Current

XC = 100 

In a circuit with both resistance and capacitive reactance, AC 
current leads voltage by more than 0 degrees and less than 
90 degrees. The exact amount of lead depends on the relative 
amounts of resistance and capacitive reactance. The more 
resistive a circuit is, the closer it is to being in phase. The more 
reactive a circuit is, the more out of phase it is. In the following 
example, resistance and capacitive reactance are equal and 
current leads voltage by 45 degrees.

+

0

_

45o

Voltage

Current

 R = 100 

XC = 100 

Calculating Impedance in The following formula is used to calculate impedance in a 
a Capacitive Circuit circuit with resistance and capacitive reactance.

Z =  R2 + XC
2

For example, if resistance and capacitive reactance are each 10 
ohms, impedance is calculated as follows.

Z = 102 + 102 = = 14.1421  200
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The following vector illustrates the relationship between 
resistance and capacitive reactance for a circuit containing 10 
ohms of each. The angle between the vectors is the phase 
angle represented by the symbol . When capacitive reactance 
is equal to resistance, the resultant angle is 45 degrees. This 
angle represents how much current leads voltage for this 
circuit.

XC = 10 

R = 10 

Z = 14.1421 

Review 7
1. ________ is the opposition to current flow in an AC 

circuit caused by inductance and capacitance.

2. ________ is the total opposition to current flow in an AC 
circuit with resistance, capacitance, and/or inductance.

3. For a 50 Hz circuit with a 10 mh inductor, the inductive 
reactance is ________ .

4. In a purely inductive circuit, ________.

 a. current and voltage are in phase
 b. current leads voltage by 90 degrees
 c. current lags voltage by 90 degrees

5. In a purely capacitive circuit, ________.

 a. current and voltage are in phase
 b. current leads voltage by 90 degrees
 c. current lags voltage by 90 degrees

6. For a 50 Hz circuit with a 10 F capacitor, the capacitive 
reactance is ________ .

7. A circuit with 5  of resistance and 10  of inductive 
reactance has an impedance of ________ . 

8. A circuit with 5  of resistance and 4  of capacitive 
reactance has an impedance of ________ .
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Series and Parallel R-L-C Circuits

Circuits often contain resistance, inductance, and capacitance. 
In an inductive AC circuit, current lags voltage by 90 degrees. 
In a capacitive AC circuit, current leads voltage by 90 degrees. 
Therefore, when represented in vector form, inductive and 
capacitive reactance are 180 degrees apart. The net reactance 
is determined by taking the difference between the two 
quantities.

R

XL

XC

An AC circuit is:

• Resistive if XL and XC are equal
• Inductive if XL is greater than XC
• Capacitive if XC is greater than XL

The following formula is used to calculate total impedance for a 
circuit containing resistance, capacitance, and inductance.

Z =  R2 + (XL - XC
)2

In the case where inductive reactance is greater than capacitive 
reactance, subtracting XC from XL results in a positive number. 
The positive phase angle is an indicator that the net circuit 
reactance is inductive and current lags voltage.

In the case where capacitive reactance is greater than inductive 
reactance, subtracting XC from XL results in a negative number. 
The negative phase angle is an indicator that the net circuit 
reactance is capacitive and current leads voltage. 
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Series R-L-C Circuit The following example shows a total impedance calculation
for a series R-L-C Circuit. Once total impedance has been 
calculated, current is calculated using Ohm's law.

2k 2k 0.5k 

XC = 0.5 k

XL = 2 k

R = 2 k

XL = 1.5 k

R = 2 k

Zt = R2 +  (XL - XC)2

Zt = 20002 + 15002

Zt = 6,250,000

Zt = 2500  = 2.5 k

Z t =
2.5 k

115 V

I = 
E

Zt

=
115 V

2500 
= 0.046 A = 46 mA

Zt = Total Impedance

Keep in mind that because both inductive reactance and 
capacitive reactance are dependant upon frequency, if the 
frequency of the source changes, the reactances change. For 
example, if the frequency increases, the inductive reactance 
increases, but the capacitive reactance decreases.

For the special case where the inductive reactance and 
capacitive reactance are equal, the inductive and capacitive 
reactances cancel and the net impedance is resistance. In 
this case, the current is equal to the voltage divided by the 
resistance. This is referred to as a series resonant circuit.

Parallel R-L-C Circuit Many circuits contain values of resistance, inductance, and 
capacitance in parallel. One method for determining the total 
impedance for a parallel circuit is to begin by calculating the 
total current. 

In a capacitive AC circuit, current leads voltage by 90 degrees. 
In an inductive AC circuit, current lags voltage by 90 degrees. 
When represented in vector form, capacitive current and 
inductive current and are plotted 180 degrees apart. The net 
reactive current is determined by taking the difference between 
the reactive currents.
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The total current for the circuit can be calculated as shown in 
the following example. Once the total current is known, the 
total impedance is calculated using Ohm’s law.

E = 24 V
R XC XL

IR = E
R

= 24 V
4 

= 6 A IC = E
XC

= 24 V
6 

= 4 A IL =
E
XL

= 24 V
2 

= 12 A

IC = 4 A

IR = 6 A

IL = 12 A

IR = 6 A

IL = 8 A
I

t  = 10 A

It = IR
2 +  (Ic - IL)

2

It = 62 + 82

It = 100

It = 10 A

Zt =
E
It

= 24 V
10 A

Zt = 2.4 

It = Total Current Zt = Total Impedance

4 6 2 

Because inductive reactance and capacitive reactance are 
dependant upon frequency, if the frequency of the source 
changes, the reactances and corresponding currents also 
change. For example, if the frequency increases, the inductive 
reactance increases, and the current through the inductor 
decreases, but the capacitive reactance decreases and the 
current through the capacitor increases.

For the special case where the inductive and capacitive 
reactances are equal, the inductive and capacitive currents 
cancel and the net current is the resistive current. In this case, 
the inductor and capacitor form a parallel resonant circuit.
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Power and Power Factor in an AC Circuit

Power consumed by a resistor is dissipated in heat and not 
returned to the source. This is called true power because it is 
the rate at which energy is used. 

Current in an AC circuit rises to peak values and diminishes to 
zero many times a second. The energy stored in the magnetic 
field of an inductor, or plates of a capacitor, is returned to the 
source when current changes direction. 

Although reactive components do not consume energy, they do 
increase the amount of energy that must be generated to do 
the same amount of work. The rate at which this non-working 
energy must be generated is called reactive power. If voltage 
and current are 90 degrees out of phase, as would be the case 
in a purely capacitive or purely inductive circuit, the average 
value of true power is equal to zero. In this case, there are high 
positive and negative peak values of power, but when added 
together the result is zero.

Power in an AC circuit is the vector sum of true power and 
reactive power. This is called apparent power. True power is 
equal to apparent power in a purely resistive circuit because 
voltage and current are in phase. Voltage and current are also in 
phase in a circuit containing equal values of inductive reactance 
and capacitive reactance. In most circuits, however, apparent 
power is composed of both true power and reactive power.

The formula for apparent power is shown below. The unit of 
measure for apparent power is the volt-ampere (VA).

Power Formulas
P = EI

True power is calculated from another trigonometric function, 
the cosine of the phase angle (cos ). The formula for true 
power is shown below. The unit of measure for true power is 
the watt (W).

P = EI cos 
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In a purely resistive circuit, current and voltage are in phase 
and there is a zero degree angle displacement between current 
and voltage. The cosine of zero is one. Multiplying a value by 
one does not change the value. Therefore, in a purely resistive 
circuit, the cosine of the angle is ignored.

In a purely reactive circuit, either inductive or capacitive, current 
and voltage are 90 degrees out of phase. The cosine of 90 
degrees is zero. Multiplying a value times zero results in a zero 
product. Therefore, no energy is consumed in a purely reactive 
circuit.

Although reactive components do not consume energy, they do 
increase the amount of energy that must be generated to do 
the same amount of work. The rate at which this non-working 
energy must be generated is called reactive power. The unit for 
reactive power the var (or VAr), which stands for volt-ampere 
reactive.

Power Calculation Example The following example shows true power and apparent power 
calculations for the circuit shown.

True Power = I2R = (0.046 A)2 x 2 k = 4.232 W
Apparent Power = IE = 0.046 A x 115 V = 5.29 VA

2 k 2 k 0.5 k

XC = 0.5 k

XL = 2 k

R = 2 k

XL = 1.5 k

R = 2 k
Z t

 =2.5k 

115 V

I = 
E

Zt

=
115 V

2500 
= 0.046 A = 46 mA

Power Factor Power factor is the ratio of true power to apparent power in an 
AC circuit. As previously indicated, this ratio is also the cosine 
of the phase angle.

In a purely resistive circuit, current and voltage are in phase. This 
means that there is no angle of displacement between current 
and voltage. The cosine of a zero degree angle is one. Therefore, 
the power factor is one. This means that all energy delivered 
by the source is consumed by the circuit and dissipated in the 
form of heat.
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In a purely reactive circuit, voltage and current are 90 degrees 
apart. The cosine of a 90 degree angle is zero. Therefore, the 
power factor is zero. This means that all the energy the circuit 
receives from the source is returned to the source.

For the circuit in the following example, the power factor is 0.8. 
This means the circuit uses 80 percent of the energy supplied 
by the source and returns 20 percent to the source.

True Power = I2R = (0.046 A)2 x 2 k = 4.232 W

Apparent Power = IE = 0.046 A x 115 V = 5.29 VA

2 k 2 k 0.5 k

115 V

XC = 0.5k 

XL = 2 k

R = 2 k

XL = 1.5 k

R = 2 k
Z t

 =2.5k I = 
E

Zt

=
115 V

2500 
= 0.046 A = 46 mA

Power Factor (PF) = True Power
Apparent Power = cos    (cosine of angle )

PF = 4.232 W
5.29 VA = 0.8

True Power = Apparent Power x PF = Apparent Power x cos = IE cos 

Another way of expressing true power is as the apparent power 
times the power factor. This is also equal to I times E times the 
cosine of the phase angle.
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Review 8
1. An AC circuit is ________ if inductive reactance and 

capacitive reactance are equal.

2. A series AC circuit is ________ if there is more inductive 
reactance than capacitive reactance.

3. A series AC circuit is ________ if there is more 
capacitive reactance than inductive reactance.

4. In a 120 V, 60 Hz series circuit with resistance of 
1000 , 10 mh of inductance, and 4 F of capacitance, 
impedance is ________  and current is ________ A.

5. For a circuit with a 120 V AC source and a current of 
10 A, the apparent power is __________ VA.

6. For a circuit with an apparent power of 3000 VA and a 
power factor of 0.8, the true power is ________ W.
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Transformers

Transformers are electromagnetic devices that transfer 
electrical energy from one circuit to another by mutual 
induction. A single-phase transformer has two coils, a 
primary and a secondary. Mutual induction is the transfer of 
electrical energy from the primary to the secondary through 
magnetic fields . For example, in the following a single-phase 
transformer circuit. The AC generator provides electrical power 
to the primary coil. The magnetic field produced by the primary 
induces a voltage into the secondary coil, which supplies power 
to a load.

AC Source Load

Single-phase, Iron Core Transformer

Primary
Coil

Secondary
Coil

Transformers are used to step a voltage up to a higher level, or 
down to a lower level. To understand the need to stepping up or 
down voltages, consider how electrical power is generated and 
distributed.

Generators used by power companies typically generate 
voltages of 30 kV or less. While this is a relatively high voltage 
compared to the voltages used by power customers, it is 
more efficient for utilities to transmit this power at still higher 
voltages, up to as high at 765 kV. 

The electrical power is received at substation transformers 
many miles away where it is stepped down and distributed 
locally. When it arrives at the customer’s location, it is further 
stepped down to the level needed for the type of customer.

Even within a customer’s facility, voltage may need to 
be stepped down further to meet requirements of some 
equipment.
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This process of stepping up or down the voltage throughout a 
power distribution system is accomplished using transformers. 
The size and ratings of the transformers vary, but the basic 
operation of these devices is the same.

Mutual inductance between two coils depends on their flux 
linkage. Maximum coupling occurs when all the lines of flux 
from the primary coil cut through the secondary winding. 
The amount of coupling which takes place is referred to as 
coefficient of coupling. To maximize coefficient of coupling, 
both coils are often wound on an iron core which is used to 
provide a path for the lines of flux. The following discussion of 
step-up and step-down transformers applies to transformers 
with an iron core.

Lines of Flux
Confined to 
Iron Core

Lines of Flux
that don’t Couple

There is a direct relationship between voltage, impedance, 
current, and the number of primary and secondary coil turns in a 
transformer. This relationship can be used to find either primary 
or secondary voltage, current, and the number of turns in each 
coil. The following “rules-of-thumb” apply to transformers:

• If the primary coil has fewer turns than the secondary coil, 
the transformer is a step-up transformer.

• If the primary coil has more turns than the secondary coil, 
the transformer is a step-down transformer.

When the number of turns on the primary and secondary 
coils of a transformer are equal, input voltage, impedance, and 
current are equal to output voltage, impedance, and current.
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Transformer Formulas There are a number of useful formulas for calculating, voltage, 
current, and the number of turns between the primary and 
secondary of a transformer. These formulas can be used with 
either step-up or step-down transformers. The following legend 
applies to the transformer formulas:

ES = secondary voltage
EP = primary voltage
IS = secondary current
IP = primary current
NS = turns in the secondary coil
NP = turns in the primary coil

To find voltage:

ES =
EP x IP EP =

ES x IS
IS IP

For example, if a transformer has a primary voltage of 240 V, 
a primary current of 5 A, and a secondary current of 10 A, the 
secondary voltage can be calculated as shown below.

ES =
EP x IP 240 V x 5 A

10 A
1200

10

 

IS
= 120 V= =

To find current:

IS =
EP x IP IP =

ES x IS
ES EP

To find the number of coil turns:

NS =
ES x NP NP =

EP x NS

EP ES
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Transformer Ratings Transformers are rated for the amount of apparent power they 
can provide. Because values of apparent power are often large, 
the transformer apparent power rating is frequently given 
in kVA (kilovolt-amperes). The kVA rating determines the 
current and voltage a transformer can deliver to its load without 
overheating. 

For a single-phase transformer, the apparent power rating is 
calculated by multiplying secondary voltage by the maximum 
load current. This means that if a transformer needs to provide a 
secondary voltage of 240 V at a maximum load current of 75 A, 
the kVA rating of the transformer must be at least 18 kVA. 

240 V x 75 A = 18,000 VA = 18 kVA 

Transformer Losses Most of the electrical energy provided to the primary of a 
transformer is transferred to the secondary. Some energy, 
however, is lost in heat in the wiring or the core. Some losses in 
the core can be reduced by building the core of a number of flat 
sections called laminations.

Three-Phase AC Up till now, we have been talking only about single-phase 
AC power. Single-phase power is used in homes, offices, and 
many other types of facilities. 

However, power companies generate and distribute three-
phase power. Three-phase power is used in commercial and 
industrial applications that have higher power requirements than 
a typical residence.

Three-phase power, as shown in the following illustration, is a 
continuous series of three overlapping AC cycles. Each wave 
represents a phase and is offset by 120 electrical degrees from 
each of the two other phases.

Phase A Phase B Phase C+

0

-
120o

240o

360o
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Three-Phase Transformers Three-phase transformers are used when three-phase power 
is required for larger loads such as industrial motors. There are 
two basic three-phase transformer connections, delta and wye. 

Delta Connections Delta transformers are schematically drawn in a triangle. The 
voltages across each winding of the delta triangle represents 
one phase of a three phase system. The voltage is always the 
same between any two wires. A single phase (such as L1 to L2) 
can be used to supply single phase loads. All three phases are 
used to supply three phase loads.

The secondary of a delta transformer is illustrated below. 
For simplicity, the primary is not shown in this example. The 
voltages shown on the illustration are examples. Just as with 
a single-phase transformer, the secondary voltage depends on 
both the primary voltage and the turns ratio.

480 V 480 V

480 V

480 V

480 V

L1

L3

L2

When current is the same in all three coils, it is said to be 
balanced. In each phase, current has two paths to follow. For 
example, current flowing from L1 to the connection point at 
the top of the delta can flow down through one coil to L2, and 
down through another coil to L3. When current is balanced, the 
current in each line is equal to the square root of 3 times the 
current in each coil. 
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Wye Connections The wye connection is also known as a star connection. Three 
coils are connected to form a “Y” shape. The wye transformer 
secondary has four leads, three phase leads and one neutral 
lead. The voltage across any phase (line-to-neutral) will always 
be less than the line-to-line voltage. The line-to-line voltage 
is the square root of 3 times the line-to-neutral voltage. The 
following example shows a wye transformer secondary with a 
line-to-neutral voltage is 277 volts and a line-to-line voltage of 
480 volts.

277 V

277 V

277 V

480 V

480 V

480 V

L1

L2

L3

N

VLine-to-Line = 3 x 277 V = 1.732 x 277 V = 480 V

Review 9
1. If the primary of a transformer has more turns than the 

secondary, it is a _________ transformer.

2. If the primary of a transformer has fewer turns than the 
secondary, it is a _________ transformer.

3. The secondary voltage of an iron-core transformer with 
240 V on the primary, 40 A on the primary, and 20 A on 
the secondary is ________ V.

4. A single-phase transformer with a 480 V and a 
maximum load current of 20 A must have an apparent 
power rating of at least ________ kVA.

5. A wye-connected, three-phase transformer secondary, 
with 208 V line-to-line will have ________ V line-to-
neutral.
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Review Answers

Review 1 1) electron (-), proton (+), neutron (neutral); 2) conductors; 
3) a, c, e, g; 4) insulators.

Review 2 1) negative; 2) positive; 3) repel, attract; f) Voltage; 
 6) negative, positive; 7) a. ohm, b. ampere, c. volt.

Review 3 1) 0.5; 2) 45; 3) 30; 4) 5; 5) 6; 6) 120.

Review 4 1) iron, north-south; 2) north, south; 3) electron, lines of flux.

Review 5 1) sine wave; 2) one; 3) -129.9; 4) 106.05.

Review 6 1) 10; 2) 2.5; 3) 2.5; 4) 25.

Review 7 1) Reactance; 2) Impedance; 3) 3.14; 4) c; 5) b; 6) 318.5; 
7) 11.18; 8) 6.4.

Review 8 1) resistive; 2) inductive; 3) capacitive; 4) 1198, 0.1; 
 5) 1200; 6) 2400. 

Review 9 1) step-down; 2) step-up; 3) 480; 4) 9.6; 5) 120.
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Final Exam

You can test your knowledge by taking the final exam for this 
course online at http://www.usa.siemens.com/step. This 
web page provides links to a variety of our quickSTEP online 
courses. To complete the final exam for this course, click on the 
Basics of Electricity link. 

Next, move your mouse over to the left so that the navigation 
bar pops out and select the Final Exam link. The final 
exam page will appear. Before taking the final exam, it is 
recommended that you delete the temporary files on your 
computer. For most versions of Internet Explorer, you can do 
this by selecting Internet Options from the Tools menu and 
then clicking on the Delete Files button. If you do not perform 
this step, you may see a score of 0% after you submit your 
exam for grading.

After you complete the final exam, click on the Grade the 
Exam button at the bottom of the page. Your score on the exam 
will be displayed along with the questions that you missed. 

If you score 70% or better on the exam, you will be given two 
options for displaying and printing a certificate of completion. 
The Print Certificate option allows you to display and print the 
certificate without saving your score in our database and the 
Save Score option allows you to save your score and display 
and print your certificate.
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Electric Power

Power, originating at a power generating plant, is distributed 
to residential, commercial, and industrial customers through 
various transmission lines and substations. 

Power Sources There are several energy sources used to produce electrical 
power. For example, coal, oil, and uranium are fuels used to 
convert water into steam which, in turn, drives a turbine. Some 
utilities also use gas turbines, or, for combined cycle operation, 
both gas and steam turbines. The output shaft of the turbine is 
connected to an alternating current (AC) generator. The AC 
generator is rotated by the turbine. It is the AC generator which 
converts the mechanical energy into electrical energy.
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Hydroelectric Power Hydroelectric power plants use mechanical energy from falling 
water to turn a generator.

Newer Renewable Energy Of the power generation approaches discussed so far, only
Sources hydroelectric power is a renewable energy source. Hydroelectric 

power has been around from the earliest days of electric power 
generation. In recent years, a small, but growing, percentage 
of electrical energy is generated using wind or solar power or 
through a host of other renewable approaches.

AC Generators Most of the technologies in use today to generate electricity 
utilize an AC generator. AC generators operate on the theory 
of electromagnetic induction. This simply means that, when 
conductors are moved through a magnetic field, a voltage is 
induced into the conductors. 

Although commercial power generators are complex machines, 
for the purpose of explanation, a basic generator can be 
constructed of magnets, an armature, slip rings, brushes, and 
some type of resistive load. An armature is any number of 
conductors wound in loops which rotate through the magnetic 
field created by the magnets. For simplicity, one loop is shown 
below. 
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If you track the rotation of the AC generator through a complete 
revolution of 360°, you would see that, during the first quarter 
of a revolution, voltage increases until it reaches a maximum 
positive value at 90°. Voltage decreases during the second 
quarter of a revolution until it reaches zero at 180°. During the 
third quarter of a revolution, voltage increases in the opposite 
direction until it reaches a maximum negative value at 270°. 
During the last quarter of a revolution, voltage decreases until it 
reaches zero at 360°. 

This is one complete cycle of operation. If the armature of this 
simple AC generator rotates 3600 times per minute (3600 
RPM), it produces 60 cycles of voltage per second, or 60 hertz.

Energy Transfer The role of the generator just described is to change mechanical 
energy into electrical energy. In order for this energy to 
be useful, however, it must be transmitted to the utility’s 
customers via transmission lines. The most efficient way to do 
this is to increase the voltage while at the same time reducing 
the current. This is necessary to minimize the energy lost in 
heat on the transmission lines. These losses are referred to as 
I
2
R (I-squared-R) losses because they are equal to the square 

of the current times the resistance of the power lines. 
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Transformers Once the electrical energy gets near the end user, the utility 
steps down the voltage to the level needed by the user. The 
device that utilities use to step up the voltage at the generator 
end and step down the voltage at the user end is called a 
transformer. 

The transformer transfers energy from a primary coil to a 
secondary coil by mutual induction. The AC generator provides 
electrical power to the primary coil. The magnetic field produced 
by the primary coil induces a voltage into the secondary coil, 
which supplies power to the connected load. The load in this 
case is the entire electrical distribution network including all 
residential, commercial, and industrial customers.

A step-up transformer is used when it is desirable to step 
voltage up from one level to another. The following simplified 
example shows a 1:2 step-up transformer could be used to 
step 120 volts up to 240 volts. A 2:1 step-down transformer 
could be used to step 240 volts down to 120 volts. Keep in 
mind that most transformers step up or down the voltage more 
significantly than this simple example displays. 

1:2

120 VAC
I = 10 amps

Primary Coil
900 Turns

Secondary Coil
1800 Turns

Vload = 240 VAC
Iload = 5 amps

Load

2:1

240 VAC
I = 5 amps

Primary Coil
1800 Turns Secondary Coil

900 Turns
Vload = 120 VAC
Iload = 10 amps

Step-Up Transformer Step-Down Transformer

AC
Source

Three-Phase Voltage For simplicity, the generator and transformers shown so far 
have been single-phase devices. While single-phase power is 
needed for many applications, utilities generate and transmit 
three-phase power. In a three-phase system, the generator 
produces three voltages. Each voltage phase rises and falls at 
the same frequency (60 Hz in the U.S., 50 Hz in many other 
countries); however, the phases are offset from each other by 
120°.

Phase A Phase B Phase C+

0

-
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Three-Phase Transformers Transformers used with three-phase power require three 
interconnected coils in both the primary and the secondary. 
These transformers can be connected in either a wye or a delta 
configuration.  The type of transformer and the actual voltage 
depend on the requirements of the power company and the 
needs of the customer.

 The following illustration shows the secondary of a wye-
connected transformer and the secondary of a delta-connected 
transformer. These are only examples of possible distribution 
configurations, the specific voltages and configurations vary 
widely depending upon the application requirements.

A

B C

A

B

C

N N

Wye Delta

480 Volts

277 Volts

120 Volts
240 Volts

208 Volts

A - B
B - C
C - A
A - N
B - N
C - N

480 Volts
480 Volts
480 Volts
277 Volts
277 Volts
277 Volts

A - B
B - C
C - A
A - N
B - N
C - N

240 Volts
240 Volts
240 Volts
120 Volts
208 Volts
120 Volts

480 Volts

480 Volts277 Volts

277 Volts

120 Volts

240 Volts

240 Volts
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Residential Applications

Power, generated at a power plant and stepped up to a high 
transmission voltage, is brought to a local substation. Here, it is 
stepped down to a lower distribution voltage. When it reaches 
its final destination at a residential customer, it is stepped 
down to 240 volts. Only single-phase power is used in a typical 
residential application.

Power Supply The most common supply system used in U. S. residential 
applications today is a single-phase, three-wire supply 
system. In this system, the voltage between either hot wire 
and neutral is 120 volts and the voltage between the two hot 
wires is 240 volts. The 120 volt supply is used for general-
purpose receptacles and lighting. The 240 volt supply is used for 
heating, cooling, cooking, and other high-demand loads.

Step-down Transformer

Hot Wire

Hot Wire

D
is

tri
bu

tio
n 

Vo
lta

ge

120 Volts

120 Volts

Neutral 240 Volts
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Service Entrance Power, purchased from a utility company, enters the house 
through a metering device and is applied to a load center. This 
is the service entrance. Residential service can come from 
an overhead utility transformer or from a lateral service run 
underground. 

Load Center

Meter

Transformer

Lateral ServiceOverhead Service

Load Center

Meter

Transformer

Siemens Generators Although the power from electric companies is usually reliable 
enough for residential applications, many homeowners and 
businesses desire backup or portable generators. Siemens 
generators are designed for quiet and reliable operation. 
Siemens offers generators in a range of capacities along with 
associated equipment, such as manual transfer interlock kits 
and transfer switches.

Meter Sockets

 

Most of us are familiar with the watt-hour 
meter located outside our homes. The 
watt-hour meter is typically provided by the 
power company and is used to determine 
how much electricity has been consumed 
for billing purposes. Each watt-hour meter 
requires a meter socket to safely and securely 
connect it to the electrical service. Siemens 
manufactures a variety of single-position and 
multiple-position meter sockets.
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AC Motors

AC motors are used worldwide in many applications to 
transform electrical energy into mechanical energy. There are 
many types of AC motors, but this course focuses on three-
phase AC induction motors, the most common type of motor 
used in industrial applications. 

An AC motor of this type may be part of a pump or fan or 
connected to some other form of mechanical equipment such 
as a winder, conveyor, or mixer. Siemens manufactures a wide 
variety of AC motors. In addition to providing basic information 
about AC motors in general, this course also includes an 
overview of Siemens AC motors.

Winder

Pump

Conveyor
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Force and Motion

Before discussing AC motors it is necessary to understand 
some of the basic terminology associated with motor operation. 
Many of these terms are familiar to us in some other context. 
Later in the course we will see how these terms apply to AC 
motors.

Force In simple terms, a force is a push or a pull. Force may be 
caused by electromagnetism, gravity, or a combination of 
physical means.

Net Force Net force is the vector sum of all forces that act on an object, 
including friction and gravity. When forces are applied in the 
same direction, they are added. For example, if two 10 pound 
forces are applied in the same direction the net force would be 
20 pounds. 

=10 LB 20 LB10 LB

If 10 pounds of force is applied in one direction and 5 pounds 
of force is applied in the opposite direction, the net force would 
be 5 pounds and the object would move in the direction of the 
greater force.

=5 LB10 LB 5 LB
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If 10 pounds of force is applied equally in both directions, the 
net force would be zero and the object would not move.

= 010 LB10 LB

Torque Torque is a twisting or turning force that causes an object to 
rotate. For example, a force applied to the end of a lever causes 
a turning effect or torque at the pivot point. 

Torque ( ) is the product of force and radius (lever distance).

 = Force x Radius

In the English system of measurements, torque is measured in 
pound-feet (lb-ft) or pound-inches (lb-in). For example, if 10 lbs 
of force is applied to a lever 1 foot long, the resulting torque is 
10 lb-ft.

1 foot
Torque (t) = 10 lb-ft

Force = 10 pounds

An increase in force or radius results in a corresponding 
increase in torque. Increasing the radius to two feet, for 
example, results in 20 lb-ft of torque. 

2 feet
Torque (t) = 20 lb-ft

Force = 10 pounds
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Speed An object in motion takes time to travel any distance. Speed is 
the ratio of the distance traveled and the time it takes to travel 
the distance.

Linear Speed Linear speed is the rate at which an object travels a specified 
distance. Linear speed is expressed in units of distance divided 
by units of time, for example, miles per hour or meters per 
second (m/s). Therefore, if it take 2 seconds to travel 40 meters, 
the speed is 20 m/s. 

Linear Motion

Angular (Rotational) Speed The angular speed of a rotating object determines how long 
it takes for an object to rotate a specified angular distance. 
Angular speed is often expressed in revolutions per minute 
(RPM). For example, an object that makes ten complete 
revolutions in one minute, has a speed of 10 RPM.

Axis of RotationDirection of
Rotation

Rotional Motion

Acceleration An object can change speed. An increase in speed is called 
acceleration. Acceleration occurs only when there is a change 
in the force acting upon the object. An object can also change 
from a higher to a lower speed. This is known as deceleration 
(negative acceleration). A rotating object, for example, can 
accelerate from 10 RPM to 20 RPM, or decelerate from 20 
RPM to 10 RPM.

10 RPM 20 RPM

Acceleration

20 RPM 10 RPM

Deceleration
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Inertia Mechanical systems are subject to the law of inertia. The law 
of inertia states that an object will tend to remain in its current 
state of rest or motion unless acted upon by an external force. 
This property of resistance to acceleration/deceleration is 
referred to as the moment of inertia. The English system unit of 
measurement for inertia is pound-feet squared (lb-ft

2
).

For example, consider a machine that unwinds a large roll of 
paper. If the roll is not moving, it takes a force to overcome 
inertia and start the roll in motion. Once moving, it takes a force 
in the reverse direction to bring the roll to a stop.

Any system in motion has losses that drain energy from the 
system. The law of inertia is still valid, however, because the 
system will remain in motion at constant speed if energy is 
added to the system to compensate for the losses. 

Friction Friction occurs when objects contact one another. As we all 
know, when we try to move one object across the surface 
of another object, friction increases the force we must apply. 
Friction is one of the most significant causes of energy loss in a 
machine. 

Work Whenever a force causes motion, work is accomplished. Work 
can be calculated simply by multiplying the force that causes 
the motion times the distance the force is applied.

Work = Force x Distance

Since work is the product of force times the distance applied, 
work can be expressed in any compound unit of force times 
distance. For example, in physics, work is commonly expressed 
in joules. 1 joule is equal to 1 newton-meter, a force of 1 
newton for a distance of 1 meter. In the English system of 
measurements, work is often expressed in foot-pounds (ft-lb), 
where 1 ft-lb equals 1 foot times 1 pound.
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Power Another often used quantity is power. Power is the rate of 
doing work or the amount of work done in a period of time.

Horsepower Power can be expressed in foot-pounds per second, but is 
often expressed in horsepower. This unit was defined in the 
18th century by James Watt. Watt sold steam engines and was 
asked how many horses one steam engine would replace. He 
had horses walk around a wheel that would lift a weight. He 
found that a horse would average about 550 foot-pounds of 
work per second. Therefore, one horsepower is equal to 550 
foot-pounds per second or 33,000 foot-pounds per minute. 

When applying the concept of horsepower to motors, it is 
useful to determine the amount of horsepower for a given 
amount of torque and speed. When torque is expressed in lb-ft 
and speed is expressed in RPM, the following formula can be 
used to calculate horsepower (HP). Note that an increase in 
torque, speed, or both increases horsepower.

power in HP =
Torque in lb-ft x Speed in RPM

5252
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Horsepower and Kilowatts AC motors manufactured in the United States are generally 
rated in horsepower, but motors manufactured in many other 
countries are generally rated in kilowatts (kW). Fortunately it is 
easy to convert between these units.

power in kW = 0.746 x power in HP

For example, a a motor rated for 25 HP motor is equivalent to a 
motor rated for 18.65 kW.

0.746 x 25 HP = 18.65 kW

Kilowatts can be converted to horsepower with the following 
formula.

power in HP = 1.34 x power in kW

Review 1
1. If 20 pounds of force is applied in one direction and 5 

pounds of force is applied in the opposite direction, the 
net force is ___ pounds.

2. ________ is a twisting or turning force.

3. If 40 pounds of force is applied at the end of a lever 
2 feet long, the torque is ___ lb-ft.

4. The law of ________ states that an object will tend 
to remain in its current state of rest or motion unless 
acted upon by an external force.

5. ________ is equal to the distance traveled divided by 
the elapsed time.

6. The speed of a rotating object is often expressed in 
________.

7. An increase in an object’s speed is called ________.
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Magnetism

The principles of magnetism play an important role in the 
operation of an AC motor. Therefore, in order to understand 
motors, you must understand magnets. 

To begin with, all magnets have two characteristics. They attract 
iron and steel objects, and they interact with other magnets. 
This later fact is illustrated by the way a compass needle aligns 
itself with the Earth’s magnetic field.

N

S

Magnetic Lines of Flux The force that attracts an iron or steel object has continuous 
magnetic field lines, called lines of flux, that run through the 
magnet, exit the north pole, and return through the south 
pole. Although these lines of flux are invisible, the effects of 
magnetic fields can be made visible. For example, when a 
sheet of paper is placed on a magnet and iron filings are loosely 
scattered over the paper, the filings arrange themselves along 
the invisible lines of flux.

Magnet

Iron Filings on Paper

Magnetic Lines of Flux
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Unlike Poles Attract The polarities of magnetic fields affect the interaction between 
magnets. For example, when the opposite poles of two 
magnets are brought within range of each other, the lines of 
flux combine and pull the magnets together.

Like Poles Repel However, when like poles of two magnets are brought within 
range of each other, their lines of flux push the magnets 
apart. In summary, unlike poles attract and like poles repel. 
The attracting and repelling action of the magnetic fields is 
essential to the operation of AC motors, but AC motors use 
electromagnetism.
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Electromagnetism

When current flows through a conductor, it produces a 
magnetic field around the conductor. The strength of the 
magnetic field is proportional to the amount of current. 

Current produces a magnetic field

An increased current produces a stronger magnetic field

Left-Hand Rule for The left-hand rule for conductors demonstrates the
Conductors relationship between the flow of electrons and the direction 

of the magnetic field created by this current. If a current-
carrying conductor is grasped with the left hand with the thumb 
pointing in the direction of electron flow, the fingers point in the 
direction of the magnetic lines of flux.
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The following illustration shows that, when the electron flow 
is away from the viewer (as indicated by the plus sign), the 
lines of flux flow in a counterclockwise direction around the 
conductor. When the electron flow reverses and current flow 
is towards the viewer (as indicated by the dot), the lines of flux 
flow in a clockwise direction.

Electron Flow Away From You
Causes Counterclockwise Magnetic Flux

Electron Flow Towards You
Causes Clockwise Magnetic Flux

Electromagnet An electromagnet can be made by winding a conductor into 
a coil and applying a DC voltage. The lines of flux, formed by 
current flow through the conductor, combine to produce a larger 
and stronger magnetic field. The center of the coil is known as 
the core. This simple electromagnet has an air core. 

DC Voltage

Air Core

Adding an Iron Core Iron conducts magnetic flux more easily than air. When an 
insulated conductor is wound around an iron core, a stronger 
magnetic field is produced for the same level of current.

Iron Core

DC Voltage

Number of Turns The strength of the magnetic field created by the 
electromagnet can be increased further by increasing the 
number of turns in the coil. The greater the number of turns the 
stronger the magnetic field for the same level of current.
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DC Voltage

5 Turns

DC Voltage

10 Turns

Changing Polarity The magnetic field of an electromagnet has the same 
characteristics as a natural magnet, including a north and south 
pole. However, when the direction of current flow through 
the electromagnet changes, the polarity of the electromagnet 
changes. 

The polarity of an electromagnet connected to an AC 
source changes at the frequency of the AC source. This is 
demonstrated in the following illustration. 

N

S

N

S

N

S

N

S

N

S

N

S

1

2

3

4 5

6

7

8

10

At time 1, there is no current flow, and no magnetic field is 
produced. At time 2, current is flowing in a positive direction, 
and a magnetic field builds up around the electromagnet. Note 
that the south pole is on the top and the north pole is on the 
bottom. At time 3, current flow is at its peak positive value, and 
the strength of the electromagnetic field has also peaked. At 
time 4, current flow decreases, and the magnetic field begins to 
collapse.
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At time 5, no current is flowing and no magnetic field is 
produced. At time 6, current is increasing in the negative 
direction. Note that the polarity of the electromagnetic field 
has changed. The north pole is now on the top, and the south 
pole is on the bottom. The negative half of the cycle continues 
through times 7 and 8, returning to zero at time 9. For a 60 Hz 
AC power supply, this process repeats 60 times a second. 

Induced Voltage In the previous examples, the coil was directly connected to 
a power supply. However, a voltage can be induced across a 
conductor by merely moving it through a magnetic field. This 
same effect is caused when a stationary conductor encounters 
a changing magnetic field. This electrical principle is critical to 
the operation of AC induction motors. 

In the following illustration, an electromagnet is connected to an 
AC power source. Another electromagnet is placed above it. The 
second electromagnet is in a separate circuit and there is no 
physical connection between the two circuits.

Time 1 Time 2 Time 3

Ammeter AmmeterAmmeter

This illustration shows the build up of magnetic flux during the 
first quarter of the AC waveform. At time 1, voltage and current 
are zero in both circuits. At time 2, voltage and current are 
increasing in the bottom circuit. As magnetic field builds up in 
the bottom electromagnet, lines of flux from its magnetic field 
cut across the top electromagnet and induce a voltage across 
the electromagnet. This causes current to flow through the 
ammeter. At time 3, current flow has reached its peak in both 
circuits. As in the previous example, the magnetic field around 
each coil expands and collapses in each half cycle, and reverses 
polarity from one half cycle to another.



23

Electromagnetic Attraction Note, however, that the polarity of the magnetic field induced in 
the top electromagnet is opposite the polarity of the magnetic 
field in the bottom electromagnet. Because opposite poles 
attract, the two electromagnets attract each other whenever 
flux has built up. If it were possible to move the bottom 
electromagnet, and the magnetic field was strong enough, the 
top electromagnet would be pulled along with it. 

Original Position New Position

Review 3
1. Magnetic lines of flux leave the _______ pole of a 

magnet and enter the _______ pole.

2. In the following illustration, which magnets will attract 
each other and which magnets will repel each other?

 

3. A _______ is produced around a conductor when 
current is flowing through it.

4. Which of the following will increase the strength of the 
magnetic field for an electromagnet?

 A.  Increase the current flow
 B.  Increase the number of turns in the coil
 C.  Add an iron core to a coil
 D.  All the above
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Developing a Rotating Magnetic Field

The principles of electromagnetism explain the shaft rotation of 
an AC motor. Recall that the stator of an AC motor is a hollow 
cylinder in which coils of insulated wire are inserted. 

Stator Coil Arrangement The following diagram shows the electrical configuration of 
stator windings. In this example, six windings are used, two for 
each of the three phases. The coils are wound around the soft 
iron core material of the stator. When current is applied, each 
winding becomes an electromagnet, with the two windings for 
each phase operating as the opposite ends of one magnet.

In other words, the coils for each phase are wound in such a 
way that, when current is flowing, one winding is a north pole 
and the other is a south pole. For example, when A1 is a north 
pole, A2 is a south pole and, when current reverses direction, 
the polarities of the windings also reverse.

A1

A2

B2

B1

C2

C1

N

S

Iron Core
Motor Windings
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Stator Power Source The stator is connected to a three-phase AC power source. The 
following illustration shows windings A1 and A2 connected 
to phase A of the power supply. When the connections are 
completed, B1 and B2 will be connected to phase B, and C1 
and C2 will be connected to phase C.

A1

A2

B2

B1

C2

C1

N

S

To Phase A

To Phase A

Phase A Phase CPhase B

0

+

-

As the following illustration shows, coils A1, B1, and C1 are 
120° apart. Note that windings A2, B2, and C2 also are 120° 
apart. This corresponds to the 120° separation between each 
electrical phase. Because each phase winding has two poles, 
this is called a two-pole stator. 

A1

A2

C2B2

B1C1

2-Pole Stator Winding
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When AC voltage is applied to the stator, the magnetic field 
developed in a set of phase coils depends on the direction 
of current flow. Refer to the following chart as you read the 
explanation of how a rotating magnetic field is developed. This 
chart assumes that a positive current flow in the A1, B1 or C1 
windings results in a north pole. 

Start In the following illustration, a start time has been selected 
during which phase A has no current flow and its associated 
coils have no magnetic field. Phase B has current flow in the 
negative direction and phase C has current flow in the positive 
direction. Based on the previous chart, B1 and C2 are south 
poles and B2 and C1 are north poles. Magnetic lines of flux 
leave the B2 north pole and enter the nearest south pole, C2. 
Magnetic lines of flux also leave the C1 north pole and enter the 
nearest south pole, B1. The vector sum of the magnetic fields is 
indicated by the arrow.

Resultant Magnetic Field

Magnetic Lines of Flux

Current Flow in the Positive Direction

Current Flow at Zero

Current Flow in the Negative Direction

Start

C

A

B

A1

B2

C1

A2

B1

C2N S

N S

Time 1 The following chart shows the progress of the magnetic field 
vector as each phase has advanced 60°. Note that at time 1 
phase C has no current flow and no magnetic field is developed 
in C1 and C2. Phase A has current flow in the positive direction 
and phase B has current flow in the negative direction. 



27

As the previous chart shows, windings A1 and B2 are north 
poles and windings A2 and B1 are south poles. The resultant 
magnetic field vector has rotated 60° in the clockwise direction.

Current Flow in the Positive Direction

Current Flow at Zero

Current Flow in the Negative Direction
Start

C

A

B

A1

B2

C1

A2

B1

C2N

S

N

S 60o

60o

1

A1

B2

C1

A2

B1

C2N S

N S

Time 2 At time 2, phase B has no current flow and windings B1 and 
B2 have no magnetic field. Current in phase A is flowing in 
the positive direction, but phase C current is now flowing in 
the negative direction. The resultant magnetic field vector has 
rotated another 60°.

Current Flow in the Positive Direction

Current Flow at Zero

Current Flow in the Negative Direction

Start

C

A

B

A1

B2

A2

B1

C2
N

S

N

S

60o

1

A1

B2

C1

A2

B1

C2S

N S

120o

2

60o

C1

A1

B2

C1

A2

B1

C2
N

N

S
S
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360° Rotation At the end of six such time intervals, the magnetic field will 
have rotated one full revolution or 360°. This process repeats 60 
times a second for a 60 Hz power source.

Synchronous Speed The speed of the rotating magnetic field is referred to as the 
synchronous speed (NS) of the motor. Synchronous speed is 
equal to 120 times the frequency (F), divided by the number 
of motor poles (P). 

The synchronous speed for a two-pole motor operated at 60 Hz, 
for example, is 3600 RPM. 

Synchronous speed decreases as the number of poles 
increases. The following table shows the synchronous speed at 
60 Hz for several different pole numbers.
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Rotor Rotation

Permanent Magnet To see how a rotor works, a magnet mounted on a shaft can 
be substituted for the squirrel cage rotor. When the stator 
windings are energized, a rotating magnetic field is established. 
The magnet has its own magnetic field that interacts with 
the rotating magnetic field of the stator. The north pole of the 
rotating magnetic field attracts the south pole of the magnet, 
and the south pole of the rotating magnetic field attracts the 
north pole of the magnet. As the magnetic field rotates, it pulls 
the magnet along. AC motors that use a permanent magnet 
for a rotor are referred to as permanent magnet synchronous 
motors. The term synchronous means that the rotors rotation 
is synchronized with the magnetic field, and the rotor’s speed is 
the same as the motor’s synchronous speed.

Induced Voltage  Instead of a permanent magnet rotor, a squirrel cage induction
Electromagnet motor induces a current in its rotor, creating an electromagnet. 

As the following illustration shows, when current is flowing in 
a stator winding, the electromagnetic field created cuts across 
the nearest rotor bars.

A1

A2

C2B2

B1C1

Rotor Conductor Bar

Stator

Rotor

Magnetic Field of Coil A1
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When a conductor, such as a rotor bar, passes through a 
magnetic field, a voltage (emf) is induced in the conductor. 
The induced voltage causes current flow in the conductor. In 
a squirrel cage rotor, current flows through the rotor bars and 
around the end ring and produces a magnetic field around each 
rotor bar. 

Because the stator windings are connected to an AC source, 
the current induced in the rotor bars continuously changes 
and the squirrel cage rotor becomes an electromagnet with 
alternating north and south poles. 

The following illustration shows an instant when winding A1 is 
a north pole and its field strength is increasing. The expanding 
field cuts across an adjacent rotor bar, inducing a voltage. The 
resultant current flow in one rotor bar produces a south pole. 
This causes the motor to rotate towards the A1 winding. 

At any given point in time, the magnetic fields for the stator 
windings are exerting forces of attraction and repulsion against 
the various rotor bars. This causes the rotor to rotate, but not 
exactly at the motor’s synchronous speed.

A1

A2

C2B2

B1C1
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Slip For a three-phase AC induction motor, the rotating magnetic 
field must rotate faster than the rotor to induce current in the 
rotor. When power is first applied to the motor with the rotor 
stopped, this difference in speed is at its maximum and a large 
amount of current is induced in the rotor. 

After the motor has been running long enough to get up to 
operating speed, the difference between the synchronous 
speed of the rotating magnetic field and the rotor speed 
is much smaller. This speed difference is called slip. Slip is 
necessary to produce torque. Slip is also dependent on load. An 
increase in load causes the rotor to slow down, increasing slip. 
A decrease in load causes the rotor to speed up, decreasing 
slip. Slip is expressed as a percentage and can be calculated 
using the following formula. 

% Slip = x 100
NS - NR

NS

For example, a four-pole motor operated at 60 Hz has a 
synchronous speed (NS) of 1800 RPM. If its rotor speed (NR) 
at full load is 1765 RPM, then its full load slip is 1.9%.

Wound Rotor Motor The discussion to this point has been centered on the more 
common squirrel cage rotor. Another type of three-phase 
induction motor is the wound rotor motor. A major difference 
between the wound rotor motor and the squirrel cage rotor is 
that the conductors of the wound rotor consist of wound coils 
instead of bars. These coils are connected through slip rings 
and brushes to external variable resistors. The rotating magnetic 
field induces a voltage in the rotor windings. Increasing the 
resistance of the rotor windings causes less current to flow 
in the rotor windings, decreasing rotor speed. Decreasing the 
resistance causes more current to flow, increasing rotor speed. 

Slip Ring

Brush

Wound Rotor

External Variable Resistors
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Synchronous Motor Another type of three-phase AC motor is the synchronous 
motor. The synchronous motor is not an induction motor. One 
type of synchronous motor is constructed somewhat like a 
squirrel cage rotor. In addition to rotor bars, coil windings are 
also used. The coil windings are connected to an external DC 
power supply by slip rings and brushes. 

When the motor is started, AC power is applied to the stator, 
and the synchronous motor starts like a squirrel cage rotor. 
DC power is applied to the rotor coils after the motor has 
accelerated. This produces a strong constant magnetic field 
in the rotor which locks the rotor in step with the rotating 
magnetic field. The rotor therefore turns at synchronous speed, 
which is why this is a synchronous motor. 

External DC
Power Supply

Slip Ring

Brush

Rotor Bar

Coil

As previously mentioned, some synchronous motors use a 
permanent magnet rotor. This type of motor does not need a 
DC power source to magnetize the rotor.
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Review 4
1. The following illustration applies to a _______ pole 

three-phase AC motor. When winding A1 is a south 
pole, winding A2 is a _______ pole.

 

2. The speed of the rotating magnetic field is referred to 
as the motor’s _______ speed.

3. The synchronous speed of a 60 Hz, four-pole motor is 
_______ RPM.

4. The difference in speed between synchronous speed 
and rotor speed is called _______.

5. A 2-pole motor is operating on a 60 Hz power supply. 
The rotor is turning at 3450 RPM. Slip is _______%. 
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Control Circuits and Symbols

Control Control components are used in a wide variety of applications 
with varying degrees of complexity. One example of a simple 
control circuit is a circuit that turns a light on and off. In this 
circuit, the control component is often a single-pole switch.

Control circuits used in commercial and industrial applications 
tend to be more complex than this simple circuit and employ 
a broader variety of components. However, the function of 
these circuits is often the same, to turn something on and off. 
In some cases, manual control is used. More often, automatic 
control circuits or circuits that combine manual and automatic 
control are used.

A simple on-off lighting control circuit illustrates an example of 
manual control. Manual control requires someone to use a 
switch to turn something on and off. The device being turned 
on and off may be a light, as in the previous example. However, 
many other devices are also controlled manually. For example, a 
manual starter can be used to start and stop a motor.
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While manual control of machines is still common practice 
many machines are started and stopped automatically or by 
some combination of manual and automatic control. Automatic 
control occurs when circuits can turn something on and off 
without human interaction.

Control Components A wide variety of components are used in control circuits. This 
includes components that vary in complexity from indicator 
lights to advanced systems that monitor, protect, and control 
AC motors. 

In some cases, the interaction of these components is 
dependent only on how they are wired to each other. This 
is sometimes referred to as hard-wired logic. Increasingly, 
however, these components are wired to a control system, 
such as a programmable logic controller or variable frequency 
drive. In such cases, the interaction of the circuit components 
is dependent both on wiring and the software stored in the 
controller.

The complete range of Siemens control components is too 
extensive to be fully addressed in this course. However, this 
course will give you a good start. For additional information, 
refer to the Siemens Industry, Inc. web site.

Control circuits can be represented pictorially in various ways. 
One of the more common approaches is to use control logic 
diagrams which use common symbols to represent control 
components. Although control symbols vary throughout the 
world, the symbols used in this course are common in the 
United States and many other countries.

Contact Symbols Various devices incorporate contacts to control the flow of 
current to other control components. When in operation, a 
contact my be either open, a condition which blocks current 
flow, or closed, a condition which allows current flow. Control 
logic diagrams, however, cannot show the dynamic operation 
of contacts. Instead, these diagrams show contacts as either 
normally open (NO) or normally closed (NC). 

The standard method of showing contacts is to indicate the 
circuit condition produced when the actuating device is in the 
de-energized (off) state. 
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For example, in the following illustration, the contacts are part 
of a relay. The contacts are shown as normally open to indicate 
that, when there is no power applied to the relay’s coil, the 
contacts are open. With the contacts open, there is no current 
flow to the light.

Battery

Relay
De-energized

Symbols on a control logic diagram are usually not shown in 
their energized (on) state. However, in this course, contacts 
and switches are sometimes shown in their energized state for 
explanation purposes. In such cases, the symbol is highlighted. 

Normally Open Contact For example, in the following illustration, the circuit is first
Example shown in the de-energized state, and the normally open 

contacts are not highlighted. When the relay energizes, the 
contacts close, completing the path for current and illuminating 
the light. The contacts are then shown as highlighted to indicate 
that they are not not their normal state. Note: This is not a 
standard symbol.

Relay
De-energized

Relay
Energized

Battery Battery

Contacts are shown
opposite their normal
state
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Normally Closed Contact In the following illustration, when the relay is de-energized, the
Example  normally closed contacts are shown as closed and are not 

highlighted. A complete path of current exists at this time, and 
the light is on. When the relay is energized, the contacts open, 
turning the light off.

Relay
De-energized

Relay
Energized

Battery Battery

Contacts are shown
opposite their normal
state

Switch Symbols Various types of switches are also used in control circuits. Like 
the contacts just discussed, switches can also be normally 
open or normally closed and require another device or action 
to change their state. In the case of a manual switch, someone 
must change the position of the switch. A switch is considered 
to be in its normal state when it has not been acted upon. 

Switch symbols, like the ones shown in the following 
illustration, are also used to indicate an open or closed path of 
current flow. Variations of these symbols are used to represent 
a number of different switch types.

 

Normally Open Switch In the following illustration, a battery is connected to one side of
Example a normally open switch, and a light is connected to the other 

side. When the switch is open, current cannot flow through the 
light. When someone closes the switch, it completes the path 
for current flow, and the light illuminates.

Battery Battery

Switch is shown opposite
its normal state
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Normally Closed Switch In the following illustration, a battery is connected to one side of
Example  a normally closed switch and a light is connected to the other 

side. When the switch is closed, current flows through the light. 
When someone opens the switch, current flow is interrupted, 
and the light turns off.

Battery Battery

Switch is shown opposite
its normal state

Pushbutton Symbols There are two general types of pushbuttons, momentary and 
maintained. The contacts of a momentary pushbutton change 
state, open to closed or vice versa, when the pushbutton is 
pressed. They return to their normal state as soon as the button 
is released. In contrast, a maintained pushbutton latches in 
place when pressed. It must be unlatched to allow it to return 
to its normal state.

Normally Open In the following illustration, a battery is connected to one side of
Pushbutton Example a normally open pushbutton, and a light is connected to the 

other side. When the pushbutton is pressed, current flows 
through the pushbutton, and the light turns on.

Switch is shown 
opposite its normal
state
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Normally Closed In the following example, current flows to the light as long as
Pushbutton Example the pushbutton is not pressed. When the pushbutton is 

pressed, current flow is interrupted, and the light turns off.

Switch is shown 
opposite its normal
state

Coil Symbols Motor starters, contactors, and relays are examples of 
devices that open and close contacts electromagnetically. The 
electromagnet in these devices is called a coil. 

A coil is commonly symbolized as a circle with one or more 
letters and possibly a number inside. The letters often represent 
the type of device, such as M for motor starter or CR for control 
relay. A number is often added to the letter to differentiate one 
device from another. 

The contacts controlled by a coil are labeled with the same 
letter (and number) as the coil so that it is easy to tell which 
contacts are controlled by each coil. A coil often controls 
multiple contacts and a combination of normally open and 
normally closed contacts may be used.
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Coil and Contact Example In the following example, the “M” contacts in series with the 
motor are controlled by the “M” contactor coil. When someone 
closes the switch, current flows through the switch and “M” 
contactor coil. The “M” contactor coil closes the “M” contacts 
and current flows to the motor.

 

Overload Relay Symbol Overload relays are used to protect motors from overheating. 
When excessive current is drawn for a predetermined amount 
of time, the overload relay’s contacts open, removing power 
from the motor. The following symbol is for contacts associated 
with a thermal overload relay. An overload relay used with a 
three-phase motor has three such contacts, one for each phase.

Indicator Light Symbols An indicator light, often referred to as a pilot light, is a small 
electric light used to indicate a specific condition of a circuit. 
For example, a red light might be used to indicate that a motor 
is running. A letter in the center of the indicator light symbol is 
sometimes used to indicate the color of the light. 
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Other Symbols In addition to the symbols discussed here, there are many other 
symbols used in control circuits. The following charts show 
some of the commonly used symbols.

11



Static switching control uses
solid-state devices instead of
electromechanical devices. Many
of the symbols used with this 
type of control are the same
as those shown on the previous
page, but enclosed in a square as
shown in the following examples.

Coil
Contact

(NO)
Limit Switch

(NO)
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Abbreviations Abbreviations are frequently used in control circuits. The 
following list identifies commonly used abbreviations.

AC Alternating Current MTR Motor
ALM Alarm MN Manual
AM Ammeter NEG Negative
ARM Armature NEUT Neutral
AU Automatic NC Normally Closed
BAT Battery NO Normally Open
BR Brake Relay OHM Ohmmeter
CAP Capacitor OL Overload
CB Circuit Breaker PB Pushbutton
CKT Circuit PH Phase
CONT Control POS Positive
CR Control Relay PRI  Primary
CT Current Transformer PS  Pressure Switch
D Down R Reverse
DC Direct Current REC Rectifier
DISC Disconnect Switch RES Resistor
DP Double-Pole RH Rheostat
DPDT Double-Pole, Double-Throw S Switch
DPST Double-Pole, Single-Throw SEC Secondary
DT Double Throw SOL Solenoid
F Forward SP Single-Pole
FREQ Frequency SPDT Single-Pole, Double Throw
FTS Foot Switch SPST Single-Pole, Single Throw
FU Fuse SS Selector Switch
GEN Generator SSW Safety Switch
GRD Ground T Transformer
HOA Hand/Off/Auto Selector Switch TB Terminal Board
IC Integrated Circuit TD Time Delay
INTLK Interlock THS Thermostat Switch
IOL Instanstaneous Overload TR Time Delay Relay
JB Junction Box U Up
LS Limit Switch UV Under Voltage
LT Lamp VFD Variable Frequency Drive
M Motor Starter XFR Transformer
MSP Motor Starter Protector

Review 1
1. A control is ________ operated when someone must 

initiate an action for the circuit to operate.

2. Identify each of the following symbols.

 
a. b. c.

 

3. Which of the following symbols represents a normally 
open pushbutton?

 
a. b. c.
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Line Diagrams

Control symbols are used in line diagrams, also referred to 
as ladder diagrams. Line diagrams are made up of two types 
of circuits, control circuits and power circuits. Within a line 
diagram, control circuit wiring is represented by a light line, and 
power circuit wiring is represented by a heavy line. A small dot 
or node at the intersection of two or more wires indicates an 
electrical connection.

Control
Wiring

Power
Wiring

Not
Connected

Connected

 

Line diagrams show the functional relationship of components 
in an electrical circuit, not the physical relationship. For example, 
the following illustration shows the physical relationship of an 
indicator light and a pushbutton. 

 
  Indicator
(Pilot) Light

Pushbutton

The functional relationship can be shown pictorially with the 
following illustration. 

Pushbutton Indicator (Pilot) Light

L1 L2
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Reading a Line Diagram The following line diagram symbolically displays the functional 
relationship of these same components. In order to properly 
interpret this diagram, you must read it starting at L1 from 
left to right to L2. With that in mind, note that pressing the 
pushbutton allows current to flow from L1 to L2 through the 
pushbutton and the pilot light. Releasing the pushbutton stops 
current flow, turning the indicator light off.

Power and Control Circuits  The following line diagram includes both power and control
circuits. The power circuit, drawn with a heavy line, is the 
circuit that supplies power to the motor. The control circuit, 
drawn with a light line, controls the distribution of power. 

A typical control circuit includes a control load and one or more 
components that determine when the control load will be 
energized. Some control loads, such as relays and contactors, 
activate other devices, but other control loads, such as 
indicator lights, do not. For example, the following illustration 
shows the connection of an indicator light and a pushbutton. 
The power lines are drawn vertically and marked L1 and L2. 
In this example, the voltage between L1 and L2 is 120 VAC. 
This means that the indicator light must be rated for 120 VAC, 
because, when the pushbutton is pressed, 120 VAC is applied 
to the indicator light.
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Connecting the Load to L2 Only one control load can be placed in any one circuit line 
between L1 and L2. One side of the control load is either 
directly or indirectly connected to L2.

In the following example, an indicator light is directly connected 
to L2 on one circuit line. A contactor coil is indirectly connected 
through a set of overload contacts (OL) to L2 on a second, 
parallel circuit line. Pressing the pushbutton applies 120 VAC to 
the indicator light and to the “M” contactor.

L1 L2120 VAC

Pushbutton
120 VAC

Pilot Light

120 VAC
Contactor

Contactor connected to L2
through a normally closed

overload relay contact

Pilot light connected
directly to L2

OL

M

Control loads are generally not connected in series. The 
following illustration shows why. In the circuit on the left, the 
control loads are improperly connected in series. When the 
pushbutton is pressed, the voltage across L1 and L2 is divided 
across both loads with neither load receiving the full 120 VAC 
necessary for proper operation. 

In the circuit on the right, the loads are properly connected in 
parallel, and, when the pushbutton is pressed, the full 120 VAC 
is applied to both loads. In addition, if one load fails in this 
configuration, the other load will continue to operate normally.

Improper Series Connection Improper Parallel Connection
L1 L2120 VAC L1 L2120 VAC

120 VAC
Pilot Light

120 VAC
Pilot Light

120 VAC
Pilot Light

120 VAC
Pilot Light
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Connecting Control Devices In the previous example, only one control device is used to 
control the load. Usually more than one control device is 
needed. These control devices may be connected in series, 
parallel, or in a combination series-parallel circuit, depending 
on the logic required to control the load. For example, in the 
following illustration, the pushbuttons are connected in parallel. 
Pressing either pushbutton, or both pushbuttons, allows current 
to flow from L1, through the indicator light, to L2. 

The next illustration shows two pushbuttons connected in 
series. Both pushbuttons must be pressed at the same time to 
allow current to flow from L1 through the load to L2.

Line Numbering Because line diagrams often have multiple lines, the lines are 
numbered to simplify describing the logic. For example, in 
the following illustration, line 1 connects pushbutton 1 to pilot 
light 1, line 2 connects pushbutton 2 to pilot light 1, and line 3 
connects switch 1 to pilot light 2 and to the “M” contactor on 
line 4.
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Review 2
1. Line diagrams are read starting at L1 from ________ to
 ________ to L2.

2. Match the items on the line diagram with the 
associated list.

 

a b Control Circuit
Control Device
Control Load
Node
Power Circuit
Power Load

c

d

e
f

 a. ________ b. ________ c. ________
 
 d. ________ e. ________ f. ________
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Overload Protection

Some of the control components covered in this course 
are designed to protect motors from overloads. In order to 
understand these control components, you must have a clear 
understanding of what an overload is and how it differs from a 
short circuit, another type of overcurrent condition.

Current and Temperature To begin with, current flow always generates heat. The amount 
of heat generated is proportional to both the amount of current 
flow and the resistance of conductive path. Keep in mind that 
conductors can be damaged by excess heat. For that reason, 
each conductor has a continuous current rating, also called its 
ampacity.

Excessive current is referred to as overcurrent. An overcurrent 
may result from a short circuit, overload, or ground fault. The 
first two types of overcurrent conditions are pertinent to this 
discussion.

Normal Current Flow

Excessive Current Flow
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Short Circuits Normally, the insulation used to separate conductors prevents 
current from flowing between the conductors. When the 
insulation is damaged; however, a short circuit can result. A 
short circuit occurs when bare conductors touch and the 
resistance between the conductors drops to almost zero. This 
reduction in resistance causes current to rise rapidly, usually to 
many times the normal circuit current.

To understand this better, consider the relationship between 
current and resistance described by Ohm’s Law. For example, 
if the voltage in a circuit is 240 volts and the resistance is 24 
ohms, the current is 10 amps. When a short circuit occurs, the 
resistance between conductors drops to a very low value, 0.024 
ohms in this example. Note that this causes the current to rise 
proportionally.

Ohm’s Law I =

Before Short Circuit After Short Circuit
E

R
I =

240 V
24 

= 10 A I =
240 V

0.024 
= 10,000 A

The heat generated by this current will cause extensive damage 
to connected equipment and conductors if not interrupted 
immediately by a circuit breaker or fuse.

Overloads In contrast, an overload is a much lower current than a 
short circuit. An overload occurs when too many devices are 
connected to a circuit or when electrical equipment is made to 
work beyond its rated capabilities. For example, if a conveyor 
jams, its motor may draw two or more times its rated current.
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In the previous example, the overload resulted when a circuit 
exceeded its rated capacity for an extended time. In such a 
situation, an overcurrent protection device should shut down 
the circuit. 

A different response is required for a short-duration overload. 
In such a situation, it may be undesirable to disable the circuit. 
For example, consider what happens when an electric motor is 
started. When most motors start, they draw current in excess 
of their full-load current rating. For example, a NEMA design B 
motor typically has a starting current that is about six times 
its full-load current. For some high-efficiency motors, the 
starting current is even higher. Motors are designed to tolerate 
a high starting current for a short time. As a motor accelerates 
to operating speed, its current drops off quickly. In the following 
example, the motor’s starting current is 600% of full load 
current, but after eight seconds, current has dropped to the 
rated value.

Overload Protection Fuses and circuit breakers are designed to protect circuit 
conductors in the event of a short circuit or overload. Under 
such conditions, these devices open the path for current flow 
before damage to conductors occurs. In a motor circuit, circuit 
conductors and the fuse or circuit breaker designed to protect 
them must be sized to allow for the high starting current of the 
motor. Because of this, overload protection for the motor must 
be provided by a separate device known as an overload relay.

Overload relays are designed to meet the special protective 
needs of motors. Overload relays do not disable the circuit 
during a short-duration overload, but will trip and open a circuit 
to protect a motor if current remains above the rated value long 
enough. After an overload relay has tripped and the cause of 
the overload has been cleared, the overload relay can be reset 
to allow the motor to be restarted.
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An overload relay has a trip class rating which identifies the 
maximum time (in seconds) it takes for the overload relay to trip 
at a specific current, typically six times its continuous current 
rating. The most common trip classes are 5, 10, 20, and 30. 

The following illustration shows a circuit with a manual motor 
starter (M) and an overload relay (OL). When the starter 
contacts close, current flows through the overload relay and 
motor. If the motor is overloaded, excess current will cause the 
overload relay to trip, opening the circuit between the power 
source and the motor. After the overload relay cools, it can be 
reset. This allows the motor to be restarted, preferably after the 
cause of the overload has been corrected. 

Starter Contacts ClosedStarter Contracts Open

MotorPower
Source

L1

L2

T1

T2

OLM

M

Motor
Power
Source

L1

L2

T1

T2

OL
M

M

Bimetal Overload Relays Some overload relays use a bimetallic strip to sense an 
overload condition. A bimetal overload relay incorporates a 
small heater element wired in series with the motor and a 
bimetallic strip that functions as a trip lever. The bimetallic strip 
is made of two dissimilar metals bonded together. These metals 
have different thermal expansion characteristics, causing the 
bimetallic strip to bend when heated. 
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Under normal operating conditions, the heat generated by the 
heater element causes the bimetallic strip to bend only slightly, 
not enough to trip the overload relay. 

To Power CircuitMotor

Heater Element

Bimetalic Strip

Trip Mechanism

To Control Circuit

Normal Current Flow

If an overload condition occurs and persists long enough, the 
bimetallic strip bends until the overload relay’s trip mechanism 
is tripped. This causes the overload relay’s contacts to open, 
removing power from the motor.

To Power CircuitMotor

Heater Element

Bimetalic Strip

Trip Mechanism

To Control Circuit

Overload Condition

Some bimetal overload relays are designed to reset 
automatically after the bimetallic strip has cooled. Depending 
on the circuit, the motor may then restart automatically. In 
some applications, this is desirable. However, if the cause of 
the overload still exists, the overload relay will trip and reset 
repeatedly. Proper circuit design can prevent this condition, 
which can damage the motor.

In some applications, a motor is installed in a location with a 
relatively constant ambient temperature, and the motor control 
components are installed in a location with a varying ambient 
temperature. In such cases, a typical thermal overload relay may 
trip too soon or too late because its bimetallic strip is bent both 
by heat from motor current and the surrounding air. 
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Magnetic Contactors and Starters

Most motor applications require the use of remote control 
devices to start and stop the motor. Magnetic contactors, 
similar to the ones shown below, are commonly used to provide 
this function. As discussed later in this course, some magnetic 
contactors are used to control the distribution of power in 
lighting and heating circuits.

SIRIUS 3R IEC Contactor Class 40 NEMA Contactor

Basic Contactor Operation Magnetic contactors utilize basic electromagnetic principles. To 
understand these principles, consider a simple electromagnet 
fashioned by winding a wire around a soft iron core and 
connecting the coil to a DC voltage source. Current flowing 
through the wire temporarily magnetizes the iron core coil. 
When the coil is disconnected from the DC voltage, the current 
stops and the iron core coil returns to its nonmagnetic state.

Wound Coil
Soft Iron Core

DC Voltage Source
(Battery)
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The following illustration shows the interior of a basic contactor. 
There are two circuits involved in the operation of a contactor, 
the control circuit and the power circuit. The control circuit is 
connected to the coil of an electromagnet, and the power circuit 
is connected to the stationary contacts. 

Power Circuit

Power Circuit

Movable Contacts

Stationary Contacts

Armature

Spring

Coil

Electromagnet

Control Circuit

The operation of this electromagnet is similar to the operation 
of the electromagnet made by wrapping wire around a soft iron 
core. When power is supplied to the coil from the control circuit, 
a magnetic field is produced, magnetizing the electromagnet. 
The magnetic field attracts the armature to the magnet, which 
in turn closes the contacts. With the contacts closed, current 
flows through the power circuit from the line to the load. 
When current no longer flows through the control circuit, the 
electromagnet’s coil de-energizes, the magnetic field collapses, 
and the movable contacts open under spring pressure.

Line

Load
Control Signal

Line

Load
Control Signal

Contactor De-energized Contactor Energized
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The following line diagram shows a contactor that provides on-
off control for a three-phase motor. Note that the power to the 
electromagnetic coil of this contactor is controlled by SW1.

When SW1 closes, the electromagnetic coil energizes, closing 
the “M” contacts and applying power to the motor. When SW1 
opens, the coil de-energizes, opening the “M” contacts and 
removing power from the motor.

Motor Starter Contactors provide on-off control in a variety of circuits. When
used for motor control, overload protection is usually also 
required. When a contactor is combined with an overload relay, 
it is called a motor starter. 

Contactor

Overload Relay

COIL NO. 110 V

L1
L2 L3

T1
T2

T3

3

2

Voltes 3 Ph Max  HP Max Amps
Series   A

600 VAC

SE&A  Inc.  Alpharetta,  GA  U.S.A.

ESP200

TEST

RESET

FULL  LOAD   AMPS

TRIP  CLASS
5
10

20
30

PHASE UNBAL ON

PHASE LOSS ON

RESET MODE MAN.

GROUND FAULT ON

Contactor

Overload Relay

IEC Starter NEMA Starter
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The following diagram shows the electrical relationship of a 
contactor and an overload relay in a typical motor control circuit. 
The contactor (highlighted with the darker grey) includes an 
electromagnetic coil (M) and auxiliary contacts (Ma) in the 
control circuit and three main contacts (M) in the power circuit. 
The overload relay, highlighted by the lighter grey, includes 
three heaters contacts (OL) in the power circuit and auxilliary 
contacts (OL) in the control circuit. 

In this circuit, when the Start pushbutton is pressed, power is 
provided to the coil, and the M contacts close. This provides 
power to the motor through the OL heater contacts. At 
the same time, Ma contacts close so that, when the Start 
pusbutton is released, power is still provided to the coil.

The motor continues to run until the Stop pushbutton is 
pressed, unless an overload occurs. If an overload occurs, the 
OL heater contacts open, removing power from the motor, 
and OL auxiliary contacts open, removing power from the coil. 
Removing power from the coil is necessary to prevent the 
motor from automatically restarting after the overload relay 
cools.

This is an example of a full-voltage starter, also called an 
across-the-line starter. This type of circuit starts the motor by 
providing the full line voltage to the motor.
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Combination Starters Combination starters are devices that incorporate a motor 
starter, short circuit protection, and a means to safely 
disconnect power. In addition to combination starters formed 
using IEC components as described earlier, Siemens offers 
a full selection of combination starters incorporating NEMA 
components.

Short Circiut
Protection

Disconnect

Motor Starter

OFF

ON

OFF

START

STOP

Review 4
1. A starter with two sets of contacts is called a ________ 

-pole starter.

2. A starter with ________ automatically disconnects 
power from the motor when incoming power is too low.

3. Siemens Class 11- 3RV manual starters are used for 
single-phase and three-phase motors up to ________ 
HP at 460 VAC and have bimetallic heater elements to 
provide class ________ overload protection. 

4. The 3RV102 motor starter protector can be used with 
motors up to ________ HP at 460 VAC.

5. When a contactor is combined with an overload relay, it 
is called a ________.

6. A ________ incorporates a motor starter, short circuit 
protection, and a means to safely disconnect power.
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Safety Switches

A safety switch is a common type of enclosed switch. Safety 
switches are generally used for two purposes:

1) As a disconnecting means for a service entrance 
2) As a disconnecting means and for motors 

In either case, a safety switch may incorporate provisions for a 
fuse for overcurrent protection.

The safety switch enclosure provides a degree of protection 
to personnel against incidental contact with live electrical 
equipment. It also provides protection for the enclosed 
equipment against specific environmental conditions.

There are two families of Siemens safety switches: general 
duty and heavy duty.

Heavy Duty General Duty
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Application As previously indicated, a safety switches may be used as a 
disconnecting means for a motor. National Electrical Code® 
(NEC®) Article 430.102(B) requires a disconnecting means in 
sight from the motor location and the driven machinery location.  
NEC® Article 100 defines “in sight” as visible and not more 
than 15 m (50 feet) distant. 

Regardless of where the safety switch is used, the function is 
to provide a means to connect and disconnect the load from its 
source of electrical power.

Disconnecting means (safety switch) “in sight from”
the motor and driven machinery

With power removed, the someone can safely service the 
machinery without coming into contact with live electrical 
components or having the motor accidently start.

Additional Information This course offers an introduction to safety switches, but more 
information is available from available on the Siemens Industry, 
Inc. web site. Among the booklets available are the VB II Safety 
Switch Application and Selection Guide, the Safety Switch 
Cross-Reference Guide, and the Safety Switch Replacement 
Parts Guide.

Reprinted with permission from NFPA 70®-2008, the National Electrical 
Code®, Copyright© 2008 National Fire Protection Association, Quincy, MA 
02169. This reprinted material is not the complete and official position of 
the National Fire Protection Association on the referenced subject which is 
represented only by the standard in its entirety.
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Symbols

Switch Symbols Symbols are used in a diagram to represent components. The 
symbols commonly used for a disconnect switch are shown 
below. The switch is normally shown in its "off" or "open" state.

Two-Pole
Non-Fused Switch

Three-Pole
Non-Fused Switch

Three-Pole
Fused Switch

Fuse Symbols Fuses are represented in an electrical circuit by either of the 
following symbols:

Non-Fusible Safety Switch  A safety switch with no associated fuses is referred to as a
 non-fusible safety switch. A non-fusible safety switch has 

no circuit protection capability. It simply provides a convenient 
means to open and close a circuit. Opening the circuit 
disconnects the load from its source of electrical power, and 
closing the circuit connects the load. Circuit protection must 
be provided by external overcurrent devices such as a circuit 
breaker or fuses. In the following illustration, power is supplied 
to a motor through a non-fusible safety switch and a separate 
fuse.

Non-Fusible
Safety Switch

Fuse
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Fusible Safety Switch A safety switch can be combined with fuses in a single 
enclosure. This is referred to as a fusible safety switch. The 
switch provides a convenient means to manually open and 
close the circuit, and the fuse provides overcurrent protection. 

Fusible
Safety Switch

Fuse
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Need for Circuit Protection

Current and Temperature Current flow in a conductor always generates heat. The greater 
the current flow in a given size conductor, the hotter the 
conductor. Excess heat is damaging to electrical components 
and conductor insulation. For this reason conductors have 
a rated continuous current carrying capacity, or ampacity. 
Overcurrent protection devices, such as fuses, are used to 
protect conductors from excessive current flow. Fuses are 
designed to keep the flow of current in a circuit at a safe level 
to prevent the circuit conductors from overheating. 

Normal Current Flow

Excessive Current Flow

Excessive current is referred to as overcurrent. The National 
Electrical Code® defines overcurrent as any current in excess of 
the rated current of equipment or the ampacity of a conductor. 
It may result from overload, short circuit, or ground fault (Article 
100-Definitions).

Reprinted with permission from NFPA 70®-2008, the National Electrical 
Code®, Copyright© 2008 National Fire Protection Association, Quincy, MA 
02169. This reprinted material is not the complete and official position of 
the National Fire Protection Association on the referenced subject which is 
represented only by the standard in its entirety.
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Overloads An overload occurs when too many devices are operated 
on a circuit or when electrical equipment is made to work 
beyond its ratings. For example, a motor rated for 10 amperes 
may draw 20, 30, or more amperes in an overload condition. 
In the following illustration, a package has become jammed 
on a conveyor, causing the motor to work harder and draw 
more current. Because the motor is drawing more current, it 
heats up. Damage will occur to the motor in a short time if the 
problem is not corrected or if the circuit is not shut down by the 
overcurrent protection device.

Conductor Insulation Motors, of course, are not the only devices that require circuit 
protection for an overload condition. Every circuit requires some 
form of protection against overcurrent and the heat it produces. 
For example, high levels of heat can cause conductor insulation 
to break down and flake off, exposing the conductors.

 

 

 

Good Insulation

Insulation Damaged by Heat
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Short Circuits When exposed conductors touch, a short circuit occurs, and 
the circuit resistance drops to nearly zero. Because of this very 
low resistance, short-circuit current can be thousands of times 
higher than normal operating current. 

Conductor
Insulation

Ohm’s Law shows how current, voltage, and resistance 
are related. For example, a 240 volt motor with 24 ohms of 
resistance would normally draw 10 amperes of current. 

I = E
R

I = 240
24

I = 10 A

When a short circuit occurs, resistance drops dramatically. For 
example, if the above resistance dropped to 0.024 ohms due to 
a short circuit, the current would increase to 10,000 amperes.

I =  

I = 10,000 A  

240
0.024

Preventing Damage  The heat generated by short-circuit current can rise to 
dangerous levels quickly, causing extensive damage to 
conductors and connected equipment. This means that current 
must be interrupted instantaneously when a short circuit 
occurs. Slight overcurrents can be allowed to continue for some 
period of time, but, as the overcurrent magnitude increases, the 
protection device must act more quickly.

$
$

$$

$

$
$

$
$
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Short-Circuit Current in When a short circuit occurs in an unprotected circuit, current
Unprotected Electrical will continue to flow until the circuit is damaged, or until the
Circuits  power is removed manually.  The peak short-circuit current of 

the first cycle is the greatest and is referred to as peak let-
through current (IP). In addition to the damage associated with 
heat, the electromagnetic force associated with this current can 
cause mechanical damage to electrical components.

 

Peak Let-Thru Current (Ip)

Time

+ Direction

- Direction

0

Fault Occurs

Normal Current

The maximum destructive energy let-through (I2t) is a 
measure of the energy associated with this current. It is 
capable of producing enough heat to melt conductors.

Peak Let-Thru Energy (I2t)+ Direction

- Direction

Time

Fault Occurs

Normal Current

0

Short-Circuit Current in  A properly applied overcurrent protection device will open the
Protected Electrical Circuits circuit quickly when a short circuit occurs, limiting peak let-

through current (IP) and energy (I2t).

Peak Let-Thru Energy (I2t)
+ Direction

- Direction

Time

Fault Occurs

Normal Current

Peak Let-Thru
 Current (Ip)

0
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Review 1
1. A safety switch with fuses in a single enclosure is 

referred to as a ________ safety switch.

2. NEC® defines “in sight” as visible and not more than 
________ feet distant.

3. With an increase in current, heat will ________.

 a. increase
 b. decrease
 c. remain the same

4. Three causes of overcurrent are ________, ________, 
and ground faults.

5. A ________ occurs when two bare conductors touch.

6. An ________ occurs when electrical equipment is 
required to work beyond its ratings.

7. During a short circuit, the peak current of the first cycle 
is known as ________ current.

8. Article 240 of the NEC® covers requirements for 
 ________ and the use of ________ devices to prevent 

damage to conductors and equipment.
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Fuses

Circuit protection would be unnecessary if overloads and short 
circuits could be eliminated. Unfortunately, they do occur. To 
protect a circuit against these destructive currents, a protective 
device automatically disconnects the electrical equipment 
from the power source when a fault condition occurs. A fuse 
is the simplest device for interrupting a circuit experiencing an 
overload or a short circuit. 

Fuse Construction A typical fuse, like the one shown below, consists of an 
element electrically connected to ferrules. These ferrules may 
also have attached end blades. The element provides a current 
path through the fuse. It is enclosed in a tube, and surrounded 
by a filler material.

Tube
Element

Ferrule

Filler Material

End Blade

Closed Switch Symbol  As mentioned earlier, switches are normally shown in their "off" 
or "open" position. For the purpose of illustration, the following 
symbol can be used to show a switch closed, connecting the 
load to the power source. This is not a legitimate symbol. It is 
used here for illustrative purposes only.
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Using a Fuse in a Circuit In the following example a motor is connected to a voltage 
source through a fusible safety switch. The switch and fuse 
function as part of the conductor supplying power to the motor.

Fusible
Safety Switch

Fuse

Fuse Subject to Overcurrent Current flowing through the fuse element generates heat, 
which is absorbed and dissipated by the filler material. When 
an overcurrent occurs, temperature in the element rises. In 
the event of a transient overload condition, the excess heat is 
absorbed by the filler material. However, if a sustained overload 
occurs, the heat will eventually melt open an element segment. 
This will stop the flow of current. 

Fuse During Fault Fuse After Fault

Fuse Clearing Time Fuses have an inverse time-current characteristic. The 
greater the overcurrent, the less time it takes for the fuse to 
open. This is referred to as the clearing time of the fuse. 

Ti
m

e

Clearing Time of Fuse

Less Current - More Time

More Current - Less Time

Current
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Open Fuse Symbol For the purpose of explanation, the following symbol is used 
to show an open fuse, commonly referred to as a blown fuse. 
This is not a legitimate symbol. It is used here for illustrative 
purposes only.

Overload Current In the following example of a motor circuit, an overload has 
occurred, causing the fuse to open and removing power from 
the motor. As a result, the motor is stopped even though the 
switch is closed. Keep in mind that the fuse in the fusible 
safety switch is sized to protect the conductors that supply 
current to the motor. Overload protection for the motor is 
normally provided separately, often by an overload relay.

Fusible
Safety Switch

Blown Fuse

Short-Circuit Current Short-circuit current, which can be several thousand 
amperes, generates extreme heat. When a short circuit occurs, 
several element segments melt simultaneously, quickly 
disconnecting the load from the power source. Short-circuit 
current is typically cut off in less than half a cycle, before it can 
reach its full value. 

Fuse During Fault Fuse After Fault
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Non-time-Delay Fuses Non-time-delay fuses, also called fast-acting fuses, provide 
excellent short-circuit protection. Non-time-delay fuses usually 
hold 500% of their rating for approximately one-fourth of a 
second, after which the current-carrying element melts. This 
means that these fuses should not be used in motor circuits, 
which often have starting currents greater than 500%.

Time-Delay Fuses Time-delay fuses provide both overload and short-circuit 
protection. Time-delay fuses usually allow five times the rated 
current for up to ten seconds. This is normally sufficient time to 
allow a motor to start without a nuisance opening of the fuse. 
However, if an overload condition occurs and persists, the fuse 
will open.
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Fuse Ratings and Classifications

Ampere Rating Each fuse has a specific ampere rating, which is its continuous 
current-carrying capacity. The ampere rating of the fuse chosen 
for a circuit usually should not exceed the current-carrying 
capacity of the circuit. For example, if a circuit’s conductors are 
rated for 10 amperes, the largest fuse that should be selected 
is 10 amperes. 

However, there are circumstances where the ampere rating is 
permitted to be greater than the current-carrying capacity of 
the circuit. For example, motor and welder circuit fuse ratings 
can exceed conductor ampacity to allow for inrush currents and 
duty cycles within limits established by the NEC®.

Voltage Rating The voltage rating of a fuse must be at least equal to the 
circuit voltage. The voltage rating of a fuse can be higher 
than the circuit voltage, but never lower. A 600 volt fuse, for 
example, could be used in a 480 volt circuit, but a 250 volt fuse 
could not be used in a 480 volt circuit.

Interrupting Rating Fuses are also rated according to the level of fault current they 
can interrupt. This is referred to as the interrupting rating 
of the fuse and is expressed in amperes (often shortened to 
amps). A fuse for a specific application should be selected so 
that it can sustain the largest potential short-circuit current that 
could occur in the  application. This is important because, if the 
fault current exceeded the interrupting ability of the fuse, the 
fuse could rupture and extensive damage could occur. 
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Fuse Classes Underwriters Laboratories (UL) establishes and standardizes 
basic performance and physical specifications in developing 
its safety test procedures. These specifications have resulted 
in distinct classes of low voltage fuses (600 volts or less). The 
following chart lists selected UL fuse classes.

 Fuse 
C lass

Fuse O verload 
C haracteris tic

A m pere  
R atings

A C  V o ltage 
R atings

In terrup ting  
R ating

H
R enew able  Fuses, 

Fast-ac ting 1-600 A 250 V , 600 V 10,000 A
K 5 Fast-ac ting 1-600 A 250 V , 600 V 50,000 A
J T im e-de lay 1-600 A 600 V 200,000 A
J Fast-ac ting 1-600 A 600 V 200,000 A

R K 1 T im e-de lay 0 .1-600 A 250 V , 600 V 200,000 A
R K 1 Fast-ac ting 1-600 A 250 V , 600 V 200,000 A
R K 5 T im e-de lay 0 .1-600 A 250 V , 600 V 200,000 A

T Fast-ac ting 1-1200 A 300 V , 600 V 200,000 A
L T im e-de lay 200-6000 A 600 V 200,000 A

Current Limiting Fuses Fuses are also grouped into current limiting and non-current 
limiting categories based on their operating and construction 
characteristics. When a short circuit occurs, current limiting 
fuses are designed to open more quickly than non-current 
limiting fuses, significantly limiting peak let-thru current and 
peak let-thru energy.

 For example, all Class R fuses, even those marked as time-
delay fuses, are current limiting. The time delay applies to 
overloads and not short circuits.

In addition, Class R fuses incorporate rejection clips or pins 
that permit only class R fuses to be installed. This prevents 
installation of a fuse with a lower interrupting rating, such as a 
Class H or K fuse.

Groove

Rejection Clip

Ferrule Type
(60 A Max)

Notch

Pin

Blade Type
(61 - 600 A)

Class R fuses are not the only current limiting fuses. Consult 
appropriate UL and fuse manufacturer literature for additional 
information on fuses.
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Review 2
1. Fuses have an ________ time-current characteristic.

2. A fuse can usually interrupt short-circuit current in less 
than ________ a cycle.

3. Non-time-delay fuses provide excellent ________ 
protection, but react too quickly for use with most 
motor control circuits.

4. ________ fuses also provide good short-circuit 
protection and can be used in circuits with short-
duration overloads.

5. The continuous current carrying capability of a fuse is 
also known as its ________ rating.

6. The voltage rating of a fuse can be ________ than the 
circuit voltage, but never ________.

7. The interrupting rating of a Class R fuse is ________ 
amperes.
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Safety Switch Ratings

Ampere Rating Every safety switch has a current rating, also called an 
ampere rating, which is the maximum continuous current the 
switch is designed to carry.

 For example, Siemens VBII general duty switches are available 
with ampere ratings of 30, 60, 100, 200, 400, and 600 amperes. 
Siemens VBII heavy duty switches are rated for 30, 60, 100, 
200, 400, 600, 800, and 1200 amperes. 

When higher ampere ratings are required, a bolted pressure 
switch can be used. A bolted pressure switch is designed 
so that a high clamping pressure is placed on all blade joints. 
Though not covered in this course, Siemens bolted pressure 
switches are available with ratings of 800, 1200, 1600, 2000, 
2500, 3000, and 4000 amperes.

General
Duty

Heavy
Duty

Bolted
Pressure

C
ur

re
nt

 in
 A

m
ps

4000

1200

600
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Short-circuit Current  The maximum short-circuit current that a safety switch can 
Withstand Rating carry for a short time is called its short-circuit current 

withstand rating. 

For example, Siemens VBII general duty switches have a 
maximum short-circuit current withstand rating of 100,000 
amperes, while the maximum short-circuit withstand rating of 
Siemens VBII heavy duty switches is 200,000 amperes. The 
short-circuit withstand rating for a specific switch depends on 
the fuse class used.

Voltage Rating Safety switches are also rated according to the maximum 
voltage they can handle. The voltage rating of the switch must 
be at least equal to the circuit voltage. In other words, it can be 
higher than the circuit voltage, but never lower. For example, 
a safety switch rated for 600 volts can be used on a 480 volt 
circuit, but a switch rated for 240 volts must not be used on a 
480 volt circuit.

The following chart shows the available voltage ratings for 
Siemens safety switches and bolted pressure switches.

General Duty
240 VAC
250 VDC

Heavy Duty
240 VAC
600 VAC
600 VDC

Bolted Pressure
240 VAC
480 VAC

  600 VAC*
*600 VAC Bolted Pressure

Switch is not UL Listed
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Dual Horsepower Ratings All Siemens safety switches are as dual horsepower rated, 
which means that they have two horsepower ratings for motor 
applications. For example, a switch might have a standard rating 
of 10 HP and a maximum rating of 30 HP. The standard rating of 
10 HP applies when non-time delay fuses are used.

Non-Time Delay Fuse
Use Standard HP Rating

Fusible
Safety Switch

Fuse

The maximum rating of 30 HP applies when time delay fuses 
are used. 

Time Delay Fuse
Use Maximum HP Rating

Fusible
Safety Switch

Fuse

The following chart reflects the range of horsepower ratings for 
Siemens safety switches. Refer to the Speedfax catalog for the 
standard and maximum horsepower ratings for specific catalog 
numbers.

Safety Switch Type Voltage Horsepower Range

General Duty
240 VAC 1!-200

250 VDC 5-50

Heavy Duty

240 VAC 1!-250

600 VAC 3-500

250 VDC 5-50

600 VDC 15-50


