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Chapter 2  Ladder Basics 
 

 

Understanding Electrical Ladder Drawings 
 

Before discussing or understanding the Programmable Logic Controller, we must first 

understand the devices the PLC was invented to replace.  That was the ladder diagram.  The 

ladder diagram or electrical schematic or elementary diagram can be divided into two distinct 

portions.  The first is the power portion and the second is the control.  Showing flow of power to 

a motor or other device in a factory environment is the primary focus of the power portion.  

Showing control of that motor is the focus of the control portion.  While power flow is 

important, the focus is to dissect the control portion.  Items such as fuses and disconnect devices 

may appear in both power and control circuits.  The use of symbols is important for both power 

and control.  The types of symbols vary and are somewhat arbitrary based on where you are 

located and, in some cases, the company you work for.  This is contrary to the symbols used in 

the PLC which must be fixed or uniform.  The use of symbols is a descriptive description of the 

device being used.  A list of some symbols and the function of the device is given below: 

 

SPST SPDT

DPST DPDT

Spring 

return

Spring 

return

Pushbutton 

make

Pushbutton 

break

Pushbutton 

2-circuit

Selector 

switch

Shorting 

selector

Proximity 

limit switch

Time delay 

make

Time delay 

break

Safety 

interlock

Flow 

actuated

Liquid level 

actuated
Pressure 

activated

Temperature 

activated

Inertia 

switch

Relay 

contact

NO

Relay 

coil

Relay 

contact

NC

Pilot 

light

 

Fig. 2-1a  Examples of American 

Symbols used in Electrical Diagrams 
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Make 

contact

Break 

contact

Two way 

contact

Passing 

make-contact

Spring 

return

Circuit 

breaker

Limit 

switch

Stay put

Time delay 

make

Time delay 

break

Liquid level 

actuated

Gas flow 

actuated

Temperature 

switch
Fuse

 
 

 

Some of the symbols are used in examples on the following pages.  Many devices follow the 

pattern of how the device actually works.  For example, notice how the foot switch resembles an 

actual foot switch or how a flow or sail switch resembles a sail on a sailboat.  Also, note that 

different combinations of open and closed contacts can be furnished on the same device to give 

multiple combinations of functions to the control circuit either through hard-wired circuits or to 

the PLC and then through its logic to the appropriate output. 

Many times, the input devices are said to be either normally open (NO) or normally closed (NC). 

The normally open or closed status refers to the shelf state of the device. If a device is normally 

open, a resistance check of the device with a digital multi-meter will give a reading of OL. If the 

device is normally closed, a resistance check will give a reading of 0.0. 

The normally open and normally closed state of the devices is not labeled on the ladder drawing. 

Rather, the reader must recognize the symbol. A helpful hint in trying to determine whether the 

contacts are open or closed is to think of them in terms of gravity. If gravity is acting on the 

device, its normal state is as shown in the drawing. An exception to this concept is found in 

devices that contain springs. For instance, in the drawing of a normally open pushbutton, it 

appears that the pushbutton should be falling down and closing. However, there is a spring in the 

pushbutton that holds the contacts in the open (up) position. 

  

Fig. 2-1b  Examples of European  

Symbols used in Electrical Diagrams 
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Components of the Ladder Diagram 
 

Ladder circuits have some common characteristics.  They are: 

 

1. Power bar on the far left 

2. Current flow from the switches combined to allow flow 

3. One or more relay coils at the right 

4. Neutral or negative power bar on the right 

 

 

The following circuit shows a typical ladder rung with switches and relays on the left and the 

relay on the right: 

 

 

Left   

Power Bar

Switch 

Contacts

Relay 

Contacts Relay Coil

Right 

Power Bar

 
 

Fig. 2.2  Sample Ladder Diagram – Single Rung 

The control voltage for the system usually is fed from a control transformer that is fed from the 

power portion of the drawing or from a separate source. It is important to identify the source of 

power for each circuit.  In many instances, more than one source exists and the power may not be 

off to all circuits when checking a problem with a specific circuit. 

Rails usually are protected from over-current conditions with a circuit breaker of fuse. 

Ladder drawings may continue from page to page.  The rail is shown as continuing from one 

page to the next usually with an arrow or number with corresponding number on the succeeding 

page, same position, at the top of the rail feeding the succeeding page. 

 

PB
CR 1

 
 

Fig. 2-3 Example of Ladder Logic 

 

Fig. 2-3 shows a ladder rung.  When the pushbutton (PB) is pushed, the circuit is completed and 

current flows energizing the coil (CR1).  
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Concerning the placement of devices on a rung, STOP input devices are normally closed devices 

and are in series on the rung.  STOP devices include normally closed pushbuttons, mushroom 

head buttons, limit switches, or contacts from photocells or proximity switches. 

When the STOP, START and other control devices are arranged on the rung, the flow of current 

to the output may be seen.  View the circuit with the objective of determining what is required to 

turn on the output. 

 

Stop X
CR 1

Start A

Start B

 

Fig. 2-4   A Rung with Two Start and One Stop PB (AND, OR, AND/OR)  
 

In Fig. 2-4, what must occur to energize the output CR1?  The logic developed to turn on the 

output determines the functions that control the output. 

 

PB CR 1

CR 1

CR 1

R

G

Rung 1

Rung 2

Rung 3

CR (Control Relay)

 

 

Fig. 2-5  A Control Relay (CR) with various Contacts   
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The Relay 
 

Relay Coil

Normally Open Contact

Normally Closed Contact
 

 

Fig. 2-6  Symbols for Components of the Relay 

 

Fig. 2-7 shows the contact arrangement in the relaxed mode for the solid line contacts.  The 

dashed line contacts show the contact arrangement in the energized mode when current is 

flowing sufficiently through the coil to attract the plunger to contact the steel core inside the coil. 

 

Coil of Wire

Second view

Normally Closed 

Contact

Coil Terminal

Coil of Wire

Spring

Steel Core

Plunger is pulled down when attracted 

to steel core inside energized coil.  

Current must flow through coil for this 

to happen.

Normally Open 

Contact

 
 

   Fig. 2-7  Diagram of Parts of Mechanical Relay 
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Contacts change as follows when coil energized: 

 

Spring pulls up

Magnetic force 

pulls down

CR 1

When magnetized, CR 1 

conducts

 
 

Fig. 2-8a  Contact Positions in Relay – Normally Open Contact 

 

Spring pulls up

Magnetic force 
pulls down

CR 2

When magnetized, CR 2 
stops conducting

 
Fig. 2-8b  Contact Positions in Relay – Normally Closed Contact 
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CoilCoreSpringContacts in Non-
Energized State

 

 

Fig.  2-9  The Machine Tool Relay with Relay Apart on Right 

 

 

   

Coil

Coil 
Terminals

Contacts
Contacts

 
Fig. 2-10 DC Contacter with Coil and Contacts Exposed  
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Selector Switches 
 

For selector switches to show continuity in a particular position, x's and o's are sometimes used 

to differentiate which contacts are closed and opened when the switch is in a particular position.  

The following selector switch is closed in the upper branch, open in the lower branch when in the 

left position and open in the upper branch, closed in the lower branch when in the right position. 

 

 

xo

ox

Symbol for Selector Switches – Example of Selector Switch (A-B)

optional

 
 

Fig. 2-11 Selector Switch   

 

 

Push buttons come in many sizes and styles.  Expect to see examples of the following styles 

found in various control drawings.  They include: 

 

  a: momentary or maintained contacts 

  b: flush or extended head 

  c: normal or mushroom head 

  d: wobble stick (or joy stick) 

  e: illuminated or non-illuminated 

 

Pilot lights are either push-to-test or standard. Other options include transformer or 

non-transformer pilot lights.  The lens on the pilot light may also be ordered in a number of 

different colors.   

 

Many push buttons have visible contacts that show the contacts actually closing as the button is 

pushed.  A bar closes between contacts allowing current to flow.  The bar that closes the 

normally open contacts also opens the normally closed contacts.   
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Fig. 2-12  Picture of Pushbutton with Stack of Contact Blocks 

 

The example of Fig. 2-12 shows a pushbutton with many contact blocks stacked on it.  Is this 

practical?  See how hard Eddie must push to energize the pushbutton. 

 

Another device similar to the relay is the timer, pictured below: 

 

 
 

 Fig. 2-13  Picture of Pneumatic Timer 

The pneumatic timer is a relay with a dash-pot device attached to the top that delays the change 

of contact from open to closed or from closed to open for a pre-determined time.   

Push Button – NO, NC

Normally Open - NO

Normally Closed - NC

Pushbutton with a long 

stack of contact blocks

Operator trying to energize pushbutton with 

stack of contact blocks
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Ladder logic is the logic PLCs were originally invented to emulate.  The computer program 

scanned the inputs and turned on or off relay coils to control machine logic similar to the logic 

above.  The Siemens STL language was a computer language (similar to assembler) capable of 

solving logic in a manner similar but not as easy to understand by the electrician.  Engineers of 

today must understand both approaches. 

 

Some standards of ladder logic have become standard in the PLC ladder language.  A single coil 

at the right is standard in ladder logic.  Power flows from left to right.  Contacts either allow or 

block the flow of power from the left.  The PLC as a device emulates these same rules as those 

allowed in ladder logic found in the control schematic of the 1950’s or 1960’s. 

 

(While flow was from left to right in the US, flow was from top to bottom in European control 

diagrams.  The standard flow in all PLC diagrams is from left to right for LAD diagrams.) 

 

While more than one contact may be combined in series left to right, only one relay may be 

included in series at the right.  More than one coil may be combined in parallel but not in series. 

 

 

Relay Coil

Right 

Power Bar
NOT ALLOWED

Relay Coil

Right 

Power Bar
ALLOWED

Right 

Power Bar
ALLOWED

Relay Coil

 
 

   Fig.  2-14  Arrangement of Relay Coil 

Why does having more than one coil (or light or solenoid) in series not work?  Consider voltages 

in parallel and in series.  If voltage is across two devices in parallel, what is the voltage across 

each?  If voltage is across two devices in series, what is the voltage across each? 
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Lights are similar to relay coils and are rated for a particular voltage. They may only be arranged 

in parallel.  Only use one light in series, similar to relays above.   

 

Right 

Power Bar

Indicator 

Light

 
 

Fig. 2-15  Arrangement of Indicator Lights in Ladder Diagram 

 

A lab at the end of this chapter will go deeper into relay coil and contact implementation as well 

as logic using the relay. 

 

 

Boolean Logic 
 

One purpose of relays is to perform Boolean or digital logic.  AND, OR, NOT, EXCLUSIVE 

OR, NOR, and NAND circuits are common in ladder logic and parallel designs found in digital 

logic circuits.  Simple circuits can be combined into larger circuits to perform very complicated 

tasks.  PLCs use the same type of logic as does digital logic texts.  Some common digital and 

ladder logic equivalent circuits follow: 

 

 

AND

0

Input A Input B Out X

0 0

0 0

0 01

1

1 1 1

A

B
X

A B X

A B = X.
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OR

0

Input A Input B Out X

0 0

0 1

0 11

1

1 1 1

X

A

B

X

A + B = X
A

B
 

 

NAND

0

Input A Input B Out X

0 1

0 1

0 11

1

1 1 0

A

B

X

A B = X
A

B
X

.

 
 

 

NOR

0

Input A Input B Out X

0 1

0 0

0 01

1

1 1 0

X

A + B = X
A

B

A B X

 
 

 

XOR

0

Input A Input B Out X

0 0

0 1

0 11

1

1 1 0

X

(A  B) + (A  B) = X

A B X

A

B

A B

. .
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A X

A = X.

NOT

0

Input A

1

1 0

A X

Out X

 
   

Fig. 2-16 Boolean/Ladder Logic 

 

In circuits in which combinations of contacts are used to set bits for control of machines, the 

relay logic may be broken down into one of the above types of logic. 

 

European terminology of the contact is similar to the American normally open or normally 

closed nomenclature.  They are referenced as break and make contacts. 
 

As to the signal transmitters, we differentiate between break contacts and make 

contacts. 

 

The switch shown below is a make contact; i.e., it is closed exactly when it was operated 

Make contact 

not operated

Make contact 

open

Make contact 

operated

Make contact 

closed
 

 

The switch shown below is a break contact; i.e, it is closed exactly when it was not operated. 

 

Break contact 

not operated

Brake contact 

closed

Brale contact 

operated

Make contact 

open
 

 

What do Logic Operations Look Like in the elementary or schematic diagram? 
 

Logic operations are used to specify conditions for switching an output.  The European 

designation of an AND operation is shown below: 

 

A lamp is to light up when two switches are operated simultaneously as make contacts. 

 

Diagram: 

 

  

+24V

M

P1

S1 S2

Neutral or 0 volt 
Indicator Lite
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Explanation: 

 

The lamp lights up exactly when both switches are operated.  That is, when switches S1 and S2 

are operated, lamp P1 is lit. 

 
An expansion of Boolean Logic is not possible in this text other than to refer the reader to some 

good free texts/papers on it.  The following is a good example of the explanation of Boolean 

Logic as developed in a Digital Electronics Course: 

 

https://www.pvpsiddhartha.ac.in/dep_it/lecture%20notes/DSD/unit2.pdf 

 

An internet search may also find Floyd’s Digital Edition – Global Edition – Eleventh Edition.  

Older editions than the latest are also valuable since the concepts in the first chapters change 

very little.  While this text has more than we require for study of industrial programming, the 

following chapters have relevance and should be understood since the terms and concepts of 

Boolean logic are referenced in all programming from these: 

 

 
 

 

https://www.pvpsiddhartha.ac.in/dep_it/lecture%20notes/DSD/unit2.pdf
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Siemens and Allen-Bradley FBD programming gives the following blocks equivalent to the 

Boolean symbols given above. They provide the same results.  In the lower left corner of the 

functions is an expansion symbol giving the programmer the option of adding inputs to the 

function.  It is worth noting that the LAD programming language does not have an Exclusive Or 

function.  It must be built from scratch. 
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A Discussion of Motor Control Using Ladder Logic 
 

A motor starter is used to start and control a motor.  A three-phase squirrel-cage motor is one of 

the simplest motors to start and control.  It is the most used motor in industry.  The circuit for 

starting it is simple as well and resembles a relay circuit similar to the relay seal circuit.  

 

To control a motor, the fuses or circuit breaker as well as overloads and wire for a motor must be 

sized correctly.   From a control point of view, a motor starter circuit is similar to other relay 

circuits.  The power comes from the left and feeds through buttons, switches, and relay contacts 

to feed a starter (relay) coil.  After the starter coil is a set of overload contacts that open if the 

motor overheats.  Overheating is caused by using the motor above its full-load current rating, 

even if only slightly. 

A ladder diagram begins with a power source and neutral usually labeled L1 and L2 (or 

sometimes X1 and X2).  L1 furnishes power and L2 is the neutral.  A schematic begins as 

follows: 

 

L1

(X1)

L2

(X2)LT1

Indicator

1

(wire label)

SW1

Switch

 
  Fig. 2-18  Ladder Diagram Example 

 

In a motor starter circuit, the ladder diagram begins with power supplied from the motor power 

supply or from an alternate source of power.  Usually, power comes from two of the motor leads. 

 

L1

(X1)

L2

(X2)

LT1

Indicator

1

(wire label)

SW1

Switch

H1 H2

Primary 

Fuses

Secondary Fuse

Stepdown 

Transformer

 
Fig. 2-19  Motor Control Diagram Example 



     Ch 2 Ladder Basics 17 

The operating voltage for L1 and L2 may be 120 VAC.   

 

There may also be a DC bus present on a schematic with the power source and ladder displayed 

as follows:  

 

X1 X2

LT1

Indicator

1

(wire label)

SW1

Switch

24 VDC

(usually no 

ground)

 
      

   Fig. 2-20  DC Ladder Diagram Example 

 

Several ladder busses may be present on the page at the same time, especially an AC bus and a 

DC bus.  They are shown in parallel with the logic from each labeled appropriately. In the 

following example, a switch at voltage of L1-L2 turns on a relay CR1 which then turns on the 

light in the X1-X2 circuit.  This might be from one AC voltage to another or from an AC voltage 

to a DC voltage. 

 

X1 Y2

LT1

Indicator

SW1

Switch

Y1

CR1

X2

CR1

101

102

 
 

Fig. 2-21  Multiple Ladder Bus Example 
 

 

Numbering of wires is also important and each node of a circuit is to be assigned a unique 

number.  Numbers may be assigned sequentially, by line number, by a position in a grid, or by 

another mutually agreed system between vendor and end user.  The example below displays the 

use of a single node with several branches. 
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LT1

Indicator

CR1

34

34

34

 
The inclusion of the motor starter circuit in a diagram includes many additional parts to the 

schematic.  They deal with the power portion of the motor starter circuit.  The basic circuit for 

starting a motor is as follows: 

 

L1

L2

L3

M1 OL T

Motor

 
   Fig. 2-23 Typical Motor Starter Schematic 
 

The motor contactor is labeled M1 in this example.  The motor contactor is referenced from the 

coil of the motor starter circuit located in the ladder diagram for the motor.  OL refers to the 

three overload circuits for this motor.  Overloads are set to trip at a slightly higher value of 

current than the full load current of the motor.  “T” refers to the T leads, marked T1, T2, and T3, 

the final termination points prior to the leads for the motor.  Then the motor is shown.  On most 

schematic drawings, the motor name and horsepower (HP) rating of the motor are included. 

 

Prior to the motor contactor is a disconnect and either a fuse or circuit breaker.  These elements 

are shown for each line of power L1, L2, and L3.  They are shown with a tie element to show 

that if one of the three overload elements trip, all trip or disconnect. 

 
 

L1

L2

L3

Fused 

Disconnect

L1

L2

L3

Thermal circuit 

breaker

 

Fig. 2-22  Wire 

Number Example 
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L1

L2

L3

L1

L2

L3

Magnetic circuit 

breaker

Thermal 

magnetic circuit 

breaker

 
   

Fig. 2-24  Types of Motor Disconnects 

 

 

To reverse a three-phase squirrel cage motor, add the following to the motor control circuit: 

 
    

 

L1

L2

L3

M1-F OL T

Motor

M1-R

  
 

  Fig. 2-25  Reversing Motor Starter Example 

 

 

Notice that to reverse a three-phase motor, switch any two leads to the motor.  The motor starter 

must guarantee that both M1-R and M1-F are not turned on at the same time.  If this happens, the 

contactors will short and a fuse will blow or the circuit breaker will trip. A motor circuit could be 

designed to start one contactor only as follows: 
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L1

M1-F

M1-R

L2

OLM1-R

M1-F

Forward

Reverse

101 102 103

104 105

 
  

  Fig. 2-26  Reversing Motor Simple Control Example 
 

 

 

The design can incorporate the seal circuit found in Lab 2.1.  To incorporate the seal circuit, a 

holding contact must be used around the start push button for each the forward and reverse motor 

circuits. 
 

L1

M1-F

M1-R

L2

OLM1-R

M1-F

Forward

Start PB

101 102 103

105 106

Stop PB

M1-F

104

Reverse

Start PB

M1-R

 
    

Fig. 2-27  Reversing Motor Standard Control Example 

 

Forward-Reverse motor starter circuits use a mechanical toggle bar so both contactors cannot be 

energized simultaneously.  This provides a mechanical fail-safe to the electrical circuit in Fig. 2-

26 and 2-27.   

 

While electrical students may never be required to actually wire a motor starter to control a 

motor, the experience of wiring a motor starter control circuit is of value.  Wiring and debugging 

120 VAC logic provides a greater challenge because of the higher possibility of electrical shock.  

Care must be taken to wire the circuit with no short-circuits in it.  Troubleshooting of the circuit 

must only be done with the power off in a laboratory environment.  It is acknowledged that most 

applications in the manufacturing environment are checked with the power on (the circuit is hot).   

Various types of automatic and manual control circuits can be designed to start the motor circuit.  

For example, the Auto/Manual selector switch is available to allow the end user to choose which 
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mode is to be used when running the motor.  It is constructed as follows: 

 

L1

M1-F

L2

OL
Auto – Manual

101 103
Stop PB

104
xo

ox

 
   

 Fig.  2-28  Use of Auto/Manual Switch 

 

 

The Auto/Manual switch allows the user to choose a path for control.  The xo and ox 

nomenclature is a handy means of labeling the position of the switch for which the contact is 

closed.  For example, in Fig. 2-28, the upper path is closed when the switch is in Auto and the 

lower path is closed in Manual.   

 

The following schematic shows a possible design using the Auto/Manual selector switch.  In 

automatic, the motor circuit responds when the relay contact turns off while in manual, the motor 

turns on when the push button is energized.  

 

 

L1

M1

L2

OL
Auto – Manual

101 103
Stop PB

104
xo

ox

102

105

 
 

Fig. 2-29  Use of Auto/Manual in Circuit 

 

 

Multiple position switches, push buttons and other control contacts may be inserted to control the 

more complex motor circuit.  Example circuits shown below are indicative of the kind of circuits 

designed in industry. 
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L1

M1

L2

OL
P1  P2  P3

101
Stop PB

104
xoo

oxo

oox

?

?

?
 

                  

L1

M1

L2

OL
P1  P2  P3

101
Stop PB

xoo

oxo

oox

xo

ox  
 

 

Fig. 2-30  Use of Multiple Position Switches 

 

 

To design a motor starter circuit, it must be decided whether or not a memory circuit is to be 

used.  If the motor contactor provides the memory circuit, then use a circuit similar to Fig. 2-22 

with a seal for each direction of motor operation.  If a jog switch is used, no seal circuit is 

required since the jog switch implies holding the button down to move the motor.  Later, a jog 

switch is incorporated into a memory circuit to allow either the motor to be started and stopped 

or jogged.  Switches are used to choose modes of operation and separate one mode from another. 
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Wiring the starter:  

 

Auxiliary motor 

contacts

NO

NC

Motor coil

‘M’

Incoming Power 

‘L1, L2, L3’

Overload 

contact

OL
T-Lead Connections

‘T1, T2, T3’

Power Feed to Motor
 

    

Fig. 2-31  Motor Starter Wiring Layout 

 

 

Three phase contactors have three contacts that simultaneously close to start the motor and open 

to stop the motor.  To reverse the motor, the opposite contactor must be guaranteed to be open 

(checked mechanically and electrically) and any two of the three leads are reversed for reverse 

operation of the motor.   

 

Motor contactors are part of an overall control circuit to guarantee that the motor is protected 

from burning up and that the wire is protected from short circuit conditions.  Ahead of the motor 

starter contactor is found a set of three fuses or a circuit breaker capable of interrupting the 

current from a fault in the motor, the wiring or any part of the circuit downstream from the 

circuit breaker.  Usually fuses are used since they tend to be cheaper. Fuses are also used due to 

their overall high fault interrupting ratings. Circuit breakers are chosen when it is critical that 

circuits be reset quickly and downtime searching for a replacement fuse is unacceptable.  Circuit 

breakers are also used since fuses may allow a motor to burn up if a single fuse blows and the 

motor runs for a short while on a single phase.  Overall fault current must be checked when 

selecting a circuit breaker for motor starting applications, however.   

 

Overloads are used to protect the motor from low over-current conditions. The overloads are set 

to trip at a current rating slightly higher than the full load current of the motor.  Overloads are 

calibrated to not trip with a rise in the ambient temperature but with a rise in the current of the 

motor creating additional heat in the overload relay.  In the figure below, an Allen-Bradley motor 

starter is shown.  Labels indicate the various parts of the starter. 
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The following diagram shows the major components of a Motor Starter: 

 

 

Figure 2-32 – Motor Starter

Power Leads

OverloadsOverload 
Contact (NC)

Contactor

Coil
Auxiliary 
Contact

Motor Leads (T Leads)
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Motor Starter with several 
components removed and 
contactor exposed.

Auxiliary Contact can be easily 
removed when the coil is removed

The Coil is shown with the iron core 
that magnetizes when current flows

Contacts are exposed when 
the contact cover is removed

 
 

 Figure 2-33 – Motor Starter Exposed Above/Contacts Closed Manually Below  

 
Contacts shown in engaged position.  This happens when the 
coil conducts.  The motor will start and run in this condition.
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Aside from NEC 
 

The National Electrical Code is not the focus of this chapter but should be read by every 

electrical student before entering the work force.  This book deals with proper and safe 

installation of electrical equipment.  Included are rules for installation and design as well as 

tables for design of electrical equipment.  For example, Chapter 9 includes Table 8 defining the 

ohms per foot rating for different wire size. 

 

The table lists various AWG (American Wire Gage) size wire, both solid and stranded and the 

ratings in ohms/km.  Some are listed below: 

 
#14 stranded 10.3 ohm/km 
#12 stranded 6.50 ohm/km  
#10 stranded 4.070 ohm/km 
#8 stranded 2.551 ohm/km 

 

Converted to ohm/ft, 
 
#14 stranded 3.1212E-3 ohm/ft 
#12 stranded 1.9697E-3 ohm/ft 
#10 stranded 1.233E-3 ohm/ft 
#8 stranded 7.730E-4 ohm/ft 

 

 

Example Using NEC for Electrical Calculations 
 

 

Use these values to calculate the voltage drop in the various wire choices for 1Amp.  If the 

voltage drop is to be less than 10 V., then 

 
 

10V = 1 A x ohm/ft x (number of ft) 

 

 

For a 5 A load, the formula changes to: 

 
10V = 5A x ohm/ft x (number of ft) 

 

Note that if the circuit is 110 V and single phase, the length out and back to a device must be 

included.   

 

For example, if a solenoid is capable of turning on with an inrush of 5 A and has a holding 

current of .2 A, what is the maximum length that #14 stranded may be used for a voltage drop of 

10 V.  

 

Answer:  10V=5.0 x 3.1212E-3 x Ft Ft = 641.76 total or apx. 320 ft to the device 
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Introduction to Lab 2.1 
 

There are a number of different types of relays made today.  The type shown below has a coil at 

the top and two sets of contacts at the bottom.  The sets of contacts are referred to as ‘Form C’ 

contacts since the common terminal and the two opposite terminals can be drawn in the shape of 

a ‘C’: 
 

 

C

 
 

 Fig. 2-34  Wiring Diagram of Form-C Relay 

 

The coil voltage for the relays used in lab 1 is 12 V DC.  To energize the coil, apply +12 VDC to 

terminal 1 and 0 VDC to terminal 8.  The relay would work equally well if the voltages were 

switched between the two terminals 1 and 8 such that + 12 VDC is terminated on 8 and 0 VDC 

on terminal 1. 

7

5

6

4

2

3

1 8

Coil

NO Contact

NC Contact

NO Contact

NC Contact

Pins for coil

2

3

4

1

8

5

6
7Pins for 

contacts

Pins for 

contacts

 
 

Fig. 2-35 Form C Relay with Pin-Outs  
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Coil
Terminals

Coil
Sliding 

Mechanism

Contacts in 
de-

energized 
position

Contact
Terminals

The relay at right is the same as the one 
shown in the previous picture.  The side 
has been removed exposing the internal 
parts.  At right is the coil.  A sliding 
mechanism moves right to left when the 
coil is energized.  There is a spring that 
moves the contacts back to the right when 
the coil is not energized.  When energized, 
the center contact moves to the left.

 
 

Care should be taken to verify the contact arrangement.  Sometimes, the contact arrangement of 

the relays may be reversed.  In other words, the normally open contact is between 3-4 and 5-6.  

The normally closed contact is between terminal 2-3 and 6-7. The student should check to 

determine which type of relay contact is available before using the relay. It is also good to check 

the pushbuttons (PB’s) to determine which pushbuttons have normally open contacts and which 

have normally closed contacts. 

 

 

1 8

2

3

4 5

6

7

1 8

2

3

4 5

6

7

 
 

Fig. 2-36 Form C Relay Types with Pin-Outs 
 

- + - +

0 V 12 V

Coil Not Energized

Lo   

1

2

3

4

Determining the status 

of contacts with the coil 

de-energized

Hi  

8

7

6

5

- + - +

0 V 12 V

Coil Energized

Hi   

1

2

3

4

Determining the status of 

contacts with the coil 

energized

If the measurements using 

the VOM are as those at 

left, then use the diagram 

at right to represent the 

relay s internal wiring.Lo  

8

7

6

5

1 8

2

3

4 5

6

7
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Instead of incandescent lights, a LED and a resistor may be used.  It is installed as follows: 

  

 

LED2R1

1kΩ

12 3

 

 
Fig. 2-37 Lab-Equivalent of Incandescent Indicator Light using LED and Resistor 

 

 

Care must be taken to install the LED with the proper polarity.  If it does not work when first 

tested, turn it around and test again.  The 1KΩ resistor is used to limit current below the upper 

current threshold of the LED. 

 
 
Alternate Relay (24 VDC) 

 

Another type of relay is now available in the lab for use, the Omron MY2N-D2 pictured here: 

 

 

 
 

Fig. 2-38  Omron MY2N-D2 Relay 

 

 

This relay has a 24 VDC coil.  The coil is labeled (+) on terminal 14 and (-) on terminal 13.  

Note the diode which is used as a fly-back diode to minimize current when the coil is being 

turned off.  Contacts are shown below the coil similar to the contacts of the 12 V relay.   
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1 9 5

4 12 8

13 14

CR
+

_

 
 

Fig. 2-39   Terminal Arrangement of Omron MY2N-D2 Relay 

 

The base of the Omron relay is pictured below.   

 

 

4 1

8 5

12 9

14 13

Socket of 

Relay

 
 

 

Fig. 2-40   Screw Terminal Arrangement of Omron MY2N-D2 Relay 

 

Also, the student may use the new pushbutton stations for this lab including the normally closed 

red buttons and the normally open yellow and green buttons.  Wiring of these buttons is shown in 

Figure 2-40 below.  Normally open are labelled NO and colored green.  Normally closed are 

labelled NC and colored red. 

 

Indicator lights are incorporated into the pushbuttons.  Terminals for the lights are labelled X1 

and X2.  These lights will illuminate with either the 12 V or 24 V power supplies. They are 

located on the right side of the figure below and labelled X1-X2.    



     Ch 2 Ladder Basics 31 

 
 

Fig. 2-41 Above – Front side – Below – Back Side of New Pushbutton Stations 
 

 

Normally 

Closed 

Contact

Normally 

Open 

Contact

X1

X2

X1

X2

24 or 12 V 

LED

24 or 12 V 

LED
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Lab 2.1 Introduction to Ladder Logic 
 

Wire the following circuit and describe what happens when the switch closes: 

 

X1 X2

CR 1
1

SW1

Switch

12 VDC (24 VDC)

(usually not 

ground)

(may also use a 

piece of wire)
Control Relay

 
 

   Fig. 2-42  Switch Energizing Relay Coil 

 

 

The following is used only for the 12 VDC Relay: 
 

Describe the contact position of the normally open and normally closed contacts of the control 

relay coil when the switch position is open, closed. 

 

 

 

1

Relay Coil

2

3

4 5

6

7

8
Draw status 

of contacts 

between 2-3 

and 3-4

Notice that the same 

contacts are found on 

the opposite side 

between 5-6 and 6-7

Use the DMM to 

measure the status of the 

contacts.  

When measuring ohms, 

very high is an open and 

very low is a closed 

contact.

 
 

Fig. 2-43  Relay with Contacts to be Added 

 

  



     Ch 2 Ladder Basics 33 

2.1-1 Wire the following circuit and observe what happens when the button is pushed: 

 

X1 X2

CR 1

PB1

Pushbutton

12 VDC (24 VDC)

Control Relay

Indicator Lite

LT1
CR 1

Indicator Lite

LT2
CR 1

 
    

Fig. 2-44  Push Button Controlling Two Lights 

 

Wire this circuit using the contacts on relays, pushbuttons and lights shown in Fig. 2-41 above 

and using 24 V relays.  Wires shown in red are actual wires to be added by student. 

 

1443 13

N  O 
Push 

Button

+24 
VDC

0 
VDC

Control 
Relay  
CR1

XR159 XR2

N  O 
Contact 

CR1

+24 
VDC

0 
VDC

Light

XR119 XR2

N  C 
Contact 

CR1

+24 
VDC

0 
VDC

Light

Terminal 9 and 5 may be reversed but if 
that happens, terminal 9 may not be 

used in the third rung as shown.

Terminal 9 shown here is the same terminal 
shown in the rung above.  It may be used for both 

circuits if wired as shown

 
2.1-2 Describe observations of Fig. 2-45 before the  pushbutton is pushed and when the 



     Ch 2 Ladder Basics 34 

pushbutton is pushed. 

 

Wire the following circuit and observe what happens when the buttons are pushed: 

 

X1 X2

CR1PB1

LT1
CR1

CR2PB2

CR2

12 VDC (24 VDC)

 
 

   Fig. 2-45  Two Pushbuttons 

  

2.1-3 Construct a table similar to Table 2-2 showing when either push button is pushed or not 

pushed, the state of the light. To what type of circuit from digital logic would the output of Table 

2-2 be equivalent? 

 

LT1 PB 1 Off PB1 On 

PB2 Off   

PB2 On   

  

   Table 2-2  State of Light LT1 

 

2.1-4 Change the circuit so that CR2 uses a normally closed contact in the circuit for the light 

as follows and fill in the table similar to Table 2-2 again. 

 

CR1 CR2

  

 

 

 

 

Change the circuit to the one as follows: 

 

LT1 PB 1 Off PB1 On 

PB2 Off   

PB2 On   
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12 VDC (24 VDC)X1 X2

CR1PB1

LT1
CR1

CR2PB2

CR2

 
     Fig. 2-46  Two Pushbuttons   

 

2.1-5 Fill in a table similar to Table 2-2 showing the state of the light when either push button 

is pushed or not pushed.  To what type of circuit from digital logic would the output of Table 2-2 

be equivalent? 

 

Wire the following circuit and observe what happens when the buttons are pushed: 

 

X1 X2

CR1
PB1

LT1

PB2

CR1

12 VDC (24 VDC)

 
 

   Fig. 2-47  Two Pushbutton Circuit 

 

2.1-6 Describe observations when PB 2 is pushed and PB 1 is not pushed in Fig. 2-47.  What 

happens when PB 1 is then pushed? 
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Add a second PB 2 in parallel to the original PB 2.   

 

X1 X2

CR1
PB1

LT1

PB2a

CR1

PB2b

12 VDC (24 VDC)

  
    

 Fig. 2-48  Three Pushbutton Circuit 
 

 

2.1-7 Describe observation when PB 1 and PB 2 (A or B) are alternately pushed. 

Next add a second PB 1 in series to the original PB 1. 

 

12 VDC (24 VDC)
X1

X2

CR1
PB1b

LT1

PB2a

CR1

PB2b

PB1a

 
 

Fig. 2-49  Four Pushbutton Circuit 

 

2.1-8 Describe observation when PB 1 (A or B) and PB 2 are alternately pushed. 
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Lab 2.2  AC Voltage Starters and Logic 
 

This lab provides two motor starters with 24V DC or 110 VAC coils and sufficient selector 

switches and push buttons to wire the two starters for a reversing operation.  Design and wire a 

circuit that will seal in the Forward or Reverse motor starter contactor in the run mode and will 

allow a jog function in the jog mode.  Provide a stop button that will stop the motor. 

 

To start wiring a motor starter circuit, consider the following: 

 

 

L1

M1-F

L2

OLM1-R

Forward

Start PB
Stop PB

M1-F
Motor 

Jog-F

M1-RM1-F

Reverse

Start PB

M1-R
Motor 

Jog-R

 
 

Fig. 2-50 Motor Starter Wiring Schematic with Jog 
 

Here ‘Jog’ enables the motor to turn on when the button is pushed but turn off if the button is 

released.  Jog can be used with a slow speed to be used for positioning if the motor is multi-

speed but in this example, jog and run speeds are the same.  To make this circuit work as 

designed, the contacts must be “break-before-make” for the jog switch.  If this is not the case 

with your push button, you may achieve the same effect by slowly pushing the jog button. 

 

For a more thorough discussion of this circuit, its flaws, and how to improve it, a good youtube 

video series explains the circuit and similar circuits that fix the flaw found in this circuit.  Try 

Jim Pytel’s youtube videos on motor control, specifically his lecture on “Reversing Motor 

Starters with Jogging (Full Lecture)”.  Other videos in this series a re valuable as well and add 

depth to an introduction in this subject.  One difference that Mr. Pytel uses is the normally closed 

symbol to convey that power is passing through a contact. This is not a normal use of the 

Normally Open contact.  It passes power when the coil it is associated with is energized.  The 

contact does not change from normally open to normally closed in this case. 
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Lab 2.2 A 
 

Wire the circuit above for one motor starter deleting the reversing function. 

 

 

Lab 2.2 B 
 

Wire the circuit above or equivalent for two motors starters incorporating the reversing function.  

Use either one stop push button or two stop push buttons. 

 

 

Lab 2.2 C 
 

Wire the circuit per Fig. 2-49.    

 

 

Lab 2.2 D 
 

Wire Lab 2.2 A including an indicator light for motor running. 

 

 

Lab 2.2 E 
 

Wire Lab 2.1 B including indicator lights for forward and reverse. 

 

 
Lab 2.2 F 
 

Wire Lab 2.2 C including indicator lights for forward and reverse. 

 

To complete Lab 2.2, use the motor starters from the lab and push buttons from the PLC trainers 

to wire a circuit that will provide the functions described above for the starter or starters.   
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Lab 2.3A 
 

Build a 6" Stroke Electric Linear Actuator 24v controller that moves the arm back and forth with 

a time delay at the end of each stroke.  First, use relays and a RC timing circuit. In a later 

chapter, we will use the PLC to accomplish the same movement. 

 

The limit switch used is shown here. There are both normally open (NO) and normally closed 

(NC) contacts on this switch. 

 

 
Wiring of the circuit is not easy.  Steps that help are given below: 

 



     Ch 2 Ladder Basics 40 

14 13

+ _

9

5

1

12

8

4

Relay Wiring

Wire limit switches each to a Relay

+24V 14 13

R

0V Right LS

+24V 14 13

L

0V Left LS

Try each relay out.  Make sure they 
switch when the LS changes state.
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14

13

+24

0V

or

24V

Find contact from each relay above that 
drops out (turns off) when limit switch 
engaged.  Use this contact in the circuit 
below for each time delay circuit.  (You need 
two.)

L or R Delayed

R

Cap

 

 

The circuit below determines the direction of the arm: DIR = On – Move one direction 

        DIR = Off – Move other direction 

 

Use the delayed relay signals for the ‘A’ and ‘B’ signals. 

 

If DIR on when going left, use the right relay for ‘A’.  The signal must turn on when the delay 

occurs.  Pick correct contacts for this, write them in the terminal box and show the contacts as 

NO or NC.  The ‘B’ signal is the other time delay relay and must be a contact that turns off when 

the time elapses.  Again, pick the correct contact. 

       

24V
14 13

9 5

DIR

DIR

A B

 
 

Then try the limit switches a number of times with this circuit and see if ‘DIR’ turns on and off 

correctly.  Do not go further until this circuit works. 

 

Next, find a contact from each LS that turns off when the limit switch is energized.  This is the 

contact to be used below: 
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Exercises 
 

Converting from Digital Logic Functions to Ladder Logic: 
 

 

Construct ladder equivalent circuits of each of the following digital logic functions.  Use 

normally open and normally closed contacts of A and B to construct the appropriate function: 

 

Use the following ladder diagram figure for exercises 1-6. 

 

Y

 
 

1:  

 

A

B
 

 

2:  

A

B
 

 

 

 

 

 

 

 

3:  

A

 
 

 

A B Output-

Y 
0 0 0 

0 1 1 

1 0 1 

1 1 1 

A B Output-

Y 
0 0 0 

0 1 0 

1 0 0 

1 1 1 

A Output-Y 

0 1 

1 0 

A B Output-

Y 
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4:  

A

B
 

 

 

 

 

 

5:  

A

B
 

 

 

 

 

 

 

6: 

A

B
 

 

 

 

 

 

7. Find a copy of a specification written to purchase a piece of equipment.  What does a 

specification accomplish?   

 

What parameters do you suppose were part of the original PLC specification? 

 

8. What kind of PLC would you expect to find in a Japanese-owned automotive plant in the 

United States? – German-owned automotive plant in the United States? 

 

9. Draw the ladder logic equivalent of:   

 
A
B
C

Y

 
 

10. *Draw the ladder logic equivalent of:  

 

Y

A
B

C

 
11. What physical device in the bathroom resembles the liquid level switch? 

 

0 0 1 

0 1 1 

1 0 1 

1 1 0 

A B Output-

Y 
0 0 1 

0 1 0 

1 0 0 

1 1 0 

A B Output-

Y 
0 0 0 

0 1 1 

1 0 1 

1 1 0 
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12. Draw logic for a motor starter control circuit for a motor that is either off, on forward or 

on reverse with a selector switch. 

 

13. Draw the control portion of a motor starter circuit for a forward only motor starter with 

start and stop push buttons located at 2 different locations. 

 

14. *Draw the control portion of a motor starter circuit for a forward only motor starter that 

turns on with either a start button and stays on until stop is pushed or may turn on when 

the PLC output turns on.  A selector switch chooses whether to use the PLC output or the 

start pushbutton.  A stop button turns the motor off either way. Label all devices 

appropriately. 

 

Y
PLC 

Output

 
 

     

   Fig. 2-51 Partial Circuit for Problem 2-14 

 

15. *Draw logic for a motor starter control circuit for a motor that is turned on with a jog 

button in either the Forward or Reverse direction.  When the operator releases the jog 

button, the motor stops in either the Forward or Reverse direction.  Draw only the control 

portion of the motor starter circuit. 
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16. *Observe what happens when the buttons are pushed: 

 
12 VDC (24 VDC)X1 X2

CR1PB1

LT1
CR1

CR2PB2

CR2

 
 

Fill in the table:  

 

LT1 PB 1 Off PB1 On 

PB2 Off   

PB2 On   

 

17. In 2014 General Motors had a press conference with reference to ‘the switch from hell’.  

What was the underlying problem with this switch and why did the switch almost cause GM 

to go bankrupt?  The switch is shown in the figure below: 

 

 
 

 

 

18. Fill in all terminal designations for both Control Relays below.  Reference contacts given 
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below: 

1 9 5

4 12 8

13 14

CR
+

_

 
 

X1 X2

CR1PB1

LT1
CR1

CR2PB2

CR2

12 VDC (24 VDC)

 
 

 

19. Review Mr. Pytel’s video and draw the better reversing motor starter circuit with jogging 

included. 
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