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Let's start at the beginning, in theory we learned to have a complete circuit we need a source of
supply, wire and a load. \ | / v
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The ceiling light in your home is controlled by a switch. This is called the basic two-wire circuit.

As the circuit is shown to the right, this would be
called a main wiring diagram. These diagrams are
converted in schematic (ladder) diagrams. The
schematic diagram provides a short cut for
troubleshooting a control circuit. The schematic
diagramincludes symbols as well as words and phrases.
The symbols are interconnected by lines to show the

flow of current through the devices.
SYMBOLS
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source switch wire load
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Using the symbols we will put the same two-wire light circuit into a schematic diagram.
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With the switch open there is not a complete path for current to flow back to the source, this is called
an open circuit.

open circuit
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Once the switch is closed there is a complete path for the current to flow back to the source, this
is called a complete circuit. The switch is the control for the circuit.

complete circuit
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With the circuit open there would be voltage from the source to the open switch and from the source
to one side of the load as shown below.

indicates voltage

open circuit
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From the source to the open side of the switch there are zero volts.

open circuit

/.

ZERO

The load must have a source voltage applied to both sides to complete the circuit and allow the
current to flow.

Shown below is a wiring diagram of a light connected through two 3-way switches. The light can
be turned on or off from either switch.

120v

This same 3-way switch circuit is shown below in schematic form.

BLACK

WHITE 1

@

One wire is connected from the source directly to the load. The other wire is connected through the
switches to control the load.
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3-WAY SWITCH

It is easier to understand how the 3-way switches can control the light if you see how the switch
is built internally. Shown below is a side view of how the 3-way switch is contructed. The black wire
is connected to terminal screw 1. The view to the left shows when the toggle is turned to the "up"
position there is a complete circuit through terminal screws 1 and 2 and an open circuit between 1
and 3. The view to the right shows that when the toggle on the same 3-way switch is turned to the
"down" position there is a complete circuit through terminal screws 1 and 3 and an open circuit

between 1 and 2.
1 1
2 3 i 2 3

The load would not be energized in the circuit shown below. One wire is connected directly from
the source to the load. The other wire from the source is controlled through the two 3-way switches.
There is voltage from the source through terminal screw 1 and 2 on switch #1. The voltage continues
through the wire and stops at terminal screw 2 on switch #2. There is an open circuit between terminal
2 and terminal 1 on switch #2.

source load
1 1

switch switch

#1 is #2 is

Ilupll Ildownll

2 3 2 3
|
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When switching switch #1 from "up" to the "down" position the load now becomes energized as
there is a complete circuit through terminal screws 1 and 3 on switch #1 and through terminals screws
3 and 1 on switch #2 and on to the load. By switching either switch #1 or switch #2 the load can be
turned off.

source load

1 switch 1
#1 IS " switch
down #2 is
"down"
2 3 2 3
|

Turning both switches #1 and #2 to the "up" position will also energize the load as shown below.
And by turning either switch the load can be shut off. It is very important for the student, at this point,
to be able to trace a complete circuit from the source to the load through the action of the switches,
terminals and wiring before advancing to the more complex motor control circuits.

source load
1)
switch switch
#1is #2 is
Ilupll "up"
2 3 I
|
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4-WAY SWITCH

When a load is required to be switched from more than two switching points a 4-way switch must

be used in the circuit. 3-way switches are connected to the source and to the load with the 4-way
switches connected in between.

3-way 4-way 3-way

Don't confuse a 4-way switch with a double-pole switch. A double-pole switch will have "on" and

"off" marked on the toggle. A 4-way switch has no "on" or "off" markings and is constructed so that
the switching contacts can alternate their positions as shown below.

1 2
1c 2: Q o
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7/ \\
oO—0 d ©
3 4 3 4
HANDLE UP HANDLE DOWN

There are many different types of switches used in control wiring. It is important for the student
to be able to trace the circuit through these different switches.

One of the first control switches was a knife switch,
used to control the starting and stopping of motors.

knife switch
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one normally open
2 position

LEFT RIGHT
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2 position
LEFT RIGHT
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A limit switch is used in a control circuit to start, stop, forward, reverse, etc. some operation of a
machine.

A limit switch generally has two contacts, one normally open and one normally closed quick make,
quick break, snap action type.

It is very important when reading a schematic diagram that contains limit switches that you are
familar with the symbols for limit switches.

Shown below are the symbols for limit switches. Note the position of a normally open contact in
the normal position and then in a position with the arm moved to the right or left. Now the normally
open contact is held closed by some mechanical function in the sequence of the machine operation.

LIMIT SWITCH SYMBOLS

Normal position Normally open Normally closed
of the arm contact contact

N2 oo

Arm position
to the right

Normally open
contact
HELD CLOSED

R

Normally closed
contact
HELD OPEN

o6

Arm position
to the left

Normally open
contact
HELD CLOSED

R

Normally closed
contact
HELD OPEN

o6
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R AT o

normally normally normally normally

open open - closed closed -
HELD HELD
closed open

HIGH

LOwW
PRESSURE

PRESSURE

RF T

normally normally normally normally

open open - closed closed -
HELD HELD
closed open

SIS

HIGH WATER LEVEL

AAACAAANAL
NORMAL WATER LEVEL

TH



| FOOT SWITCH
P oda

normally normally
open closed

ra
>

FLow swirch
T

normally normally
open closed

N/
VAL
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TEMPERATURE SWITCH
T 5
normally normally
open closed

A temperature switch is a control device that responds to temperature changes. A bi-metallic strip
is used to actuate the electrical contacts. The bi-metallic strip is made of two pieces of different metal
laminated together. Metals when heated, will expand and contract at different rates. Heating the bi-
metallic strip will cause it to warp or curve which will open the normally closed contacts.

Bi-metallic strip Bi-metallic strip is warped from high heat

| —] Y ! Contacts Contacts
[ 1 closed | PNl open

Once the tripping action has taken place, the bi-metallic strip will cool and the warped shape will
go back to the normal shape, closing the contacts. A circuit breaker uses the bi-metallic action only
the circuit breaker will need to be manually reset to close the contacts.

ON ofFf[( D | ::[j

A gas furnace and a clothes dryer are examples of equipment that uses the bi-metallic action for
safety precautions when high heat arises. A gas furnace has a high heat bonnet which will open the
contacts to the main gas valve shutting off the gas so the furnace will not be exposed to high heat
damage. An electric clothes dryer also utilizes a high heat safety, opening the power contacts to the
heating elements when a dangerous high heat is reached.

bonnet disc

TH
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RELAYS

Relays, solenoids, etc. contain a magnetic coil when energized by an electrical current passing
through it causes the iron armature to move in the frame.

coil

relay

o

solenoi

Relays are used in industrial assembly lines, machine tool control and commercial equipment.
Relays are switching devices. A relay is used in a control circuit as a switch. Relays are not designed
to carry large currents.

The 4-pole relay shown has four normally open contacts normally open
O O O O

contacts. The contacts are referred to as poles.
_\éﬁ;é;

When the coil is energized creating a magnetic field
it will draw the iron plunger "up" closing the normally LUG’_G)UJ
open contacts. This is the switching action of a relay. ]
The 4-pole relay contains four switches which can be N,

normally open or normally closed.
4-pole relay

| contacts close
R &

I

On the schematic the coil will have a symbol. Q

coil

The relay will be given a designation such as R1.

coil

R1
The four normally open contacts will be shown on the schematic as: H K,

R1

If the relay had normally closed contacts the symbol on the schematic would be: e

TH
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If the relay designation is R22, the relay coil and relay contacts would also be designated R22. Any
contacts physically attached to the frame of R22 would be marked R22 on the schematic. Schematics
are shown in the de-engergized (power off) position. When R22 is energized the normally open
contact becomes closed and the normally closed contact becomes open.

normally Y — normally normall — normally
i Y <+ .
open closed open will closed will
close open
(@] @

coil is coil is
!

) de-energized energized
Nl

[l

¢plunger is down plunger is up

Shown below is a 2-pole relay with one normally open contact and one normally closed contact
in a circuit with a limit switch with a normally open contact and two lights. The industrial control
circuit requires the "green" light to be lit in a normal condition. When the limit switch is "closed"
the "red" light is to be lit and the "green" light is to be off.

R22 [ R22
NO NC

()
Nl

Symbols: Q LS1

The source will be shown on the schematic as "L1" (line one) and "L2" (line two).

L1 L2

NS st @

e Z:zi

G
i O
A 524
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Shown below is the same circuit with the source turned on to L1 and L2. L2 supplies voltage to
one side of the relay coil and to one side of each light. R22 relay cannot energize until limit switch
LS1 is closed. The green light will come on when the source L1 and L2 is turned on as there is a

complete circuit to the green light through R22 normally closed contact. The green light will stay
lit until the limit switch is closed.

indicates voltage

L1 —~ L2
NX Lst \R22)
R22
i G T
NC >4
R22
| U RS
'NO DA

Shown below is the circuit with limit switch LS1 closed. When limit switch LS1 closes it completes
the circuit to R22 relay. When R22 energizes it opens the normally closed contact which opens the

circuit to the green light. At the same time when R22 relay energizes the normally open contact will
close completing the circuit to the red light.

indicates voltage

L2

)

-

(2]

-
X
N
N

R22

(o}
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The next circuit is a float switch that energizes a solenoid that opens a drain valve.

1]

DISCONNECT FLOAT SWITCH SOLENOID
( ( Dashed line
indicates
mechanically
connected

L1

RN

FS1
089 R14
R14
| |NO
| /\/_
solenoid
R14

(o}

J|/|}/NC

When the disconnect is closed, L2 will flow to one side of the R14 coil, solenoid and light. L1 will
flow to one side of float switch, R14 NO interlock and through R14 NC interlock to the light.

When the disconnect is closed, the green light is "ON". When the water level rises and closes the
float switch, this will energize R14 relay and R14 NO will close energizing the solenoid opening a
mechanical drain valve and at the same time R14 NC will open and the light will go "OFF". When
the water level lowers, the float switch will open and the green light will come back "ON".

TH
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The circuit below shows the path of voltage at the first step, when the disconnect is closed.

L1 L2

CIRCUIT WITH DISCONNECT CLOSED

solenoid

The circuit below shows the path of voltage when the water level rises and the float switch closes.

L1 L2

CIRCUIT WHEN FLOAT SWITCH CLOSES

solenoid




PRESSURE SWITCH

Lift stations, sump pumps, submersible pumps use different types of float switches for controls.

Sump pump —Z

Submersible pump

The load can be controlled by many different devices such as single-pole switches, 3-way
switches, limit switches, pressure switches, temperature switches, time-delay switches, foot switches,
push-button switches, etc.

The circuit below is controlled by a pressure switch. When the pressure builds to a pre-set limit
the pressure switch contact will close energizing R8 relay which will energize the alarm bell through
R8 NO contact as it closes and the green light will shut off at the same time as R8 NC contact will
open.

pressure
switch bell

PS1

PN R8

Y

TH
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2-WIRE CONTROL

The term "2-wire" control arises from the fact that the basic circuit requires only two wires to
connect the controlling contact to the coil. The contact could be on a pressure switch, float switch,
temperature switch, etc. which requires no operator as the contact is automatically closed by
pressure, liquid, heat, etc.

If a power failure occurs while the contact of the device is closed, the coil will de-energize. When
power is restored, the coil will energize automatically through the contact that is being held by
pressure, liquid, heat, etc.

This can become a dangerous situation if the circuit is being used to start a machine where fingers
and hands may be in the machine when it automatically starts when the power is restored again.

L1 L2
\ o N
N
1 2
N (o)
| I normally open NG
contact

open in line will cause
X X coil to drop out

L1 L2

1 2
|/ _ (eoi)
| contact remains closed by U

pressure, liquid, heat, etc.

TH
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3-WIRE CONTROL

The term "3-wire" arises from the fact that the basic circuit requires at least three wires to connect
the control devices to the coil.

The 3-wire control uses momentary contact push buttons or similar devices to energize the coil.

START BUTTON STOP BUTTON

Spring held _
normally closed w
contacts

Spring held e
normally open o o
contacts

The 3-wire control circuit is used to prevent the unexpected energizing of the coil which could
result in possible injury to machine operators or damage to the machinery.

The coil is energized by pressing the start button. An auxiliary "holding circuit" normally open
contact on the relay, forms a parallel circuit around the start button contacts keeping the coil
energized after the start button is released. If a power failure occurs, the coil will de-energize and will
open the holding circuit contact. When power is restored, the start button must be pressed before
the coil will energize again, thus preventing unexpected starting of the machine.

(7Y

I R1 normally open
contact

TH
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When the start button is pressed it completes the circuit energizing R1 coil. But, without a "holding
circuit" R1 coil would de-energize when the start button is released. This would be a "jog" or "inch"

type circuit.

L1

START BUTTON PRESSED

v
To? oy 3

L1

START BUTTON RELEASED

R1
coil

TH
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Shown below is a "holding circuit". R1 normally open contact has been connected in parallel with
the start button so when the start button is released R1 coil is held energized through the R1 NO
contact.

L1 L2

START BUTTON PRESSED

s 2 ()

coil

R1 normally open contact

closes when R1 is energized
providing a "holding circuit"
after start button is released

L1 L2

START BUTTON RELEASED

R1
coil

R1 normally open
contact CLOSED

TH
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Shown below is a main wiring diagram showing the connections of stop-start push buttons
controlling a relay with a light for a load.

L1 L2

NC

Shown below is the same circuit in a much easier to follow schematic diagram.

L1

L2

' e ? 5o s ()

coil

o
| BT

TH
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The light can be shut off from two different places by adding another stop button and connecting
it in series. You can add as many stops as necessary as long as they are connected in series in the

circuit.

L1

STOP BUTTONS
CONNECT IN SERIES

v <

L2

2

! To—dlo

Ny

3
coil

A1
:LT:

oA

The circuit below shows the light can be turned on from three different locations and turned off from
three locations. Start buttons connect in parallel as shown.

START BUTTONS
CONNECT
IN PARALLEL

}_

L1 o O ‘— L2
1_5To—oTb—oTb—c20J_O | & 3@7

R1

o

A
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Shown below is an industrial machine with an air cylinder controlled electrically by push buttons,
relays, limit switches and solenoids.

s’

mushroom head
push button

Industrial machine with air cylinder
controlled by push buttons

(@] (@]
AIR
Piston has traveled full length in
the forward stroke
lﬁ AIR

TH
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L1

L2

BOTH INC Forward
BUTTONS ! e
R1
£USHED ¢ OV\T& |
PB1 PB2 : NO :
—ic ic | |
| |
| | Return
|
———al (a2
| LS2 N
| NO
o5 |
LS I TR2
NC
| R ANL—
.
forward
solenoid
R2
| | |
[
return
solenoid

The air cylinder is in the NORMAL position
with cylinder returned. LS1 NO contact is
being HELD closed by the ram and LS1 NC
contact is being HELD open by the ram.

St

LS2

LS1

1

TH
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Piston has traveled full length in
the forward stroke

i T - T
LS2 LS1 ¢ I |

AIR

When the cylinder reaches its full stroke it makes contact with LS2 and closes the normally open
contact which sets up the circuit forreturn by pressing both push buttons. R2 coil has aholding circuit
through LS1 NC and R2 NO.

L1 L2
O?:;; R1
BOTH INC Forward
BUTTONS o |
PUSHED | R1
£y [ Vi
PB1 PB2 NO |
I . |
|
|

NO
o= =
LS1 R2
NC
| R ANo—
[
forward
solenoid
R2
| | |
[
return
solenoid
TH
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When the cylinder makes contact with LS1 it opens the LS1 NC contact which de-energizes R2
relay coil. When the cylinder makes contact with LS1 it also closes the LS1 NO contact which sets
up the sequence of the machine for the next forward stroke.

The air cylinder is RETURNED to
normal position

"

LS2 LS1
AIR
L1 L2
Ls2 ' A1
INC Forward
|
R1
Yis1 | \_/
PB1 PB2 | NO |
A D B | !
—o0 o——o0 o0—¢ | |
| I
| | Return
I
O R2
| q%7\LS2 N
I NO
I |
LS I TR2
NC
| oV
[
forward
solenoid
| |R2
| /\/
return
solenoid
TH
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The circuit below has two push buttons connected in series so that both hands must be out of the
machinery before the solenoid to an air valve can be energized. Both limit switches have a NO and
a NC set of contacts. LS1 NO is held closed and LS1 NC is held open in the normal position of the
air cylinder. When both push buttons are pressed R1 relay is energized through the LS1 NO contact,
R1 relay has a holding circuit through LS2 NC and R1 NO. When the air cylinder reaches its full
stroke it will open LS2 NC and will de-energize R1 coil. LS1 NO is open and LS1 NCis closed with
the air cylinder is this position. To return the air cylinder, press both push buttons and R2 relay is
energized through LS2 NO contact, R2 relay has a holding circuit through LS1 NC and R2 NO. When
the air cylinder returns to the normal position it will open LS1 NC and de-energize R2 coil.

AIR CYLINDER NORMAL POSITION| |POSITION AT END OF FOWARD STROKE
LS2 NORMAL LS  peD LS2

CIWQNO
o4 e

LS1 NORMAL

HELD

OIWQ- NO
o e

L1 L2
Ls2 ' 'Rl
INC Forward
|

U

I
PB1 PB2 | NO |
T T | !
—o0 o——o0 o—¢ | |
| |
I | Return
| m
o R2
| LS2 N
[ NO
I |
Ls1 I TR2
NC
R1
| |
| N
forward
solenoid
| |R2
| /\/
return
solenoid
TH
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