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BASIC ELECTRONICS 

 

Resistivity of Materials 

Resistivity is the property of a material due to which it opposes the flow of current through 

it. Resistivity is measured in Ohm-metres, ( Ω-m ) and and its symbol is ρ, (Rho). If the 

resistivity of various materials is compared, they can be classified into three main groups, 

Conductors, Insulators and Semi-conductors as shown below. 

Resistivity Chart 

 

  

Conductors 

Conductors are materials that have a low value of resistivity allowing them to easily pass an 

electrical current due to there being plenty of free electrons floating about within their basic 

atom structure. When a positive voltage potential is applied to the material these "free 

electrons" leave their parent atom and travel together through the material forming an 

electron drift. Examples of good conductors are generally metals such as Copper, Aluminium, 
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Silver or non metals such as Carbon because these materials have very few electrons in their 

outer "Valence Shell" or ring, resulting in them being easily knocked out of the atom's orbit. 

Generally speaking, most metals are good conductors of electricity, as they have very small 

resistance values, usually in the region of micro-ohms per metre with the resistivity of 

conductors increasing with temperature because metals are also generally good conductors of 

heat. 

Insulators 

Insulators are made of materials, generally non-metals, that have very few or no "free 

electrons" floating about within their basic atom structure because the electrons in the outer 

valence shell are strongly attracted by the positively charged inner nucleus. So if a potential 

voltage is applied to the material no current will flow as there are no electrons to move and 

which gives these materials their insulating properties. Insulators also have very high 

resistances, millions of ohms per metre, and are generally not affected by normal 

temperature changes (although at very high temperatures wood becomes charcoal and 

changes from an insulator to a conductor). Examples of good insulators are marble, fused 

quartz, p.v.c. plastics, rubber etc. 

Insulators play a very important role within electrical and electronic circuits, because without 

them electrical/electronic circuits would short together and not work. For example, insulators 

made of glass or porcelain are used for insulating and supporting overhead transmission 

cables while epoxy-glass resin materials are used to make printed circuit boards, PCB's etc. 

Semiconductor Basics 

Semiconductors materials such as silicon (Si), germanium (Ge) and gallium arsenide 

(GaAs), have electrical properties somewhere in the middle, between those of a "conductor" 

and an "insulator". They are not good conductors nor good insulators (hence their name 

"semi"-conductors). They have very few "fee electrons" because their atoms are closely 

grouped together in a crystalline pattern called a "crystal lattice". However, their ability to 

conduct electricity can be greatly improved by adding certain "impurities" to this crystalline 

structure thereby, producing more free electrons than holes or vice versa. By controlling the 

amount of impurities added to the semiconductor material it is possible to control its 

conductivity. These impurities are called donors or acceptors depending on whether they 

produce electrons or holes. This process of adding impurity atoms to semiconductor atoms 

(the order of 1 impurity atom per 10 million (or more) atoms of the semiconductor) is called 

Doping. 

The most commonly used semiconductor material by far is silicon. It has four valence 

electrons in its outer most shell which it shares with its adjacent atoms in forming covalent 

bonds. The structure of the bond between two silicon atoms is such that each atom shares 

one electron with its neighbour making the bond very stable. As there are very few free 

electrons available to move from place to place producing an electrical current, crystals of 
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pure silicon (or germanium) are therefore good insulators, or at the very least very high value 

resistors. Silicon atoms are arranged in a definite symmetrical pattern making them a 

crystalline solid structure. A crystal of pure silicon (silicon dioxide or glass) is generally said to 

be an intrinsic crystal (it has no impurities). 

 

 

The diagram above shows the structure and lattice of a 'normal' pure 

crystal of Silicon. 

N-type Semiconductor Basics 

In order for our silicon crystal to conduct electricity, we need to introduce an impurity atom 

such as Arsenic, Antimony or Phosphorus into the crystalline structure making it extrinsic 

(impurities are added). These atoms have five outer electrons in their outermost co-valent 

bond to share with other atoms and are commonly called "Pentavalent" impurities. This allows 

four of the five electrons to bond with its neighbouring silicon atoms leaving one "free 

electron" to move about when an electrical voltage is applied (electron flow). As each impurity 

atom "donates" one electron, pentavalent atoms are generally known as "donors". 

Antimony (symbol Sb) is frequently used as a pentavalent additive as it has 51 electrons 

arranged in 5 shells around the nucleus. The resulting semiconductor material has an excess 

of current-carrying electrons, each with a negative charge, and is therefore referred to as "N-

type" material with the electrons called "Majority Carriers" and the resultant holes "Minority 

Carriers". Then a semiconductor material is N-type when its donor density is greater than its 

acceptor density. Therefore, a N-type semiconductor has more electrons than holes. 
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The diagram above shows the structure and lattice of the donor impurity 

atom Antimony. 

P-Type Semiconductor Basics 

If we add a "Trivalent" (3-electron) impurity into the crystal structure, such as Aluminium, 

Boron or Indium, only three valence electrons are available in the outermost covalent bond 

meaning that the fourth bond cannot be formed. Therefore, a complete connection is not 

possible, giving the semiconductor material an abundance of positively charged carriers 

known as "holes" in the structure of the crystal. As there is a hole an adjoining free electron is 

attracted to it and will try to move into the hole to fill it. However, the electron filling the hole 

leaves another hole behind it as it moves. This in turn attracts another electron which in turn 

creates another hole behind, and so forth giving the appearance that the holes are moving as 

a positive charge through the crystal structure (conventional current flow). As each impurity 

atom generates a hole, trivalent impurities are generally known as "Acceptors" as they are 

continually "accepting" extra electrons. 

Boron (symbol B) is frequently used as a trivalent additive as it has only 5 electrons 

arranged in 3 shells around the nucleus. Addition of Boron causes conduction to consist 

mainly of positive charge carriers results in a "P-type" material and the positive holes are 

called "Majority Carriers" while the free electrons are called "Minority Carriers". Then a 

semiconductors is P-type when its acceptor density is greater than its donor density. 

Therefore, a P-type semiconductor has more holes than electrons. 
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The diagram above shows the structure and lattice of the acceptor 

impurity atom Boron. 

The PN junction 

N and P-type semiconductor materials can do very little on their own as they are electrically 

neutral, but when we join/fuse them together these two materials behave in a very different 

way producing what is generally known as a PN Junction. 

When the N and P-type semiconductor materials are first joined together a very large density 

gradient exists between both sides of the junction so some of the free electrons from the 

donor impurity atoms begin to migrate across this newly formed junction to fill up the holes in 

the P-type material producing negative ions. However, because the electrons have moved 

across the junction from the N-type silicon to the P-type silicon, they leave behind positively 

charged donor ions (ND) on the negative side and now the holes from the acceptor impurity 

migrate across the junction in the opposite direction into the region were there are large 

numbers of free electrons. As a result, the charge density of the P-type along the junction is 

filled with negatively charged acceptor ions (NA), and the charge density of the N-type along 

the junction becomes positive. This charge transfer of electrons and holes across the junction 

is known as diffusion. 

This process continues back and forth until the number of electrons which have crossed the 

junction have a large enough electrical charge to repel or prevent any more carriers from 

crossing the junction. The regions on both sides of the junction become depleted of any free 

carriers in comparison to the N and P type materials away from the junction. Eventually a 

state of equilibrium (electrically neutral situation) will occur producing a "potential barrier" 

zone around the area of the junction as the donor atoms repel the holes and the acceptor 

atoms repel the electrons. Since no free charge carriers can rest in a position where there is a 

potential barrier the regions on both sides of the junction become depleted of any more free 

carriers in comparison to the N and P type materials away from the junction. This area around 

the junction is now called the Depletion Layer. 
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The total charge on each side of the junction must be equal and opposite to maintain a 

neutral charge condition around the junction. If the depletion layer region has a distance D, it 

therefore must therefore penetrate into the silicon by a distance of Dp for the positive side, 

and a distance of Dn for the negative side giving a relationship between the two of   

Dp.NA = Dn.ND  in order to maintain charge neutrality also called equilibrium. 

PN junction Distance 

 

As the N-type material has lost electrons and the P-type has lost holes, the N-type material 

has become positive with respect to the P-type. Then the presence of impurity ions on both 

sides of the junction cause an electric field to be established across this region with the N-side 

at a positive voltage relative to the P-side. The problem now is that a free charge requires 
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some extra energy to overcome the barrier that now exists for it to be able to cross the 

depletion region junction. 

 

This electric field created by the diffusion process has created a "built-in potential difference" 

across the junction with an open-circuit (zero bias) potential of: 

 

Where: Eo is the zero bias junction voltage, VT the thermal voltage of 26mV at room 

temperature, ND and NA are the impurity concentrations and ni is the intrinsic concentration. 

A suitable positive voltage (forward bias) applied between the two ends of the PN junction can 

supply the free electrons and holes with the extra energy. The external voltage required to 

overcome this potential barrier that now exists is very much dependent upon the type of 

semiconductor material used and its actual temperature. Typically at room temperature the 

voltage across the depletion layer for silicon is about 0.6 - 0.7 volts and for germanium is 

about 0.3 - 0.35 volts. This potential barrier will always exist even if the device is not 

connected to any external power source. 

The significance of this built-in potential across the junction, is that it opposes both the flow 

of holes and electrons across the junction and is why it is called the potential barrier. In 

practice, a PN junction is formed within a single crystal of material rather than just simply 

joining or fusing together two separate pieces. Electrical contacts are also fused onto either 

side of the crystal to enable an electrical connection to be made to an external circuit. Then 

the resulting device that has been made is called a PN junction Diode or Signal Diode. 

The Junction Diode 

Without any external voltage being applied to the actual PN junction it results in a state of 

equilibrium. However, if we were to make electrical connections at the ends of both the N-

type and the P-type materials and then connect them to a battery source, an additional 

energy source now exists to overcome the barrier resulting in free charges being able to cross 

the depletion region from one side to the other. The behaviour of the PN junction with regards 

to the potential barrier width produces an asymmetrical conducting two terminal device, 

better known as the Junction Diode. 

A diode is one of the simplest semiconductor devices, which has the characteristic of passing 

current in one direction only.  
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If a suitable positive voltage (forward bias) is applied between the two ends of the PN 

junction, it can supply free electrons and holes with the extra energy they require to cross the 

junction as the width of the depletion layer around the PN junction is decreased. By applying 

a negative voltage (reverse bias) results in the free charges being pulled away from the 

junction resulting in the depletion layer width being increased. This has the effect of 

increasing or decreasing the effective resistance of the junction itself allowing or blocking 

current flow through the diode. 

Then the depletion layer widens with an increase in the application of a reverse voltage and 

narrows with an increase in the application of a forward voltage. This is due to the differences 

in the electrical properties on the two sides of the PN junction resulting in physical changes 

taking place. One of the results produces rectification as seen in the PN junction diodes static 

I-V (current-voltage) characteristics. Rectification is shown by an asymmetrical current flow 

when the polarity of bias voltage is altered as shown below. 

Junction Diode Symbol and Static I-V Characteristics. 

 

 

But before we can use the PN junction as a practical device or as a rectifying device we need 

to firstly bias the junction, ie connect a voltage potential across it. On the voltage axis above, 

"Reverse Bias" refers to an external voltage potential which increases the potential barrier. An 

external voltage which decreases the potential barrier is said to act in the "Forward Bias" 

direction. 

There are two operating regions and three possible "biasing" conditions for the standard 

Junction Diode and these are: 
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1. Zero Bias - No external voltage potential is applied to the PN-junction.  

2. Reverse Bias - The voltage potential is connected negative, (-ve) to the P-type material and 

positive, (+ve) to the N-type material across the diode  which has the effect of Increasing the 

PN-junction width.  

 

3. Forward Bias - The voltage potential is connected positive, (+ve) to the P-type material and 

negative, (-ve) to the N-type material across the diode which has the effect of Decreasing the 

PN-junction width.  

Reverse Biased Junction Diode 

When a diode is connected in a Reverse Bias condition, a positive voltage is applied to the 

N-type material and a negative voltage is applied to the P-type material. The positive voltage 

applied to the N-type material attracts electrons towards the positive electrode and away 

from the junction, while the holes in the P-type end are also attracted away from the junction 

towards the negative electrode. The net result is that the depletion layer grows wider due to a 

lack of electrons and holes and presents a high impedance path, almost an insulator. The 

result is that a high potential barrier is created thus preventing current from flowing through 

the semiconductor material. 

Reverse Biased Junction Diode showing an Increase in the Depletion Layer 

 

This condition represents a high resistance value to the PN junction and practically zero 

current flows through the junction diode with an increase in bias voltage. However, a very 

small leakage current does flow through the junction which can be measured in 

microamperes, (μA) 
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Forward Biased Junction Diode 

When a diode is connected in a Forward Bias condition, a negative voltage is applied to the 

N-type material and a positive voltage is applied to the P-type material. If this external 

voltage becomes greater than the value of the potential barrier, approx. 0.7 volts for silicon 

and 0.3 volts for germanium, the potential barriers opposition will be overcome and current 

will start to flow. This is because the negative voltage pushes or repels electrons towards the 

junction giving them the energy to cross over and combine with the holes being pushed in the 

opposite direction towards the junction by the positive voltage. This results in a 

characteristics curve of zero current flowing up to this voltage point, called the "knee" on the 

static curves and then a high current flow through the diode with little increase in the external 

voltage as shown below. 

Forward Characteristics Curve for a Junction Diode 

 

The application of a forward biasing voltage on the junction diode results in the depletion 

layer becoming very thin and narrow which represents a low impedance path through the 

junction thereby allowing high currents to flow. The point at which this sudden increase in 

current takes place is represented on the static I-V characteristics curve above as the "knee" 

point. 
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Forward Biased Junction Diode showing a Reduction in the Depletion Layer 

 

This condition represents the low resistance path through the PN junction allowing very large 

currents to flow through the diode with only a small increase in bias voltage. The actual 

potential difference across the junction or diode is kept constant by the action of the depletion 

layer at approximately 0.3v for germanium and approximately 0.7v for silicon junction diodes. 

Since the diode can conduct "infinite" current above this knee point as it effectively becomes 

a short circuit, therefore resistors are used in series with the diode to limit its current flow. 

Exceeding its maximum forward current specification causes the device to dissipate more 

power in the form of heat than it was designed for resulting in a very quick failure of the 

device. 

Diodes can be used as voltage regulators, tuning devices in rf tuned circuits, frequency 

multiplying devices in rf circuits, mixing devices in rf circuits, switching applications or can be 

used to make logic decisions in digital circuits. There are also diodes which emit "light", of 

course these are known as light-emitting-diodes or LED's. As we say diodes are extremely 

versatile.  

Schematic symbols for Diodes 

A few schematic symbols for diodes are:  
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Types of Diodes 

The first diode in above figure is a semiconductor diode which could be a small signal diode 

commonly used in switching applications, a rectifying diode. The straight bar end has the 

letter "k", this denotes the "cathode" while the "a" denotes anode. Current can only flow from 

anode to cathode and not in the reverse direction, hence the "arrow" appearance. This is one 

very important property of diodes.  

The second of the diodes is a zener diode which are fairly popular for the voltage regulation of 

low current power supplies.  

The next of the diodes in the schematic is a varactor or tuning diode used in Radio 

applications. These types of diodes work on the principle that all diodes exhibit some 

capacitance. 

The next diode is the simplest form of vacuum tube or valve, now these are replaced by 

modern solid state devices.  

The last diode is a light emitting diode or LED. Seven LED's can be arranged in a bar fashion 

called a seven segment LED display and when decoded properly can display the numbers 0 - 

9 as well as the letters A to F. 

Signal Diode Parameters 

Signal Diodes are manufactured in a range of voltage and current ratings and care must be 

taken when choosing a diode for a certain application. The most important characteristics of 

diodes  are. 

1. Maximum Forward Current 

It is the maximum forward current allowed to flow through the device. When the diode is 

conducting in the forward bias condition, it has a very small "ON" resistance across the PN 

junction and therefore, power is dissipated across this junction in the form of heat. Then, 

exceeding maximum forward current value will cause more heat to be generated across the 

junction and the diode will fail due to thermal overload. When operating diodes around their 

maximum current ratings it is always best to provide additional cooling to dissipate the heat 

produced by the diode. 

For example, our small 1N4148 signal diode has a maximum current rating of about 150mA 

with a power dissipation of 500mW at 25oC. Then a resistor must be used in series with the 

diode to limit the forward current through it to below this value. 
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2. Peak Inverse Voltage 

The Peak Inverse Voltage (PIV) or Maximum Reverse Voltage  is the maximum allowable 

Reverse operating voltage that can be applied across the diode without reverse breakdown 

and damage occurring to the device. This rating therefore, is usually less than the "avalanche 

breakdown" level on the reverse bias characteristic curve. Typical values of PIV range from a 

few volts to thousands of volts and must be considered when replacing a diode. 

The peak inverse voltage is an important parameter and is mainly used for rectifying diodes in 

AC rectifier circuits with reference to the amplitude of the voltage were the sinusoidal 

waveform changes from a positive to a negative value on each and every cycle. 

3. Forward Power Dissipation 

Signal diodes have a Forward Power Dissipation rating. This rating is the maximum 

possible power dissipation of the diode when it is forward biased (conducting). When current 

flows through the signal diode the biasing of the PN junction is not perfect and offers some 

resistance to the flow of current resulting in power being dissipated (lost) in the diode in the 

form of heat.  

4. Maximum Operating Temperature 

The Maximum Operating Temperature actually relates to the Junction Temperature  of the 

diode and is related to maximum power dissipation. It is the maximum temperature allowable 

before the structure of the diode deteriorates and is expressed in units of degrees centigrade 

per Watt, ( oC/W ). This value is linked closely to the maximum forward current of the device 

so that at this value the temperature of the junction is not exceeded. However, the maximum 

forward current will also depend upon the ambient temperature in which the device is 

operating so the maximum forward current is usually quoted for two or more ambient 

temperature values such as 25oC or 70oC. 

The main components used in electronics are of two general types: passive and active. The 

main difference between active and passive components is that active ones require to be 

powered in some way to make them work.  

PASSIVE COMPONENTS :  

Components incapable of controlling current by means of another electrical signal are 

called passive devices. Resistors, capacitors, inductors, transformers, and even diodes are all 

considered passive devices. 
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ACTIVE COMPONENTS:  

An active component is any type of circuit component with the ability to electrically control 

electron flow (electricity controlling electricity). In order for a circuit to be properly 

called electronic, it must contain at least one active device. 

Active devices include vacuum tubes, Includes transistors (all types), integrated circuits (all 

types), TRIACs, SCRs, LEDs, etc. 

 Active components have the ability to rectify, switch, or amplify signals. Aside from the input 

signal, most active components require a power supply in order to perform their assigned 

functions. They are often used in dynamic applications such as rectification, switching, 

amplification, modulation, etc. 

Some active devices allow a voltage to control this current while other active devices allow 

another current to do the job. Devices utilizing a static voltage as the controlling signal are 

called voltage-controlled devices. Devices working on the principle of one current controlling 

another current are known as current-controlled devices. vacuum tubes are voltage-controlled 

devices while transistors are made as either voltage-controlled or current controlled types. 

The practical benefit of active devices is their amplifying ability. Whether the device in 

question be voltage-controlled or current-controlled, the amount of power required of the 

controlling signal is typically far less than the amount of power available in the controlled 

current. In other words, an active device doesn't just allow electricity to control electricity; it 

allows a small amount of electricity to control a large amount of electricity. 

PASSIVE COMPONENTS  

1. Resistance 

The Resistance of a circuit is its ability to resist or prevent the flow of current (electron flow) 

through it making it necessary to apply a bigger voltage to the circuit to cause the current to 

flow again.  

Resistance is measured in Ohms ( Ω ) with prefixes used to denote Kilo-ohms (kΩ = 103Ω) 

and Mega-ohms (MΩ = 106Ω). Resistance cannot be negative only positive. There are two 

main parameters for resistors: 

• Resistance - the value of resistance, measured in Ohms.  This is the primary 

parameter, and determines the current flow for any applied voltage. 

Power - The amount of power the resistor can handle safely.  Large resistors (physically) 

generally have a higher power rating than small ones, and this is always specified by the 

manufacturer.  Excess power will cause the resistor to overheat and fail, often in a 
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spectacular manner. Resistors are available with power ratings of 1/8th W (or less for surface 

mount devices), up to hundreds of watts.  

 

 

Resistor Symbols 

 

 

 

 Resistance Materials  

Resistors are made from a number of different materials like: 

• Carbon Composition:  Low to medium power.  Comparatively poor tolerance and 

stability.  Noisier than most others. 

• Carbon Film:  Low power.  Reasonable tolerance and stability.  Reasonably quiet. 

• Metal Film:  Low to medium power.  Very good tolerance and stability.  Quiet. 

• Wire wound:  High to very high power.  Acceptable to very good tolerance, good 

stability.  Quiet.  May have inductance. 
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The Standard Resistor Colour Code Chart. 

 

The Resistor Colour Code Table. 

Colour Digit Multiplier Tolerance 

Black 0 1   

Brown 1 10 ± 1% 

Red 2 100 ± 2% 

Orange 3 1,000   

Yellow 4 10,000   

Green 5 100,000 ± 0.5% 

Blue 6 1,000,000 ± 0.25% 

Violet 7 10,000,000 ± 0.1% 

Grey 8     

White 9     

Gold   0.1 ± 5% 

Silver   0.01 ± 10% 

None     ± 20% 
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2. CAPACITORS 

A capacitor is an electronic component which can store up energy in the form of electrostatic 

field. The number of electrons it can hold under a given electrical pressure (voltage) is called 

its capacitance or capacity. Two metallic plates separated by a non-conducting substance 

between them make a simple capacitor.   

 

The electrostatic charge stored in a capacitor is given by 

       Q=CV 

Q= Charge in Coulombs 

C= Capacitance in Farads 

V= Voltage across capacitor in Volts 

A very important property of Capacitors 

Capacitors will pass AC currents but not DC. Throughout electronic circuits this very important 

property is taken advantage of to pass ac or rf signals from one stage to another while 

blocking any DC component from the previous stage.  
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Time constant of capacitance 

The time required for a capacitor to reach its charge is proportional to the capacitance value 

and the resistance value.  

The time constant of a resistance - capacitance circuit is:  

T = R X C  

where T = time in seconds  

where R = resistance in ohms  

where C = capacitance in farads  

The time in this formula is the time to acquire 63% of the voltage value of the source. It is 

also the discharge time if we were discharging the capacitance. Should the capacitance in the 

figure above be 4U7 (4.7 uF) and the resistance was 1M ohms (one meg-ohm or 1,000,000 

ohms) then the time constant would be T = R X C = [1,000,000 X 0.000,0047] = 4.7 

seconds. These properties are taken advantage of in crude non critical timing circuits. 

Caps (as they are commonly called) come in two primary versions - polarised and non-

polarised.  Polarised capacitors must have DC present at all times, of the correct polarity and 

exceeding any AC that may be present on the DC polarising voltage.  

Capacitance Materials  

Many of the capacitors listed are "metallised", meaning that instead of using aluminium or 

other metal plates, the film is coated with an extremely thin layer of vapourised metal.  This 

makes the capacitor much smaller than would otherwise be the case. 

• Silvered Mica:  Probably the most linear low value capacitor, these are most 

commonly used in RF applications where the dielectric losses would preclude other 

types.  They are physically large and comparatively expensive. 

• Polystyrene:  Very good electrical properties, including exceptionally high dielectric 

resistance.  Very linear and stable, but physically large.  Polystyrene is affected by 

many solvents, and is unsuitable for high temperatures. 

• Ceramic:  Excellent high frequency performance, but not stable with temperature .  

The temperature sensitivity is often used to stabilise RF oscillators.  Very good bypass 

caps for high speed opamps.  Not recommended for use in the audio path.  Commonly 

available in voltages up to 3kV or more. 

• Monolithic Ceramic:  Designed as bypass capacitors, these are physically small, and 

have excellent HF performance.  Stability is suspect, and they are not recommended 

for use in the audio path. 

• Polyester:  Stable and reliable, but generally only low voltage (up to 100V).  Suitable 

for all audio applications, as well as bypass on power amplifiers and opamps. 

• Mylar:  Also known as "Greencaps", suitable for all audio applications, as well as 

bypass for power amps and op amps.  ( Greencaps may also be polyester). 
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• Polypropylene:  Available in relatively large values, and excellent for passive 

loudspeaker crossover networks.   

• PET: (Polyethylene Terephthalate) used in many different types of plastic film caps, 

often replacing polyester or mylar 

• Electrolytic:  Using plates of aluminium and an electrolyte to provide conductivity, 

these caps use an extremely thin layer of aluminium oxide (created by anodising) as 

the dielectric.  This gives very high capacitance per unit volume, and electros are used 

as coupling capacitors, filter capacitors in power supplies, and anywhere where a close 

tolerance is not needed, but high capacitance is necessary.  They have a maximum 

current rating which must not be exceeded, and are somewhat unreliable.   

• Low Leakage Electrolytic:  These are a "premium" version of standard electrolytic 

capacitors, and are used where relatively high capacitance is required, but leakage (DC 

current flow) is undesirable, even at very low values.   

• Tantalum:  Very high capacitance per unit volume, but probably the most unreliable. 

• Oil/ Paper: These were used many years ago, and can still be found as motor start 

and power factor factor correction capacitors.  They are extremely rugged, and are 

self-healing.  They do not fail as a short circuit - any arc is extinguished by the oil, and 

the cap can continue to function normally after the excess voltage is removed. 

 

 

3. The Inductor 

In its most basic form, an Inductor is simply a coil of wire. When the current, ( i ) flows 

through the coil it produces a magnetic flux, ( NΦ ) that is proportional to this flow of 

electrical current and due to this magnetic flux a voltage is induced in the coil which opposes 

or resists any changes in the electrical current flowing it. 

In other words, inductors resist or oppose changes of current but will easily pass a steady 

state DC current. This ability of an inductor to resist changes in current and which also relates 
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current, i with its magnetic flux linkage, NΦ as a constant of proportionality is called 

Inductance which is given the symbol L with units of Henry, (H) after Joseph Henry. 

 

Then according to Faraday's Law, any change in this magnetic flux linkage produces a self-

induced voltage in the single coil of: 

 
• Where:  

•     N is the number of turns  

•     A is the cross-sectional Area in m2  

•     Φ is the amount of flux in Webers  

•     μ is the Permeability of the core material  

•     l is the Length of the coil in meters  

•     di/dt is the Currents rate of change in amps/second 

Inductance Materials  

The most common winding material is copper, and this may be supported on a plastic bobbin, 

or can be self-supporting with the aid of cable ties, lacquer, or epoxy potting compounds.  

Iron or ferrite cores may be toroidal (shaped like a ring), or can be in the traditional EI (ee-

eye) format.  In some cases for crossover networks and some other applications, a piece of 

magnetic material is inserted through the middle of the coil, but does not make a complete 

magnetic circuit.  This reduces inductance compared to a full core, but reduces the effects of 

saturation, and allows much higher power ratings.  
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Active components 

1. Bipolar Transistor  

If we join together two individual diodes end to end giving two PN-junctions connected 

together in series, we have a three layer, two junction, three terminal device forming the 

basis of a Bipolar Junction Transistor, or BJT . This type of transistor is generally known 

as a Bipolar Transistor, because its basic construction consists of two PN-junctions with 

each terminal or connection being given a name to identify it and these are known as the 

Emitter, Base and Collector respectively. 

The word Transistor is an acronym, and is a combination of the words Transfer Varistor used 

to describe their mode of operation way back in their early days of development. There are 

two basic types of bipolar transistor construction, NPN and PNP, which basically describes the 

physical arrangement of the P-type and N-type semiconductor materials from which they are 

made. Bipolar Transistors are current regulating devices that control the amount of current 

flowing through them in proportion to the amount of biasing voltage applied to their base 

terminal. The principle of operation of the two transistor types NPN and PNP, is exactly the 

same the only difference being in the biasing and the polarity of the power supply for each 

type. 
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The construction and circuit symbols for both the NPN and PNP bipolar transistor are shown 

above with the arrow in the circuit symbol always showing the direction of conventional 

current flow between the base terminal and its emitter terminal, with the direction of the 

arrow pointing from the positive P-type region to the negative N-type region, exactly the 

same as for the standard diode symbol. 

Transistor circuits may be classified into three configurations based on which terminal is 

common to both the input and the output of the circuit. These configurations are 

1. Common Base Configuration   -   has Voltage Gain but no Current Gain.    

2. Common Emitter Configuration   -   has both Current and Voltage Gain.  

3. Common Collector Configuration   -   has Current Gain but no Voltage Gain.  

 

2. MOSFET : 

The Metal-Oxide Semiconductor Field Effect Transistor (MOSFET) or MOS 

transistor is a type of transistor that consists of a metal layer, an oxide layer, and a 

semiconductor layer.  The semiconductor layer is usually in the form of single-crystal 

silicon substrate doped precisely to perform transistor action.  The oxide is usually in 

the form of a silicon dioxide layer that insulates the semiconductor layer from the metal 

layer.  The metal layer is used as contact for providing voltage inputs to the MOS 

transistor. 

  The MOS transistor consists of three terminals:  a gate, a source, and a drain.  These 

are equivalent to the base, emitter, and collector of a bipolar transistor.  The metal 

layer of the MOS transistor serves as the gate, while the source and drain are 

fabricated on the silicon substrate. 

  Like a bipolar transistor, the current flowing through a MOS transistor is controlled by 

the input at its gate.  However, unlike a bipolar transistor which is controlled by the 

amount of current into its base, a MOS transistor is controlled by the voltage level at its 

gate. 

     The source and drain of a MOS transistor are created on the silicon substrate in such 

a way that they are 'sandwiching' the gate.  The source and drain are doped to be of 

the same material type, which should be different from the doping received by the 

substrate.  A MOS transistor is referred to as a P-channel MOSFET, or PMOS, if the 

source and drain are p-type, and the substrate is n-type.   It is an N-channel MOSFET, 

or NMOS, if the source and drain are n-type, and the substrate is p-type.  
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  The area under the gate is known as the channel.  The conductivity of the channel 

may be controlled through the voltage level applied to the gate.   For instance, in an 

NMOS, the major carrier is the electron, so the channel becomes more conductive by 

applying a positive voltage at the gate, which tends to attract more electrons from the 

substrate into the channel.  The layer formed by these attracted electrons is known as 

the 'inversion layer', since electrons are the minority carriers of the p-substrate. 

         If the source of the NMOS is more negative than the drain while a sufficiently 

positive voltage is applied to the gate, current would pass through the transistor.  

Removing the positive voltage at the gate would significantly decrease the conductivity 

of the channel, constricting the flow of electrons.  A MOS transistor operating in this 

manner is known as an enhancement-mode MOS transistor, because it is normally open 

and conducts only when the channel is 'enhanced.'  On the other hand, a normally 

conducting transistor is known as a depletion-mode transistor, since its conduction is 

controlled by 'depleting' the normally-present channel. 

          

          

 

Figure 1. Structure of an Enhancement 

MOSFET 

3. DIAC:  

The term 'diac',  which stands for 'diode for alternating current', refers to a three-

layer two-terminal device that can conduct current in two directions. However, a diac 

only starts to conduct current when the voltage across it momentarily exceeds a certain 

threshold known as its 'breakdown voltage'. Once triggered by a momentary voltage 

higher than its breakdown voltage, the resistance of the diac decreases abruptly.  This 

results in a sharp increase in current flowing through the diac and a corresponding 

decrease in the voltage across it.  This conducting state remains as long as the current 

flowing through the diac is higher than a current threshold known as the diac's 'holding 

current.' Once the current through a conducting diac falls below the holding current, the 

diac switches back to its high-resistance or non-conducting state.    

Prior to being triggered into conduction, a non-conducting diac exhibits negative 

resistance.  This means that increasing the voltage across a non-conducting diac will 
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cause the current flowing through it to decrease, as long as the breakdown voltage is 

not reached. 

   

      

Figure 1.  Photo of a diac (left) 

and the symbol for a diac (right) 

Most diacs exhibit a breakdown voltage of around 30 V.  Unlike other thyristors such as 

the SCR or the triac, the diac has no gate electrode with which it can be triggered.  A 

diac's primary application is for triggering another device. 

  Diacs are also known as symmetrical trigger diodes because of the symmetry 

exhibited by their V-I characteristic curves. Because of this symmetry, the two 

terminals of the diac are not called 'anode' and 'cathode', and are instead referred to as 

MT1 and MT2. 

4. SCR:  

A Silicon-Controlled Rectifier (SCR) is a four-layer (p-n-p-n) semiconductor device 

that doesn't allow current to flow until it is triggered and, once triggered, will only allow 

the flow of current in one direction. It has three terminals: 1) an input control terminal 

referred to as a 'gate'; 2) an output terminal known as the 'anode'; and 3) a terminal 

known as a 'cathode', which is common to both the gate and the anode. 

    SCR's are generally used for switching and power control purposes in AC and high-

power circuits.  The SCR is a device that falls under a group of devices known as 

'thyristors', which refer to devices that have a 4-layer or p-n-p-n structure.   

   

  

Figure 1.  Photo of various 

SCR's (left) and the circuit 

symbol for an SCR (right) 

   An SCR may be thought of as a rectifier whose ability to conduct current can be 

controlled using a third terminal known as a 'gate'.  While untriggered, an SCR will 

prevent any current to flow through it, except for a very small leakage current caused 
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by non-ideal conditions. The SCR is triggered to turn on if the voltage across its gate 

and its cathode exceeds a certain threshold level. 

   Once an SCR has been triggered, it will remain 'on' even if the triggering gate voltage 

is removed, until the current flowing through it falls below a level known as its 'holding 

current'. Thus, a conducting SCR will continue to conduct as long as the current flowing 

through it is greater than the holding current. In normal AC applications, an SCR is 

turned off automatically during the half-cycle wherein the voltage and current are below 

zero. 

  The p-n-p-n structure of an SCR may be modeled in terms of a PNP and an NPN 

transistor, as shown in Figure 2.  It can easily be seen from this diagram why an SCR 

remains 'on' once triggered, even if the triggering gate voltage is removed. Applying 

sufficient triggering voltage at the gate drives the NPN transistor to conduct. This, in 

turn, pulls down the PNP's base voltage, causing the PNP to conduct.  The conducting 

PNP then supplies the base current to the NPN transistor to keep it conducting.  Unless 

the supply of current to the base of the NPN is cut off, the circuit will continue 

conducting under this 'on' condition. 

   

 

Figure 2.  The Equivalent Circuit (left) and Structure (right) of an SCR 

    SCR's, which can have voltage ratings of up to 2,500 volts and current ratings of up 

to 3,000 amperes, are encountered in many AC and high-power applications.  Examples 

of applications for SCR's include:  1) power switching; 2) phase control; 3) battery 

charging; 4) power inverters; 5) motor switching and control;  6) high-voltage DC 

conversion; etc. 
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4. TRIAC:  

A Triac is a three-terminal electronic component that functions as a gate-controlled 

bidirectional switch, primarily for AC circuits. Its structure is basically equivalent to two 

oppositely-facing SCR's connected in parallel, with their gates connected together.  

Whereas an SCR is capable of conducting current in only one direction, a triac can 

conduct current in both directions because of its dual-SCR configuration. 

     The main terminals of a triac are often designated as 'MT1' and 'MT2', while its input 

control terminal is referred to as a 'gate', as mentioned earlier.  Whenever a sufficient 

positive or negative voltage is applied at the gate of a triac, one of its two SCR's turn 

on, causing current to flow through the triac. Which SCR is conducting at any one time 

depends on the polarity of the voltage across the triac. 

     

  

Figure 1.  Photo of a triac (left) 

and the circuit symbol for a triac 

(right) 

  Just like an SCR, a triac will continue to conduct once it is turned on, even if the 

triggering gate voltage is removed.  However, the current flowing through the triac 

must remain above a certain level, known as the 'holding current', in order to keep the 

triac conducting.  If the current through the triac falls below the holding current, the 

triac switches off, and needs to be triggered again in order to conduct.  

  A triac is a good switching device for AC loads, such as incandescent bulbs and AC 

motors. 
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OVER VIEW OF CNC MACHINES 

 

A CNC system basically consists of the following : 

• Central Processing Unit 

• Servo Control 

• Operator Control Panel 

• Machine Control Panel 

• Other peripheral devices 

• Programmable Logic Controller (PLC) 

Central Processing Unit : 

Central Processing Unit, the CPU, is the heart and brain of a CNC system. This translates the 

part program stored in memory to position control signals. It also oversees the movement of 

the control axis or spindle and whenever this does not match with the program signal, a 

corrective action is taken. 

All the compensations required for machine accuracies (Lead screw, pitch error, tool wear out 

etc.) are calculated by the CPU and provided in the data for axis movement. This unit also 

checks whether all the safety conditions on the machine have been fulfilled, and whenever 

this does not happen, it provides the necessary corrective action. If the situation becomes, 

beyond the control of the CPU, it takes the final action of shutting down the machine. 

Speed Control Unit : 

This unit acts in unison with the CPU for the movement of machine axes. The CPU sends a 

train of pulses for the movement of the axis to the servo unit and the servo unit converts this 

train of pulses into a suitable signal (digital or analog) to be fed to a servo motor controller 

for machine tool axis movement. This also checks whether machine tool axis movement is at 

the same speed as directed by the CPU. In case any safety conditions related to axis are 

over-ruled during movement or otherwise they are reported to the CPU for corrective action. 

Servo Control : 

CNC system gives the command for axis movement, and other machine tool functions 

depending upon the part program or manual data inputs or manual operation (JOG mode). 

Servo control unit also receives the feedback signals of the actual movement of the machine 

tool slides (axis) from feed back devices e.g. digital encoders etc., and passes this information 

to the CPU for processing. In actual sense, the servo control unit performs the data 

communication between the machine tool and CPU. Actual movement of the slides on the 

machine tool is achieved through servo drives. The amount of movement and rate of 
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movement may be controlled by the CNC system depending on the type of feed back system 

used i.e., closed loop or open loop system. 

BLOCK DIAGRAM OF CNC MACHINE 

 

 

Closed Loop System : 

In the closed loop system, the CNC System sends out command for movement and the result 

is continuously monitored by the system through various feed back devices. There are 

generally two types of feed back requirements to a CNC System namely Velocity feed back 

and position feed back. Normally a tacho generator is employed for velocity feed back and an 

encoder or a linear scale is used for position feed back. 

Velocity Feedback : 

Tachogenerator for velocity feedback is normally connected to the motor and it rotates 

whenever the motor rotates, thus giving an analog output proportional to the speed of the 

motor. This analog voltage is taken as speed feedback by the servo controller and swift action 

is take by the controller to maintain the speed of the motor within the required limits. 

Position Feed back : 

As the slide of the machine tool moves, it’s movement is fed back to the CNC system for 

determining the position of the slide to decide how much is yet to be traveled and also to 

decide whether the movement is as per commanded rate. If the actual rate is not as per the 
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required rate, the system tries to correct it. In case this in not possible, the system declares a 

fault and initiates action for disabling the drives and if necessary, switches off the machine. 

Open Loop System : 

In the open loop system, the CNC system sends out signals for movement but does not check 

whether actual movement is taking place or not. Stepper motors are used for actual 

movement and the electronics of these stepper motor is run on digital pulses from the CNC 

system. As the system controllers have no access to any real time information about the 

system performance, they can not counteract disturbances appearing during the operation. 

They can be utilized in point-to-point system, where loading torque on the axial motors is low 

and almost constant. 

Servo Drives : 

The servo drives receives signals from the CNC system and transforms it into actual 

movement on the machine. The actual rate of movement and direction depends upon the 

command signal from the CNC system. There are various types of servo drives viz., DC 

drives, AC drives and stepper motor drives. A servo drive consists of two parts, namely the 

Motor and the Electronics for driving the motor. 

Operator Control Panel : 

The typical Operator Control Panel provides the user interface to facilitate two way 

communication between the user and the CNC system / machine tool. This consists of two 

parts : 

• Video Display Unit 

• Key board 

Video Display Unit : 

VDU displays the status of the various parameters of the CNC system and machine tool. It 

displays all current information such as : 

• Complete information on the block currently being executed. 

• Actual position value, set/actual difference, current feed rate, spindle speed. 

In addition to CRT, TFT, few LED’s are generally provided to indicate important operating 

modes and status. 

Video display units may be Monochrome or color. 
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Key board : 

Key board is provided for the following purposes : 

• Editing of part program, tool data, machine parameters. 

• Selection of different pages for viewing. 

• Selection of operating modes e.g. MDI, Jog etc. 

• Selection of feed rate over ride and spindle speed over ride. 

• Execution of part programs. 

• Execution of other tool functions. 

Machine Control Panel (MCP) : 

It is the direct interface between the operator and the NC system, enabling the operation of 

the machine through the CNC system. 

Programmable Logic Controller (PLC) : The PLC is usually a separate device, it is an 

independent control system including CPU, Memory, Power, I/O interface and so on. 

Interfacing : 

Interconnecting the individual elements of both machine and CNC system using cables and 

connectors is called interfacing. 

Machine Data : 

Generally, a CNC system is designed as general purpose control unit which has to be matched 

with the particular machine to which the system is interfaced. The CNC is interfaced to the 

machine by means of machine data which are machine specific. The NC and PLC machine data 

can be entered and changed by means of an external equipment called Programming Unit (PG 

-  similar to a Laptop computer) or manually by the key board. These data are fixed and 

entered during commissioning of the machine and generally left unaltered during machine 

operations. 

Machine data entered generally are those relevant to the axis travel limits, feed rates, rapid 

traverse speeds and spindle speeds, position control multiplication factor, KV factor, 

acceleration, drift compensation, adjustment of reference point, backlash compensation, pitch 

error compensation etc. Also, the optional features of the control system are made available 

to the machine tool builder by enabling some of the bits of machine data. 

CNC System Diagnostics : 

Diagnostics on machine tools and control systems furnish inter active capability to isolate 

problems within machine tools or their control units. Real time, on line, off line and remote on 

and off line diagnostics systems assist the technician with the repair of these systems in order 
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to return them to production as quickly and as efficiently as possible. To keep today’s 

complex machine tools running as efficiently as possible with minimum downtime, diagnostic 

capability a reliable on board diagnostic capability is required that is as sophisticated as the 

control itself. Most machine control units have diagnostic capability as an integral part of the 

design. Using the technologies of microcomputers alongwith semiconductor memories, LSI 

and VLSI circuits, designers can put on a single printed circuit board the same ability that 

existed on 5-10 boards in hardwired controls. The number of components has been reduced 

but the ability to electronically diagnose problems has increased. 

On Line Diagnostics : 

On-line diagnostics include checks on hardware integrity, watchdog times, parity checks and 

system monitors. On the machine control unit as soon as power is applied, a test is 

automatically initiated to check that all circuit boards are present, that the axis board is 

functioning and that the power supply is producing its rated voltages. Once these checks have 

executed and everything is verified as operational, the control will display a message that the 

operator should ‘zero machine’. During operation, a watchdog timer continually checks the 

micro-processor. Parity checks are completed automatically as the tape is read into memory 

and a total memory parity check is made each time the ‘clear’ button is depressed. The 

system monitors its elements, servo loops and the machine tool, if interfaced with a 

programmable control. If a failure in any of these elements occurs, messages are displayed. 

Typical messages are : loss of feedback, spindle over speed, end of travel, servo fault. These 

diagnostics can identify faults in feed back devices, wiring from control to feed back or axis 

board failure, basic output board failures, or computer failures. Servo system following errors  

can be checked simultaneously to balance them without instruments. This information is 

displayed on the CRT. Signals going in and coming out of the control are also displayed on the 

CRT. This helps to verify the operation of limit switches, relays and solenoids. A real time 

monitoring card checks temperature, power supply voltages and real time clock. If safe 

parameter limits are exceeded or if there is a loss of power, this card initiates orderly machine 

and control shutdown. LED status indicators on this card provide an indication as to the 

source of the shutdown. User experience has shown these status indicators are easily 

understood by most maintenance technicians and are valuable diagnostic assets. Axis 

interpolation is done in the processor making it possible to display the servo lag. 

Off  Line Diagnostics : 

In addition to on-line and real time diagnostics comprehensive off-line diagnostic systems 

exist as well. Special computer programs replace all or part of the executive program which 

must be unloaded to execute the diagnostic routine. It therefore is necessary to reload the 

operating system after the diagnostic program has tested the system. These diagnostics guide 

the maintenance technician through a step by step process of analysis of the CNC system. 

Each sub system is tested, including the computer itself. Off-line diagnostic system make use 

of the flexibility of the computer, changing it from the operating ‘brain’ to a functioning test 

instrument. After the diagnostic tape is loaded, the control automatically analyses itself. The 

31



  

first test checks the computer, in 10 seconds 90 separate test are run and continuously cycled 

until terminated by the operator. Following this, a memory test verifies that the memory is 

storing data correctly by writing and reading back a value while comparing them for possible 

errors. Once the CPU and memory boards have been checked, the system test can be started. 

This test can check axis board outputs, inputs and arithmetic boards. If a failure is detected, 

the test is terminated and the nature of the problem is displayed on the display. 

Remote Diagnostic : 

Several major machine tool builders have addressed this problem by offering remote 

diagnostic systems whereby the machine tool can be interfaced by phone line directly to the 

machine tool builder’s site. Telephone equipment can be used to transmit digital information 

between devices. Utilizing the computer in the machine control unit, information can be 

transferred via telephone lines. If there is a problem with the machine either in operational 

quality or if it fails to operate normally, the owner phones the diagnostic center to explain the 

nature of the problem. By depressing button connecting the two computers, diagnostic 

program tailored to the owner’s problem is transmitted. Test results are automatically 

transmitted back to the diagnostic computer in a matter of seconds. The data are analyzed 

and the results are relayed back to the owner for corrective action.  

 

CNC MACHINES - FUNCTIONS   

 Functions of a computer numerical control system for a machine : 

• One or more machine axes slide movements controlled either single or 

simultaneously. 

• Control of feed rate along slide ways and its direction. 

• Control of spindle rotational speeds (step-less constant surface speed) 

• Start/Stop of main spindle rotation and change of  direction. 

• Control of coolant, ON/OFF. 

• Control of tool change, turret head indexing,  tool selection, loading of selected 

tool from automatic tool changer etc. 

• Control of numerous other functions e.g. tool wear/breakage monitoring 

function, pallet changing, robot loading functions. Also other function related to 

operator and/or machine safety  system. Software and limit switch boundaries, 

chuck guard locks, overload monitoring. 
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Advantages  of CNC  Technology : 

• Due to its flexibility, the machine utilisation is very high. 

• The lead time is very largely reduced thereby prediction of the delivery 

schedule is more reliable. 

• Need of special purpose tooling, jigs and fixtures is mostly eliminated. 

• Consistency in quality is assured since the manufacture is automatic. This 

indirectly reduces the inspection costs. 

• Handling time is very largely reduced since most of the operations can be 

carried out in minimum number of set ups. With facility of automatic tool 

changing, pallet change and clamping and unclamping arrangements, the non 

machining time is eliminated to maximum extent. 

• Since a single machining centre can perform many operations,  large floor area 

is saved which otherwise would be required to install a number of conventional 

machines. 

• Since the input instruction can be easily modified, design changes in the 

products can easily be incorporated. This is very advantageous in prototype 

manufacture or in manufacture of similar parts in small batch size. 

• Operator’s skill is no longer important since the accuracy is dependent on the 

programme. This reduces scrap and rework. 

• Sudden change in demand can be easily handled because the system has in 

built flexibility. 

• Work in progress, handling time and errors due to a number of set ups, as in 

conventional manufacture, are reduced to a very large extent when machining 

centers  are used. 

• Since mostly all conditions are under control, the estimation of costs involved 

can be done quite accurately. 

 Inherent Advantages : 

The CNC System posses additionally a number of inherent advantages over   

conventional NC. Some of the more important advantages are as follows :- 

• The part programme tape and tape reader are used only once to enter the 

programme into computer memory. This results in improved reliability. 

• Tape editing can be done at the machine site. The NC tape can be corrected 

and even optimized (tool path, speeds and feeds) during tape trials at the site 

of the machine. 

• It has facility of metric conversion, CNC can accommodate conversion of tapes 

prepared in imperial units into SI metric. 

• It has greater flexibility. New control options can be introduced with relative 

ease at low cost. The risk of obsolescence of the CNC system is thereby 

reduced. 
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• It has user’s defined programmes. One possibility not originally anticipated for 

CNC was generation of specialized programmes by the user. These programmes 

generally take the form of macro sub-routines stores in CNC memory, which 

can be called up by the part programme to execute frequently used cutting 

sequences. 

• CNC is a total manufacturing system. It is more compatible with the use of a 

computerised factory-manufacturing system. Once of the pre-requisites for 

such a system is the concept of direct numerical control. 

 

 Disadvantages of CNC Technology : 

• NC essentially calls for very high investment. But this should be carefully 

considered in the light of numerous advantages and over a period of time. 

• Special skills in programming and maintenance are essential. 

• Redundancy in labour may be there. But this again needs careful consideration.  

When planning for NC, retraining of staff for newer requirements must be taken 

into account. 

• Down time of NC systems is very expensive, therefore, it is very essential that 

that staff is adequately trained in operation and maintenance at the supplier’s 

place before the machine is delivered. 

 

MAINTENANCE OF CNC MACHINES 

Over the last decade, under the modernization programme of Railway Workshops and 

Production Units, there has been a sharp increase in trend to procure  more and more CNC 

machines because of the high  productivity, accuracy, repeatability and intrinsic product 

mix. There are CNC/NC machines having Siemens Sinumerik, FANUC,  Cincinnati - 

Milacron Acramatic 900, Schliescher Pronumerik, Gettys, Allen Bradley,  Indramat,  

Hinumeric (HMT),  Bosch Micro 8 and other CNC controls & Drives. This has made it 

essential  to organize the maintenance of computer numerical controlled machines in a 

way so as to keep the down time to bare minimum. 

CNC machines which employ sophisticated electronics, hydraulics/pneumatics and 

computerized systems, require a different maintenance management in terms of 

knowledge, skill, equipment and systems. Since the maintenance philosophy of CNC 

machines is essentially different from that of conventional machines, a thorough 

knowledge of various systems and sub-assemblies is required. To maintain these 

machines reliably, it is imperative for the Railways to take suitable steps for creating and 

organizing an effective CNC maintenance group with proper equipment and trained 

manpower. 
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The areas of CNC maintenance can be mainly categorized under the following broad areas 

requiring different maintenance approach: 

• Mechanical and Hydraulics/Pneumatics 

• Electrical Control and Power Supply Circuits. 

• Electronics including Computer Numerical Controls, Servo drives, 

Measurement Systems and Instrumentation. 

As the maintenance requirement in each of the above disciplines vary, a strategic 

maintenance policy should be adopted to fulfill the following essential requirements: 

• Availability of trained staff. 

• Availability of appropriate maintenance documentation. 

• Availability of essential spares and consumables. 

• Availability of test/trouble shooting, calibration and repair equipment. 

Availability of Trained Staff: 

Since CNC machines require specialized maintenance knowledge, it is essential that the 

staff is adequately trained in the maintenance technique, particularly in 

hydraulics/pneumatics and electronics. This training is being imparted by following 

recognized maintenance institutes where special training courses are being conducted  

from time to time.  

• Machine manufacturers e.g. in India i.e. M/s. HMT, Jyoti, Premier, Kirloskar,  

etc. 

• Siemens India Ltd, Bangalore, Pune 

• Foreman Training Institute, Bangalore 

• Fanuc India Ltd at Bangalore, Pune, Gurgaon. 

• IMTMA(Indian Machine Tools Manufacturers Association) at Bangalore, Pune, 

Gurgaon 

                These training courses cover both theoretical and practical aspects of training 

including computer numerical controllers, programmable controllers, programming 

stations, servo drives etc. 

It is advisable to enroll some maintenance staff for training at these institutions. 

Availability of Maintenance Documentation: 

One of the reasons for the maintenance set up not being adequately equipped to handle the 

maintenance problem is the non-availability of requisite maintenance documentation. Most of 

the machine tool suppliers supply maintenance documents along with the machines which are 

invariably inadequate for detailed trouble shooting. Care should be taken to ensure that 

detailed documentation covering the following are available : 
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Mechanical : 

• Hydraulic/Pneumatic diagrams including lubrication circuits with details and 

specifications of equipment used 

• Machine assembly/sub-assembly drawings including dimensional details. 

• Kinematics of transmission system 

• Detailed parts list for ordering of spares/consumables. 

Electrical : 

• Electrical Control and Power Schematics. 

• Details of motors and servo motors along with the type of tacho generators 

used. 

• Detailed parts list for ordering of spares/consumables. 

Electronics : 

• Detailed circuit schematics of system printed circuit boards of electronics 

assemblies, CNC and PLC units, servo drives and their working details with 

block diagrams. 

• Installation and calibration of servo drives along with detailed flow charts for 

system trouble  shooting. 

• Information on of-line and on-line diagnostics pertaining to CPU, Memory, CRT, 

Servo Processor and I/O, including cross Listing of system program/ladder 

diagrams. 

• Detailed parts list for ordering of spares/consumables. 

Availability of spares and consumables : 

One to one availability of printed circuit boards and adequate spares/consumables for these 

machines is essential where 2/3 machines of same type are available in a workshop. Most of 

the spares required for these machines are very expensive and a proper assessment of their 

requirement has to be done before procurement. 

Additionally, consumable items such as oil filters, carbon brushes, lithium batteries, 

torsionally stiff couplings, steady rest roller and precision bearings (not readily available in the 

country) lubricating oils, fuses, special lamps/indicators, proximity switches etc. have to be 

maintained.  

Experience has shown that feed back devices and sensors have a tendency to fail abruptly. 

These have to be critically examined and kept in adequate quantity for maintaining minimum 

down time of machines.  
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Availability of Testing/Trouble Shooting, Calibration and Repair Equipment : 

Mechanical & Hydraulics/Pneumatics : 

Besides having a normal manufacturing/repairing facility for simple parts the mechanical 

maintenance discipline should have at least one each of small CNC trainer lathe and milling 

machines for manufacture of precision miniature small parts for hydraulics and pneumatics 

units for emergent replacement of parts requiring high accuracy. 

A hydraulic and pneumatic test stand is paramount for checking   reliability  of  hydraulic and 

pneumatic valves/units and pumps.  has the above facility for effective and reliable 

maintenance of items falling in the above category.  

Shop floor maintenance has been strengthened by availability of Telly-levels, Flow meters, 

Pressure / Vacuum Gauges for trouble shooting the problems on the machines. 

Electric Control & Power Circuits Maintenance : 

For maintenance of electrical control and power supply circuit,  has acquired sophisticated 

Motor Checkers for inductance and insulation testing of rotating machines. AC/DC motor test 

console for checking AC/DC motors on no load. This test console can check off-line 

parameters such as voltage, current, RPM, vibration and temperature of electrical machines.  

Electronic Maintenance and PCB Repairs : 

For card level trouble shooting of CNC machines on shop floor, certain basic equipment such 

as digital hand held meters with accessories (clip-on current probes, temperature probe, high 

voltage probes and high frequency probes), non-contact type tachometers, phase meters, 

oscilloscopes and universal time interval counters should be available.  

For component level trouble shooting and repair of electronic units, sub-assemblies and 

printed circuit boards of CNC, PLC, Servo Drives and Instrumentation, a sophisticated 

advanced Electronics Laboratory has been set up in DMW. Once the Electronic Unit, Sub-

assembly or PCB has been identified as defective on the shop floor, it is sent to Electronics 

Laboratory for necessary repairs.  

Trouble shooting procedures for Servo Drives : 

Problems on Servo Drives needs a careful analysis for the Isolation of the fault, since the 

entire drive control system operates in a closed loop and fault at any point of the loop makes 

it to appear in some other form of trouble at some other points on the loop. The approach to 

the problem should be to isolate the problem whether it is with position loop or velocity loop. 

Almost all CNCs are equipped with diagnostics aids to study the closed loop performance of 

the position control. The information about the distance to be moved, the actual distance 

moved and the following distance are available at any given point of time during the servo 
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drive is in operation. The information regarding the following distance gives the clue about the 

nature of the problem. This information forms the basis for the velocity command input. 

Besides, this the CNC defines various limits for drive control parameters which can also be 

made use for trouble shooting. As regards velocity control unit is concerned, it works again in 

a closed loop taking the feed back from tachogenerator or F/V convertor. The velocity control 

unit is also equipped with error indications such as over load, tacho loss and failure of power 

devices, etc. The standard values of drive command voltage/RPM and feed back voltage / RPM 

are available to investigate the problem within the velocity control unit. The velocity loop gain 

is adjusted to match the requirement of the position loop. It is sometimes necessary to adjust 

this velocity loop gain to keep the following distance within the permissible limits. A great deal 

of control engineering, design techniques have been used to match the gain parameters of 

the position and velocity loops to achieve a stable and fast response on the movable machine 

elements, such as X, Y & Z axes of the CNC machines. Hence it is important to understand 

the effects of changing these parameters during the course of investigation. 

It should also be kept in mind that the closed loop performance such as accuracy, stability 

depend on the performance of the machine tool elements to a great extent. The following are 

some of the mechanical troubles which propagates through the position and velocity control 

systems which in turn shows out the faults in different forms : 

• Loose drive coupling. 

• Slide moving tight on the guide ways. 

• Excessive backlash between driving and driven members. 

• Loose timing belt. 

• Change in lubrication of the bearings. 

• Lost motion between motor and tacho-generator. 

For example, a small amount of backlash in tacho coupling will cause a chattering in the 

drive, if the velocity loop gain is increased. Large amount of backlash will cause the loop to 

break into oscillations. Hence, it is important to understand such effects on the closed loop 

control system. 

Trouble and Probable Causes : 

No Motion : 

• Input power, control voltage not proper. 

• Drive enable not available, interlock may be active. 

• Velocity command absent. 

• Defective velocity control board. 

• Defective servo controller. 

• Motor decoupled. 
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Overload / Tripping : 

• High friction and mechanical jamming. 

• Failure of power electronics. 

• False indication by velocity control units. 

Axis runs away : 

• Position loop open. 

• Velocity loop open. 

• Feed back polarity reversal. 

• Velocity / Position controller defective. 

Instability : 

• High positional loop gain. 

• Improper matching of gains. 

• Work piece cutting load high. 

• Bad quality of feed back signals such as ripples in tacho. 

• Mechanical backlash or lost motion. 

Improper Positioning : 

• Position / velocity loop gain too low. 

• Improper offset adjustments. 

• Wrong setting / compensation of parameters. 

• Deterioration of machine elements such as guide ways, ball screws. 

General Approach to Problems related to Servos : 

The servo drive malfunctions chart given below shows how to proceed to locate the trouble. 

This again is only a guidelines and may have to be suitably changed depending on the 

situation. 

 

TROUBLE SHOOTING GUIDELINES FOR SERVO DRIVE MALFUNCTIONS 

STAGE –1   CHECK FOR 

SIMPLE AND 

BASIC CAUSES 

 1. 

2. 

3. 

4. 

5. 

OPERATION ERRORS 

PRECONDITION 

POWER SUPPLIES 

CONTROL INTERLOCKS 

VCMD FROM CNC 
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6. 

7. 

DRIVE ENABLE 

MECHANICAL ELEMENTS 

STAGE –2   CHECK FOR  

CLOSED LOOP 

PERFORMANCE 

    

1. 

2. 

3. 

4. 

5. 

6. 

POSITION FEED BACK 

VELOCITY FEED BACK 

FOLLOWING DISTANCE 

CNC TO DRIVE INTERFACE 

INTERFACING OF FEED BACK 

DEVICES 

PARAMETER SETTING 

STAGE –3   ISOLATION  OF 

PROBLEM AREA 

 1. 

 

2. 

3. 

4. 

CHECK FOR POWER 

ELECTRONICS FAILURE  

EXCHANGE V.C. UNIT 

EXCHANGE SERVO PROC’R 

MONITOR CHECK POINT 

 

For a quick and efficient trouble shooting in a servo system, a clear understanding of the 

principles and concepts is essential for problem solving in servo drive systems.  

The above guidelines are only indicative of the area of the problem. Actual trouble shooting 

involves further localizing and pinpointing the trouble. 
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REPAIR OF UNITS, SUB ASSEMBLIES AND PRINTED CIRCUIT BOARDS 

OF CNC CONTROL, SERVO DRIVE AND OTHER ELECTRONIC 

ASSEMBLIES 

CNC machines employ sophisticated electronics, computerized system and 

hydraulics/pneumatics, hence require a different maintenance management in terms of 

knowledge, skill, equipment and system. To maintain these machines reliably, it is 

imperative to create and organize effective CNC maintenance group with proper equipment 

and trained manpower. 

One of the most important input for proper understanding and maintenance is availability of 

proper documentation. Some of the important documents required for electronics discipline 

are as follows: 

• Detailed circuit schematics of system printed circuit boards of electronic assemblies, 

CNC and PLC units, servo drives and their working details with block diagrams. 

• Installation and calibration of servo drives along with detailed flow charts for trouble 

shooting. 

• Information on off-line diagnostics pertaining to CPU, memory, servo processor, I/O 

and other units. PLC program shall be available with cross listings. 

• Detailed part list for ordering of spares and consumables. 

Shop floor level maintenance is limited to card level and is carried out by swapping the 

known good cards available as spares with the mounted on machine under breakdown. Once 

it is established that by swapping particular card or a set of cards the control or other unit 

becomes operational, the removed card or cards are declared defective. Some times servo 

drives, power supplies and other units can not be tested by swapping cards, and as such 

whole unit is declared as defective. These declared defective cards and units need to be 

repaired locally or were to be repaired from local agents or OEM. 

The repair cycle time from agents or OEM will depend on number of factors such how old is 

the card/unit. If too old it may be obsolete or nearing obsolescence, the repair cycle will be 

longer. If the unit is to be were to be repaired from outside India the time will rise further 

involving exporting and re-importing the same.  

Once the card/unit has been found defective, it will need following information to carry our 

repairs: 

• The part number of the card/unit 

• Manufacturer of card/unit 

• Date of removal of card/unit 

• Person who detected the failure of card 

• Detailed symptom and/or fault arising out of failure 

• Visual inspection at shop floor level 

41



  

• Information about availability of schematics, function, block diagrams, nodal 

response and excitation details, calibration details etc. at shop floor level if any. 

Before going further let us look into the categories under which these cards fall. These cards 

can be broadly divided under the followings: 

Analog : 

The printed circuit boards, sub assemblies or units are mounted with discrete semiconductors 

and analog integrated devices.  These boards are normally used for processing and 

conditioning analog signal and amplifiers. 

Digital : 

The printed circuit boards, sub assemblies or units are mounted with digital integrated 

devices, high threshold logic devices and discrete devices to perform logic operations. 

Hybrid :  

The printed circuit boards, sub assemblies or units are mounted with both analog and digital 

devices, and may include discrete semiconductor devices. Some of the board may contain 

hybrid circuit mounted on porcelain substrates.  

Microprocessor Based :  

The printed circuit boards, sub assemblies or units are mounted with microprocessor(s) and 

other devices controlled by it such as RAMs, ROMs, Peripherals and logic devices. 

Switch Mode Circuits : 

The printed circuit boards, sub assemblies or units are mounted with switch mode circuits 

such as power supplies, pulse width modulation and other circuit employing switch mode 

circuits. 

The repairs of electronic units, sub-assemblies and printed circuit boards are carried out in 

the following steps: 

Units/Sub-assemblies/PCB’s : 

• Identification of defective sub-assembly. 

• Identification of defective printed circuit board. 

• Identification of defective device(s) on printed circuit board. 

• Removal of defective device(s) and remounting of tested replacement 

component(s). 

• Assembly and functional testing of unit. 
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The successful repair of electronics units, sub-assemblies and printed circuit board lies in 

locating the defective device(s) through testing and trouble shooting. For successful trouble 

shooting the following inputs are required: 

• Circuit diagrams (schematics). 

• Block diagram explaining the division of the circuits. 

• Function description of the printed circuit & blocks. 

• Expected nodal responses and stimuli. 

• Electronic Test, measurement and repair equipment. 

It is the experience of DMW that the machine builders do not supply circuit diagram for all 

electronic units, sub-assemblies and printed circuit boards mounted on the machine.  These 

are usually bought out items required by the machine builder for machine integration and 

they are dependent on the vendors from whom they have procured to supply these. In such 

a situation absence of circuit diagram leads to the need of retrieval of circuit diagram from 

printed circuit board. The activity of retrieval or reverse engineering from assembled printed 

circuit board requires the services of a skilled and experienced engineer having adequate 

knowledge of circuit types and design employed on CNC control, servo drives and other 

electronic units. The reverse engineering of printed circuit boards and modules forms a major 

activity in any electronics repair laboratory. 

Analog and hybrid boards are trouble shot through functional testing of entire board function 

or the function of different blocks present on the board. As no details of stimuli or nodal 

response for reverse engineered unit or printed circuit board are available, it needs to be 

generated by studying the circuit and the interfacing signal values to where the printed 

circuit is plugged. 

The test and trouble shooting strategy will depend on the type of printed circuit board/unit. 

The printed circuit board/unit needs to be powered up to check the functioning of the same. 

The powering up is critical and one has to establish as to what all supplies are to be 

connected. Normally digital boards will require +5 volts and may require other voltages 

depending on its location and application. The analog board normally will require +/- 15 volts 

or +/-12 volts for analog integrated circuit and it may also have +/- 24 volts supply. 

Once the unit is powered up if it is an analog board, the circuitry needs to be functionally 

tested and this will need stimuli and response patterns. Either patterns can be sourced from 

the OEM or have to be generated. The generation will need understanding of circuit 

employed as well as mathematics equation on which function is based. It has been found 

that the analog boards especially those employed on servo drives have number of feedback 

paths and it becomes very difficult to evaluate mathematically. Normally these circuits are 

tested with one feedback at time and are very time consuming. 

Digital boards normally employs digital logic and special function integrated circuits. As these 

integrated circuit have fixed logic function these can be checked for its integrity for its 
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responses to the input patterns thus easier than the analog boards. However, when these 

employs programmable function integrated chips the testing becomes complex and needs 

better understanding to test the same. 

The microprocessor based boards are complex as these requires special trouble shooting 

equipment which can locate the source of problem on the printed circuit board. These boards 

may fail due to physical/ hardware defect/failures or may in the software execution. 

The most difficult to trouble shoot are switch mode operating circuits especially those 

working on line voltage and high DC voltages. As the switching is normally at very high 

frequency and any malfunction may damage power devices and render them useless. These 

systems need detailed study and simulation at lower voltages to avoid burn-thru. 

Testing and trouble shooting will need set of instrument and power supplies to enable power-

up, simulate test and trouble shoot. Some of the equipment used for powering-up, testing 

and trouble shooting are detailed below: 

Power supplies : 

Multi output power supplies providing +5 volts regulated power supply for digital TTL series, 

+/- 12 to 15 volts regulated power supply for analog linear circuits and 0 to 30 volts auxiliary 

regulated power supply for powering up of board/unit under test. 

High power supplies : 

Single output +24 volts @ 20 A regulated power supply for testing of switching circuit and 

servo drive output section testing at lower voltage to ensure switching patterns. 

Single and dual SMPS : 

Switch mode power supplies for +5 volt @ 20A and dual switch mode supply +/- 12/15V @ 

5/10 A for powering up of high current modules/units. 

Stimuli are required for simulation of circuit under test and will need a source, which can 

generate such waveform, which are normally found at nodes of the circuits. 

Pulse function generator : 

A source to supply sine, square and triangular waveform with variable amplitude, offset and 

duty cycle. Operating mode include normal triggered and gated with control modes 

(modulation) FM, AM, PWM and VCO to enable exercise the circuit under test. 
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Programmable function generator with arbitrary wave form generation : 

A source for sine, square and triangular wave forms as well as arbitrary wave form 

generation function to enable generate signals such as current flow through servo motors to 

be used as feed back signals etc. 

Test and measurement equipment is required for measuring quantity of any function. A 

number of such equipment are listed below: 

4 ½ Digit and 5 ½ Digit Digital multimeter : 

These   are  required   for measurement of voltage, current and resistance. The high input 

impedance of these meters ensures that minimum inaccuracy is incorporated on low voltage 

measurement. Other functions are also incorporated for testing of diodes, measurement of 

frequency and continuity. These meters are extensively used during reverse engineering of 

printed circuit board. 

Oscilloscope : 

There are different types of oscilloscopes being used for viewing, storing and characterizing 

of waveforms at nodal points. The most common is triggered real time oscilloscope for 

viewing of node activity in real time, these scopes are good for viewing fast changing 

waveforms in real time whereas digitizing scope only digitize at regular interval and may 

miss critical portion of wave form. Storage type of oscilloscope is basically digitizing types 

and can store the digitized data that is displayed later as waveform through mathematics 

function or raw point-to-point vector draw. The oscilloscope may have two or more input 

channels than can be displayed simultaneously or in groups and trigger capability to trigger 

from variety of events. The digitizing or storage scope can store waveforms that can be used 

as reference for comparing at same nodal point of defective printed circuit board or unit. 

Modern oscilloscope has a built-in measurement system which can characterize waveform 

and do variety of measurements such as period, frequency, duty cycle, peak-to-peak 

amplitude etc. and measurement through pair of cursor for time and amplitude. Further 

more power oscilloscopes are available which can monitor different signals with independent 

grounds which can be floating to each other as high as 600 volts which are common in the ac 

and dc servo drive output drive sections. 

Universal Timer/Counter : 

Next most important measurement is of time domain which includes period, frequency, duty 

cycle, on time, off time, frequency ratio, time interval, time elapsed and event counting. 

These timer/counter is used extensively for testing of digitizing boards of measuring system 

in CNC controls, delay circuits, on/off timers, multiplexed timers, watch dog timers etc. The 

equipment can also be used to ensure that the measurement grating on the scale is healthy 

by counting event on both channels. 
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Special function test and trouble shooting equipment for digital circuit used are as follows: 

Probes : 

The most commonly used probes are logic probes for viewing status of node by probing 

whether it is LO, HI or Pulsing the probe may also have a trap system to trap transition from 

HI to LO or LO to HI. There is a pulsar probe which can pulse a node from HI to LO or LO to 

HI the injected pulse at any node by the pulsar have enough energy to change the state if 

the node is not permanently stuck but this does not damage the device. A probe for 

monitoring the current density is also available to monitor the tracks pulsing with high 

current leading to defective or short integrated, active or passive component. Logic clip is 

also available for monitoring the logic levels on integrated chip pins simultaneously. 

Logic Analyser : 

The microprocessor-based boards can suffer from hardware faults as well as software faults. 

It has been the experience that over a long period of time the programmed EPROM in the 

system tend to loose charge and the 0’bits tend to change to 1’bits. This can lead to reading 

of wrong data or instruction by the microprocessor during execution of program leading to 

change the flow of program that can hang the system. Such EPOMs when read on EPROM 

readers/programmers do not show any change of data as the window aperture for reading is 

fairly large but on boards is small that does not give enough time to set the bit to ‘0’ during 

read cycle. The only way is to let the system run at its own speed and observe the flow of 

program to locate unwanted jumps to locate source of malfunction. Logic analyser can look 

for hardware faults such as BUS shorts, stuck and crosstalk. The equipment can trap the 

area of interest during execution to look for unwanted instruction/data to locate source of 

soft failures. This equipment requires thorough knowledge of working of microprocessors and 

software operations. 

Characterization and Inspection equipment :  

Impedance Analyser : 

Characterization of passive components. Inductors, resistors and capacitor value 

measurement and quality factor measurement at their operating frequency and band. This is 

to ensure that the passive component used on critical application is met and quality of 

functions is  assured. 

Storage Type Curve Tracer : 

This equipment is used for characterization of active two and three lead components. 

Matching of transistors, zener diodes and other components. The equipment draws VI Trace 

and has capability to store the same for comparison and future reference. 
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Digital IC Tester : 

A digital IC tester is required to test incoming digital devices to ensure that the devices being 

fitted as replacement are functional. Though these devices can also be tested on ATE for 

function but as the ATE uses back driving technique that can pass devices which may have 

faulty inputs. This can lead to problem of mounting faulty component as replacement. 

Some special application equipment are required for trouble shooting and repairs. Some of 

these equipments are listed below detailing their application: 

Automatic Test Equipment (ICT) : 

This is basically clip on in-circuit tester to test mounted digital and select analog devices 

through clipping, simulating and comparing the output results. The equipment uses back 

drive technique to pull-down or pull-up the node to make it float between ground and supply 

level. A library is available for type of devices that can be tested. The equipment is widely 

used for digital device testing.  

EPROM Programmer : 

The equipment is used for reading programming and reprogramming of PROMs, EPROMs, 

EEPROMs and other programmable devices. It has been found through experience that 

programmed devices do go bad and then if backup data or device is not available the system 

becomes unusable as normally the program stored in these devices is only supplied with new 

system. 

Once the device have been identified as defective through test and trouble shooting it needs 

to be removed and a fresh tested good device is to be mounted. For removal and remounting 

devices, desoldering and soldering equipment is required. Some of the equipment is listed 

below: 

Automatic temperature controlled soldering/desoldering station : 

Desoldering and soldering of electronic component on printed circuit substrate. The 

equipment have tip temperature control to ensure that sensitive electronic devices are not 

damaged and substrate due not suffer from thermal stress during removal and mounting of 

devices. Solder bath for 8-pin to 40-pin is also available for fast removal of IC by melting the 

solder on all pin simultaneously through solder bath. 

Desoldering / Soldering of Surface Mounted Devices : 

In recent years the SMD have become very popular with the manufacturer of controls and 

instrumentation. Suitable conduction and hot air soldering and desoldering equipment for 

SOIC, Flat Pack, and other geometry shall be available to tackle SMD technology. 
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Rework & Repair Console : 

The equipment is for repair of damaged, defective or missing tracks, conductors, pads, edge 

connectors, plated through holes, terminal and eyelets on printed circuit board substrate. 

Nickel/Gold plating of worn out edge connector contacts and terminals. 

With all proper equipment and man power the next most important is documentation of 

printed circuit boards schematics, test and trouble shooting strategy, repair technique along 

with any other details need to be referred for future repair. 

It takes a considerable time to evolve powering-up and test strategies. At times even 

powering-up has to be a sequence and has to adhere to so that the board is not damaged. If 

the steps are not noted down starting from powering-up to the end of the repair, the vital 

information of strategy may be lost, and repair of similar board will require regeneration of 

the same. The details of functional tests carried during test of a analog board, test patterns 

generated for test of digital device, test of digital board under software control etc., if not 

saved properly may lead to wastage of manpower to generate the same in future. All above 

can be documented by filling up prescribed forms, free hand comments, scanned documents, 

graphics, audio/video clip etc. All information can be collected and can be uploaded to a 

computer and saved on CD. The document needs to be updated whenever any new 

information is received or generated. As all these are time consuming and cumbersome it 

needs to develop the documentation practice and culture in an electronic repair laboratory 

where there are variety of complex boards are large and quantity of similar board less. 

SERVO CONTROLLERS (DRIVES) 

The primary function of the drive is to cause motion of the controlled machine tool member 

(spindle, slide, etc.) to conform as closely as possible to the motion commands issued by the 

CNC system.  

In a metal cutting machine the metal is removed as a result of the movement of job and the 

cutting tool. In order to maintain a constant material removal rate, the spindle and the tool 

movements have to be co-ordinated such that the spindle has a constant power and the slide 

has a constant torque. 

Modern CNC machine are built with higher control accuracies. In order to ensure a high 

degree of consistency of production, variable speed drives are necessary. 

Most of the drives used in machine tools should have provisions such that  both  the spindle 

and feed motors should have the facility to vary the speeds infinitely (zero to maximum) in 

both the directions. 
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Types of Electric Motors used in Machine Tools : 

Spindle Motors Feed Motors 

- DC shunt motor (separately 

excited) 

- DC servo motor 

- 3 Phase AC Induction  Motor - AC servo motor 

- Stepper motor 

With the developments in power electronics and microprocessor systems, variable drive 

systems have been developed. These are smaller in size, very efficient, high reliable and 

meets all the stringent demands of the modern automatic machine tools. 

An electric drive consists of a motor and its associated control electronics. 

Machine tool drive can be classified depending on their characteristics as follows. 

• Spindle drives – (constant power) 

• Feed drives – (constant torque) 

Spindle Drives : 

Requirement of a spindle drive motor are : 

• High rotational accuracy. 

• Wide constant power band. 

• Excellent running smoothness. 

• Compactness. 

• Fast dynamic response. 

• Range of rated outputs from 3.7 KW to 50 KW. 

• Maximum speed upto 9000 RPM / 20,000 RPM (high speed application) 

• High overload capacity. 

• Large speed range of at least 1:1000. A typical speed power requirement of 

spindle drive. 

Types of Spindle Drives : 

DC Spindle drives are commonly used in machine tools. However, with the advent of 

microprocessor based AC frequency inverter, of late, the AC drives are preferred to DC drives 

as they offer many advantages. One of the main advantages with the microprocessor base 

frequency inverter is the possibility of using the spindle motor for C-axis applications for 

speed control in the range of 1:10,00,000 with positioning. 
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TYPES OF SPINDLE DRIVES 

DC SPINDLE DRIVES AC SPINDLE DRIVES 

Separately excited DC shunt motor 

Controller-- 

Thyristor (SCR) Amplifier or 

Microprocessor based self tuned 

Thyristor Amplifier 

Speed Control : Armature & Field control 

Squirrel Cage Induction Motor 

Controller – 

Microprocessor based PWM Inverter 

 

Speed Control : Frequency,                             

vector control 

 

Feed Drives : 

Feed drive consists of feed servo motor and electronic controller. Unlike the spindle motor, a 

feed motor has certain special characteristics like constant torque and positioning. Also, in 

contouring operations, where a prescribed path has to be followed continuously,  several feed 

drives have to work simultaneously. This requires sufficiently damped servo system with high 

band width i.e., fast response and matched dynamic characteristics for different axes. 

Requirements of CNC Feed Drive : 

• The required constant torques for overcoming frictional and working forces 

must be provided (during machining). 

• The drive speed should be infinitely variable with speed range of at least 

1:20,000 which means that at a maximum speed, e.g., 2000 RPM, the feed 

motor must run smoothly and without noticeable waviness, at a speed of 0.1 

RPM. 

• Positioning of smallest position increments like 1-2 µm, should be possible. For 

a feed motor, this represents an angular rotation of approximately 2-5 angular 

minutes. 

• Maximum speeds upto 3000 RPM. 

• Four quadrant operation – Quick response characteristics. 

• Low electrical and mechanical time constants. 

• Integral mounting feed back devices. 

• Permanent magnet construction. 

• Low armature / rotor inertia. 

• High torque to weight ration. 
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• High peak torque for quick responses. 

• Totally enclosed non-ventilated design (TENV). 

 

Types of Feed Drives : 

Variable speed DC feed drives are very common in machine tools because of simple control 

techniques. However, with the advent of latest power electronic devices and control technique 

AC feed drives are becoming popular due to certain advantages. 

 

 TYPES OF SERVO FEED DRIVES 

DC SERVO DRIVE AC SERVO DRIVE 

Motor  

- Permanent magnet excited DC Motor 

 

Controller : 

- Thyristor DC Amplifier 

- Transistor PWM DC chopper 

Motor  

- Synchronous 3 Phase AC motor with   

  permanent magnet rotor  

Controller : 

- Analog Drive  Amplifier with Transistor 

PWM frequency inverter (V/F controller)  

- Digital Drive Amplifier with Transistor    

  PWM frequency inverter (V/F Controller) 

Speed Control : Armature Voltage Speed Control : Frequency control 

 

Advantages of AC Servos over DC Servo System : 

• AC servo motor has almost constant torque output from zero to maximum 

speed. 

• Fast response. 

• Low rotor inertia. 

• Excellent temperature resistance. 

• No-brushes and maintenance free operation. 

• Increased power density. 
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Principle and Construction of Servo Controllers : 

The primary function of the feed drive is to cause the motion of the controlled machine tool 

member, conform as closely as possible to the motion commands issued by the CNC system. 

To accomplish  this the servo systems are built with closed loop control comprising of position 

loop, velocity loop and current loop. So a typical servo controller consists of position controller 

and servo amplifier with a servo motor.  

The  position loop consists of a servo processor in the CNC control system which receives the 

command from CPU in the form of a pulse train. This pulse train contains complete 

information such as the displacement required speed and acceleration / deceleration of the 

machine tool slide. The positioning logic of the CNC system built in these characteristics into 

this pulse train. When the total system is in closed loop operation, the servo processor gets a 

feedback pulse train which resembles as close as the pulse train commanded. The difference 

in number of pulses is actually the “lag” or “distance yet to be covered” or “drift error” or 

following distance. This difference in position forms the basis for input to the velocity control 

unit. This error, multiplied with the position loop gain (Kv factor) is the velocity command for 

the servo drive unit i.e. Velocity Control Unit. 

Here again the servo drive which is in closed loop with velocity feed back (from tacho-

generator or F/V convertor) and difference in the commanded and the feed back values forms 

the input to the next loop namely the current loop. Finally the current loop delivers the speed 

and torque requirements of the motor which controls the machine tool member’s movement. 

In short, the whole system functions with the single goal.        

Evolution of Servo Drive Technology : 

During the seventies, the D.C. Drives employing SCR control were popular and were widely 

used. With the advent of PWM Techniques, these were replaced by transistorized PWM drives. 

Though this had improved the reliability, the maintenance problems associated with D.C. 

Motors with commutators and brushes remained. It was in mid eighties, the A.C. servo drives 

came into use which proved to be far more superior and reliable. The characteristics of these 

A.C. servo drives like the controllability and power to weight ratio are found to be much better 

than the D.C. servo drives. Practically almost all CNC machines that are built today are with 

A.C. servo drives with PWM Invertor drive controllers. The control techniques are getting 

improved continuously. Modern controls commonly employ digital servo drives where  position 

and the velocity loop are controlled by the CNC using digital signal processing techniques. All 

the parameters of the drive control such as position loop gain, velocity loop gain, Acceleration 

/ Deceleration etc. are easily accessible for the machine tool builder and it has increased the 

versatility and adaptability of these drives by leaps and bounds. Also it is a proved fact that 

digital circuits are far more reliable than the analog circuits making the digital servos popular 

for the machine tool builder. However, the principle of position control by the CNC remains 

more or less the same and the trouble shooting procedures holds good for almost all types of 

drive controllers. 
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Given below is the block diagram of AC  Digital Servo System. 
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CNC CONTROLS AVAILABLE IN DMW 

 

• SIEMENS 802D, 810D, 840D, 840DSL, GA810 

• FANUC 0iT,6T, 11T 

• BOSCH MICRO 8 

• CINMIL ACCRAMAMTIC 900 

• G&L M800/M400 

• ELPRO MARK I PLUS 

• BURNY DAGGER 

• KLINGLENBERG SNC-30 

• SELECTRA MARK III 

• SCHLECHIER PRONUMERIK 

 

Electricals : 

As regards DC motors, periodic maintenance has to be carried out. So is the case with 

contactors, relays, transformers etc. In DMW we have replaced/repaired several DC servo 

motors, contactors, relays because the contacts wear out after several years of use and in  

transformers  the insulation break down or there is some short circuit or other defect. 

DMW EXPERIENCE REGARDING MAINTENANCE OF CNC MACHINES 

DMW was the first Production Unit of the Railways to go in for such a large number of CNC 

machines. DMW also developed in-house facility for component level repair of PCBs and 

has also extended this help to various other Railways/PUs.  

Some of the areas that need  attention   at global level  on Indian Railways are highlighted 

below so that  corrective action may be initiated by  respective  authorities.  

It is strongly recommended that specifications of CNC control, desired accuracy, speed 

and  flexibility should be clearly specified at the time of framing specifications. This will 

enable standardization and ease of maintenance. At the same time inventory cost will be 

considerably reduced and expertise will be developed to maintain similar controls. 

A.C. Servo Drives and motors are being used now a days due to ease in maintenance and 

higher reliability. As far as possible all future procurements should have only A.C. Servo 

Drives and Motors. 

The panel air conditioning, originally supplied with the machine is invariably of inadequate 

capacity. It should be ensured that machine builders provide panel air conditioners of 

adequate capacity to meet our ambient temperature requirement especially in summer. 
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The CNC systems should only be procured from those firms who have got broad service 

based in India, because the lead time for spares and services  from outside sources is very 

high. 

Technical documentation provided with the machine usually covers operation, installation and 

general maintenance. No circuit diagrams are usually  provided and component level repair of 

PCBs becomes difficult. However diagnostic manual provided is generally helpful in trouble 

shooting most of the common faults on the shop floor. 

The firm should give complete technical know how at the time of commissioning of the 

machine. It is also experienced that some machine builders do not pass on complete technical 

information which results in total dependency on machine builder or its Indian agent, who 

charge heavily in case of breakdown. 

It is also seen that cable quality used by Indian machine builders is very poor. This results in 

cable breakage especially in the cable carrier, therefore it should be insisted that the cable 

used on the machines should be of LAPP or Siemens or equivalent. 

The stabilizer, Ultra iso-line Transformer and UPS (if used) should be specified in the technical 

specifications along with supply of the machine. 

The power supply fluctuations should be minimum as far as CNC machines are concerned for 

their efficient operation. CNC machines should not be installed near heavy machinery such as 

compressors etc. which generate and transmit vibration. 

CNC machines should not be connected to the same electric line, which supplies power to the 

machines drawing heavy intermittent supply. 

Proper earthing of the machine as per IS should be provided to preclude the possibility of 

Electro magnetic induction disturbances and leakages. As far as possible, individual earthing  

with separate earthing  pit  should be provided  for each CNC machine to keep them  fully  

isolated from the faults of other machines. 

Conductive dust inside the workshop is a big enemy of the PCBs and should be avoided by 

properly keeping the cabinets of CNC machines sealed and getting them clean periodically 

with suitable degreasers or in a PCB cleaning machine. It is desirable to keep the machines in 

an air condition environment.  

 

SAFETY ASPECTS ON CNC MACHINES 

Safety is an important aspect, it needs to be considered at the machine design stage itself. 

Various types of safety features are designed to protect the machine, the operator, and the 
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environment. The safety device must be simple and serve the purpose to the fullest extent, 

without itself being the source of an accident. 

The safety features provided on the machine are checked for their proper functioning. The 

safety aspects are stressed more in the case of NC machines which are highly automated, 

with the least manual involvement. Many safety and interlock devices (both hardware and 

software) are essentially built into these machines. Some of the safety features usually 

provided on CNC machines are listed below : 

• Over travel of all slides is limited by safety switches/stops/software limits. 

• Emergency stop is provided for all modes of operation. 

• Collisions of slide with another slide or a fixed member is avoided by providing 

hardware or software limits, e.g., collisions of the saddle with the tailstock in a 

lathe. 

• Lubrication failure of the spindle bearing system is indicated by a lamp, and all 

functions come to a stop after a preset time. 

• When Feed Hold is ON, all slides are inoperative. 

• When work piece is not clamped, the spindle can not be unclamped. For example, 

chuck jaws and tailstock are inoperative when the spindle is in the running 

condition. 

• Low hydraulic/pneumatic system pressure and chuck clamping pressure lead to the 

automatic stoppage of the machine. 

• Software limit switches to restrict the slide total travel, maximum feed velocity and 

maximum spindle speed are provided. 

• While the turret is indexing, all the slides are at rest. 

• Improper turret clamping is displayed on the CRT screen, and all the slides are 

inoperative in that condition. 

• Interlock is necessary between the spindle brake and the power draw bar to 

prevent spindle rotation, when cutters are being loaded and unloaded on the 

spindle. 

• Improper tool clamping in the spindle nose inhibits the spindle rotation, and the 

error is displayed on the CRT screen. 

• Main motor is protected against overload. 

• Spindle speed override and feed rate override are not effective in the thread 

cutting mode. 

• Sensing of motor temperature overload should subsequently lead to the stopping of 

the machine after a preset time. 

• The work piece should not get unclamped in the event of power failure or 

emergency stop. 

• Number of manual lubrication points to be kept to as minimum as possible. 

• Load meter is provided to indicate the load on the spindle drive motor, so that the 

load on the motor can be maintained within safe limits, by reducing the feed rate 

or depth of cut to avoid any interruption during machining due to the stopping of 

the machine on account of overloading. 
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• Drives are provided with overload safety, and the machine comes to a stop when 

overload occurs. 

• When any of the machine functions, like spindle rotation, slide movement, turret 

indexing, etc., comes to a stop without being called for, the machine comes to a 

stop and the machine is operative only in Manual Mode till the fault is rectified. 

• Machine Guards, its requirement against chip and coolant, with suitable interlocks 

are required. 

• Effective spindle braking system and interlock against improper release of tool, etc. 

• Work area enclosure should ensure safe machine operation, machine setting 

including setting of tools and jigs, safety of vision/vibration, etc.  

• The control manufacturers provide protection levels for enabling data areas where 

corrections are to be made, to preclude the possibility of unauthorized change of 

machine data.  

 

FEED BACK DEVICES 

 

Introduction :   

 

Feedback devices play an important role in the machine tool control. The main function of 

these devices is to supply the information  of the exact position of the machine tool slide and 

its feed rate to the control system. 

 

The signal   representing the difference between the actual  response and desired response  is  

taken as error signal and is used to   regulate  the movement  of spindle or feed. 

 

The  function of the  feed back devices is to provide  output in the form of  train of electrical 

pulses or an analog electrical signal  by processing of which  the exact position / speed of the 

machine tool  can be obtained 

  

Types of Feedback Devices :   

 

Basically two types of feedback devices are employed. These are: 

• Position measuring device. 

• Velocity measuring device. 

 

 

Position Feedback Devices :  

The function of the position measuring device is to  give an out put (in the form of train of 

electrical pulses, or an analog electrical quantity) by processing of which the exact position or 

displacement of the machine tool slide can be obtained. 
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Requirement  of  position feedback  devices : 

 

• High resolution 

• Repeatability  

• Accuracy 

• Sensitivity 

• High signal/noise ratio 

• Low maintenance 

 

In the case on NC machine tools, the resolution requirement is in the range of microns .  

 

Classification of position feedback devices : 

Basically the position feedback devices can be classified in the following categories. 

 

Type of measuring signal : 

• Analog 

• Digital 

 

Type of measuring process : 

In analog : 

• Absolute 

• Cyclic absolute 

 

In digital : 

• Absolute 

• Incremental 

• Cyclic absolute 

 

Types of Location of measurement unit : 

• Direct 

• Indirect 

 

Linear or rotary : 

 

Analog Vs Digital measurement : 

                

Analog position measuring device out puts a varying physical quantity for example, phase 

variation or amplitude variation of an electrical signal, corresponding to the change in 

position. In digital systems, the out put  will be in the form of electrical pulse and thus it is 

possible to process the digitally. Each of the out put pulses will represent a discrete 

displacement value. 
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Types of measuring : 

Absolute position measuring : 

 

Absolute position can be measured both by analog and digital means. In absolute position 

measuring, the device must give a unique out put for each position, the reference point or 

zero point is fixed and cannot be changed in the measurement system. 

 

Incremental position measurement : 

 

This is possible only by digital means. There is no fixed zero point in the measurement 

system. Whenever an incremental distance is traversed, a pulse is outputted and these pulses 

are to be summed up through a counter. The count will be measure of the distance from the 

starting point. 

 

In some of the such measurement systems, an additional zero reference signal is provided. 

This signals is used to set the counter to a definite value. Thus the systems becomes some 

sort of quasi absolute measurement system. 

 

Cyclic absolute position measurement : 

 

This measurement is possible by both analog and digital methods. Cyclic absolute 

measurement implies that it has a smaller absolute measurement range, which cyclically 

repeats. 

 

Comparison of absolute an incremental measurement : 

 

Absolute measurement offers considerable safety against measurement errors. The zero 

reference point is fixed which is not affected by measurement disturbances and can be 

reestablished easily. However, they are costly. 

 

The incremental systems are characterized by considerably less layout and a simple reference 

zero setting. However, count failure and spurious pulses result in wrong result. After power 

failure of the system is again switched on, the old information is lost. The measurement must 

again begin from reference point. 

 

Incremental Encoder : 

The incremental coders have normally two output channels, each of which provides a fixed 

number of electrical pulses per revolution.  It consists of a transparent rotating disc equally 

divided a number of segments of which each alternate one is made opaque Two photo cells 

are kept on one side of the disc and a lamp source is kept on the other side. When the disc is 

rotated, the photo cell produce alternating voltage. These voltages are processed so that a 

series of pulse are outputted from the pick up. These pulses are counted to keep track of the 

movement. The photo cells are kept apart at 90 degree to one another. When the disc is 

rotated in one direction the out put of one photo cell A leads that of B and when direction is 
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reversed, output of photo cell A lags behind that of B. This helps in discriminating the 

direction. 

 

An incremental encoders is frequently provided with a marker pulse which provides a signal 

pulse once per revolution. 

 

 

 

Photo electric rotary encoders : 

This works on similar principal as that of rotary pick up excepting that this has a coded disc 

where transparent and opaque selections are arranged in binary code.  

 

In reflected binary code, the number 0 t0 9 are represented by a cyclic binary scale occupying 

four tracks and repeated around the periphery of the disc, this constitutes the first decade. 

Four more tracks are similar encoded for next decade from 10 to 90, four more from 100  to  

900 and so on as required. At each repetition of the ten numbers in a decade the coding is 

reserved, giving a mirror image of the proceeding decade. Distinction between a coded 

number and its reflection is made by the immediately more significant track in the next higher 

decade and depends upon whether decade is odd or even.      

 

Analog devices : 

Compared with digital type of position measurements,  analog systems have the advantage 

that all process are continuous in nature, i.e. variation takes place by infinitely small steps. 

Synchro resolver and inductosyn  fall under this group. Both can be used either in incremental 

mode or absolute mode of measurement. 

 

 

Laser : 

Laser transducers are applied when extreme accuracy is required. Example of typically NC 

applications would be ultra-precision turning machine tools measuring machines and grinders. 

The accuracy of laser transducer measurements is 0.5 parts per milion or 1/2 micron per 

measured mm. Resolution is approximately 6 inch and special extension technique can even 

increase that by an order of magnitude. 
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A low-power helium-neon laser emits a coherent light beam composed of two slightly different 

optical frequencies of opposite polarizations. After conversion to orthogonal units, the beam is 

manipulated, then directed to the reference beam-splitter where a small fraction of both 

frequencies is split off. This portion of the beam is used both to generate a reference  

frequency and to provide an error signals to the laser cavity turning system. The major 

portion of the beam passes out of the laser transducer to an inter-ferometer. Inter-ferometer 

measures relative displacement of two reflectors. Relative motion between the reflectors 

causes a Doppler shift in the different frequencies measured by the receiver. This Doppler-

modulated difference frequencies is amplified to become the measurement signal. The 

reference and measurement signals are compared cycle by cycle to produce a pulse, that 

corresponds to a reflector movement of one quarter the wave length of light. 

 

Velocity Measuring Devices : 

A supplementary feed back, the velocity loop is also required in most systems in order to 

provide. 

 

• Relatively high gain in the vicinity of null to give quick response,  inhibit over shoot, and 

minimize the dead band.  

• Relatively low gain when the slide in motion to enhance system stability. In a velocity loop 

the transducer is a tachometer (essentially a Permanent Magnet DC generator). The tacho 

voltage is used as a negative feed back signals to provide  damping as a function of slide 

speed. 

 

To state it another way, velocity feed back can critically dampen the response of servo drives 

having high inertia loads. The velocity loops bucks the position error voltage during 

acceleration. And during deceleration, the tacho-generator out put is available to oppose the 

direction of motion thus providing braking force. 

 

The practical effects of tacho-generator feed back are: 

 

• Permits easier stabilization. 

• Facilitates  the elimination of null hunt by providing  very high gain when approaching 

null. 

• Allows higher position gain than would other wise be possible. 

• Reduce the effects of amplifier and servo value drifts. 

• Dampens slide response during period of maximum acceleration and deceleration, thus 

over coming tendency to overshoot. 

 

Some disadvantages of velocity loop are : 

 

• All axes must be adjusted to have precisely the same characteristics and must remain 

that way. 
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• Any non-linearity in the tacho-generator voltage shows up as a dynamic position error.  

For this reason high order of linearity is preferred. 

 

The typical voltages outputs is 5-30 volts/1000 rpm. The brushes are the only part that need 

maintenance. Mounting the tachometer directly on the servo motor is preferred. When other 

mounting is necessary, precision instruments gearing is required with minimum backlash. 

 

 

FAULTS RELATED WITH VELOCITY FEEDBACK  DEVICES ( TACHO ) : 

 

A machine can experienced the following problems on account of defect in velocity feed back 

devices : 

• Motor Jerking 

• Vibration in Axis 

• Variation in Speed 

• Movement of axis at rapid traverse / over-speed 

• Abnormal Sound 

• No accuracy in job 

 

SYMPTOMS : 

• Increase in tacho resistance due to broken wire, carbon film, oil/cutting oil 

which thickly adheres to the commutator surfaces, 

• Commutator segment short circuited. 

• Broken/loose coupling 

• No smooth sliding of brushes in brush holder due to the brush dirst. Thus the 

contact between the brush and commutator is unstable. 

 

FAULTS RELATED WITH POSITION FEEDBACK   DEVICES : 

A machine can experienced the following problems on account of defect in position feed back 

devices : 

• No accuracy 

• Uncontrolled speed 

• Tripping of machine 

• Jerking in Axis 

• Axis not referencing 

 

REMEDIAL ACTIONS : 

• Check of broken wire of F/B devices 

• Check coupling/reader 

• Alignment 

• Related Measuring Boards 
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PRECAUTIONS REGARDING CHANGE OF POSITION FEEDBACK  DEVICES : 

 

OPTICAL SCALE : 

• Scale should be of same type, length and resolution. 

• Scale alignment should be proper. 

• Adjustment of reference point through marker with the help of PWM  meter 

(Phase meter ) 

 

ENCODER : 

• Proper type 

• Change of optical scale with encoder 

• Fitment of encoder on Ball Screw/Motor’s shaft 

• Change of parameter (Multiplier/Divider) for matching with scale. 

 

ADVANTAGES OF ENCODER OVER OPTICAL SCALE : 

• Less accidental risk 

• Cheaper 

• Easy Fitment 

• Less Problem 

• Repairable 

 

DISADVANTAGES : 

• Less accuracy 

• Proper fitment of coupling 

• Setting of ref. Point through parameter 

Like in B-axis of HTC-600 (System-3T) parameter No. 213. 

 

IF ENCODER OF SAME REVOLUTIONS NOT AVAILABLE IN READY STOCK : 

Change the encoder with the Multiplier/Divider of that revolutions. 

 

Change accordingly the bit of related machine parameter like 

Parameter No. 403 Bit 2,3,4 According to axis. 

 

 

 

 

 

NC MACHINE DATA SPECIFIC TO EACH AXIS : 

 

IN POSITION TOLERANCE : 

Around the end position, an area is defined whose width is set by the size in machine data. 

Once an axis comes within this area the end position is regarded as having  been  reached  

and “ not in position”  LED will go out. 
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If an axis appears to finish a movement but the LED stays lit, it means that the drift 

compensations must be done. A confirmation of this would be the “FOLLOWING ERROR”, 

which should ideally be zero for an axis at standstill. 

 

CLAMPING TOLERANCE : 

When an axis is at standstill the NC monitors any drift from the position which may occur. If 

the drift is greater than the tolerance, then clamping check alarm is generated. 

 

The causes of this drift could be : 

 

• The axis is at standstill, the Servo Enable is removed and the axis is mechanically 

clamped. The axis is then mechanically out of position. Under this condition the 

position loop would be unable to correct any movement. 

• Whilst at standstill the axis is held in position by the position loop. A high 

mechanical force or fault in the servo could cause a shift in position. 

 

MAXIMUM COMMAND VALUE : 

This is the maximum command value that the position control system will issue to the Servo 

Amplifier. To enable the position loop to control any overshoot that may occur when the axis 

accelerate to maximum speed, the values in this data should be about 10% higher than the 

maximum axis speed. 

 

REFERENCE POINT SHIFT : 

As an alternative to moving the reference point switch or position fed back device, the 

reference point can be shifted via software by an amount entered in this machine datum. 

 

DRIFT COMPENSATION : 

The control applies a software correction to account for any hardware drift  in the position or 

speed loop. The correction one for each axis is stored in these machines data. When the drift 

compensation has been successfully concluded, the “following error” at standstill for each axis 

should be about zero. 

 

MAXIMUM AXIS SPEED : 

This is the maximum axis speed at which the axis will ever travel. This is the speed at G00, 

when however, a rapid traverse move is programmed involving two or more axis, the speed 

will be limited by maximum speed of the slowest of the axis. 

 

SPEED TO REFERENCE POINT : 

Assuming this value does not exceed those values entered in the maximum axis speed, than 

this is the speed with which the axis will go its reference point, with the speed override switch 

is set to 100%. 
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REFERENCE POINT CO-ORDINATES : 

This is the distance for each axis from the machine zero point to the machine reference point. 

When the machine reaches reference point, these co-ordinates will be assumed as actual 

values. 
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HYDRAULIC    SYSTEM 
 

INTRODUCTION:- 

Hydraulic (From the Greek word “HYDOR”, means water) can be divided into science of 

liquid at rest i.e. Hydrostatics and the science of liquids in motion i.e Hydrodynamics. 

 Hydraulic is the transmission and control of the forces and motion by fluids.  

 

FLUID POWER ENGINEERING:-     

 A fluid power system is one that transmits and control energy through the use of a 

pressurized fluid (liquid or gas) within an enclosed circuit. The most common fluid used in 

industry for this power is air. This, of course, comes from the atmosphere and is reduced in 

volume by compression thus increasing its pressure.  

 

    

 

 

 

 

 

 

 

 

 

 

 

FUNCTION OF HYDRAULIC FLUID:-  

 

The Hydraulic fluid must be able to perform almost the following functions:- 

a) Lubricate the moving parts.  

b) Absorb, carry and transfer the heat generated within the system.  

c) Transfer fluid power efficiently.  

d) Be compatible with hydraulic components.  

e) Remain stable against a wide range of possible physical and chemical changes, 

both during storage and while in use.  

 

 

ADVANTAGES OF HYDRAULICS:- 

1. Variable Speed 

2. Reversibility  

3. Overload protection.  

4. Rigidity and Compactness.  

5. Self-Lubrication.  

6. Self-cooling.  

7. Maximum efficiency.  

 

PROPERTIES OF HYDRAULICS FLUID:- 

Viscosity:- Viscosity is a measure of the fluid’s internal resistance offered to flow. Viscosity 

is the most important factor from the stand point of flow. If the viscosity of the hydraulic oil is 

higher than recommended, the system will be affected in the following manner.  

a. The viscous oil may not be able to pass through the pipes.  

b. The working temperature will increase because there will be internal friction.  

c. The consumption of power will increase.  

 

If the viscosity of the oil is lesser than recommended then,  

a. The internal and external leakage will increase.  

b. It cannot lubricate properly and will lead to rapid wear of the moving parts.  

Fluid Power 
Energy.  

 
 
 

Hydraulics Pneumatics 
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The viscosity is expressed in Saybolt Universal Seconds (SSU). It is the number of 

seconds required to 60 ml of oil of flow by its own gravity through a standard orifice under a 

standard falling head at a given temperature.  

The majority of the systems operate more efficiently within the ranges, 135-165 SSU; 

185-230 SSU; 275-315 SSU.  

 

Viscosity Index:- This value shows how temperature affects the viscosity of an oil. The 

viscosity of oil decreases with increase in temperature, and vice versa.  

 The rate of change of viscosity with temperature is indicate on an arbitrary scale called 

viscosity index (V.I) 

 The lower the viscosity index, the greater the variation in viscosity with changes in 

temperature and vice versa.  

 

Oxidation Stability:- The most important property of an hydraulic oil is its oxidation 

stability. Oxidation is caused by a chemical reaction between the oxygen of the dissolved air 

and the oil. The oxidation of the oil creates impurities like sludge, insoluble gem and soluble 

acidic products. The soluble acidic products cause corrosion and insoluble products make the 

operation sluggish.  

 The rise of system temperature accelerates the oxidation. Below 550 C, the oxidation is 

low. But above 650 C, for every 90 C rise in the system temperature the life of oil is decreased 

by 50%. So the safest upper temperature is 500 C and the best working temperature is 380 C. 

If the temperature goes above 650C, an oil cooler must be installed.  

 Indiana oxidation test is used for finding the oxidation stability of oil. It is carried out 

by heating 300 cm3 of oil to 1720 C of oil to 1720 C in a glass tube and bubbling air through 

the oil at the rate of liters/hour. To find the sludge present at a given time a 10 gram sample 

of the oil is diluted with 10 cm3 of petroleum naphtha. Since only the oil goes into solution, 

the sludge or oxidized oil precipitates. It may be filtered and measured. The amount of sludge 

is reported in milli grams per 10 grams or oil. The test is normally run for 150 hours. Sludge 

determinations are run on samples taken samples after, 50, 100, 150, hours. Upon conclusion 

of the test the sludge figures are plotted against time in hours.  

 

Demulsibility: - The ability of hydraulic fluid to separate rapidly from moisture and 

successful resist emulsification is known as ‘Demulsibility’. 

 If oil emulsifies with water, the emulsion will promote the destruction of lubricating 

value and sealant properties.  

 Highly refined oils are basically water resistant by nature.  

 

Lubricity:- Wear results in increased clearance which leads to all sorts of operational 

difficulties including fall of efficiency. At the time of selecting hydraulic oil, care must be taken 

to select one which will be able to lubricate the moving parts efficiently.  

 

Rust Prevention:- The moisture entering into the hydraulic system with air cause the parts 

made ferrous material to rust. This rust is passed through the precision made pumps and 

valves may scratch the nicely polish surface. So, additives named inhibitors are added to the 

oil to keep the moisture away from the surface.  

 

Pour point:- The temperature at which an oil will congeal is referred to as the pour point, i. 

e. the lowest temperature at which the oil is able to flow easily. It is of great importance in 

cold countries where the systems are exposed to very low temperatures.  

 

Flash point and fire point:- Flash point is the temperature at which a liquid given off vapor 

insufficient quantity to ignite momentarily or flash when a flame is applied.  

 The minimum temperature at which the hydraulic fluid will catch fire and continue 

burning is called fire point.  

Neutralization Number:-  The neutralization number is a measure of the acidity or alkalinity 

of a hydraulic fluid. This is referred to as the PH value of the fluid. High acidity causes the 

oxidation rate in an oil to increase rapidly.  
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 A Weighed amount of sample in titration solvent titrated with a standard alcoholic 

potassium hydroxide solution to a definite end point. The indicator is alpha naphthol benzein 

solution. The colour change is from orange to green or blue green.  

Neutralisation Number =  Total ml of titrating solution    X  5.61 

      Weight of sample used.  

 

A Satisfactory hydraulic fluid must have the following properties:-  

1.  Chemical stability of prevent formation of sludges, sums, carbon or other 

deposits which clog openings, cause valves and piston to stick or leak.  

2. Freedom from acidity so that the fluid is non-corrosive to the metals in the 

system.  

3. Lubricating properties sufficient to avoid wear in moving parts.  

4. Satisfactory viscosity and viscosity index so that the oil will perform adequately 

within the normal temperature ranges of the machinery.  

5. Pour point well below the minimum temperature expected in normal operation.  

6. Flash point as high as possible for safety and to prevent possible evaporation.  

7. Minimum toxicity.  
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BASIC HYDRAULIC SYSTEM 

 

                                   

 

    
                

HYDRAULIC COMPONENTS 

1. Container or Reservoir.   

2. Pump. 

3. Actuator.  

4. Valves.  

5. Accumulators.  

6. Piping.  

7. Filters,.  

8. Hydraulic fluid.  

 

1. Container or Reservoir:- To store the hydraulic oil, removal of heat from oil, 

removal of air, settling of contaminants, separation of  condensation water, location 

and mounting of pump, drive motor and valves.  

2. Pump:- In an Hydraulic system a pump converts mechanic power into fluid power. 

The in take of the pump is connected to a liquid source called a tank or reservoir.  

 

Classification of Pump.  

Broadly there are two types of hydraulic pumps:- 

i) Hydrodynamic or No positive displacement pump.  

ii) Hydro static or positive displacement pump.  

 

i) Hydro dynamic or No positive displacement pump: - Example of this types 

are centrifugal and propeller pumps although these pumps provides smooth 

continuous flows. Since there is great deal of clearance between the rotating and 

stationery elements, when the resistance of the external system starts to increase, 
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some of the fluid slips back into the clearance space causing a reduction in the 

discharge flow rate. Thus the pump flow rate depends not only on the rotational 

speed but also on the resistance of the external system.  

ii) Hydro static or positive displacement pump: - This ejects a fixed 

quantity of fluid per revolution of the pump shaft. The pump outlet flow is 

constant and not dependent on the system pressure.  

 

Classification 

1. Gear Pump: - External gear pump, internal gear pump, Lobe pump, screw 

pump.   

2. Vane Pump: - Unbalanced vane pump, balanced vane pump.  

3. Piston Pump: - Axial design, radial design.   

3.  Actuator:-  Hydraulic cylinder or hydraulic motor which convert hydraulic energy back to 

mechanical energy for the purpose of performing useful work. Cylinder are meant for linear 

motion and motors are meant for rotary motion.  

 Hydraulic Cylinder: - A Hydraulic cylinder is a device, which converts fluid power into 

linear mechanical force and motion. It usually consists of moveable element, a piston and a 

piston rod.  

 

 Types of Hydraulic Cylinder:- 

i) Single acting cylinder (is designed to apply force in only one direction.) 

                                                      
 

ii) Double acting cylinder (is designed to apply force in both directions.) 

                                                      
 

iii) Telescopic cylinder. (Where long working strokes are needed.) 

                                                       
4. Valves: - Valves is mechanical device consisting of a body and an internal moving part, 

which connects and disconnect passages within the body. The passages in hydraulic valves 

carry liquid. The action of the moving part controls maximum system pressure, direction of 

flow and rate of flow.  

 

4) HYDRAULIC CONTROL ELEMENTS (VALVES):- To regulate the flow and to regulate 

direction of flow regulated by Hydraulic pump.  

 Generally the valves are divided into five groups, according to their functions:-  

1. Direction control valves 

2. Non return valves 

3. Pressure control valves 

4. Flow control valves 

5. Shut off valves.  

 

1. Direction control valve:- Direction control valves are devices which affect the path 

of oil  flow specifically direction of flow of medium, mainly with respect to start, stop of work 
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element. Each of the direction control valve is designed by the number of external 

connections (Ways) and the number of position, the valve can assume.  

 

Sr. No.           Ports Alphabetical  Numerical 

01. Pressure port P 1 

02. Working port A, B 4,2 

03. Exhaust/return port R,S,T 5,3,7 

04. Control port Z,Y,X 14,12,10 

 

The multi way direction control is described by:- 

Sr. No. Description Type 

01 Number of ports or opening 2 way, 3 way, 4 way, 5 way etc.  

02 Number of position 2 positions, 3 positions etc.  

03 Method of actuation of valve Manual, Air pilot, Solenoid etc.  

04 Method of return actuation Spring return, Air return etc.  

05 Special feature of operation Manual overrides etc.  

 

m/n ways direction control valves 

m Number of ports.  

n Number of positions 

 

TYPE OF DIRECT CONTROL VALVES SYMBOL 

3/2 Way Push button operated Spring 

return NC Direction control Valve. 

 

3/2 Way Plunger operated Spring return NO 

Direction control Valve. 

 

 

4/2 Way Pilot operated Spring return 

Direction control Valve. 

 

4/3 Way Pilot operated Pilot Spring return 

centered Direction control Valve with closed 

neutral position. 

 

5/2 Way Pilot operated return Direction 

control Valve with manual over ride. 

 

5/2 Way solenoid operated Direction 

control Valve with manual over ride 

 
CENTRE CHARACTERISTICS OF THREE POSITION VALVES 

71



  

Close Centre. 

(All ports closed) 

 

Tandem Centre 

(A-B connected to T) 

 

Open Centre 

(All ports opened, no load on pump) 

 

Floating Centre 

(A-B closed, P Connected to T) 

 
 

 

2. Non return valve (NRV):- Non return valves are the devices which completely block 

the oil flow in one direction while permitting flow in the opposite direction with minimum 

pressure less across the valve. There are two types of non return valves:-  

1. Check valve.  

2. One way flow control valve or throttle relief valve. 

i. Check Valve:- The simplest type of non return valve is the check valve, which completely 

block the flow of oil in one direction and permit flow in opposite direction. Blocking of 

the flow in one direction can be effected by cones, ball, disc cup, plate etc.  

 

CHECK VALVE WITHOUT SPRING.                      

                                                      
 

CHECK VALVE WITH  SPRING.                      
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PILOT OPERATED CHECK VALVE. 

                                     
ii. One way flow control valve or throttle relief valve:- This is also known as speed 

regulating valve. In this type of valve the oil flow is throttled in one direction only. A 

check value block the flow of oil in one direction and the oil can flow only through the 

regulated cross section. In the opposite direction the oil can flow freely through the 

opened check valve. These valves are used for speed regulations of Hydraulic  

cylinders.  

 

                                         
3. Pressure control valve:- Pressure control valves, control the pressure of the  

oil flowing through the valve or confined in the system. The pressure at which the 

valve cracks open is called cracking pressure and the pressure at which the valve fully 

opens for full flow is called Full Flow Pressure. The difference between cracking 

pressure and Full Flow Pressure is called Pressure Override and it should be small.  

These are divided in three types:-  

i. Pressure regulating valves:- These valves are used to keep the outlet 

pressure constant at an adjusted valve with in the tolerance provided in the 

design of valve. 

                                     
ii Pressure limiting/relief valves:- These valves are mainly used as safety 

valves. They prevent the maximum permissible pressure in the system from 

being exceeded. If the maximum pressure has been reached at the inlet the 

valve outlet is opened and the air blows out the atmosphere. The valve remains 

open until the built in spring closes it after reaching the   
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iii  Sequence valves:- A normally closed pressure control valve which causes one 

operation to occur before another is referred to as a sequence valve.  

 

                     
4. Flow Control value:- A flow control value regulates with rate of flow i. e. influences 

the volumetric flow of the hydraulic oil  in both directions. The design it either fixed or 

variable restrictors.  

                                             
 

 

 

 

PRESSURE COMPENSATED FLOW CONTROL VALVE.  

                                             
5. Shut off Valve:- 

                                         
B) Working Element:- The hydraulic working elements are those devices that converts 

the  hydraulic fluid  energy into mechanical energy of the required form and type for use in 

mechanization and automation of methods.  

 

Hydraulic Cylinder:-  The hyd.  cylinder develop relatively large force with small 

dimensions. There are two types of cylinders viz single acting cylinder and double acting 

cylinder.  
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5. Accumulators: - To maintain constant pressure. It provides extra energy during 

pressure loses due to leakage etc. There are three basic types of accumulators used in the 

hydraulic system.  

i) Weight loaded or gravity type. 

ii) Spring loaded.  

iii) Gas Charged 

a) Piston type. 

b) Diaphragm type. 

c) Bladder type.  

 

6. Piping:-To carry the liquid to and fro each of the above component according to the 

order of the system. It may be of steel, hydraulic hose pipe.  

7. Filters: - A filter may be defined as a device for removal of solid from the fluid and to 

keep the oil clean.  

Types of Filter:- 

b. Surface filter.  

c. Depth filter.  

d. Edge type filter. 

Filter Location:- As dirt is generated at all parts of hydraulic system, the only way to 

ensure 100% component protection, is to place a filter immediately upstream of a 

component. 

Suction line filter: - It is located in between reservoir and pump.  

Pressure line filter: - It is located after the pump.  

Return line filter: - It is located in the main return line.  

   

8. Hydraulic fluid: - May be either a mineral oil or a synthetic liquid.  
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Basic Hydraulic Symbols 

   Lines 

 

-continuous line - flow line  

 
-dashed line - pilot, drain  

 
-envelope - long and short dashes around two or more 

component symbols.  

 

   Circular 

 
-large circle - pump, motor  

 
-small circle  - Measuring devices  

 
-semi-circle - rotary actuator  

 

   Square 

 

-one square  - pressure control function  

-two or three adjacent squares  - directional control  

 

   Diamond 

 

-diamond - Fluid conditioner (filter, separator, lubricator, 

heat exchanger)  

   Miscellaneous Symbols 

 -Spring  

 -Flow Restriction  

   Triangle 

 -solid - Direction of Hydraulic Fluid Flow  

 -open - Direction of Pneumatic flow 
 

Pumps and Compressors 

   Fixed Displacement hydraulic pump 

 
-unidirectional  

 
-bidirectional  

   Variable displacement hydraulic pump 

 
-unidirectional  

 
-bidirectional   
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   Compressor 

 
 

 

Motors 

   Fixed displacement hydraulic motor 

 
-unidirectional  

 
-bidirectional   

   Variable displacement hydraulic motor 

 
-unidirectional  

 
-bidirectional  

   Pneumatic motor 

 
-unidirectional  

 
-bidirectional  

   Rotary Actuator 

 
- hydraulic  

 
- pneumatic  

Cylinders 

   Single acting cylinder 

 
-returned by external force  

 
-returned by spring or extended by spring force  

   Double acting cylinders 

 
-single piston rod (fluid required to extend and retract)  

 
-double ended piston rod  

   Cylinders with cushions 

 
- single fixed cushion  

 
- double fixed cushion  

 
- single adjustable cushion  

 
- double adjustable cushion  

 

77



  

Directional Control Valves 

   Directional control valve (2 ports / 2 positions) 

 

-Normally closed directional control valve with 2 ports and 2 finite 

positions.  

 

-Normally open directional control valve with 2 ports and 2 finite 

positions.  

   Directional control valve (3 ports / 2 positions) 

 

-Normally closed directional control valve with 3 ports and 2 finite 

positions.  

 

-Normally open directional control valve with 3 ports and 2 finite 

positions.  

   Directional control valve (4 ports / 2 positions) 

 
-directional control valve with 4 ports and 2 finite postions  

   Directional control valve (4 ports / 3 positions) 

 

-directional control valve with 4 ports and 3 finite postions 

*-(center position can have various flow paths)  

   Directional control valve (5 ports / 2 positions) Normally a pneumatic valve 

 
-directional control valve with 5 ports and 2 finite postions  

   Directional control valve (5 ports / 3 positions) Normally a pneumatic valve 

 
-directional control valve with 5 ports and 3 finite postions  

   Proportional directional control valve 

   Electro-hydraulic servo valve 

 

 The spool positions on these valves is variable allowing for variable flow 

conditions. 

 

-single-stage direct operation unit which accepts an analog signal and 

provides a similar analog fluid power output  

 

-two-stage with mechnical feedback indirect pilot operation unit which 

accepts an analog signal and provides a similar analog fluid power output  
 

Control Methods 

   Manual Control 

 
-general symbol (without showing the control type)  

 
-pushbutton  

 
-lever  
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-foot pedal  

   Mechanical Control 

 
-plunger or tracer  

 
-spring  

 
-roller  

 
-roller(one direction only)  

   Electrical Control 

 
-Solenoid (the one winding)  

   Pilot Operation 

         
-pneumatic  

 
-hydraulic  

   Pilot operated two-stage valve 

      
-Pneumatic: Sol first stage  

                 
-Pneumatic: Air pilot second stage  

  
-Hydraulic: Sol first stage  

   
-Hydraulic: Hyd pilot second stage  

 

Check valves, Shuttle valves, Rapid Exhaust valves 

 

-check valve -free flow one direction, blocked flow in other 

direction  

 

-pilot operated check valve, pilot to close  

 

-pilot operated check valve, pilot to open  

   Shuttle valve 

 

-to isolate one part of a system from an alternate part of 

circuit.  

    

Rapid exhaust valve/Pneumatic 

 

-installed close to an actuator for rapid movement of the 

actuator.  
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Flow Control Valves 

   Throttle valve 

 -adjustable output flow  

   Flow Control valve 

 -with fixed output (variations in inlet pressure do not affect rate of flow)  

 

-with fixed output and relief port to reservoir with relief for excess flow 

(variations in inlet pressure do not affect rate of flow)  

 
-with variable output  

 -fixed orifice  

 
-metered flow toward right free flow to left  

 -pressure compensated flow control fixed output flow regardless of load  

 -pressure and temperature compensated  

 
-with variable output and relief port to reservoir  

   Flow dividing valve 

 

-flow is divided equally to two outputs.  

 

Shut-Off Valve 

               
-Simplified symbol  

 

Accumulators 

                  

 

 

Filters, Water Traps, Lubricators and Miscellaneous Apparatus 

   Filter or Strainer 

 
 

    

Water Trap 

 
-with manual drain  

 

-with automatic drained  

   Filter with water trap 
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-with manual drain  

 
-automatic drain  

   Air Dryer 

 

refrigerant, or chemical removal of water from compressed 

air line  

   Lubricator 

 
-oil vapor is indected into air line  

   Conditioning unit 

 

-compound symbol of filter, regulator, lubricator unit  

 
-Simplified Symbol  

 

Heat Exchangers 

<>  

-air or water cooled unit designed to remove heat from oil 

returning to reservoir  
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Hydraulic Pump 

No Positive Displacement Pump 
 

Positive Displacement Pump 
 
 

Vane Pump Piston Pump  Gear Pump 

Axial  

Radial Pump    

Bent Axis  

Swash plate type 

External Gear Pump  

Internal Gear Pump 
 

Lobe Pump 

Screw Pump 
 

Spur Gear Pump 

Helical Gear Pump 

Crescent Gear Pump 

 
 

Ge-rotor Gear 
Pump 

 

Unbalanced vane 
Pump 

 
Balanced Vane 

Pump 
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Brake down maintenance Maintenance Prevention Preventive Maintenance 
 

Corrective Maintenance  
 

Fault 
Finding 

Fault 
Removal 

Design 

Selection 

Purchase 

Layout 

Installation Planning 
and 

scheduling 

Documentation 
of  Engg. 
records 

Engg. 
Analysis  

Modifications 

Standardi
- sation 

Inspection Cleaning & 
lubrication 

Repair replacement 
& overhauling 

Store inventory Capital 
replacement 

M/C history 
record 

Inspection 
record 

Maintenance 
record 

Instructional 
manuals 

Lubrication 
check list 

Cost analysis 
record 

Maintenance Management 
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                      MAINTENANCE OF CNC MACHINE TOOLS 

 

Objective 

 

At the end of this unit you should understand:- 

• Different type of machine maintenance. 

• Best maintenance practices followed by CNC machines. 

• Tools and accessories used in CNC machine tools maintenance work.  

• Problems related to mechanical system in CNC machines 

• Meaning of the term “Backlash”, how to identify and measure Backlash.  

• Causes of failure of electronic system in CNC machines and precautions to be 

observed.  

• How to check pneumatic system in CNC machines. and  

• Causes of excessive noise in CNC Machines and how to eliminate it.  

 

DIFFERENT TYPE OF MACHINE MAINTENANCE. 

1 CORRECTIVE MAINTENANCE:-  

      Maintenance performed, after the occurrence of a failure, to restore the   

      machine tool to its original condition, to the extent possible.  

 

2. PREVENTIVE MAINTENANCE:-  

    Maintenance preformed to retain the machine in its original condition, to    

    the extent possible, by providing systematic inspection, periodical checking   

    servicing, detection and prevention of failure likely to occur.  

 

3. BACKLOG MAINTENANCE:-  

    Maintenance that is necessary to prevent the deterioration in the   

    performance or functioning of the machine by which has not been carried    

   out. Accordingly, backlog maintenance has a higher priority than deferred   

   maintenance.  The maintenance practices to be deferred and which comes      

   under backlog list will have be reviewed annually and documented.  

 

4. DEFERRED MAINTENANCE:-  

    Maintenance that is due to be carried out in the     

    current financial year but which could not be carried out due to  shortage  

     of funds or unavailability of spare parts. Such maintenance should      

      be added to the backlog Maintenance programme awaiting attention.  

 

5. TPM (TOTAL PRODUCTIVE MAINTENANCE):-  

    maintenance method integrates production function of the equipment      

   and the maintenance function required. The maintenance of the machine  

  and its schedule is considered and integral part of the production  

  schedule and the machine tools is maintained with the least disturbance  

  to the production activity. Such maintenance schedules are well planned   

  and leads to overall productivity of the plant and the equipment.  

 

SYSTEM AND SUB SYSTEMS OF CNC MACHINES. 

 

 Various functions of CNC machines are executed with the help of the following 

systems and sub systems.  

1. Mechanical systems.  

2. Electronic Systems (CNC and drives) 

3. Work holding systems.  
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4. Tool clamping systems.  

5. Lubrication systems.  

6. Coolant systems.  

7. Hydraulic systems.  

8. Pneumatic systems, and  

9. Chip conveying systems.  

 

FUNCTIONS OF MECHANICAL SYSTEMS.  

 Primary function of the mechanical systems in CNC machines are similar to 

conventional machines.  

 CNC Lathe machine consists of the following sub systems. 

1. Headstock. 

2. Axis assembly.  

3. Tool post, and  

4. Tailstock 

CNC milling machine consists of following sub systems.  

1. Axis assembly.  

2. tool magazine, and  

3. Bed 

 

BEST MAINTENANCE PRACTICES. 

 

 Following are some of the best maintenance practices to be adhered to while 

carrying out maintenance of CNC machines.  

1. Execution of maintenance activities as per TPM (Total Productive 

Maintenance) Chart.  

2. “Solving” the “Cause” of the problem and not the “Symptom” 

3. Use of “Right” tools, fixtures, equipment and spares.  

4. Understanding the accuracy class of bearing, grade of oil and their correct 

specifications.  

5. Understanding the working of the machine tools by studying the manuals, and 

circle diagram supplied by the machine manufacturers.  

6. Use of flow chart/cause and defect diagrams and the breakdown history for 

quick repair and maintenance /trouble shooting.  

7. As far as possible carryout reassembly in a clean room.  

8. When the electrical cabinet is in open position do not allow the machine in the 

running condition.  

9. Do not bypass the interlocks.  

10. Follow proper procedure and communication protocols when reporting 

service/maintenance problems to the service staff of the CNC machine tool 

manufacturing company.  

 

MAINTENANCE TOOLS AND ACCESSORIES REQUIRED DURING CNC MACHINE 

TOOL MAINTENANCE WORK.  

1. Digital millimeters.  

2. Screw Driver, spanner and Allen Keys (Complete Set) 

3. Megger (Insulation tester.) 

4. Standard adapters for clamping the dial indicators while checking out of 

roundness of run of spindle.  

5. Standard mandrels for testing geometrical accuracies/alignment check.  

6. Clip on meter to measure AC/DC current in electrical power cables.  

7. Spare Parts List.  
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a. Contingency spares parts list (Fuses, Belts and standby work holding 

systems.  

b. Regular spare part list (Limited life time items like wiper, relays, soft 

jaws/collets, and other spare for periodic replacements.  

 

DAILY MAINTENANCE CHECK LIST FOR CNC LATHES.  

 

1. Check for proper functioning of the lubrication system during start of the 

machine tool.  

2. Check oil levels of hydraulic pack unit, if necessary fill it fully with the oil of 

correct grade.  

3. Check oil level of central lubrication unit, if necessary top it up fully with the 

oil of the correct specifications.  

4. Check the grease work holding through the grease nipple provided on the 3 

jaw chuck.  

5. Check coolant in the coolant tank, top it up if necessary with the oil of correct 

grade up the level indicated on the right sight glass.  

6. Check hydraulic system pressure and set pressure to 30 kg/sq. cm.  

7. Check the maintain tailstock pressure as per recommendation of the 

manufacturer.  

8. Check the functioning of A/C unit in the panel.  

9. Check for any abnormal noise from the machine (headstock spindle, hydraulic 

system, motor, gear box, turret etc. 

10. Check oil level in the chip conveyor gear box.  

11. Run the machine for warm up at the beginning of the day.  

CAUSES FOR THE FAILURE OF ELECTRONICS SYSTEMS IN THE MACHINE TOOLS.  

1. Dust failing on the electronic components.  

2. Corrosive fumes (coming from coolant interacting with the hot chips) 

3. Oil/Coolant dripping through cables.  

4. Condensation of moisture.  

5. Insects.  

6. Poor Ventilation.  

7. Improper power supply.  

8. Improper earthing.  

9. Loose connections and bare control wirings.  

10. Non conformance to EMI (Electro Magnetic Interference) guidelines.  
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1) PRECAUTION TO BE OBSERVED.  

1. Ensure secure panel and pendant sealing.  

2. Maintain gasket in the good condition.  

3. Ensure proper orientation and direction of the exhaust fans.  

4. Ensure proper sealing at the entry of the cables. 

5. Maintain right temperature of the A/C systems.  

6. Ensure that no insects and pests come near the machine tool. 

7. Ensure periodic cleaning of the filters of A/C Systems.  

8. Ensure periodic tightening of cable connections and avoiding bare wires.  

9. Ensure Guidelines against EMI  (Electro Magnetic Interference) as laid down 

by.  

2) ENSURE PROPER POWER SUPPLY 

1. Ensure proper sequence and connections of isolation transformer, if installed.  

2. Ensure proper rating of generators, if used.  

3. Ensure that surge suppressor are installed on all switching/inductive devices.  

4. Ensure proper rating of protective switchgears as per the recommendation by 

the manufacturer.  

5. Ensure proper rating/cross section of cables as per the recommendation by 

the manufacturer.  

6. Ensure switching sequence as per the recommendation of the manufacturer.  

7. Do not mix, neutral and earth lines/wires.  

ENSURE PROPER EARTHING OF POINTS INDICATED BY THE MACHINE TOOL 

MANUFACTURER.  

1. Do not loop earth wire  between the electronic components.  

2. Ensure proper cross section of the earth wire at all the points.  

3. Ensure the earth resistance at the incoming terminals as less 1 Ohm.  

4. In case, one earthing pit caters to more than one machine, form tree 

structure. 

5. Do not loop earthing between different machines.  
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6. Ensure proper surface, connectors and conductors for connections.  

7. Ensure periodic maintenance of earting pit.  

COMMON REASONS FOR FAILURE AND PREVENTIVE MAINTENANCE. 

1. Ensure prevention of dust and coolant fumes in the control panels and 

pendant.  

2. Ensure proper setting of axis.  

3. Ensure proper selection of motors.  

4. Ensure proper bending/overhanging of connection belts.  

5. Monitor periodically the vibrations on motors.  

DEVIATIONS FROM NORMAL PERFORMANCE IN CNC MACHINES. 

1. Size variation 

2. Taper formation.  

3. ovality (out of roundness or run out) 

4. Surface finish less than desirable.  

5. Decreased tool life.  

6. Stalling of machine tool spindle.  

 

FACTORS LEADING TO SIZE VARIATION.  
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ASPECTS OF SZIE VARIATION 

1. Constant variation from work piece to work piece.  

2. Erratic variation from work piece to work piece.  

3. Sudden variation and the dimensions remaining constant.  

4. Occasional variation.  

 

CAUSES OF CONSTANT VARIATION. 

1. Defective or improper functioning of encoder and coupling.  

2. Slippage/Backlash (Identify and measure the value) 

3. Slippage of coupling or belt.  

4. Variation in coolant flow.  

CAUSES OF ERRATIC VARIATION FROM WORK PIECE TO WORK PIECE. 

• Cutting parameters change.  

• Present of Backlash.  

• Malfunctioning of encoder.  

• Slippage of couplings.  

• Improper turret clamping.  

• Wear out of guide ways 

• Wearout of ball screw bearing.  

• Wearout of ball screw locking nut.  

• Coolant flow not uniform.  

• Not maintaining optimum tailstock pressure.  

• Belt damage.  

• Slippage of spindle belt.  

• Improper selection of coolant/lubricants.  

• Excessive run out of spindle.   
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WHAT IS BACKLASH? 

 It is a deviation from the actual position to the value displayed on the screen or 

simply the difference between physical position and the electronic reading.  

 In the case of rotary encoder, position measurement is indirect unlike a linear 

scale.  

HOW TO IDENTIFY AND MEASURE BACKLASH ? 

1. Mount the dial indicator on turret face and set zero on dial, reverse the axis 

movement and come back to the same point. The dial will  now indicate the 

difference in value which indicate there is a backlash error.  

2. How to compose for the backlash error? 

a. Check for ball screw preloading end nuts.  

b. Adjust belt tension.  

c. Prevent coupling slippage. 

POSSIBLE DEFECTS IN ENCODER OR COUPLING.  

1. encoder coupling is loose.  

2. Motor coupling is loose.  

3. Encoder or axis belt worn out.  

ENCODER-FAILURE MODES. 

1. Missing pulses (rotary incremental encoder) 

2. Loose coupling.  

3. Power cables running parallel with control cables.  

4. Improper shielding of cables.  

5. discontinuities in encoder cables.  

POSSIBLE DEFECTS IN GUIDE WAYS.  

1. Improper flow of lubrication oil.  

2. Wipers damaged.  

3. Chips or dust entry into guideways.  

4. Wearing out of jibs.  

5. Wrong selection of lubrication oil.  

90



 

6. Bellows with cracked openings. 

PROBLEMS RELATED MECHANICAL SYSTEMS IN THE MACHINE.  

(A) NOISE DURING SPINDLE RUNNING.  

Causes are:- 

1. Misalignment of spindle belt.  

2. Belt rubbing with the mounting bracket of the motor.  

3. Misalignment of timer belt puller,.  

4. Slackness of timer belt.  

5. Failure or seizure of spindle bearing.  

6. Failure of encoder assembly bearing.  

7. Bolts of motors mounting and bolts of brackets are loose.  

8. Bell crank lever screw rubbing with spindle.  

9. Spindle pulley and motor pulley face run out or misalignment (always ensure 

that the spindle is run with be balanced tool holders) 

(B) EXCESSIVE SPINDLE RUN OUT.  

Causes are:- 

1. Improper clamping of the test mandrel.  

2. Improper spindle bore  

3. Loosening of flange covers.  

4. Excessive tensioning of spindle belt.  

5. Belt misalignment.  

6. Improper tightening of locknut after reconditioning and fitting.  

7. Improper pull stud used.  

8. Wearing of Collets.  

9. Breakage of tool claming disc springs.  

10. Use of wrong tool holders.  
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CHECKING OF PNEUMATIC SYSTEM.  

1. Check for oil level in the lubrication unit.  

2. Check for the proper air pressure in the regulator.  

3. Check for proper air blast during tool changing.  

4. Check for the moisture in pneumatic line (moisture in pneumatic lines should 

be avoided.) 

5. Air leakage (this may be due to clogging of filters) 
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Control Circuits and Symbols

Control Control, as it relates to machines and processes, is a broad term 
that means anything from a simple toggle switch to a complex 
system.

Control is considered to be manually operated when someone 
must initiate an action for the circuit to operate. For example, 
someone might have to flip the switch of a manual starter to 
start and stop a motor.

Although manual operation of machines is still common, many 
machines are controlled automatically or with a combination 
of manual and automatic control. For example, a machine 
that is started manually may stop automatically when certain 
conditions are met.

Control Components While many control components are used in circuits that involve 
motors, control components are also used with a variety of 
other equipment. Various types of control components are 
used for switching, starting, protecting, detecting, monitoring, 
communicating, and other functions. The full range of these 
capabilities is beyond the scope of this course, but examples of 
devices that perform these functions are discussed throughout 
this course.
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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 or networked 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.

Before discussing specific control devices; however, it is 
important to understand some basic symbols and diagrams. The 
symbols and diagrams described in this course are commonly 
used in North America. Other types of symbols and diagrams are 
also used.

Contact Symbols Various devices incorporate contacts to control the flow of 
current to other control components. When in operation, a 
contact may 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). 

NO 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. 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
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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

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
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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 Closed
Switch

Normally Open
Switch  

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

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
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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.

NO NC

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

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
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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.

Coil Associaed
Contacts

Coil Associaed
Contacts

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.
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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.

Thermal
Overload

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. 

Red
Indicator Light

Amber
Indicator Light

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.
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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 correctly 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 Connection Correct 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. 

Pushbutton 1

Pushbutton 2

Pilot
Light

L1 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.

L1 L2

Pushbutton 1 Pushbutton 2
Pilot
Light

Line Numbering Because line diagrams often have multiple lines, the lines are 
often 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.

Pushbutton 1

Pushbutton 2

Switch 1

Pilot Light 1

Pilot Light 1

Contactor OL

1

2

3

4

L1 L2

17106



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.

Conductor

Insulator

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 W

= 10 A I =
240 V

0.024 W
= 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. 
To understand this better, 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, 
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.
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Manual Control

As the name implies, manual controls are devices operated 
by hand. A simple knife switch, like the one shown in the 
following illustration, was the first manual-control device 
used to start and stop motors. The knife switch was eventually 
replaced with improved control designs such as manual and 
magnetic starters.

From Power Source

To Motor

In addition to turning a motor on and off, a motor control 
device may also provide overload protection for the motor. To 
accomplish these tasks, manual starters combine a manual 
contactor or switch mechanism and an overload protection 
device.

 The following diagram illustrates a single-pole manual motor 
starter. Each set of contacts is called a pole. A starter with two 
sets of contacts is called a two-pole starter. 

Overload Protection
Stationary Contacts

Moveable Contracts

Power Source

To Motor

Operating Lever

Switch in “OFF” Position Switch in “ON” Position

Power Source

To Motor
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Starters are connected between the power source and the load. 
In the following example, a two-pole or single-phase motor 
starter is connected to a motor. When the switch is in the “OFF” 
position, the contacts are open, preventing current flow to the 
motor from the power source. When the switch is in the “ON” 
position, the contacts are closed, and current flows from the 
power source (L1), through the motor, then returning to the 
power source (L2). 

L2

L1

T2

T1

This is represented with a line drawing like the one shown in the 
following illustration.
 

Some manual motor starters offer low-voltage protection (LVP) 
as an option. LVP automatically removes power from the motor 
when incoming power drops or is interrupted.

 An LVP starter must be manually reset when power is restored. 
This protects personnel from potential injury caused by 
machinery that would otherwise automatically restart when 
power is restored.
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Siemens Manual Starters  Siemens SMF fractional-horsepower starters provide
and Switches overload protection and manual “ON/OFF” control for small 

motors. SMF starters are available in one-pole or two-pole 
versions suitable for AC motors up to 1 HP and 277 VAC. The 
two-pole version is suitable for DC motors up to 3/4 HP and 
230  VDC. A melting-alloy type overload relay is used for 
overload protection. SMF manual starters are available in a 
variety of enclosures. A two-speed version is also available. 

Two-Pole Manual Starter

Siemens MMS and MRS switches are similar to SMF starters, 
but do not provide overload protection. MMS and MRS switches 
only provide manual “ON/OFF” control of DC and single-phase or 
three-phase AC motors where overload protection is provided 
separately. These devices are suitable for use with three-phase 
AC motors up to 10 HP and 600 VAC and up to 1-1/2 HP and 
230 VDC. The MMS and MRS manual switches are available in 
various enclosures. Two-speed and reversing versions are also 
available.

Three-Pole Manual Switch
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Siemens Class 11 across-the-line manual starters and 
switches provide control for machinery where remote start and 
stop control is not required. 

Class 11 - 3RV manual starters are used for single-phase and 
three-phase motors up to 15 HP at 460 VAC and have bimetallic 
heater elements that provide class 10 overload protection. These 
starters have ambient temperature compensation. A built-in 
differential trip bar reduces tripping time in the event of a phase 
loss condition.

Class 11 - 3RV switches provide control where overload 
protection is not required or is provided separately.

Class 11 - 3RV controllers are available with low voltage 
protection, which automatically opens the power poles when 
the voltage drops or power is interrupted. They are available in 
an open style (without enclosure), in a NEMA 1 general purpose 
enclosure, and in a NEMA 7 & 9 or NEMA 3 & 4/NEMA 7 & 9 
enclosure (for hazardous locations).

Open Type
Starter

NEMA 1 Enclosure

NEMA 7 & 9
Class I Group C &D

Class II Group E, F & G

NEMA 3 & 4, NEMA 7 & 9
Class I Group C &D

Class II Group E, F & G

START

STOP
RESET

START

STOP
RESET
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Motor Starter Protectors Motor starter protector (MSP) is a name used in the U.S. and 
some other countries to identify a type of component that is 
referred to in International Electrotechnical Commission (IEC) 
standards as a circuit breaker. Siemens 3RV MSPs are part of the 
SIRIUS modular system of control products described throughout 
this course. 

3RV1 Motor Starter Protectors feature a manual on/off switch, 
a Class 10 adjustable thermal overload relay (Class 20 available 
in the two largest frame sizes), and magnetic trip elements for 
short circuit protection.

3RV1 MSPs are UL listed as manual motor controllers per UL 508, 
making them appropriate for manual starting and stopping 
applications where upstream short-circuit protection is provided. 
3RV102, 3RV103, and 3RV104 MSPs can be used as Type E self-
protected manual combination starters per UL 508 (3RV102 and 
3RV104 require additional terminal adapters) or as components 
in group installation per NEC 430-53(C) to turn motors on and 
off.

3RV2 MSPs are available in sizes S00 and S0 up to 40 A with 
screw-type, spring-loaded, or ring cable lug connections. 
3RV2 MSPs are part of the SIRIUS Innovations addition to the 
SIRIUS modular system as discussed later in this course. Among 
other advantages, 3RV2 motor starter protectors have 5 to 10 
percent lower power losses than previous models thanks to new 
bimetal technology. This plays an important role in reducing the 
temperature within the control cabinet.

Spring-loaded Terminals Screw-type Terminals

3RV2 Motor Starter Protectors
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Magnetic Contactors

NEMA and IEC Contactors 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.

NEMA Contactor IEC Contactor

Like many other control components, contactors are most 
often manufactured to specifications provided either by the 
National Electrical Manufacturer’s Association (NEMA) or the 
International Electrotechnical Commission (IEC).
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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)

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. 
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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

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.
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Review 3
1. With an increase in current, heat ________.

2. Excessive current is referred to as ________.

3. An ________ occurs when too many devices are 
connected to a circuit or when electrical equipment is 
made to work beyond its rated capabilities.

4. Some manual motor starters offer ________ protection 
which automatically removes power from the motor 
when incoming power drops or is interrupted.

5. Siemens ________ fractional horsepower starters 
provide overload protection and manual on/off control 
for small motors.

6. Siemens ________ and ________ switches provide 
manual on/off control of DC and single-phase or three-
phase AC motors where overload protection is provided 
separately.

7. _________ is a name given in the U.S. and some other 
countries to a type of IEC circuit breaker that is used for 
manual motor control.

8. ________ are used to remotely start and stop motors or 
control the distribution of power in lighting and heating 
applications.

30119



Overload Relays

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.

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. 
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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

Thermal Overload Relays Thermal overload relays, also called bimetal overload relays, 
use a bimetallic strip to sense an overload condition. A thermal 
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.

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. 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

To Power CircuitMotor

Heater Element

Bimetalic Strip

Trip Mechanism

To Control Circuit

Normal Current Flow
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Some thermal 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.

Ambient Temperature In some applications, a motor is installed in a location with a
Compensation 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. 

Ambient compensated thermal overload relays are designed 
to overcome this problem. These overload relays use a 
compensated bimetallic strip along with a primary bimetallic 
strip. As the ambient temperature changes, both bimetallic 
strips bend equally and the overload relay does not trip. 
However, because current flow through the motor and the 
heater element affects only the primary bimetallic strip, the 
primary bimetallic strip will bend sufficiently to trip the overload 
relay if an overload occurs.

The compensating bimetalic strip bends
as ambient temperature increases. This
prevents a nuisance overload trip.

Motor To Power Circuit

Heater Element

Primary
Bimetalic
Strip

To Control
Circuit

Compensated Overload Relay

Siemens Class 48 ambient compensated thermal overload 
relays are available in single-pole or three-pole designs and can 
be set for manual or self-resetting operation. An adjustment 
dial allows the full load ampere (FLA) trip setting to be adjusted 
by ±15%. A manual test button is provided to test the operation 
of the overload relay control contacts.
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The ambient compensated thermal overload relay heater 
elements are available with either class 10 or 20 ratings. A 
normally open or normally closed auxiliary contact is available 
as an option.

Automatic/Manual
Reset Selection

+15% of FLA Adjustment

Test Button

Reset Button

Siemens SIRIUS 3RU thermal overload relays are available in 
single-phase and three-phase designs. They feature a Class 10 
trip, manual or automatic reset selection, adjustable current 
settings, ambient temperature compensation, and a differential 
trip bar that causes the unit to trip faster in the event of a phase 
loss.

 SIRIUS 3RU overload relays include a normally closed auxiliary 
contact for de-energizing the contactor and a normally open 
auxiliary contact for signaling an overload trip. Pressing the 
STOP button momentarily opens the normally closed contact 
without affecting the normally open contact. The switch-
position indicator incorporates a Test function which, when 
activated, simulates a tripped overload relay by activating both 
auxiliary contacts and displaying the switch position.

SIRIUS 3RU1 thermal overload relays are available with current 
ratings up to 100 A. SIRIUS 3RU2 thermal overload relays are 
part of the SIRIUS Innovations addition to the SIRIUS modular 
system as discussed later in this course and are available with 
current ratings up to 40 A.

STOP button

Manual/Automatic
Reset Selector

Position Switch Indicator
and Test Function

Motor Current Selector

SIRIUS 3RU2 Thermal Overload Relay
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Electronic Overload Relays Electronic overload relays are another option for motor 
protection. The features of electronic overload relays vary, 
but there are a few common advantages. One advantage of 
electronic overload relays is that they do not require heaters. 
This eliminates the need to stock multiple heaters to match 
motor ratings. This heaterless design also allows electronic 
relays to be insensitive to the ambient temperature, minimizing 
nuisance tripping.

 In addition, unlike some thermal overload relays, most electronic 
overload relays can detect a power phase loss and disconnect 
the motor from the power source. This is an important 
advantage because, without phase lose protection, loss of a 
power phase can quickly result in damaged motor windings. 

Like other electronic overload relays, ESP200 electronic 
overload relays eliminate the need for heaters. Instead of 
installing a heater, a dial on the overload relay is set to the 
motor’s full-load ampere (FLA) rating.

Class 48 ESP200 electronic overload relays, like the one 
shown below, have two dual in-line package (DIP) switches 
accessible from the front that simplify the trip class selection of 
any of four trip classes (5, 10, 20, and 30). 

Additional DIP switches provide on or off settings for phase 
unbalance, phase loss, or ground fault detection as well as 
selection of manual or automatic reset. Also accessible from 
the front are the RESET button, for use when manual reset 
is selected, and the TEST button, that triggers a complete 
electronic functions test. One normally open auxiliary contact 
and one normally closed auxiliary contact are standard.

ESP200

TRIP CLASS

PHASE UNBAL ON

PHASE LOSS ON

RESET MODE MAN.

GROUND FAULT ON

5
10

20
30

TESTFULL  LOAD  AMPS

RESET

OFF

OFF

OFF

AUTO

Current Adjustment Dial Reset Button Test Button

DIP Switches
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In addition to Class 48 ESP200, two other types of ESP200 
electronic overload relays are available. 958 ESP200 electronic 
overload relays are specifically designed for sealed compressors 
and artificially-cooled motors. 958L electronic overload 
relays are specifically designed for the oil market and pumping 
applications with a precise trip curve.

SIRIUS is the Siemens modular system of control components 
designed to IEC specifications. SIRIUS 3RB20/21 electronic 
overload relays are available with current ratings up to 630 A. 
SIRUIS 3RB30/31 electronic overload relays are part of the 
SIRIUS Innovations addition to the SIRIUS modular system and 
are available with current ratings up to 40 A.

SIRIUS 3RB20 and 3RB30 electronic overload relays come 
with a class 10 or 20 trip and feature manual or automatic 
reset, adjustable current settings, and ambient temperature 
compensation. A normally closed auxiliary contact for de-
energizing the contactor and a normally open auxiliary contact 
for signaling an overload trip are included.

Pressing the STOP button momentarily, opens the normally 
closed contact without affecting the normally open contact. The 
switch-position indicator incorporates a TEST function which, 
when activated, simulates a tripped overload relay by actuating 
both auxiliary contacts and displaying the switch position.

SIRIUS 3RB21 and 3RB31 electronic overload relays have similar 
features to SIRIUS 3RB20 and 3RB30 overload relays, but allow 
the trip class to be set from 5 to 30 and have a ground fault 
detection function that can be enabled.

3RB31 Electronic Overload Relay

Motor Current Selector

Manual or Automatic
Reset Selector

Reset Button

Trip Class and
Ground Fault Detection
Selector

Position Switch Indicator
and Test Function
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SIRIUS 3RB22/23 electronic overload relays are available with 
current ratings up to 630 A (up 820 A with an optional module). 
These overload relays provide trip class adjustments from class 
5 to 30 and ground fault, phase imbalance, and phase loss 
protection. Motor current is continuously monitored in each 
phase.

Two auxiliary contacts, one normally open and one normally 
closed, are switched in the event of an overload, phase 
imbalance, or phase loss. One additional set of auxiliary 
contacts, one normally open and one normally closed, are 
switched without time delay in the event of a ground fault.

In addition to sensing current, SIRIUS 3RB22/23 overload relays 
directly sense motor winding temperature via a thermistor 
sensor. With an additional AS-Interface analog module, 
3RB22/23 overload relays can communicate via the AS-Interface 
bus, described later in this course, to share operational data, 
diagnostics, and parameter settings with a PLC or other control 
system. 

SIRIUS 3RB24 electronic overload relay has similar features 
to SIRIUS 3RB22/23 electronic overload relays, but has IO-Link 
communication capability (described later in this course), which 
is ideal for use in a limited area, such as a control cabinet.

Current Transformer

Optional Operator Panel

3RB24 Electronic Overload Relay

Manual or Automatic
Reset Selector

Motor Current and
Trip Class Setting

Test/Reset Button
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Current Monitoring Relays SIRIUS 3RR2 current monitoring relays are part of the SIRIUS 
Innovations addition to the SIRIUS modular system and are 
available with current ratings up to 40 A.

Although a SIRIUS 3RR2 current monitoring relay monitors motor 
current and can be directly mounted to a SIRIUS 3RT2 contactor 
in place of an overload relay, it provides more than motor 
protection. Because variations in motor current can indicate a 
variety of machine or process problems, SIRIUS 3RR2 current 
monitoring relays provide a means for direct monitoring and 
protection of the application and can be very helpful in reducing 
system downtime and maintenance expense. 

SIRIUS 3RR2 current monitoring relays are available in 
two versions. 3RR21 is a two-phase, basic version with 
potentiomenters for setting parameters such as on-delay 
time, tripping delay time, current overshoot or undershoot 
threasholds. 3RR22 is a three-phase version with a display for 
setting parameters and viewing actual values and diagnostic 
information. 

3RV2
Motor
Starter

Protector 

3RT2
Contactor

3RR2
Current

Monitoring
Relay

3RR22 3RR21

Current Monitoring Relays
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SIMOCODE pro Motor SIMOCODE pro is an alternative approach to use of overload
Management System relays or current monitoring relays. SIMOCODE pro is a 

flexible, modular motor management system that provides 
multifunctional, solid-state protection for constant speed 
motors. SIMOCODE pro implements all motor protection 
and control functions; provides for tracking of operational, 
diagnostic, and statistical data; and communicates with the 
automation system via PROFIBUS DP.

SIMOCODE pro C is a compact, economical system for full-
voltage forward and reversing starters. Each SIMOCODE pro C 
includes a basic unit connected by a single cable to a current 
measuring module. An optional operator panel may also be 
connected to the basic unit. 

SIMOCODE pro V is a variable system with an even greater 
range of functions. In addition to a basic unit, it can include 
either a current measuring module or a combination current/
voltage measuring module, up to five expansion modules, and 
an optional operator panel (with or without display). Expansion 
modules are available for discrete input/output, analog input/
output, ground fault detection, and temperature sensing.

SIMOCODE pro C Motor Management System

SIMOCODE pro V Motor Management System
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Review 4
1. A class ________ overload relay will trip and remove 

power from an overloaded motor within 10 seconds at 
six times full-load current.

2. A ________ overload relay, also called a ________ 
overload relay incorporates a small heater element 
wired in series with the motor and a bimetallic strip that 
functions as a trip lever.

3.  If an overload relay trips, it can be ________ after the 
overload has been removed.

4. Siemens Class 48 and SIRIUS ________ thermal overload 
relays provide ambient temperature compensation.

5. Electronic overload relays provide overload protection 
without the use of ________ and can also provide

 ________ protection.

6. Siemens ________ electronic overload relays have DIP 
switches on the front for setting trip class or selecting 
manual or automatic reset and phase unbalance, phase 
loss, and ground fault detection.

7. SIRIUS ________ and ________ electronic overload 
relays have similar features to SIRIUS 3RB20 and 3RB30 
overload relays, but allow the trip class to be set from 5 
to 30 and have a ground fault detection function that 
can be enabled.

8. SIRIUS 3RB24 electronic overload relay has similar 
features to SIRIUS 3RB22/23 electronic overload relays, 
but has ________ communication capability.

9.  Although a SIRIUS ________ current monitoring relay 
monitors motor current and can be directly mounted to 
a SIRIUS 3RT2 contactor in place of an overload relay, it 
provides more than motor protection.

10. ________ is a flexible, modular motor management 
system that provides multifunctional, solid-state 
protection for constant speed motors.
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NEMA Starters

Motor Starter Contactors and overload relays are separate control devices. 
When a contactor is combined with an overload relay, it is called 
a motor starter.

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

NEMA Starter

Motor starters manufactured to NEMA specifications are referred 
to as NEMA starters. Starters manufactured to IEC standards 
are discussed later in this course. Siemens offers both types of 
starters and associated components.

When a starter’s contactor is set up to supply the full line voltage 
to a motor it is called a full-voltage, across-the-line, or direct 
motor starter.

As discussed later in this course, some starters are capable of 
reversing motor direction, controlling the starting voltage, or 
controlling two speed motors. However, the most common 
type of motor starter is designed to turn a motor on and off and 
provide overload protection. The overload relay used may be a 
thermal overload relay or an electronic overload relay.
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The following diagram shows the electrical relationship of a 
contactor and an overload relay in a full-voltage motor starter 
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 with 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.
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The National Electrical Manufacturers Association (NEMA) 
and the International Electrotechnical Commission (IEC) are 
two organizations that provide ratings for contactors, motor 
starters, and other types of control components. NEMA is 
primarily associated with equipment used in North America. IEC 
is associated with equipment sold in many countries worldwide, 
including the United States. International trade agreements, 
market globalization, and domestic and foreign competition 
have made it important to be increasingly aware of international 
standards. 

NEMA Ratings Contactors and motor starters are rated according to size and
the type of load they are designed to handle. NEMA ratings 
are based on maximum horsepower ratings as specified in 
the NEMA ICS2 standards. NEMA starters and contactors are 
selected according to their NEMA size, from size 00 to size 9.

NEMA 
Size

Continuous 
Amp Rating

HP 
230 VAC

HP 
460 VAC

00 9 1 2

0 18 3 5

1 27 5 10

2 45 15 25

3 90 30 50

4 135 50 100

5 270 100 200

6 540 200 400

7 810 300 600

8 1215 450 900

9 2250 800 1600

NEMA motor control devices have generally become known 
for their very rugged, heavy-duty construction. NEMA motor 
starters and contactors can be used in virtually any application 
at their stated rating, from simple on and off applications 
to more demanding applications that include plugging and 
jogging. To select a NEMA motor starter for a particular motor, 
you only need to know the horsepower and voltage of the 
motor. However, if there is considerable plugging and jogging 
duty involved, even a NEMA-rated device will require some 
derating. 
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Siemens also has what are called Half Sizes available on some 
Siemens motor starters. The ratings for these devices fall in 
between the ratings of normal NEMA sizes, allowing the user to 
more closely match the motor control to the actual application. 
Half Sizes are beneficial because they cost less than larger NEMA 
size starters. The following table shows the Half Sizes available.

MM Size Continuous 
Amp Rating

HP 
230 VAC

HP 
460 VAC

1¾ 40 10 15

2½ 60 20 30

3½ 115 40 75

Class 14 NEMA Starters  Class 14 NEMA starters with ambient-compensated bimetal 
overload relays are available up to 100 HP at 460 VAC (NEMA 
sizes 00 through 4). In addition to whole sizes, this range 
includes 1¾, 2½, and 3½ sizes. These starters are available with 
class 10 or 20 ambient-compensated bimetal overload relays.

Ambient Compensated
Bimetalic Overload Relay

Contactor

Class 14 ESP200 starters use the same contactors as Class 14 
NEMA starters equipped with bimetal overload relays (for NEMA 
sizes 00 through 4), but are supplied with an ESP200 solid-state 
overload relay. In addition, these starters are available with 
contactors up to and including NEMA size 8.
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The ESP200 overload relay provides users with the specific level 
of protection they desire. For example, the trip class (5, 10, 
20, or 30) is set using DIP switches on the front of the unit and 
the full-load ampere (FLA) dial allows for a wide range (4:1) of 
adjustment.

Contactor

ESP200 Solid-State
Overload Relay

COIL NO. 110 V
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PHASE LOSS ON

RESET MODE MAN.
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As previously mentioned, 958 and 958L ESP200 solid state 
overload relays are also available for specialized applications.

Reversing Starters Many applications require a motor to run in either direction, 
forward or reverse. The direction of motor rotation is changed 
by changing the direction of current flow through the windings. 
This is done for a three-phase motor by reversing any two of the 
three motor leads. Most often, T1 and T3 are reversed.

 The following illustration shows a three-phase motor reversing 
circuit with one set of forward (F) contacts controlled by the “F” 
contactor and one set of reverse (R) contacts controlled by the 
“R” contactor. 
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When the “F” contacts close, current flows through the motor 
causing it to turn in a clockwise direction. 

When the “F” contacts open and the “R” contacts close, current 
flows through the motor in the opposite direction, causing it 
to rotate in a counterclockwise direction. Mechanical interlocks 
prevent both forward and reverse circuits from being energized 
at the same time.

Siemens offers Class 22 reversing starters in NEMA sizes 00 
through 8, including Siemens Half Sizes. Both ESP100 solid-state 
and ambient-compensated bimetal overload relays are available.

Siemens offers Class 43 reversing contactors in NEMA sizes 00 
through 8, including Siemens half-sizes. 

Siemens also offers IEC reversing starters as described later in 
this course. 
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Two-Speed Heavy Duty The synchronous speed of a three-phase induction motor is a
Starters function of the supply frequency and the number of poles. This 

speed is the rate in RPMs for the motor’s rotating magnetic field.

Synchronous Speed in RPM =
120 x Fequency
Number or Poles

For example, a motor with four poles on a 60 hertz AC line has a 
synchronous speed of 1800 RPM.

Synchronous Speed =
120 x 60 Hz

4
= 1800 RPM

For a three-phase induction motor, actual rotor speed is always 
less than synchronous speed due to slip. The design of the 
motor and the amount of load applied determine the percentage 
of slip. For example, a NEMA B motor with a synchronous speed 
of 1800 RPM will typically have a full-load speed of 1650 to 
1750 RPM.

When motors are required to run at different speeds, the 
motor’s characteristics vary with speed. Therefore, proper motor 
selection and application is critical. There are three categories of 
multi-speed applications: constant torque, variable torque, and 
constant horsepower.

Constant Torque (CT) applications require constant torque at 
all speeds. Horsepower varies directly with speed. For example, 
many conveyor applications require constant torque.

Variable Torque (VT) applications often have load torques 
proportional to the square of the speed. Fans, blowers, and 
centrifugal pumps are examples of variable torque applications.

Constant Horsepower (CHP) applications maintain constant 
horsepower at all speeds, with torque varying inversely with 
speed. Many metal-working machines such as drills, lathes, 
mills, bending machines, punch presses, and power wrenches 
are examples of constant horsepower applications.

Two types of induction motors that provide for two-speed 
control using magnetic starters are separate winding motors 
and consequent pole motors. Consequent pole motors 
with two speeds on a single winding require a starter which 
reconnects the motor leads to half the number of effective 
motor poles for high speed operation. For this type of motor, the 
low speed is one half the high speed.
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Separate winding motors have a winding for each speed and 
provide more varied speed combinations because the low speed 
need not be one half the high speed. Starters for separate 
winding motors consist of a starter unit for each speed.

Siemens offers Class 30 two-speed heavy duty starters 
for separate-winding and consequent-pole motors used in 
constant torque, variable torque, and constant horsepower 
applications. Starters are available in NEMA sizes 0 through 4, 
including Siemens Half Sizes. Overload protection is furnished 
either with  ESP200 electronic overload relays or ambient-
compensated thermal overload relays. Siemens also offers Class 
32 combination two speed heavy duty starters.

Two Speed Heavy Duty Starter
with ESP200 Electronic Overload Relays

Combination Starters Combination starters incorporate a motor starter, short circuit 
protection, and a means to safely disconnect power. Siemens 
offers a variety of enclosed combination starters and non-
combination starters with NEMA components in a full range of 
enclosure types.

Fusible
Disconnect
Switch

Motor Starter

Class 17 Combination Starter
in Type 1 Enclosure

NEMA Enclosed Starters
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Duplex Motor Controllers Duplex motor controllers consist of two motor starters in a 
common enclosure. Siemens duplex motor controllers are 
specifically designed for industrial and commercial applications 
that require duplex controls such as for dual pumps or blowers. 
Siemens Class 83 is a non-combination duplex motor 
controller. Siemens Class 84 is a combination duplex motor 
controller with two separate disconnects or circuit breakers.

Full-Voltage Starting The motor starters discussed thus far have all been full-voltage 
starters. This is the most common type of motor starter because 
the initial component cost is low. A full-voltage starter is also 
referred to an as across-the-line starter because it starts the 
motor by applying the full line voltage.

When a motor is started with full voltage, starting current can be 
as high as 600% of full-load current for a standard  three-phase 
induction motors and as high as 1200% of full-load current for 
high efficiency motors. This high starting current causes power 
fluctuations that affect other equipment. As a result, many 
power companies require reduced-voltage starting for large-
horsepower motors.
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Another potential problem with full-voltage starting is the high 
torque developed when power is first applied to the motor. As 
shown in the speed-torque curve for a NEMA B motor, the initial 
torque, also called locked rotor torque, is typically around 150 
percent of full-load torque. Additionally, the torque can rise 
as high as 175 to 200 percent of full-load torque as the motor 
accelerates to rated speed. 

Many applications require the starting torque to be applied 
gradually. For example, a belt-type conveyor application often 
requires the starting torque to be applied gradually to prevent 
belt slipping and bunching. Also, in any application that involves 
frequent starts, the higher initial starting torque, over time, 
results in higher maintenance costs due to repeated mechanical 
shock. 

Reduced-Voltage Starting As the name implies, reduced-voltage starting involves 
starting a motor at less than its full voltage rating and then 
increasing the voltage as the motor comes up to speed. 
Reduced-voltage starting is used when it is necessary to limit 
the starting current and/or starting torque of a motor. Several 
methods are available for reduced-voltage starting. 

Siemens offers the following types of reduced-voltage starters 
with NEMA components: autotransformer starters, part-
winding starters, and wye-delta starters. Siemens also offers 
wye-delta starters and soft starters with IEC components as 
described later in this course.
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Autotransformer Starters One of the more basic types of reduce-voltage starters is the 
autotransformer reduced voltage starter. Autotransformer 
reduced-voltage starters provide a high starting torque per 
ampere of line current and are typically used for applications 
where starting current must be reduced while retaining good 
starting torque.

Autotransformers have adjustable taps to set the reduced 
starting voltage as a percentage of the full-line voltage.

Common applications for autotransformer reduced-voltage 
starters include: crushers, fans, conveyors, compressors, and 
mixers.

Open
Close

L1

L2

L3

 

Siemens offers autotransformer starters as Class 36 non-
combination starters and Class 37 combination starters with 
a fusible or non-fusible disconnect or circuit breaker.

Part-Winding Starters Part-winding reduced-voltage starters are used with motors 
which have two separate parallel windings on the stator. One 
magnetic starter engages the first set of windings when the 
motor is started. These windings draw about 65 to 85% of the 
rated locked rotor current. After a set time, a second magnetic 
starter energizes and places the second set of windings in 
parallel with the first.
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Part winding reduced-voltage starters are the least expensive 
type of reduced-voltage starters and use a simplified control 
circuit. However, they require a special motor design, are not 
suitable for high-inertia loads, and do not have adjustments for 
current or torque.

Siemens offers part winding starters as Class 36 non-
combination starters and Class 37 combination starters with 
a fusible or non-fusible disconnect or circuit breaker.

Wye-Delta Starters Wye-delta reduced voltage starters are applicable only for 
motors with stator windings not connected internally and all six 
motor leads available for external connections.

Connected in a wye configuration, the motor starts with a 
significantly lower inrush current than if the motor windings had 
been connected in a delta configuration. After a set time, starter 
contacts change state to connect the stator windings in a delta 
configuration. This increases the voltage applied across each 
stator winding. 

1

2

L3

4

5

6

7

8
9

To Start:  Close 1, 2, 3, 4, 5, 6 To Run:  Open 4, 5, 6
Close 7, 8, 9

MotorL1

L2

3

Open 7, 8, 9

This type of starter is a good choice for applications that require 
frequent starts, low starting torque, or long accelerating times.

Siemens offers wye-delta starters as Class 36 non-combination 
starters and Class 37 combination starters with a fusible or 
non-fusible disconnect or circuit breaker.

Pump Control Panels Pump controllers monitor flow and/or level variables and control 
a pump to maintain the desired values. Pump control can involve 
simply turning a pump on and off or can include more advanced 
controls for pump speed, output pressure, etc.

Siemens pump control panels are factory wired to simplify 
installation, provide flexible control, and protect against 
short circuits and overloads. Ample space is provided for field 
modifications and installation of accessories. 
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Siemens offers pump control panels as Class 87 full voltage 
and vacuum starters as well as Class 88 autotransformer 
starters, part-winding starters, and wye-delta starters.

Review 5
1. When a contactor is combined with an overload relay, it 

is called a ________.

2. ________ and ________ are two organizations that 
provide ratings for control components.

3. A NEMA size ________ contactor is rated for 200 HP at 
460 VAC.

4. A Siemens Half Size 2½ contactor is rated for ______ HP 
at 230 VAC.

5. A reversing starter reverses motor direction by switching 
________ motor leads.

6. Siemens offers Class 30 two-speed heavy duty starters 
for ________ and ________ motors.

7. ________ starters incorporate a motor starter, short-
circuit protection, and a means to safely disconnect 
power.

8. ________ reduced voltage starters are applicable 
only for motors with stator windings not connected 
internally and all six leads available for external 
connections.
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IEC Starters

SIRIUS Modular System The SIRIUS modular system includes a complete range of 
industrial control components designed to IEC specifications 
for use in switching, starting, protecting, and monitoring of 
systems and motors. Examples of some of these components 
are shown in the following graphic, which displays a structured 
range of motor starters, MSPs, contactors, and overload relays 
in seven compact frame sizes. These frame sizes are referred 
to as S00, S0, S2, S3, S6, S10, and S12. SIRIUS Innovations 
additions to the SIRIUS system, shown outlined in black in 
the following graphic, further enhance the capabilities of this 
system.

A feature of the SIRIUS system is the narrow mounting width. 
Along with the ability of SIRIUS components to operate at 
ambient temperatures up to 140

o
 F (60

o
 C), this allows more 

units to be packed into a panel without overheating the 
components.
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Among the many additional advantages of the SIRIUS system 
is the significant reduction in wiring cost made possible by 
plug-in connections and the use of IO-Link or AS-Interface 
communications.

SIRIUS Innovations The SIRIUS Innovations additions to the SIRIUS modular system 
result from a complete redesign of size S00 and S0 components, 
which extends the continuous current range (up to 40 A for S0) 
while maintaining a 45 mm footprint.

This redesign incorporated many features which reduce heat 
generation, required panel space, and the time required to 
configure, assemble, and test a control system. One example 
of the many time saving system enhancements is the increased 
use of spring-loaded terminals in both the power and control 
circuits. In addition to reducing assembly time, these spring-
loaded terminals provide gas-tight connections resistant to 
shock and vibration.

While spring-loaded terminals are desired by many customers, 
some customers prefer screw terminals. In addition, customers 
purchasing components for railway and oil and gas applications 
often require ring lug terminals. As a result, many SIRIUS 
Innovations components are available with any of these three 
terminal types.

SIRIUS contactor with
screw terminals SIRIUS contactor with

spring-loaded  terminals

SIRIUS contactor with
ring lug  terminals
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Easy Assembly The SIRIUS modular system is a flexible system of electrically and 
mechanically matched components that can be easily assembled 
to create load feeders. In addition, pre-assembled load feeders 
are also available.

For example, the following graphic shows SIRIUS components 
being assembled using the 3RV29 infeed system. Both the 
3RV29 infeed system and 3RA6 infeed system (shown later) are 
available with either screw or spring-loaded terminals.

1
2
3a

4
5
6

3b 7

3-phase busbar with infeed
3-phase busbar for system expansion
Expansion plug 
Extra-wide expansion plug

End cover
Plug-in connector
Contactor base
Terminal block

To further simplify assembly, Siemens also offers SIRIUS 3RA2 
pre-assembled starters (with screw terminals only) and SIRIUS 
3RA6 compact starters.
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Fast Bus Multi-Motor  Additional approaches applicable for control panels include
Control System busbar adapters for use with Siemens Fast Bus Multi-Motor 

Control System.

Fast Bus is a three-phase, insulated busbar system that 
reduces wire connections and hole drilling when building 
control panels.

Fast Bus is not new to Siemens, but due to the narrow 
dimensions of SIRIUS components, more starters can fit on 
the same run of Fast Bus. Components are available for busbar 
center-line spacings of 60 mm.

Link Module

Contactor
Size S00/S0

Screw Terminals

Motor Starter Protector
Size S00/S0

Screw Terminals

60 mm Busbar Adapter
for Screw Terminals

Link Module

Contactor Size S00/S0
Spring-loaded Terminals

Motor Starter Protector
Size S00/S0

Spring-loaded Terminals

60 mm Busbar Adapter
for Spring-loaded Terminals

Fast Bus Multi-Motor Control System

In addition to assembly systems for use in control panels, 
SIRIUS communication options make distributed control easier 
to implement as well.
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SIRIUS Contactors for The SIRIUS modular system includes a wide range of power
Motor Loads contactors in sizes S00 to S12 for switching motors. In addition 

to 3-pole standard contactors, vacuum contactors, coupling 
relays for optimal interfacing with the outputs of controllers, 
various 4-pole power relays, and miniature contactors are also 
available.

3RT2 contactors are part of the SIRIUS Innovations addition to 
the SIRIUS modular system and are available in sizes S00 and S0. 
In addition to being used in full-voltage, non-reversing starters, 
they can be easily configured for use in reversing or wye-delta 
starters. 

S00
S0 S2

S3
S6

S10
S12

3RT Size S00 Contactor
3RT  Size S0 Contactor

Auxiliary contacts can be side mounted on all contactors or 
a front-mounted contact block can be used. Communication 
function modules are also available for use with 3RT2 S0 and 
S00 contactors.

In addition to AC and DC powered versions, an electronic 
UC coil version of the 3RT2 S0 contactor is available. The 
UC contactor version can be controlled using either AC or 
DC voltage with much lower power consumption. 3RT2 S0 
contactors also have a number of features that make wiring 
simpler and neater. In addition to the optional communication 
function modules, this includes front coil terminals, two 
integrated auxiliary contacts (one normally open and one 
normally closed), and a control wiring duct door for routing of 
control wires or inserting surge protection accessories.
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S00 and S0 Contactor Plug-in function modules are available for selected versions
Function Modules of 3RT2 contactors to reduce the control circuit wiring when 

assembling full-voltage, non-reversing; full-voltage, reversing; 
and wye-delta starters.

Function modules for full-voltage, non-reversing starters support 
time-delayed opening/closing of the contactor. Mechanical 
and electrical interlocking is integrated for a reversing starter 
assembly. For a wye-delta assembly, use of function modules 
instead of complex wiring results in a 70 percent reduction in 
wiring in the control circuit and a smaller footprint because the 
timing relay and the coil protection circuit are integrated.

These function modules with starter functions are also available 
with connections for AS-Interface or IO-Link communication. 
In addition to the reduction in wiring within the branches, 
interfacing to PLCs is greatly simplified and fewer PLC I/O 
modules are needed. This approach also facilitates plant-wide 
diagnostics down to the contactor level.

These function modules can be used with either the S00 or S0 
size contactor and are available with screw-type or spring-loaded 
terminals.

Function Module
Plug-in Connections3RT201

Size S00
Contactor

3RT202
Size S0

Contactor

Function Module for IO-LinkFunction Module for AS-Interface
AS-Interface

Two-wire Cable
IO-Link

Three-wire Cable

Full-voltage,
Non-reversing

Full-Voltage,
Reversing

Wye-Delta
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Solid State Contactors for Some applications require rapid switching of small, 3-phase
Motor Loads motors. For example, conveyor technology or palletizing 

machines may require rapid motor switching to satisfy the 
demands of high-speed material handling systems. In such 
cases, electromechanical contactors may be either unable to 
switch fast enough or unreliable for prolonged use. 

SIRIUS 3RF2 solid state contactors and reversing contactors 
for motor loads are designed to satisfy the demands of these 
rapid switching applications. In addition, they switch quietly 
and are therefore suitable for noise-sensitive environments.

3RF2 solid state contactors and reversing contactors are 
two-phase controlled with instantaneous switching. They 
are embedded in an insulated housing with a width of 
45 mm or 90 mm. For reversing starters, this provides a 
substantial reduction in mounting width over comparable 
electromechanical contactors. 

3RF2 solid state contactors and reversing contactors are 
available with screw type or spring loaded terminals. As part of 
the SIRIUS modular system, they can be easily integrated into 
motor feeders employing other SIRIUS components.

3RF2 solid state contactors for motor loads are rated up to 
5.2 A in a width of 45 mm and up to 16 A in a width of 90 mm, 
allowing motors up to 10 HP (7.5 kW) to be controlled. 3RF2 
solid state reversing contactors with a width of 45 mm can 
switch motors up to 3 HP (2.2 kW) and the 90 mm width design 
can switch motors up to 4 HP (3 kW).

SIRIUS 3RF2 Solid State Contactor
for Motor Loads

SIRIUS 3RF2 Solid State Reversing Contactor
for Motor Loads
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Compact Starters SIRIUS 3RA6 compact starters incorporate a motor starter 
protector, contactor, electronic overload relay, and all the typical 
accessories in one unit for reduced panel space, installation cost, 
and a significant reduction in power dissipation.

Trip class 10 or 20 and automatic or manual reset are selectable 
along with a wide range of motor current settings. Auxiliary 
contacts for signaling an overload or short circuit are integrated 
into the design. An end of service life indicator provides advance 
warning of the need for starter replacement and removable 
terminals allow for quick device changes.

Four mounting options are available: parallel wiring (DIN or 
surface mounted), comb bus bar (DIN or surface mounted), 
3RA6 infeed system (up to 100 A), and Fast Bus.

SIRIUS 3RA6 compact starters can be equipped for IO-Link or AS-
Interface communication.

3RA6 Infeed System Full Voltage,
Reversing

Starter

Equipped for
AS-Inteface

Equipped for IO-Link

Full Voltage,
Non-Reversing

Starter
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Enclosed Starters with SIRIUS M200D is an enclosed (IP65 rated) motor starter with
Communication communication capability that is ideally suited for distributed 

motor control applications such as material handling or 
packaging. Four models of M200D starters are available. Two 
models (Basic and Standard) work with AS-Interface (AS-i). One 
of the remaining models works with PROFIBUS DP and the other 
works with PROFINET.

MD200D starters come in two current ranges (0.15 to 2 A and 
1.5 to 12 A) with a maximum of 7.5 HP. All models include 
a lockable manual disconnect, short-circuit and overload 
protection, and connections for a thermistor to sense motor 
temperature.

Optional selections include mechanical or electronic switching, 
full-voltage non-reversing or reversing operation, and with or 
without local control. The electronic switching versions of all 
models, except AS-Interface Basic, are available with soft starter 
functionality.

M200D AS-i Basic
Model

M200D AS-i Standard
 Model

M200D PROFIBUS
Model

M200D PROFINET
Model

3-Position Keyswitch
(Automatic, Off/Reset, Manual)

Lockable, Manual Disconnect

Keypad for Manual Control

Power Infeed Connections Motor Connections
(Line, Brake, Thermistor)

SIRIUS Soft Starters Solid state, reduced-voltage starters, often called soft 
starters, limit motor starting current and torque by ramping up 
the voltage applied to the motor during the selectable starting 
time. Soft starters accomplish this by gradually increasing 
the portion of the power supply cycle applied to the motor 
windings, a process sometimes referred to as phase control.

Once the start up has completed, SIRIUS soft starters use 
integrated bypass contacts to bypass power switching devices 
(thyristors). This improves efficiency, minimizes heat, and 
reduces stress on these switching devices.
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Some soft starters (such as SIRIUS 3RW40 and 3RW44) also 
allow the phase control process to be applied in reverse when 
the motor is being stopped. This controlled starting and 
stopping significantly reduces stress on connected devices and 
minimizes line voltage fluctuations.

The SIRIUS modular system includes SIRIUS 3RW30 and 3RW40 
soft starters for standard applications and SIRIUS 3RW44 soft 
starters for high feature applications.

SIRIUS 3RW30 and 3RW40 SIRIUS 3RW30 soft starters have an especially compact design
Soft Starters that saves space and easily integrates with other SIRIUS 

components. 3RW30 soft starters are available for supply 
voltages up to 480 VAC and operating current up to 106 A at 
40

o
 C. Potentiometers on the front of the unit provide settings 

for ramp-up time and starting voltage. 

SIRIUS 3RW40 soft starters have all the advantages of 3RW30 
soft starters, but have more features and are available for 
operating current up to 432 A at 40

o
 C. Features include: 

selectable motor overload protection (Class 10, 15, 20), manual 
or remote reset, and optional thermistor motor protection. 
3RW40 soft starters are also equipped with integrated intrinsic 
device protection to prevent thermal overloading of the power 
switching devices (thyristors). Potentiometers on the front of 
the unit provide settings for current limit, starting voltage, and 
ramp-up and ramp-down times.

3RW30 Soft Starters

3RW40 Soft Starters

SIRIUS 3RW44 Soft Starters SIRIUS 3RW44 soft starters make soft starting and stopping 
attractive for demanding applications and combine a high 
degree of functionality and extensive diagnostics. 3RW44 soft 
starters are available for operating current up to 1214 A at 
40

o
 C.
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A backlit display with 4-key operation simplifies the process 
of changing parameters. An RS-232 serial interface is 
provided to communicate with the Soft Starter ES software 
for easy configuration or a display for external operation and 
monitoring.

Additional features include, but are not limited to:
• Motor overload and thermistor protection
• Selectable current limiting
• Multiple starting and stopping/braking modes
• Intrinsic device protection for thyristors
• Optional PROFIBUS DP communication

3RW44  Soft Starters

PROFIBUS DP and  Over time, a number of networks have been developed for use
AS-Interface in industrial applications. Some of these networks, like 

Industrial Ethernet or PROFINET, are intended for higher 
level communication, and others are designed for control 
applications. A network intended to interconnect distributed 
control devices is often referred to as a field bus.

Field buses, like PROFIBUS DP and Actuator-Sensor Interface 
(AS-Interface or AS-i), provide efficient communication 
enabling the use of distributed intelligence.

PROFIBUS DP is an open network that has been adopted by 
many equipment suppliers. With regard to Siemens products, 
PROFIBUS DP is used internal to a tiastar Smart MCC and is also 
used to link many products and systems such as SIMOCODE 
pro C and V motor management systems, SIRIUS 3RW44 soft 
starters, and SIMATIC PLCs.

AS-Interface is an open, low-cost network endorsed by the AS-
International Association that simplifies the interconnection of 
actuators and sensors with controllers. AS-Interface replaces the 
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complex wiring and proprietary interfaces often used for this 
interconnection with only two wires which transfer both data 
and power.

PROFIBUS DP

Industrial Ethernet

SIMATIC S7 PLC

SIMATIC S7
PLC

SIMOCODE pro
Basic Unit AC Drive

SIMATIC
HMI

AC Motors

SIRIUS
3RW44

Soft Starter

DP/AS-i
Link

AC Motors

AS-Interface

Starters

I/Otiastar Smart MCC

AS-Interface and IO-Link AS-Interface allows actuators and sensors distributed 
throughout a system to communicate with an AS-i master and 
through the master to other devices or networks. Each section 
of an AS-i bus includes the AS-i master, an AS-i power supply, 
and up to 62 slave devices over a 100 meter, two-wire cable. 
The length of the cable can be extended to 200 meters with an 
extension plug or repeater and up to a maximum of 600 meters 
with two repeaters and an extension plug.

In contrast, IO-Link is a newer, open communication standard 
developed by the IO-Link research group of the PROFIBUS 
& PROFINET International organization in response to the 
need for a simple, low-cost way to allow actuator and sensor 
communication in a more concentrated area, such for a control 
panel or individual machine.
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IO-Link is a point-to-point system, not a field bus. It uses 
a three-wire cable, 24 VDC power supply, and an IO-Link 
master. Up to 16 devices per master are allowed, depending 
on the number of ports on the master. The maximum distance 
between the master and an actuator or sensor is 20 meters. 
An IO-Link master, such as the SIRIUS 4SI electronic module 
for SIMATIC ET 200S, allows IO-Link devices to be incorporated 
into a PLC control scheme with communication to higher level 
networks.

Siemens extensive array of IO-Link compatible devices, 
combined with the low cost and ease of application for IO-Link, 
makes more extensive actuator-sensor communication practical 
and drives down the life-cycle costs for machines and systems 
implemented using IO-Link.

AS-Interface

DP/AS-I Link ET200S with
IO-Link Master

IO-Link Cables to
Actuators and Sensors

SIMATIC S7 PLC

PROFIBUS DP
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Review 6
1. SIRIUS motor starter components are available in sizes 

S00, S0, S2, S3, S6, ________ and ________.

2. SIRIUS Innovations additions to the SIRIUS modular 
system include a complete redesign of _______ and 
________ components.

3. SIRIUS 3RT2 contactor function modules are available 
with connections for ________ and ________ 
communication.

4. SIRIUS ________ incorporate a motor starter protector, 
contactor, electronic overload relay in one unit.

5. SIRIUS ________ is an enclosed motor starter with 
communication capability.

6. The SIRIUS modular system includes ________ and _____
___ soft starters for standard applications and ________ 
soft starters for high feature applications.

7.  Field buses like ________ and _________ provide 
efficient communication enabling the use of distributed 
intelligence.

8.  ________ is a point-to-point system that provides a 
simple, low-cost way to allow actuator and sensor 
communication for a machine or control panel.
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Lighting Contactors

Electrically Held Contactors Many commercial lighting and heating applications require 
use of contactors to control the loads. One type of contactor 
used in these applications is an electrically held contactor, 
which is similar to the contactor used with a magnetic motor 
starter. Unlike a starter contactor, however, a lighting contactor 
is designed for lighting and resistive heating loads rather than 
motor loads.

Electrically held lighting contactors have the same operating 
principles as the magnetic contactors covered earlier in this 
course. Therefore, the control circuit for an electrically held 
lighting contactor, as shown in the following illustration, can be 
similar to the start-stop circuit for a motor starter.

Typical Control Circuit for an 
Electrically Held Lighting Contactor

 
L1

OFF

ON

M

M
A1 A2

L2

(2) (3)

Because the contacts of this type of contactor open when 
control power is lost, electrically held contactors are used in 
applications where automatic restart after a power failure is not 
required or is undesirable.

Also, because electrically held contactors hum when current 
is supplied to the coil to hold the contacts closed, this type of 
contactor is not recommended where the humming will disturb 
building occupants.

Class LE Electrically Held Siemens Class LE electrically held lighting contactors are an
Lighting Contactors economical offering with a compact, lightweight design. They 

are rated for tungsten lighting (incandescent filament) and 
ballast lighting (fluorescent, HID, metal halide, mercury vapor, 
quartz halogen, and sodium-lamp) as well as for resistive and 
general use loads.
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Siemens Class LE lighting contactors are available with 3 or 4 
poles (up to 12 poles for 30 and 60 amp contactors) and current 
ratings from 20 to 400 amps at 600 volts. A wide range of coil 
voltages (24 to 600 VAC) and modifications are available.

Class LC Lighting Contactors Siemens Class LC lighting contactors can be ordered as either 
electrically held or mechanically held and can be converted from 
electrically held to mechanically held.

Poles can be easily added and easily
converted from NO to NC or vice versa

Finger and 
back-of-the-hand
safe terminals

A simple kit easily
converts electrically held
units to mechanically held 
and includes a 2- or 3-wire
control module

Convenient side access
field power wiring

Contact position indication - when button
protrudes, contact is open.

Plug-in auxiliary contacts
are NO when installed on
the left side of the contactor
and NC on the right side

A standard base enables the
contactor to be field expanded

Mechanically held contactors, as the name implies, have 
contacts that, once closed, remain closed until opened by the 
contactor, even if a power outage occurs. This means that the 
associated load will be automatically restarted when power 
resumes following an outage. This also means that the contactor 
only receives momentary current to open or close its contacts. 
Therefore, less energy is used and contactor hum is eliminated.

These contactors have a modular design that enables you to 
stock the building block components to assemble configurations 
of electrically held and mechanically held contactors with 
reduced inventory.
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Siemens Class LC contactors are rated for tungsten lighting 
(incandescent filament) and ballast lighting (fluorescent, HID, 
metal halide, mercury vapor, quartz halogen, and sodium-lamp) 
as well as for resistive and general use loads. They are available 
with up to 12 poles and current ratings up to 30 amps at 600 
volts (20 amps for tungsten). A wide range of coil voltages (24 
to 600 VAC) and modifications are available.

Class CLM Magnetically Held Siemens Class CLM magnetically held and mechanically held
Mechanically Held Lighting contactors are used in applicaions where it is critical that 
Contactors  contacts remain in the closed position during a power outage. 

This means that the associated load will be automatically 
restarted when power resumes following an outage. This also 
means that the contactor only receives momentary current to 
open or close its contacts. Therefore, less energy is used and 
contactor hum is eliminated.

A magnetically held contactor contains a permanent magnet. 
When the contactor is energized, current through a coil creates a 
magnetic field that reinforces the permanent magnet and closes 
the contacts. Current through the coil is then interrupted and 
the contacts are held closed by the permanent magnet, even if 
control power is lost. Contacts are opened magnetically when 
an OFF coil is energized.

A mechanically held contactor has contacts that are 
mechanically held closed when the contactor is energized and 
remain held until a trip solenoid receives a signal to release the 
mechanical latch.
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Siemens Class CLM lighting contactors are rated for tungsten 
lighting (incandescent filament) and ballast lighting 
(fluorescent, HID, metal halide, mercury vapor, quartz halogen, 
and sodium-lamp) as well as for resistive and general use loads. 
They are available with up to 12 poles and current ratings from 
20 to 400 amps at 600 volts. A wide range of coil voltages (24 
to 600 VAC) and modifications are available.

Lighting Contactor Siemens offers enclosures for all sizes of contactors. They are
Enclosures and Combination designed to meet NEMA standards for most environments
Lighting Contactors including: NEMA 1, 3/3R, 4, 4/4X stainless steel and 12. Siemens 

also offers combination lighting contactors that provide a 
disconnect means for lockout and maintenance as well as short-
circuit protection. Furthermore, they are UL rated as Service 
Entrance Equipment, permitting equipment to be pole mounted 
and installed directly off of utility power lines. This makes the 
product ideal to control lighting in remote locations such as 
sports facilities, parks, fair grounds, streets, and highways. They 
are also ideal for industrial and general area lighting.

Combination Lighting Contactor

Lighting Contactor Options Numerous control options and accessories are available to
and Accessories customize the Siemens lighting contactors to your exact 

specifications. To add flexibility, modifications are available as 
either factory installed or field kits. Nearly all these accessories 
are common for all lighting contactors, reducing cost of 
inventory. Some of the common options include:

• Auxiliary contacts
• Solid-state control module
• On/Off pushbuttons
• On/Off and Hand-Off-Auto selector switches
• Pilot lights to display on and off conditions
• Control power transformers
• Control relays
• 24-hour and 7-day time clocks
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Pilot Devices

A pilot device directs the operation of another device or 
indicates the status of an operating machine or system. 
Siemens pilot devices are available with a variety of features 
and mounting dimensions and include product selections 
appropriate for a broad range of applications. The following 
product families are available. The mounting diameter refers to 
the size of the knockout hole (in millimeters) required to mount 
the devices.

• 3SB2 devices with 16 mm mounting diameters
• 3SB3 devices with 22 mm mounting diameters
• 3SF5 stations for the integration of 3SB3 devices in 

AS-Interface enclosures
• Class 52 devices with 30 mm mounting diameters are 

heavy duty products that are oil tight and designed for 
harsh, industrial environments

• Class 52 heavy duty pushbutton enclosures for use with 
Class 52 devices

• Class 51 devices for use where the presence of flammable 
gases, vapors, or finely pulverized dust create the threat of 
explosion or fire

• Class 50 standard duty pushbutton stations for use with 
magnetic controllers to start, stop, reverse, or adjust the 
speed of applicable motors

The following paragraphs provide basic application information 
for some of the types of devices listed above.

Two-Wire Control A two-wire control circuit is so called because the Start/Stop 
switch requires only two wires to connect it into the circuit. 
This circuit provides low-voltage release, but not low-voltage 
protection. Low-voltage release means that in the event of a 
loss of control power, the contactor de-energizes, stopping the 
motor. However, when control power is restored, the motor will 
restart immediately if the control device is still closed.
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L1
T1

T2

T3

L2

L3

OL

OL

OL

OL

M

M

M

M
Motor

Start/Stop

This type of control scheme is used for remote or inaccessible 
installations where it is often desirable to have an immediate 
return to service when power is restored.

Pushbuttons A pushbutton is a control device used to manually open and 
close a set of contacts. Pushbuttons may be illuminated or non-
illuminated and are available in a variety of configurations and 
actuator colors.

16 mm 3SB2
Pushbutton

22 mm SIGNUM
3SB3 Pushbutton

30 mm Class 52
Pushbutton

Normally Open Pushbuttons are used in control circuits to perform various
Pushbuttons functions, for example, starting and stopping a motor. A typical 

pushbutton uses an operating plunger, a return spring, and one 
set of contacts.

 The following drawing illustrates a normally open (NO) 
pushbutton, so called because the contacts are open unless 
the button is pressed. Pressing the button causes the contacts 
to close. When the button is released, the spring returns the 
plunger to the open position.

Control Circuit

Spring

Contacts
Plunger

Control Circuit
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Normally Closed Normally closed (NC) pushbuttons, such as the one shown
Pushbuttons in the following illustration, are also used to open and close 

a circuit. In the normal position, the contacts are closed and 
current can flow through them. Pressing the button opens the 
contacts, preventing current flow through the circuit. 

Control Circuit

Spring

Contacts
Plunger

Control Circuit

The pushbuttons just described are momentary contact 
pushbuttons because their contacts remain in their activated 
state only as long as the button is pressed. Pushbuttons with 
contacts that remain in their activated state after the button is 
released are called maintained contact pushbuttons.

Pushbuttons are available with various contact configurations. 
For example, a pushbutton may have one set of normally open 
and one set of normally closed contacts so that, when the 
button is pressed, one set of contacts open and the other set is 
closes. In this example, the pushbutton can be wired to function 
as either a normally open or normally closed pushbutton.

Using Pushbuttons in a  The following line diagram shows an example of how a
Control Circuit normally open and a normally closed pushbutton might be used 

in a control circuit.
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Momentarily pressing the Start pushbutton completes the path 
of current flow and energizes the M contactor’s electromagnetic 
coil.

Three-Wire Control Pressing the Start pushbutton closes the M and Ma contacts. 
When the Start pushbutton is released, Ma auxiliary contacts 
function as a holding circuit supplying power to the M 
electromagnetic coil. The motor will run until the normally 
closed Stop pushbutton is pressed, breaking the path of current 
flow to the M electromagnetic coil and opening the M and Ma 
contacts.

This is referred to as three-wire control because three wires 
are required to connect the Start and Stop pushbuttons and the 
holding circuit (Ma). An advantage of three-wire control is that 
the motor will not automatically restart after an overload. When 
an overload causes the OL contacts in the control circuit to 
open, the M coil de-energizes and the motor shuts down. When 
the overload is cleared, an operator must depress the Start 
button to restart the motor. 

This circuit also has low voltage protection because if 
control power is lost, it will shut down the motor and will not 
automatically restart the motor when control power is regained.
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Selector Switches Selector switches are also used to manually open and close 
contacts. Selector switches can be maintained, spring return, 
or key operated and are available in two, three, and four-
position types.

 The basic difference between a pushbutton and a selector 
switch is the operator mechanism. With a selector switch, the 
operator is rotated to open and close contacts. Contact blocks 
used on pushbuttons are often interchangeable with those used 
on selector switches of the same type. 

Selector switches are used to select one of two or more circuit 
possibilities, for example, stop or run; or stop, low speed, and 
high speed.

16 mm 3SB2
Selector Switch

22 mm SIGNUM
3SB3 Selector Switch

30 mm Class 52
Selector Switch

Two-Position Selector In the following example, pilot light PL1 is on when the
Switch switch is in position 1, and pilot light PL2 is on when the switch 

is in position 2. This is only part of a control circuit for a machine 
and the status of the pilot lights could be used to indicate either 
of two machine conditions, for example, stop or run.

L1 L2
1 2

PL1

PL2

Contact Truth Tables There are two accepted methods for indicating contact positions 
of a selector switch. The first method, shown in the previous 
example, uses solid and dashed lines to show contact positions.

 The second method uses a truth table, also known as a target 
table, which uses a letter to represent each contact position. 
An X in the truth table indicates which contacts are closed for a 
given switch position. 
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In the example below, the switch is in position 1, contact A is 
closed, and pilot light PL1 is on. When the switch is in position 2, 
contact B is closed, and pilot light PL2 is on.

L1 L2
1 2

PL1

PL2

A

B

Selector Switch Contacts

Position A B

1 X

2 X

Three-Position Selector A three-position selector switch is used to select any of three
Switch contact positions. For example, the following diagram shows a 

Hand/Off/Auto control circuit for a pump motor. 

L1 L2

Hand
Off

Auto Start

A

B

Liquid Level

M1

OL

C

Position A B C

1 X

2 X

3 X

Selector Switch Contacts

In the Hand (manual) position, the pump starts when the Start 
pushbutton is pressed. The pump is stopped by switching to 
the Off position. The liquid level switch has no effect until the 
selector switch is set to Auto. Then, the pump is controlled by 
the liquid-level switch. The liquid level switch closes when the 
fluid rises to a preset level, starting the pump. When the fluid 
drops to a lower preset level, the liquid level switch opens, 
stopping the pump.

Indicator Lights Indicator lights, also referred to as pilot lights, provide a visual 
indication of a circuit’s operating condition, for example, on, off, 
or alarm. 

30 mm Class 52
Indicator Light

22 mm 3SB3
 Indicator Light

16 mm 3SB2
Indicator Light

Indicator lights are available with a variety of lens colors to 
allow for a quick visual indication of machine or process status. 
Siemens indicator lights are available with a red, green, amber, 
blue, white, or clear lens. 
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As shown in the following illustration, a red indicator light often 
indicates that a system is running and a green indicator light 
often indicates that a system is off.

Red Indicator Light is On
Motor is Running

Green Indicator Light is On
Motor is Stopped

 

Using an Indicator Light In the following diagram, when the motor is stopped, the
in a Control Circuit normally closed Mb contact is closed, and the green (G) light is 

on.
 

R

G

OL
Start

Stop

Ma

A

M

OL

Mb

L1 L2

When the coil is energized, the red (R) light is on to indicate that 
the motor is running. In addition, the Mb contact is now open, 
and the green light is off. Note that the indicator light is wired 
in parallel with the coil so that the motor will turn on even if the 
indicator light burns out. 

R

G

OL
Start

Stop

Ma

A

M

OL

Mb

L1 L2
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If an overload occurs, the normally closed OL contact opens, 
stopping the motor and turning off the red light, the Mb contact 
closes, turning on the green light, and the normally open OL 
contact closes, turning on the amber (A) light.

R

G

OL
Start

Stop

Ma

A

M

OL

Mb

L1 L2

Signaling Columns and Signaling columns allow operating personnel to monitor 
Lamps machine or process operation from a distance. Columns are 

easily assembled by stacking elements to achieve the desired 
configuration. Various visual elements are available to provide 
steady, flashing, and rotating beacon indications in five colors:  
red, yellow, green, white, and blue. Buzzer or siren elements can 
be added to provide audible indications of machine or process 
conditions. 

SIRIUS 8WD4 signaling columns are available with either a 
50 mm or 70 mm mounting diameter and can be networked to 
other devices through an optional AS-Interface adapter.

SIRIUS 8WD5 integrated signal lamps have a 70 mm mounting 
diameter and can be directly attached to a machine. They are 
available with red, yellow, green, blue or clear lenses and with 
incandescent filaments or LEDs.

8WD4
Signaling Column

8WD5
Integrated Signal Lamps
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Review 7
1. ________ lighting contactors are best used in 

applications where noise is not an issue.

2. Siemens Class _____ lighting contactors can be 
converted from electrically held to mechanically held.

3. A ________ device directs the operation of another 
device or indicates the status of an operating system.

4. Siemens 3SB3 pushbuttons, selector switches, and 
indicator lights have a ________ mm mounting 
diameter.

5.  Siemens indicator lights are available with the following 
lenses: red, green, amber, ________, ________, and 
________.

6. SIRIUS 8WD4 signaling columns are available with either 
a ________ or ________ mounting diameter and can be 
networked to other devices through an optional _______ 
adapter.

7. SIRIUS 8WD5 ________ have a 70 mm mounting 
diameter and can be directly attached to a machine. 

80169



Limit Switches

Limit switches are part of an assortment of position switches 
used to mechanically detect the position of an object. Each 
limit switch has an operating head with a lever arm or plunger 
mechanism and a switch body that includes contacts.

When an object moves the lever arm or depresses the plunger, 
contacts in the limit switch change state (open to closed or 
vice versa). This contact state change is typically used to signal 
another device or system to respond.

Siemens offers a variety of limit switches and accessories 
including 3SE03 North American limit switches, designed to 
NEMA specifications, and SIRIUS 3SE2, 3SE3, and 3SE5 limit 
switches, designed to IEC specifications. SIRIUS 3SE5 limit 
switches are part of the SIRIUS system of Safety Integrated 
products discussed later in this course.

SIRIUS 3SE5 Limit Switches
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Control Transformers

The voltage applied to the main terminals of an industrial motor 
is frequently higher than the voltage needed by a control circuit. 
In such cases, a control power transformer (CPT) is used to 
step down the voltage to the control circuit. Siemens Class MT 
and Class MTG control power transformers are available for a 
variety of primary and secondary voltages with apparent power 
ratings from 25 VA to 5 kVA.

In the following example, the voltage on the primary of the 
CPT is 460 VAC. This voltage is stepped down to 24 VAC for 
use in the control circuit. Fuses connected to the CPT primary 
and secondary windings provide overcurrent protection for the 
transformer.

460 VAC

L1

L2

L3

M

M

M

OL

OL

OL

T1

T2

T3

Motor

Fuse

24 VAC

CPT

Stop
Start

M

OL
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Protection Devices and Terminal Blocks

5SX, 5SY, and 5SP  Siemens UL 1077 supplementary protectors are designed to
Supplementary Protectors trip faster than standard UL 489 circuit breakers providing 

additional protection for more sensitive devices. In addition 
to providing supplementary branch circuit protection, 
supplementary protectors may also be used as a local disconnect 
means inside a panel when a branch circuit protection device is 
already present.

Siemens supplementary protectors are equipped with a thermal 
bimetallic trip mechanism for low-current overloads and an 
instantaneous electromagnetic trip for high-current overloads 
and short circuits. Single-pole and multiple-pole varieties are 
available with mounting depths of 55 or 70 mm.

Supplementary Protector (70 mm)

5SJ4 Miniature  IEC style miniature circuit breakers (MCBs), according to 
Circuit Breakers  EN/IEC 60 898, are not always permitted in North America. For 

this reason, 5SJ4 MCBs were developed based on the miniature 
circuit breakers of the 5SY series, but designed to meet the 
special requirements of UL 489.
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For areas influenced by NEMA (National Electrical Manufacturers 
Association) and ANSI (American National Standards Institute), 
MCBs are certified as a solution for protective applications and 
can be used for branch circuit protection in the branches of 
control panels and systems.

MCB connection terminals are designed for the class “field 
wiring”.  This means that, as well as being installed in a factory, 
these MCBs can be installed locally at customer sites. In addition 
to the permissible tripping ranges according to UL 489, device 
tripping characteristics C and D of EN/IEC 60 898 also apply. 
Therefore, these MCBs comply with both standards.

5SJ4 Miniature Circuit Breaker

 Terminal Blocks Siemens terminal blocks simplify the wiring of machines 
and system controls and incorporate screw, spring loaded, 
or insulation displacement connections that meet or exceed 
the requirements of CSA, IEC, NEMA, UL, VDE and other 
international standards. Meeting these requirements, combined 
with worldwide acceptability and availability, enables Siemens 
terminal blocks to be used domestically and incorporated into 
equipment intended for export.

Virtually all terminal block bodies are insulated on both sides, 
eliminating the need for barriers and end plates. The materials 
used are free of cadmium, halogens, and silicone. Except for 
bare terminals and solder connections, the terminals are finger-
touch safe to IEC 60529 and EN 50274. Siemens terminal block 
lines include the following five connection types.

 
• 8WA1 terminals with screw connection
• 8WH2 terminals with spring loaded connection
• 8WH3 terminals with IDC connection
• 8WH4 terminals with push-in connection
• 8WH5 terminals with combi-plug connection
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Control Relays

Control relays are widely used for switching multiple control 
circuits and to control light loads such as starting coils, indicator 
lights, and audible alarms. 

Relay Operation The operation of a control relay is similar to a contactor. In 
the following illustration, a relay with a set of normally open 
(NO) contacts is shown. When power is applied to the control 
circuit, the relay’s coil (electromagnet) energizes, which then 
magnetically pulls the armature and movable contacts to the 
closed position. When power is removed the magnetic field 
is lost and spring tension pushes the armature and movable 
contacts to the open position. 

Contact Arrangement A control relay usually has multiple normally open or normally 
closed contacts or both. The main difference between a control 
relay and a power relay or contactor is the size and number 
of contacts. The contacts in a control relay are relatively small 
because they need to handle only the small currents used in 
control circuits. The small size of control relay contacts allows a 
control relay to contain multiple isolated contacts.

 The use of contacts in relays can be complex. There are three 
key terms that describe the operation of these contacts, pole, 
throw, and make.
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Pole A control relay’s pole number is the number of isolated circuits 
that can pass through the relay. This is the total number of 
circuits that can be controlled by the relay. Control relays often 
have multiple poles, but they need not all be used.

Circuit 1 Circuit 1

Circuit 2

Single Pole Double Pole

Throw A control relay’s throw number is the number of closed-contact 
positions per pole.

Single Throw Double Throw

Circuit 1

Circuit 1 Circuit 2

The following abbreviations are frequently used to indicate 
contact configurations: SPST (single pole, single throw),
SPDT (single pole, double throw), DPST (double pole, single 
throw), and DPDT (double pole, double throw).

Break A control relay contact break number is the number of separate 
contacts that open or close a circuit.

Single Break Double Break

The following diagram illustrates various contact arrangements.

Single Pole
Single Throw
Single Break

Double Pole
Single Throw
Single Break

Single Pole
Single Throw
Double Break

Double Pole
Single Throw
Double Break

Single Pole
Double Throw
Single Break

Double Pole
Double Throw
Single Break

Single Pole
Double Throw
Double Break

Double Pole
Double Throw
Double Break
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Interposing a Relay The following line diagram illustrates one way that a control 
relay can be used in a 24 VAC control circuit. In this example, 
the 24 VAC coil is not strong enough to operate a large starter 
(M) that is rated for 460 VAC. This type of arrangement is called 
interposing a relay.

When the Start pushbutton is momentarily pressed, power is 
supplied to the control relay (CR), and the CR contacts in lines 
1 and 2 close. The M motor starter energizes and closes the M 
contacts in the power circuit, starting the motor. Pressing the 
Stop pushbutton de-energizes the CR relay and M motor starter.
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SIRIUS 3RH Control Relays  The SIRIUS modular system includes a complete line of control 
relays. For example, SIRIUS 3RH control relays and latching 
control relays are available with screw or spring-loaded 
terminals.

Four contacts are available in the basic device. A contact block 
with up to four additional contacts can be added to increase the 
number of contacts.

Units are available for control supply voltages from 12 to 
230 VDC and from 24 to 600 VAC. 

3RH latching control relays have two coils, a relay coil and a 
release coil, that are rated for continuous duty operation.

SIRIUS 3RH2 Control Relay

Control Relay

Contact Block
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Solid-State Relays and Contactors

Conventional electromechanical switching devices are 
unsuitable for applications requiring high switching frequencies 
due to the wear on mechanical components. In addition, 
electromechanical switching devices are inherently noisy and, 
as a result, unsuitable for use in noise-sensitive areas.

In addition to the SIRIUS 3RF2 contactors for motor loads 
discussed earlier in this course, Siemens also developed SIRIUS 
3RF2 solid state relays and contactors for use with other types 
of loads. Versions are available for resistive loads, such as 
injection molding heater elements, or inductive loads, such as 
control valves.  In addition to industrial applications, the quiet 
switching characteristics of these devices makes them suitable 
for use in commercial facilities. 

SIRIUS Solid-State Relays SIRIUS 3RF2 solid state relays can be mounted on existing 
cooling surfaces. 3RF21 single-phase, solid state relays are 
22.5 mm wide and 3RF20 single-phase and 3RF22 three-
phase, solid state relays are 45 mm wide.

SIRIUS Solid-State SIRIUS 3RF23 single-phase, solid state contactors and
Contactors 3RF24 three-phase, solid state contactors incorporate a solid 

state relay in an optimized heat sink to form a ready-to-use 
device with defined current ratings.

3RF20
1-Phase

Solid State
Relay

(45 mm)

3RF21
1-Phase

Solid State
Relay

(22.5 mm)

3RF23
1-Phase

Solid State
Contactor

3RF22
3-Phase

Solid State
Relay

(45 mm)

3RF24
3-Phase

Solid State
 Contactor
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SIRIUS 3RF29 Function Many solid state switching applications require extended
Modules functionality that can be accommodated by using the following 

SIRIUS 3RF29 function modules together with SIRIUS 3RF2 
relays or contactors.

Converter – The module is used with single-phase and three-
phase 3RF2 relays and contactors. This module converts an 
analog control signal to a pulse-width modulated digital signal. 
This allows a SIRIUS 3RF2 solid state relay or contactor to adjust 
power to a load based on an analog signal from a device such 
as a temperature controller.

Heating current monitoring module – This module is for use 
with single-phase 3RF2 relays and contactors used in heating 
applications. This module detects a variety of faults, including 
failure of load elements, and provides a fault indication by LEDs 
and a normally-closed relay contact.

Load monitoring module – This module is for use with single-
phase 3RF2 relays and contactors. This module detects a variety 
of faults, including failure of load elements, and provides an 
LED fault indication and a PLC-compatible fault signal.

Power controller – This module is for use with single-phase 
3RF2 relays and contactors for power control of complex 
heating systems and for operating inductive loads. This module 
combines load circuit monitoring capability and inrush current 
limitation with proportional control of the power to the 
connected loads.

Power regulator – This module is for use with single-phase 
3RF2 relays and contactors for power control of complex 
heating systems and inductive loads. It combines load circuit 
monitoring and inrush current limitation with the ability to 
adjust power to the connected loads.

Power ControllerConverter Heating Current
Monitoring Module

Load Current
Monitoring Module

Power Regulator
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Timing Relays and Function Modules

A timing relay is a device that does either on-delay timing 
or off-delay timing to delay some control response by a 
predetermined time.

Time Delay Time delay contacts have an arrow pointing up to indicate an 
on-delay timing action or an arrow pointing down to indicate 
an off-delay timing action.

On Delay
Arrow Points Up

Off Delay
Arrow Points Down

On-delay and off-delay timers can turn their connected loads 
on or off, depending on how the timer’s output is wired into 
the circuit. The term “on delay” indicates that a preset time 
must pass after the timer receives a signal to turn on before the 
timer’s contacts change state. The term “off delay” indicates that 
a preset time must pass after the timer receives a signal to turn 
off before the timer’s contacts change state.

On-Delay, Timed Closed The following illustration shows an example of an on-delay,
Timer timed closed timer, also called a normally open, timed closed 

(NOTC) timer. In this example, The timing relay (TR1) has been 
set for an on delay of 5 seconds. 
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When S1 closes, timer TR1 begins timing. After 5 seconds, TR1 
contacts close, and pilot light PL1 turns on. When S1 opens, 
timer TR1 de-energizes, and TR1 contacts open immediately, 
turning off pilot light PL1.

On-Delay, Timed Open The following illustration shows an example of an on-delay,
Timer timed open timer, also called a normally closed, timed open 

(NCTO) timer. The timing relay (TR1) has been set for an on 
delay of 5 seconds.

When S1 closes, timer TR1 energizes. After 5 seconds, TR1 
contacts open, and pilot light PL1 turns off. When S1 opens, 
timer TR1 de-energizes, and TR1, contacts close immediately, 
turning on pilot light PL1.

Off-Delay, Timed Open The following illustrations show an example of an off-delay, 
timed open timer, also called a normally open, timed open 
(NOTO) timer. The timing relay (TR1) has been set for an off 
delay of 5 seconds. 
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When S1 closes, TR1 contacts close immediately, and pilot light 
PL1 turns on.

When S1 opens, timer TR1 begins timing. After 5 seconds, TR1 
TR1 contacts open, and pilot light PL1 turns off.

Off-Delay, Timed Closed The following illustration shows an example of an off-delay, 
timed closed timer, also called a normally closed, timed 
closed (NCTC) timer. The timing relay (TR1) has been set for 5 
seconds. When S1 closes, TR1 contacts open immediately, and 
pilot light PL1 turns off.

When S1 opens, timer TR1 begins timing. After 5 seconds, timer 
TR1 contacts close, and pilot light PL1 turns on.
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Instantaneous Contacts Timing relays can also have normally open or normally closed 
instantaneous contacts. In the following example, when 
switch S1 closes, TR1 instantaneous contacts close immediately, 
and pilot light PL1 turns on. After a preset time delay, TR1 
timing contacts close, and pilot light PL2 turns on. 

The SIRIUS modular system includes timing relays as well as 
timing relay function modules for use with SIRIUS contactors. 

SIRIUS 3RP electronic timing relays have a compact design that 
makes them well suited for use in industrial control cabinets. 
They are optionally available with removable screw-type or 
spring-loaded terminals.

SIRIUS function modules can be easily plugged onto SIRIUS 3RT 
contactors. Single-contactor function modules make it easy to 
implement on-delay or off-delay timing. Wye-delta function 
modules include all the necessary timing and interlocking 
capabilities for wye-delta starters.

3RP15
Timing Relay

(22.5 mm)

3RP20
Timing Relay

(45 mm)

Function Module for Wye-Delta Starter
(for use with 3RT2 S00 or S0 contactors)

Timing Relay Function Module
(For use with 3RT2 S00 or S0 Contactors) 
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Monitoring Relays

 Monitoring relays reduce machine and plant downtime by 
monitoring electrical and mechanical quantities and fault 
conditions and providing appropriate diagnostic indications.

The SIRIUS modular system includes a variety of monitoring 
relays in addition to the 3RR current monitoring relays discussed 
earlier in this course. Examples of additional functions 
performed by various monitoring relays include:

•  Filling level monitoring
•  Insulation resistance monitoring
•  Line monitoring for phase sequence, phase failure, 

phase asymmetry, undervoltage, and overvoltage
•  Motor speed monitoring
•  Power factor monitoring
•  Residual current (ground fault) monitoring
•  Single-phase current monitoring
•  Single-phase voltage monitoring
•  Temperature monitoring
•  Thermistor motor protection

The following illustration shows a few of the various types of 
monitoring relays available.

3UG4
Voltage

Monitoring
Relay

3RS1
Temperature
Monitoring

Relays

3RN1
Thermistor

Motor Protection
Relay

3RR
Current Monitoring

Relays
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Interface Converters

Analog sensors and actuators may have different voltage or 
current ranges than the control system inputs or outputs they 
interface with. In addition, it is often necessary for signals 
to travel long distances through electrically noisy industrial 
environments. As a result, interface converters are frequently 
needed to electrically isolate and convert analog signals. These 
converters can also provide short circuit protection for a control 
system output.

Analog
Sensor

3RS17
Converter

Input Output

Control System
Analog

Actuator
3RS17

Converter

SIRIUS 3RS17 interface converters are available in both 
active and passive types and for single or multiple signal lines. 
Active converters support complete voltage isolation as well as 
conversion of one signal type to another. Passive converters do 
not require an electrical supply voltage and are used with analog 
currents that do not require conversion.

SIRIUS 3RS17 Interface Converters
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LOGO! Programmable Relays

Siemens LOGO! is a modular programmable relay system 
used to perform basic control tasks that are otherwise often 
handled using hard-wired control relays and other devices. 

A LOGO! system can be assembled using a LOGO! Basic module 
(shown below) with a built-in text display or a LOGO! Pure 
module without a built-in display. Either module offers an 
instruction set that includes eight basic functions and 31 
special functions. LOGO! Soft Comfort software simplifies 
development of logic which can include ladder logic and 
function blocks.

Input 8xAC/DC

Power Supply Terminals

Input Terminals

Module Slot with Cap

Operator Controls

Output Terminals

AC/DC 115...240V

Output 4xRelay/10A

6ED1 052-1FB00-0BA3

Display

LOGO! Basic and LOGO! Pure versions are available for use with 
the following supply and input voltages: 12/24 VDC, 24 VDC, 24 
VAC/DC, or 115/240 VAC/DC. All units can accept eight discrete 
inputs. For 12/24 VDC or 24 VDC units, four of these inputs are 
usable as 0 to 10 VDC analog inputs. All units also have four 
relay-type outputs except the 24 VDC units which have four 
solid-state discrete outputs.
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As shown in the following chart, a variety of expansion 
modules are available to increase the number and types of 
inputs and outputs. Including the inputs and outputs on the 
controller module, LOGO! supports a maximum of 24 digital 
inputs, 8 analog inputs, 16 digital outputs, and 2 analog 
outputs.

Expansion Module Power Supply Inputs Outputs
LOGO! DM 8 12/24R 12/24 VDC 4 discrete 4 relays (5A)
LOGO! DM 8 24 24 VDC 4 discrete 4 solid-state (24V/0.3A)
LOGO! DM 8 24R 24 VAC/DC 4 discrete 4 relays (5A)
LOGO! DM 8 230R 115-240 VAC/DC 4 discrete 4 relays (5A)
LOGO! DM 16 24 24 VDC 8 discrete 8 solid-state (24V/0.3A)
LOGO! DM 16 24R 24 VDC 8 discrete 8 relays (5A)
LOGO! DM 16 230R 115-240 VAC/DC 8 discrete 8 relays (5A)

2 analog
0-10 V or
0-20 mA
2 PT100

-50oC to +200oC
2 PT100 or 2PT1000

or 1 each
-50oC to +200oC

2 analog
0-10 V or

0/4-20 mA

LOGO! AM 2 RTD 12/24 VDC none

LOGO! AM 2 PT100 12/24 VDC none

LOGO! AM 2 12/24 VDC none

LOGO! AM 2 AQ 24 VDC none

Two communication modules are available. One module is for 
connection to the AS-Interface, and the other module is for a 
KNX/EIB connection.

LOGO! TD is a backlit, four-line LCD supporting text or numeric 
displays up to 24 characters per line. The unit also supports a 
built-in horizontal and vertical bar graph display feature that 
can be configured to represent any numeric value in the LOGO! 
controller. LOGO! TD screens are developed using the LOGO! 
Soft Comfort software.

Input 8xAC/DCAC/DC 115...240V

Output 4xRelay/10A

6ED1 052-1FB00-0BA3

F1 F2 F3 F4 ESC OK

LOGO! TD
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SIRIUS Safety Integrated

In recent years, safety has taken on an even greater importance 
both as a result of changing regulations and standards and the 
emergence of new technologies. As a result, Siemens developed 
the Safety Integrated system which includes products which 
offer comprehensive and consistent safety solutions for factory 
automation and process automation.

Because Safety Integrated has been developed consistent with 
Siemens Totally Integrated Automation (TIA) strategy, both 
standard and safety-related components are combined in one 
uniform system. This results in considerable cost savings for our 
customers.

SIRIUS Safety Integrated products are part of the Siemens Safety 
Integrated system of devices or systems associated with safety-
oriented industrial applications.

While it is beyond the scope of this course to cover the full range 
of Siemens Safety Integrated products, the following pages 
provide examples of SIRIUS Safety Integrated products in the 
following categories:

• Detecting devices
• Commanding and signaling devices
• Monitoring and controlling devices and systems
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Detecting Devices SIRIUS detecting devices perform precise detection of position 
for machines and equipment in almost any application. 

Included in this category of SIRIUS safety devices are 3SE2, 
3SE3, 3SE5, 3SF1, and 3SF3 position switches and 3SE6 
magnetically operated switches.

SIRIUS 3SE2, 3SE3, 3SE5, 3SF1, and 3SF3 position switches 
include:

• Limit switches for mechanical detection of position, as 
described earlier in this course

• Position switches with a separate actuator for use where 
the switching element is attached to a door frame and the 
actuator is attached to the door

• Position switches with tumbler for use when a locking 
mechanism is required for a protective door

• Hinge switches for detecting the position of a protective 
door or flap.

• 3SF1 and 3SF3 versions of the devices listed above with an 
integrated AS-Interface connection.

SIRIUS 3SE6 magnetically-operated switches operate without 
contact and are used to monitor protective doors. The reed 
contacts in the switching element are actuated by means of a 
coded switching magnet and are therefore tamper-proof. 

3SE5 Position Switches
3SE6

Magnetically-Operated
Switches
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Commanding and Signaling SIRIUS commanding and signaling devices perform essential
Devices human-machine interaction tasks critical to the safe operation of 

equipment. 

The following device types are included in this category:
• SIRIUS 3SB2, 3SB3, and 3SB5 pushbuttons and indicator 

lights
• SIRIUS 3SB3 two-hand operation consoles
• SIRIUS 3SE7 and 3SF2 cable-operated switches
• SIRIUS 3SE2 and 3SE3 foot switches
• SIRIUS 8WD4 signaling columns
• SIRIUS 8WD5 integrated signal lamps

Device types beginning with 3SF and selected other devices 
have an integrated AS-Interface connection.

3SB3 Pushbutton and
Indicator Lights 3SE2 Foot Switch 3SB3 Two-Hand Operation Console

8WD4 Signaling Column
8WD5

Integrated Signal LampsCable-Operated Switches

Monitoring with Safety SIRIUS 3TK28 safety relays carry out the following safety 
Relays tasks: emergency-stop (E-stop) switch off, protective door 

monitoring, and motor standstill and speed monitoring. They 
are available in the types described in the following paragraphs.

Sensing (Sensors) Evaluating (Safety Relay) Shutdown (Actuators)
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SIRIUS safety relays with relay enable circuits featuring 
positively-driven NO and NC contacts in pairs. If one of the 
contacts welds, then the other contact is used to shut down the 
circuit. A positively-driven feedback signal contact (NC contact) 
detects the fault of the defective NO contact. 

SIRIUS safety relays with electronic enabling circuits have 
a compact design and can operate at considerably higher 
switching frequencies and with longer service life than similar 
devices with electromechanical contacts. 

SIRIUS safety relay with contactor relay enable circuits 
combine electronic safety functionality with two redundant 
SIRIUS contactor relays assembled, wired, tested, and certified as 
a unit.

SIRIUS safe standstill monitor detects when a motor has 
stopped after shutdown and then permits access to restricted 
areas. 

SIRIUS reliable speed monitor functions as both a motor 
continuous standstill monitor and a motor speed monitor.

SIRIUS 3TK28 Safety Relays

Modular Safety System SIRIUS 3RK3 modular safety system (MSS) combines the 
functionality of safety relays with a fail-safe programmable logic 
controller (PLC).

The 3RK MSS has a modular design that includes a central unit 
with eight safety-related inputs, one safety-related relay output, 
and one safety-related solid state output.
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The input-output capability can be increased by adding up to 
seven expansion modules of various types. Four module types 
are available: eight safety-related inputs, four safety-related 
inputs and two relay outputs, four safety-related inputs and two 
solid state outputs, and eight standard outputs.

The DP interface module enables communication with higher-
level controllers via PROFIBUS DP. 

The SIRIUS 3RK36 diagnostics display option can be added to 
facilitate fast detection of the cause of system standstill in the 
event of a fault or when a safety sensor is tripped. 

Modular Safety System ES (MSS ES) parameterization software 
simplifies system setup and commissioning tasks.

ASIsafe Communication As previously discussed, the Actuator-Sensor Interface is a 
simple and effective networking system for the field level. It is 
extremely rugged, even under the toughest of conditions. The 
safety-related design of AS-Interface was standardized for all 
manufacturers in the Safety at Work consortium (a sub-group 
of the AS-i International Association). It is marketed by Siemens 
under the copyrighted name ASIsafe.

ASIsafe allows both standard and safe data to be used in one 
bus system. Emergency STOP pushbuttons and a variety of other 
field devices can be easily and safely connected directly to the 
yellow AS-Interface cable . These devices are fully compatible 
with standard AS-Interface components.
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The signals from safety sensors are evaluated by a safety 
monitor, which not only monitors the switching signals from 
the safety sensors, but also continuously ensures that data is 
transferred properly. The safety monitor is equipped with one 
or two enabling circuits, which are configured with one or two 
channels and are used to switch the machine or plant to safe 
mode. Sensors and monitors can be connected anywhere within 
the AS-Interface network. More than one monitor can also be 
used in a network.

The ASIsafe system is can be used to meet a range of 
communication requirements from a small, local ASIsafe 
solution and to a plant-wide ASIsafe network using the DP/AS-i F 
link as the transition from ASIsafe to a PROFIsafe network.

Extended ASIsafe diagnostics (through regular I/O transfer) 
AS-Interface cable

Signal evaluation of safe input slave/ safety monitor/ 
or safe disconnect signal to the safe AS-i output

Basic ASIsafe Example

Safe Input
Slave

Safety
MonitorPLC with AS-I Master

AS-I
Power Supply

Standard
Slave

Safe AS-I
Outputs

Standard
Slave

Standard
Slave

Standard PLC and standard AS-i master:
Central installation at the PLC and distributed
installation using DP-AS-i Links is possible.

Safety monitor: The safety monitor
evaluates all safe inputs on the AS-i bus
and ensures safe disconnection.

Safe input slave: Safe signals
are made available through the
safe slaves and to the safety
monitor for evaluation.

Safe AS-i outputs: The disconnection
signal from the safety monitor can be
used via ASIsafe for the safety-oriented
disconnection of distributed safe AS-i
outputs.
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All This and More In addition to the SIRIUS Safety Integrated products summarized 
in the previous pages, Siemens Safety Integrated products 
include a broad range of devices and systems for factory 
automation or process automation.

Multiple safety components can be interconnected using 
ASIsafe or networked with PROFIsafe. PROFIsafe enables fail-
safe communication between sensors, safety control systems, 
and  actuators via PROFIBUS and PROFINET. Data transparency 
at all levels ensures simplified commissioning, diagnostics and 
maintenance. Additionally, wireless fail-safe communication via 
PROFINET and IWLAN is ideal for mobile users.
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Review 8
1. Siemens UL 1077 ________ are designed to trip faster 

than standard UL489 circuit breakers, providing 
additional protection for more sensitive devices.

2. Siemens terminal blocks are available with either ______ 
connections or ________ terminals.

3. A control relay’s ________ number is the number of 
isolated circuits that can pass through the relay.

4. A control relay’s ________ number is the  number of 
closed contact positions per pole.

5. SIRIUS ________ solid-state relays, contactors, and 
function modules operate quietly and perform reliably 
at high switching frequencies.

6. A timing relay that receives a signal to turn on and then 
begins timing is referred to as an ________ timer.

7. SIRIUS ________ reduce machine and plant downtime 
by monitoring electrical and mechanical quantities and 
fault conditions and providing appropriate diagnostic 
indications.

8. ________ is a modular programmable relay system 
used to perform basic control tasks that are otherwise 
often handled using hard-wired control relays and other 
devices.

9. SIRIUS Safety Integrated system incudes ________ 
devices, ________ devices, and ________ devices and 
systems.

10. The safety-related design of AS-Interface was 
standardized for all manufacturers in the Safety at Work 
consortium and is marketed by Siemens under the 
copyrighted name ________.
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Review Answers

Review 1 1) manually; 2) a. normally open contact, b. normally closed 
contact, c. coil; 3) a.

Review 2 1) left, right; 2) a. Node, b. Power Circuit, c. Power Load, d. Control 
Circuit, e. Control Device, f. Control Load.

Review 3 1) increases; 2) overcurrent; 3) overload; 4) low voltage;
5) SMF; 6) MMS and MRS; 7) motor starter protector;
8) contactors

Review 4 1) 10; 2) thermal, bimetal; 3) reset; 4) 3RU; 
5) heaters, phase loss; 6) ESP200; 7) 3RB21, 3RB31;
8) IO-Link; 9) 3RR2; 10) SIMOCODE pro.

Review 5 1) motor starter; 2) NEMA, IEC; 3) 5; 4) 20; 5) 2;
6) separate winding, consequent pole; 7) Combination;
8) Wye-delta.

Review 6 1) S10, S12; 2) S00, S0; 3) AS-Interface, IO-Link; 
4) 3RA6 compact starters; 5) M200D;

 6) 3RW30, 3RW40, 3RW44; 7) PROFIBUS DP, AS-Interface
8) IO-Link

Review 7 1) Electrically held; 2) LC; 3) pilot; 4) 22; 5) blue, white, clear;
7) 50 mm, 70 mm; 8) integrated signal lamps.

Review 8 1) supplementary protectors; 2) screw, spring-loaded; 3) pole;
4) throw; 5) 3RF2; 6) on-delay; 7) monitoring relays;
8) LOGO!; 9) detecting, commanding and signaling, monitoring and 
controling; 10) ASIsafe.
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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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NEMA Motors. Throughout.this.course,.reference.is.made.to.the.National 
Electrical Manufacturers Association (NEMA)..NEMA.
develops.standards.for.a.wide.range.of.electrical.products,.
including.AC.motors..For.example,.NEMA.Standard.Publication.
MG.�.covers.NEMA.frame.size.AC.motors,.commonly.referred.
to.as.NEMA.motors..

Above NEMA Motors. In.addition.to.manufacturing.NEMA.motors,.Siemens.also.
manufactures.motors.larger.than.the.largest.NEMA.frame.
size..These.motors.are.built.to.meet.specific.application.
requirements.and.are.commonly.referred.to.as above NEMA 
motors.

IEC Motors. Siemens.also.manufactures.motors.to.International 
Electrotechnical Commission (IEC).standards..IEC.is.another.
organization.responsible.for.electrical.standards..IEC.standards.
perform.the.same.function.as.NEMA.standards,.but.differ.
in.many.respects..In.many.countries,.electrical.equipment.
is.commonly.designed.to.comply.with.IEC.standards..In.the.
United.States,.although.IEC.motors.are.sometimes.used,.
NEMA.motors.are.more.common..Keep.in.mind,.however,.
that.many.U.S.-based.companies.build.products.for.export.to.
countries.that.follow.IEC.standards.
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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.�0.pound.
forces.are.applied.in.the.same.direction.the.net.force.would.be.
20.pounds..

=10 LB 20 LB10 LB

If.�0.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.�0.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.(τ).is.the.product.of.force.and.radius.(lever.distance).

τ.=.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.�0.lbs.
of.force.is.applied.to.a.lever.�.foot.long,.the.resulting.torque.is.
�0.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

200



�

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.�0.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.�0.RPM.to.20.RPM,.or.decelerate.from.20.
RPM.to.�0.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..�.joule.is.equal.to.�.newton-meter,.a.force.of.�.
newton.for.a.distance.of.�.meter..In.the.English.system.of.
measurements,.work.is.often.expressed.in.foot-pounds.(ft-lb),.
where.�.ft-lb.equals.�.foot.times.�.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.
��th.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.��.65.kW.

0.746.x.25.HP.=.��.65.kW

Kilowatts.can.be.converted.to.horsepower.with.the.following.
formula.

power.in.HP.=.�.34.x.power.in.kW

Review 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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AC Motor Construction

Three-phase AC induction motors.are.commonly.used.in.
industrial.applications..This.type.of.motor.has.three.main.parts,.
rotor,.stator,.and.enclosure..The.stator.and.rotor.do.the.work,.
and.the.enclosure.protects.the.stator.and.rotor.

Enclosure

Stator

Rotor

Stator Core The.stator.is.the.stationary.part.of.the.motor’s.electromagnetic.
circuit..The.stator.core.is.made.up.of.many.thin.metal.sheets,.
called.laminations..Laminations.are.used.to.reduce.energy.
loses.that.would.result.if.a.solid.core.were.used.

Stator Lamination
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Stator Windings. Stator.laminations.are.stacked.together.forming.a.hollow.
cylinder..Coils.of.insulated.wire.are.inserted.into.slots.of.the.
stator.core..

Stator Windings Partially Completed

When.the.assembled.motor.is.in.operation,.the.stator.windings.
are.connected.directly.to.the.power.source..Each.grouping.of.
coils,.together.with.the.steel.core.it.surrounds,.becomes.an.
electromagnet.when.current.is.applied..Electromagnetism.is.
the.basic.principle.behind.motor.operation..

Stator Windings Completed
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Rotor Construction. The.rotor.is.the.rotating.part.of.the.motor’s.electromagnetic.
circuit..The.most.common.type.of.rotor.used.in.a.three-phase.
induction.motor.is.a.squirrel cage rotor..Other.types.of.rotor.
construction.is.discussed.later.in.the.course..The.squirrel.cage.
rotor.is.so.called.because.its.construction.is.reminiscent.of.the.
rotating.exercise.wheels.found.in.some.pet.cages..

Rotor

A.squirrel.cage.rotor.core.is.made.by.stacking.thin.steel.
laminations.to.form.a.cylinder..

Rotor Lamination

Rather.than.using.coils.of.wire.as.conductors,.conductor bars.
are.die.cast.into.the.slots.evenly.spaced.around.the.cylinder..
Most.squirrel.cage.rotors.are.made.by.die.casting.aluminum.to.
form.the.conductor.bars..Siemens.also.makes.motors.with.die 
cast copper rotor conductors..These.motor.exceed.NEMA 
Premium efficiency standards..

After.die.casting,.rotor.conductor.bars.are.mechanically.and.
electrically.connected.with.end.rings..The.rotor.is.then.pressed.
onto.a.steel.shaft.to.form.a.rotor.assembly.

Cutaway View of Rotor

Conductor Bar End Ring

Shaft

Steel Laminations
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Enclosure. The.enclosure.consists.of.a.frame.(or.yoke).and.two.end.
brackets.(or.bearing.housings)..The.stator.is.mounted.inside.
the.frame..The.rotor.fits.inside.the.stator.with.a.slight.air.
gap.separating.it.from.the.stator..There.is.no.direct.physical.
connection.between.the.rotor.and.the.stator..

Frame
Rotor

Stator

Air Gap

Partially Assembled Motor

The.enclosure.protects.the.internal.parts.of.the.motor.from.
water.and.other.environmental.elements..The.degree.of.
protection.depends.upon.the.type.of.enclosure..Enclosure.
types.are.discussed.later.in.this.course..

Bearings,.mounted.on.the.shaft,.support.the.rotor.and.allow.
it.to.turn..Some.motors,.like.the.one.shown.in.the.following.
illustration,.use.a.fan,.also.mounted.on.the.rotor.shaft,.to.cool.
the.motor.when.the.shaft.is.rotating..

Bearing

End Bracket
(Bearing Housing)

Rotor

Stator Cooling Fan

Frame (Yoke)

Bearing

End Bracket
(Bearing Housing)

Cutaway View of Motor
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Review 2
�.. Identify.the.following.components.from.the.illustration:

. A..________

. B..________

. C..________

.

2.. The.________.is.the.stationary.part.of.an.AC.motor’s.
electromagnetic.circuit.

3.. The.________.is.the.rotating.electrical.part.of.an.AC.
motor.

4.. The.________.rotor.is.the.most.common.type.of.rotor.
used.in.three-phase.AC.motors.

5.. The.________.protects.the.internal.parts.of.the.motor.
from.water.and.other.environmental.elements.
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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
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7

8

10

At.time.�,.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.�,.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.�,.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.
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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
�.. 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.A�.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.A�.and.A2.connected.
to.phase.A.of.the.power.supply..When.the.connections.are.
completed,.B�.and.B2.will.be.connected.to.phase.B,.and.C�.
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.A�,.B�,.and.C�.are.
�20°.apart..Note.that.windings.A2,.B2,.and.C2.also.are.�20°.
apart..This.corresponds.to.the.�20°.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.A�,.B�.or.C�.
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,.B�.and.C2.are.south.
poles.and.B2.and.C�.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.C�.north.pole.and.enter.the.
nearest.south.pole,.B�..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.�.
phase.C.has.no.current.flow.and.no.magnetic.field.is.developed.
in.C�.and.C2..Phase.A.has.current.flow.in.the.positive.direction.
and.phase.B.has.current.flow.in.the.negative.direction..
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As.the.previous.chart.shows,.windings.A�.and.B2.are.north.
poles.and.windings.A2.and.B�.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.B�.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.�20.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.

221



29

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.A�.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.A�.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.��00.RPM..If.its.rotor speed (NR).
at.full.load.is.�775.RPM,.then.its.full.load.slip.is.�.4%.

% Slip = 

% Slip = 1.4% 

1800 - 1775
1800

x 100

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..
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Slip Ring

Brush

Wound Rotor

External Variable Resistors

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..
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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.

Review 4
�.. The.following.illustration.applies.to.a._______.pole.

three-phase.AC.motor..When.winding.A�.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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Motor Specifications

Nameplate. The.nameplate.of.a.motor.provides.important.information.
necessary.for.proper.application..For.example,.The.following.
illustration.shows.the.nameplate.of.a.30.horsepower.(H.P.).
three-phase.(3.PH).AC.motor..

Made in Mexico by SIEMENS US
R

NEMA PREMIUM EFFICIENT

35.0

1LE2321-2CB21-2AA3
SD100
30.00

1775

F B
CONT 40oC AMB.

G 93.6

286T
1.15
460
60

50BC03JPP3 50VC03JPP3

The.following.paragraphs.explain.some.of.the.other.nameplate.
information.for.this.motor.

Voltage Source (VOLTS) and AC.motors.are.designed.to.operate.at.standard.voltages..This
Full-load Current (AMPS).. motor.is.designed.to.be.powered.by.a.three-phase.460.V.

supply..Its.rated.full-load current.is.35.0.amps.

Base Speed (R.P.M.) and. Base speed.is.the.speed,.given.in.RPM,.at.which.the.motor
Frequency (HERTZ). develops.rated.horsepower.at.rated.voltage.and.frequency..

Base.speed.is.an.indication.of.how.fast.the.output.shaft.will.
turn.the.connected.equipment.when.fully.loaded..This.motor.
has.a.base.speed.of.�775.RPM.at.a.rated.frequency.of.60.Hz..

Because.the.synchronous.speed.of.a.4-pole.motor.operated.at.
60.Hz.is.��00.RPM,.the.full-load.slip.in.this.case.is.�.4%..If.the.
motor.is.operated.at.less.than.full.load,.the.output.speed.will.be.
slightly.greater.than.the.base.speed.

% Slip = 

% Slip = 1.4% 

1800 - 1775
1800

x 100
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Service Factor. Service factor.is.a.number.that.is.multiplied.by.the.rated.
horsepower.of.the.motor.to.determine.the.horsepower.at.
which.the.motor.can.be.operated..Therefore,.a.motor.designed.
to.operate.at.or.below.its.nameplate.horsepower.rating.has.a.
service.factor.of.�.0..

Some.motors.are.designed.for.a.service.factor.higher.than.�.0,.
so.that.they.can,.at.times,.exceed.their.rated.horsepower..For.
example,.this.motor.has.a.service.factor.of.�.�5..A.�.�5.service.
factor.motor.can.be.operated.�5%.higher.than.its.nameplate.
horsepower..Therefore.this.30.HP.motor.can.be.operated.at.
34.5.HP..Keep.in.mind.that.any.motor.operating.continuously.
above.its.rated.horsepower.will.have.a.reduced.service.life.

Insulation Class. NEMA.defines.motor insulation classes.to.describe.the.
ability.of.motor.insulation.to.handle.heat..The.four.insulation.
classes.are.A,.B,.F,.and.H..All.four.classes.identify.the.allowable.
temperature.rise.from.an.ambient.temperature.of.40°.C.
(�04°.F)..Classes.B.and.F.are.the.most.commonly.used.

Ambient temperature.is.the.temperature.of.the.surrounding.
air..This.is.also.the.temperature.of.the.motor.windings.before.
starting.the.motor,.assuming.the.motor.has.been.stopped.long.
enough..Temperature.rises.in.the.motor.windings.as.soon.as.the.
motor.is.started..The.combination.of.ambient.temperature.and.
allowed.temperature.rise.equals.the.maximum.rated.winding.
temperature..If.the.motor.is.operated.at.a.higher.winding.
temperature,.service.life.will.be.reduced..A.�0°.C.increase.in.
the.operating.temperature.above.the.allowed.maximum.can.cut.
the.motor’s.insulation.life.expectancy.in.half..

The.following.illustration.shows.the.allowable temperature 
rise.for.motors.operated.at.a.�.0.service.factor.at.altitudes.no.
higher.than.3300.ft..Each.insulation.class.has.a.margin.allowed.
to.compensate.for.the.motor’s.hot.spot,.a.point.at.the.center.
of.the.motor’s.windings.where.the.temperature.is.higher..For.
motors.with.a.service.factor.of.�.�5,.add.�0°.C.to.the.allowed.
temperature.rise.for.each.motor.insulation.class.
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The.motor.in.this.example.has.insulation.class.F.and.a.service.
factor.of.�.�5..This.means.that.its.winding.temperature.is.
allowed.to.rise.to.�55°.C.with.an.additional.�0°.C.hot.spot.
allowance..

NEMA Motor Design. NEMA.also.uses.letters.(A,.B,.C,.and.D).to.identify.motor 
designs.based.on.torque.characteristics..The.motor.in.this.
example.is.a.design.B.motor,.the.most.common.type..Motor.
design.A.is.the.least.common.type..The.characteristics.of.motor.
designs.B,.C.and.D.are.discussed.in.the.next.section.of.this.
course.

Motor Efficiency. Motor efficiency.is.a.subject.of.increasing.importance,.
especially.for.AC.motors..AC.motor.efficiency.is.important.
because.AC.motors.are.widely.used.and.account.for.a.
significant.percentage.of.the.energy.used.in.industrial.facilities.

Motor.efficiency.is.the.percentage.of.the.energy.supplied.to.the.
motor.that.is.converted.into.mechanical.energy.at.the.motor’s.
shaft.when.the.motor.is.continuously.operating.at.full.load.
with.the.rated.voltage.applied..Because.motor.efficiencies.can.
vary.among.motors.of.the.same.design,.the.NEMA nominal 
efficiency.percentage.on.the.nameplate.is.representative.of.
the.average.efficiency.for.a.large.number.of.motors.of.the.same.
type..The.motor.in.this.example.has.a.NEMA.nominal.efficiency.
of.93.6%..

Both.NEMA.and.the.Energy Policy Act of 1992 (EPAct).specify.
the.same.process.for.testing.motor.efficiency..In.200�,.NEMA.
established.the.NEMA Premium.designation.for.three-phase.
AC.motors.that.meet.even.higher.efficiency.standards.than.
required.by.EPAct..More.recently,.the.Energy Independence 
and Security Act of 2007 (EISA).was.passed..EISA.requires.
most.motors.manufactured.after.December.�9,.20�0.to.
meet.NEMA.Premium.efficiency.levels..This.includes.motors.
previously.covered.by.EPAct.and.some.additional.categories.of.
motors.

Siemens NEMA Premium Efficient motors.meet.NEMA.
Premium.efficiency.standards.and.Siemens Ultra Efficient 
motors.with.our.exclusive.die cast copper rotor technology.
exceed.NEMA.Premium.efficiency.standards.
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NEMA Motor Characteristics

Standard Motor Designs. Motors.are.designed.with.speed-torque.characteristics.to.
match.the.requirements.of.common.applications..The.four.
standard.NEMA.motor.designs,.A,.B,.C,.and.D,.have.different.
characteristics..This.section.provides.descriptions.for.each.of.
these.motor.designs.with.emphasis.on.NEMA.design.B,.the.
most.common.three-phase.AC.induction.motor.design..

Speed-Torque Curve for. Because.motor.torque.varies.with.speed,.the.relationship
NEMA B Motor. between.speed.and.torque.is.often.shown.in.a.graph,.called.a.

speed-torque.curve..This.curve.shows.the.motor’s.torque,.as.
a.percentage.of.full-load.torque,.over.the.motor’s.full.speed.
range,.shown.as.a.percentage.of.its.synchronous.speed..

The.following.speed-torque.curve.is.for.a.NEMA B motor..
NEMA.B.motors.are.general.purpose,.single.speed.motors.
suited.for.applications.that.require.normal.starting.and.running.
torque,.such.as.fans,.pumps,.lightly-loaded.conveyors,.and.
machine.tools.

Using.a.30.HP,.�765.RPM.NEMA.B.motor.as.an.example,.full-
load.torque.can.be.calculated.by.transposing.the.formula.for.
horsepower.

HP = Torque (in lb-ft) x Speed (in RPM)
5252

Torque (in lb-ft) =
HP x 5252

Speed (in RPM)
= 30 x 5252

1765
= 89.3 lb-ft
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Starting Torque. Starting torque, also.referred.to.as.locked rotor torque,.is.
the.torque.that.the.motor.develops.each.time.it.is.started.at.
rated.voltage.and.frequency..When.voltage.is.initially.applied.to.
the.motor’s.stator,.there.is.an.instant.before.the.rotor.turns..At.
this.instant,.a.NEMA.B.motor.develops.a.torque.approximately.
equal.to.�50%.of.full-load.torque..For.the.30.HP,.�765.RPM.
motor.used.in.this.example,.that’s.equal.to.�34.0.lb-ft.of.torque..

134.0 lb-ft

89.3 lb-ft

Pull-up Torque. As.the.motor.picks.up.speed,.torque.decreases.slightly.until
point.B.on.the.graph.is.reached..The.torque.available.at.this.
point.is.called.pull-up torque..For.a.NEMA.B.motor,.this.is.
slightly.lower.than.starting.torque,.but.greater.than.full-load.
torque..

Breakdown Torque. As.speed.continues.to.increase.from.point.B.to.point.C,.torque.
increases.up.to.a.maximum.value.at.approximately.200%.of.
full-load.torque..This.maximum.value.of.torque.is.referred.to.as.
breakdown torque..The.30.HP.motor.in.this.example.has.a.
breakdown.torque.of.approximately.�7�.6.lb-ft..

178.6 lb-ft

134.0 lb-ft

89.3 lb-ft
Pull-up Torque

Breakdown Torque

Starting Torque

Full-load Torque
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Full-Load Torque. Torque.decreases.rapidly.as.speed.increases.beyond.
breakdown.torque.until.it.reaches.full-load torque.at.a.
speed.slightly.less.than.�00%.of.synchronous.speed..Full-
load.torque.is.developed.with.the.motor.operating.at.rated.
voltage,.frequency,.and.load..The.motor.in.this.example.has.
a.synchronous.speed.of.��00.RPM.and.a.full-load.speed.of.
�765.RPM..Therefore,.its.slip.is.�.9%.

178.6 lb-ft

134.0 lb-ft

89.3 lb-ft
Pull-up Torque

Breakdown Torque

Full-load Torque

Slip   1.9%

Starting Torque

Speed-torque.curves.are.useful.for.understanding.motor.
performance.under.load..The.following.speed-torque.curve.
shows.four.load.examples..This.motor.is.appropriately.sized.
for.constant.torque.load.�.and.variable.torque.load.�..In.each.
case,.the.motor.will.accelerate.to.its.rated.speed..With.constant.
torque.load.2,.the.motor.does.not.have.sufficient.starting.torque.
to.turn.the.rotor..With.variable.torque.load.2,.the.motor.cannot.
reach.rated.speed..In.these.last.two.examples,.the.motor.will.
most.likely.overheat.until.its.overload.relay.trips.

Variable Torque Load 1

Vari
ab

le To
rque Load

 2

Constant Torque Load 1

Constant Torque Load 2
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Starting Current and. Starting current,.also.referred.to.as.locked rotor current,.is
Full-Load Current. the.current.supplied.to.the.motor.when.the.rated.voltage.is.

initially.applied.with.the.rotor.at.rest..Full-load current.is.the.
current.supplied.to.the.motor.with.the.rated.voltage,.frequency,.
and.load.applied.and.the.rotor.up.to.speed..For.a.NEMA.B.
motor,.starting.current.is.typically.600-650%.of.full-load.current..
Knowledge.of.the.current.requirements.for.a.motor.is.critical.for.
the.proper.application.of.overcurrent.protection.devices.

NEMA A Motor NEMA A motors.are.the.least.common.design..NEMA.A.
motors.have.a.speed-torque.curve.similar.to.that.of.a.NEMA.
B.motor,.but.typically.have.higher.starting.current..As.a.result,.
overcurrent.protection.devices.must.be.sized.to.handle.the.
increased.current..NEMA.A.motors.are.typically.used.in.the.
same.types.of.applications.as.NEMA.B.motors.

NEMA C Motor. NEMA C motors.are.designed.for.applications.that.require.
a.high.starting.torque.for.hard.to.start.loads,.such.as.heavily-
loaded.conveyors,.crushers.and.mixers..Despite.the.high.
starting.torque,.these.motors.have.relatively.low.starting.
current..Slip.and.full-load.torque.are.about.the.same.as.for.a.
NEMA.B.motor..NEMA.C.motors.are.typically.single.speed.
motors.which.range.in.size.from.approximately.5.to.200.HP.

The.following.speed-torque.curve.is.for.a.30.HP.NEMA.C.motor.
with.a.full-load.speed.of.�765.RPM.and.a.full-load.torque.of.
�9.3.lb-ft..In.this.example,.the.motor.has.a.starting.torque.of.
2�4.3.lb-ft,.240%.of.full-load.torque.and.a.breakdown.torque.of.
�74.lb-ft..
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214.3 lb-ft

89.3 lb-ft

174 lb-ft

Breakdown Torque

NEMA D Motor The.starting.torque.of.a.NEMA design D motor.is.
approximately.2�0%.of.the.motor’s.full-load.torque..This.makes.
it.appropriate.for.very.hard.to.start.applications.such.as.punch.
presses.and.oil.well.pumps..NEMA.D.motors.have.no.true.
breakdown.torque..After.starting,.torque.decreases.until.full-
load.torque.is.reached..Slip.for.NEMA.D.motors.ranges.from.5.
to.�3%.

The.following.speed.torque.curve.is.for.a.30.HP.NEMA.D.motor.
with.a.full-load.speed.of.�656.RPM.and.a.full.load.torque.of.
95.�.lb-ft..This.motor.develops.approximately.266.3.lb-ft.of.
starting.torque.

95.1 lb-ft

266.3 lb-ft

Slip  8%
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Review 5.
�.. A.30.HP.motor.with.a.�.�5.service.factor.can.be.

operated.at._______.HP.

2.. A.motor.with.Class.F.insulation.and.a.�.0.service.factor.
has.a.maximum.temperature.rise.of._______

o
C.plus.a.

_______
o
C.hot.spot.allowance.

3.. The.starting.torque.of.a.NEMA.B.motor.is.
approximately._______%.of.full-load.torque.

4.. The.maximum.torque.value.on.a.NEMA.B.motor.speed-
torque.curve.is.called._______.torque.

235



43

Derating Factors

Several.factors.can.affect.the.performance.of.an.AC.motor..
These.must.be.considered.when.applying.a.motor.

Voltage Variation. As.previously.discussed,.AC.motors.have.a.rated.voltage.and.
frequency..Some.motors.have.connections.for.more.that.one.
rated.voltage..The.following.table.shows.the.most.common.
voltage.ratings.for.NEMA.motors.

A.small.variation.in.supply.voltage.can.have.a.dramatic.affect.on.
motor.performance..In.the.following.chart,.for.example,.when.
voltage.is.�0%.below.the.rated.voltage.of.the.motor,.the.motor.
has.20%.less.starting.torque..This.reduced.voltage.may.prevent.
the.motor.from.getting.its.load.started.or.keeping.it.running.at.
rated.speed..

A.�0%.increase.in.supply.voltage,.on.the.other.hand,.increases.
the.starting.torque.by.20%..This.increased.torque.may.cause.
damage.during.startup..A.conveyor,.for.example,.may.lurch.
forward.at.startup..A.voltage.variation.also.causes.similar.
changes.in.the.motor’s.starting.and.full-load.currents.and.
temperature.rise.
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Frequency A.variation.in.the.frequency.at.which.the.motor.operates.causes.
changes.primarily.in.speed.and.torque.characteristics..A.5%.
increase.in.frequency,.for.example,.causes.a.5%.increase.in.full-
load.speed.and.a.�0%.decrease.in.torque.

Altitude. Standard.motors.are.designed.to.operate.below.3300.feet..Air.
is.thinner,.and.heat.is.not.dissipated.as.quickly.above.3300.feet..
Most.motors.must.be.derated.for.altitudes.above.3300.feet..
The.following.chart.shows.typical.horsepower.derating.factors,.
but.the.derating.factor.should.be.checked.for.each.motor..A.50.
HP.motor.operated.at.6000.feet,.for.example,.would.be.derated.
to.47.HP,.providing.the.40°C.ambient.rating.is.still.required.

Ambient Temperature. The.ambient.temperature.may.also.have.to.be.considered..
The.ambient.temperature.requirement.may.be.reduced.from.
40°C.to.30°C.at.6600.feet.on.many.motors..However,.a.motor.
with.a.higher.insulation.class.may.not.require.derating.in.these.
conditions.

237



45

AC Motors and AC Drives

Many.applications.require.the.speed.of.an.AC.motor.to.vary..
The.easiest.way.to.vary.the.speed.of.an.AC.induction.motor.is.
to.use.an.AC.drive.to.vary.the.applied.frequency..Operating.a.
motor.at.other.than.the.rated.frequency.and.voltage.affect.both.
motor.current.and.torque..

Volts per Hertz (V/Hz). The.volts per hertz (V/Hz) ratio.is.the.ratio.of.applied.voltage.
to.applied.frequency.for.a.motor..460.VAC.is.the.most.common.
voltage.rating.for.an.industrial.AC.motor.manufactured.for.use.
in.the.United.States..These.motors.have.a.frequency.rating.of.
60Hz..This.provides.a.V/Hz.ratio.of.7.67..Not.every.motor.has.
a.7.67.V/Hz.ratio..A.230.Volt,.60.Hz.motor,.for.example,.has.a.
3.�.V/Hz.ratio.

= 7.67 V/HZ = 3.8 V/Hz
230 V

60 Hz

460 V

60 Hz

Constant Torque Operation. AC.motors.running.on.an.AC.line.operate.with.a.constant.flux
because.voltage.and.frequency.are.constant..Motors.operated.
with.constant.flux.are.said.to.have.constant.torque..Actual.
torque.produced,.however,.is.dependent.upon.the.load..

An.AC.drive.is.capable.of.operating.a.motor.with.constant.
flux.from.approximately.0.Hz.to.the.motor’s.rated.nameplate.
frequency.(typically.60.Hz)..This.is.the.constant torque range..
As.long.as.a.constant.volts.per.hertz.ratio.is.maintained.the.
motor.will.have.constant.torque.characteristics..
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The.following.graphs.illustrate.the.constant.volts.per.hertz.ratio.
of.a.460.volt,.60.Hz.motor.and.a.230.volt,.60.Hz.motor.operated.
over.the.constant.torque.range..Keep.in.mind.that.if.the.applied.
frequency.increases,.stator.reactance.increases..In.order.to.
compensate.for.this,.the.drive.must.simultaneously.increase.
voltage.proportionally..Otherwise,.stator.current,.flux,.and.
torque.would.decrease..

Constant Horsepower. Some.applications.require.the.motor.to.be.operated.above.base.
speed..Because.applied.voltage.must.not.exceed.the.rated.
nameplate.voltage,.torque.decreases.as.speed.increases..This.
is.referred.to.as.the.constant horsepower range.because.any.
change.in.torque.is.compensated.by.the.opposite.change.in.
speed.

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

5252

If.the.motor.is.operated.in.both.the.constant.torque.and.
constant.horsepower.ranges,.constant.volts.per.hertz.and.
torque.are.maintained.up.to.60.Hz..Above.60.Hz,.the.volts.per.
hertz.ratio.decreases,.with.a.corresponding.decrease.in.torque.
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Reduced Voltage and. Recall.that.when.a.NEMA.B.motor.is.started.at.full.voltage,.it
Frequency Starting. develops.approximately.�50%.starting.torque.and.600%.

starting.current..When.the.motor.is.controlled.by.an.AC.drive,.
the.motor.is.started.at.reduced.voltage.and.frequency..For.
example,.the.motor.may.start.with.approximately.�50%.torque,.
but.only.�50%.of.full.load.current..

As.the.motor.is.brought.up.to.speed,.voltage.and.frequency.are.
increased,.and.this.has.the.effect.of.shifting.the.motor’s.speed-
torque.curve.to.the.right..The.dotted.lines.on.the.following.
speed-torque.curve.represent.the.portion.of.the.curve.not.
used.by.the.drive..The.drive.starts.and.accelerates.the.motor.
smoothly.as.frequency.and.voltage.are.gradually.increased.to.
the.desired.speed.

Some.applications.require.higher.than.�50%.starting.torque..
A.conveyor,.for.example,.may.require.200%.rated.torque.for.
starting..This.is.possible.if.the.drive.and.motor.are.appropriately.
sized.

Selecting a Motor. AC.drives.often.have.more.capability.than.the.motor..Drives.
can.run.at.higher.frequencies.than.may.be.suitable.for.an.
application..In.addition,.drives.can.run.at.speeds.too.low.for.self-
cooled.motors.to.develop.sufficient.air.flow..Each.motor.must.
be.evaluated.according.to.its.own.capability.before.selecting.it.
for.use.on.an.AC.drive.

Harmonics,.voltage.spikes,.and.voltage.rise.times.of.AC.drives.
are.not.identical..Some.AC.drives.have.more.sophisticated.
filters.and.other.components.designed.to.minimize.undesirable.
heating.and.insulation.damage.to.the.motor..This.must.be.
considered.when.selecting.an.AC.drive/motor.combination..
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Distance Between the. Distance.from.the.drive.to.the.motor.must.also.be.taken.into
Drive and the Motor. consideration..All.motor.cables.have.line-to-line.and.line-to-

ground.capacitance..The.longer.the.cable,.the.greater.the.
capacitance..Some.types.of.cables,.such.as.shielded.cable.or.
cables.in.metal.conduit,.have.greater.capacitance..Spikes.occur.
on.the.output.of.AC.drives.because.of.the.charging.current.
in.the.cable.capacitance..Higher.voltage.(460.VAC).and.higher.
capacitance.(long.cables).result.in.higher.current.spikes..Voltage.
spikes.caused.by.long.cable.lengths.can.potentially.shorten.the.
life.of.the.AC.drive.and.motor..

Service Factor on AC Drives. A.high.efficiency.motor.with.a.�.�5.service.factor.is.
recommended.when.used.with.an.AC.drive..Due.to.heat.
associated.with.harmonics.of.an.AC.drive,.the.�.�5.service.
factor.is.reduced.to.�.0..
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Matching Motors to the Load

One.way.to.evaluate.whether.the.torque.capabilities.of.a.
motor.meet.the.torque.requirements.of.the.load.is.to.compare.
the.motor’s.speed-torque.curve.with.the.speed-torque.
requirements.of.the.load.

Load Characteristics Tables. A.table,.like.one.shown.below,.can.be.used.to.find.the.load.
torque.characteristics..NEMA.publication.MG.�.is.one.source.of.
typical.torque.characteristics.
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Calculating Load Torque. The.most.accurate.way.to.obtain.torque.characteristics.of.
a.given.load.is.from.the.equipment.manufacturer..However,.
the.following.procedure.illustrates.how.load.torque.can.be.
determined..The.following.illustration.shows.a.pulley.fastened.
to.the.shaft.of.a.load..A.cord.is.wrapped.around.the.pulley.with.
one.end.connected.to.a.spring.scale..Pull.on.the.scale.until.
the.shaft.turns.and.note.the.force.reading.on.the.scale..Then,.
multiply.the.force.required.to.turn.the.shaft.by.the.radius.of.
the.pulley.to.calculate.the.torque.value..Keep.in.mind.that.the.
radius.is.measured.from.the.center.of.the.shaft..

Scale

Force

Torque = Force x Radius

Radius

For.example,.if.the.radius.of.the.pulley.is.�.foot.and.the.force.
required.to.turn.the.shaft.is.�0.pounds,.the.torque.requirement.
is.�0.lb-ft..Remember.that.this.is.just.the.required.starting.
torque..The.amount.of.torque.required.to.turn.the.load.can.vary.
with.speed..

At.any.point.on.the.speed-torque.curve,.the.amount.of.torque.
produced.by.a.motor.must.always.at.least.equal.the.torque.
required.by.its.load..If.the.motor.cannot.produce.sufficient.
torque,.it.will.either.fail.to.start.the.load,.stall,.or.run.in.an.
overloaded.condition..This.will.probably.cause.protective.
devices.to.trip.and.remove.the.motor.from.the.power.source..

Centrifugal Pump. In.the.following.example,.a.centrifugal.pump.requires.a.full-load.
torque.of.600.lb-ft..This.pump.only.needs.approximately.20%.
of.full-load.torque.to.start..The.required.torque.dips.slightly.as.
the.load.begins.to.accelerate.and.then.increases.to.full-load.
torque.as.the.pump.comes.up.to.speed..This.is.an.example.of.a.
variable torque load..

600 lb-ft

120 lb-ft

Motor

Centrifugal Pump
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The.motor.selected.in.this.example.is.a.NEMA.B.motor.that.is.
matched.to.the.load..In.other.words,.motor.has.sufficient.torque.
to.accelerate.the.load.to.rated.speed..

Screw Down Actuator. In.the.following.example,.the.load.is.a.screw.down.actuator.
with.a.starting.torque.equal.to.200%.of.full-load.torque..Note.
that.the.NEMA.B.motor.chosen.for.this.example.does.not.
provide.sufficient.torque.to.start.the.load.

One.solution.to.this.problem.is.to.use.a.higher.horsepower.
NEMA.B.motor..A.less.expensive.solution.might.be.to.use.a.
NEMA.D.motor.which.has.higher.starting.torque.for.the.same.
horsepower.rating.
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Review 6
�.. According.to.the.derating.table.provided.earlier,.a.200.

HP.motor.operated.at.5500.feet.would.be.derated.to.
_______.HP.

2.. The.volts.per.hertz.ratio.of.a.460.Volt,.60.Hz.motor.is.
_______.V/Hz.

3.. An.AC.drive.in.volts-per-hertz.mode.is.in.the.constant.
_______.range.when.it.is.operating.above.the.motor’s.
base.speed.

4.. If.the.radius.of.a.pulley.attached.to.a.load.shaft.is.2.feet,.
and.the.force.required.to.turn.the.shaft.is.20.pounds,.
the.amount.of.torque.required.to.start.the.load.is.
_______.lb-ft.

5... Which.of.the.loads.in.the.following.illustration.is.
properly.matched.to.the.motor.

. A..Load.�

. B..Load.2

. C..Load.3

. D..Load.4

Load 1

Load
 2

Load 4

Load 3

Motor
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Motor Enclosures

A.motor’s.enclosure.not.only.holds.the.motors.components.
together,.it.also.protects.the.internal.components.from.
moisture.and.containments..The.degree.of.protection.depends.
on.the.enclosure.type..In.addition,.the.type.of.enclosure.affects.
the.motor’s.cooling..There.are.two.categories.of.enclosures:.
open.and.totally.enclosed..

Open Drip Proof (ODP). Open.enclosures.permit.cooling.air.to.flow.through.the.motor.
Enclosure. One.type.of.open.enclosure.is.the.open drip proof (ODP) 

enclosure..This.enclosure.has.vents.that.allow.for.air.flow..Fan.
blades.attached.to.the.rotor.move.air.through.the.motor.when.
the.rotor.is.turning..The.vents.are.positioned.so.that.liquids.and.
solids.falling.from.above.at.angles.up.to.�5°.from.vertical.cannot.
enter.the.interior.of.the.motor.when.the.motor.is.mounted.on.
a.horizontal.surface..When.the.motor.is.mounted.on.a.vertical.
surface,.such.as.a.wall.or.panel,.a.special.cover.may.be.needed..
ODP.enclosures.should.be.used.in.environments.free.from.
contaminates.

Vent
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Totally Enclosed . In.some.applications,.the.air.surrounding.the.motor.contains
Non-Ventilated (TENV). corrosive.or.harmful.elements.which.can.damage.the.internal
Enclosure. parts.of.a.motor..A.totally enclosed non-ventilated (TENV).

motor.enclosure.limits.the.flow.of.air.into.the.motor,.but.is.not.
airtight..However,.a.seal.at.the.point.where.the.shaft.passes.
through.the.housing.prevents.water,.dust,.and.other.foreign.
matter.from.entering.the.motor.along.the.shaft..

Most.TENV.motors.are.fractional.horsepower..However,.integral.
horsepower.TENV.motors.are.used.for.special.applications..
The.absence.of.ventilating.openings.means.that.all.the.heat.
from.inside.the.motor.must.dissipate.through.the.enclosure.
by.conduction..These.larger.horsepower.TENV.motors.have.an.
enclosure.that.is.heavily.ribbed.to.help.dissipate.heat.more.
quickly..TENV.motors.can.be.used.indoors.or.outdoors.

Totally Enclosed Fan Cooled. A.totally enclosed fan-cooled (TEFC) motor.is.similar.to.a
(TEFC) Enclosure. TENV.motor,.but.has.an.external.fan.mounted.opposite.the.

drive.end.of.the.motor..The.fan.blows.air.over.the.motor’s.
exterior.for.additional.cooling..The.fan.is.covered.by.a.shroud.to.
prevent.anyone.from.touching.it..TEFC.motors.can.be.used.in.
dirty,.moist,.or.mildly.corrosive.environments..

Cooling Fan
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Explosion Proof (XP) Hazardous.duty.applications.are.commonly.found.in.
chemical.processing,.mining,.foundry,.pulp.and.paper,.
waste.management,.and.petrochemical.industries..In.these.
applications,.motors.have.to.comply.with.the.strictest.
safety.standards.for.the.protection.of.life,.machines.and.the.
environment. This.often.requires.use.of.explosion proof (XP) 
motors..

An.XP.motor.is.similar.in.appearance.to.a.TEFC.motor,.however,.
most.XP.enclosures.are.cast.iron..In.the.United.States,.the.
application.of.motors.in.hazardous.locations.is.subject.to.
National Electrical Code®.and.standards.set.by.Underwriters.
Laboratories.and.various.regulatory.agencies.

XP100
NEMAPremium

!
!

ATTENTIONWARNING

! Warning

Hazardous (Classified). You.should.never specify or suggest the type of hazardous
Locations. location classification,.it.is.the user’s responsibility.to.

comply.with.all.applicable.codes.and.to.contact.local.regulatory.
agencies.to.define.hazardous.locations..Refer.to.the.National 
Electrical Code®Article.500.for.additional.information.

Division I and II Locations. Division I locations.normally.have.hazardous.materials.present.
in.the.atmosphere..Division II locations.may.have.hazardous.
material.present.in.the.atmosphere.under.abnormal.conditions.

Classes and Groups. Locations.defined.as.hazardous,.are.further.defined.by.the.class.
and.group.of.hazard..For.example,.Class I, Groups A through 
D.have.gases.or.vapors.present..Class II, Groups E, F, and G.
have.flammable.dust,.such.as.coke.or.grain.dust..Class III.is.not.
divided.into.groups..This.class.involves.ignitable.fibers.and.lints.

Classes I Class II Class III
Groups A-D Groups E-G Flammable Lint
Gas or Vapor Flammable Dust  or Fibers
Examples: Examples: Examples:
Gasoline Coke Dust Textiles
Acetone Grain Dust Saw Dust
Hydrogen
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Mounting

NEMA Dimensions. NEMA.has.standardized motor dimensions.for.a.range.of.
frame.sizes..Standardized.dimensions.include.bolt.hole.size,.
mounting.base.dimensions,.shaft.height,.shaft.diameter,.and.
shaft.length..Use.of.standardized.dimensions.allows.existing.
motors.to.be.replaced.without.reworking.the.mounting.
arrangement..In.addition,.new.installations.are.easier.to.design.
because.the.dimensions.are.known..

Standardized.dimensions.include.letters.to.indicate.the.
dimension’s.relationship.to.the.motor..For.example,.the.letter.
C.indicates.the.overall.length.of.the.motor.and.the.letter.E.
represents.the.distance.from.the.center.of.the.shaft.to.the.
center.of.the.mounting.holes.in.the.feet..Dimensions.are.found.
by.referring.to.a.table.in.the.motor.data.sheet.and.referencing.
the.letter.to.find.the.desired.dimension..

NEMA.divides.standard.frame.sizes.into.two.categories,.
fractional.horsepower.and.integral.horsepower..The.most.
common.frame.sizes.for.fractional horsepower motors.are.
42,.4�,.and.56..Integral horsepower motors.are.designated.
by.frame.sizes.�43.and.above..A.T.in.the.motor.frame.size.
designation.for.an.integral.horsepower.motor.indicates.that.
the.motor.is.built.to.current.NEMA.frame.standards..Motors.
that.have.a.U.in.their.motor.frame.size.designation,.are.built.to.
NEMA.standards.that.were.in.place.between.�952.and.�964.
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The.frame.size.designation.is.a.code.to.help.identify.key.frame.
dimensions..The.first.two.digits.are.used.to.determine.the.shaft.
height..The.shaft.height.is.the.distance.from.the.center.of.the.
shaft.to.the.mounting.surface..To.calculate.the.shaft.height,.
divide.the.first.two.digits.of.the.frame.size.by.4..For.example,.a.
�43T.frame.size.motor.has.a.shaft.height.of.3½.inches.(�4.÷.4).

The.third.digit.in.the.integral.T.frame.size.number.is.the.NEMA.
code.for.the.distance.between.the.center.lines.of.the.motor.
feet.mounting.bolt.holes..The.distance.is.determined.by.
matching.this.digit.with.a.table.in.NEMA.publication.MG-�..
For.example,.the.distance.between.the.center.lines.of.the.
mounting.bolt.holes.in.the.feet.of.a.�43T.frame.is.4.00.inches.
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IEC Dimensions. IEC.also.has.standardized.dimensions,.but.these.dimensions..
differ.from.NEMA.standards..An.example.of.the.IEC.dimensions.
are.shown.in.the.following.drawing.

Mounting Positions The.typical floor mounting positions.are.illustrated.in.the.
following.drawing,.and.are.referred.to.as.F-�.and.F-2.mountings..
The.conduit.box.can.be.located.on.either.side.of.the.frame.to.
match.the.mounting.arrangement.and.position..The.standard.
location.of.the.conduit.box.is.on.the.left-hand.side.of.the.motor.
when.viewed.from.the.shaft.end..This.is.referred.to.as.the.F-�.
mounting..The.conduit.opening.can.be.placed.on.any.of.the.four.
sides.of.the.box.by.rotating.the.box.in.90°.steps.

F-1 Position
(Standard)

F-2 Position

Conduit Box

Shaft
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With.modification,.a.foot-mounted.motor.can.be.mounted.on.
a.wall.and.ceiling..Typical.wall.and.ceiling mounts.are.shown.
in.the.following.illustration..Wall.mounting.positions.have.the.
prefix W.and.ceiling.mounted.positions.have.the.prefix C.

Assembly W-1

Assembly C-1 Assembly C-2

Assembly W-2 Assembly W-3 Assembly W-4

Assembly W-5 Assembly W-6 Assembly W-7 Assembly W-8

Mounting Faces. It.is.sometimes.necessary.to.connect.the.motor.directly.to.
the.equipment.it.drives..In.the.following.example.a.motor.is.
connected.directly.to.a.gear box.

Gear Box

Motor

C-face. The.face,.or.the.end,.of.a.C-face motor.has.threaded.bolt.
holes..Bolts.to.mount.the.motor.pass.through.mating.holes.in.
the.equipment.and.into.the.face.of.the.motor.

Threaded Bolt Hole
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D-flange. The.bolts.go.through.the.holes.in.the.flange.of.a.D-flange 
motor.and.into.threaded.mating.holes.of.the.equipment.

Review 7
�.. A.type.of.open.enclosure.that.prevents.liquids.and.

solids.falling.from.above.at.angles.up.to.�5°.from.
vertical.from.entering.the.interior.of.the.motor.is.an.
_______.enclosure.

2.. A.type.of.enclosure.that.is.closed.and.uses.a.fan.
mounted.on.the.motor’s.shaft.to.supply.cooling.air.flow.
is.referred.to.as.a._______.enclosure.

3.. The.letter.____.in.a.motor’s.frame.size.designation.
indicates.that.the.motor.is.built.to.current.NEMA.
standards.

4.. The.shaft.height.in.inches.for.an.integral.horsepower.
NEMA.motor.can.be.determined.by.dividing.the.first.
two.digits.of.the.frame.size.designation.by.____.
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Siemens AC Induction Motors

Siemens.manufactures.AC.induction.motors.for.a.wide.range.of.
applications..Our.products.include.motors.designed.to.NEMA.
or.IEC.standards,.as.well.as.above.NEMA.motors..This.section.
provides.an.introduction.to.these.motors..Additional.information.
is.available.on.the.Siemens.Industry,.Inc..web.site.

General Purpose NEMA  Siemens.General Purpose NEMA motors.are.suitable.for.a.
Motors  wide.range.of.applications,.such.as.HVAC,.material.handling,.

pump,.fan,.compressor,.and.other.light.duty.uses.in.non-
hazardous.environments.

These.motors.are.available.as.totally.enclosed.fan.cooled.
(TEFC).motors.in.two.efficiency.levels,.NEMA Premium 
Efficient.and.Ultra Efficient..Siemens.NEMA.Premium.
Efficient.motors.meet.NEMA.Premium.efficiency.standards.
and.Siemens.Ultra.Efficient.motors.with.our.exclusive.die.cast.
copper.rotor.technology.exceed.NEMA.Premium.efficiency.
standards.

Our.General.Purpose.NEMA.motors.are.manufactured.with.
light-weight.die.cast.aluminum.frames.or.with.rugged.cast.iron.
frames.for.reliable,.long.lasting.performance..

254



62

Cost Savings with NEMA The.following.example.shows.the.energy.savings.over.the.life
Premium Efficiency Motors of.a.NEMA.Premium.efficiency.motor..In.this.example,.a.20HP,.

��00.RPM,.TEFC.motor.(Motor.�).with.an.efficiency.of.9�%.and.
a.purchase.price.of.$675.is.compared.with.a.Siemens.GP�00.
NEMA.Premium.motor.with.and.efficiency.of.93.6%.and.a.
purchase.price.of.$�072.

C = P +
0.746 x HP x T x R 

E

C = motor lifecycle cost
P = initial purchase price
0.746 = HP to kilowatt conversion factor
HP = motor full-load horsepower
T = estimated motor lifetime in hours
R = utility kilowatt-hour rate
E = efficiency expressed as a decimal value

C = $675 +
0.746 x 20 HP x 60,000 Hrs. x $0.08

0.91
= $79,373.90

C = $1072 +
0.746 x 20 HP x 60,000 Hrs. x $0.08

0.936
= $77,584.82

Total Savings = $1789.08

Motor 1 Calculation

GP100 Calculation

Severe Duty Motors. Siemens.Severe Duty motors.are.industry.workhorses.for.use.
in.the.toughest.chemical.processing,.mining,.foundry,.pulp.and.
paper,.waste.management,.and.petrochemical.applications..
These.motors.are.available.with.a.wide.range.of.application-
matched.modifications..Siemens.SD100 severe duty TEFC 
motors.exceed.NEMA.Premium.efficiency.standards..
Additionally,.Siemens.SD100 IEEE841 severe duty motors.
have.been.designed.to.exceed.the.IEEE.�4�-200�.standards.for.
the.petroleum.and.chemical.industries.

Hazardous Duty Motors. In.hazardous.duty.applications,.commonly.found.in.chemical.
processing,.mining,.foundry,.pulp.and.paper,.waste.
management,.and.petrochemical.industries,.motors.have.to.
comply.with.the.strictest.safety.standards.for.the.protection.of.
life,.equipment,.and.the.environment..These.NEMA.Premium.
efficient.motors.are.UL.listed.for.hazardous.gas.environments.
(Class.I,.Group.D,.Class.II,.Groups.F.&.G,.Division.�.or.Class.I,.
Groups.C.&.D,.Division.�)...Upgrading.to.Class.II,.Group.E.in.a.
Division.�.area.is.also.available.

255



63

XP100
NEMAPremium

!
!

ATTENTIONWARNING

! Warning

XP100 Explosion-proof Motor

Inverter Duty Motors. Siemens.totally enclosed inverter duty motors.are.rated
for.continuous.operation.in.a.40ºC.ambient.at.altitudes.up.to.
3300.feet.above.sea.level..These.rugged,.high.efficient.motors.
exceed.EPAct.Efficiency.standards.and.are.manufactured.
for.Severe.Duty.and.Hazardous.Duty.adjustable.speed.drive.
applications.such.as.centrifugal.fans,.pumps,.blowers,.mixers,.
machine.tools,.chemical.processing,.mining,.foundry,.pulp.and.
paper,.waste.management,.and.petrochemical.

TEFC Vertical P-Base Motors. Siemens.TEFC Vertical P-Base motors.are.the.right.choice.for.
applications.such.as.centrifugal.pumps,.turbine.pumps,.cooling.
towers,.fans,.mixers,.pulp.and.paper,.petrochemical,.irrigation,.
agriculture,.and.waste.water.treatment..These.Severe.Duty,.cast.
iron.motors.exceed.EPAct.Efficiency.standards.and.are.offered.
with.a.solid.shaft.for.Normal,.Medium.and.In-Line.Pump.thrust.
applications..Equipped.with.an.insulation.system.that.exceeds.
the.requirements.of.NEMA.MG�.Part.3�,.Siemens.Vertical.P-
Base.motors.are.suitable.for.use.with.variable.speed.drives.
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IEC Low Voltage Motors. Siemens.offers.a.complete.range.of.IEC low voltage motors
in.sizes.from.0.06.to.�250.kW..The.following.paragraphs.
summarize.the.IEC.low.voltage.motor.types.available.

IEC Standard Motors (Up to. Siemens.IEC Standard motors.are.characterized.by.their
Frame Size 315L). flexibility,.ruggedness.and.energy.efficiency..In.general,.all.

motors.are.suitable.for.converter-fed.operation.with.line.
voltages.of.up.to.500.V.+�0%..These.motors.are.designed.
to.fulfill.the.requirements.of.the.European.and.international.
markets.with.an.output.range.from.0.06.to.250.kW.

IEC Non-Standard Motors. Siemens.IEC motor series N compact.includes.outputs
(Frame Size 315 and Above). up.to.�250.kW.(at.50.Hz).in.the.non-standard.range..A.

number.of.technical.features.provide.this.motor.series.with.its.
ruggedness,.reliability,.and.long.service.life..These.motors.also.
are.characterized.by.their.high.output.for.a.small.frame.size.and.
have.an.extremely.compact,.space-saving.design..N.compact.
motors.have.optimized.efficiencies.to.reduce.energy.cost.

IEC Explosion Protected Siemens.explosion-protected.motors.exceed.basic.safety
Motors. requirements,.operating.reliably.even.under.the.most.extreme.

conditions..In.hazardous.environments.such.as.chemical.plants,.
the.oil.industry.or.gas.works,.our.rugged.EEx.motors.comply.
with.the.strictest.safety.standards.for.the.protection.of.life,.
machines.and.the.environment..

IEC Extraction Motors,  Siemens.smoke extraction motors.can.cope.with.high
Marine Motors, Roller Table.. ambient.temperatures.safely..In.the.event.of.an.accident,.they
Motors reduce.the.heat.loading.on.the.building.and.keep.access.and.

escape.routes.smoke-free..Our.certified.smoke.extraction.
motors.have.been.specially.developed.for.buildings.and.
construction.sites.with.smoke.control.systems..
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Specially.designed.for.use.on.ships.below.deck.and.for.the.
offshore.industry,.our.marine motors.meet.the.requirements.
of.the.leading.classification.authorities.(VV,.DNV,.GL,.LRS).and.
have.type-test.certificates.up.to.200kW.output..

Our.three-phase.roller table motors.for.inverter-fed.operation.
are.designed.to.satisfy.the.high.demands.of.reversing.rolling.
mills..They.are.designed.as.totally.enclosed.asynchronous.three-
phase.motors.with.a.spheroid.graphite.iron.housing,.ring.ribs,.
and.strengthened.bearing.brackets.

IEC Inverter Duty Motors. Siemens.Low.Voltage.IEC.motors.feature.the.future-oriented.
insulation.system.Durgnit IR 2000.(IR=.Inverter.Resistance)..
The.Durgnit.IR.2000.insulation.system.uses.high-quality.
enamel.wires.and.insulating.materials.in.conjunction.with.a.
resin.impregnation.that.does.not.contain.any.solvents..These.
motors.can.withstand.operation.with.converters.that.have.
IGBT.transistors..This.allows.all.our.standard IEC LV motors.
to.be.operated.with.variable.speed.drives.at.voltages.up.to.
500V.+5%..Our.specially developed motors,.with.special.
insulation.for.operation.up.to.690V.+5%,.reduce.the.cost.and.
space.when.utilized.with.sinusoidal.and.dv/dt.filters.

IEC Customer-specific In.addition.to.the.motors.previously.listed,.Siemens.also
Motors manufactures.IEC.motors.to.meet.specific.customer.application.

requirements.

Above NEMA Motors  Motors.that.are.larger.than.NEMA.frame.sizes.are.referred.to.as
above NEMA motors..These.motors.range.in.power.up.to.
��,000.HP.and.are.constructed.to.meet.specific.customer.
requirements.
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For.each.frame.size,.Siemens.has.standard.frame.dimensions,.
similar.to.NEMA.dimensions..The.following.illustrations.shows.
the.typical.types.of.dimensions.provided.for.an.above.NEMA.
motor..

C
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The.customer.typically.supplies.specifications.for.starting.
torque,.breakdown.torque,.and.full-load.torque.based.on.
speed-torque.curves.obtained.from.the.driven.equipment.
manufacturer..There.are,.however,.some.minimum.torques.
that.all.large.AC.motors.must.be.able.to.develop..These.are.
specified.by.NEMA.

Locked.Rotor.Torque.≥.60%.of.Full-Load.Torque
Pull-Up.Torque.≥ 60%.of.Full-Load.Torque
Maximum.Torque.≥ �75%.of.Full-Load.Torque

Above.NEMA.motors.require.the.same.adjustments.for.altitude.
and.ambient.temperature.as.integral.frame.size.motors..When.
the.motor.is.operated.above.3300.feet,.either.a.higher.class.
insulation.must.be.used.or.the.motor.must.be.derated..Above.
NEMA.motors.with.class.B.insulation.can.easily.be.modified.
for.operation.in.an.ambient.temperature.between.40°.C.and.
50°.C..Motors.intended.for.operation.above.50°.C.ambient.
temperature.require.special.modification.at.the.factory..

Siemens.manufactures.a.complete.line.of.large.AC.squirrel-
cage.induction.motors.at.our.ISO-900�.certified.plant.in.
Norwood,.Ohio..Many.of.the.motors.manufactured.in.this.plant.
are.horizontal, foot-mounted motors,.but.this.plant.also.
manufactures.vertical, flange-mounted motors,.and.specialty 
motors.
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Horizontal, Foot-Mounted. Siemens.manufactures.large,.horizontal,.foot-mounted.motors
Above NEMA Motors with.a.variety.of.enclosures.such.as:.open drip proof (ODP), 

weather protected I (WPI), weather protected II (WPII),.
totally enclosed water-to-air cooled (TEWAC), totally 
enclosed air-to-air cooled (TEAAC),.and.totally enclosed 
fan cooled (TEFC)..The.following.charts.summarize.Siemens.
product.offerings.for.large,.horizontal,.foot-mounted.motors.

E nclosure  T ype O pen D rip  P roof/W eather P ro tec ted  I
S iem ens T ype C G

D escrip tion B est su ited  to  indoor app lica tions  w here  it w ill no t be  exposed to  ex trem e 
am bient cond itions .

D egree o f P ro tec tion IP 23 - p ro tec ted  aga ins t so lid  ob jec ts  g rea ter than 12 .5  m m  and fa lling  
w ater sprayed a t ang les  up  to  60  degrees  from  vertica l.

T ype o f C oo ling IC 01 - open a ir ven tila tion
P ow er R ange 200 to  10 ,000 H P
P oles 2 to  16
F ram e S izes 500, 580, 680, 800, and 1120
V oltage 460 to  13 ,200 V  (460 to  690 V  up to  800 H P )
S ervice  Factor 1 .0  (1 .15  op tiona l)

E nc losure  T ype W eather P ro tec ted  II
S iem ens T ype C G II

D escrip tion D es igned fo r ou tdoor app lica tions  w here  the  m otor is  no t like ly to  be  
pro tec ted  by o ther s truc tures .

D egree o f P ro tec tion IP 24 - p ro tec ted  aga ins t so lid  ob jec ts  g rea ter than 12 .5  m m  and w ater 
sp lash ing  from  any d irec tion .

T ype o f C oo ling IC 01 - open a ir ven tila tion
P ow er R ange 200 to  10 ,000 H P
P oles 2 to  16
F ram e S izes 500, 580, 680, 800, and 1120
V oltage 460 to  13 ,200 V  (460 to  690 V  up to  800 H P )
S ervice  Factor 1 .0  (1 .15  op tiona l)

E nc losure  T ype W eather P ro tec ted  II
S iem ens T ype H -C om pact P LU S  S H 710 F ram e

D escrip tion D es igned fo r ou tdoor app lica tions  w here  the  m otor is  no t like ly to  be  
pro tec ted  by o ther s truc tures .

D egree o f P ro tec tion IP W 24 - p ro tec ted  aga ins t so lid  ob jec ts  g rea ter than 12 .5  m m  and w ater 
sp lash ing  from  any d irec tion . W  extends the  ra ting  to  w eather cond itions .

T ype o f C oo ling IC 01 - open a ir ven tila tion
U p to  18 ,000 H P  fo r 2 -po le  o r 4 -po le
U p to  12 ,000 H P  fo r 6  po le
U p to  10 ,000 H P  fo r 8  po le
U p to  7 ,000 H P  fo r 10  po le

P o les 2 to  10
F ram e S izes 710, 712, 714, and 716
V oltage 6,000 to  13 ,200 V
S ervice  Factor 1 .0  (1 .15  op tiona l)

P ow er R ange
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E nclosure  T ype T ota lly E nc losed W ater-to -A ir C oo led
S iem ens T ype C G G

D escrip tion
D es igned fo r indoor and ou tdoor app lica tions  w here  in te rna l parts  m ust be  
pro tec ted  from  adverse am bient cond itions . H as the  added benefits  o f low  
no ise  and e ffic ien t w ater coo ling .

D egree o f P ro tec tion IP 54 - lim its  in -flow  o f dus t and pro tec ted  aga ins t w ater sp lash ing  from  any 
d irec tion .

T ype o f C oo ling IC W 81 - w ater-to -a ir coo led
P ow er R ange 200 to  10 ,000 H P
P oles 2 to  16
F ram e S izes 580, 680, 800, and 1120
V oltage 2,300 to  13 ,200 V
S ervice  Factor 1 .0  (1 .15  op tiona l)

E nc losure  T ype T ota lly E nc losed W ater-to -A ir C oo led
S iem ens T ype H -C om pact P LU S  S H 710 F ram e

D escrip tion
D es igned fo r indoor and ou tdoor app lica tions  w here  in te rna l parts  m ust be  
pro tec ted  from  adverse am bient cond itions . H as the  added benefits  o f low  
no ise  and e ffic ien t w ater coo ling .

D egree o f P ro tec tion IP 54 - lim its  in -flow  o f dus t and pro tec ted  aga ins t w ater sp lash ing  from  any 
d irec tion .

T ype o f C oo ling IC W 81 - w ater-to -a ir coo led
P ow er R ange U p to  18 ,000 H P  fo r 2 -po le  o r 4 -po le

U p to  12 ,000 H P  fo r 6  po le
U p to  10 ,000 H P  fo r 8  po le
U p to  7 ,000 H P  fo r 10  po le

P o les 2 to  10
F ram e S izes 710, 712, 714, and 716
V oltage 6,000 to  13 ,200 V
S ervice  Factor 1 .0  (1 .15  op tiona l)

E nc losure  T ype T ota lly E nc losed A ir-to -A ir C oo led
S iem ens T ype C A Z

D escrip tion
D es igned fo r indoor and ou tdoor app lica tions  w here  in te rna l parts  m ust be  
pro tec ted  from  adverse am bient cond itions . U ses  a ir-to -a ir tube-type heat 
exchangers .

D egree o f P ro tec tion IP 54 - lim its  in -flow  o f dus t and pro tec ted  aga ins t w ater sp lash ing  from  any 
d irec tion .

T ype o f C oo ling IC 611 - to ta lly enc losed a ir-to -a ir coo led  w ith  shaft m ounted ex terna l fan
P ow er R ange 900 to  7 ,000 H P
P oles 2 to  16
F ram e S izes 580, 680, 800, and 1120
V oltage 2,300 to  13 ,200 V
S ervice  Factor 1 .0  (1 .15  op tiona l)
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E nclosure  T ype T ota lly E nc losed A ir-to -A ir C oo led
S iem ens T ype H -C om pact P LU S  S H 710 F ram e

D escrip tion
D es igned fo r indoor and ou tdoor app lica tions  w here  in te rna l parts  m ust be  
pro tec ted  from  adverse am bient cond itions . U ses  a ir-to -a ir tube-type heat 
exchangers .

D egree o f P ro tec tion IP 54 - lim its  in -flow  o f dus t and pro tec ted  aga ins t w ater sp lash ing  from  any 
d irec tion .

T ype o f C oo ling IC 611 - to ta lly enc losed a ir-to -a ir coo led  w ith  shaft m ounted ex terna l fan
U p to  18 ,000 H P  fo r 2 -po le  o r 4 -po le
U p to  12 ,000 H P  fo r 6  po le
U p to  10 ,000 H P  fo r 8  po le
U p to  7 ,000 H P  fo r 10  po le

P o les 2 to  10
F ram e S izes 710, 712, 714, and 716
V oltage 6,000 to  13 ,200 V
S ervice  Factor 1 .0  (1 .15  op tiona l)

E nc losure  T ype T ota lly E nc losed Fan C oo led
S iem ens T ype C Z  and C G Z

D escrip tion
D es igned fo r indoor and ou tdoor app lica tions  w here  in te rna l parts  m ust be  
pro tec ted  from  adverse am bient cond itions . U ses  coo ling  fins  on  a ll four 
quadrants  o f its  yoke  and hous ings.

D egree o f P ro tec tion IP 54 - lim its  in -flow  o f dus t and pro tec ted  aga ins t w ater sp lash ing  from  any 
d irec tion .

T ype o f C oo ling IC 411 - to ta lly enc losed fan  coo led
P ow er R ange 200 to  2 ,250 H P
P oles 2 to  16
F ram e S izes 500, 580, 708, 788, and 880
V oltage 460 to  11 ,000 V  (460 to  690 V  up to  800 H P )
S ervice  Factor 1 .0  (1 .15  op tiona l)

P ow er R ange

Vertical, Flange-Mounted Siemens.manufactures.large,.vertical,.flange-mounted.motors
Above NEMA Motors with.a.variety.of.enclosures.such.as:.open drip proof weather.

protected I (WPI),.weather protected II (WPII),.totally 
enclosed air-to-air cooled (TEAAC),.and.totally enclosed 
fan cooled (TEFC)..The.following.charts.summarize.Siemens.
product.offerings.for.large,.vertical,.flange-mounted.motors.with.
these.enclosure.types.

E nclosure  T ype W eather P ro tec ted  I
S iem ens T ype C G V  and C G G S

D escrip tion B est su ited  to  indoor app lica tions  w here  it w ill no t be  exposed to  ex trem e 
am bient cond itions .

D egree o f P ro tec tion IP 23 - p ro tec ted  aga ins t so lid  ob jec ts  g rea ter than 12 .5  m m  and fa lling  
w ater sprayed a t ang les  up  to  60  degrees  from  vertica l.

T ype o f C oo ling IC 01 - open a ir ven tila tion
P ow er R ange 200 to  4 ,000 H P
P oles 4 to  16
F ram e S izes 500, 580, 680, 800, and 1120
V oltage 2,300 to  13 ,200 V
S ervice  Factor 1 .0  (1 .15  op tiona l)
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E nclosure  T ype W eather P ro tec ted  II
S iem ens T ype C G IIV  and C G IIH S

D escrip tion D es igned fo r ou tdoor app lica tions  w here  the  m otor is  no t like ly to  be  
pro tec ted  by o ther s truc tures .

D egree o f P ro tec tion IP 24 - p ro tec ted  aga ins t so lid  ob jec ts  g rea ter than 12 .5  m m  and w ater 
sp lash ing  from  any d irec tion .

T ype o f C oo ling IC 01 - open a ir ven tila tion
P ow er R ange 200 to  4 ,000 H P
P oles 4 to  16
F ram e S izes 500, 580, 680, 800, and 1120
V oltage 2,300 to  13 ,200 V
S ervice  Factor 1 .0  (1 .15  op tiona l)

E nc losure  T ype T ota lly E nc losed A ir-to -A ir C oo led
S iem ens T ype C A ZV

D escrip tion
D es igned fo r indoor and ou tdoor app lica tions  w here  in te rna l parts  m ust be  
pro tec ted  from  adverse am bient cond itions . U ses  a ir-to -a ir tube-type heat 
exchangers .

D egree o f P ro tec tion IP 54 - lim its  in -flow  o f dus t and pro tec ted  aga ins t w ater sp lash ing  from  any 
d irec tion .

T ype o f C oo ling IC 611 - to ta lly enc losed a ir-to -a ir coo led  w ith  shaft m ounted ex terna l fan
P ow er R ange 800 to  3 ,000 H P
P oles 4 to  16
F ram e S izes 680, 800, and 1120
V oltage 2,300 to  13 ,200 V
S ervice  Factor 1 .0  (1 .15  op tiona l)

E nc losure  T ype T ota lly E nc losed Fan C oo led
S iem ens T ype C G ZV and C G ZH S

D escrip tion
D es igned fo r indoor and ou tdoor app lica tions  w here  in te rna l parts  m ust be  
pro tec ted  from  adverse am bient cond itions . U ses  coo ling  fins  on  a ll four 
quadrants  o f its  yoke  and hous ings.

D egree o f P ro tec tion IP 54 - lim its  in -flow  o f dus t and pro tec ted  aga ins t w ater sp lash ing  from  any 
d irec tion .

T ype o f C oo ling IC 411 - to ta lly enc losed fan  coo led
P ow er R ange 200 to  900 H P
P oles 2 (4  o r 6  op tiona l)
F ram e S izes 500 and 580
V oltage 2,300 to  6 ,900 V
S ervice  Factor 1 .0  (1 .15  op tiona l)

Large Specialty Motors. The.highly.demanding.process.industries,.from.oil.production.
and.refining.to.chemical.processing.and.power.generation,.
have.adopted.two.rigorous.standards.set.forth.by.the.American.
Petroleum.Institute.for.motor.reliability.and.performance..API 
541-4th edition.is.for.the.most.critical.special.purpose.motors.
and.API 547.is.for.severe-duty.general.purpose.motors..In.
addition.to.the.above.NEMA.motors.previously.listed,.Siemens.
also.manufactures.large,.AC.specialty.motors.to.API.54�-4th.
edition.and.API.547.specifications..
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Review 8.
�.. Siemens.General.Purpose.NEMA.motors.are.available.

with._______.enclosures.

2.. Siemens.Severe.Duty.NEMA.motors.are.available.in.
two.efficiency.levels,._______.and._______.

3.. Siemens.totally.enclosed.inverter.duty.motors.are.rated.
for.continuous.operation.in.a.40ºC.ambient.at.altitudes.
up.to.________.feet.above.sea.level.

4.. Siemens.IEC.motors.are.designed.to.fulfill.the.
requirements.of.European.and.international.markets.
with.an.output.range.from._____.to._____.kW.

5.. Siemens.manufactures.a.complete.line.of.large.AC.
squirrel-cage.induction.motors.at.our.ISO-900�.certified.
plant.in.________.

6.. Siemens.above.NEMA.motors.are.available.in.power.
ranges.up.to.________.HP.
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Review Answers

Review 1. �).�5;.2).Torque;.3).�0;.4).inertia;.5).Speed;.6).revolutions.per.
minute.or.RPM;.7).acceleration

Review 2. �).A..enclosure,.B..stator,.C..rotor;.2).stator;.3).rotor;.
4).squirrel.cage;.5).enclosure

Review 3. �).north,.south;.2).A..attract,.B..repel,.C..repel.D..attract;.
3).magnetic.field;.4).D

Review 4. �).2,.north;.2).synchronous;.3).��00;.4).slip;.5).4.2

Review 5. �).34.5;.2).�05, �0;.3).�50;.4).breakdown

Review 6. �).���;.2).7.67;.3).horsepower;.4).40;.5).A

Review 7. �).open.drip.proof;.2).totally.enclosed.fan.cooled;.3).T;.4).4

Review 8. �).totally.enclosed.fan.cooled;.2).NEMA.Premium.Efficient,.Ultra.
Efficient;.3).3300;.4).0.06,.�250;.5).Norwood,.Ohio;.6).��,000
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PLCs

A programmable logic controller (PLC), also referred to as 
a programmable controller, is the name given to a type of 
computer commonly used in commercial and industrial control 
applications. PLCs differ from office computers in the types of 
tasks that they perform and the hardware and software they 
require to perform these tasks. While the specific applications 
vary widely, all PLCs monitor inputs and other variable values, 
make decisions based on a stored program, and control outputs 
to automate a process or machine. This course is meant 
to supply you with basic information on the functions and 
configurations of PLCs with emphasis on the S7-200 PLC family. 

SF/DIAG

Motor

Pump

PushbuttonSensor

Indicator Light

Basic PLC Operation The basic elements of a PLC include input modules or points, a 
central processing unit (CPU), output modules or points, and 
a programming device. The type of input modules or points 
used by a PLC depends upon the types of input devices used. 
Some input modules or points respond to digital inputs, also 
called discrete inputs, which are either on or off. Other modules 
or inputs respond to analog signals. These analog signals 
represent machine or process conditions as a range of voltage 
or current values. The primary function of a PLC’s input circuitry 
is to convert the signals provided by these various switches and 
sensors into logic signals that can be used by the CPU. 
The CPU evaluates the status of inputs, outputs, and other 
variables as it executes a stored program. The CPU then sends 
signals to update the status of outputs. 
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Output modules convert control signals from the CPU into digital 
or analog values that can be used to control various output 
devices.

The programming device is used to enter or change the PLC’s 
program or to monitor or change stored values. Once entered, 
the program and associated variables are stored in the CPU.

In addition to these basic elements, a PLC system may also 
incorporate an operator interface device to simplify monitoring 
of the machine or process.

Programming
Device

Operator
Interface

Central Processing Unit
(CPU)

Input
Module

Output
Module

In the simple example shown below, pushbuttons (sensors) 
connected to PLC inputs are used to start and stop a motor 
connected to a PLC output through a motor starter (actuator). 
No programming device or operator interface are shown in this 
simple example.

Motor Starter

Start
Pushbutton

Stop
Pushbutton

Inputs

Output

PLC

Motor

SF/DIAG

Hard-Wired Control Prior to PLCs, many control tasks were performed by contactors, 
control relays, and other electromechanical devices. This is 
often referred to as hard-wired control. Circuit diagrams had 
to be designed, electrical components specified and installed, 
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and wiring lists created. Electricians would then wire the 
components necessary to perform a specific task. If an error was 
made, the wires had to be reconnected correctly. A change in 
function or system expansion required extensive component 
changes and rewiring. 

OL

M

CR

CR

L1
T1

T2

T3

L2

L3

OL

OL

OL

M

M

CR

M
Motor

Start
Stop

460 VAC

24 VAC

1

2

Advantages of PLCs PLCs not only are capable of performing the same tasks as 
hard-wired control, but are also capable of many more complex 
applications. In addition, the PLC program and electronic 
communication lines replace much of the interconnecting wires 
required by hard-wired control. Therefore, hard-wiring, though 
still required to connect field devices, is less intensive. This also 
makes correcting errors and modifying the application easier. 

Some of the additional advantages of PLCs are as follows:

• Smaller physical size than hard-wire solutions.
• Easier and faster to make changes.
• PLCs have integrated diagnostics and override functions.
• Diagnostics are centrally available.
• Applications can be immediately documented.
• Applications can be duplicated faster and less expensively.

Siemens Modular PLCs Siemens SIMATIC PLCs are the foundation upon which our 
Totally Integrated Automation (TIA) concept is based. Because 
the needs of end users and machine builders vary widely, 
SIMATIC PLCs are available as conventional modular controllers, 
embedded automation products, or as PC-based controllers.

 Modular SIMATIC controllers are optimized for control tasks 
and can be adapted to meet application requirements using 
plug-in modules for input/output (I/O), special functions, and 
communications. Examples of products in this category include: 
LOGO!, S7-200, and S7-�200 micro automation products, 
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S7-300 and S7-400 modular system PLCs, C7 combination 
controller and panel, and ET 200 distributed I/O system with 
local intelligence.

SIMATIC S7-400 SIMATIC S7-300

SIMATIC S7-200 LOGO!

SF/DIAG

SIMATIC
S7-1200

SIMATIC S7-1200

Other SIMATIC Controllers  PC-based controllers combine the ruggedness and open 
architecture of industrial personal computers (PCs) with 
the powerful SIMATIC WinAC software PLC. A SIMATIC S7 is 
integrated into the PC as a software PLC and the PC-based 
controller is configured and programmed with STEP 7 in exactly 
the same way as a normal S7 controller. All the automation 
components are integrated into a single industrial PC, resulting 
in a complete and cost-effective solution.

SIMATIC embedded bundles are a combination of hardware 
and software, preconfigured for all your automation tasks. The 
operating system is tailored and optimized for the hardware 
used. Because rotary parts are not needed, the resulting system 
is extremely rugged. Each embedded system combines the 
benefits of open PC-based controllers with the ruggedness of 
conventional controllers. 
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Number Systems

Because a PLC is a computer, it stores information in the form of 
on or off conditions (� or 0), referred to as bits. Sometimes bits 
are used individually and sometimes they are used to represent 
numerical values. Understanding how these bits can be used 
to represent numerical values requires an understanding of the 
binary number system.

Decimal System In order to understand the binary number system, it is first 
useful to recall some of the basics of the decimal number 
system. All number systems have the same three characteristics: 
digits, base, weight. For example, the decimal system has the 
following characteristics:

Ten digits 0, �, 2, 3, 4, 5, 6, 7, 8, 9
Base  �0
Weights Powers of base �0 (�, �0, �00, �000, ...)

Binary System The binary system has the following characteristics:

Two digits: 0, �
Base  2
Weights Powers of base 2 (�, 2, 4, 8, �6, ...)

The binary system has a base of 2 and uses only two characters, 
� and 0. Each bit is associated with a power of 2 based on its 
position in the number. The further to the left, the higher the 
power of 2. The number in the far left-hand column is referred 
to as the most significant bit or MSB and the number in the far 
right-hand column is referred to as the least significant bit or 
LSB. A � is placed in a position if that power of 2 is used in the 
number. Otherwise, a 0 is placed in a position. 

128 64 32 16 8 4 2 1

0 0 0 1 1 0 0 0

Most Significant Bit (MSB) Least Significant Bit (LSB)

27 26 25 24 23 22 21 20

00011000 in binary = 24 in Decimal
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The process of converting a binary number to an equal decimal 
value is as simple as adding the equivalent decimal value 
for each position in the binary number where a � is shown. 
Positions with a 0 do not add to the number value. 

128 64 32 16 8 4 2 1

0 0 11 0 0

27 26 25 24 23 22 21 20

1 0

Decimal Value = 32 + 8 + 1 = 41 

Bits, Bytes, and Words Each position in a binary number is called a bit. The number of 
bits used to represent numbers varies with the device. However, 
instructions and data are usually grouped in bytes and eight bits 
make up one byte. Two bytes, or �6 bits, make up one word.

Word

Byte

Bit

Logic 0, Logic 1 While PLCs are capable of sensing and generating analog values, 
programmable controllers internally use signals that are on or 
off. These on and off conditions correspond to the binary values 
� and 0. For example, a binary 0, also called logic 0, can be used 
to indicate that a switch is off, and a binary � (logic �) can be 
used to indicate that a switch is on.

PLC

Input 1

24 VDC

Off
Logic 0

On
Logic 1 PLC

Input 1

24 VDC

271



9

BCD While it is necessary for PLCs to use binary values, humans often 
need to see values represented in decimal. As a result, some 
input and output devices provide a decimal display where each 
decimal digit corresponds to four PLC binary inputs or outputs. 
The most common system used by input and output devices of 
this type is referred to as binary-coded decimal (BCD).

One example of a BCD device is a type of four-digit thumbwheel 
switch. Each thumbwheel digit controls four PLC inputs. This 
means that for a four-digit thumbwheel, �6 inputs are required. 
Because each thumbwheel digit only needs to represent decimal 
values from 0 through 9, only ten corresponding binary values 
are required for each digit. 

0 2 0 5

0000 0010 0000 0101

Decimal
0 0 0 0 0
1 0 0 0 1
2 0 0 1 0
3 0 0 1 1
4 0 1 0 0
5 0 1 0 1
6 0 1 1 0
7 0 1 1 1
8 1 0 0 0
9 1 0 0 1

BCD

Hexadecimal Hexadecimal is another system used in PLCs.  The ten digits of 
the decimal system are used for the first ten characters of the 
hexadecimal system. The first six letters of the alphabet are used 
for the remaining six characters.

The hexadecimal system is used in PLCs because it allows the 
status of a large number of binary bits to be represented in 
a small space such as on a computer screen or programming 
device display. Each hexadecimal character represents the exact 
status of four binary bits.

Hexadecimal Number System

16 digits 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C, D, E, F
Base 16
Weights Powers of base 16 (1, 16, 256, 4096, ...)

Hexadecimal
0 0 0 0 0
1 0 0 0 1
2 0 0 1 0
3 0 0 1 1
4 0 1 0 0
5 0 1 0 1
6 0 1 1 0
7 0 1 1 1
8 1 0 0 0
9 1 0 0 1
A 1 0 1 0
B 1 0 1 1
C 1 1 0 0
D 1 1 0 1
E 1 1 1 0
F 1 1 1 1

Binary

Hexadecimal Example
Binary Equivalent 0 0 1 1 1 0 1 0 0 0 1 0 1 1 1 1

F3 A 2

Review 1 
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�. Identify each of the following blocks in a basic PLC 
system:

 d. _______ e. _______

b. ______________a. ______ c. ______

2. The base of the binary number system is ___ .

3. The base of the hexadecimal number system is ___.

4. Convert the decimal number �0 to each of the following 
number types:

 Binary  ____________

 BCD  ____________

 Hexadecimal ____________
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Terminology

Developing an understanding of PLCs requires learning some 
basic terminology. This section provides an overview of 
commonly used PLC terms, beginning with the terms sensor and 
actuator.

Sensors Sensors are devices that convert a physical condition into an 
electrical signal for use by a controller, such as a PLC. Sensors 
are connected to the input of a PLC. A pushbutton is one 
example of a sensor that is often connected to a PLC input. An 
electrical signal indicating the condition (open or closed) of the 
pushbutton contacts is sent from the pushbutton to the PLC.

Actuators Actuators are devices that convert an electrical signal from a 
controller, such as a PLC, into a physical condition. Actuators are 
connected to the PLC output. A motor starter is one example of 
an actuator that is often connected to a PLC output. Depending 
on the status of the PLC output, the motor starter either 
provides power to the motor or prevents power from flowing to 
the motor.

Motor

Sensor
Actuator

Central
Processing

Unit
(CPU)

Input
Point

Output
Point

PLC

Motor
Starter

Pushbutton

Discrete Input Discrete Output

Discrete Inputs and Outputs Discrete inputs and outputs, also referred to as digital inputs 
and outputs, are either on or off. Pushbuttons, toggle switches, 
limit switches, proximity switches, and relay contacts are 
examples of devices often connected to PLC discrete inputs. 
Solenoids, relay and contactor coils, and indicator lamps are 
examples of devices often connected to PLC discrete outputs. 

In the on condition, a discrete input or output is represented 
internal to the PLC as a logic �. In the off condition, a discrete 
input or output is represented as a logic 0.
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Analog Inputs and Outputs Analog inputs and outputs are continuous, variable signals. 
Typical analog signals vary from 0 to 20 milliamps, 4 to 
20 milliamps, or 0 to �0 volts. 

In the following example, a level transmitter monitors the level 
of liquid in a storage tank and sends an analog signal to a PLC 
input. An analog output from the PLC sends an analog signal to 
a panel meter calibrated to show the level of liquid in the tank. 
Two other analog outputs, not shown here, are connected to 
current-to-pneumatic transducers that control air-operated flow-
control valves. This allows the PLC to automatically control the 
flow of liquid into and out of the storage tank.

Central
Processing

Unit
(CPU)

Analog
Input

Analog
Output

PLC

0
0.2 0.4 0.6 0.8 1.0

Level
Transmitter

Storage
Tank

Panel
Meter

CPU The central processor unit (CPU) is a microprocessor system 
that contains the system memory and is the PLC’s decision-
making unit. The CPU monitors inputs, outputs, and other 
variables and makes decisions based on instructions held in its 
program memory.

SF/DIAG

I0.0 I0.1 Q0.0

Q0.1I0.4

I0.5
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Ladder Logic Programming A program consists of instructions that accomplish specific tasks. 
The degree of complexity of a PLC program depends upon the 
complexity of the application, the number and type of input and 
output devices, and the types of instructions used.

Ladder logic (LAD) is one programming language used with 
PLCs. Ladder logic incorporates programming functions that are 
graphically displayed to resemble symbols used in hard-wired 
control diagrams. 

The left vertical line of a ladder logic diagram represents the 
power or energized conductor. The output coil instruction 
represents the neutral or return path of the circuit. The right 
vertical line, which represents the return path on a hard-wired 
control line diagram, is omitted. Ladder logic diagrams are read 
from left-to-right and top-to-bottom. Rungs are sometimes 
referred to as networks. A network may have several control 
elements, but only one output coil.

Power Conductor

Network 1

Network 2

I0.0 I0.1 Q0.0

Output Coil Instruction

Normally Open Contact Instructions

I0.4

I0.5

Q0.1

Statement List and  While ladder logic programs are still common, there are many 
Function Block Diagrams other ways to program PLCs. Two other common examples are 

statement list and function block diagrams.

Statement list (STL) instructions include an operation and an 
operand. The operation to be performed is shown on the left. 
The operand, the item to be operated on, is shown on the right.
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Function block diagrams (FBD) include rectangular functions 
with inputs shown on the left side of the rectangle and outputs 
shown on the right side.

 In the following example, the program segments perform the 
same function. 

Network 1

Network 2

I0.0 I0.1 Q0.0

I0.4

I0.5

Q0.1

Network 1
LD
A
=

I0.0
I0.1
Q0.0

LD
O
=

I0.4
I0.5
Q0.1

Network 2

AND
I0.0
I0.1

Q0.0

OR Q0.1
I0.4
I0.5

Network 1

Network 2

Statement List (STL) Function Block Diagram (FBD) Ladder Logic (LAD)

In addition to LAD, STL, and FBD, multiple other types of 
programming languages are used for PLCs. Each type of 
programming has its advantages and disadvantages. Factors 
such as application complexity, types of programming available 
for a specific PLC model, and user standards and preferences 
determine which type of programming is used for an 
application.

PLC Scan The PLC program is executed as part of a repetitive process 
referred to as a scan. A PLC scan starts with the CPU reading 
the status of inputs. Next, the application program is executed. 
Then, the CPU performs internal diagnostics and communication 
tasks. Finally, the CPU updates the status of outputs. This 
process repeats as long as the CPU in the run mode. The time 
required to complete a scan depends on the size of the program, 
the number of I/Os, and the amount of communication required.

PLC Scan

Rea
d Inputs Execute Program

Diagnostic
s &

Communica
tio

n
U

pdate Outputs
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Memory Types and Size Kilo, abbreviated k, normally refers to �000 units. When talking 
about computer or PLC memory, however, �k means �024. This 
is because of the binary number system (2

�0
=�024). �k can refer 

to �024 bits, bytes, or words, depending the context.

Random Access Memory (RAM) is memory that allows data to 
be written to and read from any address (location). RAM is used 
as a temporary storage area. RAM is volatile, meaning that the 
data stored in RAM will be lost if power is lost. A battery backup 
is required to avoid losing data in the event of a power loss. 

Read Only Memory (ROM) is a type of memory used were 
it is necessary to protect data or programs from accidental 
erasure. The data stored in ROM can be read, but not changed. 
In addition, ROM memory is nonvolatile. This means that 
information will not be lost as the result of a loss of electrical 
power. ROM is normally used to store the programs that define 
the capabilities of the PLC.

Erasable Programmable Read Only Memory (EPROM) 
provides a level of security against unauthorized or unwanted 
changes in a program. EPROMs are designed so that data stored 
in them can be read, but not easily altered. Changing EPROM 
data requires a special effort. UVEPROMs (ultraviolet erasable 
programmable read only memory) can only be erased with an 
ultraviolet light. EEPROM (electrically erasable programmable 
read only memory), can only be erased electrically.

Software, Hardware, and  Software is the name given to computer instructions,
Firmware regardless of the programming language. Essentially, software 

includes the instructions or programs that direct hardware. 

Hardware is the name given to all the physical components of a 
system. The PLC, the programming device, and the connecting 
cable are examples of hardware.

Firmware is user or application specific software burned into 
EPROM and delivered as part of the hardware. Firmware gives 
the PLC its basic functionality.

278



�6

Putting it Together The user memory of a PLC, such as the S7-200 PLC shown in the 
following illustration, includes space for the user program as 
well as addressable memory locations for storage of data. The 
amount of program and data space available depends on the 
CPU model.

User program space stores instructions that are executed 
repetitively as part of the PLC scan. The user program is 
developed using a programming device, such as a personal 
computer (PC) with programming software, then loaded into the 
user program memory of the PLC.

A variety of addressable memory locations are used for storage 
of data that is available to the user program. Among other 
things, this includes memory locations for variable data, discrete 
inputs and outputs, analog inputs and outputs, timers, counters, 
high-speed counters, etc.

Software

Firmware

Hardware
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Basic Requirements

Throughout this course we will be using the S7-200 PLC for 
specific examples of PLC concepts. The S7-200 PLC is used for 
this purpose because of its ease of use and its wide-spread 
application. 

The items shown in the following illustration are needed to 
create or change an S7-200 PLC program. The program is 
created using STEP 7-Micro/WIN programming software, 
which runs on a Windows-based personal computer (Win2000, 
Windows XP, and higher operating system). 

A special cable is needed when a personal computer is used as 
a programming device. Two versions of this cable are available. 
One version, called an RS-232/PPI Multi-Master Cable, 
connects a personal computer’s RS-232 interface to the PLC’s 
RS-485 connector. The other version, called a USB/PPI Multi-
Master Cable, connects a personal computer’s USB interface to 
the PLC’s RS-485 connector.

SF/DIAG

Software
STEP 7 - Micro/WIN

Programming Device

Programming Device Cable

S7-200 PLC

280



�8

Review 2 
�. Pushbuttons, limit switches, and relay contacts are 

examples of devices that may be connected to PLC 
____________ inputs.

2. Solenoids, relay and contactor coils, and indicator lamps 
are examples devices that may be connected to PLC 
 ___________ outputs.

3. The _____ contains the system memory and makes 
decisions based on instructions stored in program 
memory.

4. ______ _____ is a PLC programming language that 
incorporates programming functions that are graphically 
displayed to resemble symbols used in hard-wired 
control diagrams.

5. _________ ____ and ________ _____ ________ are also 
common examples of ways to program a PLC.

6. A PLC program is executed as part of a repetitive process 
referred to as a ____.

7. When talking about computer or PLC memory, �k refers 
to ______ bits, bytes, or words.

8. Software that is burned into EPROM is called 
____________.

9. An RS-232/PPI Multi-Master cable or a USB/PPI-Multi-
Master cable may be used to connect a personal 
computer to an S7-200 PLC’s __________ connector.

281



�9

S7-200 Micro PLCs

The S7-200 Micro PLC is a small, but capable member of the 
SIMATIC S7 family of programmable controllers. 

Each S7-200 central processing unit (CPU) model also includes 
input and output points in the same housing as the CPU.

Inputs and outputs (I/O) are the system control points. Inputs 
monitor field devices, such as switches and analog sensors. 
Outputs control other devices, such as motors and control 
valves. 

The programming port is the connection to the programming 
device and also provides a means for connecting the PLC to 
other devices, such as display panels.

SF/DIAG

S7-200 Models There are six S7-200 CPU types (CPU 221, CPU 222, CPU 224, 
CPU 224XP, CPU 224XPsi, and CPU 226) and two power supply 
configurations for each type. 

Model Description Power Supply Input Types Output Types Comm Ports

221 D C /D C /D C 20.4-28.8  V D C 6 x 24 V D C 4 x 24 V D C 1
221 A C /D C /R elay 85-264 V A C , 47-63 H z 6 x 24 V D C 4 x R e lay 1
222 D C /D C /D C 20.4-28.8  V D C 8 x 24 V D C 6 x 24 V D C 1
222 A C /D C /R elay 85-264 V A C , 47-63 H z 8 x 24 V D C 6 x R e lay 1
224 D C /D C /D C 20.4-28.8  V D C 14 x 24 V D C 10 x 24 V D C 1
224 A C /D C /R elay 85-264 V A C , 47-63 H z 14 x 24 V D C 10 x R e lay 1
224XP  D C /D C /D C 20.4-28.8  V D C 14 x 24 V D C , 2  x A na log 10 x 24 V D C , 1  x A na log 2
224XP  A C /D C /R elay 85-264 V A C , 47-63 H z 14 x 24 V D C , 2  x A na log 10 x R e lay, 1  x A na log 2
224XP si D C /D C /D C 14 x 24 V D C , 2  x A na log 10 x 24 V D C  (current s ink ing), 2

1 x A na log
226 D C /D C /D C 20.4-28.8  V D C 24 x 24 V D C 16 x 24D C 2
226 A C /D C /R elay 85-264 V A C , 47-63 H z 24 x 24 V D C 16 x R e lay 2

20.4-28.8  V D C
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In the model description, the first term following the CPU type 
indicates the power supply type, the second term indicates 
the input type, and the third term indicates the output type. 
For example, a 222 AC/DC/Relay model is powered from an AC 
source, has DC input points, and relay contact output points.

S7-200 Features  The S7-200 family includes a range of CPUs which provide 
a variety of features to aid in designing a cost-effective 
automation solution. The accompanying table provides a 
summary of the major features, many of which are covered in 
this book. Note that the CPU 224XPsi has �0 current sinking 
digital outputs, but its other features are the same as for the CPU 
224XP.

Feature CPU 221 CPU 222 CPU 224 CPU 224XP CPU 226

CPU 224XPsi

Program (with run mode edit) 4096 Bytes 4096 Bytes 8192 Bytes 12288 Bytes 16384 Bytes
Program (w/o run mode edit) 4096 Bytes 4096 Bytes 12288 Bytes 16384 Bytes 24576 Bytes
User Data 2048 Bytes 2048 Bytes 8192 Bytes 10240 Bytes 10240 Bytes
Optional Memory Cartridges 64k or 256k Bytes 64k or 256k Bytes 64k or 256k Bytes 64k or 256k Bytes 64k or 256k Bytes

Memory Backup (super cap) 50 Hours typical 50 Hours typical 100 Hours typical 100 Hours typical 100 Hours typical
Memory Backup (opt. battery) 200 Days typical 200 Days typical 200 Days typical 200 Days typical 200 Days typical

Digital I/O without Exp. Modules 6 In/4 Out 8 In/6 Out 14 In/10 Out 14 In/10 Out 24 In/16 Out
Analog I/O without Exp. Modules None None None 2 In/1 Out None
Max Expansion Modules None 2 7 7 7

Internal Relays 256 256 256 256 256
Counters 256 256 256 256 256
TImers 256 256 256 256 256
32-Bit, Floating-Point Math (+-*/) Yes Yes Yes Yes Yes

High-Speed Counters 4 (30 KHz) 4 (30 KHz) 6 (30 KHz) 4 (30 KHz),            6 (30 KHz)
2 (200 KHz)

Pulse Outputs (DC) 2 (20 KHz) 2 (20 KHz) 2 (20 KHz) 2 (20 KHz) 2 (20 KHz)
Timed Interrupts 2 (1ms - 255ms) 2 (1ms - 255ms) 2 (1ms - 255ms) 2 (1ms - 255ms) 2 (1ms - 255ms)
Edge Interrupts 4 4 4 4 4
Real-Time Clock Optional Optional Built-In Built-In Built-In
Password Protection Yes Yes Yes Yes Yes

Number of Ports 1 (RS-485) 1 (RS-485) 1 (RS-485) 2 (RS-485) 2 (RS-485)

Protocols Supported Port 0 PPI, MPI Slave, 
Freeport

PPI, MPI Slave, 
Freeport

PPI, MPI Slave, 
Freeport

PPI, MPI Slave, 
Freeport

PPI, MPI Slave, 
Freeport

Optional Communcations Not Expandable PROFIBUS DP Slave, PROFIBUS DP Slave, PROFIBUS DP Slave, PROFIBUS DP Slave, 
AS-Interface Master, AS-Interface Master, AS-Interface Master, AS-Interface Master, 
Ethernet, Internet, 
Modem

Ethernet, Internet, 
Modem

Ethernet, Internet, 
Modem

Ethernet, Internet, 
Modem

Communications

Memory

I/O

Instructions

Enhanced Features
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Power Sources Depending on the CPU model, an S7-200 CPU is powered from 
either a 24 VDC or a �20 to 240 VAC power supply. For example, 
a CPU 22� DC/DC/DC model is powered from a 24 VDC power 
supply and a CPU 222 AC/DC/Relay model is powered from a 
�20 or 240 VAC power supply.

AC Voltage Source
120 to 240 VAC

(Nominal Voltage)

DC Voltage Source
24 VDC

(Nominal Voltage)
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Mode Switch and Analog Each S7-200 CPU has a mode switch with three positions,
Adjustment RUN, STOP, and TERM. When the mode switch is in the 

RUN position, the CPU is in the RUN mode and executing the 
program, unless a fault has occurred. When the mode switch 
is in the STOP position, the CPU is in the STOP mode and not 
executing the user program. When the mode switch is in the 
TERM position, the programming device can select the operating 
mode.

Analog
Adjustment

Mode
Switch

SF/DIAG

212-1BB23-0XB0

An analog adjustment is available to increase or decrease 
values stored in special memory. This can allow a variable in the 
user program to change as the analog adjustment is changed. 
CPU 22� and CPU 222 models have one analog adjustment. CPU 
224, CPU 224XP, CPU 224 XPsi, and CPU 226 have two analog 
adjustments.

CPU Status Indicators The CPU status indicators display the current CPU mode. When 
the CPU is in the RUN mode, the green RUN indicator is lit. 
When the CPU is in the STOP mode, the yellow STOP indicator 
is lit. The System Fault/Diagnostic (SF/DIAG) indicator turns 
red for a system fault and yellow to indicate certain diagnostic 
conditions.

SF/DIAG

CPU Status
Indicators
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I/O status indicators The I/O status indicators represent the on or off status of 
corresponding inputs and outputs. For example, when the CPU 
senses an input is on, the corresponding green indicator is lit. 

Optional Cartridges S7-200 CPUs support an optional memory cartridge that 
provides portable EEPROM storage for the user program. The 
cartridge can be used to copy a program from one S7-200 PLC 
to a like S7-200 PLC.  Two memory cartridge sizes are available, 
64k and 256k bytes.

Two other cartridges are also available. A real-time clock with 
battery is available for use on the CPU 22� and CPU 222. (CPU 
224, CPU 224XP, CPU 224XPsi, and CPU 226 have a real-time 
clock built in.)  The battery provides up to 200 days of data 
retention time in the event of a power loss. Another cartridge is 
available with a back-up battery only.

SF/DIAG
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Inputs and Outputs Input devices, such as switches, pushbuttons, and other sensors 
are connected to the terminal strip under the bottom cover of 
the PLC.

Local Input Points

Local Output Points

SF/DIAG

Output Devices

Input Devices

SF/DIAG

Input Simulator

A convenient method of testing a program is to wire toggle 
switches to the inputs. Input simulators with pre-wired toggle 
switches are available for use with S7-200 PLCs. Switches are 
wired between the 24 VDC power supply (L+) and the inputs. 
For example, the switch on the far left is wired between the first 
input (0.0) and L+. When the switch is closed, 24 VDC is applied 
to the input. When the switch is open, 0 VDC is applied to the 
input. 

Output devices, such as relays, are connected to the terminal 
strip under the top cover of the PLC. When testing a program, 
it is not necessary to connect output devices. The LED status 
indicators signal if an output is active.
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An optional fan-out connector allows field wiring connections 
to remain fixed when removing or replacing a CPU 22� or 
CPU 222. The appropriate connector slides into either the input, 
output, or expansion module terminals.

Optional Fan-out Connector
for CPU 221 or CPU 222 

Field Wiring

Connector Posts

CPU 224, CPU 224XP, and CPU 226
Removeable Terminal Strip

CPU 224, CPU 224XP, CPU 224XPsi, and CPU 226 do not have 
an optional fan-out connector. Instead, their terminal strips are 
removable. 

Super Capacitor A super capacitor, so named because of its ability to maintain
 a charge for a long period of time, protects data stored in RAM in 

the event of a power loss. 

The RAM memory is typically backed up for 50 hours on the CPU 
22� and CPU 222 and for �00 hours on the CPU 224, CPU 224 
XP, CPU 224 XPsi, and CPU 226. 

Executed
Program

Current
Data

Memory
Bits,

Timers,
Counters

Program
Backup Program

and
Parameters

Parameters

RAM
(Volatile)

EEPROM
(Non-volitle)

Optional EEPROM
Memory Cartridge

(Non-volatile)

Super Capacitor
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Expansion Modules S7-200 PLCs are expandable by adding expansion modules. 
Expansion modules with inputs and/or outputs are connected 
to the base unit using a ribbon connector. 

SF/DIAG

The ribbon connector is protected by a cover on the base unit. 
Side-by-side mounting completely encloses and protects the 
ribbon connector.

SF/DIAG

Mounting S7-200 PLCs can be mounted in one of two ways. A DIN clip 
allows installation on a standard DIN rail. The DIN clip snaps 
open to allow installation and snaps closed to secure the 
unit on the rail. The S7-200 can also be panel mounted using 
installation holes located behind the access covers.

Din Rail
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Available Expansion Most S7-200 expansion modules are designed to provide 
additional I/O. Additionally, several expansion modules are 
available to support communication options, positioning, and 
weighing (SIWAREX MS).

CPU 22� comes with 6 discrete inputs and 4 discrete outputs 
and does not accept expansion modules.

CPU 222 comes with 8 discrete inputs and 6 discrete outputs 
and accepts up to 2 expansion modules.

CPU 224, CPU 224XP, and CPU 224XPsi come with �4 discrete 
inputs and �0 discrete outputs and accept up to 7 expansion 
modules. Note: The digital outputs for the CPU 224XPsi are 
current sinking.

CPU 226  comes with 24 discrete inputs and �6 discrete outputs 
and accepts up to 7 expansion modules.

E xpans ion M odules
D iscre te  Input 8  x 24 V D C 8 x 120/230 V A C 16 x 24 V D C
D iscre te  O utput 4  x 24 V D C 8 x 24 V D C 8 x 120/230 V A C 4 x R e lay 8 x R e lay
D iscre te  C om bination

4 x A na log 4 x Therm ocoup le 2 x R TD
8 x A na log 8 x Therm ocoup le 4 x R TD

A nalog O utput 2  x A na log 4 x A na log
A nalog C om bination
C om m unication  M odules M odem A S -In terface P R O FIB U S -D P E thernet E thernet IT

G S M /G P R S  M odem
O ther M odules P os ition S IW A R E X M S

16 x 24 V D C  In /16 x R e lay 32 x 24 V D C  In /32 x R e lay

4 x A na log In /1x A na log O ut

A na log Input

4  x 24 V D C  In /4  x 24 V D C  out 8  x 24 V D C  In /8  x 24 V D C  O ut

4  x 24 V D C  In /4  x R e lay
16 x 24 V D C  In /16 x 24 V D C  O ut 32 x 24 V D C  In /32 x 24 V D C  O

8 x 24 V D C  In /8  x R e lay

  6  Inputs , 4  O utputs
  N o E xpans ion M odules  (E M )

  8  Inputs , 6  O utputs
  U p to  2  E xpans ion M odules

  14  Inputs , 10  O utputs
  U p to  7  E xpans ion M odules

  14  Inputs , 10  O utputs
  2  A na log In , 1  A na log O ut
  U p to  7  E xpans ion M odules

  24  Inputs , 16  O utputs
  U p to  7  E xpans ion M odules

C P U 221

C P U 222

C P U 224 E M E M

C P U 226

E M E M

E M E M

E M E M

C P U 224XP  
C P U 224XP si

E M

E M E M E M E M E M E M E M

E M E M

E ME M E M E M E M
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I/O Numbering S7-200 inputs and outputs are labeled at the wiring terminations 
and next to the status indicators. These alphanumeric symbols 
identify the I/O address to which a device is connected. This 
address is used by the CPU to determine which input is present 
and which output needs to be turned on or off.

I designates a discrete input and Q designates a discrete output. 
The first number identifies the byte. The second number 
identifies the bit.

Image register space for digital I/O is always reserved in 
increments of eight bits (one byte). If a module does not provide 
a physical point for each bit of each reserved byte, these unused 
bits cannot be assigned to subsequent modules in the I/O chain.

Each analog I/O point is associated with a �6-bit word in the 
S7-200 PLC and is identified by AI (for analog input) or AQ 
(for analog output) followed by a W (representing a word of 
memory) and a starting byte number. Analog I/O words start on 
even-numbered bytes (such as 0, 2, or 4).

Analog I/O points are always allocated in increments of two 
points. If a module does not provide physical I/O for each of 
these points, these I/O points are lost and are not available for 
assignment to subsequent modules in the I/O chain.

The following example shows the addressing for one sample 
application.

Module 1 Module 3

14 D iscre te  In 10 D iscre te  O ut
2  A na log In 1  A na log O ut 4  D iscre te  In 4  D iscre te  O ut 8  D iscre te  In 4  A na log In 1  A na log O ut 8  D iscre te  O ut 4  A na log In 1  A na log O ut

I0 .0 Q 0.0 I2 .0 Q 2.0 I3 .0 A IW 4 A Q W 4 Q 3.0 A IW 12 A Q W 8
I0.1 Q 0.1 I2 .1 Q 2.1 I3 .1 A IW 6 A Q W 6 Q 3.1 A IW 14 A Q W 10
I0.2 Q 0.2 I2 .2 Q 2.2 I3 .2 A IW 8 Q 3.2 A IW 16
I0 .3 Q 0.3 I2 .3 Q 2.3 I3 .3 A IW 10 Q 3.3 A IW 18
I0 .4 Q 0.4 I2 .4 Q 2.4 I3 .4 Q 3.4
I0 .5 Q 0.5 I2 .5 Q 2.5 I3 .5 Q 3.5
I0 .6 Q 0.6 I2 .6 Q 2.6 I3 .6 Q 3.6
I0 .7 Q 0.7 I2 .7 Q 2.7 I3 .7 Q 3.7
I1 .0 Q 1.0 E xpans ion I/O
I1 .1 Q 1.1 A ddresses shown w ith  a  b lack  background are  not ava ilab le  and cannot be used in  the  program .
I1 .2 Q 1.2
I1 .3 Q 1.3
I1 .4 Q 1.4
I1 .5 Q 1.5
I1 .6 Q 1.6
I1 .7 Q 1.7

A IW 0 A Q W 0
A IW 2 A Q W 2

Local I/O

CPU 224XP Module 0 Module 2 Module 4
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SIMATIC Micro Panels Siemens offers a variety of SIMATIC Micro Panels designed for 
use with S7-200 PLCs. These panels provide easy to implement 
solutions for a variety of display needs.

OP 73micro

TD 200 and TD 200C

F5
F1

F6
F2

F7
F3

F8
F4

SHIFT ESC ENTER

TD200

TD 100C

F1 F2 ESC ENTER

TD
 1

00
C

TD 400C

F9
F1

F10
F2

F11
F3

F12
F4

SHIFT

ESC

ENTER

TD400C

F13
F5

F14
F6

F15
F7

F16
F8

F1 F2 F3 F4

0 50 100

Tank 3

Value 49Simatic OP 73micro

DEL INS

TAB HELP

+/-

SHIFT ENTER

ACK

ESC

TP 177micro

SIMATIC PANEL

TO
U

C
H

Text display TD 100C provides a 4-line display with up to �6 
characters per line.

Text displays TD 200 and TD 200C provide a back-lit, high-
contrast liquid crystal 2-line display for up to 80 text messages 
with integrated variables. TD 200 provides 8 user-configurable 
function keys in a fixed arrangement. TD 200C provides up to 20 
user-configurable keys in a user-defined layout.

Text Display TD 400C provides a back-lit, high-contrast liquid 
crystal 4-line display for up to 80 text messages with integrated 
variables.

Graphics operator panel OP 73micro provides a full graphics, 3-
inch display for bitmaps, bars, and text with different font sizes.

Touch Panel TP 177micro provides a 6-inch touch screen for 
vector graphics. The graphics on the screen can be set up for 
viewing with the panel mounted horizontally or vertically. 
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Reference Manual The SIMATIC S7-200 Programmable Controller System 
Manual provides complete information on installing and 
programming the S7-200 PLCs. This manual can be downloaded 
as a PDF file from the Technical Info link on the Siemens S7-S00 
web site.

Preface, Contents

Product Overview 1
Getting Started 2
Installing the S7-200 3
PLC Concepts 4
Programming Concepts,
Conventions and Features 5
S7-200 Instruction Set 6
Communicating over a Network 7
Hardware Troubleshooting Guide
and Software Debugging Tools 8
Open Loop Motion Control with
the S7-200

9
Creating a Program for the
Modem Module

10
Using the USS Protocol Library to
Control a MicroMaster Drive

11
Using the Modbus Protocol
Library

12

Using Recipes 13
Using Data Logs 14
PID Auto-Tune and the PID
Tuning Control Panel 15
Appendices

Index

S7-200
Programmable Controller
System Manual

SIMATIC

Review 3
�. The six models of S7-200 are _____ , _____ , _____ , 

_____, _____, and _____ .

2. Which of the following is not available for an CPU 22�?

 a.  Mode Switch
 b.  Expansion Module
 c.  Programming Port
 d.  Status Indicators

3. A CPU 222 can have a maximum of___ expansion 
modules and a CPU 224 can have a maximum of ___ 
expansion modules.

4. A CPU 222 DC/DC/DC has ___ DC inputs and ___ DC 
outputs without expansion modules.

5. A CPU 224 DC/DC/DC has ___ DC inputs and ___ DC 
outputs without expansion modules.

6. The fourth output of an S7-200 would be labeled 
______ .

7. S7-200 can be panel mounted or installed on a ______ 
rail.
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Programming a PLC

STEP 7-Micro/WIN32  STEP 7-Micro/WIN is the software used with the S7-200 PLC to 
create a user program. STEP 7-Micro/WIN programs consist of a 
number of instructions that must be arranged in a logical order 
to obtain the desired PLC operation.

STEP 7-MicroWIN programming software can be run off line 
or online. Off-line programming allows the user to edit the 
program and perform a number of maintenance tasks. The PLC 
does not need to be connected to the programming device in 
this mode.

Online programming requires the PLC to be connected to 
the programming device. In this mode, program changes are 
downloaded to the PLC. In addition, status of the input/output 
elements can be monitored. The CPU can be started, stopped, or 
reset.  

S7-200 PLCs have two instruction sets, SIMATIC and IEC 1131-3. 
The SIMATIC instruction set was developed by Siemens prior 
to the adoption of the IEC ��3�-3 standard. The IEC ��3�-3 
instruction set was adopted by the International Electrotechnical 
Commission (IEC) to provide a common approach for PLC 
programming. The IEC ��3�-3 instruction set is often preferred 
by users who work with PLCs from multiple suppliers.

STEP 7-Micro/WIN has three editors for program development, 
one for each of the types of programming available, ladder logic 
(LAD), statement list (STL), and function block diagram (FBD). 
The STL editor is often preferred by experienced programmers 
because of the similarity of STL programs to assembly language 
computer programs. However, the STL editor can only be used 
with the SIMATIC instruction set. Both the LAD and FBD editors 
can be used with either instruction set. Throughout this course, 
although other instruction types will occasionally be shown, the 
emphasis will be on SIMATIC LAD instructions.
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Basic Ladder Logic Symbols PLC ladder logic consists of a commonly used set of symbols 
that represent instructions. Understanding these basic symbols 
is essential to understanding PLC operation.

Contacts One of the most confusing aspects of PLC programming for 
first-time users is the relationship between the device that 
controls a status bit and the programming function that uses 
a status bit. Two of the most common programming functions 
are the normally open (NO) contact and the normally 
closed (NC) contact. Symbolically, power flows through these 
contacts when they are closed. The normally open contact 
(NO) is closed when the input or output status bit controlling 
the contact is �. The normally closed contact (NC) is closed 
when the input or output status bit controlling the contact is 0.

Coils Coils represent relays that are energized when power flows 
to them. When a coil is energized, it causes a corresponding 
output to turn on by changing the state of the status bit 
controlling that output to �. That same output status bit may 
be used to control normally open and normally closed contacts 
elsewhere in the program.

Boxes Boxes represent various instructions or functions that are 
executed when power flows to the box. Typical box functions 
include timers, counters, and math operations.
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Entering Elements Control elements are entered in the ladder diagram by 
positioning the cursor and selecting the element from a list. In 
the following example the cursor has been placed in the position 
to the right of I0.2. A coil was selected from a pull-down list and 
inserted in this position.

Network 1

Network 2

I0.0 I0.1

I0.2

Q0.0

Cursor

AND Operation Each rung or network on a ladder represents a logic operation. 
The example shown below demonstrates how an AND 
operation appears in ladder logic, statement list, and function 
block diagram representation. In this example, two contact 
closures and one output coil form network � and are assigned 
addresses I0.0, I0.�, and Q0.0. The AND operation requires I0.0 
AND I0.� to be true in order for output Q0.0 to be true. Note 
that in the statement list a new logic operation always begins 
with a load instruction (LD). 
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The following truth table represents the state of the output for 
each combination of input states.

I0.0 I0.1 Q0.0
0
0
1
1

0
1
0
1

0
0
0
1

OR Operation The example shown below demonstrates how an OR operation 
appears in ladder logic, statement list, and function block 
diagram representation. In this example, two contact closures 
and one output coil form network � and are assigned addresses 
I0.2, I0.3, and Q0.�. With an OR operation, the output is true if 
any input is true.

The following truth table represents the state of the output for 
each combination of input states.

I0.2 I0.3 Q0 .1
0
0
1
1

0
1
0
1

0
1
1
1
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Testing a Program Once a program has been written, it needs to be tested and 
debugged. One way this can be done is to simulate the field 
inputs with an input simulator, such as the one made for the 
S7-200 PLC. 

The program is first downloaded from the programming device 
to the CPU. The selector switch is placed in the RUN position. 
The simulator switches are operated and the resulting indication 
is observed on the output status indicator lamps.

SF/DIAG

Input Simulator

Contact and Coil Status After a program has been loaded and is running in the PLC, the 
actual status of ladder elements can be monitored using STEP 7 
Micro/WIN software. 

For example, in the following illustration, the toggle switch 
controls the status bit for I2.�. As long as the toggle switch is 
open, the I2.� status bit is a logic 0. The I2.� status bit controls 
the I2.� normally open contact. Because the I2.� status bit is 
a logic 0, the normally open contact function is open and no 
power is passed to the Q3.� coil function. As a result, the Q3.� 
status bit remains a logic 0 and output point Q3.� is off.

Toggle Switch Input
Point
I2.1

OFF

Output
Point
Q3.1

OFF

Lamp

CPU Program

I2.1 Q3.1Input
Status Bit

I2.1

Logic 0

Output
Status Bit

Q3.1

Logic 0
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When the toggle switch closes, input point I2.� turns on and 
I2.� status bit changes to a logic �. This causes normally open 
contact I2.� to close and turn on Q3.� coil. Note that a closed 
contact and a coil that is on are shown highlighted in the 
program. When Q3.� coil turns on, the Q3.� status bit goes to a 
logic � and output point Q3.� turns on. This causes the lamp to 
light.

Toggle Switch Input
Point
I2.1

ON

Output
Point
Q3.1

ON

Lamp

CPU Program

I2.1 Q3.1Input
Status Bit

I2.1

Logic 1

Output
Status Bit

Q3.1

Logic 1

Forcing Forcing is another useful tool in the startup and maintenance 
of a PLC system. Forcing overrides one or more input or output 
status bits, causing them to stay in either a logic 0 or logic � 
status. 

For example, in the following illustration, the toggle switch is 
open. Under normal circumstances, the toggle switch would 
have to be closed to turn on the lamp. However, if the I2.� 
status bit is forced to a logic �, the lamp will turn on, as long as 
the program is functioning correctly and there are no hardware 
or wiring problems. Similarly, the Q3.� status bit could be forced 
to a logic � to turn on the lamp.

Toggle Switch Input
Point
I2.1

OFF

Output
Point
Q3.1

OFF

Lamp

CPU Program

I2.1 Q3.1Input
Status Bit

I2.1

Logic 0

Output
Status Bit

Q3.1

Logic 0

Toggle Switch Input
Point
I2.1

OFF

Output
Point
Q3.1

ON

Lamp

CPU Program

Input
Status Bit

I2.1

Logic 1

Output
Status Bit

Q3.1

Logic 1

I2.1 Q3.1
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Forcing is useful not only to test and debug programs and 
hardware during startup, but also to troubleshoot systems with 
problems.

The following table shows the appearance of ladder diagram 
elements with associated status bits in the on, off, forced on, 
and forced off conditions.

300



38

Discrete Inputs/Outputs

Motor Starter Example While the lamp application previously discussed is useful to 
explain basic PLC operation, a more practical, and only slightly 
more complex, application is start-stop control of an AC motor. 
Before examining the PLC application, first consider a hard-wired 
approach. 

The following line diagram illustrates how a normally open and 
a normally closed pushbutton might be connected to control 
a three-phase AC motor. In this example, a motor starter coil 
(M) is wired in series with a normally open, momentary Start 
pushbutton, a normally closed, momentary Stop pushbutton, 
and normally closed overload relay (OL) contacts.

O
N

O
F
F

l

O

100

100 Amp

Type/Tipo NEGFrame-EG

Motor

M

Starter Coil

Ma

Start Pushbutton
Stop Pushbutton

Auxiliary Contact
(Holding Circuit)

OL

L1

L2

L3

Circuit Breaker

M

M

M

OL

OL

OL

Contactor Overload Relay

T1

T2

T3
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Momentarily pressing the Start pushbutton completes the path 
for current flow and energizes the motor starter (M). This closes 
the associated M and Ma (auxiliary contact located in the motor 
starter) contacts. When the Start button is released, current 
continues to flow through the Stop button and the Ma contact, 
and the M coil remains energized. 

The motor will run until the normally closed Stop button is 
pressed, unless the overload relay (OL) contacts open. When the 
Stop button is pressed, the path for current flow is interrupted, 
opening the associated M and Ma contacts, and the motor stops.

PLC Motor Control This motor control application can also be accomplished 
with a PLC. In the following example, a normally open Start 
pushbutton is wired to the first input (I0.0), a normally closed 
Stop pushbutton is wired to the second input (I0.�), and 
normally closed overload relay contacts (part of the motor 
starter) are connected to the third input (I0.2). These inputs are 
used to control normally open contacts in a line of ladder logic 
programmed into the PLC. 

SF/DIAG

Start (NO)

Stop (NC)

OL

I0.0

I0.1

I0.2

Input
Points

Output
Point

Q0.0
Network 1

CPU Program

I0.0 I0.1 I0.2 Q0.0

Q0.0

Motor
Starter Motor

Initially, I0.� status bit is a logic � because the normally closed 
(NC) Stop Pushbutton is closed. I0.2 status bit is a logic � 
because the normally closed (NC) overload relay (OL) contacts 
are closed. I0.0 status bit is a logic 0, however, because the 
normally open Start pushbutton has not been pressed. 

Normally open output Q0.0 contact is also programmed on 
Network � as a sealing contact. With this simple network, 
energizing output coil Q0.0 is required to turn on the motor.
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Program Operation When the Start pushbutton is pressed, the CPU receives a logic 
� from input I0.0. This causes the I0.0 contact to close. All three 
inputs are now a logic �. The CPU sends a logic � to output 
Q0.0. The motor starter is energized and the motor starts.

Start (NO)

Stop (NC)

OL

I0.0

I0.1

I0.2

Input
Points

Output
Point

Q0.0
Network 1

CPU Program

I0.0 I0.1 I0.2 Q0.0

Q0.0

Motor
Starter Motor

Motor
Starts

The output status bit for Q0.0 is now a �. On the next scan, 
when normally open contact Q0.0 is solved, the contact will 
close and output Q0.0 will stay on even if the Start pushbutton 
is released.

Start (NO)

Stop (NC)

OL

I0.0

I0.1

I0.2

Input
Points

Output
Point

Q0.0
Network 1

CPU Program

I0.0 I0.1 I0.2 Q0.0

Q0.0

Motor
Starter Motor

Motor is
Running

When the Stop pushbutton is pressed, input I0.� turns off, the 
I0.� contact opens, output coil Q0.0 de-energizes, and the 
motor turns off.

Start (NO)

Stop (NC)

OL

I0.0

I0.1

I0.2

Input
Points

Output
Point

Q0.0
Network 1

CPU Program

I0.0 I0.1 I0.2 Q0.0

Q0.0

Motor
Starter Motor

Motor
Stops
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Adding Run and Stop The application can be easily expanded to include indicator
Indicator Lights lights for run and stop conditions. In this example, a RUN 

indicator light is connected to output Q0.� and a STOP indicator 
light is connected to output Q0.2.

The ladder logic for this application includes normally open 
Q0.0 contact connected on Network 2 to output coil Q0.� and 
normally closed Q0.0 contact connected on Network 3 to output 
coil Q0.2. When Q0.0 is off, the normally open Q0.0 contact 
on Network 2 is open and the RUN indicator off. At the same 
time, the normally closed Q0.0 contact is closed and the STOP 
indicator is on.

Start (NO)

Stop (NC)

OL

I0.0

I0.1

I0.2

Input
Points

Output
Points

Q0.0
Network 1

CPU Program

I0.0 I0.1 I0.2 Q0.0

Q0.0

Motor
Starter Motor

Q0.1

Q0.2

Q0.1

Q0.2

Q0.0

Q0.0

Network 2

Network 3

STOP Indicator

RUN Indicator

Motor is
Stopped

When the Start button is pressed, the PLC starts the motor. 
Output Q0.0 is now on. Normally open Q0.0 contact on Network 
2 is now closed and the RUN indicator is on. At the same time, 
the normally closed Q0.0 contact on Network 3 is open and the 
STOP indicator light connected to output Q0.2 is off.

Motor is
Running

Start (NO)

Stop (NC)

OL

I0.0

I0.1

I0.2

Input
Points

Output
Points

Q0.0
Network 1

CPU Program

I0.0 I0.1 I0.2 Q0.0

Q0.0

Motor
Starter Motor

Q0.1

Q0.2

Q0.1

Q0.2

Q0.0

Q0.0

Network 2

Network 3

STOP Indicator

RUN Indicator
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Adding a Limit Switch The application can be further expanded by adding a limit 
switch. The limit switch could be used in this application for a 
variety of functions. For example, the limit switch could be used 
to stop the motor or prevent the motor from being started. 

In this example, the limit switch is associated with an access 
door to the motor or its associated equipment. The limit switch 
is connected to input I0.3 and controls a normally open contact 
in the program. If the access door is open, limit switch LS� is 
open and normally open contact I0.3 is also open. This prevents 
the motor from starting.

Start (NO)

Stop (NC)

OL

I0.0

I0.1

I0.2

Input
Points

Output
Points

Q0.0
Network 1

CPU Program

I0.0 I0.1 I0.2 Q0.0

Q0.0

Motor
Starter

Motor

Q0.1

Q0.2

Q0.1

Q0.2

Q0.0

Q0.0

Network 2

Network 3

STOP Indicator

RUN Indicator

Motor is
Stopped

LS1
I0.3

I0.3

Access Door
Open

With I0.3 Contact Open,
Motor will not Start

When the access door is closed, limit switch LS� is closed and 
normally open contact I0.3 is also closed. This allows the motor 
to start when the Start pushbutton is pressed. 

Start (NO)

Stop (NC)

OL

I0.0

I0.1

I0.2

Input
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Output
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Q0.0
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CPU Program

I0.0 I0.1 I0.2 Q0.0

Q0.0

Motor
Starter

Motor

Q0.1

Q0.2

Q0.1

Q0.2

Q0.0

Q0.0

Network 2
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RUN Indicator

Motor is
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LS1
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I0.3

Access Door
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With I0.3 Contact Closed,
Motor can be Started
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Further Expansion The PLC program can be further expanded to accommodate a 
wide variety of commercial and industrial applications.

Start/Stop pushbuttons, selector switches, indicator lights, and 
signaling columns can be added. Motor starters can be added 
for control of additional motors. Over-travel limit switches can 
be added along with proximity switches for sensing object 
position. Various types of relays can be added to expand the 
variety of devices being controlled.

As needed, expansion modules can be added to further increase 
the I/O capability. The applications are only limited by the 
number of I/Os and amount of memory available for the PLC.

SF/DIAG

Indicator Lights
Signaling
Column Relays Motor Starters

Pushbuttons Proximity Switches
Selector
Switch Limit Switches

Discrete Ouputs

Discrete Inputs

Expansion Module

Review 4
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�. Identify the following symbols:

 

a. ____________

b. ____________

c. ____________

2. Complete the following tables:
 
 

AND Function

0
0
1
1

0
1
0
1

a. ___
b. ___
c. ___
d. ___

Input 1 Input 2 Output

OR Function

0
0
1
1

0
1
0
1

e. ___
f. ___
g. ___
h. ___

Input 1 Input 2 Output

3. In the following network, coil Q0.0 will be on when 
contact ____ is closed and either contact ____ or contact 
____ or both are closed.
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Analog Inputs and Outputs

Many PLCs also work with analog I/O devices. Analog devices use 
signals that are continuously variable within a specified range, 
such as 0 to �0 VDC or 4 to 20 mA.

Analog signals are used to represent variable values, such as 
speed, rate of flow, temperature, weight, level, etc. In order to 
process an input of this type, a PLC must convert the analog 
signal to a digital value. S7-200 PLCs convert each analog 
voltage or current value into a �2-bit digital value.

Digital values from analog inputs are stored in addressable 
memory for use by the user program. Similarly, the user 
program can place digital values in addressable memory 
locations for conversion to analog values for the designated 
analog outputs.

The only S7-200 CPU model with analog I/O points on board 
is CPU 224XP, which has 2 analog inputs and � analog output. 
However, analog I/O points can be added using expansion 
modules for any CPU other than CPU 22�. CPU 222 allows 
for 2 expansion modules and the remaining CPUs allow for 7 
expansion modules.

Expansion modules are available with 4 or 8 analog inputs, 
2 or 4 analog outputs, or 4 analog inputs and � analog 
output. In addition, expansion modules are  available for use 
with thermocouples or RTD type sensors which sense the 
temperature at a specific point in a machine or process. 

Analog Expansion Module

SF/DIAG
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Analog Input Example Analog inputs can be used for a variety of purposes. In the 
following example, a scale is connected to a load cell. A load cell 
is a device that generates an electrical output proportional to 
the force applied.

Scale

0 to 10 VDC Analog Signal to PLC
Desired Weight = 25 LBS = 5 VDC

Inspection
 Station

Finished
Goods

Inventory

Package Route
Controled by PLC

The load cell in this example converts a value of weight from 
0 to 50 pounds into a 0 - �0 VDC analog value. The 0 - �0 VDC 
load cell signal is connected to an S7-200 PLC’s analog input.

The analog value applied to the PLC can be used in various ways. 
For instance, the actual weight can be compared to a desired 
weight for a package. Then, as the package is moved on a 
conveyor, the S7-200 PLC can control a gate to direct packages 
of varying weight.
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Analog Output Example Analog outputs from a PLC are often supplied directly or through 
signal converters or transmitters to control valves, instruments, 
electronic drives or other control devices which respond to 
analog signals.

For example, analog outputs from the PLC could be used to 
control the flow of fluid in a process by controlling AC drives. 
Rather than simply turning the AC drives on or off, which could 
be accomplished by discrete outputs, analog signals can be 
used to control the output of the AC drives.  This would allow 
the speed of the pumps to be varied dynamically in response to 
changes in process requirements.

Central
Processing

Unit
(CPU)

Analog
Input

Analog
Outputs

PLC

Signal from
Level Transmitter

To Pump 1

To Pump 2

AC Drives

Level
Transmitter

Pump 1

Pump 2

Storage
Tank

Process
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Timers

In a PLC, timers are programming functions that keep track 
of time and allow PLC programs to provide varied responses 
depending on the elapsed time.

Hard-wired Timing Circuit Timers in a PLC program can be compared to hard-wired timing 
circuits, such as the one represented in the accompanying 
control line diagram. In this example, normally open (NO) 
switch (S�) is used with timer (TR�). When S� closes, TR� begins 
timing. When the timer’s preset time elapses, TR� closes its 
associated normally open TR� contact and pilot light PL� turns 
on. When S� opens, TR� de-energizes immediately, the TR� 
contact opens, and PL� turns off. 

TR1

PL1

TR1

S1
TR1

PL1

TR1

S1

Closes a preset time
after S1 closes

This type of timer is referred to as an on-delay timer. The term 
“on-delay” indicates that the timing begins when the timer 
receives a signal to turn on. In this example, that happens when 
S� closes.
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S7-200 SIMATIC Timers The S7-200 SIMATIC LAD instruction set includes three types of 
timers: On-Delay Timer (TON), Retentive On-Delay Timer (TONR), 
and Off-Delay Timer (TOF). Timers are represented in an S7-PLC 
ladder logic program by boxes.

S7-200 timers have a resolution of � millisecond, 
�0 milliseconds, or �00 milliseconds. This resolution appears 
in the lower right corner of the timer box. As shown in the 
following illustration, the resolution and type of timer that can 
be used depends on the timer number. The maximum value of 
time shown is for a single timer. By adding program elements, 
greater time intervals can be timed.

IN

PT

TON

On-Delay Timer Retentive On-Delay Timer Off-Delay Timer

Txxx Txxx Txxx

IN

PT

TONR IN

PT

TOF

Timer Number (T0 to T255)

xxx ms xxx ms xxx ms

Timer Resolution
1 ms, 10 ms, or 100 ms

SIMATIC Timers

Timer Type Timer Number Resolution Maximum Value
TONR T0, T64 1 ms 32.767 seconds

(retentive) T1 to T4, T65 to T68 10 ms 327.67 seconds
T5 to T31, T69 to T95 100 ms 3276.7 seconds

TON, TOF T32, T96 1 ms 32.767 seconds
(non-retentive) T33 to T36, T97 to T100 10 ms 327.67 seconds

T37 to T63, T101 to T255 100 ms 3276.7 seconds
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SIMATIC On-Delay Timer  The previous example illustrated how a hardware on-delay timer 
(TON)  works. The corresponding software function in the S7-200 

SIMATIC LAD instruction set is the On-Delay Timer (TON). 

When the On-Delay Timer’s (TON) enabling input (IN) goes to 
logic �, the timer begins timing. After a preset time (PT), the 
timer bit (T-bit) turns on. The T-bit is a logic function internal to 
the timer and is not shown on the symbol. The timer resets the 
accumulated time to zero when the enabling input goes to a 
logic 0.

In the following timer example, when input I0.3 turns on, the 
I0.3 contact closes, and timer T37 begins timing. T37 has a time 
base of �00 ms (0.� seconds). The preset time (PT) value has 
been set to �50. Because the resolution of the timer is set to �00 
ms, a preset value of �50 is equal to �5 seconds (�50 x �00 ms). 
Therefore, �5 seconds after the I0.3 contact closes, timer bit T37 
becomes a logic �, the T37 contact closes, and output coil Q0.� 
and its associated output point turn on.

If the switch opens before �5 seconds has elapsed, the 
accumulate time resets to 0. Because this type of timer does not 
retain its accumulated time when its input (IN) goes to logic 0, it 
is said to be non-retentive.

T37

+150

I0.3

Q0.1

TON

T37

IN

PT 100 ms

Preset time = 150 x 100 ms = 15 seconds

Network 1

Network 2
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SIMATIC Retentive On-Delay  The SIMATIC Retentive On-Delay Timer (TONR) functions in 
Timer (TONR) a similar manner to the On-Delay Timer (TON). Just like the On-

Delay timer (TON), the Retentive On-Delay Timer (TONR) times 
when the enabling input (IN) is on. However, the Retentive On-
Delay Timer (TONR) does not reset when the input (IN) turns off. 
Instead, the timer must be reset with a Reset (R) instruction.

The following example shows a Retentive On-Delay timer 
(TONR) with a resolution of �00 ms and preset value of �50 (�5 
seconds). When input I0.3 turns on, I0.3 contact closes, and 
timer T5 begins timing. If, for example, after �0 seconds input 
I0.3 turns off, the timer stops. When input I0.3 turns on again, 
the timer begins timing at �0 seconds. Timer bit T5 turns on 5 
seconds after input I0.3 closes for the second time. When timer 
bit T5 turns on, contact T5 closes, and output Q0.� turns on.

The Reset (R) function, shown in network �, is necessary to reset 
the accumulated time of the Retentive On-delay Timer (TONR) to 
zero. In this example, the Reset (R) function turns on and resets 
the timer when contact I0.2 closes. This causes the T5 contact to 
open and output Q0.� to turn off.

T5

T5

I0.3

I0.2

Q0.1

R

TONR

T5

IN

PT 100 ms+150

Network 1

Network 2

Network 3
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SIMATIC Off-Delay Timer  The SIMATIC Off-Delay Timer (TOF) begins timing when input
(TOF) IN turns off. In the following example, when contact I�.4 closes, 

the current value of timer T33 is set to 0, timer bit T33 turns on 
immediately, closing the T33 contact, and turning on output 
Q2.3.

When contact I�.4 opens, the timer times until the preset time 
elapses, 200 ms in this example. Then, timer bit T33 turns off, 
contact T33 opens, and output Q2.3 turns off.

If the I�.4 contact had closed again before the 200 ms preset 
time had elapsed, the timer’s current value would again be set 
to 0, timer bit T33 would remain on, contact T33 would remain 
closed, and output Q2.3 would remain on.

T33

+20

I1.4

Q2.3

TOF

T33

IN

PT 10 ms

Preset time = 20 x 10 ms = 200 ms

Network 1

Network 2
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IEC 1131-3 Timers It is not the intent of this course to cover all S7-200 instructions, 
but timer instructions provide an opportunity to understand 
some of the differences between the SIMATIC and IEC ��3�-3 
instruction sets.

The timers previously discussed were SIMATIC timers. The 
IEC 1131-3 instruction set also includes three timers, On-Delay 
Timer (TON), Off-Delay Timer (TOF), and Pulse Timer (TP). The 
same three resolutions (� ms, �0, ms, and �00 ms) are available 
as for the SIMATIC timers, and the resolution is determined by 
the timer number as shown in the following illustration.

Timer Number Resolution Maximum Value
T32, T96 1 ms 32.767 seconds

T33 to T36, T97 to T100 10 ms 327.67 seconds
T37 to T63, T101 to T255 100 ms 3276.7 seconds

IEC 1131-3 Timers

On-Delay Timer Off-Delay Timer

Timer Number (T0 to T255)

IN

PT

TON

%Txxx

Q
ETxxx ms

Elapsed
Time

Resolution
(1 ms, 10 ms, 100 ms)

IN

PT

TOF

%Txxx

Q
ETxxx ms

IN

PT

TP

%Txxx

Q
ETxxx ms

Pulse Timer

The On-Delay Timer (TON) begins timing when its enable input 
(IN) turns on. When the elapsed time (ET) equals the preset time 
(PT), the timer stops timing, and the output (Q) turns on. The 
timer is reset, when IN turns off.

The Off-Delay Timer (TOF) output (Q) turns on immediately 
when IN turns on. When IN turns off, the timer begins timing. 
When ET equals PT, Q turns off. The elapsed time is maintained 
until the next time IN turns on. If IN turns on before ET equals 
PT, Q remains on.

The Pulse Timer (TP) generates pulses of a preset duration. 
When IN turns on, Q turns on, and the timer begins timing. 
When ET equals PT, Q turns off. The elapsed time is maintained 
until IN turns off.
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Review 5
�. CPU ________ has two analog inputs and one analog 

output on-board.

2. Three types of SIMATIC timers available in the S7-200 
instruction set are _____________, _____________, and 
_____________.

3. The maximum time value for a �00 millisecond time 
base timer is ____________ seconds.

4. Which SIMATIC Timer requires a Reset instruction?

5. Three types of IEC ��3�-3 timers available in the S7-200 
instruction set are _____________, _____________, and 
_____________.
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Counters

Just like mechanical counters, PLC counter instructions keep 
track of events. As it counts, a counter instruction compares an 
accumulated count value to a preset value to determine when 
the desired count has been reached. Counters can be used to 
start an operation when a count is reached or to prevent an 
operation from occurring until a count has been reached.

S7-200 SIMATIC Counters The S7-200 SIMATIC LAD instruction set includes three types of 
counters: Count Up Counter (CTU), Count Down Counter (CTD), 
and Count Up/Down Counter (CTUD).

SIMATIC Counters

Timer Number (C0 to C255)

PV

LD

PV

CD CU

CD

R

CTD CTUD

Count Up Counter Count Down Counter Count Up/Down Counter

PV

CU CTU

Cxxx

R

Cxxx Cxxx

The Count Up Counter (CTU) counts up by one each time 
the count up (CU) input transitions from off to on. When the 
accumulated count equals the preset value (PV) the counter 
bit (not shown) turns on. The counter continues to count until 
the accumulated count equals the maximum value (32767). 
When the reset input (R) turns on or when a Reset instruction is 
executed, the accumulated count resets to zero and the counter 
bit turns off.

The Count Down Counter (CTD) counts down by one each time 
the count down (CD) input transitions from off to on. When the 
count reaches zero, the counter bit turns on. When the load (LD) 
input turns on, the counter resets the current value to equal the 
preset value (PV), and the counter bit turns off.

318



56

The Count Up/Down Counter (CTUD) counts up by one each 
time the count up (CU) input transitions from off to on and 
counts down by one each time the count down (CD) input 
transitions from off to on. When the accumulated count equals 
the preset value (PV), the counter bit turns on. When the reset 
input (R) turns on or when a Reset instruction is executed, the 
accumulated count resets to zero and the counter bit turns off.

If the count reaches the maximum positive value (32,767), 
the next count up input sets the accumulated count to the 
maximum negative value (-32,767). Similarly, if the count 
reaches the maximum negative value, the next down count sets 
the accumulated count to the maximum positive value.

Count Up/Down Counter  Counters are common instructions used for counting a wide
(CTUD) Example  variety of events such as parts manufactured or packed, items 

processed, machine operations, etc. For example, a counter 
might be used to keep track of the items in an inventory storage 
area.

In the following example, Count Up/down Counter (CTUD) C48 
is reset to zero when contact I0.2 closes. This could be event 
could be triggered automatically or manually to indicate that the 
associated storage location is empty.

When contact I0.0 closes, the counter counts up by �. This could 
be triggered by a proximity switch sensing that an item has been 
placed in the storage location.

When contact I0.� closes, the counter counts down by �. This 
could be triggered by a proximity switch sensing that an item 
has been removed from the storage location.

C48

CTUDCU

I0.0

I0.1

I0.2

CD

R

PV+150

Q0.1C48
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In this example, the storage location has �50 spaces. When 
the accumulated count reaches �50, the counter bit turns 
on, contact C48 closes, and output Q0.� turns on. This could 
trigger other logic in the program to divert new items to another 
location until such time as an item is removed from this location.

IEC 1131-3 Counters The counters previously discussed were SIMATIC counters. The 
IEC ��3�-3 instruction set also includes three counters. These 
counters are similar to the SIMATIC counters, but there are a few 
differences.

Each IEC ��3�-3 counter has an output (Q) and cumulative 
value (CV) in the counter box.

Count Up Counter (CTU) stops counting when CV equals the 
preset value (PV), and turns on output Q.

Except for the CV and Q values, the IEC ��3�-3 Count Down 
Counter (CTD) functions like the SIMATIC version. When CV 
equals zero, it stops counting, and output Q turns on.

Count Up/Down Counter (CTUD) stops counting up when CV 
equals PV and turns on output QU. CTUD stops counting down 
when CV equals zero and turns on output QD.

IEC 1131-3 Counters

Timer Number (C0 to C255)

PV

LD

PV

CD CU
CD

LD

CTD CTUD

Count Up Counter Count Down Counter Count Up/Down Counter

CU CTU

Cxxx

R

Cxxx Cxxx

Q
CV

PV Q
CV CV

QD
QU

R
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High-Speed Instructions

As discussed earlier, PLCs have a scan time. The scan time 
depends on the size of the program, the number of I/Os, and 
the amount of communication required. However, events may 
occur in an application that require a response from the PLC 
sooner than the scan cycle would normally permit. For these 
applications high-speed instructions, such as those associated 
with high-speed counters, can be used. 

PLC Scan

Rea
d Inputs Execute Program

Diagnostic
s &

Communica
tio

n
U

pdate Outputs

High-Speed Counters A high-speed counter is represented by two boxes in ladder 
logic. One box is the High-Speed Counter Definition (HDEF) 
instruction and the other box is the High-Speed Counter (HSC) 
instruction.

CPU 22� and CPU 222 support four high-speed counters (HSC0, 
HSC3, HSC4, HSC5). CPU 224, CPU 224XP, CPU 224XPsi, and 
CPU 226 support six high-speed counters (HSC0, HSC�, HSC2, 
HSC3, HSC4, HSC5).

High-Speed Counter Definition

HDEF

EN

HSC

MODE

ENO

High-Speed Counter

HSC

EN ENO

N
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Definition Boxes and The High-Speed Counter Definition (HDEF) instruction assigns
High-Speed Counters the operating mode to a specific high-speed counter (HSCx). 

The mode selection defines the clock, direction, start, and 
reset functions of the high-speed counter. High-speed counters 
can be defined by the definition box to operate in any of the 
�2 available modes. Not all counters can operate in all of the 
available modes, however. Refer to the S7-200 System Manual 
for definitions available for each counter.

The High-Speed Counter (HSC) instruction configures and 
controls a specific high-speed counter based upon the state of 
the special HSC bits. The N parameter specifies the high-speed 
counter number. Each counter has dedicated inputs for clocks, 
direction control, reset, and start, where these functions are 
supported. 

Positioning Example Positioning is one example of an application that may require 
use of a high-speed counter. In the following illustration, two 
PLC discrete outputs (one for forward and one for reverse) 
control a reversing motor starter, which, in turn, controls a 
motor.

The motor shaft is connected to an encoder and to a positioning 
screw. A platform mounted on the positioning screw moves 
away from position 0 as the motor turns in the forward direction 
and towards position 0 as the motor turns in the reverse 
direction. Pulses from the encoder are connected to PLC inputs 
associated with a high speed counter.

1 2 3 4 5 6 7 8 9 100

Encoder Motor

Reversing
Motor Starter

SF/DIAG

212-1BB23-0XB0

In this example, the high-speed counter is programmed to 
move the platform from position � to position 6 and later to 
return to position �. These positions could be associated with 
manufacturing operations performed on a part mounted on the 
platform. 
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Assume, for example, that the encoder generates 600 pulses 
per revolution, and it takes �000 motor revolutions to move the 
platform from one position to another, moving the platform 
from position � to position 6 (5 positions) takes 5000 motor 
revolutions or 30,000 encoder pulses. In most practical 
applications, the frequency of these pulses is too high for them 
to be counted with inputs that are not associated with a high-
speed counter. 

Interrupts S7-200 PLCs incorporate instructions for use with interrupts. 
Interrupts are used to initiate a specific, short PLC program 
segment, called an interrupt routine, when an internal or 
external event occurs. After the interrupt routine has been 
executed, control is returned to the main program.

Three types of interrupts are supported by S7-200 PLCs, 
communication port interrupts, I/O interrupts, and time-
based interrupts. Communication port interrupts are used 
to control a communication port operated in Freeport mode. 
I/O interrupts are used to respond quickly to high-speed I/O 
transitions, such as those associated with high-speed counters 
or pulse train outputs. Time-based interrupts allow the user 
program to execute an interrupt routine on a cyclic basis.

Each of these types of interrupts has an associated priority 
that determines which interrupt is processed first in the event 
that two or more interrupts are requested at the same time. 
Communication port interrupts have the highest priority and 
time-based interrupts have the lowest priority.

Pulse Training Output (PTO) S7-200 PLCs have two PTO/PWM generators that create either 
a high-speed pulse train or a pulse width modulated waveform. 
One generator is assigned to output point Q0.0 and the other to 
output point Q0.�. When a generator is activated, it controls its 
respective output.

Pulse Train Output (PTO) is used to provide a series of pulses 
to an output device, such as a stepper motor driver. The PTO 
provides a square wave output for a specified number of pulses 
and a specified cycle time. The number of pulses can be from � 
to 4,294,967,295 pulses. The Pulse Train Output has a 50% duty 
cycle. This means the pulse is off for the same amount of time 
that it is on.
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The number of pulses and the cycle time can be changed with 
an interrupt. In the accompanying example, each pulse is 
initially on for 500 ms and off for 500 ms. After four pulses, an 
interrupt occurs which changes the cycle time to 2 seconds, � 
second on and � second off.

 

500 ms
Interrupt
Occurs

1 sec 1 sec

Pulse Width Modulation The Pulse Width Modulation (PWM) function provides a 
(PWM) fixed cycle time with a variable duty cycle. When the pulse 

width is equal to the cycle time, the duty cycle is �00% and the 
output is turned on continuously. In the following example, the 
output initially has a �0% duty cycle (on �0%, off 90%). After an 
interrupt, the output switches to a 50% duty cycle (on 50%, off 
50%).

Interrupt
Occurs

10% Duty Cycle 50% Duty Cycle

On Off On Off

The PWM function can be used to provide a programmable 
or adjustable control of machine timing. This allows machine 
operation to be varied to compensate for product variations or 
mechanical wear.

And Much More The instructions listed in this section are only examples of 
the types of instructions available for S7-200 PLCs. The full 
instruction set includes a much broader range of capabilities. 
Refer to the S7-200 System Manual for additional information.
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Specialized Expansion Modules

In addition to the expansion modules previously discussed that 
provide additional discrete or analog I/O, several expansion 
modules are available to provide communication interfaces or 
specialized I/O functions.

EM 241 Modem Module One of these modules is the EM 241 Modem module. This 
module supports communication between a computer with 
STEP 7 Micro/WIN and an S7-200 PLC.

SF/DIAG
EM 241
MODEM

241-1AA22-0XA0

Modem ComputerS7-200 PLC with 
EM 241 Modem Module

The EM 24� provides an international telephone line interface 
and supports sending numeric and text paging messages, 
as well as SMS (Short Message Service) messages to cellular 
phones. This is useful for remote diagnostics and maintenance, 
machine control, alarm systems, and general communication 
functions.

In addition to CPU-to-CPU communication via a telephone line, 
the EM 24� also supports Modbus RTU protocol, a protocol that 
has been widely used for many years.

SINAUT MD 720-3  SINAUT Telecontrol (Siemens Network Automation) permits
GSM/GPRS Modem Module networking of individual controls and control systems over a 

WAN (Wide Area Network). 

One approach for providing this capability is SINAUT Micro. 
This is a simple and flexible way to link stationary or mobile 
stations to a master control center. SINAUT Micro is appropriate 
where smaller amounts of data have to be transmitted to 
permit monitoring and control of remote stations using wireless 
techniques with the General Packet Radio Service (GPRS) of the 
Global System for Mobile Communication (GSM) mobile radio 
network. 
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The SINAUT MD720-3 GSM/GPRS Modem module and 
associated ANT794-4MR antenna are the hardware elements 
used to connect an S7-200 PLC into a SINAUT Micro system. 
SINAUT Micro SC software is also required.

SET

S CO

R
S

23
2

X1

SINAUT
MD720-3
720-3AA00

SINAUT MD 720-3
GSM/GPRS Modem Module

Antenna

WinCC flexiible,
WinCC

CP 243-1, CP 243-1 IT Industrial Ethernet provides a proven means of networking
Communication Processors computers and a variety of intelligent devices. CP 243-1 and CP 

243-1 IT communication processors are used to connect an S7-
200 PLC to an Industrial Ethernet network.

CP 243-� and CP 243-� IT communication processors can be 
used to connect an S7-200 PLC via Industrial Ethernet to a 
computer running STEP 7 Micro/WIN. This allows the S7-200 
PLC to be configured, programmed, and diagnosed remotely. 
In addition, an S7-200 PLC connected to an Industrial Ethernet 
network can communicate with S7-200, S7-300, and S7-400 
PLCs and a variety of other devices.

The IT functions of the CP 243-� IT Internet module simplify the 
process of setting up a control system that can email diagnostic 
information or transfer files using Internet protocols.

SIMATIC S7-400 PLC

SIMATIC S7-300 PLC

Industrial Ethernet

SF/DIAG
CP 243-1

Ethernet CP

243-1EX00-0XE0

S7-200 PLC with 
CP 243-1 or CP 243-1 IT

 Communication Processor

Programming Device (PG) 
or Computer
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EM 277 PROFIBUS-DP PROFIBUS DP is an open, international fieldbus communication
Module standard that allows a broad range of intelligent devices from 

various manufacturers to communicate rapidly and efficiently. 
This reduces wiring costs as well as start-up and maintenance 
expenses. 

EM 277 PROFIBUS-DP module allows connection of the S7-200 
CPU (CPU 222 and above) to a PROFIBUS-DP network as a slave. 

PROFIBUS DP

S7-200 PLC with 
EM 277 PROFIBUS DP Module

PORT
0

SF/DIAG
RUN
STOP

SIMATIC
S7 - 200

.0
00

.1 .2 .3 .4 .5 .6 .7 .0 .1
01

.0 .1 .2 .3 .4 .5 .6 .7 .0 .1 .2 .3 .4 .5
I0 I1

CPU 224
AC/DC/RLY

CPU FAULT

POWER

DP ERROR

DX MODE

EM 277
PROFIBUS-DP

0

2

46

8

0
2

46

8

X10

X1

Other SIMATIC
 Controllers

I/O Systems Display Systems Computers

Non-Siemens
Controllers

Other Intelligent
Devices  and Systems

CP 243-2 AS-Interface  Actuator Sensor Interface (AS-Interface or AS-i) is a system
Master Module for networking field devices such as sensors and actuators 

with control and operator interface devices. AS-i replaces the 
extensive parallel wiring often used to connect sensors and 
actuators to controllers with a simple 2-core cable. The cable is 
designed so that devices can only be connected correctly.

CP 243-2 AS-Interface Master module allows connection of the 
S7-200 CPU (CPU 222 and above) to a AS-I network as a master. 

PORT
0

SF/DIAG
RUN
STOP

SIMATIC
S7 - 200

.0
00

.1 .2 .3 .4 .5 .6 .7 .0 .1
01

.0 .1 .2 .3 .4 .5 .6 .7 .0 .1 .2 .3 .4 .5
I0 I1

CPU 224
AC/DC/RLY

CP 243-2
AS-Interface Master

DISPLAY

SET

6GK7 243-2AX01-0XA0

0 1 2 3 4
5 6 7 8 9
10 11 12 13 14
15 16 17 18 19
20 21 22 23 24
25 26 27 28 29
3031 31

CM

AUP

CER

APF

PWR

SF B

S7-200 PLC with 
CP 243-2 AS-Interface

Master Module

RepeaterSlaves Slaves

AS-Interface
Power Supply

AS-Interface
Power Supply

100 meters 100 meters

PORT
0

SF/DIAG
RUN
STOP

SIMATIC
S7 - 200

.0
00

.1 .2 .3 .4 .5 .6 .7 .0 .1
01

.0 .1 .2 .3 .4 .5 .6 .7 .0 .1 .2 .3 .4 .5
I0 I1

CPU 224
AC/DC/RLY

CP 243-2
AS-Interface Master

DISPLAY

SET

6GK7 243-2AX01-0XA0

0 1 2 3 4
5 6 7 8 9
10 11 12 13 14
15 16 17 18 19
20 21 22 23 24
25 26 27 28 29
3031 31

CM

AUP

CER

APF

PWR

SF B

S7-200 PLC with 
CP 243-2 AS-Interface

Master Module

Slaves Slaves

AS-Interface
Power Supply

AS-Interface
Extension Plug

200 meters
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EM 253 Position Module Position control describes a range of applications that involve 
movement with varying degrees of precision. The EM 253 
Position module is a simple, but powerful, positioning module 
that enables the user to control position systems from micro-
steppers to intelligent servo drives (with integrated closed-loop 
control).

SF/DIAG
EM 253
Position

253-1AA22-0XA0

MF
MG

PWR
P0

P1
DIS

CLR

STP
RPS

ZP  LMT
-   +

S7-200 PLC with EM 253 Position Module

EM 253 Features Features of the module include:

• Provides high-speed control with a range from 20 to  
200,000 pulse per second

• Supports both S curve or linear acceleration and 
deceleration

• Provides a configurable measuring system that allows 
you to enter data as engineering units (such as inches or 
centimeters) or as a number of pulses

• Provides configurable backlash compensation
• Supports absolute, relative, and manual methods of 

position control
• Provides continuous operation
• Provides up to 25 motion profiles with up to 4 speed 

changes per profile
• Provides four different reference-point seek modes with 

a choice of the starting seek direction and final approach 
direction for each sequence

• Provides removable field wiring connectors for easy 
installation and removal
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Expansion Modules for Two S7-200 PLC expansion modules are available for accurate
Temperature Measurement temperature measurement, EM 231 Thermocouple module 

and EM 231 RTD module.

EM 23� Thermocouple module provides analog inputs for 
thermocouples. A thermocouple is a temperature sensor made 
from two dissimilar metals joined at a point called a junction. 
A thermocouple produces a small voltage that is dependent 
upon temperature. Various types of thermocouples are 
available for use in different temperature ranges. Two versions 
of EM 23� Thermocouple modules are available, one for four 
thermocouples and one for eight thermocouples. Each version 
is compatible with J, K, T, E, R, S, or N thermocouples, but the 
thermocouples used with a specific module must be of the same 
type.

EM 23� RTD module provides analog inputs for resistance 
temperature detectors (RTDs). An RTD is a temperature sensor 
made from a metal, such as platinum, nickel, or copper, that 
varies in resistance in a predictable manner as temperature 
varies. Two versions of the EM 23� RTD module are available, 
one with two analog inputs and one with four analog inputs. 
Either version can be used with a variety of RTD types, but the 
RTDs used with a specific module must be of the same type.

S7-200 PLC with EM 231 Expansion Module

PORT
0

SF/DIAG
RUN
STOP

SIMATIC
S7 - 200

.0
00

.1 .2 .3 .4 .5 .6 .7 .0 .1
01

.0 .1 .2 .3 .4 .5 .6 .7 .0 .1 .2 .3 .4 .5
I0 I1

CPU 224
AC/DC/RLY

243-7PD22-0XA0

+24
VDC

SF
EM 231

AI4  -  TC

EM 231 Thermocouple module, 4 Input Version

A+ A- B+ B- C+ C- D+ D-

-
+

24 VDC

M L+ Configuration

A+ A- a+ a- B+ B- b+ b-

-
+

24 VDC

M L+ Configuration

EM 231 RTD module, 2 Input Version

Refer to the S7-200 Programmable 
Controller System Manual for 
Configuration DIP Switch Positions

Refer to the S7-200 Programmable 
Controller System Manual for 
Configuration DIP Switch Positions
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SIWAREX MS Weighing  SIWAREX MS Weighing module provides a simple, easy
Module to install approach for weighing and force measurement 

applications. SWAREX MS Weighing module is designed to 
measure the voltage produced by sensors commonly used to 
measure weight, force, or torque.

SIWAREX MS is easily integrated into an S7-200 PLC system as 
an expansion module. This makes information obtained from 
SIWAREX MS available to other components of the automation 
system. In addition, Siemens offers a wide variety of compatible 
sensors and other components.

S7-200 PLC with SIWAREX MS Module

.0
00

.1 .2 .3 .4 .5 .6 .7 .0 .1

.0 .1 .2 .3 .4 .5 .6 .7 .0 .1 .2 .3 .4 .5
I0 I1

CPU 224XP
DC/DC/DC

7MH4930-0AA01

+24
VDC

SF

SIWAREX MS01

214-2AD23-0XB0

SF/DIAG
RUN
STOP

SIMATIC
S7 - 200

PORT
0

PORT
1

NET MAX
I >0<

p---I
- -

Touch Panel TP 177micro

SIMATIC PANEL

TO
U

C
H

SIWAREX MS

12.78 kg
Lim 1 Lim 2 T pT +9e

>0< >< wrp min errerase
list

T T Tp
o

SIWAREX R Load Cell

SIWAREX R

Wagezelle / Load Cell
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Review 6
�. Three types of SIMATIC counters available in the S7-200 

instruction set are ____________, ____________ and 
____________.

2.  CPU 22� and CPU 222 support ____ high speed 
counters. CPU 224, CPU 224XP, CPU 224XPsi, and CPU 
226 support ____ high speed counters.

3. S7-200 PLCs have two ___________ that create either 
a high-speed pulse train or a pulse-width modulated 
waveform.

4. ________ and ________ communication processors are 
used to connect an S7-200 PLC to an Industrial Ethernet 
network.

5. _________ module allows connection of an S7-200 CPU 
(CPU222 and above) to a PROFIBUS-DP network as a 
slave.

6. _________ module allows connection of an S7-200 CPU 
(CPU222 and above) to an AS-I network as a master.

7. Two versions of EM 23� Thermocouple module are 
available, one for ____ thermocouples and one for ____ 
thermocouples.

8. Two versions of EM 23� RTD module are available, one 
for ____ RTDs and one for ____ RTDs.
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Review Answers

Review 1 �) a: input module, b: CPU, c: output module, d: programming 
device, e: operator interface; 2) 2; 3) �6; 4) �0�0, 000� 0000, 
A.

Review 2 �) discrete; 2) discrete; 3) CPU; 4) Ladder logic; 5) Statement list, 
function block diagrams; 6) scan; 7)�024; 8) firmware;

 9) RS-485.

Review 3 �) CPU 22�, CPU 222, CPU 224, CPU 224XP, CPU 224XPsi, 
CPU 226; 2) b; 3) 2, 7; 4) 8, 6; 5) �4, �0; 6) Q0.3; 7) DIN.

Review 4 �) a: box, b: normally open contact, c: coil; 
2) AND Function - a: 0, b: 0, c: 0, d: �, 
OR Function - e: 0, f: �, g: �, h: �; 
3) I0.�, I0.0, Q0.0.

Review 5 �) 224XP; 2) On-Delay Timer (TON), Retentive On-Delay Timer 
(TONR), Off-Delay Timer (TOF) ; 3) 3276.7 seconds; 
4) Retentive On-Delay Timer (TONR); 5) On-Delay Timer (TON), 
Off-Delay Timer (TOF), Pulse Timer (TP).

Review 6 �) Count Up Counter (CTU), Count Down Counter (CTD), Count 
Up/Down Counter (CTUD); 2) 4, 6; 3) PTO/PWM generators;
4) CP 243-�, CP 243-� IT; 5) EM 277 PROFIBUS-DP
6) CP 243-2 AS-Interface Master; 7) 4, 8; 8) 2, 4. 
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