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OUR GOAL 

Collectively we believe there are significant energy 
savings opportunities to be had by increasing the use 
of high performance electric motors. By working 
together in the past we have achieved great success 
in transforming the motor market saving substantial 
Twh. Our goal is to increase the adoption of higher 
performing motors in a logical and realistic manner 
that builds on our past success saving additional 
energy, while maintaining the necessary service and 
utility for the motor users in the USA.     
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Our Roles 

ÅNEMA Motor Section  

ïMotor product and application experts 

ÅDOE contractors 

ïRule process and evaluation experts 

ÅDOE  

ïLegal and procedure experts 

ÅEfficiency advocates  

ïEnvironmental and community positions 
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What are we going to cover today 
ÅWhat is a and electric motor? 
ïTerms we use  

ïIndustrial and commercial [1/4 to 500 HP] 

ÅHow does a motor convert electricity to rotating 
torque? 

ÅFundamentals 
ïElectrical  
ÅDesign options, power, testing and losses  

ïMechanical configuration  
ÅMounting feet, flanges, shafts 

ïAccessories  
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What are we going to cover today 

ÅIƻǿ ƛǎ ŀ ƳƻǘƻǊΩǎ ŜŦŦƛŎƛŜƴŎȅ ŘŜǘŜǊƳƛƴŜŘΚ 

ÅHow do US standards compare to the rest of 
the world? 

ÅReview of existing motor efficiency rules 

ÅConclusions 
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Speakers  

ÅJohn Malinowski ς Baldor Electric / ABB 

ÅDan Delaney ς Regal 

ÅDale Basso ς WEG 

ÅRob Boteler - Nidec 
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Fundamentals of Electric Motors 



Agenda 

Å How a motor works 
Å Components 
Å Enclosures 
Å NEMA Dimensions 
Å Stators 
Å Rotors 
Å Bearings 
Å Accessories 
Å Efficiency 
Å Failure Modes 
Å Performance / Applications / Starting 
Å IEEE 841 



What is a Motor?  

An Electric Motor Converts  

Electrical Power to Mechanical Power 



How an Induction Motor Operates 



Magnetism is the force used by 
motors to create rotation 

On What Principle Does it Operate?  
ÅInduced Magnetism 



Permanent Magnet Basics 

Å Any  magnet has a North and a 

South Pole  

 

Å ñOppositeò poles of a magnet 

attract each other 

 

Å ñLikeò poles of a magnet repel 

each other.  

 

Å Motors use this principle of 

attraction and repulsion to 

rotate 

Lines of Flux 



Induced Magnetic Fields 
Å A magnetic field (B) is produced 

any time an electric current is 
passed through a wire. 

 

Å The magnetic field around a 
singular straight wire is not very 
strong. 

 

Å A stronger field can be created 
by coiling the wire  

 

Å An even stronger field can be 
produced by coiling wire around 
a piece of special steel called 
ñelectrical steelò. This is called 
an Electromagnet.  

 

Å Coil ñgroupsò laid in slots in  
electromagnetic material forms 
the stator of the motor 



Alternating Current 

ÅThe poles of an electro-magnetic coil change polarity 

when the direction of current flow changes. 



Magnetic Propulsion 

Stator 

Stator 

Rotor 

Electromagnet 

Permanent 
Magnet 

Electromagnet 

Torque is 
produced 

The principle of an induction motor is to induce magnetic forces into the rotor of the 

motor. A new generation of motors has permanent magnets imbedded in the rotor   



Three Phase AC Power 

Why 3 phases? 

 

Å It allows the most power 

transfer with the minimum 

number of conductors 

 

ÅThree times the power 

transfer of a single phase 

system by adding only one 

conductor 

 

ÅThe sum of all three phase 

voltage at any instant of time 

is zero 



What is Torque? 

ÅTorque is a force applied at a distance from 
and perpendicular to an axis. 

1 Pound Force 

1 Foot 

Torque = 1 Ft X 1 Lb = 1 Ft-Lb 



How is Torque Produced in the Rotor? 

Å Follows ñLeft Hand Ruleò 

Å Rotating stator flux (B) sweeps through air gap  

Å The rotating magnetic field from the stator 

ñcutsò through the rotor bars and induces 

current in them.  The current flows through the 

bars to one of the end rings, through the bar 

on the opposite side of the rotor then returns 

through the other end ring etc. 

Å The current flowing through the rotor bar 

creates a magnetic field in the rotor that 

follows the statorôs magnetic field. 

Å The difference in speed between the rotor and 

the statorôs rotating magnetic field determines 

how many lines of magnetic flux cut through 

the rotor bar.   

Å The greater the difference in speed between 

rotor and stator, the more current that is 

induced in rotor and  greater the force Thrust is the radial force 
that produces  torque 

 
Torque 

Flux 

 
Current 
 



Four Pole Motor Torque Production 

B 

Torque 
Flux 

Torque 
Torque Current 



Å Single Phase induction motors cannot self start because they lack 

a rotating magnetic field. 

Å The starting mechanism is mainly an additional stator winding 

(start/Auxiliary winding) 

Å Up to 10hp  

 

Single Phase Motors 



Single Phase Motors 



Single Phase Motors 



Single Phase Motors 



Single Phase Motors 



Single Phase Motors 





Motor Terminology and Electrical Performance 
Characteristics 



AC Power Supply Terms 

ÅPhase: describes the type of AC power supplied 

(Single or Three). Does not apply to DC. 

 

ÅFrequency or Hertz (Hz): How many times a 

second the AC changes directions from positive to 

negative. 

 

ÅVoltage: Defines the strength of the electric power 



Power Phase Cycle Voltages 

AC Single 60 115 or 230 

AC Single 50 110, 208, 220  or 240 

AC Three 60 208, 230, 460, 575, 2300, 
4160, 6600, or 13.8 kV 

AC Three 50 190, 380, 400, 415, 690, 4000 
or 11 kV 

Typical Power Supply 



Motor Performance Characteristics 

ÅSpeed / #Poles 

ÅHorsepower 

ÅCurrent 

ÅSpeed vs. Torque 

ÅService Factor 



Motor Operating Speeds 

ÅMechanical speed tied to speed of rotating 
magnetic field in stator 

ïSynchronous Speed = 120 x Frequency  

                                                # Poles 

ïRotor lags behind - ŘƛŦŦŜǊŜƴŎŜ ŎŀƭƭŜŘ ά{ƭƛǇέ 

ïSpeeds at 60 Hz. - Full Load Speed is approximate 

    # Poles        Sync. Speed      Nominal FL Speed 
    2   3600 RPM   3550 RPM 

    4   1800 RPM  1750 RPM 

    6   1200 RPM  1150 RPM 



Synchronous  
Speed (RPM) 

# of 
Poles 

Frequency 
(Hz) 

Formula 

3600 2 60 S = (120x60) / 2 

1800 4 60 S = (120x60) / 4 

1200 6 60 S = (120x60) / 6 

900 8 60 S = (120x60) / 8 

720 10 60 S = (120x60) / 10 

3000 2 50 S = (120x50) / 2 

1500 4 50 S = (120x50) / 4 

1000 6 50 S = (120x50) / 6 

750 8 50 S = (120x50) / 8 

600 10 50 S = (120x50) / 10 



What is Slip? 
ÅRatio between:  

Full Load Speed and No Load Speed 
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Horsepower and Torque 

Torque/Hp Speed @ 60Hz

(lb/ft) Synchronous

2 1.5 3600

4 3 1800

6 4.5 1200

8 6 900

10 7.5 720

12 9 600

Poles
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Rules of Thumb 

Motor Amps per HP - (full load) 

460v, a 3-phase motor draws 1.25 amps  per HP 

230v, a 3-phase motor draws  2.5  amps  per HP 



Effects of Voltage Variations 
on AC Motors 

Low Voltage 

1. Reduced starting torque - Motor may not be able to start load. 

2. Reduced running torque - Current increases to produce 100% torque 
creating excessive heat. Increased heat causes premature insulation 
failure. 

3. Speed decreases / Process interruption 

High Voltage 

1. Increased starting current - Nuisance trip of overloads.  Increased heat can 
cause insulation damage. 

2. Increased starting and running torque. 

3. Speed increases / Process interruption 

 

Å NEMA allows A +/- 10% voltage variation with no frequency variation. 



Is it true? 

ÅA motor, depending on its design can produce 
torque indefinitely without producing 
horsepower 

ÅA motor cannot develop horsepower without 
first producing torque 

ÅA motor needs to rotate to develop 
horsepower in order to do work 



Motor Speed Torque Curve 



Motor Designs 
ÅThe Material and Shape of the Rotor Bars Are the Main 

Factors in Obtaining Various Speed/Torque Curves 
ÅNEMA Defines 4 Basic Types of Speed/Torque 

Characteristics for Induction Motors: 
ïDESIGN A 
ïDESIGN B 
ïDESIGN C 
ïDESIGN D 

ÅThe Stator Has Little to Do With the Shape of the Motors 
Speed/Torque Curve  

ÅDifferent Rotors Could Be Used With the Same Stator to 
Change the Characteristic Shape 



Typical Current & Torque Relationship 
for Squirrel Cage Induction Motor 

0 

% Current 

% Torque 

% Speed 

Current 

200 

400 

600 

25 50 75 100 

Torque 

Nema 

Des. 

Starting 

Torque 

LR amps BD torq FL slip Applications 

A Normal High High Low Mach. Tools, 

fans 

B Normal Normal Normal Normal General 

Industrial 

C High Normal Normal Normal Conveyor 

D Very 

High 

Low n/a High Hoists 



ROTOR DESIGN 
Slot Shapes 

ÅLRT  Normal (90 ς 100%) 
ÅLRA High >650% 
ÅBDT High >200% 
ÅFL Slip Low 

 
ÅCross section of the bar is large 

(low resistance) and not too 
deep in the iron (low reactance). 

Design A 



ROTOR DESIGN 
Slot Shapes 

Design B 
ÅLRT  Normal (80 ς 100%) 

ÅLRA bƻǊƳŀƭ Ғ срл҈ 

ÅBDT aŜŘƛǳƳ Ғ нлл% 

ÅFL Slip Low 

 

ÅSimilar to design A except the 
deeper bar results in lower 
inrush and slightly lower torques. 



ROTOR DESIGN 
Slot Shapes 

Design C 
ÅLRT   High > 150% 

ÅLRA bƻǊƳŀƭ Ғ срл҈ 

ÅBDT aŜŘƛǳƳ Ғ нлл% 

ÅFL Slip Low ς Med < 5% 

 

ÅDesign C utilizes a double cage 
slot. The high resistance of the 
upper cage delivers high starting 
torque. 



ROTOR DESIGN 
Slot Shapes 

Design D 

ÅLRT  Very High > 200% 

ÅLRA bƻǊƳŀƭ Ғ срл҈ 

ÅBDT High > 200% 

ÅFL Slip High (5 ς 8%, 8 ς 13%) 

 

ÅBar shape and brass or similar 
alloy is used for high resistance 
(high starting torque) and high 
slip. 



Motor Starting - Inrush Currents 

Å Locked Rotor Current typically 600 -
700% of full load 

 

Å /ǳǊǊŜƴǘ ŀƴŘ ǘƻǊǉǳŜ ŀǊŜƴΩǘ 
proportional until near full load 



What is Large AC? 
Per NEMA, Large Induction Machines include ratings 

greater than: 

Sync. RPM Motors-HP Generators-kW

3600 500 400

1800 500 400

1200 350 300

900 250 200

720 200 150

600 150 125

514 125 100

450 ALL ALL

NEMA MG 1 Part 20 



Speed vs Torque 
NEMA MG 1- 20.10 
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Speed vs Torque - Application 
Constant Torque 

ïReciprocating 

Compressor 

ïReciprocating Pump 

ï Extruder 

ï Conveyer 

Variable Torque 

ïCentrifugal Pump 

ïCentrifugal 

Compressor 

ï Fan 



Application Characteristics 
ÅRequired HP, Speed, and Voltage 

ÅApplication (Type of Load) 

ÅStarting  / Running Method 

 



Motor Starts 
 

ÅEvery time a motor starts 
its components are 
subjected to mechanical 
and thermal stress. 
ïRotors 
ïWinding insulation 

 

ÅNumber of starts per time 
should not be exceeded. 
ï2 starts loaded with motor 

at ambient temperature 
ï1 start loaded with motor 

at operating temperature 
ïFollowed by required 

cooling time 



/ƻƴǎƛŘŜǊ ǘƘŜ ŀǇǇƭƛŜŘ ƭƻŀŘ ƛƴŜǊǘƛŀ ŀǘ ǘƘŜ ƳƻǘƻǊ ǎƘŀŦǘΧΧ 



LOAD CURVES  
Pump/Fan 
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Reciprocating Compressor 
Torque Effort Curve 
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Starting Method  

Å Full Voltage 

Å Auto Transformer / Voltage Dip 

Å Current Limiting Soft Start 

Å Adjustable Speed Drive 

 



STARTING METHODS 
Reduced Voltage - NEMA Load Curve 
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STARTING METHODS 
Reduced Voltage - 50% NEMA Load Curve 
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STARTING METHODS 
Current Limiting Soft-Start (250% FLA) 
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VFD Starting 



AC Motor Torque on Variable Frequency 

Rated 

50% Overload 



Motor Components 



AC Motor Components 





Typical IEEE-841 Motor Construction 

Side mounted 
conduit box 

3 Flying leads 

Rotating 
labyrinth seal 

Cast iron fan cover Cast iron frame ,endplates and  
Bearing retainers 



Typical IEC Motor Construction 

Top mounted 
conduit box 

6-terminal studs 
Wye-Delta Start 

Lip seal on shaft, 
not rotating 
labyrinth seal 

Stamped steel fan cover Sometimes  frame, endplates and  
bearing retainers are aluminum,  
not cast iron 



Frame Size Designations 

ÅNEMA MG 1 assigns a frame size based on enclosure, 
HP and rpm for 60 Hz operation 

 

ÅIEC does not associate any specific output power and 
speed to a specific frame size 

ïCENELEC harmonization document HD231 does 

ïThis document covers totally enclosed squirrel cage motors 
at 50 hz, 56 to 315M frames, up to 132 kW 

67 



Frame Size Designations 

Paper No. PCIC-NO19 68 

NEMA IEC 

Frame 
Shaft 

Height 
(in) 

Shaft 
Height 
(mm) 

Frame 
Shaft 

Height 
(in) 

Shaft 
Height 
(mm) 

  63 2.480 63 

42 2.625 66.675 71 2.795 71 

48 3.0 76.200 80 3.150 80 

56 / 
140T 

3.5 88.900 90 
3.543 

90 

  100 3.937 100 
180T 4.5 114.300 112 4.409 112 
210T 5.3 133.350 132 5.197 132 
250T 6.3 158.750 160 6.299 160 
280T 7.0 177.800 180 7.087 180 
320T 8.0 203.200 200 7.874 200 
360T 9.0 228.600 225 8.858 225 
400T 10.0 254.000 250 9.843 250 
440T 11.0 279.400 280 11.024 280 
5000 12.5 317.500 315 12.402 315 
5800 14.5 368.300 355 13.976 355 

  400 15.748 400 
6800 17.0 431.800 450 17.717 450 

  500 19.685 500 



Motor Enclosures 



Motor Enclosures 

Open  

Systems 

Enclosed 

Systems  



Open Motors   

OPEN DRIP PROOF (ODP)  
DRIP PROOF GUARDED (DPG)  
SPLASH PROOF GUARDED (SPG)  
WEATHER PROTECTED I (WP-I)  
WEATHER PROTECTED II (WP-II)  
OPEN DRIP PROOF FORCED VENTILATED (ODP-FV) 
SPLASH PROOF GUARDED FORCED VENT (SPG-FV) 
OPEN DRIP PROOF SEPARATE-VENTILATED (ODP-SV) 
SPLASH PROOF GUARDED SEPARATE VENTILATD (SPG-SV)   



Open Drip Proof ς ODP 

ÅSuitable for areas with reasonably 

clean air and non-corrosive 

environments. 

ÅProtects from water drops falling 

at up to 15°  from the vertical. 

ÅSymmetrical airflow circuit. 
 

Air Exhaust 

Air In 
(Same on NDE) 

Air Exhaust Air In 



Weather Protected (WP ς I) Motor Enclosure 

ÅVentilation openings 
constructed to prevent the 
passage of a ҁέ Ø cylindrical 
rod. 

ÅMechanical parts and 
windings painted for 
protection against 
atmosphere.  



Weather Protected (WP ς II) Motor Enclosure 

 

ÅAirflow path has 
three 90° directional 
changes. 



Enclosed Examples - TEFC 

Air In Air Exhaust 

Shaft mounted fan blows ambient 
air over the outside of the motor 
frame. 



Enclosed Examples - TENV 

ÅTOTALLY ENCLOSED NON-
VENTILATED (TENV) 

 

ÅNo external fan 

 

ÅCooled by free convection 



Explosion Proof Motors 

ÅInternal Thermostats 
ÅSpecial Conduit Box 

ÅDesigned to contain 
internal explosions with 
controlled flamepaths. 
ÅTemperature rise is 

designed to not exceed 
site classification limits. 



Enclosed Examples  - TEAAC 

Air Exhaust 

Air In 

TEAAC = Totally Enclosed Air to Air Cooled 



Enclosed Examples  - TEAAC 



Enclosure Examples - TEWAC 

Water 
Connection 

Points 

TEWAC = Totally Enclosed Water to Air Cooled 



Enclosures: Adjustable Speed 

TEAAC ς Blower Cooled 

Notice ς Blower 
for internal air 

circuit 

Notice ς Blowers 
for ambient air 

circuit. 



Enclosures: Adjustable Speed 

ODP-FV 

TEAO-BC 



Choosing the Correct Enclosure 

Å ODP motors are generally have a lower initial cost.   
Å Since they force the ambient air through the rotor and stator, they cool more 

effectively and require less active material.   
Å The problems with open motors are that moisture and particles present in the 

motors environment will build up on the rotor and stator, and restrict the air flow 
through the motor.   

Å ODP motors should be installed in clean, dry, indoor environments.  They may also 
require periodic service that includes cleaning the rotor and stator. 

Open 
Motors 



ÅThey can be operated indoors or outdoors.   

ÅSince TEFC motors cool by air flow over the surface of the frame, the 
frame surface should be kept clear of materials that will restrict the 
air flow or reduce the heat transfer from the frame.   

ÅTEFC motors are generally well suited for harsh, dirty and wet 
environments. 

Choosing the Correct Enclosure 

Enclosed 
Motors 



Submersible & Immersible 
Motor Designs 



Submersible and Immersible 
Motors 

Gainesville, GA Motor Facility 



ωCast iron construction 

ω25 feet of cable 

ω416 Stainless Steel shaft 

ωTandem mechanical seal (Type 21) 
Inner seal and outer seal 

» Carbon Ceramic 

» Tungsten Carbide 

» Silicon Carbide 

» Slurry Seal (non U/L) 

Submersible Std. Features 



Type 21 Mechanical Seal 

ROTATING FACE 

STATIONARY FACE 

SPRING RETAINER 

WASHER  

DRIVER  



Submersible Seals 

Seal Description Application 

Type 21  

Carbon Ceramic 

Faces 

Standard seal offering.   

A general purpose seal of stainless 

steel construction with carbon 

ceramic seal faces.   

Used in food processing, 

petrochemical, and, wastewater 

applications with relatively clean 

effluent. 

Type 21 

Tungsten Carbide 

Faces 

Same type of seal except with 

tungsten carbide faces.    

Harder seal faces.   

Most popular seal type. 

For more demanding applications, 

more viscous fluid. 

Type 21 

Silicon Carbide 

Faces 

Same type of seal except with 

silicon carbide faces.    

For the most demanding, slurry type 

applications. 

Slurry Type Seal Seal completely contained in the oil 

chamber.   

Available in 210 - 440 frame only.  

Used in non-explosive proof slurry 

applications.    

Can be used continuous in air. 

Hydropad Seal Special seal design with hydropad 

scallops to run cooler. 

Recommended for continuous in air 

applications. 



Slurry Seal Design 





Submersible Seal Design 

Type 21 Mechanical Seal 

Type 21 Mechanical Seal 



Standard Features 

ω  Dual probe moisture sensing 

ς  Warwick moisture probes 

ς  Detect moisture in oil chamber 

ς  www.gemssensors.com 

ω  Two winding thermostats 

ω  5 year prorated warranty 



Warwick Moisture Probes 

W1 

W2 



Moisture Probe 

Oil Cavity 

Moisture Probe 



Immersible Motor Product 

ÅDry Pit applications 

ïMotor will run continuous in air. 

ï14 days submerged at a max depth of 30 feet 

ïNo explosion proof designs available 

ïNon stock product 

ïMeets IP67 
 



Immersible Design 





Oil seals 

Immersible Motor Sealing System 



Motor Mounting Types 



ÅBase Mount / Foot Mounted 

ÅFlange Mounted: 
ïC- Flange 

ïD-Flange 

ÅP-Base 

ÅPump Mount 

ÅIEC Metric 
ïB3 base 

ïB5 C-face 

ïB14 Flange 

Motor Mounting Types 


