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GLOSSARY

Here are some of the principal terms associated with motor
and drive systems. For more, please see the IEEE Standard
Dictionary of Electrical and Electronics Terms.

adjustable speed drive (ASD) - An electric drive designed
to provide easily operable means for speed adjustment of
the motor, within a specified speed range.

air gap - A separating space between two parts of
magnetic material, the combination serving as a path for
magnetic flux. Note: This space is normally filled with air
or hydrogen and represents clearance between rotor and
stator of an electric machine.

alternating current (AC) - A periodic current the average
value of which over a period is zero. (Unless distinctly
specified otherwise, the term refers to a current that
reverses at regular recurring intervals of time and that has
alternately positive and negative values.)

ambient - Immediate surroundings or vicinity.

Ampere (A) - A unit of electric current flow equivalent to
the motion of 1 coulomb of charge or 6.24 x 1018 electrons
past any cross section in 1 second.

balancing - The process of adding (or removing) weight
on a rotating part to move the center of gravity toward the
axis of rotation.

bars - Axial conductors in a rotor cage.

brake horsepower - Mechanical energy consumed at a rate
of 33,000 foot-pounds per minute; a consumption rating.

breakdown torque - The maximum shaft-output torque
that an induction motor (or a synchronous motor operating
as an induction motor) develops when the primary winding
is connected for running operation, at normal operating
temperature, with rated voltage applied at rated frequency.
Note: A motor with a continually increasing torque, as the
speed decreases to a standstill, is not considered to have a
breakdown torque.

brush - A conductor, usually composed in part of some
form of the element carbon, serving to maintain an
electric connection between stationary and moving parts
of a machine or apparatus. Note: Brushes are classified
according to the types of material used, as follows: carbon,
carbon-graphite, electrographite, graphite, and metal-
graphite.

burnout oven - Heat-cleaning oven used for stripping
windings from a core. These are sometimes called roasting
ovens. They operate at temperatures up to 750°F and may
have water-spray systems to control temperature transients
and secondary combustion to control emissions. They are
distinguished from lower temperature baking ovens, which
are used to cure varnish.

cage - See “squirrel cage.”

capacitor - A device, the primary purpose of which is to
introduce capacitance into an electric circuit. Capacitors
are usually classified, according to their dielectrics, as air
capacitors, mica capacitors, paper capacitors, etc.

coil - One or more turns of wire that insert into a single pair
of core slots.

cooling fan - The part that provides an airstream for
ventilating the motor.

compressor - A device that increases the pressure of a
gas through mechanical action. Compressors are used

to provide a compressed air system to facilities and in
mechanical vapor compression systems to provide cooling
and refrigeration.

consumption - The amount of energy used by a motor
system, measured in kilowatt-hours

core - The magnetic iron structure of a motor’s rotor or
stator. It is comprised of stacked sheet iron.

core losses - The power dissipated in a magnetic core
subjected to a time-varying magnetizing force. Note: Core
loss includes hysteresis and eddy-current losses of the core.

corrosion - The deterioration of a substance (usually a
metal) because of a reaction with its environment.

demand - The electric load integrated over a specific
interval of time.

demand charge - That portion of the charge for electric
service based upon a customer’s demand.

direct current (DC) - A unidirectional current in which the
changes in value are either zero or so small that they may
be neglected. (As ordinarily used, the term designates a
practically non-pulsing current.)
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efficiency - The ratio of the useful output to the input
(energy, power, quantity of electricity, etc.). Note: Unless
specifically stated otherwise, the term “efficiency” means
efficiency with respect to power.

frame size - A set of physical dimensions of motors

as established by National Electrical Manufacturers
Association for interchangeability between manufacturers.
Dimensions include shaft diameter, shaft height, and motor-
mounting footprint.

frequency - The number of periods per unit time.

full-load speed - The speed that the output shaft of the
drive attains with rated load connected and with the drive
adjusted to deliver rated output at rated speed. Note: In
referring to the speed with full load connected and with the
drive adjusted for a specified condition other than for rated
output at rated speed, it is customary to speak of the full-
load speed under the (stated) conditions.

full-load torque - The torque required to produce the rated
horsepower at full-load speed.

harmonics - A sinusoidal component of a periodic

wave or quantity having a frequency that is an integral
multiple of the fundamental frequency. Note: For
example, a component the frequency of which is twice the
fundamental frequency is called the second harmonic.

hertz (Hz) - Unit of frequency, one cycle per second.

horsepower (hp) - A measure of the amount of the work a
motor can perform in a period of time, 33,000 foot-pounds
per minute or 0.746 kilowatt.

induction motor - The simplest and, by far, most
commonplace alternating-current motor design. The
induction motor rotor is simple, having neither permanent
magnets, externally excited electromagnets, nor salient
(projecting) poles. The rotor contains a conducting
structure, which is excited by magnetic induction from the
stator without necessity of brushes or other direct contact.

inertia - Tendency of an object to remain in the state it is
in. For motors, inertia generally refers to the resistance of
the rotor, coupling, and load to acceleration.

insulation - Material or a combination of suitable
nonconducting materials that provide isolation of two parts
at different voltages.

viii |

inverter duty - Intended for being powered by a direct-
current to alternating-current inverter. An inverter
comprises the output stage of all electronic adjustable
speed drives, which are also known as variable speed
drives or variable frequency drives. Part 31 of the National
Electrical Manufacturers Association MG-1 provides
recommended standards for inverter-duty motors.

inverter - A machine, device, or system that changes
direct-current power to alternating-current power.

kilowatt - A measure of power equal to 1.34 horsepower;
1,000 watts.

load factor - The ratio of the average load over a
designated period of time to the peak load occurring in
that period.

locked rotor torque - The minimum torque of a motor that
is developed upon startup for all angular positions of the
rotor, with rated voltage applied at rated frequency.

losses - Motor input power that is lost rather than being
converted to shaft power. The lost power manifests as heat
in various parts of the motor structure.

low voltage - Voltage ratings not exceeding 600-volt
alternating current.

poles - The total number of magnetic north/south poles
produced in the rotating magnetic field of a motor. The
number of poles is determined by the winding design, and
the motor speed is inversely related to the number of poles.

polyphase - A polyphase system usually has three
energized electrical conductors (a three-wire system)
carrying alternating currents with a time offset between
the voltage waves in each conductor. Polyphase systems
are particularly useful for transmitting continuous power to
electric motors.

resistance, insulation - Resistance between points that are
supposed to be electrically isolated.

resistance, winding - Resistance of the winding measured
between each pair of line connections. Rewinding should
replicate original resistance. Changed resistance after
rewinding may indicate an altered winding pattern,
incorrect wire gauge, or a turn miscount.

rotor - The rotating part of an alternating-current induction
motor that includes the shaft, the laminated iron, and the
squirrel cage.
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rotor losses - The losses due to current flow in the rotor
circuit (equal to I2R where | is the current in the rotor and R
is the resistance of the rotor circuit).

service factor - A multiplier that, when applied to the rated
power, indicates a permissible power loading that may

be carried under the conditions specified for the service
multiplier.

single phase - A power system defined by having an AC
source with only one voltage waveform. slip - The quotient
of (A) the difference between the synchronous speed and
the actual speed of a rotor to (B) the synchronous speed,
expressed as a ratio or as a percentage.

squirrel cage - This is the current-conducting assembly
used in most induction motor rotors. Sometimes called a
“rotor cage.” It is typically cast aluminum in smaller motors
and fabricated of copper alloy in larger motors.

stator - The stationary part of a motor’s magnetic circuit.
In induction motors, it is the outer annular iron structure
containing the power windings.

stator losses - Losses due to the flow of current through
the stator windings, (equal to I2R, where “I” is the stator
current and “R” is the resistance of the stator circuit).

stray load losses - The losses due to eddy currents in
copper and additional core losses in the iron, produced
by distortion of the magnetic flux by the load current, not
including that portion of the core loss associated with the
resistance drop.

surge - A transient wave of current, potential, or power in
an electrical circuit.

synchronous speed - The speed of the rotation of the
magnetic flux, produced by or linking the primary winding.

temperature rise - Temperature increase above ambient.
National Electrical Manufacturers Association provides
standards for temperature rise of fully loaded motors based
upon insulation class and other motor parameters.

three-phase - Commonplace alternating-current electrical
service involving three conductors offset in phase from
each other. The concept eliminates torque pulsation and
accommodates creation of rotating magnetic fields within
motors to facilitate starting and running torque.

torque - A force that produces rotation, commonly
measured in foot-pounds.

variable frequency drive (VFD) - A type of adjustable
speed drive that changes the frequency of the electric
power supplied to a motor. Because motor speed is linearly
related to electrical frequency, these devices directly control
motor rotation, avoiding the need for an intermediate
coupling between the motor and the driven equipment.

watt (W) - The unit of power in the International System of
Units (SI). The watt is the power required to do work at the
rate of 1joule per second.

windings - An assembly of coils designed to act in consort
to produce a magnetic-flux field or to link a flux field.
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LIST OF ACRONYMS

A ampere

AC alternating current

AEMT  Association of Electrical and Mechanical Trades
AMO Advanced Manufacturing Office

ANSI American National Standards Institute

ASD adjustable speed drive

CDA Copper Development Association

CEMPEP European Committee of Manufacturers of
Electric Machines and Power Electronics

cfm cubic feet per minute

Clv corona inception voltage

CSA Canadian Standards Association
DC direct current

DOE U.S. Department of Energy

EASA Electrical Apparatus Service Association

EDM electrical discharge machining effect

EERE Office of Energy Efficiency & Renewable Energy
EISA Energy Independence and Security Act of 2007
EPAct Energy Policy Act

EU European Union

EXPL explosion proof

gal gallon

hp horsepower

HVAC heating, ventilating, and air conditioning

Hz hertz

| current flow

R electrical resistance

IEA International Energy Agency

IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
IGBT insulated gate bipolar transistor

IR insulation resistance

IRR internal rate of return

ISO International Organization for Standardization
JEC Japanese Electrotechnical Committee

kHz kilohertz

kW kilowatt

kWh kilowatt-hour

kVa KVa reactive power

kVAR
LSPM
MCC
MEPS
mm
mpg
NdFeB
NEMA
NIST
NPV
NREL
oDbP
OEM
P
PEM-Ready
PF

PI

PM
PPM
psig
PWM
RMS
ROI
RPM
Sl

SR
SynRM
TEAO
TEFC
TEFV
TENV

usec

VAR
VFD
VPI
WSU

kilovolt-ampere

line start permanent magnet motor
motor control center

minimum energy performance standards
millimeter

miles per gallon

neodymium iron boron

National Electrical Manufacturers Association
National Institute of Standards and Technology
net present value

National Renewable Energy Laboratory
open drip-proof

original equipment manufacturer
pressure

premium efficiency motor-ready
power factor

polarization index

permanent magnet

predictive and preventive maintenance
pounds per square inch gauge
pulse-width modulated
root-mean-square

return on investment

revolutions per minute

Standard International

switched reluctance

synchronous reluctance

totally enclosed air over

totally enclosed fan cooled

totally enclosed fan ventilated

totally enclosed nonventilated
microseconds

volt

volt-ampere reactive

variable frequency drive
vacuum-pressure impregnation

Washington State University
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CHAPTER 1T INTRODUCTION

INTRODUCTION

The National Electrical Manufacturers Association
(NEMA) adopted a NEMA Premium® efficiency motor
standard in August of 2001. A motor can be marketed as a
NEMA Premium motor if it meets or exceeds a set of mini-
mum full-load efficiency levels.

These premium efficiency motor standards cover the 1
horsepower (hp) to 500 hp three-phase low-voltage NEMA
Design A and B general, special, and definite purpose
induction motors that are in widespread use in U.S. indus-
trial facilities. The energy savings from replacing in-service
standard and energy efficient motors with premium effi-
ciency motor models can be substantial. This Premium Effi-
ciency Motor Selection and Application Guide is intended
to help guide new motor purchase decisions, and identify
and determine the energy and cost savings for those motors
that should be replaced with premium efficiency units.

This guide begins by examining the in-service motor popu-
lation and motor uses in the industrial sector. The guide
then discusses the evolution of voluntary and mandatory
motor efficiency standards and summarizes the current
mandatory minimum full-load efficiency requirements
and the classes of motors covered by the standards. The
guide indicates how to evaluate motor efficiency opportu-
nities, address application considerations, and determine
cost-effectiveness. Potential adverse motor interactions
with electronic adjustable speed drives are illustrated and
actions that can be taken to protect the motor are given.

The guide also provides an overview of currently avail-
able and emerging advanced “Super Premium” efficiency
motor technologies. It also provides tips on “tuning” your
in-plant distribution system to ensure efficiency gains are
not lost due to undervoltage operation or to excessive volt-
age unbalance. Finally, this guide discusses the preventive
and predictive maintenance activities necessary to keep
premium efficiency motors operating at peak efficiency.

The companion publication to this guide, Continuous
Energy Improvement for Motor-Driven Systems, illustrates
how to conduct an in-plant motor survey and estimate the
load and efficiency of in-service motors; identify motor
efficiency opportunities; and construct a motor efficiency
improvement plan. This publication discusses motor sys-
tem energy savings measures, including matching driven
equipment performance to process requirements, optimiz-
ing the efficiency of belted power transmission systems,
understanding and making choices regarding gear speed
reducer efficiency, and using adjustable speed drives
instead of throttling valve or damper flow control for appli-
cations with variable flow requirements.

Industrial Motor Population,
Energy Consumption, and Uses

The total annual energy consumption due to motor-driven
equipment in the U.S. industrial, commercial, residential,
and transportation sectors was approximately 1,431 billion
kilowatt-hours (kWh) in 2006.[!-11 This amounted to 38.4%
of total U.S. electrical energy use (see Table 1-1). Motor-
driven systems in the industrial sector consume approxi-
mately 632 billion kWh/year, or 44% of all motor-driven
system energy use. This industrial sector motor use equates
to about 17% of the total U.S. electrical energy use. Within
the industrial sector, about 62.5% of the total electrical
energy use is for motor-driven equipment.

In the industrial sector, motors are used to drive pumps,
fans, compressors, machine tools, conveyors, and other
materials handling and processing equipment. Commercial
sector end-use applications include supply and exhaust air
ventilation fans, boiler forced draft fans, refrigeration com-
pressors, and circulating water pumps. Motors are used
within residences to drive appliances for air condition-

ing and for air handling units. Total electrical energy use
by sector and the annual energy use due to motor-driven
equipment are summarized in Table 1-2.

Table 1-1. Electrical Energy Use by Electric Motors by Sector (million kWh/year 2006)

Total Electrical Energy

U.S. Tc_>ta| Industrial Commercial Transport Residential Use, all Motors
Electrical
Energy Use
632,000 498,000 4,000 297,000 1,431,000
3,722,000 Motor energy use as % of total U.S. electrical energy use: 38.4

1-2 |
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Table 1-2. Percentage of Sector Energy Use by Motor-Driven Systems (2006)

Residential 1,351,010 297,000
Commercial 1,299,443 498,000 38.3 34.9
Industrial 1,011,134 632,000 62.5 443

Source: U.S. Energy Information Administration, Annual Energy Review, 2010

Table 1-3. Motor Population, Operating Hours, and Energy Use by Size (Overall Manufacturing)

1to 5 hp 7,306,080 2,745 27,807 4.8

6 to 20 hp 3,288,035 3,391 60,122 10.4
21to 50 hp 1,129,527 4,067 73,111 12.7
51to0 100 hp 363,940 5,329 72,924 12.6
101 to 200 hp 220,908 5,200 83,099 14.4
210 to 500 hp 86,836 6,132 90,819 15.8
501 to 1,000 hp 28,047 786 77,238 13.4
1,000+ hp 10,958 7,436 90,307 15.7

Totals: 12,434,330 5,083 575,400

Table 1-4. Distribution of Motor Applications in U.S. Industry (%)

Share of

Stock 19.7 n.2 51 0.8 16.8 42.2 4.2
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Table 1-5. Motor System Energy Use by Manufacturing Industry (million kWh/year)

Industry Description

Chemicals and Allied Products
Paper and Allied Products
Primary Metals
Petroleum and Coal
Food and Kindred Products
Rubber and Plastics
Transportation Equipment
Lumber and Wood Products

Total Manufacturing

The total U.S. motor stock was estimated at 24.0 million
motors in 2006.11-1. 1-3] Table 1-3 provides the number of
motors, annual energy use, and percentage of total manu-
facturing energy use by motor horsepower size range.
While this information is somewhat dated, it shows that
over 58% of the total population of integral hp motors are

5 hp and below, while more than 29% of the total motor
energy use within the manufacturing sector is due to
motors larger than 500 hp.[1-2] Motors exceeding 500 hp are
not covered by any mandatory motor efficiency standards.

The International Energy Agency (IEA) and U.S. Depart-
ment of Energy (DOE) studies also estimate the number
of motors and energy consumption by end use within the
industrial sector. As shown in Table 1-4, the IEA estimates
that 59% of all industrial integral horsepower motors are
used in material handling and processing, with an addi-
tional 19.7% of motors used for fluid movement and
17.3% used for fans, air compressors, and blowers.[1-1]

The DOE report shows that the chemicals and allied prod-
ucts industry is the largest process user of motor-driven
electricity, followed by pulp and paper and primary met-
als. As shown in Table 1-5, the top eight energy consum-
ing industries account for 88.8% of the total manufactur-
ing motor-driven equipment energy use.!-2

1-4 |

Motor System Energy Use,
Million kWh/year

% of Total Industrial Motor
System Energy Use

144,362 251
99,594 17.3
87,935 15.3
51,938 9.0
37,797 6.6
36,610 6.4
29,549 51
22,946 4.0
575,400

Annual Electric Motor Sales
Volume and Energy Savings
Potential

In a typical year, approximately 1.8 million motors that are
covered by the mandatory minimum full-load efficiency
standards imposed by the Energy Independence and Secu-
rity Act of 2007 (EISA) are sold. EISA went into effect in
December 2010. Table 1-6 provides a summary of motor
shipments by size range and provides an estimate of the
existing in-service motor stock.!-5 Note that about 56% of
the total shipments are for motors rated 5 hp or less.

Table 1-7 indicates that annual shipments of motor types
that are not covered by the EISA efficiency standards
exceed 3.7 million units. Motors not covered include
partial motors, integral gear motors, 56 frame motors,
special and definite purpose motors, and finished motors
(or motors embedded in equipment that are not covered by
EISA but imported into the U.S.). Over 92% of the ship-
ments that are not covered by EISA are for motors rated at
20 hp or less.

Federal requirements for minimum full-load efficiency
and electrical utility motor rebate and educational pro-
grams have resulted in a change in the purchasing patterns

Premium Efficiency Motor Selection and Application Guide



Table 1-6. Total U.S. Motor Stock and Annual Shipments (motors covered by EISA).

Motor Rating, hp

1to 5

6 to 20

21to 50

51to 100

101 to 200

201to 500

Totals

Source: Rob Boteler, Nidec Motor Corporation (2012)

1,024,400
540,750
150,438
46,660
19,170
1n,ns

1,792,533

Shipments (Typical Year)!

CHAPTER 1

INTRODUCTION

Motor Stock (2007)

13,466,475

6,628,186

2,159,794

967,922

527,813

274,897

24,025,087

IShipments include general purpose (Subtype I) and Subtype Il motors that are subject to the mandatory minimum full-load efficiency requirements contained
within EISA 2007. See Chapter 2 for a description of motors covered by that legislation. Shipment totals include motors that are manufactured in the U.S.,
imported motors, and imported motors that are embedded in equipment. Not included are fractional hp and single-phase motors, integral gear motors, and
special and definite purpose motors that are not covered under EISA.

Table 1-7. Annual Shipments of Motors not Covered by the EISA Minimum Full-Load Efficiency Standards (typical year).

Motor
Rating, hp

1to 5
6 to 20
21to 50
51to 100
101 to 200
201to 500

Totals

Partial 3/4
Motors

172,750
29,820
3,635
1,100
470

55

207,830

Integral
Gear Motors

448,075
110,066
43,207
20,003
1,992
656

624,000

Source: Rob Boteler, Nidec Motor Corporation (2012)

56 T Frame
ODP + TEFC

1,000,000

0

1,000,000

Definite
and Special
Purpose

159,000
87,500
33,600
10,400

4,400
2,600

297,500

Imported, Finished,
or Embedded

in Equipment

868,600
603,250
115,352
36,040
1,480
5,185

1,639,907

Totals

2,648,425
830,637
195,794
67,543
18,342
8,496

3,769,237
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of high efficiency motors. The Energy Policy Act (EPAct)
of 1992 required that most general purpose motors manu-
factured for sale in the U.S. after October 24, 1997, meet
the NEMA energy efficient motor full-load efficiency
standards. In August of 2001, NEMA adopted a NEMA
Premium® Motor Standard that was more stringent than
the older Energy Efficient Motor Standard. Before the
EPAct of 2005 mandated the purchase and use of premium

efficiency motors at all federal facilities, doing so was vol-
untary.!-6 EISA raised the mandatory minimum nominal
full-load efficiency for most low-voltage general-purpose
motors with a power rating up to 200 hp to the NEMA
premium level. This EISA mandatory minimum efficiency
mandate took effect in December 2010. Canadian national
motor efficiency standards match the EISA requirements
but took effect in April 2012.

Table 1-8. Premium Efficiency Motor Sales by Horsepower Rating (U.S. 2003)

Premium Efficiency Motor

Motor Size (hp) Sales (thousands) Market Share (%)
1to 5 931,936 9.8
6 to 20 410,414 27.6
21to 50 116,497 48.1
51to 100 40,669 55.1
101 to 200 22,177 69.2
201to 500 11,152 75.0
Totals 1,531,845 20.0
Historic Efficiency Trend 2001-2006 Post-EISA Efficiency Trend 2008-2013
70 80
60 70
2 50 2 60
'c NEMA Premium 'c NEMA Premium
) S 50
Y— 40 - EPAct Y— - Ect
° © 40
‘S' 30 — Other *s' — Other
o —_— o 30
[J) [J)
O T T T T T 1 O T I I I I 1
2001 2002 2003 2004 2005 2006 2008 2009 2010 20M 2012 2013

Years

Market penetration after six years of
voluntary programs plateaus at 20-25%

Figure 1-1. Motor sales trends by efficiency class!

Years
Regulatory forecast model 1to 200 hp

1 These charts are based on reported sales data and do not include shipments of motors not covered by the EISA mandatory minimum full-load efficiency
standards, including partial motors, integral gear motors, 56 frame motors, special and definite purpose motors, or motors embedded in imported equipment.
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Enactment of this efficiency legislation had a signifi-

cant impact on the sales of motors in multiple efficiency
classes: standard efficiency, energy efficient, and premium
efficiency. Between 2001 and 2006, standard efficiency
motors comprised about 25% of units sold, with the per-
centage of premium efficiency motors gradually increasing
to a market share of about 25%. By 2006, energy efficient
motor sales comprised the remaining 50% of units sold
(See Figure 1-1). After the passage of EISA, premium effi-
ciency motor sales are expected to increase to about 75%
of units sold, with energy efficient motor sales capturing
about 20% of the integral horsepower motor market. Stan-
dard efficiency or “other” motor sales are expected to drop
to below 10%.1-7

An examination of motor sales in the U.S. in 2003 reveals
some interesting trends. Voluntary programs to encourage
the purchase of premium efficiency motors—even coupled
with utility incentives such as premium efficiency motor
rebate programs—tended to plateau at a total market share
of about 25%. The sales data also indicates that as motor
size increases, motor sales decrease significantly, but with
the premium motor share of the market reaching as high
as 70% to 75% (see Table 1-8).1-1.1-5 As indicated in Table
1-4, over 70% of industrial motor energy use is comprised
of motors rated above 50 hp.!-5

While federal legislation affects the efficiency of newly
purchased motors significantly, its impact on the efficiency
of the existing motor stock is far less. While approximately
1.8 million new EISA-compliant energy efficient and
premium efficiency integral horsepower motors are sold
each year, an estimated 2.0 million to 2.5 million older
motors are repaired and returned to service.!-7 The installed
base of integral horsepower motors has been estimated

at between 24 million units and 35 million units.!-5, 1-7
Absent special or definite purpose design features, general
purpose motors rated less than 20 hp tend to be recycled
when they fail because the repair cost is often greater than
the cost of the new motor. Larger motors (that exceed 50
hp) tend to be repaired when they fail because the cost of
repairing them is generally less than 60% of the cost of
new premium efficiency motors. Stock turnover rates are
low, as these motors can usually be repaired and returned
to service an unlimited number of times. Without strong
government or utility-sponsored education and financial
incentives, motor-related energy efficiency opportunities
are often missed when old standard efficiency motors are
repaired and returned to the plant floor.

Premium Efficiency Motor Selection and Application Guides
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MOTOR EFFICIENCY DATABASE

A database was assembled that contains
information gathered during 123 industrial motor
assessments. All motor surveys were completed
between 2006 and 2012. The motor surveys were
conducted at pulp mills, chemical plants, a
shipyard, a cement plant, packaging, paperboard,
fiberboard, and corrugated box plants, and many
small- and mid-sized industries. Out of a total of
15,876 1 hp to 500 hp three-phase alternating
current (AC) induction motors, 11,587 (73%) were
of standard efficiency design. The 1,706 premium
efficiency motors in the database comprised only
10.7% of the total in-service motor population. The
remaining 2,583 motors (16.3%) have full-load
efficiencies that meet or exceed the energy efficient
motor full-load efficiency standards, but fall below
the premium efficiency motor requirements.1-8

When to Buy Premium
Efficiency Motors

Using premium efficiency motors can reduce your operat-
ing costs in several ways. Not only does saving energy
reduce your monthly electrical bill, it can postpone or
eliminate the need to expand the electrical supply system
capacity within your facility. On a larger scale, install-
ing efficiency measures allows electrical utilities to defer
building expensive new generating plants, resulting in
lower costs for all consumers.

Saving energy and money begins with the proper selec-

tion and use of premium efficiency motors. After obtaining
readily available information such as motor nameplate data,
annual operating hours, and electrical rates, you can quickly
determine the simple payback that would result from
investing in and operating a premium efficiency motor.

The following circumstances are opportunities for choos-
ing premium efficiency motors:

1. When purchasing a new motor in horsepower and speed
ratings where energy efficient units can still be sold

2.Instead of rewinding failed standard efficiency or
energy efficient motors

3.To replace an operable but inefficient motor for greater
energy savings and reliability.

| 1-7
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Premium efficiency motors should be specified in the
following instances:

e For all new installations

* When major modifications are made to existing
facilities or processes

* For all new purchases of original equipment
manufacturer (OEM) products that contain
electric motors

* When purchasing spares

* As economically justified replacements for failed
standard efficiency or energy efficient general purpose
motors that would otherwise be rewound

* To replace oversized and underloaded motors
(consider downsizing when a motor is operating
at less than 40% of its rated output)

* When accelerated standard efficiency motor
replacement is part of an energy management plan
or preventive maintenance program

* When utility conservation programs, rebates, or
incentives are offered that make premium efficiency
motor retrofits immediately cost-effective.

The Premium Efficiency Motor Selection and Application
Guide and Continuous Energy Improvement for Motor-
Driven Systems were developed and are supported through
DOE’s Advanced Manufacturing Office (AMO). The pub-
lications are designed to guide manufacturing and process
industries through the energy management planning pro-
cess and to help them identify, analyze, and install energy
efficiency measures. The publications are intended to be
used by plant engineers, facility energy managers, pro-
curement personnel, plant electricians, and maintenance
staff. These publications should also be useful to energy
managers at military bases, federal buildings, water supply
and wastewater treatment plants, irrigation districts, util-
ity power plants, hospitals, universities, and commercial
building operators.

1-8 |

The Premium Efficiency Motor Selection and Application
Guide and Continuous Energy Improvement for Motor-
Driven Systems are also designed to complement and
support the DOE’s MotorMaster+ motor selection and
motor management software tool. MotorMaster+ allows
users to create or import an inventory of in-plant operating
and spare motors. Motor load, efficiency at the load point,
annual energy use, and annual operating costs are deter-
mined when field measurements are available. The soft-
ware helps you to identify inefficient or oversized motors
and computes the savings that would be obtained by
replacing older, standard efficiency motors with premium
efficiency motors. MotorMaster+ can perform energy sav-
ings analyses for motors with constant or variable loads.

MotorMaster+ contains inventory management, main-
tenance logging, life cycle costing, energy accounting,
energy savings tracking and trending, and environmen-

tal reporting capabilities. MotorMaster+ also contains

a manufacturer’s database with motor price and perfor-
mance data for thousands of motors sold in North Amer-
ica. MotorMaster+ can be obtained at no cost on the AMO
website under Technical Assistance, Energy Resource
Center, at www.manufacturing.energy.gov.

Premium Efficiency Motor Selection and Application Guide
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PREMIUM EFFICIENCY MOTOR PERFORMANCE

PREMIUM EFFICIENCY MOTOR PERFORMANCE

The efficiency of a motor is the ratio of the mechanical
power output to the electrical power input. This can be
expressed as:

Efficiency =

Output Input - Losses Output
- - Output + Losses

Input Input

Design changes and better materials reduce motor losses,
making premium efficiency motors more efficient than
standard motors. Reduced losses mean that the premium
efficiency motors produce a given amount of work with
less energy input than a standard motor.

Overview of U.S. Motor Minimum
Efficiency Performance Standards

In 1989, the NEMA developed a standard definition for
energy efficient motors. The definition, designed to help
users identify and compare electric motor efficiencies

on an equal basis, included a table of threshold nominal
full-load efficiency values. This energy efficient motor
definition was originally presented as Table 12-6b of

the NEMA MG 1-1987 Revision 1-1989 standards for
motors and generators. For each unique combination of
horsepower, enclosure, and synchronous speed, the table
provided a nominal threshold efficiency required for a
motor to be identified as “energy efficient.” A revision to
MG | maintained the Table 12-6b standard, while present-
ing a new Table 12-6c¢ as a suggested standard for “future
design.” Table 12-6¢ was subsequently incorporated into
the Energy Policy and Conservation Act of 1992.

The EPAct of 1992 required that most general purpose
motors manufactured for sale in the United States after
October 24, 1997, meet new minimum efficiency stan-
dards. The Act applies to 1 to 200 hp general purpose,
T-frame, single-speed, foot mounted, continuous rated,
polyphase squirrel cage induction motors conforming to
NEMA Designs A and B. Covered motors are designed
to operate with 230 or 460 V power supplies, have open
or “closed” (totally enclosed) enclosures, and operate at
speeds of 1,200, 1,800 or 3,600 revolutions per minute

(RPM). Such motors dominate industrial and commercial
applications of one horsepower and above. EPAct applies
to both imported motors and motors purchased as com-
ponents of other pieces of equipment but does not apply
to definite-purpose or special-purpose motors. Definite
and special-purpose motors are designed with specific
mechanical construction features, with specific operating
characteristics, or for use on a particular type of applica-
tion.2-! Examples of motors that were excluded from the
EPAct minimum efficiency standards include:

* Definite-purpose motors and special-purpose motors,
as defined by NEMA

* All motors less than 1 hp or greater than 200 hp
* NEMA design C and D polyphase induction motors

+ All synchronous, direct current (DC), permanent
magnet, switched reluctance, shaded-pole, and wound
rotor motors

* Motors that are not foot-mounted (e.g., vertically
mounted, C-face, close-coupled pump motors)

* Multi-speed motors
* Single-phase motors
* Integral gear, submersible, and encapsulated motors

* Medium voltage motors, and motors designed for
operation at 200 volts (V) and 575 V

* Repaired motors

* Motors manufactured in the United States for export.

Motor manufacturers were able to exceed the NEMA and
EPAct minimum efficiency standards easily. In fact, many
motors on the market qualified as energy efficient models
at the time the Act was passed. It was also apparent that
energy efficiency can be improved significantly by simply
buying motors with performances near the top of the range
of available efficiencies, rather than those that just met the
NEMA minimum full-load efficiency standard.

In 1994, NEMA extended the coverage of its energy effi-
cient motor efficiency standard through 500 hp and renum-
bered Table 12-6¢ (currently referred to as Table 12-11 in
NEMA MG 1-2011). A motor’s performance must equal
or exceed the efficiency levels given in Table 12-11 to be
classified and marketed as an “energy efficient” product.
From 200 to 500 hp, the “energy efficient” designation
still represents relatively high-efficiency motors.
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Figure 2-1. Standard, energy-efficient and premium efficiency motor performance

In August 2001, NEMA adopted a NEMA Premium®
energy efficiency motor standard. Under this program,

a general, definite, or special purpose motor can be mar-
keted as a NEMA premium motor if it meets or exceeds

a set of NEMA minimum full-load efficiency levels. The
marketing label “NEMA Premium” is licensed by NEMA
and can only be used by licensees. These efficiency levels
are higher than the minimum full-load efficiency standards
for energy efficient motors incorporated into the EPAct of
1992. The minimum efficiency level for energy efficient
and premium efficiency four-pole (1,800 RPM) motors is
given as a function of motor horsepower rating in Figure
2-1. The performance of typical standard efficiency motors
is also shown.

Figure 2-1 indicates that motor efficiency increases with
motor size. It also shows that the potential efficiency gain
or improvement is much greater for the smaller horse-
power ratings. For instance, a 5-hp standard efficiency
motor with an efficiency of 83.3% could be replaced with
a premium efficiency motor with a full-load efficiency

of 89.7%. The efficiency gain for larger motors is much
smaller, as a 100-hp standard efficiency motor with an
efficiency of 92.3% might, for example, be replaced with
a premium efficiency model with a full-load efficiency
0f 95.4%.

A second premium efficiency standard was developed for

medium-voltage motors (form wound, rated at 5,000 V or

less). Minimum nominal full-load efficiency values apply

to open and enclosed motors rated from 250 to 500 hp and
with synchronous speeds of 3,600, 1,800, and 1,200 RPM
(see Table 12-13 of NEMA MG 1-2009, Rev. 1-2010).

With passage of EISA, the mandatory minimum nomi-
nal full-load efficiency for low-voltage general-purpose
motors with a power rating up to 200 hp was raised to the
premium level, as given in Table 12-12 of NEMA MG
1-2011. The EISA motor efficiency standards took effect
in December 2010. The mandatory premium efficiency
requirement applies to motors purchased alone, imported
into the country, or purchased as components of other
pieces of equipment.

Premium efficiency motor standards apply to three-phase
low-voltage induction motors of NEMA Design A and B
that are rated from 1 hp to 500 hp and designed for ser-
vice at 600 volts or less (see Table 12-12 of NEMA MG
1-2011). Covered products include foot-mounted motors
with speeds of 3,600, 1,800, and 1,200 RPM with open
drip-proof (ODP), explosion-proof, and totally enclosed
fan-cooled (TEFC) enclosures. Also covered under the
standard are severe-duty, washdown, International Elec-
trotechnical Commission (IEC) metric 90 frame motors
and above (except 100 frame), and brake motors, when the
brake can be removed and the motor used alone.

EISA also requires that NEMA Design B motors with
power ratings between 201 hp and 500 hp have a full-load
efficiency that meets or exceeds the energy efficient motor
standards (given in Table 12-11 of NEMA MG 1-2011).
End users may voluntarily purchase premium efficiency
motors in these ratings. Canadian national motor effi-
ciency standards are established by Natural Resources
Canada and match the EISA requirements; they took effect
April of 2012. Table 2-1 summarizes EISA mandatory
minimum full-load efficiency standards.
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Table 2-1. EISA Mandatory Minimum Full-Load Efficiency Standards, % (for motors rated 600 V or less)!

Enclosed Motors

Open Motors

250

300 95.0 95.4 95.4 95.4 95.4 95.0
350 95.0 95.4 95.4 95.4
400 95.4 95.4 --- 954 95.4 ==
450 95.8 95.8 95.4 95.4
500 95.8 95.8 95.4 9538

The shaded area indicates motor ratings covered by the mandatory premium efficiency minimum full-load standards as given in Table 12-12 of NEMA MG 1-2011.
Unshaded areas indicate mandatory minimum energy efficient motor full-load efficiency standards as given in NEMA MG 1 Table 12-11.
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EISA also expanded the term “general purpose motor” to

include a number of motor subtypes that were not covered
by the earlier EPAct motor efficiency standards. These TRl e C;gv EiREl
motors now must have full-load efficiency values that BY EISA

meet or exceed the NEMA Energy Efficient motor stan-
dards (see Appendix B for a complete listing of the NEMA
Energy Efficient and Premium Efficiency motor standards).
Motors in the 1 hp to 200 hp ratings that are covered by this
mandatory efficiency standard include:2-2, 2-3

= Single-phase motors
= DC motors
Two-digit frames (48-56)

Multi-speed motors

» U-frame motors = Medium-voltage motors

* Design C motors = Totally enclosed nonventilated (TENV) and

« Close-coupled pump motors totally enclosed air over (TEAO) enclosures

. = Motors with customized OEM mountings
» Footless (C-Face or D-Flange without base) motors g

. . = |ntermittent duty motors
* Vertical solid shaft normal thrust motors (P-base)

e 8-pole (900 RPM) motors

= Submersible motors

= Encapsulated motors
» Polyphase motors with a voltage that does not exceed

600 V (other than 230 or 460 V motors). This applies
to 200 V and 575 Volt motor model lines

= Motors that are integral with gearing or brake
where the motor cannot be used separately
= Design D motors

* Fire pump motors. ,
= Partial motors

Recently, DOE adopted energy efficiency standards for
fractional horsepower polyphase and single-phase motors.
These standards cover motors operating at 3,600, 1,800,
and 1,200 RPM and include capacitor-start/induction

run and capacitor-start/capacitor run open motors rated
between 0.25 hp and 3 hp. These standards are applicable
in March 2015.2-4

EFF1 W EFF2 EFF3

100%

90%
80%
70%
60%
50%
40%
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10%

0%

1998 1999 2000 2001 2002 2003 2004 2005 2006

Figure 2-2. Market share of motors of various efficiency classes in Europe under the CEMEP Voluntary Agreement. Source: CEMEP, 2008
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EUROPEAN AND IEC MOTOR
EFFICIENCY STANDARDS

In 1999, the European Committee of Manufacturers of
Electric Machines and Power Electronics (CEMEP), with
the backing of the European Union (EU) and manufac-
turers representing 80% of the European production of
standard motors, agreed to establish three motor efficiency
bands or classes (EFF1, EFF2, and EFF3), with EFF1
representing the highest efficiency class. Compliance with
these efficiency standards was voluntary. The efficiency
classes were applicable to totally enclosed fan ventilated
(TEFV) 2 and 4-pole, Design N three-phase squirrel cage
induction motors with output ranges between 1.1 kW and
90 kW. The covered motors were designed for continu-
ous operation with a 50-hertz (Hz), 400-V power supply.
Motor efficiency values were determined in accordance
with the IEC 60034-2:1996 testing protocol.2-5,2-6

The CEMEP EU standards were designed to allow motor
purchasers to compare different products and to evaluate
energy savings using a common base. The agreement also
called for a motor’s efficiency class to be displayed on the
nameplate or rating plate and listed in the manufacturer’s
catalogs.2-6

The CEMEP EU voluntary agreement successfully
removed the lowest performing (EFF3) motors from the
market. As shown in Figure 2-2, the market share of EFF3
motors decreased from 68% in 1998 to only 3% in 2006.
While the voluntary agreement succeeded in driving low
efficiency motors from the market, it was less success-

ful in introducing high efficiency (EFF1) motors as their
market share increased from 2% in 1998 to only 12% in
2006.2-7 EFF2 motors dominated the market as their mar-
ket share increased from 30% to 85%.

In an effort to harmonize or standardize motor efficiency
testing protocols, efficiency classes, and labels needed to
identify highly efficient products in the marketplace, the
IEC revised its testing standard and established a new set
of efficiency levels and classes. The old efficiency testing
procedure (IEC 60034-2:1996) had a tendency to overstate
motor efficiencies significantly. This is because it used a
summation of losses test procedure with additional or stray
load losses assumed to be 0.5% of the full-load input power.

IEC developed a new test procedure (IEC 60034-2-1)
with the additional losses either determined from residual
loss or from an Eh-star test.2-8 Test results are compatible
with those obtained by the North American Institute of
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Table 2-2. Comparable Levels of Energy Efficiency

NEMA IEC CEMEP
Premium Efficiency IE3 -
Energy Efficient |E2 EFF1
Standard Efficiency IET EFF2
EFF3
) (Below
standard
efficiency)

RERATING OF 60 HZ
MOTORS FOR 50 HZ SERVICE

NEMA motors rated for 60 Hz operation have to be
re-rated when they are used with a 50-Hz power
supply. The following example illustrates why
power output decreases and motor efficiency
changes. Consider a 50-hp energy efficient motor
with a full-load efficiency of 93% given 60 Hz
operation. When maintaining a constant volts-to-
hertz ratio (460 V/60 Hz; 380 V/50 Hz) motor
torgue and slip are not changed. A motor’s brake
horsepower output is proportional to the product
of the motor’s delivered torque times the shaft
rotational speed. When synchronous speed is
reduced from 1,800 to 1,500 RPM, the motor power
output is reduced to 1,500/1,800 or 5/6th times its
original value. The 50-hp motor is now capable of
delivering only 5/6 x 50 hp or 41.7 hp.

Remember that motor efficiency is equal to the
motor output divided by the sum of the output plus
losses. With the reduction in motor output, motor
efficiency decreases when operating at 50 Hz due
to some of the motor loss terms being fixed. A
premium efficiency motor is usually 0.5% to 2.0%
more efficient (depending upon size, utilization
voltage, and operating speed) than when the same
motor is driven by a 50-Hz power supply.2-9
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Figure 2-3. IEC motor efficiency classes

Electrical and Electronics Engineers (IEEE) 112B motor
test procedure.2-5 IEC also adopted a new standard that
defines energy efficiency classes for single-speed, three-
phase 50 Hz and 60 Hz induction motors that:2-5

» Have a rated voltage up to 1,000 volts (V)
» Have a rated output from 0.75 kW to 375 kW

» Have either 2, 4, or 6 poles (with synchronous speeds
0f 3,000, 1,500, and 1,000 RPM at 50 Hz)

» Are rated for continuous or intermittent periodic duty.

Geared motors, brake motors, and other special purpose
motors such as flameproof motors are covered by the stan-
dards. Non-covered motors include motors designed solely
for inverter operation and motors that are completely inte-
grated into a machine that cannot be tested separately from
the machine.

Motors meeting the minimum premium efficiency full-
load efficiency values are called “IE3 motors,” while those
meeting a set of high efficiency minimum full-load effi-
ciency values are called “IE2” motors. Standard efficiency
motors are deemed “IE1” motors.

The IEC 60-Hz motor standards are comparable to the
NEMA Premium Efficiency Standards. The differences
between the 1E3, IE2, and IE1 efficiency standards for 50
Hz motors are shown as a function of motor output rating
in Figure 2-3. A comparison of NEMA, IEC, and CEMEP
energy efficiency standard levels is given in Table 2-2.2-5

The nominal 60-Hz minimum efficiency values for IE2
and IE3 motors are identical to the NEMA Energy Effi-
cient and NEMA Premium Efficiency Standards.2-8

IEC also reserves an IE4 or super premium motor effi-
ciency level for future editions of the standard, but qualify-
ing efficiency values have not yet been agreed upon. It is
possible that only advanced (i.e., non-induction) motor
technologies will be able to meet this level of performance.

European MEPS: Efficiency
Standard Levels and
Implementation Timeline

While IEC can set guidelines for motor testing and estab-
lish efficiency classifications, it does not regulate effi-
ciency or establish mandatory minimum energy perfor-
mance standards (MEPS).2-5 Accordingly, in July 2009,
the EU established Regulation No 640/2009 implementing
Directive 2005/32/EC that establishes that motors must
meet the following MEPS compliance dates for the EU:

* IE2 efficiency levels by June 16, 2011

* IE3 efficiency levels by January 1, 2015 (for motors
>7.5 to 375 kW) or IE2 in combination with an
adjustable speed drive

* [E3 efficiency levels for motors from 0.75 kW to 375
kW by January 1, 2017 or IE2 only in combination
with an adjustable speed drive.

Premium Efficiency Motor Selection and Application Guide | 2-7



CHAPTER 2

PREMIUM EFFICIENCY MOTOR PERFORMANCE

Table 2-3. Motor Loss Categories (Old Standard Efficiency Motors)

Fixed Losses

Core losses 15 to 25
Friction and windage losses 5to 15

Variable Losses

Stator I2R losses 25to0 40
Rotor I2R losses 15 to 25
Stray load losses 10 to 20

Many other countries, including China, Mexico, Brazil,
Australia, Korea, and Taiwan have established mandatory
minimum motor efficiency standards. Most are aligning
their standards with these IEC efficiency levels.

Motor Losses and Loss Reduction
Techniques

A motor’s function is to convert electrical energy into
mechanical energy to perform useful work. The only way
to improve motor efficiency is to reduce motor losses.
Even though standard motors operate efficiently, with
typical efficiencies ranging between 80% and 93%, pre-
mium efficiency motors perform significantly better. An
efficiency gain of only 2%, from 92% to 94% results in a
25% reduction in losses. Because most motor losses result
in heat rejected into the atmosphere, reducing losses can
significantly reduce cooling loads on an industrial facil-
ity’s air conditioning system.

Motor energy losses can be divided into five major catego-
ries: core losses, friction and windage losses, stator resis-
tance (I2R) losses, rotor resistance (I2R) losses, and stray
load losses. Each loss category is influenced by design
and construction decisions. One design consideration, for
example, is the size of the air gap between the rotor and
stator. Large air gaps minimize manufacturing costs, while
smaller air gaps improve efficiency and power factor.
Even smaller air gaps further improve power factor, but
can reduce efficiency and risk vibration problems.

2-8 |

Typical Losses, %

Factors Affecting Losses

Type and quantity of magnetic material

Selection and design of fans, bearings, and seals

Stator conductor size
Rotor conductor size and material

Manufacturing and design methods

Motor losses may be categorized as those which are fixed,
occurring whenever the motor is energized, and remaining
constant for a given voltage and speed, and those which
are variable and increase with motor load. These losses are
described as follows:

Fixed Losses

* Core loss represents energy required to overcome
opposition to changing magnetic fields within the
core material (hysteresis). This includes losses due to
creation of eddy currents that flow in the core. Core
losses are decreased through the use of improved
permeability electromagnetic (silicon) steel and by
lengthening the core to reduce magnetic flux densities.
Eddy current losses are decreased by using thinner
steel laminations with better inter-laminar insulation.

» Windage and friction losses occur due to bearing
friction and air resistance. Improved bearing and
seal selection, air-flow, and fan design can reduce
these losses. In a premium efficiency motor, loss
minimization results in reduced cooling requirements,
which enables a smaller cooling fan to be used.
Both core losses and windage and friction losses are
considered to be independent of motor load.

Variable Losses

« Stator losses appear as heating due to current flow
(I) through the resistance of the stator winding. This
is commonly referred to as a resistance or I2R loss.
I2R losses can be decreased by modifying the stator
slot design or by decreasing insulation thickness to
increase the wire cross-sectional area and volume of
wire in the stator.

Premium Efficiency Motor Selection and Application Guide
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Table 2-4. Typical Distribution of Motor Losses, %
(1,800 RPM ODP Motor Enclosure)

Motor
Horsepower

Type of Loss

Stator resistance or I2R losses 42 38 28
Rotor resistance or I2R loss 21 22 18
Core losses 15 20 13

Friction and windage losses 7 8 14
Stray load losses 15 12 27

* Rotor losses appear as I2R heating in the rotor
winding. Rotor losses can be reduced by increasing
the size (cross sectional area) or conductivity of the
bars and end rings to produce a lower resistance.

« Stray load losses are the result of leakage fluxes
induced by load currents. Both stray load losses and
stator and rotor I2R losses increase with motor load.
Motor loss components are summarized in Table 2-3.
Loss distributions as a function of motor horsepower
are given in Table 2-4 while variations in losses due to
motor loading are shown in Figure 2-4.2-10,2-11

Manufacturers must use increased quantities of improved
materials and design motors with closer tolerances to
reduce losses and allow motor designs to meet NEMA
Premium Efficiency Motor Standard requirements. Typical
design modifications include:

» Use of a larger wire gage to reduce stator winding
resistance and minimize stator I2R losses.

* Incorporate a longer rotor and stator to lower
core losses by decreasing magnetic density while
increasing cooling capacity.

* Selection of low resistance rotor bars. Larger
conductor bars and end rings reduce rotor I2R losses.

* Modification of stator slot design to decrease magnetic
losses and allow for use of larger diameter wire.

* Use of a smaller fan. An efficient cooling fan design
reduces airflow and power required to drive the fan.

PREMIUM EFFICIENCY MOTOR PERFORMANCE

» Optimize air gap size to lower stray load loss.

* Use of premium-grade core steel and thinner
laminations to decrease eddy current and
hysteresis losses.

+ Use of optimum bearing seal/shield to lower
friction loss.

The difference in materials requirements and core length
for standard, energy efficient and premium efficiency
motor designs is shown in Figure 2-5. All motors have
identical horsepower ratings, the same mounting bolt
spacing, shaft height and diameter; and are available in
the same standardized enclosure and frame size. The
only dimensional difference is that the premium effi-
ciency motor may extend further in the “off-drive end”
dimension. When they were initially introduced, energy
efficient motors carried a 25% to 50% price premium
when compared with standard efficiency motors.2-! In
the horsepower and speed ratings where energy efficient
motors can still be sold, premium efficiency motors carry
a 15% to 30% price premium over their energy efficient
counterparts.

Generally, medium voltage motors have a lower effi-
ciency range than equivalent low voltage motors because
increased winding insulation is required for the medium
voltage machines. Low voltage is defined at 600 V or
less. This increase in insulation results in a proportional
decrease in available space for copper in the motor slot.
Consequently, I2R losses increase.

F&W | Core Stray B Rotor M Stator
3,000
2,500
« 2,000
®
2 1500
wv
g ]
2 1000| = =
-
- 1 W W B
O T T I
25% 50% 75% 100%

Load

Figure 2-4. Losses versus Motor Load for a Standard
Efficiency Motor
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Figure 2-5. Cut-away of standard, energy-efficient, and premium efficiency motors. Photo from Toshiba International Corporation

Determining and Comparing
Motor Efficiencies

EFFICIENCY DEFINITIONS

When evaluating motors on the basis of efficiency
improvements or energy savings, uniform efficiency defi-
nitions are critical. It can be difficult to compare manufac-
turers’ published, quoted, or tested efficiencies accurately
because different values are used in catalogues and vendor
literature. Common definitions include:

* Nominal or Average Efficiency—NEMA specifies
that efficiency be expressed as the average full load
efficiency of a large population of motors of the same
design. NEMA defines efficiency based on the average
of a population because it acknowledges that motor-to-
motor variations in efficiency are inevitable within a
single model or production run. NEMA also specifies
testing standards for the determination of the nominal
efficiency. For most motors, this is IEEE Standard
112, Method B. “Nominal” literally means “pertaining
to name” and refers to the efficiency value appearing
on the nameplate, which is based upon the average
efficiency. This is described further in the “NEMA

Motor Nameplate Labeling Standards” section at the
end of this chapter. NEMA advocates that nominal
efficiency be used to compute energy consumption of
a motor or group of motors.

Minimum or Guaranteed Efficiency—Due to
inevitable motor-to-motor efficiency variation, NEMA
has defined a minimum efficiency that all individual
motors must meet or exceed. The minimum is set at

a level associated with approximately 20% greater
losses than the losses associated with the nominal
efficiency. Minimum efficiency is a standard to be met
or exceeded by manufacturers; it is not appropriate

for computing the probable energy consumption for

a motor. The NEMA-defined minimum efficiency
usually appears on the nameplate and is labeled
“guaranteed efficiency.”

Apparent Efficiency—Apparent efficiency is

the product of motor power factor and minimum
efficiency. With this definition, energy consumption
can vary considerably, as the power factor can be high
while the efficiency is low. Specifications should never
be based on “apparent” efficiency values and should
always be based upon nominal efficiency.
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PURCHASE PRICE VERSUS OPERATING COST -
MOTOR VERSUS VEHICLE

Let’s compare the operating cost of a 100-hp standard
efficiency motor with that of a vehicle. Assuming that
the vehicle obtains a fuel economy of 25 miles per
gallon (mpg) and is driven 12,500 miles per year, the
annual fuel consumption is 500 gallons (gal), valued at
$1,750, given a gasoline price of $3.50 per gallon. In
contrast, a 100 hp standard efficiency motor would
consume more than 530,000 kWh annually if operated
continuously at a load of 75% of its rated output. This
electrical energy is valued at about $42,500 per year at
a typical industrial energy rate of $0.08/kWh. The
yearly operating cost of the 100 hp motor is more than
24 times that of the vehicle.

Given a new vehicle cost of $25,000, the vehicle’s
annual operating cost is about 7% of its first cost. In
contrast, a new 1,800 RPM TEFC premium efficiency
motor might be purchased by an industrial customer

for $6,250. The annual operating cost is about 6.8 times

(or 680%) of the cost of a new premium efficiency
replacement motor.

The energy savings summary above shows that a 3%
gain in motor efficiency saves far more (over 455%
more) than the annual dollar savings due to a 5 mpg
increase in vehicle fuel economy. Over a 20-year
operating period, the standard efficiency motor would
consume over 330,000 kWh more than a premium
efficiency motor put into the same service. This
increased energy use would cost over $26,600 at 2012
rates ($0.08/kWh)—more than four times the cost of a
new premium efficiency motor.

When annual operating hours are above 2,000 hours per
year, electric motors are extremely energy intensive. This
explains why a seemingly small 2% to 3% improvement in
energy efficiency can lead to significant annual energy
and dollar savings. If the vehicle was as energy intensive
as the motor (i.e., if it consumed energy at the same
ratio of first cost to annual operating cost as the motor):

= |t would have to be driven about 202,000 miles every
two months, or

= Gasoline would have to be priced at $340 per gallon.

Energy Savings Alternatives

Fuel Efficient Vehicle (30 mpg)

Efficiency Improvement

(from 25 to 30 mpg) ek

Annual Fuel Savings £
gallons

Value of Savings (at $3.50/gal) $292

New Premium Efficiency Motor

Efficiency Improvement 3%
(92.2% to 95.2%)

Annual Electrical Energy Savings (kWh) 16,632
Value of Savings (at $0.08/kWh) $1,331
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Table 2-5. Efficiency Results From Various Table 2-6. NEMA Motor Nameplate Efficiency
Motor Testing Standards Marking Standard
Full-Load Nominal Minimum Nominal Minimum
Efficiency,% Efficiency  Efficiency  Efficiency  Efficiency
Standard % % % %
98.2 97.8 87.5 85.5
United States (IEEE-112,
Test Method B) 80.3 86.9 98.0 97.6 86.5 84.0
97.8 97.4 85.5 82.5
CSA C390 80.3 86.9
. 97.6 971 84.0 81.5
IEC 60034-2:1996 823 894
(old methodology) 97.4 96.8 825 80.0
. B A 971 96.5 815 785
96.8 96.2 80.0 77.0
* Calculated Efficiency—This term refers to an average 96.5 95.8 785 75.5
expected efficiency based upon a relationship between
design parameters and test results. Specifications 96.2 95.4 77.0 74.0
should not be based on “calculated” efficiency values
and should always be based upon nominal efficiency. 95.8 95.0 755 72.0
MOTOR EFFICIENCY TESTING STANDARDS - o e 9
It is critical to make motor efficiency comparisons using a
uniform product testing methodology. Unfortunately, there 95.0 941 72.0 68.0
is no single standard efficiency testing method that is used
throughout the world. The most common standards are: 94.5 93.6 71.0 66.0
» IEEE 112-2004 “Standard Test Procedure for Polyphase
Induction Motors and Generators” (United States) 941 93.0 68.0 64.0
* IEC 60034-2-1:2007 “Standard on Efficiency 93.6 92.4 66.0 62.0
Measurement Methods for Low Voltage Induction
Motors” (IEC) 93.0 917 64.0 59.5
* CSA C390-10 “Test Methods, Marking Requirements
and Energy Efficiency Levels for Three-Phase Induc- 924 91.0 62.0 57.5
tion Motors” (Canadian Standards Association [CSA])
) ) 917 90.2 59.5 55.0

e JEC-37 (Japanese Electrotechnical Committee [JEC])

* BS-269 (British). 91.0 89.5 57.5 52.5
IEEE Standard 112-2004, “Standard Test Procedure 90.2 88.5 55.0 50.5
for Polyphase Induction Motors and Generators,” is
the common method for testing induction motors in the 895 875 525 48.0
United States. It recognizes five methods for determin-
ing motor efficiency. It is common practice to measure 88.5 86.5 50.5 46.0

the motor power output of motors ranging from 1 hp to
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125 hp directly with a dynamometer while the motors are
operating under load. Motor efficiency is determined by
carefully measuring the electrical power input and the
mechanical power output.

The five motor efficiency testing standards differ primarily
in their treatment of stray load losses. The CSA C390-10
methodology and IEEE 112-Test Method B are considered
identical and determine the stray load loss through an indi-
rect process. The old IEC 60034-2:1996 standard assumed
stray load losses to be fixed at 0.5 percent of input, while
the JEC standard assumes there are no stray load losses.
As shown in Table 2-5, the tested efficiency of a motor
varied by several percentage points when measured with
these different testing protocols.2-11.2-12 [n an attempt to
“harmonize” motor testing standards, efficiency classes,
and motor labeling requirements, in 2007 IEC published
the new improved testing standard 60034-2-1. Test results
are now largely compatible with those obtained by IEEE
112B or CSA C390.2-5

TESTING EQUIPMENT ACCURACY
LIMITATIONS

Each motor manufacturer has its own motor test facility.
The accuracy of the equipment at the different test facili-
ties varies. Three types of dynamometers are commonly
used for testing medium and large scale motors: eddy cur-
rent clutches, water brakes, and direct current generators.
These units have different speed and accuracy limitations.
Instrumentation used during the motor test can also affect
accuracy.

The variation in testing ability was illustrated by a round
robin test sponsored by NEMA in 1978 and repeated in
1992 and 1993. Three motors of different sizes (5, 25,
and 100 hp) were shipped to 11 motor manufacturers and
five independent test labs to be tested at the laboratories
in accordance with the IEEE 112-Method B test proce-
dure. This research project involved testing motors of a
common design that were manufactured over a period of
months. These tests show that variation in measured losses
frequently exceed +10% for specific motor designs while
the combined variation from manufacturing and testing
with state-of-the-art techniques can exceed +19% varia-
tion in losses.

To reduce motor efficiency testing uncertainties, the U.S.
Department of Commerce National Institute of Standards
and Technology (NIST) developed a National Voluntary
Laboratory Accreditation Program (NVLAP) to measure
the efficiency of electric motors.2-13 To achieve accredita-
tion, a laboratory must perform proficiency testing, dem-
onstrate technical competence, and operate a laboratory
quality management system.

PREMIUM EFFICIENCY MOTOR PERFORMANCE

The IEC was also concerned about testing uncertainty
when it adopted its 60034-2-1 motor efficiency test
method in 2007. IEC organized a round robin test in which
21 laboratories tested motors of four output ratings in

nine different countries. This research was designed to
determine uncertainties due to different interpretations

of the test procedure, instrument uncertainty, laboratory
equipment, and personnel variations.2-14 Initial results
showed little agreement between test results from differ-
ent laboratories. Accordingly, IEC has undertaken work

to clarify deficiencies in the testing method or the way

it is described, and also improve the algorithms used to
determine motor losses. One standardization approach is
for all testing laboratories to use the same loss analysis
software.2-15 IEC developed and distributed the “Guide for
the Use of Electric Motor Testing Methods Based on IEC
60034-2-1" to test laboratories in May 2011.2-16 Note that
the IEC has no laboratory accreditation requirement and
enforcement of the EU mandatory minimum energy per-
formance standards is done at the country level.

NEMA MOTOR NAMEPLATE LABELING
STANDARDS

Variations in materials, manufacturing processes, and tests
result in motor-to-motor efficiency variations for a given
motor design. What does an efficiency uncertainty mean to
motor purchasers? A motor with a measured 93% full-load
efficiency loses 7% of its input power. Applying a 10%
uncertainty to this value yields an expected loss measure-
ment uncertainty of 0.7%. This motor is essentially com-
parable to one with a 92.3% measured efficiency value.
Given that small differences in measured efficiency values
are not significant because they fall within the range of
test uncertainties, NEMA adopted a motor nameplate
labeling scheme that uses efficiency “bands.” This scheme
is described in the following section.

SELECTING AN ENHANCED
EFFICIENCY MOTOR

To ensure that expected energy savings materialize,
those who purchase premium efficiency motors
should consider selecting a motor model that has a
motor efficiency band marking on its nameplate
that is one or two bandwidths or efficiency levels
above the minimum full-load efficiency standard
for premium efficiency motors.

Premium Efficiency Motor Selection and Application Guide | 2-13



CHAPTER 2 PREMIUM EFFICIENCY MOTOR PERFORMANCE
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HELP topic "Interpreting a Motor Record" for more information.

Figure 2-6. Typical MotorMaster+ motor database search results and motor detailed reports
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The NEMA protocol for labeling efficiency on motor
nameplates is described in NEMA MG 1-2011. This
approach is required for NEMA designs A, B, and C
polyphase single-speed induction motors ranging from

1 to 500 hp. The full-load motor nameplate efficiency is
selected from a table of nominal efficiencies (shown in
Table 2-6) and represents a value that is “not greater than
the average efficiency of a large population of motors of
the same design,” tested in accordance with IEEE 112. It
must appear on the nameplate labeled “NEMA Nominal
Efficiency” or “NEMA Nom. Eff.”

Each minimum efficiency value represents full load losses
roughly 20% higher than those associated with the nomi-
nal efficiency value. Efficiency bands have been designed
such that the nominal efficiency of a band is exactly equal
to the minimum efficiency two bands above it.

Based on NEMA’s nameplate labeling standard, one
should expect a new motor’s efficiency to exceed the mini-
mum listed in Table 2-6 and have the greatest probability
of lying between the nameplate nominal and the nominal
of the next higher band.

NEMA nominal efficiency bands are used to “avoid the
inference of undue accuracy that might be assumed from
using an infinite number of nominal efficiency values.”
The efficiency bands vary from 0.4 to 1.5%, between the
84% and 95.5% nominal efficiency range. Motors with
efficiencies falling within a given band are considered to
have essentially equivalent operating efficiencies. The
nameplate nominal efficiency thus represents a value that
can be used to compare the relative energy consumption of
a motor or group of motors.

MOTORMASTER+ MOTOR PRICE AND
PERFORMANCE DATABASE

To help you identify, evaluate, and procure premium
efficiency motors, AMO developed and maintains the
MotorMaster+ software tool. MotorMaster+ is a free
motor selection and management tool that supports energy
management and motor system improvement planning by
identifying the most efficient choice for a given repair or
motor purchase decision. The tool includes a catalog of
more than 20,000 low-voltage induction motors and fea-
tures motor inventory management tools, maintenance log
tracking, efficiency analysis, savings evaluation, energy
accounting, and environmental reporting capabilities.

Premium Efficiency Motor Selection and Application Guide |

PREMIUM EFFICIENCY MOTOR PERFORMANCE

The MotorMaster+ motor manufacturer’s database, con-
tains more than 20,000 NEMA Design A and B three-
phase motors ranging from 1 to 600 hp, with speeds of
900, 1,200, 1,800, and 3,600 RPM, and ODP, TEFC,
TENYV, and explosion-proof (EXPL) enclosures. Motors
rated to operate at 200, 230, 460, 575, 220/440, 2,300, and
4,160 V are included. All full- and part-load efficiency
data is measured in accordance with the IEEE 112 Test
Method B protocol to ensure consistency. The informa-
tion is supplied by manufacturers in electronic format, and
the database is updated periodically. Users can query the
database to produce a listing, ranked in order of descend-
ing full-load efficiency, for all motors within a stated size,
speed, voltage, and enclosure classification.

A sample database query report is shown in Figure 2-6.
The database also contains the manufacturer’s name,
motor model, catalog number, frame size, full-load, locked
rotor and breakdown torque; full-load, locked rotor and
idle amperage; full-load RPM, service factor, warranty
period, part-load efficiency and power factor values; and
list price. List prices are used with discount factors or
price multipliers to determine a net sales price to the pur-
chaser and are meaningless for comparison purposes. List
price discount factors vary by manufacturer, product type,
motor distributor sales volume, and number of motors
purchased. When provided by local distributors, Motor-
Master+ users can enter list price discount factors into the
software tool for individual motor manufacturers.

MotorMaster+ users also can determine the energy and
demand savings, value of savings, and simple payback of
selecting and operating a premium efficiency motor versus
repairing a failed standard efficiency motor or purchase of
a new energy efficient motor. MotorMaster+ accommo-
dates scenarios, such as:

* New motor purchase
 Repair versus replace

* Replacement of operable in-service motor analysis.

AMO also distributes the MotorMaster International soft-
ware tool. With this tool, users can conduct new purchase
or repair/replace energy savings analyses for 50 Hz/400 V
metric motors manufactured and tested in accordance with
IEC standards. The tool also allows users to determine
savings in their specified currency.

MotorMaster+ and MotorMaster International are
available in the AMO Energy Resources Center at
www.manufacturing.energy.gov.
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EVALUATING MOTOR ENERGY EFFICIENCY OPPORTUNITIES

EVALUATING MOTOR ENERGY EFFICIENCY

OPPORTUNITIES

The amount of money you can save by purchasing a new
premium efficiency motor instead of an energy efficient
motor or by procuring a new premium efficiency motor
instead of repairing a failed standard or energy efficient
motor depends on motor size, annual hours of operation,
motor load, efficiency improvement, repair loss assump-
tions (if any), your serving utility’s charges for electri-
cal demand ($/kW per month) and energy consumed
($/kWh), and the availability of utility efficiency incen-
tives or motor rebate programs.

It is important to gather information before evaluating the
economic feasibility of using a premium efficiency motor.
First, obtain a copy of the utility rate schedule in effect for
your facility. Take field measurements to determine the
load or actual motor output divided by full rated output.
For a constantly loaded motor, obtain the number of motor
operating hours at this load point. Perform data logging

to determine a load profile or duty cycle for motors with
variable loads. If you are considering replacing an in-
service motor, gather nameplate information. With this
information, you can use the MotorMaster+ software
tool’s “Compare” module to estimate the efficiency of the
existing motor at its load point, and then determine the
annual energy and cost savings of replacing it with a pre-
mium efficiency model.

Understanding Your Utility
Rate Schedule

The cost of electricity for commercial or industrial facili-
ties is typically composed of four components:

 Basic or hookup charge—A fixed amount per billing
period that is independent of the quantity of electricity
used. This charge covers the cost of reading the meter
and servicing your account.

» Energy charges—Fixed rate(s) ($/kWh) times the
electrical consumption (kWh) for the billing period.
Energy charges frequently vary by season and
may also vary based on the quantity of electricity
consumed. Utility tariffs may feature declining block
or inverted rate schedules. With a declining block rate
schedule, energy unit prices decrease as consumption
increases, as illustrated in Table 3-1.

* Demand charge—A fixed rate ($/kW per month)
times the billable demand (kW) for the billing period.
Often, metered demand charges are based on the
highest energy use over any rolling average 15- or
30-minute time increment within the billing period.
Some utilities feature ratcheted demand charges in

Table 3-1. Sample Utility Rate Schedule Showing Seasonal Pricing and Declining Energy Block Rates

Monthly Rate

Basic charge $25, plus:

Demand charge
October-March
April-September

Energy charge

October-March

April-September

3-2 |

No charge for the first 50 kW of billing demand
$8.00 per kW for all over 50 kW of billing demand

$5.50 per kW for all over 50 kW of billing demand

5.6888 ¢/kWh for the first 20,000 kWh in the billing period
4.3690 ¢/kWh for all use over 20,000 kWh

6.2377 ¢/kWh for the first 20,000 kWh in the billing period
4.8059 ¢/kWh for all use over 20,000 kWh

Premium Efficiency Motor Selection and Application Guide
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which the applicable monthly demand charge is the
highest value incurred during the billing month or the
11 months immediately preceding the billing month.

* Power factor penalty or reactive power charge—
A penalty is frequently levied if power factor falls
below all established value (typically 90% or 95%).
A low power factor indicates that a facility is
consuming a proportionally larger share of reactive
power. While reactive power (VAR) does not produce
work, and is stored and discharged in the inductive
and capacitive elements of the circuit, distribution
system resistance or I2R losses occur. The utility
requires compensation for these losses.

» Sometimes, a power factor penalty is given in the
form of a “billable” demand charge in which the
billable demand is the metered demand multiplied
by 95% divided by the recorded plant power factor
in percent. See Chapter 9 of Continuous Energy
Improvement in Motor-Driven Systems for examples
of how to determine benefits from eliminating power
factor penalties.

When determining the benefits of proposed energy effi-
ciency measures, be sure to use your marginal or incre-
mental cost for energy and demand for each billing period.
For additional information on interpretation of utility rate
schedules, see Continuous Energy Improvement for Motor-
Driven Systems.

Determining Motor Load
USING INPUT POWER MEASUREMENTS

Motors draw current to respond to the load imposed on
them by their driven equipment. When “direct-read”
power measurements are available, use them to esti-
mate motor load. With measured parameters taken from

SAFETY CONSIDERATIONS

This guidebook discusses the types of measure-
ments an electrician has to take. It is not intended
to be an instruction manual on how to be an electri-
cian nor a training manual on proper safety tech-
niques. The assumption is that instructions will be
followed by qualified electricians who are trained in
safety practices relating to industrial electrical
systems. Personnel who are not qualified or trained
in industrial electrical techniques should not
attempt to take any measurements.

EVALUATING MOTOR ENERGY EFFICIENCY OPPORTUNITIES

_ VxIxPFx3
1,000
Where:
P = Three-phase power in kW
_ RMS voltage, mean line-to-line
vV =
of three phases
| = RMS current, mean of three phases
PF = Power factor as a decimal
Equation 3-1
HP x 0.7457
Pp= ———//mm
MR
Where:
Pr = Input power at full rated load in kW
HP = Nameplate rated horsepower
nr = Efficiency at full rated load
Equation 3-2
P
Load = — x 100%
Pr
Where:
[»)
Load = Output power as a % or nameplate
rated power
P = Measured three-phase power in kW
Pr = Input power at full rated load in kW
Equation 3-3
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The existing motor is a 40 hp, 1,800 RPM unit
with an ODP enclosure. The motor is 12 years old,
has a full-load efficiency of 90.2%, and has not
been rewound. An electrician makes the following
measurements:

Measured Values:

Voo =467V I, =36 Amperes (A) PF,=0.75
V=473V 1,=38A PF, =078
Ve, =469V I =37A PF.=0.76

Average Voltage = (467 + 473 + 469)/3 = 469.7 V
Average Current (1) = (36 + 38 + 37)/3 =37 A

Power Factor (PF) = (0.75 + 0.78 + 0.76)/3 = 0.763

Equations 3-1through 3-3 reveal that:

Input Power
P =469.7 x 37 x 0.763 x V3 /1000 = 22.9 kW

Power at Rated Load
Pr = 40 x 0.7457 / 0.902 = 33.1

Load =P /PR =(22.9 /33.1) x 100% = 69.3%

Example 3-1. Input power and load calculations

Motor load =

< aMmPS yeasured > x ( volts measured )
amps ¢ load, nameplate volts nameplate

Equation 3-4

hand-held instruments, you can use Equation 3-1 to calcu-
late the three-phase input power to the loaded motor. You
can then quantify the motor’s shaft load by comparing the
measured input power when operating under load with the
power that would be required if the motor was to oper-
ate at rated capacity (from Equation 3-2). The technique
to estimate motor load assumes that the full-load effi-
ciency for the motor is representative of the actual motor
efficiency at its operating point. The relationship used to
estimate motor loading based upon input power measure-
ments is shown in Equation 3-3.

EVALUATING MOTOR ENERGY EFFICIENCY OPPORTUNITIES

USING LINE CURRENT MEASUREMENTS

The amperage draw of a motor varies approximately lin-
early with respect to load down to about 50% of full load.
Below the 50% load point, due to reactive magnetizing
current requirements, the power factor degrades, and the
amperage curve becomes increasingly nonlinear and is

no longer a useful indicator of load. The no load or “idle”
amperage for most motors is typically on the order of 25%
to 40% of the nameplate full-load current when the motor
is lightly loaded.

Both nameplate full-load and no-load current values apply
only at the rated motor voltage. Thus, root mean square
current measurements should always be corrected for
voltage. If the supply voltage is below that indicated on
the motor nameplate, the measured amperage value is cor-
respondingly higher than expected under rated conditions
and must be adjusted or scaled downward. The converse is
true if the supply voltage at the motor terminals is above
the motor rating. Equation 3-4 relates motor load to mea-
sured current values for loads above 50% of rated.

THE SLIP METHOD

The slip method is sometimes used to estimate motor load.
An unloaded motor runs close to its synchronous speed.
As the load imposed upon the motor by the driven equip-
ment increases, the motor slows down until, when fully
loaded, it operates at its nameplate full-load speed. The
difference between the synchronous speed and the motor
operating speed is referred to as “slip,” and the motor’s
slip divided by its full-load slip can be taken as an indica-
tor of load. While the slip method is sometimes preferred
due to simplicity and safety advantages, due to accuracy
limitations it is generally not recommended for determin-
ing motor loads in the field. The slip method for estimat-
ing motor load is discussed in detail in Chapter 5 of Con-
tinuous Energy Improvement in Motor-Driven Systems.

Determining Operating Hours

It is also important to determine the number of hours a
motor operates at its load point because electrical energy
savings are directly proportional to the total number of
hours that a motor is in use. If, for example, other fac-
tors are equal, a standard efficiency motor operated 8,000
hours per year will yield four times the amount of poten-
tial energy savings when compared to an equivalent motor
that is used for only 2,000 hours per year.

Operating hour errors can be reduced by constructing an
operating time profile as illustrated in Table 3-2. A user
can determine the operating time profile by providing

3-4 | Premium Efficiency Motor Selection and Application Guide
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Table 3-2. Motor Operating Profile

Weekday Schedule

1st shift, operating hours

2nd shift, operating hours
3rd shift, operating hours
Number of days per year

Total operating hours

input regarding motor use on various shifts during work
days, normal weekends, and holidays. Alternatively, oper-
ating times can be estimated using an on/off or time-of-use
data logger.

The nature of the load that the motor serves is also impor-
tant. Motors may not be cost-effective candidates to be
replaced with premium efficiency units when they are
already controlled by variable speed drives; operate with
low load factors; or serve intermittent, cyclic or randomly
acting loads. Premium efficiency motors do draw less cur-
rent and may allow a lower cost/lower current rated drive,
especially for new processes where multiple motors are
operated from the same drive.

An evaluation conducted by one electrical utility indi-
cates that customer-provided operating hour estimates
for individual motors are often erroneous.3-5 The utility
recommends that run-time or time-of-use loggers be used
to calculate total motor operating hours. The time-of-use
loggers record motor start and stop times by sensing the
magnetic fields generated when the motor is operating.
Power loggers that measure kilowatts over time are often
used to determine a motor’s load profile and annual oper-
ating hours.

Estimating the Performance of
Old Standard Efficiency Motors

Many analyses of motor energy conservation savings
assume that an existing motor is operating at the name-
plate efficiency. This assumption is reasonable above the
50% load point, as motor efficiencies generally peak at
about 3/4 load. For many motors, the efficiency at 50%
load is almost identical to that at full load. Larger horse-
power motors can exhibit a relatively flat efficiency curve
down to 25% of full load.3-4

EVALUATING MOTOR ENERGY EFFICIENCY OPPORTUNITIES

Weekend/Holiday Schedule

In cases when an efficiency value is not stamped on the
motor nameplate, you can find motor efficiency estimates
in Appendix A. The appendix contains nominal efficiency
values at full, 75%, 50%, and 25% loads for typical stan-
dard efficiency motors of various horsepower ratings and
with synchronous speeds of 900, 1,200, 1,800, and 3,600
RPM. Appendix A is extracted from AMO’s MotorMas-
ter+ software tool.

The method of using nameplate standard efficiency
motor full-load efficiency values to approximate existing
motor efficiency and load is considered valid due to two
motor characteristics. First, the efficiency curve for most
motors is relatively flat down to loads of 40% to 50% of
rated load (see Figure 4-4). Second, while the efficiency
of energy efficient and premium efficiency motors has
improved dramatically, the performance of standard effi-
ciency motors remains relatively unchanged.

In the decade spanning the 1960s through the early 1970s,
a period of inexpensive energy, manufacturers built
inexpensive and relatively inefficient motors by minimiz-
ing use of materials such as copper, aluminum and steel.
While these motors had lower initial costs than earlier
designs, they used more energy due to their inefficiency.
Production of less efficient and more compact motors
became possible through the development of insulating
materials that could withstand high temperatures. This
enabled motors to be designed with higher losses, as the
temperature rise due to the losses could be accommodated
without damaging the insulation or reducing the expected
motor operating lifetime.3-8 Table 3-3 indicates the perfor-
mance of standard, energy efficient, and premium effi-
ciency motors over time. 3-6,3-7
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Table 3-3. History of Motor Efficiency Improvements

EVALUATING MOTOR ENERGY EFFICIENCY OPPORTUNITIES

History of Motor Efficiency Improvements (full-load efficiency in %)

ho 1044 195 St;izird

Efficiency
75 845 870 84.0
5 870 895 88.0
25 895 905 89.0
50 905 910 915
75 910 90.5 915
100 915 92.0 92.0

1980 19941 20042 20123
Standard Standard Energy Premium
Efficiency Efficiency Efficiency Efficiency

= 85.5 89.5 91.7

86.5 86.6 911 92.4

88.0 89.3 92.4 93.6

90.4 91.3 93.2 94.7

90.8 91.7 941 95.4

91.6 92.3 94.5 95.4

1 Average performance for 1,800 RPM, 460 V, TEFC standard efficiency motors (from MotorMaster+).

2 Average performance for 1,800 RPM, 460 V, TEFC energy efficient motors (from MotorMaster+).

3 Average performance for 1,800 RPM, 460 V, TEFC premium efficiency motors (from MotorMaster+).

3-6

OLD MOTORS TESTED
ARE INEFFICIENT

Motor testing conducted under the Advanced
Energy “100 Motors” study has shown that it is valid
to assume that older motors with no efficiency
value indicated on their nameplate are of standard
efficiency design.3-9 The study was designed to
characterize industrial motor performance and
involved removing 100 operating motors rated
between 50 and 150 hp from a variety of participat-
ing industrial plants. The industrial facilities were
given free premium efficiency motors to replace the
motors that were contributed to the study. The old
motors were shipped to Advanced Energy’s motor
testing laboratory where their efficiency values
were tested on a dynamometer in accordance with
the IEEE 112 Method B efficiency testing protocol.
Out of 46 motors with no efficiency value stamped
on their nameplate, none had a measured full-load
efficiency value that met or exceeded the NEMA
Energy Efficient Motor Standard.

Calculating Annual Energy and
Demand Savings

Before determining annual cost savings, it is important to
estimate the annual energy savings. Premium efficiency
motors require fewer input kilowatts to provide the same
shaft output as a standard efficiency motor. The difference
in efficiency between a premium efficiency motor and

a comparable standard or energy efficient motor deter-
mines the demand or kilowatt savings. For two similar
motors operating at the same load but having different
efficiencies, Equation 3-5 is used to calculate the kilowatt
reduction.

The kilowatt savings are the demand savings, or reduction
in motor input kilowatts. For a motor with a constant load,
the annual energy savings are calculated in Equation 3-6.

Use the demand savings and annual energy savings with
utility rate schedule information to estimate your reduction
in annual operating costs. Be sure to apply the appropriate
seasonal and declining block energy charges.

| Premium Efficiency Motor Selection and Application Guide
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100 100
kWgsavep = hp x L x0.746 x | — - ——
Esta  Epe
Where:
hp = Motor nameplate rating
L = Motor load in decimal format
E - Standard motor efficiency under
siig actual operating conditions, %
£ _ Premium efficiency motor efficiency
= under actual load conditions, %
Equation 3-5

kWhsavines =
kWsavep * annual operating hours

Equation 3-6

Total saving =
KWgavines * 12 x monthly demand charge
+ kWhgayings X €nergy charge

Equation 3-7

The total annual cost savings is calculated using
Equation 3-7.

Equations 3-5 through 3-7 apply to motors operating

at a specified constant load. For varying loads, you can
apply the energy savings equation to each portion of the
duty cycle in which the load is relatively constant for an
appreciable period of time. Total energy savings is the sum
of the savings for each load period. Determine demand
reduction savings at the peak load point.

EVALUATING MOTOR ENERGY EFFICIENCY OPPORTUNITIES

Alternatively, field measurements for motors with vary-
ing loads can be entered into the MotorMaster+ Inven-
tory module to conduct a “bin” energy savings analysis.
The software determines energy savings by transferring
the load profile and operating hour information for the
in-service motor onto the proposed premium efficiency
replacement motor. Efficiency values are automatically
determined for both motors at each operating point on the
load profile. Note that Equations 3-5 through 3-7 are for
motors that operate with a constant load and are not appli-
cable to motors operating with pulsating loads or for loads
that cycle at rapidly repeating intervals.

Understanding Motor
Purchase Prices

Motor distributors rarely sell motors at the manufacturer’s
full list price. Even customers walking in “off the street” are
offered list price discounts. Motor prices continuously vary,
and rather than reprint catalogs and brochures, manufactur-
ers advertise high list prices while authorizing their distribu-
tors to provide discounts to end users. Each motor manufac-
turer has a unique discounting policy, which typically varies
with respect to distributor sales volume and product type.

The distributor’s wholesale price is the list price times

a multiplier based in part upon the dealer sales volume.
Other considerations include competitive situation, product
mix, value added by the distributor, and distributor stock-
ing levels. The distributor makes its profit through “mark-
ing up” the manufacturer’s discounted list price. Typical
dealer markups range from 10% to 25% and depend on
distributor practices, the size of the purchase order, and/or
number of motors a customer purchases on an annual basis.

Some companies have obtained attractive list price dis-
counts by purchasing all of their motors from a single
manufacturer. When analyzing the cost-effectiveness of
premium efficiency motor retrofits, obtain price quotes
from vendors or use appropriately discounted motor list
prices to determine price premiums or incremental costs.

Assessing Cost-Effectiveness

Due to better design and use of greater amounts and higher
quality materials, premium efficiency motors cost approxi-
mately 15% to 30% more than their energy efficient coun-
terparts. In many cases, however, this price difference is
quickly recovered through reduced electricity usage. To
determine the economic feasibility of installing premium
efficiency motors, examine the total annual energy savings
in relation to the price premium.
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Common methods of assessing the economic feasibility
of investments in energy efficiency measures include:

 Simple payback

« Life cycle costing methodologies
- Net present value (NPV)
- Benefit-to-cost ratio

- Internal rate of return (IRR) or return on
investment (ROI).

Most industrial plant managers require that investments be
recovered through energy savings within two years, based
on a simple payback analysis. The simple payback is
defined as the period of time required for the savings from
an investment to equal the initial or incremental cost of
the capital outlay. Some plants require a simple payback
within one year, while others are willing to invest in proj-
ects with a three-year simple payback. In contrast, federal
and local governments often invest in projects with up to

a 10-year simple payback. For initial motor purchases or
replacements of failed and economically non-rewindable
motors, the simple payback period for the extra invest-
ment associated with a premium efficiency motor purchase
is the ratio of the incremental cost or price premium, less
any available utility rebate, to the value of the total annual
electrical savings (Equation 3-8).

For replacements of operational motors, the simple pay-
back is the ratio of the full cost of purchasing and install-
ing a new premium efficiency motor relative to the total
annual electrical saving (Equation 3-9).

Simple payback for new
motor purchase or repair
versus replace scenario, years =

price premium - utility rebate

total annual cost savings

Equation 3-8
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XCEL ENERGY’S MOTOR AND
DRIVES EFFICIENCY PROGRAM

For many years, electric utilities offered rebates or
incentives for the purchase of premium efficiency
motors. These incentives targeted new motor pur-
chases and were based upon the incremental cost
of premium efficiency motors over energy efficient
models. These rebate programs were successful in
increasing the market share of premium efficiency
motors, as improved efficiency could be obtained
at no cost. These incentive programs rapidly disap-
peared in late 2010 when EISA mandated the
purchase of premium efficiency general purpose
motors in the 1 to 200 hp size range.

Some utilities have redesigned their motor rebate
programs in an effort to obtain energy savings
through promoting the removal of old standard
efficiency motors from the plant floors. Xcel Energy
operates a motor and drive efficiency program in
New Mexico that provides an incentive, or rebate,
for upgrading an in-service or working motor with a
premium efficiency model or enhanced efficiency
unit that has a full-load efficiency at least one
percentage point greater than the premium
efficiency motor standards. The incentives are large
enough to make it cost-effective for industries to
consider group motor upgrades. For example,
replacing a 25 hp in-service standard efficiency
motor with a premium efficiency motor qualifies for
a $1,100 rebate, a 50 hp motor upgrade qualifies
for a $1,650 incentive, and a 100 hp motor upgrade
receives a $3,300 rebate. Rebates are even higher
for purchases of enhanced efficiency motors.

Simple payback for replacing
an operating motor, years =

new motor cost +
installation charge - utility rebate

total annual cost savings

Equation 3-9
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The following analysis for a 75-hp TEFC motor
operating at 75% of full-rated load illustrates how to
use Equations 3-5 through 3-7 to determine the cost-
effectiveness of purchasing a premium efficiency
motor to replace an operating or in-service motor.

Kilowatts saved:

kWSAVED = hp x L x 0.746 x Zo8 = 4o
EStd EPE
=75 x .75 x 0.746 x LUURTY =1.67
92 95.5

This is the constant power reduction due to use of the
premium efficiency motor during each hour of use.
Annual energy savings are obtained by multiplying by
the number of operating hours at the indicated load.

Energy saved:

kWhgavings = KWsayvep X annual operating
hours

8,000 hours x 1.67 kW

13,373 kWh/year

Annual cost savings assuming electrical utility
energy and demand charges of $0.08/kWh and
$8.00/kW-month are:

Total = kWsayep * 12 x monthly
savings demand charge + KWhgayings
x energy charge

= 1.67 x 12 x $8.00/(kW - month)
+ 13,373 x $0.08/(kWh)

$1,230 per year

For the hours of operation, and energy and demand
charges assumed in this example, installing a premium
efficiency motor reduces the utility billing by $1,230
annually for each year the premium efficiency motor
remains in operation. The simple payback for the cost
associated with the premium efficiency motor purchase
is the ratio of the total cost of purchasing and installing
the new motor to the total annual cost savings. The
cost of a 75 hp premium efficiency 1,800 RPM TEFC
motor is about $4,640, given a list price discount of
50%. An additional cost of $330 is assumed for motor
installation costs.

Simple = discounted list price
payback + installation costs
- utility rebate

total annual cost savings

$4,640 +330-0
$1,230

4.0 years

The simple payback is reduced to 2.0 years if a utility
incentive of $2,480 is available to remove the old
standard efficiency motor from the plant floor (see the
sidebar on Xcel Energy’s Motor and Drives Efficiency
program).

This example illustrates the significance of utility
incentive programs—the availability of a rebate reduces
the time required for the industry to recover its
investment in a premium efficiency motor from 4.0 to
2.0 years. Through reduced energy consumption,
premium efficiency motors can “pay for themselves” in
a short period of time. After the initial payback period,
annual savings will continue to be reflected in lower
operating costs and add to a company’s profits. A
secondary benefit occurs as the new premium
efficiency motors are covered by a warranty.

Example 3-2
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RECOMMENDATIONS FOR MOTOR PURCHASERS

When purchasing a motor, it is important to be familiar
with and use consistent sets of nomenclature and refer to
standard testing procedures. Be sure to:

* Specify premium efficiency or IEC IE3 motors when
purchasing new motors or ordering products from an
original equipment manufacturer.

* Insist all motor performance quotations are made
on the same basis (i.e., nominal efficiency, in
accordance with NEMA motor nameplate marking
standards).

Prepare specifications that identify the motor
efficiency test standard to be used to determine
motor performance.

» Compare options, as list prices and price discounts
vary. Consider purchasing all motors from a single
manufacturer at the facility and/or corporate level.

* Determine whether your electrical utility offers a
rebate or incentive program for replacing failed or
in-service standard efficiency motors.

* Obtain a premium efficiency motor with a nominal
efficiency at or near the maximum value available
within an enclosure, speed and size class. Some
utilities offer additional incentives for the purchase

Table 3-4. Value of a 1% Gain in Motor Efficiency by Motor Sizel

of “enhanced” or “above premium efficiency”
motors. For low-voltage motors, always base energy
savings estimates on nominal efficiency nameplate
values instead of “guaranteed minimum” efficiencies.

For pumps and fans that are not controlled by
adjustable speed drives, select a premium efficiency
motor with a full-load speed that is comparable to
that of the standard efficiency motor to be replaced.
Replace pulleys on belt-driven systems so that the
rotating equipment operates at its required speed.

Consider standardizing on a single enclosure type, such
as TEFC, to reduce the size of your spares inventory.

Consider replacing all older (pre-1964) U-frame
motors with premium efficiency T-frame motors
with transition or conversion bases.

Consider improving reliability through the purchase
of premium efficiency “severe duty” or IEEE-841
Petroleum and Chemical Duty motors. Process
industries often specify these motors due to their
corrosion resistance, reduced vibration, oversized
bearings, and other extreme severe duty design
features. IEEE-841 and severe duty motors tend to
have longer warranty periods than general service
premium efficiency motors.

Motor hp Rating Annual' E_nergy Sa_vings Given a Annu_aI_Cost Savings for a
1% Efficiency Gain, kWh/year 1% Efficiency Improvement

10 700 $55

25 1,685 135

50 3,290 265

75 4,865 390

100 6,490 520

150 9,635 770

200 12,765 1020

TAssumes 8,000 hours per year of operation for a fully loaded 1,800 RPM TEFC motor.
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Energy consumption and dollar savings estimates
should be based on a comparison of nominal effi-
ciencies as determined by [EEE 112 Method B for
motors operating under expected loading conditions.
Full-load motor efficiency values are available from
the motor nameplate or manufacturer’s catalog, while
part-load efficiency values can be obtained from the
manufacturer or DOE’s MotorMaster+software tool.
MotorMaster+ has sets of default efficiency values
by horsepower rating and enclosure type for standard
efficiency, energy efficient, and premium efficiency
motors. An interpolation algorithm is used within the
software tool to provide efficiency values at any part
load. MotorMaster+ also has built in life cycle costing
capability to help you determine the rate of return on
investment in the premium efficiency motor.

MAKING THE RIGHT CHOICE

Purchasing a motor is just like buying other goods and
services; compare options and seek to maximize effi-
ciency while minimizing the purchase price. It is often
possible to obtain substantial efficiency gains with-
out paying a price premium. The value of a one-point
efficiency improvement with respect to motor horse-
power is shown in Table 3-4. At an electricity price of
$.08/kWh, a single point of efficiency gain for a 50 hp
motor can result in an annual savings of as much as
3,290 kWh, worth about $265 per year.

Additional Premium Efficiency Motor
Considerations

Premium efficiency motors are available in the same
standard frame sizes as corresponding standard effi-
ciency T-frame motors. Premium efficiency motors,
however, can be longer than standard efficiency
motors. Some motor manufacturers use longer frames
(NEMA “C” dimension) to reduce losses associated
with the magnetic flux density. These motors fully
conform to all NEMA inrush current, starting, and
breakdown torque requirements. Conventional NEMA
controls and protection can be applied.

Many manufacturers claim that their premium effi-
ciency motors operate at cooler temperatures than
their standard efficiency or energy efficient counter-
parts. Heat rejection rates are always reduced when
efficiency improves. Premium efficiency motors
are generally available with Class “F” insulation.
(Temperature limits for motor insulation classes are
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discussed in detail in Chapter 6, “Motor Selection
Considerations”). Lower operating temperatures can
translate into increased motor insulation and bear-
ing life; resulting in fewer winding failures, reduced
forced outages, and longer periods between scheduled
maintenance. Premium efficiency motors typically
run cooler. Motor designers may, however, choose to
capture additional energy savings through a reduction
in cooling fan size, allowing the motor to operate at
the same or even a higher temperature than a lower
efficiency model.

Currently, there is no comprehensive database that
proves that premium efficiency motors last longer
than standard efficiency models. In fact, a study of
the expected reliability of standard efficiency, energy
efficient, and premium efficiency motors indicated
that no significant changes in failure rate or mean
time between failures should be expected.3-10 This is
because the bearing systems and bearing sizes are the
same; the winding insulation systems are of the same
thermal ratings; and the mechanical parts, with the
exception of some cooling fans, remain the same.3-10
In addition, many operating variables contribute to a
motor’s useful service life. For additional informa-
tion, see AMO Motor Systems Energy Tip Sheet #3
“Extend the Operating Life of Your Motor,” available
at www.manufacturing.energy.gov.

Secondary benefits of premium efficiency motors vary.
Based on manufacturer design practices, premium effi-
ciency motors can have higher or lower power factors
than their standard efficiency counterparts. A higher
power factor reduces in-plant distribution system losses
and possible utility power factor penalty changes.

The same manufacturing tools and methods are used
for premium and energy efficient motors. Both types
should be derated equally under conditions of voltage
unbalance. Both premium efficiency and energy effi-
cient motors are suitable for use with electronic pulse-
width modulated adjustable speed drives (ASDs) in
variable and constant torque applications. Premium
efficiency motors are often deemed “inverter ready”
or “inverter friendly.” Contact the motor manufacturer
for the allowable speed range or turndown for variable
and constant torque applications. Inverter duty motor
design features and guidance for selecting motors that
will be controlled with an ASD are provided in Chap-
ter 6, “Motor Selection Considerations.”
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PREMIUM EFFICIENCY MOTOR APPLICATION CONSIDERATIONS

PREMIUM EFFICIENCY MOTOR APPLICATION

CONSIDERATIONS

When considering a process to improve motor efficiency,
include the following steps. Several of these steps provide
an opportunity for the plant engineers or energy managers
to acquire energy efficiency improvements in a cost-effec-
tive manner.

* Develop a motor inventory and tracking system (see the
“Conducting a Motor Survey” chapter in Continuous
Energy Improvement for Motor-Driven Systems).

» Develop a new motor purchase policy.

Conduct failure analyses to determine the root cause
of failures, correct system issues, and replace
“problem” motors (e.g., motors that frequently fail
and must be sent out for repair) with motor designs
better suited for the application.

* Determine which in-service standard efficiency
motors should be replaced immediately with premium
efficiency units based on cost-effectiveness criteria.

Identify which standard efficiency motors should be
replaced with premium efficiency units when they fail.
Consider developing “horsepower breakpoint” charts
for 3,600, 1,800, and 1,200 RPM motors.

* Adopt model motor repair standards such as ANSI/
EASA AR100 - 2010 “Recommended Practice for
the Repair of Rotating Electrical Apparatus.”

Establish a premium efficiency motor-ready
(PEM-Ready) spares inventory.

For additional information about the motor efficiency
improvement planning process, see the “Motor Efficiency
Improvement Planning” chapter of AMO’s Continuous
Energy Improvement for Motor-Driven Systems.

New Motor Purchases

Motors must be specified when new plants are built, when
processes are expanded, or when rotating equipment pack-
ages are ordered. EISA imposes mandatory minimum full-
load efficiency standards for most general purpose motors
in the 1 to 200 hp size range (for additional information,
see Chapter 2, “Premium Efficiency Motor Performance”).
The result is that motors sold in or imported into the
United States must already meet or exceed the NEMA
Premium® efficiency motor performance standards.

4-2 |

This requirement extends to foot-mounted motors with
speeds of 3,600, 1,800, and 1,200 RPM and with ODP,
TEFC, and EXPL enclosures.

EISA also requires that general purpose motors with
ratings between 201 hp and 500 hp must have a full-

load efficiency that meets or exceeds the NEMA Energy
Efficient motor standards. In addition, 1 hp to 200 hp
U-frame, Design C, close-coupled pump, footless (C-face
and D-flange), 900 RPM, vertical shaft normal-thrust, fire
pump, and motors designed to operate on utilization volt-
ages of 200 V and 575 V must meet or exceed the energy
efficient motor standards. While premium efficiency
motors are available in most of these ratings and configu-
rations, purchasing these motors is voluntary.

When considering a new motor purchase for motors

that exceed 200 hp or for some types of special or defi-
nite purpose motors, two choices exist: a less expensive
energy efficient motor or a more costly premium effi-
ciency model. The incremental cost to purchase a premium
efficiency motor over an energy efficient motor is equal to
the difference in purchase prices. Installation costs are the
same for both motors.

Given an efficiency of 95.5% and an electrical rate of
$0.08 per kWh, a 250-hp energy efficient motor purchased
for $13,500 and operated 8,000 hours per year at 75% of
full-rated load will consume about $93,740 worth of elec-
tricity each year. During a typical 25-year motor operat-
ing life, the total electrical bill for operating this motor,
neglecting electrical energy cost inflation, would exceed
$2.3 million—more than 170 times the initial purchase
price of the motor.

Consider a motor purchase policy that requires all new low
and medium voltage motors in the 1 to 500 hp size range
meet the NEMA Premium Efficiency Motor Standards.
Premium efficiency motors should be specified when
ordering equipment from motor manufacturers or distribu-
tors, from OEMs, or for all imported equipment or process
trains.

While the improvement in efficiency associated with the
purchase of a premium efficiency motor is typically only
1% to 3%, the incremental cost of the premium efficiency
motor can often be rapidly recovered. This is because the

Premium Efficiency Motor Selection and Application Guide
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Table 4-1. New Motor Purchase: Annual Energy Savings versus Motor Rating

75% Load Motor Efficiency (%)

Motor
Rating, hp
Energy Efficient

Motor Motor
10 89.3 922
25 93.2 93.8
50 93.6 95.0
100 94.6 95.3
200 95.5 96.2
250 95.5 96.2
300 95.6 96.2
350 95.4 96.6
450 95.0 96.1
500 95.5 96.1

Premium Efficiency

Annual Savings from Use of a Premium

Efficiency Motor

Annual Energy Annual Dollar

Savings,! kWh/year Savings,! $/year
1,580 $126
768 $61
3,525 $282
3,475 $278
6,820 $546
8,526 $682
8,760 $701
19,710 $1,577
23,600 $1,888
14,630 $1,170

1Based on purchase of an 1,800 RPM, TEFC motor with 8,000 hours per year of operation, 75% load, and an electrical rate of $0.08/kWh.

price premium is often less than anticipated, while the
ratio of the motor’s annual operating cost to its initial pur-
chase price is quite high.

Energy and dollar savings depend on motor size and the
gain in efficiency of a new premium efficient motor over
the energy efficient unit. In the scenario of a new motor
purchase, Table 4-1 shows the annual energy and dollar
savings from the selection and use of a premium effi-
ciency, rather than an energy efficient motor model. Dollar
savings are based on an average energy rate of $0.08/kWh.
The performance gain for the premium efficient motor is
based on the difference between the average efficiency at
the 75% load point for all premium efficiency motors on
the market, compared with the average efficiency at the
same load point for energy efficient models.

Although the energy and dollar savings associated with
buying a premium efficiency motor can be impressive in
many applications, selecting the premium efficiency unit

is not always appropriate. Motors that are lightly loaded or
infrequently used, such as motors driving control valves,
may not consume enough electricity to make the premium
efficiency model cost-effective. Remember, for a motor
operating under a constant load, the electricity savings
associated with efficiency improvement is directly propor-
tional to hours of operation. Special and definite purpose
motors may carry a substantial price premium or may not
be available in premium efficiency models.

Motor Failure and Repair/
Replace Decision-Making

Motor service lifetimes can be extensive, typically
exceeding 10 years when the units are properly matched
to their driven loads and operated under design power
supply conditions. Eventually, however, even the best
maintained motors require repair. Historically, the largest
causes of motor failure have been bearing related, due to
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overloading caused by improperly matching motors to the
load or due to operating motors under conditions of volt-

PREMIUM EFFICIENCY MOTOR APPLICATION CONSIDERATIONS

When analyzing costs for this scenario, motor installation
labor costs are not considered, as the failed motor must be

age unbalance. Causes of failure include:4-1, 4-2 removed and reinstalled anyway.

* Bearing failure The decision of whether to purchase a premium efficiency

motor or repair a failed standard efficiency motor depends
on factors including the repair cost, expected rewind
losses (if any), new premium efficiency motor purchase
price and list price discount, motor size and original
efficiency, motor load, annual operating hours, electricity
price, availability of a utility rebate or other incentive,
and maximum allowable simple payback criteria. Assum-
ing that the failed motor can be economically repaired,

¢ Contamination

- Moisture

Oil and grease

Chemical

- Chips and dust
* Single phasing
* Overloading

e Normal insulation deterioration

SHAW INDUSTRIES
MOTOR PURCHASE AND
REPLACEMENT POLICY

* Misuse
» Misapplication/unsuitable for environment

» Unbalanced or incorrect voltage

Carpet manufacturer Shaw Industries has
established a formal motor purchase and
replacement policy. The policy calls for replacing all
AC motors smaller than 20 hp with premium
efficiency motors when the windings fail. If only the
bearings fail, then the motor is repaired, unless the
plant engineer deems that it is necessary to replace
the motor for other reasons.4-4

* Misalignment/vibration

» Poor maintenance practices.

Unlike the case of an initial motor purchase, where the
decision is between an energy efficient and premium
efficiency motor, the case of a motor failure produces
three options: repairing the failed motor, purchasing a
new energy efficient motor (where allowed under EISA),
or purchasing a premium efficiency replacement motor.

1,800 RPM — Repair Versus New Motor Cost
$4,000

$3,500

$3,000

B Repair Cost

$2,500 ® Premium Motor Cost
5

Cost

$2,000
$1,500
$1,000

$500

$0
5 7.5 10 15 20 25 30 40 50 60 75
Horsepower

Figure 4-1. Motor repair (bearing replacement plus rewinding) and new premium efficiency motor costs (for 1,800 RPM TEFC
motors, 2011 prices)
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the baseline or lowest initial cost approach often is to
overhaul the motor and replace bearings or to replace bear-
ings and rewind the motor to its original specifications.

Industries often pay more to repair smaller general pur-
pose standard efficiency motors than they would pay to
purchase new premium efficiency motors. Figure 4-1
shows that the repair cost for motors 25 hp and below

is equivalent to or exceeds the cost of a new premium
efficiency motor. For the set of cost quotations used to
construct Figure 4-1, general purpose motors 25 hp and
below should a/ways be replaced when they need to be
rewound, regardless of their annual operating hours. Pre-
mium efficiency motors generally carry a 15% repair cost
adder. Even if a small operating premium efficiency motor
requires rewinding, if it is not under warranty, it should be
replaced with another premium efficiency motor, rather
than be repaired. One recommendation is to repair only
larger motors and smaller special or definite purpose
motors that carry a significant price premium. The best
approach is to obtain price quotations for both the repair
and a new premium efficiency replacement motor and then
perform a cost-effectiveness analysis.

Some industries determine a “horsepower breakpoint” that
is used to establish and simplify their motor replacement
policies. Motors larger than the breakpoint horsepower
rating are typically repaired and returned to service when

450 ODP ($0.04/kWh)
— ODP ($0.12/kWh)

— TEFC ($0.04/kWh)
250 — TEFC ($0.12/kWh)

400

300

250

200

Motor Rating (Hp)

they fail; motors smaller than the breakpoint horsepower
rating are recycled and replaced with a new premium effi-
ciency motor.4-3

Many process industries that operate around the clock
have established a breakpoint of 50 hp based on cost-
effectiveness criteria. The Advanced Energy website pro-
vides a tool for determining the horsepower breakpoint,
available at www.advancedenergy.org/portal/hp_break-
point_tool/. A sample breakpoint chart for motors with
ODP and TEFC enclosures is provided in Figure 4-2. The
breakpoint horsepower varies considerably based upon
utility rate, enclosure type, and motor load. The analysis
is also extremely sensitive to repair costs, the list price
discount given by the motor distributor to the motor
purchaser, and the facility’s simple payback criteria for
cost-effective investments. Part-load efficiency values
for motors of differing efficiency classes can be found in
Appendix A or the MotorMaster+ software tool.

To analyze the cost-effectiveness of whether it makes
the most sense to repair or replace any motor or group
of motors in a plant, it is important not to rely only on
“rules of thumb” or breakpoint charts prepared by oth-
ers. The original standard motor efficiency should not
be degraded if a plant ensures that past and prospec-
tive rewinds comply with al// motor repair best practices.
Determine the annual energy and cost savings by using

I I I
0 1,000 2,000 3,000

|
4,000

1 1 1 1
5,000 6,000 7,000 8,000

Figure 4-2. Horsepower breakpoint for replacing a failed motor with a premium efficiency motor

Annual Operating Hours
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Table 4-2. Repair versus Replace: Annual Energy and Cost Savings versus Motor Rating

75% Load Motor Efficiency (%) Annual Savings from Use of a

Premium Efficiency Motor

Motor
Rating, hp

Standard Premium Annual Energy Annual Dollar
Efficiency Motor! Efficiency Motor Savings,2 kWh/year Savings,2 $/year
10 86.7 922 3,105 $248
25 89.9 93.8 5,160 $410
50 91.6 95.0 8,630 $690
100 92.2 95.3 15,680 $1,255
200 93.3 96.2 29,350 $2,350

The efficiency of a typical or generic standard efficiency motor at the 75% load point (from MotorMaster+). A quality repair will result in no additional
motor losses.

2Based on purchase of an 1,800 RPM, TEFC premium efficiency motor with 8,000 hours per year of operation, 75% load, and an electrical rate of $0.08/kWh.

the MotorMaster+ Compare module’s rewind scenario or

entering the appropriate premium efficiency motor perfor-
mance, operating hours, electricity price, and motor load THE COST OF MOTOR
into Equations 3-8 through 3-12. The incremental cost of INEFFICIENCY

procuring a premium efficiency unit is the quoted price for
the new motor less the repair price and any utility rebate.
The simple payback for a premium efficiency motor is the
incremental cost divided by the value of the total annual
efficiency benefits.

A motor energy assessment at a Kraft pulp mill
found 48 in-service 200 hp motors, 21 of which
were of standard efficiency design. Field
measurements indicate an average or typical motor
load of 70%. This is an attractive energy efficiency
opportunity, because replacing these motors with
premium efficiency models could result in a
significant annual energy savings. The mill also had
31 standard efficiency 150 hp motors and six
standard efficiency 250 hp motors that operated
more than 6,520 hours per year.

Table 4-2 provides the annual energy and dollar savings
given that an old in-service standard efficiency motor is
replaced with a premium efficiency model instead of being
repaired upon failure. Dollar savings are based upon an
average energy rate of $0.8/kWh. The performance gain
for the premium efficient motor is based on the difference

between the average efficiency at the 75% load point for Not taking recommended motor efficiency

all premium efficient motors on the market as compared to improvement actions is a decision to continue

the average efficiency at the same load point for a typi- operating the low efficiency motors. By installing a

cal standard efficiency unit. Efficiency values at the motor single premium efficiency 200 hp motor, the plant

load points are taken from the MotorMaster+ motor part- energy manager would be able to reduce annual

load performance default tables. energy use by 28,550 kWh while saving $1,790 in
utility costs.

Refer to Chapter 7, “Motor Efficiency Improvement Plan-
ning,” of Continuous Energy Improvement for Motor-
Driven Systems publication for additional information

on establishing an energy management program, repair/
replace decision-making, and recommendations for estab-
lishing a premium efficiency-ready spares inventory.
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Motor Repair Best Practices

For motor repairs, rewinding is often the best decision. To
improve the likelihood of a good outcome, keep complete
records on your motor and provide them to the repair
service center. Service centers often cannot get complete
specifications from manufacturers, and therefore, must
“reverse engineer’” motors, counting winding turns, noting
slot patterns, and measuring wire size before removing
old windings. In some cases, a motor has failed repeatedly
because of a previous nonstandard rewind. In such a case,
failure may occur again unless the service center knows
the motor is a “repeat offender,” diagnoses the problem,
and rewinds the motor to original specifications. Some-
times, a motor is subjected to unusual service conditions,
such as frequent starts, a hot and dirty environment, or low
voltage. Most service centers know how to modify origi-
nal specifications to adjust for such conditions. In the case
of a motor that has failed repeatedly, perform a root cause
failure analysis before repairing or replacing the motor.

When the decision is made to repair a motor, it should be
rewound with the same (or larger) winding wire cross-sec-
tional area and configuration. If a service center reduces
the overall wire cross sectional area, stator resistance or
I2R losses will increase, resulting in decreased efficiency.
Because some older U-frame motors were built with
windings that did not fill the slots, it may be possible to
perform a rewind that increases the efficiency of the motor
slightly by adding more copper to reduce I2R losses.4-5 If
the original unit was wound with aluminum wire, the best
practice is to replace it with copper, which also reduces
I2R losses.4-6

Maintaining the original winding pattern is also critical.
While a decrease in the number of turns in a stator wind-
ing increases the magnetic strength, it also shifts the point
at which the motor’s peak efficiency occurs toward higher
loads and increases the motor’s starting current, locked
rotor, and maximum torque. A change from ten to nine
turns will increase the starting current by 23%, which can
cause problems in the electrical distribution and motor
protection systems.4-7

Burnout oven practices are also important to understand.
In a typical rewind, the stator is heated to a temperature
high enough to thermally degrade its winding insulation.
The windings are then removed and replaced.+-8 In the
past, some service centers did not recognize that organic
core insulation could not withstand higher oven tem-
peratures. In the early 1990s, EASA made the industry
aware that organic cores should not be oven processed at

Premium Efficiency Motor Selection and Application Guide

a temperature above 700°F. EASA/ ANSI service rec-
ommended practices should be followed on all motor
rewinds.

For standard, energy efficient, and premium efficiency
motors, the service center should follow the motor manu-
facturers’ recommended burnout temperature specifica-
tions. When stripping out the old windings, it is essential
to keep the stator core below 700°F. If the stator core gets
too hot, the insulation between the stator laminations will
break down if it is organic (but will not be affected if it is
inorganic), increasing eddy current losses and lowering
the motor’s operating efficiency. After being damaged, the
lamination insulation cannot be repaired, and the effi-
ciency loss cannot be restored without undergoing a major
repair, such as restacking the iron.4-6, 4-8

Insulation removal techniques vary among service centers.
Be sure to investigate these techniques prior to deciding
where to have the motor rewound. Always choose a ser-
vice center with a controlled temperature winding burnout
oven to minimize core loss. Most service centers have
core loss testers and should perform core loss tests prior to
stripping to determine if motors can be repaired economi-
cally. Best practices for repairing include:

 Using proper methods of cleaning

* Duplicating (or improving) original winding

* Installing class F or better insulation

 Using phase insulation between all phase junctions

* Using tie and blocking methods to ensure mechanical
stability

* Brazing, rather than crimping, connections
* Using proper lead wire and connection lugs

» Applying a proper varnish treatment.

As motor design characteristics (such as slot geometry and
configuration), failure modes, rewind practices, materi-

als specifications, and treatments vary, it is impossible to
identify a “typical” rewind cost for a motor with a given
horsepower, speed, and enclosure. Costs also vary region-
ally. Default costs for motor stator rewinds plus new
bearings are provided in the MotorMaster+ software tool.
A pricing guide used by the service centers themselves is
Vaughen's Complete Price Guide (available from Vaugh-
en’s Price Publishing).

Some repaired motors exhibit increased efficiency losses
due to factors including core damage at failure or dur-
ing stripping, downsizing wire cross sectional area, errors
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or improper modifications of winding pattern, and use of
higher friction bearing seals. An increase in losses is likely
to cause early failure from overheating.

Motor efficiency losses after rewinds can be minimized

or eliminated by following model repair best practices.
Dynamometer tests conducted by independent testing lab-
oratories indicate that new motors, when properly stripped
and rewound, can be restored to their original efficiency.
The most comprehensive study of repair losses is the 2003
EASA/United Kingdom Association of Electrical and
Mechanical Trades (AEMT) report, The Effect of Repair/
Rewinding on Motor Efficiency.49 The study examined 23
motors ranging in size from 50 hp to 300 hp. A subgroup
of motors was tested, intentionally failed, then repaired
with no specific control on stripping or rewind practices.
When retested, these damaged motors had an average effi-
ciency loss of (-)0.3% to (-)1.0%. The average efficiency
change was (-)0.6%, corrected to (-)0.4% after accounting
for overlubrication. When a second group of motors was
failed and then repaired with best practices controls used
during the rewind process, the average efficiency change
was only (-)0.1% (ranging from (+)0.2% to (-)0.7%.4-°

Always ensure that the service center follows the ANSI/
EASA Standard AR100-2010 Recommended Practice

for the Repair of Rotating Electrical Apparatus. 4-10 This
standard outlines repair practices, testing procedures,
tolerances, and reporting requirements that are designed

to provide a rewind of the highest quality. When select-
ing a service center, also refer to the AMO’s Model Repair
Specifications for Low-Voltage Induction Motors and use
the Service Center Evaluation Guide.4-10,4-11

Following are several rules of thumb for rewinding:

» Always use a qualified service center. Look for an
International Organization for Standardization (ISO)
9000 or EASA-Q based quality assurance program,
cleanliness, good record keeping, and evidence of
frequent equipment calibration. A quality rewind
will maintain the original motor efficiency. However,
if a motor core has been damaged, significant losses
can occur.

* Motors less than 40 hp in size and more than 15
years old often have efficiencies significantly lower
than currently available premium efficiency models.
It is often best to replace them when a rewind is
required. It is almost always best to replace non-
specialty motors under 20 hp to 25 hp because the
repair cost may exceed the cost of a new premium
efficiency motor.

4-8 |
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* If the repair cost exceeds 60% to 65% of a new
premium efficiency motor price, buy a new motor.
Increased reliability, warranty availability, and
reduced operating costs should quickly recover the
price premium.

Immediate Replacement of
Operable Standard Efficiency
Motors

A motor retrofit occurs when an existing, operable stan-
dard efficiency motor is replaced with a premium effi-
ciency motor to begin saving energy immediately. For this
scenario, the cost of replacement is the full purchase price
for the new motor, minus any utility rebate and the salvage
value for the motor to be replaced. An installation cost

is also levied. No downtime or loss of production costs

is incurred because it is assumed that the retrofit can be
scheduled during a periodic maintenance shutdown. The
entire cost of purchasing and installing the premium motor
must be returned within an allowable payback period
through the energy savings achieved through motor effi-
ciency improvements.

Based solely on energy savings, most industrial plants
would not find it cost-effective to retrofit operable stan-
dard efficiency motors with premium efficiency units.
When considering average standard and premium effi-
ciency motor efficiencies at the 75% load point, simple
paybacks exceed four years for 50 hp to 200 hp 1,800
RPM TEFC motors. It is assumed that these motors oper-
ate continuously with an electricity price of $.08/kWh. A
50% new motor list price discount factor is also assumed.
Immediate replacement of operable standard efficiency
motors may be appropriate when:

+ Incentives are available through a utility energy
efficiency program to partially offset the purchase
price of the new premium efficiency motor.

« Utility rates are high.

* The standard efficiency motor is known to be
degraded or predictive maintenance tests indicate the
motor is approaching the end of its useful life.

* Maintenance or condition assessment staff attempt
to improve plant reliability and productivity by
replacing “problem” motors (i.e., those with a history
of frequent or repeated failures). Conduct failure
analyses to determine the root cause of the failure,
correct system issues, and replace these motors with
designs better suited for the application. Without
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Table 4-3. Motor Downsizing versus Efficiency Class of the Replacement Motor

Motor Standard Efficiency Motor

Rating, hp
Efficiency at Load
Point, % SIERE
20 86.2 6.92
15 86.2 6.92
10 86.5 6.90

correcting the root cause of the failures, the problem
causing the continued failures may be passed along to
the new premium efficiency motor.

* Plant staff are attempting to consolidate their spares
inventory and obtain energy savings by replacing old
(pre-1964) U-frame motors.

* The standard efficiency motor is oversized and
operating with less than 50% load.

* The facility allows for cost recovery over an extended
time period. Note that most federal government and
state and local government facilities fund efficiency
projects with up to a 10-year simple payback period.

Oversized and Underloaded
Motors

Motors rarely operate at their full-load point. Field tests
at multiple industrial plants indicate that, on the aver-
age, motors operate at 60% to 70% of their rated load.4-13
Motors driving supply or return air fans in heating, ven-
tilating, and air conditioning (HVAC) systems generally
operate at 70% to 75% of rated load.4-13 Field measure-
ments taken of 324 motors at a shipyard indicate an aver-
age loading of 67%.4-15.4-16

A persistent myth is that oversized motors, especially
motors operating below 50% of rated load, are never effi-
cient and should immediately be replaced with appropri-
ately sized units. In truth, many motors are as efficient

at 50% load as they are at full load. The information
required to complete an accurate assessment of energy
savings from resizing includes: the load on the motor; the

Motor Oversizing: 40% Load on a 20-hp Motor

Premium Efficiency Motor

Efficiency at Load

Point, % ERH
91.9 6.49
925 6.45
9211 6.48

operating efficiency of the motor at that load point; the
full-load speed of the motor to be replaced; and the full-
load speed of the downsized replacement motor. With this
information, MotorMaster+ or Equations 3-5 through 3-9
can be used to determine the simple payback for various
motor replacement options.

Table 4-3 summarizes the energy savings due to replacing
in-service 40% loaded 20-hp standard efficiency motors
with downsized standard and premium efficiency motors
of different horsepower ratings. The analysis accounts for
the motor efficiency at the load point for all of the replace-
ment motor choices.

Table 4-3 shows that when a 20-hp standard efficiency
motor is replaced with a 10-hp standard efficiency motor
from the spares inventory, there is no reduction in input
power requirements and no energy savings. If a 20-hp
standard efficiency motor is replaced with a similarly
sized or downsized premium efficiency motor, the reduc-
tion in electrical demand is about 0.4 kW. Energy savings
are gained by replacing the old standard efficiency motor
with a premium efficiency motor, not by the motor down-
sizing itself.

A smaller premium efficiency replacement motor costs
less, but remember that downsizing and changing frame
sizes may require an adapter plate or conversion base to
compensate for the difference in mounting bolt hole loca-
tions and align the motor shaft with the driven-equipment
shaft. Additional costs will be incurred from changing
frame sizes; replacing couplings or half couplings; and
modifying or changing controls, overcurrent protection
(breakers), and heaters.4-14 In some cases, load inertia may
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require maintaining the original motor power rating;
in these cases, a smaller replacement motor may not be
able to start the rotating equipment successfully.

Industries operate oversized motors for a number of
reasons:4-17, 4-18

» To prevent motor failure in critical processes.
Oversized and lightly loaded motors will run cooler, as
their heat rejection system is designed to remove heat
produced when the motor is fully loaded. Bearings
that are oversized relative to the loads imposed upon
them should also provide an extended service life.

* When plant personnel do not know the actual load,
and thus, select a larger motor than necessary when
sizing for the largest expected load.

* To build in the capability to accommodate future
increases in production.

* To ensure that the unit has ample power to handle
load fluctuations.

¢ When an oversized motor has been selected for
equipment loads that have not materialized.

* When process requirements have been reduced
and pumps sized for those requirements are operating
with partially closed throttling valves or when fans
operate with inlet guide vanes or discharge dampers
partially closed.

* To operate under adverse conditions such as voltage
unbalance or high ambient temperatures.

» To provide the high locked rotor or startup torque
required by high inertia loads.

* To eliminate the requirement to stock motors of
multiple sizes.

The cost penalties associated with using a substantially
oversized motor can include:4-18

* A higher motor purchase price

¢ Increased electrical supply equipment cost due
to increased kilovolt-ampere (kVA) and reactive
(kVAR) requirements

¢ Increased energy costs due to decreased part-load
efficiency

e Power factor penalties

» Larger motor starter and contactor sizes.

4-10 |
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Replacing significantly underloaded motors with smaller
premium efficiency motors improves system efficiency.4-17
Be sure, however, to fully understand the characteristics of
the driven load and of alternative motors before replacing
existing motors.

For example, with a variable load, such as a variable air
volume HVAC system, the motor must be sized to oper-
ate under fully loaded conditions. Inlet vanes or other
throttling devices must be set at “full open” so efficiency
and load factor measurements can be taken at maximum
load. Worn belts and pulleys can result in a reduced load
being applied to the motor, giving the impression that it is
underloaded. To eliminate this problem, replace worn belts
or pulleys before performing load and efficiency tests.4-19
Load types include:4-7

 Continuously running constant loads
 Continuously operating with intermittent loading
* Variable loads

* Cyclic loads.

Motors should be selected based on startup, or locked
rotor, pull up, breakdown, and full load torque require-
ments. Consider changing out oversized and underloaded
motors for applications involving continuously operat-
ing motors under steady load conditions and for motors
driving loads with low startup torque requirements, such
as centrifugal fans and pumps. Downsizing is not recom-
mended for motors driving conveyors or crushers as over-
sizing may be required to account for high startup torque,
transient loads, or abnormal operating conditions.

As a general rule, motors that are undersized and over-
loaded have a reduced life expectancy with a greater
probability of unanticipated downtime and loss of pro-
duction. On the other hand, in-service standard efficiency
motors that are oversized and lightly loaded should have
an extended operating life or increased mean time between
failures, but may suffer both efficiency and power factor
reduction penalties.

Efficiency Gains and Motor
Operating Speed

A motor’s rotor must turn slower than the rotating mag-
netic field in the stator to induce an electrical current in
the rotor conductor bars, and thus, produce torque. Rotor
speed decreases when the load on the motor increases.
As the rotating magnetic field cuts the conductor bars at a
higher rate, the current in the bars increases, enabling the

Premium Efficiency Motor Selection and Application Guide



CHAPTER 4 PREMIUM EFFICIENCY MOTOR APPLICATION CONSIDERATIONS

1,800
- e
S L AT
1,780 - F .
°
1)
S 1760
()
°
©
S
= 1,740
=]
(s
1,720 - 1 . B Energy Efficient Motors
Standard Motors
1,700
] ] ] ] ] ] ] ] ]
1 2 5 10 20 50 100 200 500

Horsepower; All Four-Pole Motors

Figure 4-3. Full-load speed characteristics of standard and energy efficient motors

motor to withstand the higher loading. Motors with slip
greater than 5% are sometimes specified for high inertia
and high torque applications.4-20

NEMA Design B motors deliver a starting torque that is
150% of full load or rated torque and run with a slip of

no more than 3% to 5% at rated load.4-19 Premium and
energy efficient motors, however, are usually “stiffer” than
equivalently sized standard efficiency motors and tend to
operate at a slightly higher full-load speed. This character-
istic is illustrated in Figure 4-3, which shows the full-load
speed for 1,800 RPM standard and energy efficient motors
of various horsepower ratings. Larger energy efficient
motors rotate only 5 to 10 RPM faster than standard
efficiency models. The speed range for smaller motors,

Table 4-4. Fan Laws/Affinity Laws

CFM,/CFM, = RPM,/RPM;
Air flow in cubic feet per minute (cfm)
varies linearly with fan speed (RPM).

Law #1

P,/P; = [RPM,/RPM;]2
Pressure (P) varies as the square
of the fan speed (RPM).

Law #2

HP,/HP; = [RPM,/RPM;]3
hp varies as the cube or third power
of fan speed (RPM).

Law #3

however, can exceed 40 RPM. Full-load speed for the
existing motor can be extracted from the motor nameplate
while speed characteristics for new motors are found in
manufacturer’s catalogs.

Slip and operating speed are dependent upon applied load.
The percentage load imposed upon a motor is, in turn,
dependent on its size. For example, a 25% loaded 100-hp
motor could be replaced with a 50-hp motor loaded

to approximately 50%: a 62.5% loaded 40-hp motor; an
83% loaded 30-hp motor, or a fully loaded 25-hp motor.

MOTORMASTER+
COMPARE MODULE

The AMO’s MotorMaster+ software tool’s Compare
module automatically adjusts the loading on a
premium efficiency motor when that motor is
driving a centrifugal load. To enable this load
adjustment, provide the load on the existing motor
and enter the full-load speeds for both the lower
efficiency and premium efficiency motor models.
Then click on the Centrifugal checkbox.

The Compare module also adjusts the load when
you are comparing motors of different horsepower
ratings, again accounting for a centrifugal speed/
load correction factor.
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Table 4-5. Motor Load versus Full-Load Speed (Original Motor Load is 70% Loaded)

Replacement Motor Full-Load Speed, RPM

Original Motor

Full-Load
Speed, RPM 1,755 1,760 1,765 1,770 1,775 1,780
1,750 70.4 70.8 712 716 72.0 725
1,755 70 70.4 70.8 71.2 716 72.0
1,760 69.6 70 70.4 70.8 712 716
1,765 69.2 69.6 70 70.4 70.8 71.2
1,770 69.2 69.6 70 70.4 70.8
1,775 68.8 69.2 69.6 70 70.4

Table 4-6. Efficiency by Class at Full and Part-Load (1,800 RPM, TEFC Motors)

Motor Efficiency, %!
Efficiency

Class

Full-Load 75% Load 50% Load 25% Load

Premium 96.2 96.2 954 93.1

200
Standard 93.3 93.3 92.0 86.3
Premium 95.4 95.3 94.3 91.0

100
Standard 92.3 92.2 91.2 86.2
Premium 94.7 95.0 94.6 92.6

50
Standard 91.3 91.6 90.9 84.1
Premium 93.6 93.8 93.3 90.2

25
Standard 89.3 89.9 88.8 821
Premium 89.7 90.1 89.5 85.7

5
Standard 83.3 84.0 82.0 71.2

1 Default efficiency values are extracted from the AMO’s MotorMaster+ software tool.
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Figure 4-5. Motor power factor as a function of percent full-load amperage

As the load on a motor is progressively increased, it driven equipment and in energy consumption. The “fan
begins to rotate slower until, when fully loaded, opera- laws” or “affinity laws,” indicated in Table 4-4, show that
tion occurs at the full-load speed. Oversized and lightly the horsepower loading on a motor varies as the third
loaded motors tend to operate at speeds that approach power (cube) of its rotational speed. In contrast, the quan-
synchronous. tity of air or fluid delivered varies linearly with speed.4-21, 4-22
For centrifugal loads, even a minor change in the motor’s As shown in Table 4-5, a relatively minor 10-RPM
full-load speed translates to a significant change in the increase in a motor’s rotational speed, from 1,750 to 1,760
magnitude of the load imposed upon the motor by the RPM, results in a 0.8% increase in the load placed upon
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the motor by the rotating equipment. A 20-RPM speed
increase will increase air or fluid flow by only 1.1%, but
can boost power requirements by about 2.3%, far exceed-
ing any efficiency advantages expected from purchase

of a higher efficiency motor. Predicted energy savings
may not materialize; in fact, energy consumption could
increase. This reduction in expected energy savings is
greatest in closed-loop systems, such as a circulating water
loop system. In an open loop “time sensitive” application,
such as filling a tank, the increase in required power is
partially offset by completing the operation in less time.
An increase in flow rate and energy consumption dimin-
ishes savings when the additional air or liquid flow is not
needed or useful, but can be beneficial if the original flow
was inadequate for meeting process requirements.

The increase in motor load due to a speed increase is
dependent upon the full-load speed of the original motor,
the load imposed upon the original motor by the driven
equipment, and the full-load speed of the replacement
motor. Table 4-5 illustrates how load varies with respect
to replacement motor full-load speed for a motor that is
initially 70% loaded.

Always be aware of the sensitivity of load and energy
requirements to rated motor speed. Replacing a standard
efficiency motor with a premium efficiency motor in a
centrifugal pump or fan application will result in reduced
energy savings when the premium efficiency motor drives
the rotating equipment at a higher speed. A standard effi-
ciency motor with a rated full-load speed of 1,770 RPM
should be replaced with a premium efficiency unit of
similar speed to capture the full energy efficiency benefits
associated with a high-efficiency motor retrofit.

Change sheave or pulley sizes with belt-driven equipment
or trim pump impellers so the rotating equipment operates
at its design conditions. An increase in replacement motor
full-load speed does not have a significant impact when
the motor is controlled by a variable speed drive.

Motor Efficiency at Full and
Part Load

The efficiency of standard, energy efficient, and premium
efficiency motors typically peaks near 75% of full load
and is relatively constant down to the 50% load point. Pre-
mium efficiency motors in the larger size ranges can oper-
ate with reasonable efficiency when supplying only 25%
of rated load. Efficiency values at partial load points are

4-14 |
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given for premium and standard efficiency motor models
of various sizes in Table 4-6. No efficiency standards per-
tain to part load operation. For applications requiring sig-
nificant utilization at less than 75% load, consult Motor-
Master+ or manufacturer’s data for part-load efficiencies
of alternative motors.

Table 4-7 shows several additional trends. Larger motors
exhibit higher full- and partial-load efficiency values, with
the efficiency decline below the 50% load point occurring
more rapidly for the standard efficiency and the smaller
size motors. As long as a motor is operating above 50%
of rated load, the efficiency does not vary significantly.
Power factor declines sharply when a motor is oper-

ated below 65% of full-load amperage, especially in the
smaller horsepower size ranges. Typical part-load motor
efficiency and power factor characteristics are indicated in
Figures 4-4 and 4-5.

It is best to operate an induction motor at 65% to 95% of
full-rated load. Optimal savings will occur when the motor
is properly matched to the work it must perform.

Use MotorMaster+ to Conduct
Analyses of Motor Repair or
Oversized Motor Replacement
Opportunities

The MotorMaster+ Compare module was specifically cre-
ated to simplify the analysis of energy savings due to new
motor purchases, motor rewinds, or oversized and under-
loaded motor replacement actions. MotorMaster+ contains
default full, 75%, 50%, and 25% load efficiency values
for premium, energy efficient, and old standard efficiency
motors, plus performance data for many currently avail-
able motors. An oversized motor replacement analysis can
be made easily with MotorMaster+ interpolating to deter-
mine the efficiency at the appropriate load point for the
new downsized motor. The tool automatically incorporates
default rewind costs or equipment and installation cost
data for the replacement motor.

MotorMaster+ contains a speed/correction algorithm that
automatically calculates any increase or decrease in load
due to load/slip relationships when the nameplate full-
load speed of the motor to be replaced and the replace-
ment motor are available. The tool considers speed change
effects when determining annual energy and dollar savings
from investing in a new premium efficiency motor.
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MOTOR PERFORMANCE UNDER USUAL AND ABNORMAL OPERATING CONDITIONS

MOTOR PERFORMANCE UNDER USUAL AND
ABNORMAL OPERATING CONDITIONS

Motors must be properly selected according to known
service conditions. Usual service conditions, defined in
NEMA standards publication MG 1-2011 Motors and
Generators, include:5-1

» Exposure to an ambient temperature between 0°C
and 40°C

* Installation in areas or enclosures that do not seriously

interfere with the ventilation of the machine

* Operation within a tolerance of £10% of rated voltage

¢ Altitude not above 3,300 feet

* Operation within a tolerance of +5% of rated
frequency

» Operation with a voltage unbalance of 1% or less

 Full voltage across-the-line starting (not used with
a soft starter or adjustable speed drive).

Unusual service conditions may affect the construction
or operation of the motor. These conditions include:

» Exposure to:

Combustible, explosive, abrasive, or
conducting dusts

Lint or very dirty operating conditions where
the accumulation of dirt may interfere with
normal ventilation

Chemical fumes, flammable, or explosive gases
Nuclear radiation

Steam, salt-laden air, or oil vapors

Damp or very dry locations

Abnormal shock, vibrations, or mechanical
loading from external sources

Abnormal axial or side thrust imposed on the
motor shaft.

* Operation in which:

5-2 |

There is excessive departure from rated voltage
or frequency

The supply voltage deviation exceeds 10%

Voltage unbalance exceeds 1%

- Low noise levels are required

- The power system is not grounded.

 Operation above the motor’s highest rated speed

* Operation in a poorly ventilated room, pit, or an
inclined position

* Operation when subject to torsional impact loads
or repetitive overloads

* Operation with:
- Reversing or electric braking
- Frequent starting

- Out-of-phase bus transfer

Frequent short circuits.

* Operation at standstill with any winding
continuously energized.

Operation under unusual service conditions can result

in efficiency losses and the consumption of additional
energy. The efficiency and useful life of both standard and
premium efficiency motors can be reduced by operating
in a high ambient temperature, with frequent stops and
starts, and/or with a poorly maintained electrical system.5-2
Monitoring voltage is important for maintaining high-
efficiency operation and correcting potential problems
before failures occur. Preventative maintenance personnel
should measure and log the voltage at the motor terminals
periodically while the machine is fully loaded. For more
information about factors that affect the operating life of
your motors, see AMO Motor Energy Systems Tips Sheet
#3 “Extend the Operating Life of Your Motor,” available
at www.manufacturing.energy.gov.

Overvoltage Operation

As voltage is increased, magnetizing current increases by
an exponential function. Depending upon design of the
motor, saturation of the core iron will occur and over-
heating will result.5>-3 At about 10% to 15% above the
motor’s design voltage (overvoltage), both efficiency and
power factor significantly decrease for standard efficiency
motors, while the full-load slip decreases.>-2 Efficiency
may increase, however, for energy efficient and premium
efficiency motors. The starting current, starting torque,
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and breakdown torque all increase significantly with
overvoltage conditions. The locked-rotor and breakdown
torque vary in proportion with the square of the applied
voltage.>-4

A voltage at the high end of the tolerance limits frequently
indicates that a transformer tap setting has been moved in
the wrong direction. An overload relay will not recognize
this overvoltage situation and, if the voltage is more than
10% high, the motor can overheat.5-5

Undervoltage Operation

If a motor is operated at reduced voltage, even within the
allowable 10% limit, the motor will draw increased cur-
rent to produce the torque requirements imposed by the
load.5-6 This causes an increase in both stator and rotor
resistance (I2R) losses with subsequent increased heating
at rated horsepower load or service factor operation. A
10% decrease in voltage below that given on the name-
plate usually results in an increase in power factor. Low
utilization voltages can also prevent motors from develop-
ing an adequate starting torque and increase the suscepti-
bility of motor starters and control circuits to trip offline
during voltage sags. The effects on the efficiency, power
factor, RPM, and current from operating a pre-EPAct
standard efficiency motor outside nominal design voltages
ranges are indicated in Figure 5-1.5-7

Reduced operating efficiency due to low voltages at the
motor terminals is generally due to excessive voltage
drops in the supply system.>-2 If the motor is at the end of
a long feeder, reconfiguration may be necessary. The sys-
tem voltage can also be modified by:

* Adjusting the transformer tap settings

¢ Installing automatic tap-changing equipment if system
loads vary considerably over the course of a day

* Installing power factor correction capacitors that
raise the system voltage while correcting for power
factor. See Chapter 9 on “Power Factor Correction”
in Continuous Energy Improvement in Motor-Driven
Systems for additional information regarding benefits
due to installing power factor correction capacitors.

Because motor efficiency and operating life are degraded
by voltage variations, only motors with compatible voltage
nameplate ratings should be specified for a system. For
example, three-phase motors are usually rated at 460 V for
480-V nominal service. Some, particularly older, motors
are rated at 440 V. Service voltage can vary by 5% from
nominal, and it is not unusual for voltage to exceed 485
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Figure 5-1. Voltage variation effect on standard efficiency
motor performance

V at the motor leads. This would exceed the 10% range
for which a NEMA-designed 440-V motor is intended to
operate. In this case, efficiency could be degraded by up to
3% and power factor could be reduced by about 10%.

Although NEMA MG 1-2011 stipulates that motors
operate successfully over a £10% range from nameplate
voltage, it cautions that motors will not necessarily meet
performance standards when they deviate from exact
nameplate voltage. For additional information, refer to
the AMO Motor Systems Energy Tips Sheet #9 “Improve
Motor Operation at Off-Design Voltages,” available at
www.manufacturing.energy.gov.

A common situation involving undervoltage occurs in the
application of 230-V motors on 208-V systems. Com-
mercial buildings frequently use 208-V three-phase power
because three-phase line-to-line voltage corresponds to the
120-V line-to-neutral operating voltage that is provided
for single-phase lights and receptacles. There is no differ-
ence in the motor wiring connection for the two voltages.
While 230-V motors tolerate 208 V, they are optimized for
the more common 230 V.
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Although 208 V is a nominal system voltage, voltage at

the motor terminals can be even lower. Additional losses
occur when a 230-V motor is operated at or below 208 V.
The motor will exhibit lower full-load efficiency, run hot-
ter, slip more, produce less torque, and may have a shorter
life.5-8 Efficiency, power factor, temperature rise, and slip
are shown for a pre-EPAct standard efficiency ODP 10-hp,
1,800-RPM, 230-V, Design B motor when operated at 230
and 208 V in Table 5-1.5-8.59 It is best to specify premium
efficiency motors rated for 200 V for use on a 208-V system.

Table 5-1. Performance Comparison for 230-V 10-hp NEMA
Design B Motor When Operating at 230 and 208 V

NEMA Design B Motor

Nominal
Voltage
208 230
Efficiency, % 80.6 84.4
Power Factor, % 85.0 82.7
Temp Rise, °C 91.0 72.0
Slip, % 5.9 4]

Phase Voltage Unbalance

Voltage unbalance occurs when there are unequal voltages
on the conductors to a polyphase induction motor. This
unbalance in phase voltages also causes the line currents

to be out of balance. The unbalanced currents cause torque
pulsations, vibrations, increased mechanical stress on the
motor, and overheating of one or two of the phase wind-
ings. This results in a dramatic increase in motor losses and
heat generation, which both decreases the efficiency of the
motor and shortens its life.5-5

NEMA defines voltage unbalance as 100 times the maxi-
mum deviation of the line voltage from the average voltage
on a three-phase system, divided by the average voltage.5-10
For example, if the measured line voltages are 462, 463,
and 455 V, the average is 460 V. The voltage unbalance is:

460 - 455
———] x100% = 1.1%
460
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Figure 5-2. Motor derating due to voltage unbalance

The magnitude of current unbalance may be six to ten
times as large as the voltage unbalance. A voltage unbal-
ance of only 3.5% can increase motor losses by approxi-
mately 20%.5-11 Unbalances exceeding 5% indicate a seri-
ous problem. Unbalances exceeding 1% require derating of
the motor, and will void most manufacturers’ warranties.
Per Part 14.36 of NEMA MG 1-2011, a voltage unbalance
of 2.5% would require a derating of 0.925 to be applied

to the motor rating. Derating factors due to unbalanced
voltage for integral horsepower motors are given in Figure
5-2.5-1NEMA derating factors apply to all motors. There
is no distinction between standard and premium efficiency
motors when selecting a derating factor for operation with
unbalanced voltage.

The efficiency of an 1,800-RPM 100-hp standard efficiency
motor is given for various conditions of voltage unbal-
ance in Table 5-2. The motor was intentionally supplied

Table 5-2. Motor Efficiency Under Conditions of
Voltage Unbalance

Motor Efficiency, %

Voltage Unbalance

Nominal 1% 2.5%
100 94.4 94 .4 93.0
75 95.2 95.1 93.9
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Table 5-3. Motor Performance with an Unbalanced Utilization Voltage

% Voltage Winding Temp I2R Losses Efficiency Expected Winding
Unbalance °C (% of Total) Reduction, % Life, years
0 120 30 = 20
1 130 33 Up to %% 10
2 140 35 1to 2% 5
3 150 38 210 3% 25
4 160 40 3to 4% 1.25
5 180 45 5% or more Less than 1
80% rotor losses means that “slip” will increase, the motor will
20% rotate more slowly, and will provide less work in a given
§ ’ time.5-13 Motor performance under conditions of increas-
§ 60% ing voltage unbalance is summarized in Table 5-3. As volt-
550% age unbalance increases from 0% to 5%, motor winding
° temperatures increase from 120°C to 180°C and efficiency
E 40% decreases by 5% or more.5-13
2 30% . . e .
e With a well-designed electrical distribution system in
8 20% the plant, the amount of unbalance at the load and motor
< 10% control centers should be about the same as the degree
. of unbalance at the service entrance. A qualified person
OA) T T T T T T T I 1
should take line voltage measurements at each motor
0% 1% 2% 3% 4% 5% 6% 7% 8%

Voltage Unbalance

Figure 5-3. Effects of voltage unbalance on motor losses

with unbalanced voltages at a motor test laboratory with
the motor efficiency determined with a dynamometer. The
general trend of reduced efficiency with increased voltage
unbalance is observed for all motors at all load conditions.
The losses associated with varying degrees of voltage
unbalance are provided in Figure 5-3.5-12

The decrease in motor efficiency associated with voltage
unbalance means that the motor runs hotter and a decrease
in performance and a reduction in winding insulation life
is to be expected.5-13 Voltage unbalance leads to current
unbalance, which increases the resistance (I2R) losses in
the stator windings and rotor bars. More supplied power is
converted into heat and the motor runs hotter.5-13 Increased

Premium Efficiency Motor Selection and Application Guide |

control center or principal motor feeder. When the unbal-
ance is significantly different at the load centers, there is a
phase voltage drop problem between the service entrance
panel and the load centers. Plant personnel must iden-
tify the unbalancing problems and correct them before
taking field measurements at motors to determine their
load factor.5-14.5-15 When the utilization voltage unbal-
ance exceeds 1%, the system can benefit from voltage
correction. The effect of unbalance not only diminishes
potential energy savings, it may also cause irreparable
damage to equipment.5-14, 5-15

A utility attempts to load individual phases in a balanced
fashion by alternating single-phase loads and other similar
practices. An industrial user must also try to balance loads.
For additional information on voltage unbalance, refer to
the AMO Motor Systems Energy Tips Sheet #7 “Elimi-
nate Voltage Unbalance,” available at www.manufacturing.
energy.gov.
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Table 5-4. Allowable Number of Motor Starts and
Minimum Time Between Starts (for an 1,800 RPM
NEMA Design B motor)

Motor Maximum Minimum
Rating, Starts Off-Time Between
hp per Hour Starts, seconds

5 16.3 42
10 12.5 46
25 8.8 58
50 6.8 72

100 5.2 10

This table is from NEMA Standards Publications No. MG 10 Energy
Management Guide for Selection and Use of Polyphase Motors. NEMA has
prepared a comprehensive load shedding table for 3,600-, 1,800-, and
1,200-RPM motors in the 1- to 250-hp size range. NEMA also presents a
methodology for minimizing winding stresses by adjusting the number of
allowable starts per hour to account for load inertia.

Load Shedding

Energy and power savings can be obtained directly by
shutting off idling motors to eliminate no-load losses.>-16
This action also greatly improves the overall system
power factor, which in turn, improves in-plant electrical
distribution system efficiency. Typical no-load or idling
motor power factors are in the 10% to 20% range. Load
shedding is most effective for slower speed motors (1,800
RPM and less) used in low-inertia applications.>- While it
is possible to save energy by de-energizing the motor and
restarting it when required, excessive starting, especially
without soft-starting capability, can cause overheating and
increased motor failures.

Mﬂl"" ﬂ”ﬂﬂ””

[ \ q ’

LA

Figure 5-4. Sine wave overlaid on square carrier waves

It is important to consider the thermal starting capability and
the life expectancy of both motor and starting equipment.
Motors 200 hp and below can only tolerate about 12 seconds
of maximum acceleration time with each start. Starting
limitations for motors exceeding 200 hp should be obtained
from the manufacturer. Table 5-4 lists the maximum number
of starts per hour and minimum off-time guidelines for 1,800
RPM Design B motors of various sizes.5-!! For additional
information, download the AMO Motor Energy Systems Tip
Sheet #10 “Turn Motors Off When Not in Use,” available at
www.manufacturing.energy.gov.

Motor Interactions with Electronic
Adjustable Speed Drives

Electronic ASDs are an extremely efficient and valuable
asset to motor systems. They allow precise process control
and provide energy savings for systems that do not need to
continuously operate at full output.

The most common drive design sold today is the pulse-
width modulated (PWM) variable frequency drive (VFD)
with a fast rise-time insulated gate bipolar transistor
(IGBT) to reduce switching losses and noise levels.

All electronic VFDs rectify the 60-Hz fixed voltage AC
to DC, and use an inverter to simulate an adjustable fre-
quency and variable voltage AC output. Transistors, or
electronic “switches,” create the AC voltage output, and
have very high losses when they create wave shapes other
than square waves.

To minimize switching losses and approximate sine
waves, VFDs operate with IGBT switches full on or

full off to create high frequency square waves, usually
between 2 kilohertz (kHz) and 20 kHz. This is called a
carrier wave (see Figure 5-4). Each on-portion of the car-
rier wave is called a pulse, and the duration of on-time of
each pulse is called the pulse width.

The pulses do not turn on instantaneously, and there is a
brief rise time. Different types of transistors used in drives
have different rise times. Voltage spikes originate with

a fast rise time and carrier frequencies above 5 kHz are
more likely to cause bearing damage unless protective
measures are taken.
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Figure 5-5. Effect of cable length on voltage increase. Source: John Fluke Manufacturing Company

Voltage Overshoot

Several design considerations should be made when
purchasing and installing a VFD. On new installations,

be sure to minimize the cable length from the VFD to the
motor to prevent harm to the motors. Longer cables reflect
the voltage rise so that the reflections reinforce the original
pulse rise. This produces electrical resonance or “ringing”
characterized by an oscillating voltage overshoot.

Figure 5-5 shows the voltage increase as a function of
cable length and rise time in microseconds. Rise time is

the time required for the voltage to increase from 10% to
90% of its steady state value. The rise time is a character-
istic of the power transistor switches and can be provided
by the drive supplier.

Higher carrier frequencies and faster rise time transis-
tors on PWM VFDs can worsen voltage overshoot, and
produce voltage spikes that can stress motor windings and
bearings. Shorter rise times worsen voltage overshoot but
are preferred by VFD manufacturers because they reduce
switching losses.

Table 5-5. Motor Efficiency Under Conditions of Voltage Unbalance

480 Volt Motors

Peak Voltage Withstand Capability, volts

hp

Load dv/dt
Reactor Filter
Up to 60 hp 25 feet 200 feet
> 60 to 150 hp 40 200
> 150 hp 40 200

Load dv/dt Load dv/dt
Reactor Filter Reactor Filter
40 feet 200 feet 375 feet 600 feet
150 200 375 600
250 300 375 600
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Modern IGBT switches operate well down toward the left
side of the graph with rise times on the order of 0.4 to 0.6
microseconds (psec) so cable lengths of 50 feet or more
almost always need voltage overshoot mitigation. With
short cables, rapid rise time is not a problem.

With sinusoidal waveforms, the peak voltage amplitude is
the root-mean-square (RMS) voltage multiplied by V2 or
1.414. For a 460 V power supply, the maximum voltage
amplitude is thus 460 V x 1.414 or 650 V. From Figure
5-5, a VFD with a rise time of 1 psec that is located 50
feet from the motor is expected to deliver a voltage spike
of 650 x 1.3 = 854 V. If the same motor was operated at
10% overvoltage (506 V) the magnitude of the voltage
spike would be 930 V.

Existing general purpose low-voltage motors may work
fine with PWM VFDs if peak voltages due to ringing are
held below 1,000 V. If high frequency voltage overshoots
exceed 1,000 V, electrical stresses can cause a turn-to-turn
short within a motor coil group, usually within the first
couple of turns.

Voltage overshoot is best avoided by locating the drive
close to the motor. If a short cable run is not possible, a
filtering device must be used. Sometimes VFD manufac-
turers provide a dV/dt filter with the drive or even in the
drive cabinet. Two commonly used filter arrangements
are /ine inductors (sometimes called load reactors), which
should be placed at the drive end of the cable, and Aar-
monic suppression filters, which are placed at the motor
end of the cable. There are energy losses associated with
all filters, so keeping cables short is still the

best alternative.

One motor and drive manufacturer has produced a table
showing the maximum recommended cable length that can
be used without risking damage of motor insulation due to
voltage stresses. The motor peak voltage withstand capa-
bilities are based upon a VFD with a rise time of 0.1 psec
with a 3-kHz switching frequency. Table 5-5 shows the
allowable cable length when load reactors or dV/dt filters
are used with motors of varying horsepower ratings and
peak voltage withstand capabilities.>-17

5-8 |

Figure 5-6. Bearing failures due to ASD-induced current
flows (fluting). Photo from Electro Static Technology

Bearing Currents

The fast rise time pulses from a PWM VFD can also cre-
ate a potentially harmful current flow in bearings even
when overvoltage is not significant. Because the voltage
output of a VFD is a series of square waves, a voltage
unbalance is present between the three phases that enter
the motor leads. A voltage is generated between a three-
phase motor stator neutral and the ground, which is called
a common-mode voltage.5>-18 Through capacitive coupling,
the common mode voltage acts as a source for the for-
mation of voltages on the rotor shaft. Other sources that
can influence shaft voltage include non-symmetry of the
motor’s magnetic circuit, voltage unbalance on the VFD
supply, and transient conditions.5-19 These shaft voltages
can ultimately cause current flow across the rolling ele-
ments of the motor’s bearings.>-19; 5-20, 5-21

Electric arcing will occur when there is a difference in
voltage between the motor shaft and the bearing hous-
ing. Bearing currents flow when the shaft voltage buildup
exceeds the dielectric capability of the lubricant. The
voltage level when arcing occurs also depends on ball
size, operating speed, current frequency, temperature, and
bearing geometry.5-19 An electric current flows through the
contact zone of a bearings rolling elements as a series of
electrical discharges between the inner and outer bear-

ing races. The frequent discharges produce an electrical
discharge machining effect (EDM), generating heat, local-
ized melting, and pitting of the bearing rolling element
and raceway surfaces.>-19. 5-20 Surface material then flakes
away or spalls off, causing the formation of microscopic
craters. Over time, the rolling elements produce a pattern
in the bearing raceway surfaces.>-19 Problems can also
occur in driven-load bearings if insulated couplings are
not used.
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This bearing current damage due to arcing results in a
characteristic bearing failure mode called “fluting” (See
Figure 5-6).5-22 The first indications of this problem are
noise and bearing overheating due to pitting and loosened
metal fragments. By this time, bearing damage has already
occurred and failure is immenent.5-20, 5-21

NEMA MG 1-2011 states that common mode voltages
with peak pulses as high as 10 to 40 V can be formed in
small motors. NEMA suggests grounding the shaft and/or
insulating both bearings when peak shaft voltages exceed
500 millivolts (when tested in accordance with IEEE 112).
NEMA notes that insulating of the motor bearings will not
prevent the damage of other shaft-connected equipment.
Bearing insulation should be utilized for larger frame
motors (usually 500 frame and higher) if the peak shaft
voltage is larger than 300 millivolts (14.32.2, 31.4.4.3)

Detrimental effects of bearing currents can by mitigated
by:5-22,5-23.5-24

» Using an inverter-fed motor with a voltage of 230
volts or less.

» Specifying a VFD that allows for user adjustment of
the carrier frequency and operation of the VFD at the
lowest carrier frequency that satisfies audible noise
and temperature requirements.

* Installing a shaft grounding brush on the motor.
The grounding brush provides an alternative
current path directly to ground. This brush must be
periodically replaced with the replacement interval
dependent upon shaft rotational speed, brush tension,
and motor duty cycle.5-20

¢ Interrupting the conducting current path through
insulating the motor’s drive and opposite drive-end
bearings.5-25 A drive-end shaft grounding brush should
also be installed to avoid a potential shock hazard if
the shaft becomes energized.5-26 The grounding brush
also prevents current flow to the driven equipment
when the coupling is conductive. The use of bearing-
grade silicon nitride rolling elements offer high
resistivity, lower density, higher hardness, and lower
friction compared to steel elements. These properties
provide the additional benefits of reduced wear rates,
a reduction in operating temperature, and an extended
service life.5-19

MOTOR PERFORMANCE UNDER USUAL AND ABNORMAL OPERATING CONDITIONS

+ Using nonconductive couplings for loads.

* Ensuring the VFD and motor are properly grounded
per manufacturer’s instructions.

Many PWM VFD manufacturers have a list of installa-
tion recommendations that they can provide upon request
to help minimize inverter-related problems. The burden
of asking for these recommendations is left to the system
designer or the end user.5-26 For additional information on
motor and adjustable speed drive interactions, refer to the
AMO Motor Systems Energy Tips Sheet #15 “Minimize
Adverse Motor and Adjustable Speed Drive Interactions,”
available at www.manufacturing.energy.gov.

Also refer to the 2001 NEMA Standard Publication Appli-
cation Guide for AC Adjustable Speed Drive Systems,

and the IEC Technical Specifications Rotating Electrical
Machines: Part 17: “Cage Induction Motors When Fed
From Converters—Application Guide, IEC/TS 60034-
17:2006, and Rotating Electrical Machines: Part 25:
Guidance for the Design and Performance of AC Motors
Specifically Designed for Converter Supply IEC/TS
60034-25:2007.
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MOTOR CHOICES: EXTERNAL ENVIRONMENT AND
APPLICATION CONSIDERATIONS

A good motor specification should define performance
requirements and describe the environment within which
the motor operates. Overall motor performance is related
to the following parameters:6-!

* Acceleration capabilities
* Breakdown torque
 Efficiency

* Enclosure type

* Heating

¢ Inrush current

* Insulation class

» Power factor

* Service factor

* Sound level

» Synchronous and full-load speed

« Starting or locked rotor torque.

As the purchaser, avoid writing design-based specifica-
tions that would require modification of standard compo-
nents, such as the frame, bearing, rotor design, or insula-
tion class.0-2 Specification contents should include:6-3

* Voltage

* NEMA Design (NEMA A, B, C, D) or IEC N or H
* Frequency

* Speed or number of poles

* Motor horsepower and service factors

* Frame size and type (T-frame, U-frame or IEC frame)
» Enclosure type (open or enclosed, explosion proof)
e Temperature rise and insulation class (B, F, H)

* Maximum starting current or kVA code letter

* Minimum stall time

» Power factor range

* Minimum full-load efficiency requirement and test
standard to be used

» Load inertia and expected number of starts

* Special or definite purpose application requirements
(close-coupled pump, vertically mounted solid shaft
normal thrust)

* Mounting type (whether the motor is footless, has feet,
or has detachable feet).

Environmental information should include:
* Abrasive or nonabrasive
 Altitude
* Ambient temperature
» Hazardous or nonhazardous

* Humidity level.

In addition, when purchasing a motor, specify special
equipment requirements, such as thermal protection, space
heaters (to prevent moisture condensation), and whether
standard or nonstandard junction boxes are required.

Motor Enclosures

Many types of motor enclosures are available
including:6-4. 6-5

Open. An enclosure with ventilating openings that permit
passage of external cooling air over and around the motor
windings. This design is now seldom used.

Open drip-proof (ODP). An open motor in which venti-
lation openings prevent liquid or solids from entering the
machine at any angle less than 15° from the vertical.

Guarded. An open motor in which all ventilating open-
ings are limited to specified size and shape. This protects
fingers or rods from accidental contact with rotating or
electrical parts.

Splash proof. An open motor in which ventilation open-
ings prevent liquid or solids from entering the machine at
any angle less than 100° from the vertical.

Totally enclosed. A motor enclosed to prevent the free
exchange of air between the inside and outside of the case,
but not airtight.

Totally enclosed nonventilated (TENV). A totally
enclosed motor that is not equipped for cooling by means
external to the enclosed parts. Not for use with combus-
tible vapors.

6-2 | Premium Efficiency Motor Selection and Application Guide
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Table 6-1. Degree of Protection Definitions

L Degree of Protection Against Objects
Numeral

0 Not protected
Protected against solid objects

1 exceeding 50 millimeter (mm)
in diameter

2 Protected against solid objects
exceeding 12.5 mm in diameter
Protected against solid objects

3 ) L
exceeding 2.5 mm in diameter
Protected against solid objects

4 A e
exceeding 1.0 mm in diameter

5 Dust protected

6 Dust tight

Totally enclosed fan-cooled (TEFC). A totally enclosed
motor with a fan to blow cooling air across the external
frame. These are commonly used in dusty, dirty, and cor-
rosive atmospheres but not combustible vapors.

Weather protected (Type I). A guarded machine with
ventilation passages constructed to minimize the entrance
of rain, snow, and airborne particles.

Weather protected (Type IT). Designed with ventila-
tion passages arranged so high-velocity air and air-borne
particles are discharged from the machine without being
carried into the electrical components of the motor.

Encapsulated. A motor in which the windings are covered
with a heavy coating of material to provide protection
from moisture, dirt, and abrasion.

Explosion proof. A totally enclosed motor designed and
built to withstand an explosion of gas or vapor within it,
and to prevent ignition of gas or vapor surrounding the
machine by sparks, flashes, or explosions that may occur
within the machine casing.

A Degree of Protection Against Water
Numeral
0 Not protected
1 Protected against dripping water

Protection against dripping water
2 with the enclosure tilted up to 15°
from its normal position

Protection against spraying water

d (at an angle up to 60° from vertical)

4 Protection against splashing water

5 Prote;tioq against water jets (from
any direction)

6 Protection from heavy seas

7 Protection against immersion

Inverter duty. Motor manufacturers make certain design
changes to optimize products offered for use in adjust-
able speed drive applications. All electronic variable speed
drives have an inverter to create the variable frequency
necessary for speed control. Not only is the frequency
variable, but the AC output is neither a perfect sine wave,
nor a constant RMS voltage. Motors designed for 60 Hz
sinusoidal power vary in tolerance to the kind of power
provided by inverters. Most manufactures produce lines
of variable or constant torque definite purpose motors,
designed especially for “inverter duty.” Others produce
motors with fixed-speed fans or external cooling ducts.

The IEC developed a different system for classifying the
degree of protection provided by motor enclosures. This
approach, now adopted by NEMA in MG 1, consists of
the letters “IP” followed by two numerals. The first digit
indicates the degree of protection against individuals com-
ing into contact with hazardous parts within the motor
enclosure and protection of the equipment against ingress
of solid objects. The second digit indicates the degree of
protection of the equipment inside the enclosure against
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the ingress of water. An IEC IP 54 enclosure is equivalent
to a NEMA TEFC enclosure. The meaning of the digits is
listed in Table 6-1.

Consult with a motor distributor to select an appropri-

ate enclosure for a given application. Note that motors
must be mounted correctly to provide the expected degree
of environmental protection. Many ODP motors have
“venetian blind”-type louvers to deflect water falling from
above. If such a motor is ceiling mounted, the louvers
would direct water into the motor windings unless the end
housings are rotated to put the louvers in a proper posi-
tion. TEFC motors have “weep holes” to allow moisture
accumulations to drain. When such motors are mounted in
unusual positions, it is important to ensure water drains by
positioning the end brackets so that the weep holes are at
the lowest point of the motor.6-6

Motor Efficiency Versus Speed
and Enclosure Type

Premium efficiency motors are a worthwhile investment
in all size, speed, and enclosure classifications. In general,
higher speed motors and motors with open enclosures
tend to have slightly higher efficiencies than low-speed or
totally enclosed fan-cooled units. In all cases, however,
premium efficiency motors offer significant efficiency
improvements, and therefore, energy and dollar savings,
when compared with old standard efficiency models.

Typical motor efficiency gains are illustrated in Figures
6-1 through 6-3. Figure 6-1 shows the expected efficiency
improvement due to the operation of premium efficiency

over standard efficiency motors of varying synchronous
speeds. The efficiency increase is generally largest for the
3,600 RPM motors. Similarly, Figure 6-2 indicates that
the efficiency improvements from replacing 1,800 RPM
standard efficiency motors with premium efficiency TEFC
or ODP motors are about the same.

Premium efficiency motors provide comparable or even
greater efficiency improvements when operating under
part load conditions. Typical efficiency gains for 5, 20, 50,
100, and 200 hp motors when operating at full, three-quar-
ter, and half load are given in Figure 6-3. While the overall
energy savings benefits are less for partially versus fully
loaded motors, the efficiency gain remains relatively con-
stant. To obtain full, three-quarter, half, and quarter load
efficiencies and power factor values, consult the Motor-
Master+ software tool database.

Motor Insulation Systems

The ultimate cause of winding or insulation failure is fre-
quently internal heat production and increased operating
temperatures due to high currents or contamination. An
insulation system is composed of insulating materials for
conductors and the structural parts of a motor.6-4

Because motor failure often occurs due to oxidation and
thermal degradation of insulating materials, motors that
run hotter tend to have shorter operating lives. The rela-
tionship between operating temperature and motor insula-
tion life is shown in Figure 6-4.6-7 An often stated rule

of thumb is that the service life expectancy of winding
insulation is reduced by one half for each 10°C increase in

Motor Synchronous Speed Versus Efficiency Gain
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Figure 6-1. Motor synchronous speed versus efficiency gain (premium versus standard efficiency motors)
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operating temperature. In actual operation, winding insula-
tion life is affected by conditions such as number of starts,
voltage surges and sags, undervoltage operation, and volt-
age unbalance.

A motor’s grease life also varies with temperature. As the
bearing temperature increases, a motor must be regreased
more frequently to prevent premature bearing failures.
Most standard polyurea greases exhibit a wide range of
operating temperature over which the grease is stable.

All insulation systems are not the same. NEMA has estab-
lished standards for insulation design, temperature rating,
and motor thermal capacity.t-° Insulation materials are
classified by their temperature endurance for 20,000 hours.
Insulation materials include wire coatings, varnish, slot
liners, phase insulation, and topsticks. A motor insulation
class is based on the thermal endurance testing of the com-
plete winding as a system. It is not based on the thermal
classification of individual system components.

Motor Enclosure Versus Efficiency Gain
3/4 Load, 1,800 RPM Motor

Efficiency Gain, Points
N W N (Oa] (o)} ~
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Figure 6-2. Motor enclosure type versus efficiency gain (premium versus standard efficiency 1,800 RPM motors at three-

quarter load)

Efficiency Gain Versus Motor Load
TEFC 1,800 RPM Motor
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Figure 6-3. Efficiency improvement versus motor load (premium versus standard efficiency 1,800 RPM TEFC motors)

Premium Efficiency Motor Selection and Application Guide | 6-=5



CHAPTER 6 MOTOR CHOICES: EXTERNAL ENVIRONMENT AND APPLICATION CONSIDERATIONS

10,000
Class B
v = Class F
: N
:% 1,000 = Class H
ke
c
m©
3
o 100
<
-
£
)
£ 0
2
=
14 T T 1
80 120 160 200

Winding Temperature in Degrees C

Figure 6-4. Service life versus operating temperature for
motor insulation systems

Four classes of insulation have been designated, each
with an allowable operating temperature.6-5 These insula-
tion systems, designated classes A, B, F, and H, vary with
respect to design and selection of material and bond-

ing agent thermal range. With a service factor of 1.15,
Class A insulation systems are shown by experience or
test to have a suitable operating life when operated at or
below 110°C. A Class B system shows acceptable thermal
endurance when operated at 130°C; a Class F insulation
system can be operated at 155°C, while a Class H sys-
tem can be operated at a limiting temperature of 175°C.

Table 6-2. Temperature Limitations for Insulation Classes

Allowable temperature rise and operating limitations for
each insulation class are summarized in Table 6-2. Class F
systems, often with Class B rise, are most commonly sup-
plied with premium efficiency motors. At altitudes above
3,300 feet, the decrease in ambient temperature can allow
for an increase in allowable temperature rise. Similarly,
when motors operate where the ambient temperature rise
exceeds 40°C/104°F, the allowable temperature rise of the
machines shall be reduced by the number of degrees that
the ambient temperature exceeds 40°C/104°F.6-5

Note that a motor equipped with Class F insulation, but
operating within Class B temperature limitations, is oper-
ating far below its maximum operating limitations. It is
running “cooler” relative to its thermal capability and
should exhibit an extended insulation system life.6-% Pre-
mium or energy efficient motors are typically equipped with
Class F insulation and rated with a 1.15 service factor.

Service Factor

Motors are designed with an allowable increase in tem-
perature above ambient during operation. This is referred
to as temperature rise. The maximum allowable tempera-
ture rise during operation for a motor varies with respect
to insulation class, altitude, and the motor’s service factor.
The service factor is essentially a safety margin and refers
to the motor’s ability to deliver horsepower beyond its
nameplate rating under specified conditions. Most poly-
phase motors are rated with a 1.0 or 1.15 service factor. A
10-hp motor operating under rated conditions with a 1.15
service factor should be able to deliver 11.5 hp without

el Enclosure Ll ziery Class A Class B Class F Class H
Factor Temperature
Any All Ambient 40°C/104°F
All Allowable rise 60°C/108°F 80°C/144°F 105°C/189°F 125°C/225°F
1.0 0 ti
All perating 100°C/212°F  120°C/248°F  145°C/293°F  165°C/329°F
limitation
All Allowable rise 70°C/126°F 90°C/162°F 115°C/207°F 135°C/243°F
1.15 0 ti
Al perating 110°C/230°F  130°C/266°F 155°C/311°F 175°C/347°F
limitation
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exceeding the NEMA allowable temperature rise for its
insulation system.®-9 NEMA allows a maximum ambient
temperature of 40°C (104°F) when specifying “usual ser-
vice conditions.”

If the ambient temperature exceeds 40°C or at elevations
above 3,300 feet, the motor service factor must be reduced
or a higher horsepower rated motor should be specified.
As an oversized motor will be underloaded, the operating
temperature rise is less and overheating is reduced.o-4

Motor Speed, Slip, and Torque
Relationships

When selecting the proper motor speed, consider the
original equipment cost and the requirements of the
driven system. Generally, large high-speed premium effi-
ciency motors have improved efficiency and power factor
characteristics.

Load, torque, and horsepower requirements determine the
type and size of motor required for a particular applica-
tion. Torque is a measure of the rotational force that a
motor can produce. As the number of poles and physical
size of a motor varies with respect to its torque capability,
high-torque motors are larger and cost more.6-2

Induction motors are standardized according to their
torque characteristics (Design A, B, C, and D).6-2,6-5
Torque is, in turn, characterized by starting or locked-
rotor torque, which is the minimum torque produced by
the motor at rated voltage and frequency at all angular
positions of the rotor; pull-up torque, which is the mini-
mum torque developed by the motor during acceleration;
and breakdown torque, which is the maximum torque that
the motor can supply before stalling. Minimum required
locked-rotor, pull up, and breakdown torque values are
given as a percentage of full-load torque in Table 12-2 of
NEMA MG 1-2011. These values vary with motor horse-
power rating and synchronous speed.

Representative speed-torque curves for Design A through
D induction motors are shown in Figure 6-5.6-10

The motor design selected must provide adequate locked
rotor or startup plus pull-up torque capability to start a
load and accelerate it to full speed. Locked rotor torque is
of great importance when starting loads like a fully loaded
conveyor—especially if it is located outdoors and iced up.

300

200

100

Torque (percent of full-load torque)
lov}

O T T T T I
0 20 40 60 80 100

% Sychronous Speed

Figure 6-5. Typical speed/torque comparisons of NEMA
design A-D induction motors

The relationship between torque and delivered motor
horsepower is given in English and Standard International
(SI) units below:

torque (ft - Ib) x RPM
5250

HP =

torque (Nt - m) x RPM
9549

HP =

A standard efficiency motor, operating at a slower speed, or
with increased slip, has to develop slightly more torque and
draw more current to produce the same output as its pre-
mium efficiency counterpart. The higher winding and rotor
resistance of the standard efficiency motor also means that
the rotor cuts through more lines of magnetic flux created
by the stator and produces a greater accelerating torque.6-10
The amount of torque reduction to be expected with pre-
mium efficiency motors is seldom harmful, except in cases
of high torque loads, such as those of full conveyors that
should not be using a NEMA Design B motor.6-11
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Table 6-3. NEMA Torque Characteristics for Medium Polyphase Induction Motors

Starting Current

Locked Rotor Torque

Breakdown Torque

NEMA Design! (% Rated Load (% Rated Load (% Rated Load Percent Slip
Current) Torque) Torque)
B 600 to 700 70 to 275 175 to 300 1to 5
C 600 to 700 200 to 250 190 to 225 5
D 600 to 700 275 5to8

Design A motors have performance characteristics identical to those for Design B motors except that starting currents are not limited.

NEMA Design B motors can be used with constant speed
centrifugal fans, pumps and blowers, compressors, some
conveyors, and cutting machine tools.6-4 Most induc-
tion motors are Design B; Design A are the second most
common. While NEMA limits for locked rotor torque for
Design A and B motors are the same, Design A motors
have higher starting current and start-up torque charac-
teristics. Speed and torque characteristics for polyphase
motors are given in Table 6-3.6-9

NEMA (in MG 1-2011, Parts 12.38 through 12.40) estab-
lishes minimum locked rotor, pull up, and breakdown
torque values for Design A through D induction motors.
Premium efficiency, energy efficient, and standard effi-
ciency motors are subject to the same torque standards.

Most premium efficiency and energy efficient motors
exhibit the same range of locked rotor, pull up, and break-
down torque values as their standard efficiency coun-
terparts. Start-up or locked rotor torque values for both
energy efficient and standard efficiency 1,800 RPM TEFC
motors are indicated in Figure 6-6.

Severe Duty and IEEE 841 Motors

Process industries, such as chemicals, mines, and pulp
and paper mills, have sought to improve reliability and
productivity through exclusively purchasing severe duty
or IEEE 841 petroleum and chemical industry motors.6-12
Premium efficiency severe duty motors are available with

é 1,000 -
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3 2 !
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Figure 6-6. Locked rotor torques for energy efficient and standard efficiency motors (1,800 RPM, TEFC)
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TEFC enclosures and typically include such features as
corrosion-resistant epoxy varnishes; double shield and/or
open regreasable ball and roller bearings; oversized con-
duit boxes, cast iron frames, end shields, and bearing caps;
cast iron or steel fan cover and conduit boxes; stainless
steel nameplates and zinc-plated hardware; condensation
plugs and breathers; precision balancing; painted machine
internal surfaces; and improved shaft seals, foot flatness,
and coplaner feet.

Industries purchase severe duty and IEEE 841 motors

for their expected reliability benefits. Increased reliabil-
ity results in longer mean time between motor failures,
increased productivity, and improved profit margin. Most
motor manufacturers provide a three-year warranty for
general purpose premium efficiency motors, extended to
five years for IEEE 841 motors. All IEEE 841 motors must
be designed and perform in accordance with the specifi-
cations contained within IEEE Standard 841-2009. The
IEEE 841 motors offer improved mechanical features,

an improved insulation system, and corrosion protection.
Special features include:6-13

e An IP 54 degree of protection for motor enclosures
with an IP 55 degree of protection for terminal boxes

* A non-hygroscopic, chemical- and humidity-resistant
insulation system

* Maximum permissible shaft runout
* Maximum coplanar foot tolerance

e Minimum terminal box volume (can be the same
as normal general purpose and severe-duty motors,
especially on larger frame sizes)

» Corrosion-resistant drain fittings at the low point of
the motor

* Maximum sound pressure levels
¢ Maximum vibration levels

» Corrosion prevention material applied to machined
surfaces, internal rotor and stator, and shaft surfaces

* Test information supplied with the motor, including
winding resistance, no-load current and power,
mechanical vibration, and high-potential tests.

Inverter-Duty Motors

Overheating is of particular concern when a variable

speed drive is used to operate a general purpose motor at
greatly reduced speed or under conditions of high torque.
Overheating is likely to occur as the motor cooling fan is

connected to the motor shaft (and delivers much less air at
slower speeds) and because of the non-ideal voltage and
current waveforms encountered with electronic variable
frequency drives.t-14,6-15 Consider purchasing an inverter-
duty motor, and be sure to provide adequate fan circula-
tion and cooling for motors coupled to variable frequency
drives. Specify inverter-duty motors when operating

at extremely low speeds—especially when driving a
constant torque load, when resistance to damage due to
voltage overshoots is desired, or when operation over
base speed is required. An inverter duty motor is one that
is designed and manufactured to meet the most current
specifications defined by NEMA MG 1 Part IV, “Per-
formance Standards Applying to All Machines,” Part 31
“Definite-Purpose Inverter-Fed Polyphase Motors.”

High switching rates of modern power semiconductors
lead to rapid changes in voltage in relatively short periods
of time (dV/dt, quantified in units of volts per micro-
second, psecond). When the motor impedance is larger
than the conductor cable impedance, the voltage wave
form will reflect at the motor terminals, creating a stand-
ing wave. Steep-fronted waves with large dV/dt or very
fast rise times lead to voltage overshoots and other power
supply problems. Longer motor cables favor the formation
of higher amplitude standing waves (see Figure 6-7). High
voltage spikes can lead to insulation breakdown, resulting
in phase-to-phase or turn-to-turn short circuits, with subse-
quent over-current trips by the drive sensor.

In addition, the non-sinusoidal variable frequency out-
put of PWM drives results in increased motor losses,
inadequate ventilation at lower speeds, increased dielec-
tric stresses on motor windings, magnetic noise, and the
creation of shaft currents. These effects can combine to
damage a motor’s insulation and bearings, and severely
shorten a motor’s useful operating life.

)

)

Figure 6-7. PWM pulse with reflected voltage or ringing
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INVERTER-DUTY MOTOR DESIGN FEATURES

Solutions that are used to prevent motor failures due to
voltage spikes include using power conditioning equip-
ment (dV/dt filters or load reactors) and placing restric-
tions on the distance or cable length between the drive and
the motor. Some drive installers provide additional protec-
tion through specifying oversized motors or motors with
high temperature-resistant Class H insulation.

Inverter-duty motors are provided with a total insulation
system that is designed to be used with inverters. Design
measures that can be used to improve the ability of a
motor to minimize adverse effects from VFD-produced
waveforms include changing motor windings from con-
centric to lap windings (to improve phase separation), and
increasing end winding bracing and sleeving of the first
few turns of the windings.6-16 Some motor manufacturers
use voltage spike resistant inverter-grade magnet wire to
increase dielectric strength. Improved insulation systems
do not degrade as readily when subjected to transient
voltage spikes. A greater thickness or buildup of premium
varnish (through multiple dips and bakes) or use of vac-
uum-pressure impregnation (VPI) minimizes the potential
for internal voids, and a lower heat rise design results in
improved resistance to voltage stresses. A fixed speed fan
is sometimes specified to provide adequate cooling at low
speeds. Quality manufacturing and proper insulation sys-
tem design affects the corona inception voltage (CIV) of a
motor. The CIV is a measure of the ability of the motor’s
windings to withstand voltage stresses and is the voltage at
which partial discharges (corona) begin to occur.

When an inverter-duty motor is selected, ensure that

it is designed and manufactured to meet the most cur-
rent specifications defined by NEMA MG 1 Section IV,
“Performance Standards Applying to All Machines,” Part
31 “Definite-Purpose Inverter-Fed Polyphase Motors.”
NEMA specifies that insulation systems for low voltage
(<= 600 V) inverter-duty motors be designed to withstand
an upper limit of 3.1 times the motor’s rated line-to-line
voltage. This is equivalent to an upper limit of 1,426 peak
volts at the motor terminals for a 460-V rated motor. Rise
times must equal or exceed 0.1 psec. These motors can be
used without additional filters or load reactors, provided
that voltage overshoots do not exceed the upper limit at
the motor terminals.6-17

Motors with a base rating above 600 V must be able to
withstand a voltage peak of 2.04 times the motor’s rated
line-to-line voltage with a rise time equal to or exceed-
ing 1.0 psec.6-17 Larger inverter-duty motors often have

6-10 |

a constant speed auxiliary blower to provide adequate
cooling at low motor operating speeds. Above the 500
frame size, inverter-duty motors should have both bearings
insulated, and be equipped with a shaft grounding brush
with a ground strap from the motor to the drive case. For
frame sizes below 500, check with the motor manufacturer
regarding requirements for motor bearing insulation.

GUIDANCE FOR SELECTING MOTORS
CONTROLLED BY AN ASD

Obtain information about inverter rise times and cable
length effects from the drive manufacturers. Use this
information to evaluate the ability of existing motors

to withstand drive-induced voltage stresses. Damaging
reflected waves are generally not a problem when the dis-
tance between the motor and the drive is less than 15 feet.
Voltage overshoots are more likely to occur with smaller
motors and drives with faster rise times. The potential for
damaging reflected waves is especially high when multiple
motors are run from a single ASD. Do not control an exist-
ing motor with an ASD if it is equipped with Class A or B
insulation.

Most motor manufacturers offer “inverter-ready” insula-
tion in their premium efficiency motors. These inverter-
ready motors may be suitable for variable and constant
torque loads over a wide speed range although their
service factor is generally reduced from 1.15 to 1.0 when
fed with an inverter waveform. Be sure that the motor
manufacturer will honor the warranty if the motor is con-
trolled by an ASD. NEMA MG 1-2011 Part 30 provides
performance standards for general-purpose motors used
with ASDs. When operated under usual service conditions,
no significant reduction in service life should occur if the
peak voltage at the motor terminals is limited to 1,000 V
and rise times equal or exceed 2 psec. Contact the motor
manufacturer for guidance relating to motor/drive com-
patibility when peak voltages or rise times are expected
to exceed these limits. In these cases, a definite-purpose
inverter-duty motor and/or a dV/dt filter, load reactor, or
other voltage conditioning equipment may be required.

To avoid adverse effects from voltage overshoots:6-17, 6-18

* Minimize cable lengths by locating the drive close to
the motor.

 Consider a definite-purpose inverter-duty motor, or
use a general purpose motor with an insulation system
capable of withstanding the voltage limits given in
NEMA MG 1 Part 30.
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» Use an inverter-fed motor with a voltage of 230 V
or less, whenever possible.

* Operate the ASD with the lowest carrier frequency
that satisfies both audible noise and motor
requirements.

* Avoid running multiple motors in parallel from
one ASD.

» Use a load reactor or filter between the drive
and the motor if the peak voltage overshoot is
expected to exceed recommended limits. Follow
the manufacturer’s installation instructions.

The insulation system on a 208/230-V motor is identical to
that of a 460-V motor. Therefore, voltage spikes produced
by inverters on 208-V or 230-V systems are unlikely to
cause insulation damage at any cable length or drive car-
rier frequency.

Do not exceed the manufacturer’s advertised turndown
ratio for the motor (turndown ratio is the motor’s rated
speed divided by the minimum speed at which the motor
can handle the rated load). Most manufacturers specify a
turndown ratio for constant torque loads (such as convey-
ors and rotary screw compressors) with a second turndown
ratio given for variable torque loads (including centrifugal
fans and pumps). Acceptable turndown ratios are often
stamped on the motor nameplate and can vary greatly by
motor manufacturer.

For additional information, refer to AMO Motor Energy
Tips Sheet #14 “When Should Inverter-Duty Motors Be
Specified?” at www.manufacturing.energy.gov.

Also refer to the 2001 NEMA Standard Publication Appli-
cation Guide for AC Adjustable Speed Drive Systems

and the IEC Technical Specifications Rotating Electrical
Machines: Part 17: Cage Induction Motors When Fed
From Converters—Application Guide, IEC/TS 60034-
17:2006, and Rotating Electrical Machines: Part 25:
Guidance for the Design and Performance of AC Motors
Specifically Designed for Converter Supply, IEC/TS
60034-25:2007.

ALLOWABLE MOTOR
OPERATING SPEED RANGES

One motor manufacturer states that its motors
offer up to a 10:1 speed range when coupled to a
variable torque load (i.e., from 60 Hz down to 6 Hz)
given a 1.0 service factor. Motors must have Class F
or better insulation, operate at a maximum ambient
temperature of 40°C, have a maximum altitude of
3,300 feet, and have a voltage supply not
exceeding 460 V.

A second manufacturer states that its energy
efficient and premium efficiency motors may
operate with a constant torque speed range of 2:1
to 4:1, but offers an infinite speed range for
variable torque loads. Its severe duty motor
provides a constant torque speed range of up to
20:1. Inverter-duty motors can do even better—with
several manufacturers offering inverter duty motors
that are capable of operating at a 1,000:1 speed
range at constant torque with the ability to go all
the way to stop under variable torque conditions.

As a 10:1 speed ratio reduces shaft power require-
ments for variable torque loads to approximately
1/1,000th of the original value, there is little to be
gained from an energy savings standpoint from
further speed reductions.
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ADVANCED MOTOR TECHNOLOGIES

In 2008, the IEC published a new global efficiency
standard for 60 Hz motors that included a draft “super
premium” [E4 efficiency level. This level was established
to encourage the transformation of a competitive mar-

ket for even more efficient motors. At the time, the super
premium, or “reach,” standard was published, it was noted
that motor manufacturers might have to go beyond AC
induction motor technology to achieve the required mini-
mum full-load efficiency values. As of the printing of this
document, performance test methods for some of these
advanced technology motors have not yet been finalized
by either IEC or IEEE.

NEMA has yet to set standards for “super premium”
efficiency motors. The organization is waiting for test
methods to be finalized first. The scope of coverage for the
NEMA Motor & Generator Section was amended in 2011
to cover the new technologies discussed in this chapter.

Newly emerging technologies, such as the squirrel-cage
AC induction motors that use die cast copper rotors, per-
manent magnet (PM) motors, switched reluctance (SR),
and synchronous reluctance (SynRM) motors, can achieve
efficiency levels that are significantly higher than premium
efficiency induction motors.’-!

Copper Rotor Motors

In 1995, the Copper Development Association undertook
a project to substitute copper for aluminum in the “squirrel
cage” structure of the motor rotor with a goal of increased
motor efficiency.’-! A short mold life was the limiting fac-
tor in achieving a cost-effective copper rotor die casting
operation.”-2 Copper has a higher melting temperature than
aluminum (1,083°C versus 660°C). Die life was extended
through materials selection (i.e., the use of nickel-based
superalloys) and by preheating the die assemblies to
around 650°C. Preheating minimizes expansion and con-
traction-induced thermal fatigue that leads to premature
die cracking.”-2 Additional problems that were resolved
included porosity, die checking, and variations in electrical
conductivity.’-3

Copper rotor motors are now commercially available in
the United States. Several manufacturers have introduced
a line of “ultra-efficient” die cast copper rotor motors.
These motors are available in North America for general
purpose TEFC and IEEE 841 (severe-duty) configurations
in ratings to 20 hp.7-5

7-2 |

One manufacturer uses die cast copper rotor motors in its
gear motor product lines.”-4 Conventional premium effi-
ciency or IE3 motors are often longer than, and sometimes
have an increased diameter when compared with their
standard efficiency counterparts. High power density cop-
per rotor motors “fit” existing gearbox designs by provid-
ing the desired efficiency improvement with no change in
motor dimensions. The same manufacturer also produces
a line of premium efficiency general purpose copper rotor
motors up to ratings of 37 kW (50 hp). A copper rotor
motor is shown in Figure 7-1.

Copper rotor motors offer improved efficiency, as rotor
losses typically account for about 25% of total motor
losses.”5 Resistance or I2R losses in the rotor conductor
bars decrease because copper has a volumetric electrical
conductivity about 66% higher than that of aluminum.’-5
Reduced electrical losses translate into a reduction in the
amount of thermal energy rejected into the motor enclo-
sure. A lower temperature means that a smaller cooling fan
can be employed, resulting in reduced friction and wind-
age losses.”-2 Stray load losses are also exceedingly low
for copper rotor motors.’-!

Tests made using the IEEE/ANSI 112-1996 efficiency
testing protocol show that copper rotor motors generally
exceed the premium minimum full-load efficiency stan-
dards by 0.6 to 2 percentage points.”-1. 7-5 Test results are
summarized in Table 7-1.

Figure 7-1. Copper rotor motor. Photo from Copper Development
Association
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Table 7-1. Premium Efficiency Levels and Copper Rotor Motor Full-Load Efficiency Values

3,600 RPM 1,800 RPM

Hp

Rating Premium Cast Copper Rotor Premium Cast Copper Rotor
Efficiency, % Motor Efficiency,2 % Efficiency, % Motor Efficiency,2 %

1 77.0 88.5 85.5 86.5

2 86.5 88.5 86.5 875

5 88.5 90.2 89.5 90.2

10 90.2 91.7 91.7 92.4

20 91.0 92.4 93.0 93.6

Permanent Magnet Motors

Long used in servo motor applications, PM synchronous
motors are increasingly used in industrial motor drive
systems. PM motors use powerful ceramic or rare earth

ADVANTAGES AND

neodymium iron boron (NdFeB) magnets attached to the DISADVANTAGES OF
surface of the rotor or interior to the rotor to establish a PERMANENT MAGNET
permanent magnetic field. This design replaces the tra- SYNCHRONOUS MOTORS7-10
ditional aluminum rotor cage of the induction motor and

significantly reduces the secondary circuit rotor I?R losses. Advantages

The PM motor is designed for variable speed operation,
and must be controlled by an inverter or variable speed
drive that is specifically developed so the PM motor can
start and achieve synchronization properly. PM motors
have an inherently high power factor and have been dem-
onstrated to exceed proposed super premium efficiency = Variable speed capability
levels even when controller losses are included.?-6

= Excellent torque-speed curve and dynamic
response

= High efficiency and reliability, low maintenance
requirements

= Higher efficiency at partial loads

Efficiency and power factor tend to drop when conven- = Longer lifetime
tional AC induction motors are designed for low operat- - (Lo eresusiiesll fefse
ing speeds. PM motor designs, however, make it possible
to combine high efficiency, low speed, and high torque
in a single package, making them ideal for applications = High torque-to-volume ratio (high power
that would otherwise require inefficient and maintenance- density).

intensive gearboxes or gear motors. PM motors can be
built much smaller than AC induction motors of the same
horsepower rating and are available in reduced frame
sizes. The small size/reduced materials requirements
results in a “power dense” machine having a torque-to- = Need for a controller.
weight ratio about twice that of a conventional AC induc-

tion motor with a weight savings of nearly 50%.7-7.7-8

= High speed capability

Disadvantages

= High cost (volatile because of rare earth
magnet prices)
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Figure 7-2. Full-load efficiency values for PM versus NEMA
premium efficiency motor models. lllustration from Baldor Electric

PM motors offer advantages to original equipment
manufacturers that desire to make their equipment
more compact.

For small motor sizes, the rated efficiency of the PM
motor may increase by 10% to 15% when contrasted with
older standard efficiency motors at the same load point.7-
The relative full-load efficiency of PM versus energy
efficient and premium efficiency motors of various horse-
power ratings is shown in Figure 7-2. These efficiency
gains are applicable over the entire range of typical motor
loads. While PM motors require additional costs for their
rotor magnets, the light weight of these motors means that
they have greatly reduced steel and copper costs relative to
the premium efficiency motor. Some manufacturers have
established rating-equivalent pricing strategies that enable
PM motors to be cost-effective when compared to conven-
tional premium efficiency motor and ASD technology.7-6

Due to their light weight, high torque, and low inertia,

PM motors are often specified for electric vehicle hub
motor drives and for regenerative elevator drives. Indus-
trial applications for which PM motors are suitable include
adjustable speed pumps, fans and compressors, plus
extruders, conveyors, crane and hoist systems, winders,
and printing presses.

7-4 |

MOTOR COOLING TOWER
EFFICIENCY OPPORTUNITIES

The cost-effectiveness of direct-drive PM motors
was demonstrated through installing a PM motor
that delivered 50 hp at 208 RPM in one of two
cooling tower cells at Clemson University. The
motor was configured to be a drop-in replacement
for the gearbox. The original cell was served by a
two-speed 50-hp/12.5-hp motor (1765/885 RPM)
that was coupled to a gearbox with a speed ratio of
8.5:1. Gearbox and coupling efficiency was
measured at only 90.2%. At full output, the input
power for the new PM drive system was reduced by
11.8%, reflecting both the improved motor
efficiency and the elimination of gearbox losses.7-12
Additional benefits are derived from reducing shaft
and gearbox maintenance requirements and from
the improved efficiency of the PM drive at part-load
due to its inherent variable speed capability. While
a variable speed controller is required for the PM
motor, many cooling towers are being retrofitted
with conventional ASDs for efficiency reasons. Total
annual cost savings are dependent upon duty
cycle, operating hours, and utility rates.

One U.S. motor manufacturer currently offers 1,800

RPM totally enclosed blower-cooled PM motors and
controllers in the 10 to 150 hp size range as standard prod-
uct offerings. Compact, low-speed pancake designs are
available for specialty applications, such as cooling tower
fan motors.

Cooling towers are ideal applications for direct-drive PM
motors, as the conventional drive system includes an AC
induction motor coupled to a shaft with a right-angle gear-
box used as a speed reducer/torque multiplier. Gearbox
failures, oil leaks, oil contamination, failed drive shafts,
misaligned drive shafts, and excessive vibration are prob-
lems that are inherent with this type of design and can be
avoided with direct-drive PM motors.7-!1
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Switched Reluctance Motors

Unlike the PM motor, the super premium efficiency SR
motor has a rotor that does not have magnets, rotor bars
or windings. The rotor is, essentially, a piece of shaped
iron and the SR motor design exploits the fact that forces
from a magnetic field on the rotor iron can be many times
greater than those on the current carrying conductors.

Like the PM motor, an SR drive system requires both a
motor and an electronic power converter or controller that
controls both torque and speed. The controller eliminates
low speed cogging (indicated by a “jerky” motion) by
switching motor phases on and off in relation to the rotor
position. The motor cannot be used without the converter
and cannot be used with a conventional variable frequency
drive or inverter.

SR motors are rapidly moving from the servo and hybrid
electric vehicle drive arena to industrial applications, such
as screw compressors, blowers and high speed pumps,
and low-speed, high-torque applications, such as extrud-
ers, conveyors, and feeders. SR motors are often used in
applications that require a systems solution, such as air
conditioning compressors, weaving looms, laboratory cen-
trifuges, and pumps used in reverse osmosis systems.’-12

SR drive systems offer many benefits, including:7-13

* Ability to produce up to twice as much power as a
conventional AC induction motor when compared
on a size basis

» Simple in design, rugged, and lower in manufacturing
cost than conventional induction motors

* Provide a high turndown ratio in constant and
variable torque applications with the ability to
maintain high torque and flat system efficiency
over a broad speed range

Auvailable high starting and acceleration torques
and high motor speeds

« Ability to withstand high temperatures, with extremely
high short-term overload capability

Ability to be run either forward or backward as a
motor or a generator

* A cool rotor, enabling the SR drive to require only
a simple thermal management system.

Like the PM motors, the SR motors are available in
NEMA and [EC frames. SR motors with drives are avail-
able in the 30-hp to 335-hp size range with base speeds
from 200 to 10,000 RPM or more depending upon appli-
cation requirements.

CHAPTER 7 ADVANCED MOTOR TECHNOLOGIES

Wound Stator

Rotor

Figure 7-3. Typical switched reluctance motor construction.
Photos from Nidec Motor Corporation

ADVANTAGES AND
DISADVANTAGES OF
SWITCHED RELUCTANCE
MOTORS?7-10

Advantages:

= High efficiency

= Variable speed capability

= High speed and torque capability
= High reliability and long lifetime
= Simple construction

= Low cost

= Simple controller

= High power density

= Available in different sizes and shapes.
Disadvantages

= Ripple torque, high vibration levels, and
acoustical noise

= Need for a controller conventional ASDs for
efficiency reasons; total annual cost savings are
dependent upon duty cycle, operating hours,
and utility rates.
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Table 7-2. Variable Speed Drive System Comparison. Source: Nidec Motor Corporation
Criteria Induction SR
Maturity of technology --
Power density
High starting torque
Cool rotor
Pancake profile capabilities
Maximum speed
Maximum speed range: base to top speed ratio
High peak efficiency
Flat efficiency over a wide speed range
Loss of controls/effect of back EMF
High temperature capability
Noise, vibration
Torque ripple
Robust, fault tolerance
Sensorless control capability

Low VA demand
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Line Start PM Motors

The line start permanent magnet motor (LSPM) is a hybrid
motor with a conventional three-phase distributed wind-
ing in the stator (identical with conventional induction
motors). An LSPM has a rotor with an aluminum cage

and internal permanent magnets, but starts and acceler-
ates directly connected to the line and without the need

for a controller. LSPMs provide high torque, operate at

a fixed, synchronous speed regardless of load, and are
suitable for driving low inertia loads. LSPM motors also
come in the same frame sizes as conventional induction
motors. Because there are no resistance losses in the alu-
minum rotor cage, LSPM motors have a higher efficiency
than premium efficiency motors have and can achieve
super premium efficiency levels. They operate with the
same current and power factor as premium efficiency
induction motors and do not require a feedback device or
encoder.’-15 Similar to PM motors, due to the high strength
rotor magnets, care must be taken when removing or
inserting the motor rotor.

LSPM motors are available in NEMA Design A ratings
from 1 hp to 10 hp at a synchronous speed of 1,800 RPM
and from 1 hp to 5 hp at 1,200 RPM. While the price of a
LSPM motor is currently about double that of an energy
efficient (IE2) class motor, attractive simple payback peri-
ods for the additional investment in a LSPM motor may be
available for applications that operate for more than 6,000
hours per year.7-16

CHAPTER 7 ADVANCED MOTOR TECHNOLOGIES

Applications Overview

A copper rotor motor can be used in place of any general
purpose AC induction motor and should be considered for
all new purchases, repair versus replace, and replacement
of existing motor actions. While copper commodity prices
vary, list prices for copper rotor motors are often compa-
rable to those for conventional premium efficiency motors.
PM and SR motor drive systems should be considered for
the following types of industrial applications:’-7

» When the application requires speed control
(i.e., when an ASD is required for speed regulation)

* When driven equipment is in operation for over
2,000 hours per year

* When an old standard efficiency motor is driving a
centrifugal load with throttled or damper flow control
and can be replaced with a variable speed PM or SR
motor and controller

* When operations involve frequent starts and stops
(this is a good application due to the low inertia of
PM and SR motors)

* When small motors operate at partial load a good
deal of the time

* When the PM or SR motor can be used in a direct
drive configuration to displace a single or two-speed
motor with gearbox (e.g., a cooling tower fan drive
motor), a gear motor, or a belted power transmission
system

* In vertical pump-mount applications where resonance
frequencies must be avoided.

In order to provide the “best available” motor for a given
application, motor purchasers must be fully aware of
motor costs and system performance characteristics. Table
7-2 provides a comparison of the typical operating char-
acteristics of available variable speed drive motors and
controllers.
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CHAPTER 8 PREVENTIVE AND PREDICTIVE MAINTENANCE PLANNING

PREVENTIVE AND PREDICTIVE
MAINTENANCE PLANNING

Overview + Establish a schedule. Establishing a schedule is an
iterative process. It is often necessary to begin with
Traditionally, the objectives of maintenance are to prevent frequent intervals, then experiment with lengthening
equipment from failing prematurely and to keep equip- the intervals. Some activities can actually be harmful
ment calibrated for optimum performance. Both of these if they are performed too frequently (e.g., high-
objectives can be thought of as preventive maintenance. voltage insulation testing and bearing greasing). If you
A two-year Factory Mutual study revealed that effective observe that certain test results progress uniformly,
preventive maintenance programs could have prevented you can establish a definite (and often longer) interval.
more than half the losses associated with electrical equip- For example, if bearings survive well at a given
ment failure. It also showed that well-maintained motors lubrication interval, you can experiment with a longer
dramatically improve a facility’s overall efficiency.8-! lubrication interval.
Recently, predictive maintenance has received increasing * Keep records. Record keeping can be done in a
attention. Predictive maintenance, or condition assess- number of different ways. This can be done using
ment, refers to scheduled testing and measurement, and printed cards or data sheets or with a computer or
trending of the results over time. Proper analysis of the special electronic recording device for data entry.
results can predict an impending failure, enabling the One advantage of electronic methods is that analysis
necessary repair, cleaning, or alignment to be scheduled routines can be set up to graph trends without the need
before a costly breakdown occurs. for another person, such as a data entry operator, to
handle forms filled out in pencil. The costliest approach
A comprehensive maintenance program contains elements involves special wireless or electrically connected test
of both predictive and preventive maintenance (PPM). instruments that automatically enter measured data into
Both involve scheduled actions to the motors and controls, computer files. New products with enhanced preventive
as well as record keeping. It may be efficient to merge the and predictive maintenance, information display, and
two activities. However, it may be also beneficial to sepa- reporting features are constantly and rapidly evolving.

rate the tasks on some basis other than predictive versus
preventive depending upon maintenance staff organization
and service intervals.

* Analyze results. Testing and record keeping are only
as good as the follow-up analysis. There are various
software tools to help you analyze results. Spreadsheets

Mechanical tasks like lubrication and cleaning may and database programs are useful for storing and
require a different schedule and different workers than manipulating data, and especially, for graphing trends.
electrical tasks require. Vibration and acoustic testing A third category of software, the statistical package,
could fit in either preventive maintenance category. Some is often overlooked, but may be the best option of all.
tasks, like infrared scanning or dry ice cleaning, may Certain special applications software packages are
require an outside contractor operating on yet another tailored to this type of record keeping and analysis.
schedule. While motor system design varies based on each MotorMaster+ contains an excellent motor inventory
unique situation, this chapter discusses the key elements of and maintenance logging module that keeps track of
any good motor maintenance program. maintenance actions and motor performance trends.
MotorMaster+ can also determine the most cost-
An effective maintenance plan includes the following effective action when motors fail or become obsolete.
four tasks:

The following sections cover major maintenance catego-
ries, and include recommendations on servicing and test-
ing. Some of the recommendations may seem too costly

to be justifiable for small, inexpensive motors. When it
comes to deciding whether to perform maintenance tasks
or not, it is important to consider the total cost of an
untimely motor failure. Unscheduled downtime and loss of
materials in process can far exceed the cost of the motor.

* Identify responsible personnel. It is important to
designate personnel who will be responsible for the
PPM activities. The best results occur when staff buy
in to the PPM concept. To promote buy-in, ensure all
staff are given the necessary training and tools and
participate in developing the maintenance plan.
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CLEANING

Cleaning is a critical component of preventive mainte-
nance. A dirty motor can encompass many things: dust,
corrosive buildups, sugary syrups from food processing,
electrically conductive contaminants like salt deposits,
coal dust, and so on. Dirt is bad for motors because it can
damage them in three ways: it can attack electrical insula-
tion by abrasion or absorption into the insulation; it can
contaminate lubricants; and it can destroy bearings.

A clean motor also runs cooler than one that is dirty. Too
many thick coats of paint or layers of dirt can foul heat
transfer surfaces. When dirt builds up on fan-cooled motor
inlet openings and fan blades, it reduces the flow of air
and increases the motor’s operating temperature. Dirt on
the surface of the motor reduces heat transfer by convec-
tion and radiation. This is especially critical for totally
enclosed motors, as cooling takes place on the outside
surface. Heavily loaded motors are especially vulnerable
to overheating.

Surface dirt can be removed by various means, depend-
ing upon its composition. The most common methods are:
compressed air (30 pounds per square inch gage [psig]
maximum), vacuum cleaning, and direct wiping with rags
or brushes. Recently, dry ice blasting has been introduced,
and this is usually done by a special contractor. The dry
ice is less abrasive than mineral deposits. It is also non-
electroconductive and leaves no residue.

Dirt inside a motor is more difficult to remove, so it

is ideal to keep the dirt from getting inside. A totally
enclosed motor helps in this regard, but fine dust can
invade and destroy even an explosion-proof motor. Some
larger motors can be fitted with a filter in ventilation air
passages to keep out dirt. Keeping moisture out can also
decrease the amount of dirt that attaches to the inside of
the motor and reduce the electrical conductivity of some
contaminants. This will also reduce the frequency in
which the motor must be disassembled for cleaning.

LUBRICATION

Many small or integral horsepower motors have factory-
sealed bearings that do not require relubrication. All others
require lubrication. Unfortunately, lubrication can be more
of an art than a science.

Initially, follow the motor manufacturers’ recommenda-
tions. Eventually, with some experimentation and analy-
sis of well-kept records, a different type of lubricant or
lubrication interval may prove to work better. It is a good
practice to compare personal experience with that of

Premium Efficiency Motor Selection and Application Guide

others in the industry, because operating environment has
a significant effect on lubrication requirements. Consult
with a motor service center; the repair person may be able
to tell if there is a problem with the type of lubricants,
lubrication methods, or intervals by inspecting bearings
and analyzing failures.

Typical lubrication intervals vary from less than three
months (for larger motors subject to vibration, severe
bearing loads, or high temperatures) to five years (for
medium-use, integral horsepower motors). Motors used
seasonally should be lubricated annually prior to the sea-
son of use-8-2 A guide to lubrication frequency is summa-
rized in Table 8-1.8-3

Table 8-1. Lubrication Frequency Guide (in months)

Type of Service

8 24
Hours/ Hours/
Day Day
143T-256T * *
284TS-286TS 6 2
3,600
324TS-587US 4 2
143T-256T * *
284T-326T 48 18
1,800 364T-365T 12 4
404T-449T 9 3
505U-587U 6 2
143T-256T * *
1,200
and 284T-326T 48 18
below
354T-449T 12 4
505U-587U 9 3

*These motors often do not have bearings that can be relubricated. Replace
after 14,000 to 17,000 service hours.
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Table 8-2. Grease Compatibility

x
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<
Aluminum Complex |
Barium | |
Calcium | |
Calcium 12-hydroxy C C C
Calcium Complex | | |
Clay | | C
Lithium | | C
Lithium 12-hydroxy | | B
Lithium Complex C | C

Polyurea | | |

Improper lubrication shortens bearing life in many ways.
For example, relubrication with different or incompatible
grease can cause premature bearing failure. Grease con-
sists of oil in some type of constituent to give it body or
thickness that prevents it from running out of the bearing.
Mixing greases with incompatible constituents can cause
the components of the mixed grease to separate or harden.
Table 8-2 provides a guide to the compatibility of grease
bases.8-4 The best way to avoid compatibility issues is to
not mix greases.

Adding too much grease or greasing too frequently can
force grease past the bearing shield into the motor, result-
ing in winding damage. Simply having too much grease
in the bearing can prevent the proper flow of the grease

around the rollers and result in decreased motor efficiency.
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The worst problem associated with greasing may be
contamination. Contamination occurs when strict cleanli-
ness standards are not followed in storing and applying
grease. It may be helpful to buy grease in more expensive
individual cartridges rather than in large quantities that are
subject to contamination when you need to refill grease
guns. Also take special care with grease fittings. Clean the
fitting before filling it and keep the grease gun nozzle cov-
ered when you are not injecting grease.

When selecting oil or grease, begin with the motor
manufacturers’ recommendations. However, for cases
when recommendations are too general or have enabled
unexplained bearing failures, review alternative lubricant
specifications and select a type compatible with the known
contaminants in your operating environment. For severe
situations, a synthetic lubricant may be best. Consult with
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lubricant vendors, the motor manufacturer, and a service
center. Lubricants vary in their tolerance to temperature,
water, salt, or acids.

Finally, remember to completely remove an old lubricant
before trying a different one. If this is not possible, relubri-
cate soon after introducing a new lubricant. If there is a
plug under a grease-lubricated bearing, remove this when
first using a new grease to help flush out the old grease.
Some authorities recommend running the motor for about
an hour with the plug out to help flush the old grease.
EASA recommends removing the plug for all regreasing
to purge the bearing of excess grease.8-3 The effectiveness
of this practice depends upon the geometry of the bearing
cavities and type of seal or shield. Again, it is best to con-
sult the manufacturer or repairer.

Mountings, Couplings, and
Alignment

Mounting is not technically a maintenance issue, but
when not done properly, it can result in serious mainte-
nance problems. The entire structure must be rigid with
a flat, coplanar surface for the four mounting legs. Avoid
“soft foot,” which results in the frame being distorted
when the motor is tightened down on its mount. This can
lead to decreased efficiency and reduced service life due
to the rotor being off-center relative to the stator. This
causes torsional vibrations, current unbalance, hot spots,
and increased stray load losses. The same considerations
apply to the mount for the driven equipment. Both motor
and load structure must be rigidly bound to the floor or

Ideal Alignment

. 0C_0

Parallel Misalignment

C_ O

Angular Misalignment

— VD

Figure 8-1. Ideal, parallel, and angular misalignment

a common structure. Failure to provide a solid mounting
can lead to vibration or deflection, which in turn, leads to
premature bearing failure.

Vertical motors can be even more demanding than hori-
zontal motors because the mounting circle provides a
small footprint for the large mass cantilevered above it.
Pliancy in the mounting structure can exacerbate the low-
frequency vibration to which vertical motors are vulner-
able. Always check hold-down bolts and dowels at every
maintenance interval and visually inspect for cracks or
other failures of the mounting system.

Shaft alignment is often promoted for greater energy effi-
ciency. Alignment means that the centerline of the motor
and the load shaft coincide. If they are parallel, but do not
coincide, this is parallel misalignment. If the centerlines
are not parallel but they intersect inside the coupling, this
is angular misalignment. It is possible to have misalign-
ment in both respects.

Research conducted at the Oak Ridge National Labora-
tory’s Center for Electric Machine System Testing found
that misalignment has no significant effect on motor
efficiency.8-5 Misalignment can, however, lead to damag-
ing vibrations, noise, coupling and bearing temperature
increases, and coupling wear. Although misalignment has
no measurable effect on motor efficiency, correct shaft
alignment ensures the efficient transmission of power from
the motor to the driven equipment. A slight misalignment
can dramatically increase the lateral load on bearings. It can
also shorten the life of the coupling. One source attributes
45% to 80% of bearing and seal failures to misalignment.8-6

Misalignment is usually the result of errors in installa-
tion. However, misalignment sometimes develops after
installation. This can occur if a hot alignment check has
not been made, the mounting structure is not completely
rigid, if vibration or impact causes something to slip, or if
dirty or bent shims were used originally. Alignment should
be checked soon after installation and less frequently after
that if there are no conditions likely to cause misalign-
ment. If there is evidence of misalignment—such as vibra-
tion, warm bearings or couplings, unusual noise, or rubber
crumbs under the coupling—check the alignment.

Some users still align couplings with a dial indicator. To
check for angular misalignment, mount the indicator on
one shaft and contact the other coupling flange with the
plunger parallel to the shaft. To check for parallel mis-
alignment, arrange the plunger radial to the flange. Rotate
the shafts through at least 180° or, ideally, 360°, checking
for runout (or the amount by which the shaft’s sealing sur-
face does not rotate around the true center).
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For misalignment in the horizontal plane, loosen motor
mounting bolts and reposition the motor. For any mis-
alignment in the vertical plane, shims must be added or
removed. Angular vertical misalignment requires unequal
application of shims between the shaft end and the opposite
end feet. Apply shims so that the motor rests with equal
weight on both diagonal pairs of feet (i.e., the motor does
not rock at all before the bolts are tightened). Shims and
the work area around motor feet must be completely clean.
Discard any shims that are bent or scuffed. Always make a
final alignment check after the mounting bolts are torqued.

Alignment is not easy and it can take many trial-and-error
cycles to reposition and measure. Computer devices and
software are available to help you choose shim sizes and
positioning. Most users today use laser alignment equip-
ment. The devices are accurate and easy to use, particu-
larly where long extensions would be required to mount
dial indicators. The laser devices simplify attachment,
eliminate the problem of compliance of dial indica-

tor mounting arms, and are usually associated with (or
directly connected to) computer devices that prescribe the
adjustments needed at all four legs.

For additional information, download AMO Motor Sys-
tems Tip Sheet #4 “The Importance of Motor Shaft Align-
ment,” available at www.manufacturing.energy.gov.

Belted Power Transmission
System Maintenance

One-third of electric motors in the commercial and indus-
trial sectors use belt drives, most of which are standard
V-belts.8-7 The most important thing to control in a V-belt
drive is the tension. If belts are too loose, they tend to
vibrate, wear rapidly, and waste energy though slippage.
If they are too tight, they will also show excessive wear
and can dramatically shorten bearing life through exces-
sive lateral loading. The proper tension of a V-belt is

the lowest tension at which the belt will not slip at peak-
load conditions.8-8

Be careful not to overtighten belts, as an excessive belt
load can cause premature bearing and even shaft failure.8-9
A properly installed, tensioned, and maintained V-belt will
typically last up to three to five years. In harsh conditions,
service life can decline to a year or less. Belt replacement
more than twice a year may be an indication of a serious
problem.8-10

Belt drives require parallel alignment between the motor
and load shaft, and require drive and driven pulleys to be
in the same plane. Both of these conditions can usually be

8-6 |

IMPORTANCE OF TRENDING

By trending the operating conditions of a
motor over time, you may detect problems that
are developing in the motor, load, or power
distribution system.

checked using a straight edge. Once belt drives are aligned
with a rigid base, the alignment tends to hold constant
much better than the belt tension does.

When belts appear worn or require over-tensioning to
prevent slip, they should be replaced. Over-tensioning
stretches belts excessively, resulting in reduced belt and
bearing life.8-8 Always replace multiple V-belts at the same
time with a matched set. Recheck new V-belt tension sev-
eral times until the break-in stretching is complete (usually
within the first 48 operating hours). After the break-in
period, belt tension should be checked every three to six
months. More frequent checking is necessary when noise
or vibration occur.8-8

To eliminate slip loss, consider replacing V-belts with
notched or synchronous belts. However, before doing
this, determine whether slip is necessary in your applica-
tion to protect the motor and load from jamming. Slip

is sometimes required in crushers or systems that pump
fluids with entrained solids. For additional information,
see AMO Motor Systems Energy Tip Sheet #5 “Replace
V-Belts with Cogged or Synchronous Belt Drives,” avail-
able at www.manufacturing.energy.gov.

Variable Frequency Drive
Maintenance

Once a VFD is properly installed, commissioned,
and operational, maintenance is fairly straightforward.
It involves:8-11

* Keep the VFD clean and cool. Side vents for cooling
purposes in NEMA 1 enclosures are susceptible to
dust buildup. Dust buildup can block airflow and
reduce the effectiveness of ventilation fans.

e Keep the VFD dry. Dehumidifiers are recommended
when humidity or condensation is a concern. Install
a thermostatically controlled space heater when
condensation is likely.

* Maintain tight connections. Check for hot spots and
tighten loose connections as required.
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Operating Environment

Motor operating conditions affect efficiency and reliabil-
ity. Record operating conditions at regular intervals to
ensure they are within the tolerances of the motor. Also,
monitoring trends in these conditions can allow early
detection of problems developing in the motor, load, or
power distribution system.

Operating speed, operating voltage, and current on all
three phases should be recorded. Periodically monitor and
trend both temperature and vibration. Also measure input
power and power factor; these can both be determined by
using either a power factor meter or a power meter. Refer
to Chapter 3 of Continuous Energy Improvement

for Motor-Driven Systems for information on selecting
appropriate test instruments for these measurements. For
belt drive applications, also record the speed of the load;
it can be compared to motor speed over time to detect
changes in slippage.

A significant change in voltage is not likely to be caused
by the motor, but affects the way the motor performs.
Changes in full-load performance parameters with respect
to a departure from nameplate voltage are indicated in
Figure 5-1. Decreases in efficiency worsen with under
voltage, and to a lesser extent, with overvoltage operation.
Power factor tends to improve given under voltage opera-
tion and decreases rapidly with conditions of overvoltage.

A change in current is usually associated with a change in
shaft load. However, other factors can be involved, such as
a change in voltage. An increase in current after a motor is
repaired may indicate degradation from the failure and the
repair, such as turning down the rotor diameter to prevent
rubbing against the stator. This will be accompanied by
both decreased power factor and lower efficiency. It is
best to determine a shaft load change by determining input
power with a power meter or combining a power factor
reading with voltage and current readings, using Equations
3-1 through 3-3.

When input power changes, it usually means something is
changing in the load. With a centrifugal pump, a reduc-
tion in power may indicate damage to an impeller. Inspect
for variations in fluid flow and discharge pressure. With
belt drives, a reduction in power may indicate a slipping
belt. With fans and blowers, a change in power gener-
ally signals clogging of filters or obstruction of ductwork.
Because motor speed varies only slightly from idle to full
load, load changes are associated with changes in the load
torque requirements. If you understand how your load
torque requirement varies with operating conditions, you
can use power changes to detect load problems.

Premium Efficiency Motor Selection and Application Guide

It is very important to note phase balance because unbal-
ance can dramatically reduce a motor’s efficiency and life.
Check both voltage and current balance. A slight voltage
unbalance can cause a larger motor current unbalance.

It is important not to mistake this situation for a motor
problem. If there is a large current unbalance with little or
no voltage unbalance, the motor may be at fault. A delta
wound motor will still draw some current from all phases,
even with an open circuit in one phase winding. Take the
motor off line and perform a winding resistance check.
Aim for zero voltage unbalance. An unbalance greater
than 2% is cause for immediate action.

With any of the measured conditions, do not assume the
condition has progressively changed over time. Many
conditions associated with the load or power supply vary
throughout the day, even minute to minute. These can be
detected with a recording logger left in place for several
hours or days. Often, the patterns initially hint at an expla-
nation that might be normal behavior.

An excellent tracking tool for managing your motor
inventory and keeping track of power supply and loading
conditions is the MotorMaster+ sofiware. MotorMaster+ is
available at www.manufacturing.energy.gov.

Predictive Maintenance Tests

Certain nonelectrical tests can reveal problems that either
result from or cause the deterioration of motor components.

THERMAL

Thermal testing and trending of temperature data is a

good indicator of change. It is not possible to measure the
surface temperature of a motor only once and infer its effi-
ciency or general health. Over time, however, increases in
temperature that cannot be explained by other factors often
signal the onset of problems. Maintenance personnel can
obtain an early warning of a developing problem by using
a temperature measuring instrument to check the tempera-
ture at the motor and bearing locations periodically.

Use a good contact thermometer at regular maintenance
intervals. Measure the temperature after the motor has
been running long enough for the temperature to stabilize.
Also measure the ambient temperature so that the tem-
perature rise can be determined. An increase in tempera-
ture that is greater at the location of the bearing than it is
in the middle of the motor suggests a bearing problem. In
the case of a bearing problem, verify that there is adequate
lubrication and schedule a bearing change soon. For a
small motor on a noncritical application, it is sometimes
sufficient to obtain a spare and wait for a convenient
change out time.

| 8-7
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A temperature increase away from the bearings is usually
associated with circumstances external to the motor that
can harm it. Check for the following:

* An increase in loading

 Obstruction of cooling air flow

* Undervoltage

» Development of a voltage unbalance condition
* Line harmonics

* Recent multiple starts, plugging, or jogging.

In motors with variable-speed drive control, a low speed
without a dramatic reduction in torque can cause overheat-
ing. Check with the drive and motor manufacturer regard-
ing the minimum safe speed for constant torque loading.

In some larger motors, temperature sensors are built into
the stator slots, which makes recording and trending

the temperature easy. Consider having sensors installed
when rewinding large or critical motors that do not have
temperature sensors. Temperature sensors not only allow
trending, but can also be connected to protection equip-
ment that sounds an alarm or shuts down the motor when
temperature limits are exceeded.

VIBRATION

A change in vibration often signals a bearing problem. It
can also signal other problems, such as a load imbalance,
bent shaft, rotor damage, coupling misalignment, increase
or change in line harmonics, or even a voltage unbalance.

Many instruments are available to measure vibration.
They vary from very sophisticated equipment that reads
vibration and prints frequency profiles to simple handheld
gadgets with a row of resonating reeds.

The best vibration diagnostic is the regular use and record-
ing and trending of vibration levels at standard locations
on the motor. These standard locations are near each
bearing with orientations of vertical, horizontal, and axial.
Typically, instruments come with magnetic attachments at
test points on the motor. It is good to attach pads with the
magnetic attachments to ensure a flat attachment at exactly
the same spot with each reading.

Increased vibration at multiples of line frequency often
signals electrical problems (e.g., harmonics). Vibration

at 120 Hz can indicate a phase unbalance. Vibrations at
low multiples of actual speed (RPM) suggest a mechani-
cal imbalance within the motor or load, a bent shaft, or a
mounting failure. Bearing problems are usually high fre-
quency vibrations that may not be exact multiples of either
line frequency or RPM.

Figure 8-2. Online analyzers. Photos from Washington State University

8-8 |
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Some manufacturers include components and software to
their equipment to detect early bearing degradation based
on shock pulse theory. This technique detects the ultrasonic
noise that is emitted when bearing rollers run over a micro-
scopic pit in the bearing race. Sometimes, the signal weak-
ens when the defect enlarges, creating the appearance that
the problem is solved. However, this is usually the “calm
before the storm” that precedes a serious bearing failure.

Instrument manufacturers usually provide analysis docu-
mentation that assists in diagnosing causes of certain
vibration changes.

ACOUSTIC

Audible vibration can often alert experienced personnel to
problems. The most common of these are bearing prob-
lems. Ultrasonic detectors can sometimes provide an early
indication of problems such as bearing pitting or arcing in
the windings.

Predictive Maintenance and
Condition Assessment

Certain electrical tests should be performed periodically
on the motor and motor circuit. Tests performed on the
motor generally detect insulation problems. Tests per-
formed on the distribution system frequently detect loose
connections in the motor circuit, and they can also detect
winding errors in the motor.

Insulation resistance testing is the most important predic-
tive motor electrical test that can reveal degradation in
insulation. Test results can be used to trend degradation
and foresee impending failures so a motor can be pulled
for a “clean and bake.” This can avoid a costly or irrepa-
rable failure. These tests include insulation resistance
(IR), polarization index (PI), and surge tests. The meth-
ods are too involved to be completely described here, but

numerous materials are available to guide you in applying
them.8-12, 8-13, 8-14, 8-15, 8-16, 8-17

In the past decade, advanced equipment has appeared on
the market that analyzes motors electronically without
stressing them. These products tend to fall into two cat-
egories: online devices to analyze motors while operat-
ing, and offline devices to analyze motors when they are
not powered. Online testers, sometimes called dynamic
analyzers, compare and analyze the motor’s voltage and
current signatures. Offline testers, sometimes called static
analyzers or motor circuit evaluators, apply low-power DC
and AC signals of varying frequency to probe the motor’s
insulation and internal circuit impedance. In some tests,
the shaft must be manually rotated while offline.

Table 8-3. Comparison of Offline and Online Testers.
Source: BJM All-Test

Condition Offline Online
Power quality problems 3 1
Transformer 1 4
Energy analysis 2 1
Controls 1 3
New or repaired motors 1 4
(before installation)
Inoperable motors 1 4
Turn, coil, or phase

1 3
shorts
Insulation flaws or 1 4
degradation
Loose rotor bars 4 2
Broken rotor bars 1 4
Casting voids in rotor 1 2
cage
Bearing degradation 4 3
Bent shaft or distorted 1 1
frame
Mechanical imbalance 4 1
Load problems 4 3

1= Excellent 2= Satisfactory
3= Somewhat 4= Poor/No

A skilled operator can learn a lot about a motor’s condi-
tion from either type of tester. While either type can reveal
many conditions, the two do not have identical diagnostic
potential. Moreover, it is often not convenient to power a
stored or idle motor or to shut down an operating motor.
For this reason, some manufacturers make both types of
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testers and even market them together in motor diagnos-
tic “kits.” Table 8-3 is a comparison of offline and online
diagnostic capabilities provided by a manufacturer of
both tester types.

WIRELESS MOTOR SENSORS

Advanced conditioning monitoring systems are expensive
and presently are used only with large motors. In contrast,
wireless sensors offer relatively low costs, ease of instal-
lation, and can be mounted on moving parts.8-18 Research
is underway to develop small wireless motor sensors that
are easy to deploy and require little maintenance. Initial
work focused on the use of thermistors and accelerometers
to gather temperature and vibration data. A motor’s heat
signature can tell much about its operating condition.8-18

The sensors transmit gathered information to a receiving
unit, which in turn uses the plant’s information technol-
ogy network to send information to the plant computer.
The ultimate goal is to continually monitor motor current,
vibration, sound, and temperature so operating problems
can be identified and resolved before motors fail, poten-
tially causing damage and process downtime. Better motor
monitoring provides an opportunity to schedule repairs
and plan for replacement.8-19

Current research involves development of compact power
supplies that harvest energy from the motor’s magnetic
field, improving signal resolution, and the development of
algorithms for motor fault diagnosis.8-19

Other motor wireless sensor documents include: Sensor
Characteristics Reference Guide$-20, On the Application
of Wireless Sensor Networks in Condition Monitoring and
Energy Usage Evaluation for Electric Machiness-21, and
On the Impact of Local Processing for Motor Monitoring
Systems in Industrial Environments Using Wireless Sensor
Networkss-22,

IN-PLANT DISTRIBUTION SYSTEM
ELECTRICAL TESTS

The motor circuit ahead of the terminal connections
requires periodic maintenance and inspection. Fuses
may degrade and develop high resistance. Connec-

tions may become loose because of thermal cycling and
creep. Aluminum components are particularly vulner-
able to creep, which is a tendency to deform slowly over
time with stress. Contacts become burned and worn so
they connect with high resistance or fail to make contact
simultaneously.

8-10 |

To prevent problems, tighten connections with a torque
wrench at annual maintenance intervals. Then, check con-
nections and contacts with a micro-ohmmeter. Trend the
results to reveal changes. It is difficult to give guidelines
on acceptable resistance because of the tremendous dif-
ferences in current between motors of different power and
voltage. Sometimes it helps to convert the resistance val-
ues to watts lost or voltage drop. This is easily done with
the Ohm’s law equations (see Equation 8-1).

It is inconvenient and time-consuming to de-energize
circuits to perform circuit troubleshooting maintenance.
Some plants conduct circuit testing using infrared ther-
mography techniques. Smaller firms often contract for
this service. Testing equipment varies from small, hand-
held, noncontact thermometers to devices that produce
color images of the equipment; the colors are correlated
to temperature. This technology can identify trouble spots
quickly without the need to de-energize circuits. Various
ANSI, IEEE, and NEMA standards provide guidance on
the limits of temperature rises and maximum allowable
temperatures for various electrical system components.

Motor circuit analysis, which is growing in popularity, is
often provided by private contractors. The process usually
consists of connecting proprietary test equipment to the
circuit at the motor control panel. The equipment generally
energizes the circuit with some sort of low power signal

or pulsing, followed by an analysis of the circuit response
with a computerized detector. The circuit resistance,
including the motor winding resistance, is determined.
Sources of inductance and capacitance are measured and
asymmetries are detected.

V,=1,xR

P,=12xR

V; = RMS voltage across a junction
I, = RMS current through a junction
R = Resistance in ohms

P, = Power dissipated in a junction in watts

Equation 8-1. Energy losses at connections
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A comprehensive guidebook on maintaining distribution
system health and symmetry is Keeping the Spark in Your
Electrical System: An Industrial Electrical Distribution
Maintenance Guidebook.83-23 It covers all aspects of the
electrical distribution system, including methods of test-
ing and diagnosis, the cost of uncorrected problems, and
maintenance issues.

Motor Storage and Transport

Motors can fail sitting on the shelf—often having a shorter
life unpowered than continuously running. Lubricant can
drain away from bearing surfaces and expose them to air
and moisture. Even a tiny rust pit from such exposure can
begin a progressive failure when the motor is put into ser-
vice. High humidity is also an enemy to the winding insu-
lation. Most insulation will absorb moisture from the air
to a degree that significantly reduces dielectric strength.
Vibrations can damage ball and roller bearings when the
shaft is not turning. This is most common when motors are
installed in high vibration equipment and subject to long
periods not running, but it sometimes happens in transpor-
tation and storage areas that are subject to vibration.

Several actions are necessary to reduce the stress of stor-
age. If motors are connected, they can be started and run
up to temperature at least monthly; weekly is better in
areas with high relative humidity. Installing and using
space heaters in the motors is a better alternative. For
motors in storage, rotate the shaft at least monthly to repo-
sition the bearings and distribute lubricant.

Humidity control is critical in storage areas. During cold
weather, this can usually be accomplished by heating the
storage area. If there are no sources of moisture (people,
coffee makers, leaks, etc.), increasing the indoor tempera-
ture to 15°F above the outdoor temperature will bring the
relative humidity to less than 70%, no matter how humid it
is outside. During moderate to hot weather, dehumidifica-
tion or air conditioning may be necessary. Some motors
can be equipped with internal heaters by the manufacturer
or when being rewound. These can be connected to keep
the windings 10°F to 20°F warmer than ambient when the
motor is not running.

When heaters are not installed, the motor can be connected
to a low-voltage DC power supply so that the windings
serve as a low-power heater. The power supply needs to be
either current-regulated or provided at a voltage deter-
mined by the winding resistance. Consult your service
center for recommendations on a power supply. If a motor
will be put into service after prolonged storage under less
than ideal conditions, warm it for a day or more and per-
form an insulation resistance test before powering it.

Before shipping a motor, block the shaft to prevent axial
and radial movement. If it is oil-lubricated, drain the oil
and tag the reservoir as empty.
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INDUSTRIAL ELECTRICAL SYSTEM TUNEUPS

INDUSTRIAL ELECTRICAL SYSTEM TUNEUPS

The energy management team, including the energy man-
ager, plant engineer, and plant electrician, is tasked with
and can be effective in improving the plant’s electrical
energy efficiency. However, to do this, the team must have
access to some basic measurement tools and an under-
standing of how induction motors relate to the in-plant
electrical distribution system.

The electrical utility delivers power to the industrial user
at a specified service voltage. A step-down transformer
converts the utility voltage to the in-plant distribution
system voltage. Additional transformers may be present
to reduce the distribution voltage to a motor’s nominal

VOLTAGE DEFINITIONS

= All voltages are phase-to-phase unless
specifically designated otherwise.

= Service voltage describes the voltage value at
the point where the utility delivers service to the
industrial user.

= Nominal voltage describes the general voltage
class that applies to the system (e.g., 120 V,
240V, 480 V).

= Utilization voltage describes the value of voltage
at the motor leads.

Standard Motor Operating Voltages

Service Voltage Utilization Voltage

208 200
240 230
480 460
600 575
2400 2300
4160 4000

voltage (e.g., 480 V). The utilization voltage (i.c., the volt-
age value at the motor leads) is the nominal voltage less
the voltage drops between the points of transformation and
end use. A single-line diagram should be available that
shows the service voltage, distribution voltage, and utiliza-
tion voltage values for your facility.

The Plant Electrical
Distribution System

Utilities are concerned with meeting two principal criteria
when they supply power to their customers. First, the util-
ity strives to deliver power at a voltage that is within an
acceptable range. Second, the utility makes an effort to
provide polyphase (three-phase) power where the phase-
to-phase voltage is balanced or close to being the same
between all phases.9-!

OVERVOLTAGE AND UNDERVOLTAGE

The utility is obligated to deliver power to the 480-V
industrial user’s service entrance in a range from a low
of 456 V to a high of 504 V (480 + 5%). In practice, the
service voltage is usually maintained within a tight range.
It is common to experience the service voltage remaining
in a range of 475 V to 485 V.92

Acceptable in-plant distribution system delivery voltage
values are summarized in Table 9-1.9-2 Allowable ranges
are defined by IEEE and ANSI standards. Measurements
taken at a single point in time can be misleading. When the
long-term average of the three-phase voltages exceeds the
value ranges in Table 9-1, the system is out of compliance.
No field measurements or analysis should be done until the
system is brought into compliance. Service voltage correc-
tion usually begins by contacting the serving utility.

Table 9-1. Acceptable System Voltage Ranges.

Nominal System Allowable szl
Lo Voltage
Voltage Limits, %
Range
120 V (L-N) +5% 114 V-126 V
240 V (L-L) +5% 228 V=252V
480 V (L-L) +5% 456 V-504 V
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Figure 9-1. Acceptable motor utilization voltage range

In most industrial facilities in North America, the nominal
in-plant voltage is 480 V. Delta-type electrical systems
always refer to “line-to-line” voltage values. “Wye”-type
electrical systems refer to “line-to-line”” and “line-to-
neutral” voltage values. One will frequently see a voltage
described as 277/480. This means that the voltage from the
line-to-neutral is 277 V and the voltage from line-to-line is
480 V.9-1 The relationship between system and motor oper-
ating or utilization voltage is shown in Figure 9-1.

Usual utilization voltage conditions, defined in the NEMA
Standards Publication MG 1-2011 “Motors and Genera-
tors,” include operation within a tolerance of +10% of a
motor’s rated voltage.9-2

The custom among NEMA members is to rate motors at
95.8% of nominal system voltage. For example, motors
intended for use on 480 V systems are rated at 460 V
(95.8% % 480 volts), and motors intended for use on 240
V systems are rated at 230 V (95.8% x 240 volts). Motors
can be allowed to operate on voltages as low as 95.6% of
their specified voltage rating. Thus, a motor rated at 460
V can operate at 440 V (460 V x 0.956). As long as the
phase-to-phase voltages are balanced, the motor does not
need to be derated.9-!

INDUSTRIAL ELECTRICAL SYSTEM TUNEUPS

Troubleshooting and Tuning Your
In-Plant Distribution System

Maintenance of in-plant electrical distribution systems

is often neglected. The result is ultimately an increase in
costs caused by decreases in safety (due to greater fire
hazards), shorter motor life, more unscheduled downtime,
and lost productivity.

Efficiency can be improved by eliminating common
problems, such as poor contacts, voltage unbalance,
over and undervoltage, low power factor, and undersized
conductors. 9-3.9-4,9-5,9-6 Always troubleshoot and cor-
rect the in-plant distribution system before taking field
measurements.

Begin the electrical distribution system tuneup by search-
ing for and correcting poor contacts, as these are the prob-
lems most likely to result in a catastrophic system failure
and possibly result in a fire. Correction of poor power
factor to eliminate utility power factor penalties is the next
step; this is generally the source of the greatest utility cost
savings. The system should then be examined for volt-
age unbalance and overvoltage or undervoltage conditions
because of the detrimental effects these conditions have
on motor performance and motor life. Finally, check for
excessive voltage drops due to undersized conductors.%-6

TROUBLESHOOTING POOR CONTACTS

The first step in optimizing your industrial electrical distri-
bution system is to detect and correct any problems caused
by poor connections; these are the most cost-effective
problems to correct. High temperatures are commonly
caused by loose and dirty contacts. Such contacts are
found in switches, circuit breakers, fuse clips, and termi-
nations. Poor contacts can be caused by: 9-6

» Loose cable terminals and bus bar connections
e Corroded terminals and connections
* Poor crimps

* Loose, pitted, worn, or poorly adjusted contacts
in motor controllers or circuit breakers

* Loose, dirty, or corroded fuse clips or manual
disconnect switches.

Detection should begin with a voltage drop survey of
the power panels and motor control centers. Advantages
of a voltage drop survey are that it can be done in house
with existing equipment and that problems can often be
detected without using infrared thermography. Voltage
drop measurements should be taken when the plant is
heavily loaded.9-¢6
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During the voltage drop or infrared survey, the electrician
can visually inspect suspected trouble areas for:9-6

e Discoloration of insulation or contacts

* Compromised insulation, ranging from small
cracks to bare conductors

¢ Oxidation of conductor metals
¢ Presence of contaminants, such as dirt
* Mismatched cables in common circuits

* Aluminum cables connected to lugs marked
for copper wire.

VOLTAGE DROP SURVEY

A voltage drop survey can be done with a simple handheld
voltmeter. It is important to use extreme caution and
wear appropriate safety equipment. Voltage drops are
determined from taking line-to-line voltage measurements
at the main distribution panel, the motor control center,
and at the motor leads. Determine the voltage drop from
the bus bar to the load side of the motor starter.9-¢

Comparing the magnitude of voltage drop with other
phases supplying the load can alert the electrician to poor
connections. The electrician can make component-by-
component voltage drop measurements on suspect circuits
to isolate and eliminate any poor connections.%-6

INFRARED THERMOGRAPHY

Infrared thermography is a quick, reliable method for
identifying and measuring temperatures of components
operating at unreasonably elevated temperatures. High
temperatures are a strong indication of both wasted
energy and pending failure. High-resistance connections
are self-aggravating, as they generate high temperatures
that further reduce component conductivity and increase
operating temperatures.9-6

Once the infrared survey is complete, the plant electrician
can focus on any hot spots located. A millivoltmeter or
milliohmmeter is recommended for measuring the voltage
drop and resistance, respectively, across high-temperature
connections and connections not shown on the thermo-
graphs. These measurements can be used to determine

if the hot spot indicated in the infrared image is due to a
problem with the component itself or if heat is being radi-
ated from an adjacent source.9-6

9-4 |
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The Infraspection Institute provides a Standard for
Infrared Inspection of Electrical Systems and Rotating
Equipment that lists the maximum allowable temperatures
for conductors, connectors and terminations, overcurrent
devices, bushings, coils and relays, and AC motor wind-
ings. It is available for purchase at www.infraspection.com.

TROUBLESHOOTING OVERVOLTAGE
AND UNDERVOLTAGE

Overvoltage or undervoltage conditions can result from
any of the following:9-6

* Incorrect selection of motors for the rated voltage.
Examples include a 230-V motor on a 208-V circuit.

* Incorrect transformer tap settings.

» Unequal branch line losses resulting in dissimilar
voltage drops within the system. Often, a panel will
be supplied with a slight overvoltage in the hope of
supplying the correct voltage to the motor control
centers (MCCs). However, voltage drop differences
can result in an overvoltage at some MCCs while
others experience undervoltages.

System voltage can be modified by taking the following
actions:

* Adjusting the transformer tap settings. (Note that
changing the tap settings interrupts power to all loads
served by the transformer. Entire processes must be
shut down during tap changes).

* Installing automatic tap-changing equipment in
locations where system loads vary greatly through the
course of the day.

* Installing power factor correction capacitors that raise
the system voltage while correcting for power factor.

TROUBLESHOOTING VOLTAGE UNBALANCE

Efforts to optimize your electrical distribution system
should include a survey of loads to detect and correct
voltage unbalances. Unbalances exceeding 1% should be
corrected as soon as possible. A voltage unbalance of less
than 1% is satisfactory.

Premium Efficiency Motor Selection and Application Guide
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The following causes of voltage unbalance can be detected
by sampling the voltage balance at a few in-plant distribu-
tion system locations:%-5. 9-6

* Selection of wrong taps on the distribution transformer

 Presence of a large, single-phase distribution
transformer on a polyphase system, regardless of
whether it is under load

* Asymmetrical (unbalanced) transformer windings
delivering different voltages

 Faulty operation of automatic equipment for power
factor correction

» Unbalanced three-phase loads (such as lighting
or welding)

* Single-phase loads unevenly distributed on a
polyphase system, or a large single-phase load
connected to two conductors on a three-phase system

» Well-intentioned changes, such as improvements
in the efficiency of single-phase lighting loads, that
inadvertently bring a previously balanced polyphase
supply into unbalance (possibly wasting more energy
than was saved)

» Highly reactive single-phase loads, such as welders

* Irregular on/off cycles of large loads such as arc
furnaces or major banks of lights

» Unbalanced or unstable polyphase supply from
the grid.

The following problems may be more critical, resulting
in single-phase operation:9-5. 9-6

* An open phase on the primary side of a three-phase
transformer in the distribution system

* Single phase-to-ground faults

¢ Failure or disconnection of one transformer in a
three-phase delta-connected bank

* Faults, usually to ground, in the power transformer

* A blown fuse or other open circuit on one or two
phases of a three-phase bank of power-factor
correction capacitors

* Certain kinds of single-phase failures in adjustable
frequency drives and other motor controls.

INDUSTRIAL ELECTRICAL SYSTEM TUNEUPS

PHASE-TO-PHASE BALANCE

Before making changes to your distribution
system, consider the impact on the resulting
phase-to-phase balance.

The following problems can be isolated to a particular
circuit and could require a load-by-load survey to detect
the following:

» Unequal impedances in power-supply conductors,
capacitors, or distribution wiring

e Certain kinds of motor defects.

Constant loads can be checked by measuring voltage-to-
ground on each phase with a handheld voltmeter. Highly
variable loads may require simultaneous measurement of
all three phases, with monitoring over time. Data logging
instruments can periodically measure and record the volt-
age, current, power factor, and total harmonic distortion
on each phase.

Proper system balancing can be maintained by doing the
following: 9-5.9-6

* Checking and verifying electrical system single-line
diagrams to ensure that single-phase loads are evenly
distributed

» Regularly monitoring voltages on all phases to verify
that any unbalance is less than 1%

* Installing ground fault indicators
* Conducting annual infrared thermographic inspections

« Installing sensitive phase voltage monitors.

TROUBLESHOOTING LOW POWER FACTOR

An analysis of utility bills usually indicates whether a
power factor problem exists. Even if the utility does not
bill directly for power factor, a low power factor can raise
your kilowatt-hours and demand billing. This is because
of real power wasted in excess transformer and line losses
associated with the flow of reactive power. Correcting
power factor at the motors will reduce the line current
and associated I2R losses in the entire distribution system.
A comprehensive discussion of power factor, including
detecting and correcting low power factor, is presented in
Chapter 9 of Continuous Energy Improvement in Motor-
Driven Systems.
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TROUBLESHOOTING UNDERSIZED
CONDUCTORS

As plants expand, conductors sized for the original

load may become undersized for the new loads they are
required to carry, which violates electrical codes. Under-
sized conductors present an additional resistive load
on the circuit, similar to a poor connection. The cost of
replacing or supplementing these conductors is often pro-
hibitive from the standpoint of energy cost savings. How-
ever, the cost may be substantially less when done during
expansion or retrofit projects.9-6

TROUBLESHOOTING HARMONICS

Because they are like musical overtones, the component
frequencies of complex waves that are an integral mul-
tiple of the fundamental frequency are termed harmon-
ics. When the AC waveform is distorted from a perfect
sinusoidal shape, this is called harmonic distortion. It has
been shown mathematically that any distorted (i.e., nonsi-
nusoidal) wave can be replicated as the sum of a sinusoi-
dal fundamental wave and certain other sinusoidal waves
that are integer multiples of its fundamental frequency.
The importance of this is that components in the electrical
system will resonate or otherwise react to individual har-
monic components. Tuned filters can be provided to block
or absorb the most harmful harmonics.

In AC electrical systems, harmonic distortion arises

from loads that draw current irregularly. These are pre-
dominantly electronic loads drawn by office equipment,
adjustable-speed drives, and computers. Large or numer-
ous loads of this type can significantly distort the supply
voltage. Motors react to harmonic voltages by generating
components of the rotating magnetic field that are rotating
at the wrong speed and sometimes in the wrong direction.

This makes the motor run hotter and less efficiently. When

significant harmonics are present, motors must be derated.
Figure 9-2 shows the derating curve provided by NEMA
for motors operated when harmonic voltages are present.
When harmonics are a problem, they can be exacerbated
by power factor correction capacitors.

Instruments for assessing harmonic distortion and other
power quality aspects are widely available. These are dis-
cussed in Chapter 3 of Continuous Energy Improvement
for Motor-Driven Systems.

INDUSTRIAL ELECTRICAL SYSTEM TUNEUPS
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Figure 9-2. Harmonic voltage derating curve
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APPENDICES

APPENDIX A: AVERAGE EFFICIENCIES FOR STANDARD EFFICIENCY MOTORS AT VARIOUS
LOAD POINTS

Efficiencies for 900 RPM, Old Standard Efficiency Motors

APPENDICES

10

15

20

25

30

40

50

60

75

100

125

150

200

250

300

86.3

87.6

88.3

88.1

87.5

89.3

89.9

90.9

91.3

91.6

91.9

92.6

93.6

94.1

75%

86.1

87.5

88.3

88.8

89.1

87.6

90.2

90.5

914

91.7

921

92.6

935

94.4

924

50%

84.8

86.6

87.3

88.1

88.5

871

89.6

89.9

90.8

91.2

91.6

92.2

93.1

94.2

89.5

Load Level In Percent

25%

78.3

79.6

81.8

83.0

84.5

84.5

871

86.4

85.8

86.8

89.5

89.7

90.2

92.7

86.0

100%

85.5

86.4

87.9

87.9

88.6

89.0

89.8

90.6

90.6

911

91.5

91.5

93.0

94.2

94.2

75%

85.8

87.2

88.9

88.4

89.2

88.8

89.7

9.

90.8

91.6

91.4

91.7

93.8

94.5

94.5

50%

84.8

86.4

88.2

86.8

88.6

87.0

88.5

90.3

89.9

91.0

90.5

91.0

93.1

94.4

94.4

25%

773

79.0

84.4

78.6

85.2

82.5

82.5

86.9

83.6

87.9

87.5

88.0

90.1

91.5

91.5
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Efficiencies for 1,200 RPM, Old Standard Efficiency Motors

Load Level In Percent

Motor
Size

100% 75% 50% 25% 100% 75% 50% 25%

10 87.4 87.9 86.5 79.3 84.9 85.9 84.4 80.0

15 87.0 87.4 86.3 79.6 87.0 87.2 86.0 79.7

20 87.7 88.6 88.3 85.1 87.7 88.8 88.2 83.6
25 89.0 89.5 88.8 85.2 88.9 89.5 88.5 81.3

30 89.5 90.2 89.7 87.6 89.6 90.3 89.0 83.8
40 89.4 89.9 89.2 85.2 89.9 90.4 88.6 84.5
50 89.7 89.2 87.8 7.7 90.6 91.2 90.5 86.0
60 90.8 91.5 90.9 87.5 90.8 91.0 90.2 83.1
75 91.5 91.7 91.8 88.9 91.6 91.6 90.7 86.5

100 922 92.6 91.8 87.4 91.4 91.6 90.6 84.5
125 92.0 925 921 88.3 921 921 91.9 86.0
150 92.6 931 92.6 90.0 93.1 93.3 92.6 90.8
200 92.9 93.1 91.7 89.9 92.6 93.2 925 88.4
250 94.1 94.2 93.3 927 94.4 94.4 93.9 90.0
300 94.4 94.6 94.5 92.8 94.4 94.4 93.8 91.0
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Efficiencies for 1,800 RPM, Old Standard Efficiency Motors

Load Level In Percent

20

25

30

40

50

60

75

100

125

150

200

250

300

94.4

94.6

75%

90.3

91.2

91.7

94.6

94.7

50%

88.7

89.8

90.5

90.4

90.8

91.6

93.8

93.8

25%

81.8

82.0

83.3

86.6

87.4

85.7

874

86.8

87.7

89.2

88.2

88.6

90.3

92.0

92.8

100%

85.7

86.6

88.5

89.3

89.6

90.2

91.3

91.8

91.7

92.3

922

93.0

935

94.2

94.4

75%

86.7

87.5

89.3

89.9

90.2

90.4

91.6

91.9

92.0

92.2

91.6

92.8

93.3

94.1

94.2

50%

85.4

86.0

88.5

88.8

89.2

89.2

90.9

90.8

90.9

91.2

90.5

91.5

92.0

93.0

931

25%

774

74.9

82.9

821

83.6

81.6

84.1

85.2

85.1

86.2

84.0

86.3

86.3

88.8

89.9
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Efficiencies for 3,600 RPM, Old Standard Efficiency Motors

Load Level In Percent

100% 75% 50% 25% 100% 75% 50% 25%
10 85.0 86.1 85.0 78.7 85.0 84.7 82.7 74.1
15 86.6 87.7 86.8 80.5 85.7 85.8 83.6 73.2
20 88.1 88.9 88.8 85.4 86.6 87.7 86.1 76.7
25 88.4 89.2 88.7 83.7 87.5 87.4 85.3 75.2
30 87.7 88.9 88.8 84.7 87.7 87.0 84.7 75.4
40 88.6 89.7 89.9 86.9 88.5 88.0 85.8 75.2
50 89.1 90.1 89.8 88.4 89.0 88.7 86.7 77.8
60 90.4 90.9 90.9 87.8 89.4 88.4 85.8 76.6
75 90.4 90.6 90.1 85.7 90.6 89.9 88.0 789
100 90.5 91.2 91.0 89.0 90.9 90.3 88.7 81.9
125 91.2 91.9 91.4 90.3 90.9 90.1 87.9 774
150 91.7 91.8 91.9 90.1 91.5 90.9 88.4 81.7
200 91.5 91.7 90.9 83.6 92.7 92.0 90.1 83.5
250 93.0 93.0 92.8 87.4 94.7 94.7 93.8 91.0
300 93.9 94.3 93.5 90.6 94.7 94.4 935 89.8
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS

Enclosure Speed hp Voltage Elsf;‘ii:gr{t I?f??cr?(;:cmy
ODP 3,600 1 Low == 75.5
ODP 3,600 1.5 Low 82.5 84.0
ODP 3,600 2 Low 84.0 85.5
ODP 3,600 3 Low 84.0 85.5
ODP 3,600 5 Low 85.5 86.5
ODP 3,600 75 Low 87.5 88.5
ODP 3,600 10 Low 88.5 89.5
ODP 3,600 15 Low 89.5 90.2
ODP 3,600 20 Low 90.2 91.0
ODP 3,600 25 Low 91.0 91.7
ODP 3,600 30 Low 91.0 91.7
ODP 3,600 40 Low 91.7 92.4
ODP 3,600 50 Low 92.4 93.0
ODP 3,600 60 Low 93.0 93.6
ODP 3,600 75 Low 93.0 93.6
ODP 3,600 100 Low 93.0 93.6
ODP 3,600 125 Low 93.6 94.1
ODP 3,600 150 Low 93.6 941
ODP 3,600 200 Low 94.5 95.0
ODP 3,600 250 Low 94.5 95.0

Notes:

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled

Speed: Synchronous speed

Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts

Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and
20C of NEMA MG 1-2011.
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Enclosure

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

Notes:

Speed

3,600
3,600
3,600
3,600
3,600
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800

1,800

hp

300
350
400
450

500

1.5

75

10

20
25
30
40
50
60

75

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled

Speed: Synchronous speed
Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts
Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and

20C of NEMA MG 1-2011.

Voltage

Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low

Low
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Energy
Efficient

95.0
95.0
95.4
95.8
95.8
825
84.0
84.0
86.5
87.5
88.5
89.5
91.0
91.0
91.7
924
93.0
93.0
93.6

941

Premium
Efficiency

954
95.4
95.8
95.8
95.8
85.5
86.5
86.5
89.5
89.5
91.0
917
93.0
93.0
93.6
94.1
94.1
94.5
95.0

95.0
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Enclosure Speed hp Voltage EEfIf]iecli’grYt I;r;:?e'ﬁg
ODP 1,800 100 Low 941 95.4
ODP 1,800 125 Low 94.5 95.4
ODP 1,800 150 Low 95.0 95.8
ODP 1,800 200 Low 95.0 95.8
ODP 1,800 250 Low 95.4 95.8
ODP 1,800 300 Low 954 95.8
ODP 1,800 350 Low 95.4 95.8
ODP 1,800 400 Low 95.4 95.8
ODP 1,800 450 Low 95.8 96.2
ODP 1,800 500 Low 95.8 96.2
ODP 1,200 1 Low 80.0 825
ODP 1,200 1.5 Low 84.0 86.5
ODP 1,200 2 Low 85.5 875
ODP 1,200 3 Low 86.5 88.5
ODP 1,200 5 Low 87.5 89.5
ODP 1,200 75 Low 88.5 91.0
ODP 1,200 10 Low 90.2 91.7
ODP 1,200 15 Low 90.2 91.7
ODP 1,200 20 Low 91.0 92.4
ODP 1,200 25 Low 91.7 93.0

Notes:

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled

Speed: Synchronous speed

Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts

Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and
20C of NEMA MG 1-2011.
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Notes:

Enclosure

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

Speed

1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
900
900
900
900

900

hp

30
40
50
60
75
100
125
150
200
250
300
350
400
450

500

1.5

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled

Speed: Synchronous speed

Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts

Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and
20C of NEMA MG 1-2011.
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Voltage

Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low

Low
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Energy
Efficient

924
93.0
93.0
93.6
93.6
94.1
94.1
94.5
94.5
95.4
954

95.4

74.0
75.5
85.5
86.5

87.5

Premium
Efficiency

93.6
94.1
94.1
94.5
94.5
95.0
95.0
95.4
95.4
954
95.4
95.4
95.8
96.2

96.2
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Enclosure

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

TEFC

TEFC

TEFC

TEFC

TEFC

Notes:

Speed

900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
3,600
3,600
3,600
3,600

3,600

hp

75
10
15
20
25
30
40
50
60
75

100
125

150

200

250

1.5

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled

Speed: Synchronous speed
Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts
Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and

20C of NEMA MG 1-2011.

Voltage

Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low

Low

Energy
Efficient

88.5
89.5
89.5
90.2
90.2
91.0
91.0
91.7
92.4
93.6
93.6
93.6
93.6
93.6
94.5
75.5
825
84.0
85.5

87.5

Premium
Efficiency

77.0

84.0

85.5

86.5

88.5
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Notes:

Enclosure

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

Speed

3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600
3,600

3,600

hp

75
10
15
20
25
30
40
50
60
75

100
125

150

200

250

300

350

400

450

500

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled

Speed: Synchronous speed

Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts

Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and
20C of NEMA MG 1-2011.
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Voltage

Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low

Low
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Energy
Efficient

88.5
89.5
90.2
90.2
91.0
91.0
91.7
924
93.0
93.0
93.6
94.5
94.5
95.0
95.4
95.4
95.4
95.4
95.4

954

Premium
Efficiency

89.5
90.2
91.0
91.0
91.7
917
92.4
93.0
93.6
93.6
94.]
95.0
95.0
95.4
95.8
95.8
95.8
95.8
95.8

95.8
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Enclosure

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

Notes:

Speed

1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800
1,800

1,800

hp

1.5

75
10
15
20
25
30
40
50
60
75

100
125

150

200

250

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled

Speed: Synchronous speed
Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts
Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and

20C of NEMA MG 1-2011.

Voltage

Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low

Low

Energy
Efficient

82.5
84.0
84.0
87.5
87.5
89.5
89.5
91.0
91.0
92.4
92.4
93.0
93.0
93.6
941
94.5
94.5
95.0
95.0

95.0

Premium
Efficiency

85.5

86.5

86.5

89.5

89.5

91.7

91.7

924

93.0

93.6

93.6

94.1

94.5

95.0

954

954

95.4

95.8

96.2

96.2
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Enclosure Speed hp Voltage
TEFC 1,800 300 Low
TEFC 1,800 350 Low
TEFC 1,800 400 Low
TEFC 1,800 450 Low
TEFC 1,800 500 Low
TEFC 1,200 1 Low
TEFC 1,200 1.5 Low
TEFC 1,200 2 Low
TEFC 1,200 3 Low
TEFC 1,200 5 Low
TEFC 1,200 7.5 Low
TEFC 1,200 10 Low
TEFC 1,200 15 Low
TEFC 1,200 20 Low
TEFC 1,200 25 Low
TEFC 1,200 30 Low
TEFC 1,200 40 Low
TEFC 1,200 50 Low
TEFC 1,200 60 Low
TEFC 1,200 75 Low

Notes:

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled
Speed: Synchronous speed

Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts

Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and

20C of NEMA MG 1-2011.
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Energy
Efficient

954
95.4
95.4
954
95.8
80.0
85.5
86.5
87.5
87.5
89.5
89.5
90.2
90.2
917
91.7
93.0
93.0
93.6

93.6

Premium
Efficiency

96.2
96.2
96.2
96.2
96.2
825
87.5
88.5
89.5
89.5
91.0
91.0
91.7
91.7
93.0
93.0
94.1
94.1
94.5

94.5



APPENDICES

APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Enclosure Speed hp Voltage EEfIf]iecli’grYt I;r;:?e'ﬁg
TEFC 1,200 100 Low 941 95.0
TEFC 1,200 125 Low 941 95.0
TEFC 1,200 150 Low 95.0 95.8
TEFC 1,200 200 Low 95.0 95.8
TEFC 1,200 250 Low 95.0 95.8
TEFC 1,200 300 Low 95.0 95.8
TEFC 1,200 350 Low 95.0 95.8
TEFC 1,200 400 Low 95.8 95.8
TEFC 1,200 450 Low 95.8 95.8
TEFC 1,200 500 Low 95.8 95.8
TEFC 900 1 Low 74.0 75.5
TEFC 900 1.5 Low 77.0 78.5
TEFC 900 2 Low 825 84.0
TEFC 900 3 Low 84.0 85.5
TEFC 900 5 Low 85.5 86.5
TEFC 900 75 Low 85.5 86.5
TEFC 900 10 Low 88.5 89.5
TEFC 900 15 Low 88.5 89.5
TEFC 900 20 Low 89.5 90.2
TEFC 900 25 Low 89.5 90.2

Notes:

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled

Speed: Synchronous speed

Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts

Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and
20C of NEMA MG 1-2011.
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Enclosure Speed hp Voltage
TEFC 900 30 Low
TEFC 900 40 Low
TEFC 900 50 Low
TEFC 900 60 Low
TEFC 900 75 Low
TEFC 900 100 Low
TEFC 900 125 Low
TEFC 900 150 Low
TEFC 900 200 Low
TEFC 900 250 Low
ODP 3,600 250 Med
ODP 3,600 300 Med
ODP 3,600 350 Med
ODP 3,600 400 Med
ODP 3,600 450 Med
ODP 3,600 500 Med
ODP 1,800 250 Med
ODP 1,800 300 Med
ODP 1,800 350 Med
ODP 1,800 400 Med

Notes:

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled
Speed: Synchronous speed

Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts

Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and

20C of NEMA MG 1-2011.
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Energy
Efficient

91.0
91.0
917
91.7
93.0
93.0
93.6
93.6
94.1

94.5

Premium
Efficiency

91.7
924
924
93.6
93.6
93.6
94.1
941
94.5
95.0
94.5
94.5
94.5
94.5
94.5
94.5
95.0
95.0
95.0

95.0
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Enclosure

ODP

ODP

ODP

ODP

ODP

ODP

ODP

ODP

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

Notes:

Speed

1,800
1,800
1,200
1,200
1,200
1,200
1,200
1,200
3,600
3,600
3,600
3,600
3,600
3,600
1,800
1,800
1,800
1,800
1,800

1,800

hp

450
500
250
300
350
400
450
500
250
300
350
400
450
500
250
300
350
400
450

500

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled

Speed: Synchronous speed
Hp: Rated Horsepower

Voltage

Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med

Med

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts

Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and

20C of NEMA MG 1-2011.

Energy
Efficient

Premium
Efficiency

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0

95.0
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APPENDIX B: MOTOR MINIMUM FULL-LOAD EFFICIENCY STANDARDS (CONTINUED)

Notes:

Enclosure

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

TEFC

Speed

1,200
1,200
1,200
1,200
1,200
1,200
900
900
900
900
900

900

hp

250
300
350
400
450
500
250
300
350
400
450

500

Enclosure: ODP = open drip-proof; TEFC = totally enclosed fan-cooled

Speed: Synchronous speed

Hp: Rated Horsepower

Voltage: Low = 600 volts and below. Med = over 600 volts to 5,000 volts

Energy Efficient: NEMA minimum nominal full-load efficiency standard for energy efficient motors. From Tables 12-11 of NEMA MG 1-2011.
Premium Efficiency: NEMA minimum nominal full-load efficiency standard for premium efficiency motors. From Tables 12-12 and 12-13, 20B and
20C of NEMA MG 1-2011.
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Voltage

Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med

Med
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Premium
Efficiency

95.0
95.0
95.0
95.0
95.0
95.0
94.1
94.1
94.1
94.1
94.1

94.1
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