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Chapter 1

Overview and Summary

sizable percentage (15-25%) of U.S. electricity (see calculations in

Chapter 7) can be saved by optimizing the performance of electric
motors and their associated wiring, power-conditioning equipment,
controls, and transmission components. These networks of devices are
also known as motor systems.

Electric motors are remarkable machines: rugged, reliable, and far
more efficient than the animals and steam-powered equipment that
motors have replaced over the past century. A well-designed and well-
maintained electric motor can convert over 90% of its input energy
into useful shaft power, 24 hours a day, for decades. The popularity of
motors attests to their effectiveness: they provide more than four-fifths
of the nonvehicular shaft power in the United States and use upward
of 60% of the nation’s electricity as input. It is this popularity that
makes electric motor systems such an important potential source of
energy savings: because more than half of all electricity flows through
them, even modest improvements in their design and operation can
yield tremendous dividends.

Touring a Motor System

The key to making motor systems more efficient and economical
is to take advantage of high-performance technologies and the syner-
gism among the various system components. To illustrate, let’s take a
brief tour of a system. Starting from the point at which electricity en-
ters the facility, we will move downstream through the wiring, power-
conditioning equipment, and controls to the motor. Finally, we will
continue through the transmission hardware to the driven devices.
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Along the way, we will identify some of the major opportunities for
savings.

In theory, electricity arrives at a customer’s facility as perfectly
balanced and synchronized single- or three-phase power of constant
voltage, free of harmonics and other kinds of distortion. In reality, this
ideal condition is almost never reached. Phases are often slightly out
of balance, voltages may dip and rise, and various kinds of distortion
commonly occur. This less-than-perfect power provision is subject to
further unbalance and distortions from equipment inside customers’
facilities (e.g., welders, lighting ballasts, arc furnaces, and variable-
frequency motor controls). Sometimes problems can arise from a poor
arrangement of equipment, such as the uneven distribution of single-
phase and three-phase devices on a circuit. Such deviations from the
pure, ideal electric waveform can reduce the efficiency, performance,
and life of motors and other electric equipment.

Avoiding and correcting such problems requires careful monitor-
ing of power quality, repair of faulty devices, and, in some cases, in-
stallation of specialized power-conditioning equipment. Some ana-
lysts believe that such tune-ups may be among the largest reservoirs
of untapped drivepower savings, although the scanty data available
allow only rough estimates of the overall potential. Field studies sug-
gest that the effort and expense of electrical tune-ups can be worth-
while due to reduced energy costs, better equipment performance, im-
proved process control, and reduced downtime from damaged
equipment. Further details of some major opportunities in this area
are discussed in Chapter 3.

Just as it pays to streamline the power flowing through the wires,
so too it is important to optimize the efficiency of the wires them-
selves. In most facilities, distribution wiring is sized according to the
National Electrical Code, which principally addresses safety, not en-
ergy efficiency. Wires that are larger than the minimum size require-
ment of the code have lower resistance to the flow of electricity, and
hence fewer energy losses. Therefore, in new installations or major
renovations, it often pays to exceed code standards. Unfortunately, the
benefits of doing so are not widely appreciated by architects, design-
ers, electricians, and facility managers, so considerable amounts of en-
ergy and money are being wasted through in-plant distribution losses,
before the electricity even does any work. Details on wire sizing are
covered in Chapter 3.

Motor-driven processes frequently require some form of control
over the motor’s start-up, speed, or torque (rotational force). For ex-
ample, fan-, compressor-, and pump-driven systems moving gaseous
or liquid loads may require frequent changes in the rate of flow. This
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is the case for fans and chillers for ventilation and cooling of commer-
cial buildings, pumps for hydronic heating and/or cooling systems,
fans and feed water pumps for industrial and power plant boilers, and
municipal water and wastewater pumps. Modern adjustable-speed
drives (ASD), discussed in Chapter 4, allow the motor’s speed to be
precisely controlled, which can significantly reduce energy consump-
tion. This device precisely controls the speed of alternating-current
(AC) motors, eliminating the need for wasteful throttling devices in
fluid flow applications and rendering many traditional controls and
uses for direct-current (DC) motors obsolete. ASDs yield sizable
energy savings (15-40% in many cases) and extend equipment life by
allowing for gentle start-up and shutdown.

Most systems with variable flow, however, have not been updated
and continue to use mechanical devices such as inlet vanes, outlet
dampers, or throttling valves to control fluid flow while the motor
continues to run at full speed. These techniques are analogous to driv-
ing a car with the accelerator pushed to the floor while controlling the
vehicle’s speed with the brake. Such methods yield imprecise control
and waste a lot of energy.

The electronic ASD is not the only new control technology, al-
though it may be the most important one. Other technologies include
microprocessor-based controllers that monitor system variables and
adjust motor load accordingly, and power-factor controllers that can
trim the energy use of small motors driving grinders, drills, and other
devices that idle at nearly zero loading most of the time. There are also
application-specific controls such as those that sequence the operation
of multiple compressors in a compressed-air system.

Other developments enlarge the range of control applications. For
instance, advanced sensors are allowing ASDs to be used in applica-
tions (lumber-drying kilns, for example) where they previously would
not work due to limitations in sensing or in matching the response
time required by a control loop. Electronic advances also are allowing
lumber mills to control cuts better and to mill more product from raw
stock without increasing energy use. These developments and others
in the controls area represent the largest slice of the drivepower sav-
ings pie and are discussed in Chapter 4.

In other kinds of loads requiring varying speed or torque—
winders, mills, conveyors, elevators, cranes, and servodrivers—motor
users have employed various kinds of mechanical, electromechanical,
or hydraulic speed controls in conjunction with AC motors or have
used DC motors where the speed can be easily controlled. However,
most of these speed-control options have pitfalls, including high cost,
low efficiency, or poor reliability. New motor technologies, discussed
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in Chapter 2, are emerging that may address these applications’ needs
while improving energy efficiency at the same time.

Motors are available in a range of efficiencies, as discussed in
Chapter 2. Higher-efficiency motors are available for most applica-
tions. These motors are typically 2 to 10 percentage points more effi-
cient than standard-efficiency motors, with smaller motors at the high
end of this range and larger motors at the low end. Due principally to
their better materials, high-efficiency units cost 10-30% more but tend
to last longer than standard models. While a few percentage points of
efficiency do not sound like much, such an improvement can add up
to sizable savings over the life of a motor. A heavily used motor can
easily have electricity bills ten times its purchase price each year. If
cars were comparable, a $10,000 car would use $100,000 worth of
gasoline annually. With so much of the life-cycle cost in operating
expense, each increment of efficiency is extremely valuable. Therefore,
the payback on the added cost of high-efficiency motors is often very
attractive. However, these more efficient motors have been a small
part of the market. As presented in Chapter 6, efficient motors
accounted for 16% of 1- to 200-horsepower (hp) motor sales on a unit
basis and 32% on a value basis in 1997.

The most important recent development has been the implemen-
tation of the minimum efficiency standards for industrial motors that
were in the Energy Policy Act of 1992 (EPAct), which went into effect
in 1997. As discussed in Chapter 2 and Appendix B, this law elimi-
nated the least efficient industrial motors from the new motors mar-
ket. However, efficient motors made up only 9.1% of the integral
motor stock in U.S. manufacturing plants in 1997. Consequently, sig-
nificant economically attractive opportunities exist for replacing less
efficient motors now in service with new, more efficient motors.

While EPAct eliminated the least efficient products from the mar-
ket, a range of efficiencies above the minimum levels continue to exist.
In many cases, choosing these premium-efficiency motors (PEMs) is at-
tractive when a motor is bought for a new application or to replace a
failed motor. In some cases, the retrofit of an operating motor can be
justified. Unfortunately, these motors are not well labeled, as is dis-
cussed in Chapter 2. This lack of labeling has resulted in market con-
fusion and made it more difficult for motor purchasers to identify the
most efficient products on the market.

As we replace older, less efficient motors with more efficient
models, we can capture savings bonuses by correcting for two prob-
lems endemic to the existing motor stock: oversizing and rewind
damage. Many motors are oversized for their applications, and be-
cause motor efficiency drops off sharply below about 40% of rated
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load, oversized motors often run far below their nameplate efficiency.
In addition, many motors are repaired at least once, and often several
times, before they are discarded. While quality repair practices can
maintain the efficiency of a motor, less attention to detail can reduce
the motor’s efficiency and life significantly. The proper sizing of new
motors and either the use of quality rewind practices or the adoption
of replace-instead-of-rewind policies can thus add significant savings.
These matters are covered in Chapters 2 and 3.

Energy enters a motor as electricity and emerges as mechanical
power in the form of a rotating shaft. To put that energy to use often
requires a transmission, provided typically by belts, gears, or chains.
Such devices are often overlooked in efficiency analyses. They also
typically receive unsophisticated installation and maintenance. This
neglect is unfortunate because, as discussed in Chapter 3, the proper
selection, installation, and maintenance of transmission hardware can
profoundly affect the performance and efficiency of a motor system.
For example, too loose a belt will slip, wasting energy. Too tight a belt
can place extreme loads on a bearing, causing it to fail prematurely
and lead to costly downtime. Such problems can be avoided in some
applications by using synchronous belts, which run on toothed
sprockets and are generally more efficient than V-belts, which run on
smooth pulleys.

Optimized drivetrains are also important because they are far
downstream in the drivepower system. Even modest improvements
can ripple back through the system to yield significant savings. For
instance, a unit of energy saved in the drivetrain means the motor
doesn’t have to work as hard, so it draws less energy, which reduces
losses in the distribution wiring, and so on, back to the power plant.
An additional, potentially large bonus comes in the form of indirect
savings from reduced building cooling load due to lower current
flow and less heat dissipation from the more efficient equipment.

The shaft of the motor drives some types of equipment, such as
fans, pumps, compressors, and conveyors. No matter how efficient the
system is up to that point, if the system does unnecessary work, sig-
nificant amounts of energy can be wasted. In Chapter 5, we discuss
what is needed to optimize the motor-driven system. Savings ap-
proaching 50% can often be realized at little cost just by matching the
operation of the system to the end-use requirements.

The need for careful, ongoing monitoring and maintenance ap-
plies to the entire motor system. A high-efficiency system will only
stay that way if given proper care, from simple cleaning and lubrica-
tion to sophisticated troubleshooting of power quality problems.
While the energy savings from top-notch maintenance are substantial,
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the greatest dividend comes in the form of more reliable, trouble-free
operation and extended equipment life. When equipment downtime
can mean thousands of dollars per hour in lost production, quality
maintenance is worthwhile.

We have completed our tour of the motor system and touched on
some of the major technical areas that later chapters will deal with in
greater depth. If nothing else, this brief survey is designed to empha-
size the notion of a motor system and to underscore the critical impor-
tance of the interactions and synergism among the various system
components.

A Note on Lost Opportunities

Most of the efficiency options discussed here are more economical
in new installations than in retrofits. These options are termed “lost
opportunity” resources because if they are not implemented during
new construction or renovation, they are much more costly to install
later. In some cases, however, it makes economic sense to replace and
upgrade operating equipment rather than to wait for it to fail. Where
load factors are very high, for instance, it often pays to scrap standard-
efficiency motors and replace them with efficient models. As de-
scribed in Chapter 2, Stanford University did this with 73 motors,
with average paybacks of less than 3 years. Energy conservation pro-
gram planners and facility managers should remember this distinction
between new and retrofit efficiency opportunities as they implement
programs.

Barriers to Drivepower Savings

If the potential savings are so large, why are so few motor users
aggressively pursuing them? The answer lies in a maze of barriers to
investment in energy efficiency in general and to drivepower im-
provements in particular. Some of the most important of these barriers
are highlighted below and discussed in detail in Chapter 8.

Aversion to Downtime

In many businesses, particularly in industry, shutting down equip-
ment for upgrading or replacement can mean losing thousands of dol-
lars per hour in forgone production. Such penalties may induce an un-
derstandable aversion to downtime. Because of this, many facility
managers shy away from new, unfamiliar technology that they fear
might be less reliable than the equipment they are used to. Furthermore,



CHAPTER ONE

if a high-efficiency substitute for a failed motor is not stocked by the
distributor, in order to save time the user is likely to buy a standard re-
placement or simply repair the old motor.

Purchase Practices

Existing equipment is usually replaced or repaired without engi-
neering analysis and is often replaced with the same size, brand, and
model number. Only in the case of large motors (over approximately
250 hp) with high operating costs does an engineering or economic
analysis usually precede decisions concerning replacement equipment.

Customers commonly believe that motors under approximately
200 hp and other drivepower components are commodity items, mean-
ing that models produced by different manufacturers are interchange-
able. While this is true from the functional perspective, it could not be
further from the truth from an energy efficiency perspective. For many
customers, purchase decisions are based primarily on reliability, price,
and availability, not on efficiency. Consequently, energy cost saving is a
factor in decisions, but not a primary concern. Some large companies
(and a few smaller ones) have formal motor-purchase policies that ad-
dress motor efficiency; however, most do not.

Repair Shops Compete on Speed and Price

When motors fail, most end-users replace small motors and repair
large ones because repairing is generally more expensive than replacing
a small motor and less expensive than replacing a large one. Repair-or-
replace decisions are generally made at the plant level, although a few
large corporations have established guidelines for their plants. End-
users select repair shops primarily on the basis of price and speed of
service. Most motor repair shops do not provide the customer with any
evaluation of the motor to be repaired or recommendations on replace-
ment options unless the motor is severely damaged. To encourage com-
petition and responsiveness, most end-users use more than one repair
shop. Unless consistent reliability problems are encountered, the quality
of the shops’ repairs is not considered.

Maintenance Practices

Motor maintenance practices are generally limited to what is
needed to keep equipment running rather than attempting to optimize
performance and save energy. Most industrial plants and large com-
mercial firms have full-time maintenance staff who regularly lubricate
(and often overlubricate) motors, listen for bearing noise (a sign of
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wear or misalignment), and check and tighten belts as needed. Few
firms do any more sophisticated monitoring or maintenance work on
motor systems. According to some industrial observers, the time avail-
able for maintenance is becoming even more limited in some firms
due to industrial company downsizing over the past decade, so the
situation is likely to deteriorate.

Other Factors Influencing Decision-Making

Several other factors, in addition to those related specifically to
motor systems, influence most efficiency-related investment. Some of
the more important ones are discussed below.

o Limited Information. As noted above, most maintenance managers
and other decision-makers are very busy, leaving little time to re-
search new opportunities, including opportunities to save energy.
This lack of time generally causes knowledge of energy-saving op-
tions to be limited. Only among large companies were the majority
of decision-makers aware of the availability of premium-efficiency
motors or decision-assisting tools. Adding to this confusion is pub-
licity surrounding the EPAct motor standards, leading many users
to mistakenly conclude that all motors are efficient and that they no
longer need to pay attention to efficiency.

To our knowledge, similar survey data are not available for
other energy-saving measures, such as optimization of fan, pump,
and compressed-air systems. Given the fact that these other oppor-
tunities are usually more complicated than purchasing improved-
efficiency motors, the lack of information is likely to be even more
of a problem for these other opportunities.

e Limited Access to Capital. The average end-user is more restrictive
with capital than with operating funds. Generally, capital expenses
are closely scrutinized and require approval at multiple levels in a
company. To minimize capital outlay, companies tend to choose the
least expensive equipment that will do the job satisfactorily.

Operating funds, on the other hand, are relatively easy to ob-
tain, since they are required for production. Operating budgets are
typically based on expenses in previous years and are only seri-
ously examined when out of line with expectations. Moreover, un-
like capital costs, operating costs are paid with pretax dollars.

¢ Payback Gap. It is a curious fact that most firms look for a simple
payback period of 2-3 years or less on energy projects and other
operations and maintenance investments, even though longer
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paybacks are often considered when investing in new product
lines. This difference, known as the payback gap, makes it difficult
to implement all but rapid-payback energy-saving measures, al-
though measures with longer paybacks will sometimes be consid-
ered as part of a major facility upgrade designed to improve the
long-term competitiveness of the firm. The payback gap is most
pronounced when viewed from the societal perspective—
individual firms pass up energy-saving investments with pay-
backs of 3-4 years, while utilities invest in distribution lines with
economic returns equivalent to 10- to 20-year paybacks.

Low Priority Assigned to Energy Matters. For the average industrial
firm, energy costs represent only a small percentage of total costs;
labor and material costs are usually far greater. For example, in 1998
the U.S. Census’s Annual Survey of Manufacturers estimated that,
on average, electricity accounts for a little over 1% of manufactur-
ing costs. Since motors make up about 70% of manufacturing elec-
tricity use (see Chapter 6), they make up about 1% of total costs for
the average industrial firm. Since energy costs represent a small
proportion of an average end-user’s total operating costs, motor
and other energy-related operating costs are rarely examined in re-
views of operating expenses.

Transaction Costs. Contributing to the low priority that energy mat-
ters take is the fact that many energy-saving measures, including
motor measures, have substantial transaction costs. Comparing
equipment or optimizing a system takes time, which is a commod-
ity in short supply in many firms. For larger projects, outside engi-
neers can be brought in to help with project design and implemen-
tation, but for small projects, if existing staff are short on time,
decisions are commonly made based on expediency rather than
economic merit.

Misplaced Program Emphasis. Since they generally have full-time
maintenance staff or energy managers, large firms are more likely
to be interested in energy efficiency. Even in firms with energy man-
agers, however, motor systems historically have not received much
attention because of (often incorrect) perceptions that motor system
improvements have high capital expense, low rates of return, and
low percentage savings. Energy managers tend to focus on low cap-
ital cost measures with high savings. While this approach is reason-
able during the start-up stages of an energy management effort,
many firms have not moved beyond high-savings, low-cost mea-
sures. Moreover, many drivepower-saving measures are relatively
inexpensive.
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 Lack of Internal Incentives. For many companies, energy bills are paid
by the company as a whole and not allocated to individual depart-
ments. This practice gives maintenance and engineering staff little
incentive to pursue energy-saving investments because the savings
in energy bills show up in a corporate-level account where the sav-
ings provide little or no benefit to maintenance and engineering de-
cision-makers. As is discussed in Chapter 10, mechanisms to im-
prove internal incentives have been put into place in some facilities.

This listing of the barriers to motor system improvement is by no
means exhaustive. It does cover, however, enough of the major imped-
iments to clarify the nature of the challenge. Fortunately, there are
many ways to remove or lower these hurdles to sound investment.
Some of the more important options are outlined briefly below and
are covered in greater depth in Chapter 9.

Overcoming the Hurdles

In the intervening decade since the first edition of this book was
published, significant progress has been made in improving motor
system efficiency. We have made many steps toward improving the
quality and availability of information on motors and motor system
efficiency. Utilities, energy agencies, manufacturers, universities, and
private organizations have developed publications, videos, seminars,
and design and calculation aids. These products have been used
across the country in programs discussed in Chapter 9. These prod-
ucts and programs have begun to have a significant impact on the
motor market.

While significant steps have been made, more is needed. We dis-
cuss the perspectives and needs of these various players in the motor
market in detail in Chapter 8.

With EPAct, we have minimum efficiency and motor labeling stan-
dards in place in the United States Now educational efforts are needed
to make the market aware of these standards and to assist motor own-
ers in making sound motor decisions. While EPAct eliminated the least
efficient industrial motors from the market, motors significantly more
efficient that EPAct levels are available. These more efficient products
are cost-effective in most replacement applications and many retrofit
applications, as discussed in Chapter 2. What is needed now is a brand
to easily identify these products in the marketplace. National Electrical
Manufacturers Association (NEMA), motor manufacturers, and volun-
tary programs, such as ENERGY STAR®, need to step up and implement
a national premium-efficient branding program.

10



CHAPTER ONE

Financial incentives have proven useful in certain instances to
overcome the perverse effects of the payback gap and motor users’ lim-
ited access to capital. The impacts of these programs have been modest
but have yielded important visibility for motor efficiency. We have also
learned important lessons that are presently leading to improved pro-
grams. Recently, programs have shifted their focus from rebates for in-
dividual motor purchases to strategically moving the motor market-
place toward products and practices that are more efficient. Chapter 9
covers the experience to date with motor system programs.

In addition, the programs for increasing drivepower efficiency need
to be broader in scope. Most drivepower efficiency programs have fo-
cused only on efficient motors instead of on the entire motor-decision
process. A good program would address repair-versus-replace deci-
sions, the implementation of life-cycle analysis of new motor purchase
decisions, and the importance of demanding quality motor repairs.

Improved motor repair practices have long been identified as sig-
nificant opportunities for energy efficiency. Unfortunately, we have
only begun to see the first, tentative steps toward implementing pro-
grams to realize these savings. Research discussed in Chapter 2 has
provided us with a foundation upon which programs can be built. We
need to now focus on implementing programs that raise the standard
of practice to the level of the best shops, which can restore a motor to
near its original efficiency. Such programs need to work with repair
shops to assist them in improving the quality of their services and also
work with repair shop customers to help these customers understand
why and how they can obtain quality repairs.

A number of programs were motivated by the opportunity cre-
ated by ASDs, and have attempted to focus on motor-driven systems,
particularly fan, pump, and compressed-air systems. As discussed in
Chapter 7, the largest opportunities for cost-effective saving are in im-
proved optimization of these systems. The success of these programs
has been mixed to date, largely because of the site-specific effort re-
quired to identify and implement projects. However, some recent ef-
forts that build on the successes and failures in this area show promise
and provide a foundation for new motor system program designs that
can help capture huge savings potential in this area. This process is
addressed in Chapter 9.

Finally, most programs have ignored other efficiency-related top-
ics, such as motor sizing, rewinding, and controls other than ASDs.
Few programs that we know of have addressed the savings available
from electrical tune-ups, better selection and maintenance of drive-
trains and bearings, better system monitoring, and the upsizing of
distribution wires in new installations. While the savings from these

11
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measures may appear incremental, they are frequently among the
most cost-effective, and they also offer significant nonenergy benefits
in the form of improved reliability and productivity.

12
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Motor Technologies

otors produce useful work by causing a shaft to rotate. The

twisting force (torque) applied to the shaft is produced by the in-
teraction of two magnetic fields, one produced by the fixed part of the
motor (stator) and the other produced by the rotating component of
the motor (rotor). The forces developed in a motor resemble the force
between two magnets held close together: similar poles repel each
other; dissimilar poles attract. If one of the magnets is mounted on a
shaft, the attracting and repelling forces create torque (see Figure 2-1).

Figure 2-1

Torque Generation in a Motor
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Note: The generated torque is proportional to the strength of each magnetic field and depends on
the angle () between the two fields. Mathematically, torque equals B, X By, X sine «, where B
refers to a magnetic field.
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Figure 2-2

Estimated Distribution of Input Energy by General Type of Motor,
Based on Motor Sales in the United States
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Design B
Induction (63%)

DC (10%)

Other Induction (2%)

Note: See Chapter 6 for further discussion.

A magnetic field can be generated either by a permanent magnet,
in which case the field is constant, or by a winding in which an electric
current flows. In the latter case, the magnetic field is generally propor-
tional to the number of turns of wire in the winding and to the
amount of current. The iron in the motor provides an easy path for the
magnetic field in the same way that copper provides a low-resistance
path for the electric current. A wire with a low resistance to current
flow has high conductivity; a material, like iron, with a low resistance
to a magnetic field has high permeability. Using a highly permeable
material in the magnetic circuits of the rotor and stator reduces the
amount of current required to produce a given magnetic field.

There are three basic types of electric motors: AC induction/asyn-
chronous; AC synchronous; and DC. A detailed breakdown of motor
types by horsepower and end-use appears in Chapter 6. Figure 2-2
shows the relative shares of electrical input used by different motor
types. Because more than 90% of energy input goes to AC induction
motors, this type is discussed in more detail than the others.

Principles of Induction Motors

Induction motors can be categorized by whether they run on single-
or three-phase power. Houses are usually supplied with single-phase

14



CHAPTER TWO

electricity. As a result, household appliances such as refrigerators, wash-
ers, dryers, heat pumps, and furnaces use single-phase motors. Utility
companies provide most commercial and industrial facilities with three-
phase service, which is used to run most motors larger than 1 hp. The
overwhelming majority of motors are single-phase. Because of their rel-
atively small size, however, single-phase motors account for less than
20% of the total drivepower energy input in the United States.

Many single-phase motors are integrated with the equipment
they drive so when the motor fails, the equipment must be replaced.
Three-phase motors are typically separate from equipment and can
be easily replaced. Three-phase motors are emphasized in this section
because they use more energy and are more readily replaced with
high-efficiency models.

Rotating Field and Synchronous Speed

Three-phase induction motors, also called polyphase asynchro-
nous motors, have three stator windings symmetrically arranged 120°
apart in a cylinder surrounding the rotor. When supplied with three-
phase power, also offset by 120° (see Figure 2-3), the windings act as
electromagnets, creating a rotating magnetic field, which starts and
drives the motor.

Figure 2-3

AC Sinusoidal Voltage for Single-Phase and Three-Phase
Systems
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Figure 2-4

Schematic of a Single-Phase Induction Motor
(Capacitor-Start Design)
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Note: In addition to the main winding there is an auxiliary winding offset by 90°, normally connected
in a series with a capacitor. The sum of the magnetic fields generated by the main and the auxiliary
windings is a rotating field of north and south magnetic poles that revolve around or move around the
stator. The changing magnetic field from the stator induces a current in the rotor conductors, in turn
creating the rotor magnetic field. Magnetic forces in the rotor tend to follow the stator magnetic fields,
producing rotary motor action.

Source: Andreas 1982

Because single-phase motors do not have a three-phase field, they
require a special starting system that employs an auxiliary winding, off-
set 90° from the main winding, which is normally connected in series
with a capacitor. In some designs, the auxiliary winding and capacitor
are disconnected after the motor starts, by a centrifugal or thermal
switch; such machines are commonly known as capacitor-start motors.
Motors that do not disconnect the capacitor are known as permanent
split-capacitor (PSC) motors. There are also motors that combine the two
designs, using one capacitor for starting and another for normal opera-
tion; these are known as capacitor-start, capacitor-run motors. The basic
circuitry of a single-phase motor is shown in Figure 2-4.

The speed of the rotating magnetic field in an induction motor,
known as the synchronous speed, depends on the frequency of the sup-
plied voltage and the number of pole pairs in the motor. This is ex-
pressed as the following equation:

Frequency of applied voltage (Hz) x 60
number of pole pairs

synchronous speed (rpm) =

16
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Thus, when a motor with two poles (one pole pair) is supplied by
a 60-cycle-per-second (hertz [Hz]) supply, the synchronous speed is
3,600 rpm. A four-pole motor supplied with 60 Hz power has a syn-
chronous speed of 1,800 rpm, and a six-pole motor has a synchronous
speed of 1,200 rpm.

Induction Motor Slip

Induction motors are referred to as asynchronous motors because
they operate slightly below synchronous speed. For example, a motor
with four poles and a synchronous speed of 1,800 rpm will actually
spin between 1,725 and 1,790 rpm.

The difference between the synchronous and actual speeds of an in-
duction motor is called the motor slip. Slip is expressed either as a per-
centage of synchronous speed or as revolutions per minute. For example,
a four-pole induction motor with a synchronous speed of 1,800 rpm oper-
ating at 1,750 rpm has a slip of 2.8%, or 50 rpm. The full-load motor slip
ranges from 4% in small motors to 1% in large motors (see Figure 2-5).

Figure 2-5

Full-Load Revolutions per Minute vs. Horsepower for Four-Pole
Induction Motors
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Note: The stepped curve is data from typical motors; the smooth curve is fitted to the data. For four-
pole induction motors, 1,800 rpm is the synchronous speed (approximately the speed under no
load). The full-load speed is less than the synchronous speed; this difference (or “slip”) is smaller for
larger motors.

Source: Nailen 1987
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Figure 2-6

Relationship between Active, Reactive, and Total Current for
(A) High Power Factor (90%) and (B) Low Power Factor (45%)

Total
Reactive Total Reactive

Active Active
(A) (B)

Note: The active current is 90% of the total in (A) and 45% of the total in (B). Active, reactive, and
total power follow the same relationship as the current.

Power Factor

The current in an induction motor has two components: active
and reactive. The active component is responsible for the torque and
work performed by the motor; the active part of the current is small
with no load and rises as the load increases. The reactive component
creates the rotating magnetic field and is almost always constant from
no load to full load, as is the magnetic field.

Although the reactive component does not perform useful work,
it is required to excite the motor and must be supplied by the power
network. The ratio of active to total current is called the power factor
(see Figure 2-6).

When the motor is operating at no load, the energy it absorbs is
limited to the power losses (motor inefficiencies). Therefore, the active
component is small, and the power factor can be as low as 10%. At full
load, however, the active component is at its maximum with a power
factor that is typically 70-95% for a three-phase motor. A high power
factor is desirable since it implies a low reactive-power component.
(Power factor is commonly expressed as a percentage or a decimal
fraction.) A poor power factor has the following effects:

¢ Higher losses in the cables and transformers, and thus higher en-
ergy bills for a given amount of useful work output

° A reduced available capacity of transformers, circuit breakers, and
cables because their output depends on the total current; the capac-
ity falls linearly as the power factor decreases: a 1,000-kilovolt-
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ampere (kVA) transformer supplying loads with a 70% power fac-
tor is only able to supply 700 kilowatts (kW)

» Higher voltage drops, yielding problems associated with undervolt-
age, as discussed in Chapter 3

These effects have caused most utility companies to penalize con-
sumers whose power factor is below a threshold level, typically in the
range of 85-95%. Thus, when consumers improve the power factor,
they reduce both the energy bill and the reactive-power bill. As dis-
cussed in Chapter 3, the savings from avoided utility penalties are
typically larger than the energy savings from power-factor correction.
Measures to improve power factor are discussed in Chapters 3 and 4.

Types of Induction Motors

According to the rotor configuration, induction motors are classi-
fied as either squirrel-cage or wound-rotor. Squirrel-cage induction
motors are the most common and are either three-phase or single-
phase.

Squirrel-Cage Induction Motors

Most induction motors contain a rotor in which the conductors, made
of either aluminum or copper, are arranged in a cylindrical format resem-
bling a “squirrel cage” (see Figure 2-7). Squirrel-cage induction motors are
used in the vast majority of commercial and industrial applications be-
cause they are relatively simple, inexpensive, reliable, and efficient.

Squirrel-cage induction motors have no external electrical connec-
tions to the rotor, which is made of solid, uninsulated aluminum or
copper bars short-circuited at both ends of the rotor with solid rings of
the same metal. The rotor and stator are connected by the magnetic
field that crosses the air gap. This simple construction results in rela-
tively low maintenance requirements.

The relationship between torque and speed in squirrel-cage mo-
tors is largely dependent on rotor resistance. As the rotor resistance
decreases, the performance speed improves and the starting torque
decreases. The smaller the slip for a given load, the higher the effi-
ciency, because the induced rotor currents and their associated rotor
losses are also smaller.

Three-phase squirrel-cage induction motors dominate applications
above 1 hp. Single-phase squirrel-cage induction motors are more com-
mon in sizes below 1 hp and in large home appliances. Single-phase
motors are larger and more expensive, with a lower efficiency than
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Figure 2-7

Operation of a Four-Pole Squirrel-Cage Induction Motor

Stator

Rotor

End ring
To
3-phase ___—
AC Rotor bar
supply (conductor)

Note: The rotating magnetic field is created in the stator by AC currents carried in stator windings. A
three-phase voltage source results in the creation of north and south magnetic poles that revolve
around or move around the stator. The changing magnetic field from the stator induces current in the
rotor conductors, in turn creating the rotor magnetic field. Magnetic forces in the rotor tend to follow
the stator magnetic fields, producing rotary motor action.

Source: Lawne 1987

three-phase motors that have the same power and speed ratings. For
example, the full-load efficiency of a 2 hp, 1,800 rpm, three-phase,
standard-efficiency motor is 72% with a power factor of 62%, whereas
the efficiency of a 2 hp single-phase motor from the same manufacturer
is 66.2% with a power factor of 62.1%. Additionally, three-phase motors
are more reliable since they do not need special starting equipment.
Thus, they are typically used whenever a three-phase supply is avail-
able. In commercial and industrial installations involving a large num-
ber of small motors, single-phase models have the further disadvantage
of causing voltage unbalance if they are unevenly distributed on the
three phases (see the discussion of voltage unbalance in Chapter 3).

Shaded-Pole Motors

Another type of induction design, the shaded-pole motor, is most
commonly used in packaged equipment applications below 0.17 (1/6)
hp, such as computers, small fans found in portable heaters, and small
condensing units for air conditioning and refrigeration. Although
shaded-pole motors are cheaper than single-phase squirrel-cage motors,
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their efficiency is poor (below 20%) and their use should be restricted to
low-power applications with a limited number of operating hours. For
low-power applications with longer operating hours, higher-efficiency
single-phase motors should be used, such as the permanent split-capac-
itor (a type of squirrel-cage motor discussed previously) or permanent-
magnet units (discussed later in this chapter).

Wound-Rotor Induction Motors

Wound-rotor induction motors are sometimes used in industrial ap-
plications, typically 20 hp or larger, where the starting current, torque,
and speed must be precisely controlled. As the name suggests, these
motors feature insulated copper windings in the rotor similar to those
in the stator. The rotor windings are fed with power using slip rings and
brushes. This rotor construction is substantially more expensive, with
higher maintenance requirements, than the squirrel-cage type.

Factors to Consider in Selecting Induction
Motors

Some of the factors described in this section apply to all kinds of mo-
tors, including noninduction designs. Other factors, like the National Elec-
trical Manufacturers Association design classes, apply exclusively to squir-
rel-cage induction motors, particularly three-phase versions. The technical
information required to apply a motor can be found on the nameplate (see
Figure 2-8), and most is also available in manufacturers’ catalogs.

Figure 2-8

Sample Motor Nameplate Showing Nominal and Minimum Efficiency

DUTY  CONT
i§ [ENCL  TEFC

Source: Reprinted with permission from Reliance Electric
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NEMA Designs

The type of load determines the type of motor chosen to drive it.

NEMA has defined standards for different types of squirrel-cage de-
signs to meet the needs of different operating conditions. NEMA stan-
dard designs fall into five categories: A, B, C, D, and E.

Design B motors are the dominant type on the market and are used
for most applications, including fans, pumps, some compressors,
and many other types of machinery. “Normal” torque is defined by
that which is produced by a Design B motor. The torque peaks at
approximately 80% of the synchronous speed. Design B units have
a “normal” starting current of approximately five times the full-
load current. In manufacturers’ literature, general purpose motors
are Design B motors.

Design A motors are similar to Design B motors except that the maxi-
mum torque is 15-25% higher. The starting current is six to seven
times the full-load current because of the design tradeoffs necessary
to increase peak torque.

Design C motors are characterized by high torque. Substantial start-
ing torques make them useful for machines that can start with a full
load (such as conveyors or some compressors).

Design D motors have high starting torque and high slip. High slip
allows the motor speed to vary somewhat from the rated speed. As
a result, Design D motors are normally used where there is the po-
tential for a shock load on the motor, as in punch presses and
shears, since the motors” ability to adjust their speed will act as a
shock absorber and protect the driven equipment. Design D motors
have the lowest efficiency for a given size and speed because of
their high slip.

Design E motors have lower starting torque, high starting current,
and low slip. As a result of the high inrush current, Design E motors
require special starting wiring, motor control, and other related
equipment (NEMA 1999). They are the most efficient induction
motor class, but as a result of design compromises necessary to
achieve high efficiency, they may not be capable of starting under a
significant load. Design E motors are used predominantly in fan ap-
plications, where the lower starting torques are not a problem. De-
sign E motors have not achieved a significant market and may be
discontinued in the future (Bonnett 1999).

Figure 2-9 shows the available torque as a function of speed for

NEMA Design A, B, C, D, and E motors.
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Figure 2-9

General Shape of Torque vs. Speed Curves for induction Motors
with NEMA Designs A, B, C,D,and E
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Note: The torque at zero speed is the starting torque. The full-load torque occurs at speeds some-
what below the synchronous speed (i.e., at the full-load speed) (NEMA 1994). See Appendix C for
further discussion of torque.

Available Speeds

As mentioned earlier, the number of pole pairs is determined by
the synchronous speed of the motor. Induction motors are available
with synchronous speeds of 3,600, 1,800, 1,200, 900, 720, 600, 450, and
300 rpm when operated at 60 Hz. (When operated at 50 Hz, the corre-
sponding synchronous speeds are 3,000, 1,500, 1,000, 750, 600, 500, 375,
and 250 rpm.) Actual speeds are slightly lower because of motor slip.
For a given horsepower, as the speed decreases, the number of poles
increase, costs increase, and the efficiency and power factor are re-
duced (see Figure 2-10).

The 1,800 rpm motor probably accounts for more than 50% of the
motor population. Both 1,200 and 3,600 rpm motors are popular enough
to be stocked by distributors and manufactured in large quantities. Those
slower than 1,200 rpm are often treated as special orders. For fixed speeds
lower than 300 rpm, it is generally more economical to use a motor with a
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Figure 2-10

Typical Full-Load Efficiencies and Power Factors
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Note: Typical full-load efficiencies (top) and power factors (bottom) for standard-efficiency NEMA De-
sign B motors (normal-torque, low-starting-current, three-phase induction motors) with synchronous
speeds from 300 to 3,600 rpm. These are general trends; values for particular motors may vary.

Source: Smeaton 1987

speed of 300 rpm or more, combined with a mechanical transmission sys-

tem like gears or belts, to achieve the desired speed reduction.

Enclosures

Motor enclosures are designed to match the motor to its operat-
ing environment. An open enclosure allows heat to dissipate readily,
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leading to better motor cooling. It offers less protection, however,
against the entry of potentially damaging foreign objects such as dirt,
metal pieces, and water. NEMA Standard MG 1-1978 (NEMA 1978)

Motor Enclosures

The open-enclosure types normally used are as follows:

Open drip-proof (ODP), in which the ventilation openings are posi-
tioned to keep out liquid or solid particles falling at any angle between
0° and 15° from the vertical. This enclosure is not adequate for harsh
environments but is common in applications driving fans and pumps in
indoor heating, ventilating, and air conditioning (HVAC) applications.

Splash-proof, which is the same as drip-proof except that the down-
ward angle of the vents is increased to 100° so that liquid or solid par-
ticles arriving at a slightly upward angle will not enter the motor.

Guarded, in which all openings giving direct access to rotating or elec-
trically live metal parts are limited in size by screens, baffles, grilles, or
other barriers to the entry of objects larger than 0.75 inch in diameter.
Thus, insects and dirt are not prevented from entering. The purpose of
guarded fittings is more to protect personnel than the motor.

Weather protected, for outdoor use, include guarded enclosures and
ventilation passages designed to minimize the entrance of rain, snow,
and airborne particles.

Totally enclosed machines are designed to prevent the free ex-

change of air between the inside and outside. The most common types
are as follows:

Totally enclosed fan-cooled (TEFC), in which the motor is equipped
with a fan for external cooling. Normally the external fan is mounted
on the shaft opposite the load and equipped with a guard to improve
safety and aerodynamics.

Explosion-proof (EXP), in which the enclosure is designed to with-
stand the explosion of a specified gas or vapor within and prevent ig-
nition of a specified external gas or vapor by sparks, flashes, or
explosions that may occur inside the motor casing. These enclosures
may be fan-cooled (EXPFC) or nonventilated (EXPNV).
Dust-ignition-proof, which are designed to exclude dust, ignitable or
not, that might affect performance or rating, while preventing external
dust from being ignited by arcs, sparks, or heat generated from within.

25



ENERGY-EFFICIENT MOTOR SYSTEMS

Figure 2-11

Motor Enclosure Types

Note: The most common motor enclosures are (a) ODP and (b) TEFC. In ODP enclosures such as
the one shown, internal fans bring cooling air into the motor through openings in one or both ends
and then discharge it through openings in the side. Another ODP design brings in air through one
end and discharges it through the other. In either case, the cooling air flows directly through the
motor. In TEFC designs, there is no air exchange between the inside and outside of the motor. A
fan, driven by an extension of the motor shaft, and shown here in the smooth housing on the left end
of the motor, pulls air through slots in its housing and then blows it over the exterior of the motor,
which is usually made with fins (as shown) for cooling. Figure 2-20 is a cutaway view of a TEFC
motor; the internal arrangement of both motor types is basically the same.

Source: Reprinted with permission from Toshiba

defines twenty types of enclosures clustered into two basic groups:
open and totally enclosed (see box). The most common enclosures
used in commercial and industrial facilities are open drip-proof
(ODP); totally enclosed fan-cooled (TEFC); and explosion-proof
(EXP), a type of TEFC motor (see Figure 2-11). Each of these three
basic types of enclosures has subsets listed in catalogs for special en-
vironments (agricultural, corrosive, or wet conditions, for example).

Temperature Ratings and Classes of Insulation

Motor losses are transformed into heat, which increases the tem-
perature of the motor. Table 2-1 shows the insulation class required to
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Table 2-1

Aliowable Temperature Increases (°C) for Various Insulation
Classes (NEMA Standards)

Insulation Class

A2 B F H
Open or TEFC motors with 1.0
service factor, rise at rated load ("C) 60 80 105 125
All motors having service factor,
rise at 115% rated load (°C) 70 90 115 135°

a Of historical interest only. Class A insulation is no longer used in integral-horsepower motors.
Classes C, D, E, and G were never used.
> Not NEMA standard but common industry practice.

Source: Nailen 1987

withstand different temperature rises according to NEMA Standard
MG 1-1998 (NEMA 1999). Class A is no longer made. Class B is the
most common. Classes C, D, E, and G were never used. Classes F and
H are used in applications with high ambient temperatures in order to
allow a larger reserve margin for overload conditions or to enable the
design of smaller, less expensive motors for intermittent-duty opera-
tion. Most efficient motors use Class F insulation as part of the general
package to upgrade performance.

Service Factor

The service factor specifies the capacity of the motor to with-
stand prolonged overload conditions. When the service factor is 1.0,
prolonged operation above full load can damage the insulation and
cause the motor to fail. If the service factor is 1.15, the motor can
work at 1.15 times its rated horsepower without failing, although in-
sulation life may be reduced (typically by 50% when compared with
the same motor working at full load). Standard service factors for
3,600 and 1,800 rpm motors range as high as 1.35 for 0.5 hp and
smaller, 1.25 for 0.5 and 0.75 hp, and 1.15 for 1 hp and above. Motors
running at 1,200 and 900 rpm generally have lower service factors.
However, service factors of 1.5 or more are available on special
order. In general, the class of insulation on the motor windings de-
termines the service factor. Motors above 1 hp with Class B insula-
tion have a service factor of 1.0, whereas motors with Class F insula-
tion have a service factor of 1.15.
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Frame Size

The frame size defines the shape and size of the motor and de-
pends on horsepower, speed, voltage, and duty requirements. Mo-
tors built prior to 1952 did not use industry-wide standard frame
sizes. Then the U-frame was standardized, and all motors with the
same code, such as 254U, had the same frame size. With the advent
of new high-temperature insulation, NEMA authorized smaller,
lighter T-frames in 1964, which remain the prevalent type for new
three-phase motors. Most small (under 1 hp) and very large (over
300 hp) motors use frames other than T- or U-designs. Standard-effi-
ciency U-frame designs are still made for replacing worn-out or
damaged U-frames because replacing a U-frame motor with a stan-
dard- or high-efficiency T-frame unit typically requires modification
of the mounting hardware and is therefore not practical for all appli-
cations. Thus, not all existing U-frame motors can be replaced with
high-efficiency T-frame models.

Frame size is an important determinant of motor efficiency and
performance. To reduce production cost, manufacturers often try to fit
a motor into the smallest possible frame but, in so doing, they must
limit the service factor to ensure that the motor will not overheat
under the reduced cooling of the smaller frame. Thus, some manufac-
turers build 5 hp motors in frames typically used for 3 hp motors: to
meet cooling requirements, they will have a service factor no higher
than 1.0 (Gilmore 1990).

Supply Voltage

Most three-phase motors in the United States are designed to op-
erate at 460 volt (V), 60 Hz, which allows some voltage drop from the
nominal 480 V supply commonly used in newer large commercial
and industrial facilities. Smaller commercial facilities often use either
230 V or 208 V three-phase power. Older facilities (both commercial
and industrial) sometimes use 575 V three-phase power. To decrease
the distribution losses in cables and transformers, large motors (200
hp and above) can be specified with a supply voltage over 600 V.
Fractional-horsepower single-phase motors most commonly run on
120 V power.

Before we continue, we should clarify some terms. The Energy
Policy Act of 1992 (EPAct) is an important piece of legislation for effi-
ciency because it established minimume-efficiency levels for electric
motors manufactured or imported after October 1997. EPAct, which
was based on NEMA standards, defined a number of terms, including
what constitutes an energy-efficient motor. This concept will be

28



CHAPTER TWO

described in greater detail later in this chapter (see Table 2-9) and in
Appendix B. In the wake of the ruling, industry began manufacturing
motors that exceeded EPAct standards and became alert to labeling
and marketing these more efficient motors. To accommodate these mo-
tors, the Consortium for Energy Efficiency (CEE)—a nonprofit group in
which utilities, public interest groups, and government agencies such
as the Department of Energy have representatives—established pre-
mium-efficiency motor levels. These specifications are also outlined in
Table 2-9.

Specialty motors are available to run on two voltages (230/460 V,
for example) or on a range of voltages along with some other, typically

How to Read a Motor Catalog

The specific information presented in a motor catalog and the format
for that information vary among manufacturers. Figures 2-12 and 2-13
show sample pages from one catalog.

Most catalogs cluster information by specific motor types. For ex-
ample, all ODP EPAct-compliant motors are listed in a single table that
contains generic information on the type of mounting system, the hous-
ing, the materials of construction, the insulation class, the service fac-
tor, and the design rating. EPAct requires a listing of the nominal full-
load efficiency for the motor, and catalogs may include a special symbol
(“ee”) for those motors that meet the EPAct minimum requirements (see
Appendix B). In most catalogs, the general listing will also specify
whether the motor line is EPAct or premium-efficiency. Some also list
whether the motor meets the CEE premium-efficiency specification.

In addition to generic information, other tables will list size, speed,
frame number, full-load amps, and list price for individual motors. Most
motors actually sell for 30—70% of the list price.

Most catalogs outline in a separate table motor efficiencies and
power factors at full, 0.75, and 0.5 load. This table also typically con-
tains data on motor torque.

Finally, most motor catalogs include a table of dimensional data or-
ganized by the motor frame number. In the NEMA system, all motors
with the same frame number are the same size. Dimensional data are
generally used to determine the changes required in the mounting sys-
tem or drive shaft when downsizing a motor or converting from a U-
frame motor to a T-frame motor.
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Figure 2-12

Typical Motor Application Data from a Major Manufacturer’s

Catalog

ot

7 ENVATRITIERE

Search Again

CATALOG DATA

CATALOG ITEM: EL3609T

HORSEPOWER: 2
RPM: 1755
NEMA FRAME: 1847

TYPE: 3640LC

*C" DIMENSION: 12,06

EFF @ FULL LOAD:
YOLT CODE: C

SHIPPING WEIGHT: 2
MULTIPLIER SYM: L1
LIST PRICE: 72

MOTOR DATA

VOLTAGE: 230 ENCLOSURE: TEFC
FULLLOAD AMPS: 11.8 MOUNTING: F1
PHASE: 1 BASE: RG

HERTZ: 60 D.E. BEARING: 6206

POLES: 04 0.D.E. BEARING: 5205
CODE: 04 ROTATION: R

DESIGN: L SPEC NUMBER: ZEEDD4YS28E7
SERVICE FACTOR: 1,15 RATING: 40C

ADDITIONAL MOGTOR INFORMATION

SUBSTITUTE PART NUMBER:
ADJUSTABLE FREQUENCY CONTROL:

N A
MiA
MEA
MIA

SOFT STARTER:
C-FACE KIT:

Source: Baldor 2001

Figure 2-13

Typical Motor Performance Data from a Major Manufacturer’s

Catalog

ks

fick far Enfargement

RATING - NOMINALS

Rated Output 2 HP
Yolts 230
Full Load Amps 11.8
speed 1755
Hertz 60
Phase 1
NEMA Design Code L

LR K¥A Code H
Efficiency 25,5
Power Factor 95
Service Factor 1.1%

Rating - Duty

CHARACTERISTICS
Full Load Torque

Break Down Torque
Ltocked-Rotor Torque
Starting Current
No-load Current
Line-fine Resistance @ 25
degress €

Temperature Rise, in
degrees C @ FL

40C AMB-CONT

LOAD CHARACTERISTICS - TESTED

%0 of Rated Load 25 50
Power Factor 2z 96
Efficiency 71 83.1
Spead (rpm) 1787 1775
Line Amperes 3.7 .1

75 160 125 150 S.F.
Ex 97 EL 96 95
85,9 85.7 80 24.4
1762 1745 1728 1705 1735
8.9 118 152 132 14,1

Source: Baldor 2001
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doubled, value (such as 208-230/460 V). In recent years it has become
common to use motors rated at 230 V for 208 V applications. Although
these motors will operate at any voltage in this range, at the reduced
operating voltage their efficiency, life, and torque will decrease, while
slip increases. For NEMA Design B motors, slip will typically increase
30%, torque will decrease 20-30%, and efficiency will decline by 3%.
Design E motors are less affected by reduced-voltage operation (Bon-
nett 1999).

Motors designed to operate at 60 Hz can be satisfactorily operated
at 50 Hz if the voltage and horsepower rating are reduced by five-
sixths. All other performance characteristics will be essentially the
same as at 60 Hz (NEMA 1999).

It is common to see the actual voltage and frequency supplied to
the motor significantly differ from the design values because of
problems in the electric supply system, as discussed in Chapter 3.
Frequent operation at off-voltage can have a significant impact on
motor performance. Steps should be taken to operate the motor at
as close to the design voltage as possible (Bonnett 1999).

General, Special, and Definite Purpose Induction
Motors

Most NEMA Design A and B motors are general purpose. NEMA
defines a general purpose motor as an open or closed motor, 500 hp
or less, rated for continuous duty, without special mechanical con-
struction, that can be used in usual service conditions without re-
strictions to a particular application or type of application. If a stan-
dard-rating or construction motor is designed to operate under
conditions other than wusual or in a particular application, it is
classed as definite purpose. Examples are motors designed to occa-
sionally be submerged in water when not running, or in a salt spray
environment. Some applications require special mechanical con-
struction, or operating specifications, or both, designed for a partic-
ular application. These motors are referred to as special purpose. Ex-
amples are motors designed to operate in a vertical shaft position
that requires the use of thrust bearings, and motors with windings
that are encapsulated to operate in a corrosive environment (NEMA
1999). In general, motors with these special features are more costly
than general purpose motors, and some of the features may reduce
the energy efficiency of the motor compared with that of a similar
design that does not incorporate the features. Appendix B discusses
features that characterize a motor as general or special or definite
purpose and that are likely to reduce efficiency.
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Other Types of Motors

Although induction models use more than 90% of all motor input
energy, they are not appropriate for all applications. The following va-
rieties of motors are also important.

Synchronous Motors

Synchronous motors have a stator similar to that of induction mo-
tors, with three windings that produce a rotating field. The rotor con-
tains a winding to produce the rotor field and a starting winding simi-
lar to the rotor of a squirrel-cage induction motor; the connection from
the power supply to the rotor field winding is made through slip rings
and brushes. Because of their complex rotors, synchronous motors are
more expensive to build and maintain than induction motors.

The starting winding makes the motor act like an induction motor
at up to about 95% of the synchronous speed. At that point, the rotor
field winding is switched on, and the rotor quickly catches up to the
rotating field, reaching the synchronous speed. For further informa-
tion on the operation of synchronous motors, refer to Nailen 1987,
Fitzgerald 1983, or Smeaton 1987.

Figure 2-14

General Areas of Application of Synchronous Motors and
Induction Motors
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Source: Nailen 1987
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Synchronous motors can run at lower speeds and are slightly
more efficient than induction motors, especially at low speeds. They
also have the virtue of being able to generate or absorb reactive power,
whereas induction motors only absorb reactive power. A large syn-
chronous motor can thus correct the overall power factor of an entire
plant by generating the reactive power absorbed by the induction mo-
tors in the plant. Figure 2-14 shows the typical speed and horsepower
ranges of induction and synchronous motors. Synchronous motors are
used in applications in which fixed constant speed is required, such as
in the textile fiber industry, or in large-power, low-speed applications,
where the motor’s additional cost is offset by its higher efficiency and
capability for power-factor compensation. Synchronous motors tend
to be large and in operation most of the time. There are few in use,
and their number has been decreasing in recent years. Their percent-
age contribution to energy and power demands is therefore small.

Direct-Current Motors

Direct-current motors normally have windings in both the stator
and the rotor. As the name implies, DC motors are fed by a DC voltage,
which may change in magnitude but not in polarity. Thus, the magnetic
field produced by the stator has a constant orientation, though its size
may change as a function of the voltage applied to the terminals. DC
motors are often used for applications in which speed control is required
since varying the voltage changes the motor speed.

In a DC motor, electricity reaches the windings in the rotor via a
ring of electrically isolated copper bars, a device known as a commuta-
tor (see Figure 2-15). Corresponding contacts known as brushes are
connected to the power supply and ride against this commutator. DC
motor rotors are complex, expensive to manufacture, and unreliable
because of wear on the brushes and commutator caused by sparking
and friction as the rotor turns. The wear creates the need for frequent
inspection and replacement of the brushes. In addition, the commuta-
tor must be repaired or replaced at longer intervals. These motors have
additional drawbacks in larger sizes: they are bulky; cannot sustain
high speeds; and are less efficient than AC motors of similar size.

There is one type of DC motor, in which the rotor and stator wind-
ings are connected in series, that can be used with AC voltages (be-
cause the torque in series motors maintains the same direction even if
the polarity of the voltage is reversed). They are known as universal
motors and are generally found in small portable appliances and
power tools. For fractional-horsepower sizes, the universal motor has
a superior power-to-weight ratio. These motors generally operate for
very limited periods so their energy use is not significant.
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Figure 2-15
Typical DC Motor Design Showing Major Parts

Rotor windings
Air gap / 9
Cooling fan
r Stator l
Commutator
/' Output shaft
o m/
' Rotor
Bearing
Brush
f ] Motor housing

Note: The stator windings and connections to the brushes and stator are not shown.

Source: Bodine 1978

Besides being used in low-energy-use applications such as small
appliances and power tools, DC motors are still being sold for indus-
trial applications requiring very high starting torque or inexpensive
speed regulation. However, with the advent of high-performance AC
drives, their market share is dwindling to below 5%.

Permanent-Magnet Motors

In some small DC models, a permanent magnet replaces the stator
winding, although the rotor is still fed by a conventional brush-and-
commutator system. A more important type of permanent-magnet
(PM) motor has a stator with three windings producing a rotating
field, as in induction and synchronous motors. The rotor consists of
one or more permanent magnets that interact with the rotating field so
as to align the poles in the rotor with the poles of the rotating field.
Thus, the speed of the motor is the speed of the rotating field. Because
there is no rotor current and the rotor magnetic field is constant, there
are no losses in the rotor, helping to make PM motors more efficient
(by 5 to 10 percentage points in small sizes) than induction motors.

The most common form of PM motor is the brushless DC motor,
also known as an electronically commutated motor (see Figure 2-16).
Electronically commutated permanent-magnet motors (ECPMs) consist
of a rotor with multiple permanent magnets bonded to it and a stator
made of electrical windings that create a varying magnetic field to drive
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Figure 2-16
Schematic of Electronically Commutated Permanent-Magnet
Motor
Phase B winding
AC supply ACto DC Power l
(1-phase converter switches
or —]
3-phase) ‘ Phase C Phase A
' winding I winding
I
DC supply (if available) .
- Control unit L<— Roto_rposmﬂ1 fee_c_!_t_)_ack__l

Speed command J

Note: The motor (on the right) is composed of three sets of stator windings arranged around the PM
rotor. AC power is first converted to DC and then switched to the windings according to the signals
provided by the control unit, which responds to both the desired speed (“speed command”) and rotor
position feedback. If a DC supply is available, it can be used in place of the AC supply and con-
verter. The function of the commutator and brushes in the conventional DC motor is replaced by the
control unit and power switches. The PM rotor follows the rotating magnetic field created by the
motor windings. The speed of the motor is easily changed by varying the speed of switching.

Figure 2-17

Compared Efficiencies of 10 hp AC Induction Motors with ASD
and Brushless DC Motors as a Function of Speed

Percent Efficiency
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Source: Lovins et al. 1989
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the rotor. The stator field is driven electronically using solid-state power
devices and feedback from angular-position sensors. This arrangement
eliminates rotor resistive losses, brush friction, and maintenance associ-
ated with conventionally commutated motors. Other advantages are
precise speed control, lower operating temperature, and higher power
factor than for induction motors. ECPM efficiency cannot match induc-
tion motor efficiency for fixed-speed, full-load operation but has a signif-
icant advantage at reduced speeds. Under these part-load conditions, in-
duction motor efficiency drops significantly, while ECPM efficiency
remains flat (Nadel et al. 1998).

Typical induction motor/adjustable-speed drive combinations
have a range of full-load efficiencies between 85% and 90%, but this
falls off 15-20 points at light load. ECPMs, in comparison, can main-
tain their efficiencies at part load within 5 points, with full-load effi-
ciency as high as 95% in 100 hp sizes (E Source 1999). Figure 2-17
shows the comparative performance of AC induction motors with
ASD and brushless DC motors, rated at 10 hp. Cost premiums for
ECPMs currently are on the order of $50/hp (Nadel et al. 1998).

ECPMs are available from many manufacturers in sizes ranging
from fractional to 60 hp. Powertec Industrial Corporation produces in-
tegral-horsepower motors in NEMA frame sizes to compete directly
with induction motors. GE, Emerson, and A.O. Smith produce small
fractional-horsepower integral ECPMs for use in HVAC equipment. In
addition to high part-load efficiency and variable speeds, these motors
have several unique features that make them particularly attractive to
HVAC equipment manufacturers, including the ability to maintain a
constant air flow and to ramp up to speed slowly (Nadel et al. 1998).
Other kinds of PM motors include (1) small DC motors that have
brushes, a commutator, and a wound rotor plus a PM stator; and (2) a
type of AC synchronous motor available on special order from
Siemens U.S. and Reliance Electric (Lovins et al. 1989).

PM motors have in the past been limited to fractional-horse-
power sizes because they are bulkier and much more expensive
than induction motors. The magnets in most fractional-horsepower
PM motors, such as those used in residential appliances, are made
from ferrite, primarily because of its low cost. In recent years, how-
ever, the performance of PM materials has improved dramatically
(see Figure 2-18). In particular, neodymium-iron-boron alloys fea-
ture high energy density at moderate cost. Such PM materials allow
the design of compact and high-efficiency motors in larger sizes up
to 600 hp (E Source 1999). Improved materials can also yield very
high efficiencies. A 50 hp PM motor with an efficiency of 97% has
been developed (EPRI 1989).
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Figure 2-18

The Evolution of Permanent-Magnet Materials, Showing the
Increasing Magnetic Energy Density (“Energy Product”)

Energy Product (kd/m?)

Hard Ferrite AINiCo SmCo NdFeB

Permanent Magnet Material

Note: Ferrites were developed in the 1940s; AINiCos (aluminum, nickel, and cobalt) in the 1930s.
The “rare earth” magnets were developed beginning in the 1960s (samarium-cobalt) and in the
1980s (neodymium-iron-boron). The higher the energy density, the more compact the motor design
can be for a given power rating.

Sources: Baldwin 1989; Krupp-Widia 1987

Since PM motors have neither rotor windings nor slip rings, they
can be as robust and reliable as induction motors. They must be totally
enclosed, however, to avoid attracting iron particles. The magnets can
be demagnetized by high temperature, and therefore the motor cannot
be overheated. For example, the neodymium-iron-boron magnets can
be demagnetized if the temperature exceeds 302°F (150°C). However,
the low losses of PM motors mean that their operating temperature is
well below 300°F at the rated power.

PM motors coupled with electronic speed controls are already
being used in cordless power tools, as well as residential air condition-
ers, furnaces, and heat pumps. Refrigerators and freezers are likely
candidates for PM motor applications. Because of their high efficiency
and reliability, and the recent availability of high-performance mag-
netic materials at reasonable costs, PM motors offer great promise as a
general purpose motor.
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Reluctance Motors

Reluctance designs are another promising family of motors that
are synchronous but do not require electrical excitation of the rotor.
Losses are lower and efficiencies are generally higher than in induc-
tion motors because no current is induced in the rotor. The shaft
power of reluctance motors is smaller than in similar-sized PM mo-
tors. Reluctance motors are well established in very low power ap-
plications such as clocks, timers, and turntables, in which an inex-
pensive, low-power, constant-speed motor is required.

A variation known as the switched-reluctance (SR) motor shows
great promise as a future competitor to the induction motor, espe-
cially in adjustable-speed applications. The switched-reluctance
drive is a compact and efficient brushless, electronically commu-
tated AC motor with high efficiency and torque, variable-speed reg-
ulation, and simple construction. Available in virtually any size, the
SR motor offers the advantage of variable-speed capability (very
low to very high) and precision control. Switched reluctance is an
old idea that has advanced recently with progress in solid-state elec-
tronics and software that allows precision control. The motor comes
as a package integrated with a controller (Nadel et al. 1998).

SR motors with control systems are competing to supplant in-
duction motors with variable-speed drives in a number of applica-
tions. Both are attractive in new and OEM installations because they
come as a motor-controller package. The SR motor is now being
used in the Maytag Neptune line of horizontal-axis residential and
commercial washing machines. Other likely applications include
residential heating and cooling and commercial HVAC fans and
pumps. Most SR research and application in the United States is in
fractional-horsepower printer, copier, and precision-motion tasks
and appliances. Other potential applications include fans, machine
(servo) control, and electric vehicles (Wallace 1998). SR motors
could potentially replace 20-50% of the existing general purpose
motors in service today (Albers 1998; OIT 1998).

The rugged rotor of an SR motor is much simpler than that of
other motors since it has no field coils or embedded magnetic mate-
rials. This design enables some models to operate at speeds as low
as 50 rpm and as high as 100,000 rpm (E Source 1999). The coils and
magnets attached to the rotor are subjected to very high stresses, ne-
cessitating more complex designs (Albers 1998). Because of its sim-
plicity, the SR motor in mass production should theoretically cost no
more than, and perhaps less than, mass-produced induction
motor/ASD packages of comparable size, as discussed in Chapter 4.
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However, at this time, automating the manufacturing of integral-
horsepower and larger fractional-horsepower SR motors is proving
difficult, and it is uncertain whether the hoped-for price reductions
will materialize (Albers 1998; Wallace 1998).

Currently, SR motors and their associated controls, starter, and
enclosure cost about 50% more than comparably sized and
equipped induction motors with variable-speed controls (Albers
1998; Wallace 1998)—or about a $2,000 premium for a 20 hp installa-
tion in 1998.

Written-Pole Motors

The written-pole (WP) motor is a single-phase AC motor that
acts like an induction motor during start-up, then like a synchro-
nous motor on reaching full operating speed. Much like a computer
hard drive, which records data onto a disk, the WP “writes” the
number of poles and their locations electronically onto the rotor.
This allows the WP motor to obtain higher energy efficiency and a
lower start-up inrush current. The lower inrush inherent in the WP
design may extend the expected life of the motor by reducing the in-
rush stresses (Nadel et al. 1998).

Single-phase motors have historically not been available in sizes
over 16 hp because of the high inrush currents (six to seven times
the nominal operating current) they create (EPRI 1994). Single-
phase WP motors are now available in 15, 20, 40, and 60 hp sizes.
The WP motor could potentially replace 4% of the integral-horse-
power general purpose motors in service (Bannerjee 1998; OIT
1998). The WP’s main advantage is not so much energy efficiency
but rather that it allows a higher-horsepower single-phase motor to
be used in applications for which only three-phase motors were
available in the past. The motor also offers some power-outage ride-
through capability that is of use in some industrial applications.

WP motors were originally intended to replace three-phase mo-
tors that use phase converters so the motors can operate on single-
phase power systems, particularly in rural applications such as dry-
ing fans, conveyors, and irrigation pumps. In these cases, efficiency
was not considered to be a significant issue.

WP motors are appropriate for new and OEM installations be-
cause they come as motor-controller packages. WP motors are now
being used for irrigation pumps, conveyor motors, water pumps,
food-processing air dryers, and process stirring. At this time, only
one manufacturer, Precise Power Company of Bradenton, Florida,
produces WP motors (Bannerjee 1998). WP motor research and
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application in the United States are limited to the 15-100 hp size
range. WP motors have been used in less than 100 commercial in-
stallations to date (Morash 1998), but the potential U.S. residential,
commercial, and industrial general purpose motor market that WP
motors could replace annually is estimated to be about $140 million
(EPRI 1994).

The WP motor is not complicated to manufacture, but costs are
still high because of lack of production volume (Precise Power
1998). The installed cost of a 20 hp WP motor and controller pack-
age is about 60% higher than for a conventional induction motor
with controller (Morash 1998), although the WP motor is more of a
niche product and not completely comparable. Once the WP motor
reaches full production levels, the cost premium is expected to drop
by 50% (Nadel et al. 1998). In 1998, the WP cost $6,500 for a 20 hp
unit with controller, starter, and enclosure package. The comparable
induction motor and controller package cost $4,000.

The WP motor product line has relatively flat efficiency curves
with maximum efficiencies of 92% for 40 hp and below, and 93-94%
for units of 60 hp or more, at load levels as low as 70% (Precise
Power 1998).

The primary barriers facing WP motor technology are its limited
market niche, high initial cost, and lack of product understanding
by the motor-buying public. Utilities, Electric Power Research Insti-
tute (EPRI), Precise Power Company, and OEMs are working to
identify more opportunities to place the WP motor into finished
goods. Demonstrations and educational programs are needed in the
near term to raise awareness of the ways in which WP technology
can deliver superior performance in certain kinds of applications
(Nadel et al. 1998).

Characteristics of Commercially Available
Motors

We have now discussed the principal types of commercially
available motors. Their major characteristics are summarized in
Table 2-2. Other types of motors exist in various stages of commer-
cialization (for an overview, see E Source 1999). In the next section
we will focus on the elements of, and trends in, motor efficiency.

Motor Efficiency

Motor efficiency has a slightly different definition than most
other efficiency measurements because motor ratings are based on
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Table 2-2

Classification of Common Motor Types, with Their General
Applications and Special Characteristics

AC Three-phase (general purpose, >0.5 hp, low
Saultrel-C cost, high reliability)
uirrel-Cage
d g Single-phase (low [typically <5] hp range,
Induction high reliability)
(special purpose for torque and starting
Wound-Rotor | current regulation, typically >20 hp, greater
maintenance required than for squirrel-cage)
(high efficiency and reliability, very large
Wound-Rotor | sizes, greater maintenance requirement than
for squirrel-cage)
Synchronous Standard (small motors, reliability,
synchronous speed)
Reluctance
' Switched (rugged, high efficiency, good
speed control, high cost)
FB’(r#%hangit- (higl) eﬁficiency, high.-pe.r.formance
Magnet applications, high reliability)
Series (traction and high-torque applications
(limited ( gh-iorade app )
reliapility, . Shunt (good speed control)
DC | Wound-Rotor reIapver high Compound (high torque with good speed
maintenance control)
requirements)
Separated (high-performance drives
[e.q., servos])

Note: Brushless permanent-magnet motors overlap between AC and DC types.

output rather than input. Efficiency, 1, is expressed as:

output

n=-___.

or input
aw

= aw+1

where dW is the energy output of the motor and [ is the sum of the
losses. This variation on the normal efficiency calculation is often not
recognized and has led to confusion and calculation errors. The
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focus on motor losses stems from the approach used to design effi-
ciency in a motor. We first discuss the sources of these losses and
how motor efficiency is measured. We then turn to how design
tradeoffs affect efficiency, concluding with a discussion of efficiency
labeling and standards.

Motor Losses

There are four basic kinds of loss mechanisms in a motor: electri-
cal; magnetic (core); mechanical (windage and friction); and stray. The
relative contributions of these losses vary with motor load and are de-
picted in Figure 2-19.

Whenever current flows through a conductor, power is dissipated.
These electrical losses are a function of the square of the current times
the resistance, and thus are termed I°R losses, where I is the symbol
for current and R is the symbol for resistance. In a motor, I’R losses
occur in the stator and rotor. Because they rise with the square of the
current, such losses increase rapidly with the motor’s load. By using
more, and sometimes better, lower-resistance materials (switching
from aluminum to copper, for instance), manufacturers have reduced
the IR losses in efficient motors.

Magnetic losses occur in the steel laminations of the stator and
rotor and are due to eddy currents and hysteresis (see Appendix C).

Figure 2-19
Variation of Losses with Load for a 10 hp Motor

1.25

1R and stray
1004 B Core
B Friction and windage

0.75 +

0.50

Power Loss (kW)

0.25

0.00
0 25 50 75 100

Percent Load

Source: Nailen 1987
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Figure 2-20

An Efficient Induction Motor Cutaway View Showing Important
Features and Construction

Stator laminations
(hysteresis and eddy current)

External fan (windage)

Stator windings (/?H)

Armature conductors
(beneath surface) (/2R)

Armature laminations
(hysteresis and eddy
current)

Armature fan
(windage)

Ball bearings
(friction)

Note: Labeling indicates the major components that contribute to motor losses and (in parentheses)
the type of loss that takes place. Armature is another name for rotor. Windage losses can be re-
duced through improved fan design. Hysteresis and eddy current (magnetic losses) can be reduced
through the use of larger cross-sections, thinner laminations, and special steel alloys. /2R losses can
be reduced through the use of conductors with larger cross-sections (e.g., bigger wire).

Source: Reprinted with permission from Reliance Electric

Use of larger cross-sections of iron in the stator and rotor, thinner
laminations, and improved magnetic materials can decrease the mag-
netic losses. Figure 2-19 illustrates that magnetic losses in a given
motor decrease slightly as the load increases.

Mechanical losses occur in the form of bearing friction and
“windage” created by the fans that cool the motor. Windage losses can
be decreased through improved fan design. Mechanical losses are rela-
tively small in open, low-speed motors but may be substantial in large
high-speed motors or TEFC motors.

Stray losses are miscellaneous losses resulting from leakage flux,
nonuniform current distribution, mechanical imperfections in the air
gap, and irregularities in the air gap flux density. They typically repre-
sent 10-15% of the total losses and increase with the load. Stray losses
can also be decreased by optimal design and careful manufacturing.

Figure 2-20 shows a cutaway of an efficient motor with the areas
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of efficiency improvement and types of loss minimized by each mea-
sure. In the integral-horsepower sizes, premium motors are 1-3 per-
centage points more efficient than required by EPAct standards, with
the low end of this range applied to large models. In fractional-
horsepower, single-phase models, the spread between standard- and
high-efficiency units can be greater than 10 points.

Measuring Motor Efficiency

Different standards for testing motors have been developed by
various organizations in several countries. Because of these differ-
ences, the test results for a given motor may vary depending on the
procedure that is carried out. Users need to be aware of these differ-
ences so that they will compare motors as much as possible on the
basis of uniform test methods. The principal testing methods are
briefly described below, with comments on the relative efficiency rat-
ing produced by each procedure.

As mentioned at the outset of this chapter, motor efficiency is the
ratio of the mechanical output and the electrical input. Although the de-
finition is simple, there are difficulties associated with its accurate mea-
surement. In the United States, the basic motor test measure is Institute
of Electrical and Electronics Engineers (IEEE) Standard 112-1996, enti-
tled “Standard Test Procedure for Polyphase Induction Motors and
Generators,” which
comprise of five test-
ing methods. IEEE Table 2-3
Standard 112, Method = Comparison of the Efficiencies of Typical
B, is the most accurate, Motors,Tested According to Different
but also the most time-  Standards

consuming and expen-  gy,ngarg Full-Load Efficiency (%)
sive (IEEE 1996). Using
the basic definition of 7.5 hp 20 hp
motor efficiency, it di-  cga ¢-390-93 80.3 86.9
rectly measures the
mechanical output and IEEE 112, Method B 80.3 86.9
electrical input to de-  |gc.34.2 82.3 89.4
termine the efficiency.
This standard is now JEC-37 85.0 90.4

SubStantlaHy harmo- Note: CSA = Canadian Standards Association
nized with Canadian  IEC = International Electrotechnical Commission (in Europe);
Standards Association |IEEE = Institute of Electrical and Electronic Engineers; and

( cs A) Standard C-390- JEC = Japanese Electrotechnical Commission.
93 (CSA 1993). Both Source: B.C. Hydro 1988
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the [EEE and CSA standards ac-  Taple 2-4
count for stray losses by mea-
suring them indirectly.

Proposed Default Values for
Other standards used in the  Stray Losses Being Considered

international market provide a  BY IEC

less accurate estimate of motor Assumed Stray Losses
efficiency. International Elec- Motor Sizp (perc?l:gz?:no‘:’:;:;l-load
trotechnical Commission (IEC)

Standard 34.2, used in Europe (hp) (kW) Current IEC Proposed IEC

and some other parts of the 1 0.7 0.50 3.00
world, allows for a tolerance in 1.3 1 0.50 3.00
the efficiency and does not cal- 15 1.1 0.50 2.99
culate the stray losses, assum- 2 1.5 0.50 2.99
ing they are fixed at 0.5% of the g 23 828 233
full-load power (Control Engi- ' : :
. 7.5 5.6 0.50 2.96
neering 1998). Japanese Elec- 75 0.50 594
hnical Commission (JEC) ' ' '
trotechnical 15 112 050 2.92
Standard 37 ignores stray losses 5 15 0.50 289
altogether, giving even less o5 19 0.50 2.86
credible results (Control Engi- 30 22 0.50 2.84
neering 1998). 40 30 0.50 2.78
As can be seen in Table 2-3, 50 37 0.50 2.72
the efficiency of motors tested 60 45 0.50 2.66
according to the different stan- 75 56 0.50 2.58
dards varies significantly. The 100 75 0.50 2.44
assumptions of IEC-34.2 and 125 93 0.50 2.30
JEC-37 are especially optimistic 150 12 0.50 2.16
in small- and medium-horse- 200 149 0.50 1.88
. . 250 187 0.50 1.60
power motors. Considering 555 50p 0.50 150

that stray losses represent typi-
cally 10-15% of the motor
losses at full load, in a model
whose efficiency is 85%, stray losses represent 1.5-2.25% of the full-
load power, not the 0.5% as assumed by the IEC, or 0% as assumed by
the JEC.

Groups in the IEC have recognized this problem and are currently
considering the adoption of a new test procedure. One proposal under
consideration would allow a manufacturer to measure the losses di-
rectly, which is essentially identical to IEEE/CSA methodology, or to
use a default value for the stray load losses. These proposed values (see
Table 2-4) represent a near-worst-case scenario. Most manufacturers
would therefore benefit from direct measurement of these losses. It is
unclear when revisions are likely to be implemented (de Almeida 1999).

Source: de Almeida 1999
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Table 2-5

Approximate Estimation of Comparable Efficiency Levels Using
JEC, IEC, and IEEE Test Methods

Motor Size Motor Efficiency (%)
hp kW IEEE 112-B IEC? JECP
1 0.7 76.8 78.8 79.6
2 1.5 81.1 83.1 83.8
3 2.2 81.4 83.4 84.1
5 3.7 83.9 85.9 86.5
7.5 5.6 84.8 86.8 87.3
10 7.5 85.6 87.6 88.1
15 1.2 87.4 89.4 89.9
20 15 88.3 90.3 90.7
25 19 88.9 90.4 90.8
30 22 89.8 91.3 91.7
40 30 90.4 91.9 92.3
50 37 91.0 92.0 92.4
60 45 91.5 92.5 92.8
75 56 92.0 93.0 93.3
100 75 92.0 93.0 93.3
125 93 92.2 92.7 93.0
150 112 92.8 93.3 93.6
200 149 93.8 94.3 94.6

Note: Estimates of IEC and JEC values are calculated for the specified IEEE 112 levels. These cal-

culated values are subject to a substantial band of uncertainty as the relation between JEC, IEC, and

IEEE 112-B efficiency varies with motor design and the calculations shown here are based on very

limited comparative data.

a Adjusted for differences between IEC and IEEE 112-B test procedures based on limited compara-
tive test data.

®Based on the following formula: JEC = (1.05 x IEC effic.)/(1 + 0.05 x IEC effic.).

Source: ERM 1999

It would be convenient to convert the efficiency measure deter-
mined using one test procedure into values for the other test proce-
dures without actually retesting the motor. Unfortunately, as noted
above, the percentage of stray losses for any given motor varies with
design and material selection so an exact equivalence in not achiev-
able. If some simplifying assumptions are made, a rough estimate of
comparisons for 1 to 200 hp motors can be developed (see Table 2-5).

Designing Motor Efficiency

The efficiency of a motor is determined by a series of design deci-
sions. Efficiency is not the sole design parameter, and thus the design
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process involves a series of tradeoffs among the various parameters.
The designer uses three broad strategies to achieve an efficient motor.
First, extra time can be invested in the design of the motor. Although
this approach is challenging, it usually involves only a modest unit
cost. Second, the motor can be built to tighter tolerances. This ap-
proach requires additional capital investment in manufacturing, offers
benefits in reducing variation between individual motors, and usually
produces only modest incremental increases in unit costs. Finally, the
design can make use of higher-quality materials, which can increase
efficiency but can also significantly increase the unit cost of the motor.
In actuality, the designer uses a combination of all these approaches to
reach the price and performance goals for the particular target market.

Motors that have a range of efficiencies have always been available
on the market. The average efficiency has fluctuated with market condi-
tions, although it did increase from the end of World War II to the mid-
1950s as new materials and technology became available. From the mid-
1950s until the mid-1970s (a period of inexpensive energy), efficiency

Figure 2-21
Historical Efficiency of Standard and Energy-Efficient Motors
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declined as manufacturers built relatively inefficient motors that mini-
mized the use of copper, aluminum, and steel (see Figure 2-21). These
motors were designed with a focus on lower initial costs, unlike their
predecessors, and used more energy because of their inefficiency (Van
Son 1994).

The less efficient and more compact motors were made possible
by the development of insulation materials that could withstand
higher temperatures. Inefficiency is manifested in a motor as heat.
Paper, cotton, enamels, and varnishes used in the 1940s deteriorated
rapidly above 210°F (99°C), whereas the synthetic insulating materials
developed since can tolerate operating temperatures up to 390°F
(199°C). Thus it was possible to design motors that could accommo-
date higher losses without damaging the insulation and reducing
motor lifetime.

Using less material in the magnetic and electrical circuits led to
designs that were more compact. The development of improved steel
with a higher permeability allowed for a further reduction of the
magnetic circuits. The superior electrical characteristics of the new in-
sulation materials allowed windings to be packed tighter in the slots,
thereby reducing volume requirements even further. A combination
of these factors resulted in smaller motor frames, as shown in Figure
2-22. This reduction in size and efficiency occurred mainly in motors

Figure 2-22

Relative Diameters of a 7.5 hp, 1,725 rpm Three-Phase Motor
Reflecting NEMA Standards in Recent Years

1950

1964

1966

Note: The 1964 size is the U-frame design. The 1966 size (the presently used T-frame) utilizes
higher-temperature insulation and is allowed a higher temperature rise than previous motors.

Source: Lloyd 1969
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smaller than 100 hp. In larger motors, the amount of heat that could
be dissipated determined the motor size while limiting the minimum
efficiency that could be tolerated.

By the mid-1970s, electricity prices began escalating rapidly. Con-
sequentially, the majority of the large manufacturers introduced a line
of energy-efficient motors in addition to their standard-efficiency
models. Energy-efficient motors feature optimized design, more
generous electrical and magnetic circuits, and a higher quality of ma-
terials. As can be seen in Figure 2-21, the average efficiency of energy-
efficient motors has risen since their introduction.

Variations in Motor Efficiency

The efficiency of different units of the same motor model will
vary. These variations can be attributed to differences in raw materials
and multiple random factors in the manufacturing processes, as well
as to dissimilarities in the results of efficiency testing (see NEMA 1993,
Section 12.58.2). A 10% difference in the iron core losses, which is
within the tolerance of magnetic steel manufacture, can by itself pro-
duce a 0.3% change in the efficiency of a 10 hp motor. Mechanical vari-
ations can also affect efficiency by altering the size of the air gap (a
10% difference in air gap size is not uncommon), which results in the
increase in the stray losses. As noted above, precision machining of
motor parts is more costly, and motor manufacturers settle for a trade-
off between precision and cost when purchasing the equipment used
in the production line.

The determination of efficiency is further complicated by varia-
tions due to uncertainty in test results. Efficiency determination is a
complex and demanding exercise, and a significant difference can be
introduced by variations in the technician’s practices as well as mea-
surement errors. In a study of different motors of the same model,
losses varied often by 10% and sometimes by as much as 19%, corre-
sponding to efficiency reductions of one to two percentage points
(NEMA 1999).

Labeling of Motor Efficiency

In the late 1970s and early 1980s, NEMA established a labeling
program for the most common types and sizes of motors ranging from
1 to 125 hp. Under this program, the nominal and minimum efficiency
ratings for a motor are listed on its nameplate (where nominal effi-
ciency is analogous to the average efficiency of a sample of motors of
the same design and minimum efficiency roughly represents the fifth
percentile of the sample). Since variations in materials, manufacturing
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processes, and testing result in motor-to-motor efficiency variations,
NEMA specified a standard procedure for labeling efficiencies. The
standard assumes that the distribution of efficiencies for a population

Table 2-6

Allowable Efficiency Levels for Labeling of NEMA Design A, B,
and E Motors

Minimum Efficiency Minimum Efficiency
Nominal Based on 20% Loss Nominal Based on 20% Loss
Efficiency Difference Efficiency Difference
(%) (%) (%) (%)

99.00 98.80 91.00 89.50
98.90 98.70 90.20 88.50
98.80 98.60 89.50 87.50
98.70 98.50 88.50 86.50
98.60 98.40 87.50 85.50
98.50 98.20 86.50 84.00
98.40 98.00 85.50 82.50
98.20 97.80 84.00 81.50
98.00 97.60 82.50 80.00
97.80 97.40 81.50 78.50
97.60 97.10 80.00 77.00
97.40 96.80 78.50 75.50
97.10 96.50 77.00 74.00
96.80 96.20 75.50 72.00
96.50 95.80 74.00 70.00
96.20 95.40 72.00 68.00
95.80 95.00 70.00 66.00
95.40 94.50 68.00 64.00
95.00 94.10 66.00 62.00
94.50 93.60 64.00 59.50
94.10 93.00 62.00 57.50
93.60 92.40 59.50 55.00
93.00 91.70 57.50 52.50
92.40 91.00 55.00 50.50
91.70 90.20 52.50 48.00

50.50 46.00

Note: The nominal efficiency listed is the lowest value for each range; the minimum efficiency corre-
sponds to 20% higher losses than the nominal values. The actual average motor full-load efficiency
is used to determine the NEMA efficiency number. For example, a motor with a full-load average effi-
ciency of 93.5% would have nameplate efficiency of 93.0%.

Source: NEMA 1999, Table 12.9
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of a given motor is normal. The motor should be labeled with a value
from a table of allowable values that is less than or equal to the nomi-
nal value of the sample population (NEMA 1999). When NEMA first
adopted these numerical ratings, there were 22 values for rounding.
NEMA subsequently redefined the list to 43 preset ranges, later ex-
panding it slightly to 51 (see Table 2-6).

The strength of the labeling program is that it embodies the nat-
ural variation in individual motors and provides a standard measure
of motor performance that makes comparison between different man-
ufacturers’ products easy. The weakness of the program has been that
there has been no certification of the manufacturers’ reported effi-
ciency values. The EPAct motor law addresses this problem by estab-
lishing an efficiency certification process and requiring that all motors
be labeled with the certified value (see Appendix B for further details).

As can be seen in Figure 2-23, there is significant overlap in the dis-
tribution between adjacent nameplate efficiency values, so two name-
plate steps are required for there to be a statistically significant difference

Figure 2-23

Beli-Shaped Probability Curve Showing the General
Population Distribution of Three Nameplate Motor Efficiency
Values (90.2%, 91%, and 91.7%)

Number of Motors at Efficiency

88.5 89.5 90 5 91 91 5 92 92 5 9 93.5
Motor Nominal Efficiency (percent)
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in efficiency. The average is considered the nominal efficiency of the
motor and is used to predict the power requirements for a given installa-
tion. The minimum efficiency represents a near-worst-case combination
of raw materials and manufacturing tolerances. However, 5% of the mo-
tors in a population may, depending on the manufacturer, have efficien-
cies lower than the minimum (NEMA 1999).

The NEMA labeling method currently defines the minimum full-
load efficiency of a motor as that level corresponding to 20% higher
losses than the listed nominal value. Some experts have voiced con-
cerns that this definition allows for a sizable discrepancy between the
efficiency that motor purchasers think they are getting and what they
may actually receive. These experts have called on NEMA to tighten
the range so that the minimum efficiency of a motor will correspond
to losses 10% (instead of 20%) higher than the nominal efficiency.
However, the NEMA committee has shown no interest in changing
this aspect of MG 1.

In earlier versions of NEMA MG 1-1989 (NEMA 1989), a letter on
the nameplate designated the efficiency level of the motor. Although
this convention is no longer used, many motors in the operating in-
ventory still bear these designations. Table 2-7 lists the nominal and
minimum efficiencies for the index letters.

For meaningful comparisons to be made, it is essential that manu-
facturers measure efficiency in accordance with IEEE Standard 112,

Table 2-7

Correspondence of NEMA Motor Nameplate Index Letters and
NEMA Nominal and Minimum-Efficiency Levels

Index Efficiency (%) Index Efficiency (%)

Letter  Nominal Minimum Letter Nominal  Minimum
A — >95.0 M 78.5 75.5
B 95.0 941 N 75.5 72.0
C 941 93.0 P 72.0 68.0
D 93.0 91.7 R 68.0 64.0
E 91.7 90.2 S 64.0 59.5
F 90.2 88.5 T 59.5 55.0
G 88.5 86.5 U 55.0 50.5
H 86.5 84.0 \" 50.5 46.0
K 84.0 81.5 W —_ 46.0
L 81.5 78.5

Source: NEMA 1989, Table 12.53
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Method B, preferably with the additional restrictions imposed by
NEMA Standard MG 1-1998, Section 12.53 (a) and (b) (NEMA 1999) or
CSA Standard C-390-93 (CSA 1993). Because of the range in efficien-
cies of the NEMA labeling system, it is better to obtain the actual aver-
age or minimum efficiencies for the motor model under consideration,
and to determine whether that minimum is guaranteed. The source of
this information can be either a motor catalog or the manufacturer.

Depending on one’s perspective, it may make more sense to use
either nominal or minimum efficiencies for analysis. For example, if
numerous motors are being considered for the same application, the
nominal values will give a good indication of what the overall energy
usage and savings will be. On the other hand, if the application of a
single motor is being analyzed, and it is important for the usage to be
no greater than a particular value, then it would make more sense to
use the minimum efficiency.

Energy-Efficient Motors

The terms used to describe the efficiency of motors have caused
significant confusion in the motor marketplace. High-efficiency, energy-
efficient, and premium-efficiency are commonly used by manufacturers
to label motors. Only energy-efficient motors have an established defi-
nition, which was instituted by NEMA and is used in EPAct.

In 1989, NEMA first developed and adopted energy-efficient per-
formance values in its Standard MG 1-1989 (NEMA 1989). These val-
ues were relatively weak. In 1991, NEMA adopted a more stringent
complementary set of values labeled “suggested standard for future
design” to help guide development of new high-efficiency products.
In 1992, Congress used these latter values as the basis for EPAct,
which established minimume-efficiency levels for all new general pur-
pose electric motors manufactured or imported after October 1997 and
required the labeling of motors with a certified efficiency value (U.S.
Congress 1992). The law covers three-phase; general purpose; two-,
four-, and six-pole Design A and B motors from 1 to 200 hp. These val-
ues were subsequently incorporated by NEMA into Table 12-10 of
Standard MG 1-1993 (see Table 2-9) (NEMA 1993).

The term general purpose is somewhat vague from a regulatory per-
spective. The U.S. Department of Energy, as part of the final EPAct im-
plementation rule (Federal Register 1999), has interpreted general pur-
pose to mean any motor that can be used to replace another motor, in a
broad range of common applications. The rule identified mechanical
and electrical modifications that determine whether a motor is consid-
ered “covered product” or “covered equipment” (see Appendix B for a
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more detailed discussion of the EPAct rule and what products are cov-
ered by the law). With the implementation of the EPAct minimum-effi-
ciency levels in October 1997, manufacturers’ product offerings changed
radically. A significant volume of new, qualifying products became
available and will continue to be introduced over the next few years as
new designs and toolings defuse to products not covered by EPAct.

Most motor manufacturers only have product meeting EPAct
available in all motor sizes and enclosures. Table 2-8 shows current
data on the most efficient three-phase motors available by manufac-
turer, size, and enclosure. This table reflects general trends, but motor-
specific data are preferable when making selection decisions. As men-
tioned earlier, the best source of motor-specific data is the
MotorMaster+® database (WSU 1999).

The range of efficiencies is greatest in the smaller motors, particu-
larly 1,800 rpm TEFC motors. These 1,800 rpm motors have the highest
sales volume. It is anticipated that the market share for premium-effi-
ciency motors will continue to grow and that the average efficiencies of
all motors will increase as newer designs are phased in across product
lines and competition encourages further design optimization.

In addition, most manufacturers currently offer motors that signif-
icantly exceed the EPAct minimume-efficiency levels. A new set of effi-
ciency levels for this class of motors (see Table 2-9) has been devel-
oped under the leadership of the Consortium for Energy Efficiency, a
nonprofit coalition of utilities, public interest groups, and government
(CEE 1996). Several utilities are now adopting these premium-effi-
ciency levels for their incentive programs.

In late 2000, in response to the CEE premium-efficiency specifica-
tion and the initiation of the development of an ENERGY STAR label by
the U.S. Environmental Protection Agency (EPA), NEMA’s Motor
Generator Committee developed a NEMA Premium™ specification for
motors (NEMA 2000). The NEMA program scope is significantly
broader than the EPAct and CEE specifications, which apply only to
motors that are general purpose; single-speed; polyphase; from 1 to
200 hp; two-, four-, and six-pole; open and enclosed squirrel-cage in-
duction motors; NEMA Design A or B; continuous rated; and rated for
operation at 230 and/or 460 V. The NEMA definition extends to all
low-voltage motors rated for operation at or below 600 V and covers
special and definite purpose motors in addition to general purpose
motors. The size range covered is also extended up to 500 hp. The
NEMA definition also includes medium-voltage products, rated at or
below 5,000 V.

The nominal energy-efficiency levels that motors must meet or ex-
ceed to be labeled as NEMA Premium™ are presented in Table 2-10 for
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low-voltage motors and Table 2-11 for medium-voltage motors. For 1
to 200 hp motors that are covered under both EPAct and the CEE pre-
mium specification, the four-pole motor levels are identical to the CEE
levels. For the six-pole product, the NEMA levels are two efficiency

Table 2-8

Nominal Full-Load Efficiencies for the Most Efficient Three-
Phase, 1,800 rpm, NEMA Design B, General Purpose Induction
Motors Available: 1999

Open Drip-Proof

Horsepower
Manufacturer 1 2 3 5 7.5 10 25 50 75 100 200
Baldor 85.5 86.5 89.5 89.5 91.0 910 94.1 945 95.0 954 95.8
Dayton 85.5 86.5 90.2 89.5 91.7 91.7 941 945 NA 954 NA
GE NA NA 865 885 91.0 91.0 93.6 945 945 954 95.8
Lincoln 85.5 86.5 89.5 89.5 91.0 91.0 94.1 945 95.0 95.4 96.2
MagnaTek NA NA 89.5 895 91.7 917 93.6 945 941 954 954
Marathon 840 855 89.5 89.5 91.0 910 917 93.0 945 950 95.8
Reliance 87.4 88.8 89.3 893 895 913 93.0 936 95.0 954 95.8
Siemens 85.5 855 875 885 902 90.2 93.0 936 945 941 950
Teco/Westinghouse 840 86.5 875 885 91.0 91.0 93.6 945 95.0 945 95.0
Toshiba 84.0 86.5 89.5 89.5 91.7 91.7 94.1 945 95.0 954 96.2
U.S. Motors 85.5 86.5 90.2 89.5 91.7 91.7 93.6 95.0 954 954 96.2
WEG 825 84.0 865 87.5 885 895 917 93.0 941 941 950

Average Premium 86.2 873 89.7 895 889 917 940 945 950 954 96.0

Totally Enclosed Fan-Cooled

Horsepower
Manufacturer 1 2 3 5 75 10 25 50 75 100 200
Baldor 85.5 86.5 89.5 90.2 895 895 93.6 941 954 954 96.2
Dayton 86.5 84.0 875 90.2 90.1 91.0 93.6 94.5 941 945 950
GE NA NA 89.5 895 910 91.7 93.6 941 945 950 958
Lincoln 85.5 855 89.5 89.5 90.1 91.0 94.1 95.0 950 95.8 96.5
Marathon 825 855 875 90.2 91.7 91.7 93.6 941 945 958 954
MagnaTek 845 86.5 885 89.5 91.0 91.0 930 941 954 954 09538
Reliance NA 88.8 90.3 88.5 90.2 90.2 93.6 94.5 950 95.4 96.2
Siemens 840 86.5 89.5 89.5 895 895 930 936 941 945 958
Teco/Westinghouse 86.5 86.5 89.5 89.5 91.7 91.7 93.6 94.5 954 954 96.2
Toshiba 85.5 86.5 89.5 89.5 910 91.0 93.6 941 954 954 96.2
U.S. Motors 86.5 86.5 89.5 90.2 91.7 91.7 93.6 941 954 954 96.2
WEG 85.5 86.5 89.5 89.5 91.7 924 93.0 945 945 950 96.2

Average Premium 859 869 895 89.7 917 91.7 937 945 954 955 96.2

Note: These motors represent the most efficient 1,800 rpm NEMA Design B general purpose motors
that can be operated at 460 V, as listed in the October 1999 release of the MotorMaster+® database.
These manufacturers’ offerings are subject to change. These data are provided to reflect general
trends in product offerings. Motors meeting or exceeding the CEE premium-efficiency definition are
set in boldface type.
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Table 2-9

Minimum Full-Load Efficiencies for NEMA Energy-Efficient and
CEE Premium-Efficiency Open and Enclosed Motors

Efficiency Levels for 0DP Motors

1,200 rpm 1,800 rpm 3,600 rpm
EPAct CEE EPAct CEE EPAct CEE
Energy- Premium- Energy- Premium- Energy- Premium-
Efficient Efficiency Efficient Efficiency Efficient Efficiency

Horsepower (%) (%) (%) (%) (%) (%)

1 80 82.5 82.5 85.5 N/A 80
1.5 84 86.5 84 86.5 82.5 85.5
2 85.5 87.5 84 86.5 84 86.5
3 86.5 89.5 86.5 89.5 84 86.5
5 87.5 89.5 87.5 89.5 85.5 89.5
7.5 88.5 91.7 88.5 91 87.5 89.5
10 90.2 91.7 89.5 91.7 88.5 90.2

15 90.2 92.4 91 93 89.5 91
20 91 92.4 91 93 90.2 92.4

25 91.7 93 91.7 93.6 91 93

30 92.4 93.6 92.4 94.1 91 93
40 93 94.1 93 94.1 91.7 93.6
50 93 94.1 93 94.5 92.4 93.6
60 93.6 95 93.6 95 93 94.1
75 93.6 95 94.1 95 93 94.5
100 94.1 95 94.1 95.4 93 94.5

125 94.1 95.4 94.5 95.4 93.6 95
150 94.5 95.8 95 95.8 93.6 95.4
200 94.5 95.4 95 95.8 94.5 95.4

Efficiency Levels for TEFC Motors

1,200 rpm 1,800 rpm 3,600 rpm
EPAct CEE EPAct CEE EPAct CEE
Energy- Premium- Energy- Premium- Energy- Premium-
Efficient Efficiency Efficient Efficiency Efficient Efficiency

Horsepower (%) (%) (%) (%) (%) (%)
1 80 82.5 82.5 85.5 75.5 78.5
1.5 85.5 87.5 84 86.5 82.5 85.5
2 86.5 88.5 84 86.5 84 86.5
3 87.5 89.5 87.5 89.5 85.5 88.5
5 87.5 89.5 87.5 89.5 87.5 89.5

7.5 89.5 91.7 89.5 91.7 88.5 91
10 89.5 91.7 89.5 91.7 89.5 91.7
15 90.2 92.4 91 92.4 90.2 91.7
20 90.2 92.4 91 93 90.2 92.4
25 91.7 93 92.4 93.6 91 93
30 91.7 93.6 92.4 93.6 91 93
40 93 94.1 93 941 91.7 93.6
50 93 94.1 93 94.5 92.4 94.1
60 93.6 94.5 93.6 95 93 94.1
75 93.6 95 94.1 95.4 93 94.5
100 941 95.4 94.5 95.4 93.6 95
125 94.1 95.4 94.5 95.4 94.5 95.4
150 95 95.8 95 95.8 94.5 95.4
200 95 95.8 95 96.2 95 95.8

Note: Reported levels are nominal efficiencies, representing the median efficiency of a population of
motors of a given design as determined by IEEE Method 112-B.

Sources: CEE 1996; NEMA 1999, MG 1, Section 12-10
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bands above EPAct, which is slightly lower for some sizes and enclo-
sures than the CEE levels. For the two-pole product, efficiency is one
efficiency band above EPAct. This level is significantly lower than the
CEE levels, which are at least two bands above EPAct. NEMA chose
this level, rather than the higher CEE levels, so that IEEE 841 motors

Table 2-10

Nominal Efficiencies for NEMA Premium™ Induction Motors
(Low Voltage, Rated 600 V or Less, Random Wound)

Open Drip-Proof Totally Enclosed Fan-Cooled
Horsepower 6-pole 4-pole  2-pole 6-pole 4-pole 2-pole
1 82.5 85.5 772 82.5 85.5 77
1.5 86.5 86.5 84 87.5 86.5 84
2 87.5 86.5 85.5 88.5 86.5 85.5
3 88.5 89.5 85.5 89.5 89.5 86.5
5 89.5 89.5 86.5 89.5 89.5 88.5
7.5 90.2 91 88.5 91 91.7 89.5
10 91.7 91.7 89.5 91 91.7 90.2
15 91.7 93 90.2 91.7 92.4 91
20 92.4 93 91 91.7 93 91
25 93 93.6 91.7 93 93.6 91.7
30 93.6 941 91.7 93 93.6 91.7
40 94.1 94 .1 92.4 941 94.1 92.4
50 94.1 94.5 93 94.1 94.5 93
60 94.5 95 93.6 94.5 95 93.6
75 94.5 95 93.6 94.5 95.4 93.6
100 95 95.4 93.6 95 95.4 94.1
125 95 95.4 94.1 95 95.4 95
150 95.4 95.8 941 95.8 95.8 95
200 95.4 95.8 95 95.8 96.2 95.4
250 95.4 95.8 95 95.8 96.2 95.8
300 95.4 95.8 95.4 95.8 96.2 95.8
350 95.4 95.8 95.4 95.8 96.2 95.8
400 95.8 95.8 95.8 95.8 96.2 95.8
450 96.2 96.2 95.8 95.8 96.2 95.8
500 96.2 96.2 95.8 95.8 96.2 95.8

@ The value of 77 for the 2-pole ODP 1 hp motor is based on the Natural Resources Canada
(NRCAN) requirement of 75.5% for an energy-efficient motor since NEMA MG 1 and EPAct do not
contain any value for this rating.

Source: NEMA 2000
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Table 2-11

Nominal Efficiencies for NEMA Premium™ Induction Motors
(Medium Voltage, Rated 5,000 V or Less, Form Wound)

Open Drip-Proof Totally Enclosed Fan-Cooled
hp 6-pole 4-pole 2-pole 6-pole 4-pole 2-pole
250 95 95 94.5 95 95 95
300 95 95 94.5 95 95 95
350 95 95 94.5 95 95 95
400 95 95 94.5 95 95 95
450 95 95 94.5 95 95 95
500 95 95 94.5 95 95 95

Source: NEMA 2000

could be labeled as premium. IEEE 841 motors have a more restrictive
allowable inrush current than is allowed for NEMA Design B motors.
This restriction prevents manufacturers from making two-pole IEEE
841 motors that meet the CEE levels (Kline 2001).

In December 2000, NEMA and CEE motor committee members
met and tentatively agreed to adopt these NEMA Premium™ tables as
the common definition for premium motors. Both organizations rec-
ommended to EPA that it also use the NEMA Premium™ as the basis
for its ENERGY STAR label. At the time of publication, EPA had not
made a determination on efficiency levels.

With EPAct, a new standard motor was introduced that just met
the energy-efficient definition at the lowest possible initial cost. For
the most part, these motors have used design and precision manufac-
turing to achieve these efficiencies, rather than active material. The
more efficient and higher-quality materials are now being used in
premium-efficiency motors.

Other countries are also considering the establishment of standard
efficiency levels. The development of Canadian standards has paral-
leled that of the United States, and the national efficiency levels have
been harmonized (CSA 1993). The European Union (EU) and Commit-
tee of European Manufacturers of Electrical Machines and Power Elec-
tronics (CEMEP), the European association of motor manufacturers,
have developed a motor efficiency classification scheme covering mo-
tors in the range of 1.1-75 kW. Table 2-12 presents the two proposed
higher-efficiency levels. A voluntary agreement associated with the
classification scheme calls for the motor manufacturers to progres-
sively reduce their output of motors not meeting these levels. If
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Table 2-12

Proposed European Union—-CEMEP Energy Efficiency
Classification Scheme for Two- and Four-Pole Induction Motors

Minimum Nominal Efficiency
(as determined by Method IEC 34.2)
(%)

Class 2 Class 1

Motor Size (kW) 2-pole 4-pole 2-pole 4-pole
11 76.2 76.2 82.2 83.8
1.5 78.5 78.5 84.1 85.0
2.2 81.0 81.0 85.6 86.4
3.0 82.6 82.6 86.7 87.4
4.0 84.2 84.2 87.6 88.3
55 85.7 85.7 88.5 89.2
7.5 87.0 87.0 89.5 90.1
11.0 88.4 88.4 90.6 91.0
15.0 89.4 89.4 91.3 91.8
18.5 90.0 90.0 91.8 92.2
22.0 90.5 90.5 92.2 92.6
30.0 91.4 91.4 92.9 93.2
37.0 92.0 92.0 93.3 93.6
45.0 92.5 92.5 93.7 93.9
55.0 93.0 93.0 94.0 94.2
75.0 93.6 93.6 94.6 94.7

Source: European Union—-CEMEP 1999

progress is not significant, mandatory minimume-efficiency standards
may be applied (European Union-CEMEP 1999). Several other coun-
tries are also considering standards, including Australia (Standards
Australia 1999), Brazil (Geller 2000), Thailand (ERM 1999), and China
(Liu 2000).

Availability of Different Motor Efficiencies

Premium-efficiency three-phase induction motors are available
from most manufacturers in T-frame ODP and TEFC enclosures; in
speeds of 1,200, 1,800, and 3,600 rpm; and in sizes from 1 to 200 hp.
Certain manufacturers make a premium-efficiency product as small as
0.5 hp and as large as 350 hp. Some make a premium-efficiency line
that runs at 900 rpm. Because a majority of the design and tooling of
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the premium-efficiency motors can be used in many special and defi-
nite purpose motors that are not covered by EPAct, some manufactur-
ers offer an efficient product in these classes as well. Single-phase mo-
tors also are often available in standard and efficient lines.

Standard single-phase motors have extremely poor efficiencies.
For example, 0.25 hp motors from different manufacturers range in ef-
ficiencies from 52% to 60%, with power factors of 53% to 62%. Energy-
efficient single-phase motors in this size can achieve efficiencies of
75%. Efficient single-phase motors are currently available through
most distributors that stock small motors. They are also appearing as
an option in some packaged equipment, including commercial refrig-
eration cases.

Benefits of Efficient Motors

The most obvious benefit of an efficient motor, whether it is an
EPAct or premium product, is energy savings. Even in the largest mo-
tors, in which the efficiency improvement between standard- and
high-efficiency models is small in percentage terms, a minor relative
improvement can yield substantial energy savings. For example, a 1%
improvement for a 500 hp motor operating at 75% load saves 2.8 kW.
If the motor operates almost continuously, as many large motors do,
that 1% improvement could yield annual energy savings of nearly
$1,500 at $.06/kWh. Also, for utilities with a monthly demand charge
of $6/kW, the demand savings will be $202/yr. In contrast, improving
the efficiency of ten 1 hp motors by 10% (from 75 to 83%) saves 0.72
kW, which yields annual energy savings of $380 and demand savings
of $52.

Efficient motors not only reduce energy consumption and con-
tribute to reduced demand but also save energy in the cables and
transformers that feed the motor. Most efficient motors have a higher
power factor than standard-efficiency motors. Efficient motors are also
likely to last longer because they run at cooler temperatures, resulting
from 20-40% lower losses. The decrease in operating temperature is
not as dramatic as one would expect, however, since efficient motors
have downsized ventilation to decrease the ventilation losses. Manu-
facturers no doubt vary in how they make the tradeoff between venti-
lation (hence cooler, longer operation) and efficiency.

Along with temperature effects, the lubrication procedure is an-
other critical factor that will affect the lifetime of a motor. Many motor
failures are caused by bearing failures, the majority of which are in
turn caused by underlubrication or overlubrication. Lubrication is a
function of the maintenance practices of each plant, not motor design.
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Efficient motors often use heavier-duty bearings that are presumably
more resilient when faced with poor lubrication. Therefore, on the
basis of cooler operation and better bearings, efficient motors should
tend to last longer than standard-efficiency motors. How much longer
is a matter of speculation, however, since limited data are available on
this issue.

Because of their lower losses, efficient motors suffer less thermal
stress than standard motors when they are started and operated at
small overload intervals. This makes them attractive in some duty cy-
cling applications since they can withstand a higher on-off cycle rate.

Efficient motors may possess a few drawbacks. Efficient motors
tend to have a lower slip rate, as well as operating speeds that are
slightly higher than in their standard-efficiency counterparts because
of their lower losses. When an efficient motor is driving loads where
the power increases with the cube of the speed (such as in many
pumps and fans), the higher speed causes the power drawn by the
motor to rise, and a portion of the savings associated with the efficient
motor can be lost. This cube law phenomenon and ways to mitigate
losses from faster rotation are discussed further in Chapter 5.

The smaller slip of efficient motors causes them to have a lower
starting torque than standard-efficiency units. Thus, they should not be
used in certain applications where starting torque is critical. Because
the actual starting torque of many standard-efficiency NEMA Design A
and B motors was higher than the minimum specified in MG 1, they
were used in some applications for which a Design C motor was ap-
propriate. The Design A and B motors were less expensive and more
readily available than the Design C. When the motor is replaced with
an efficient motor, the new model may be overloaded. In those cases, a
Design C motor should be specified. In addition, some efficient motors
also have lower power factors than standard-efficiency motors.

Later in this chapter we discuss the economics of efficient mo-
tors, but first we will address another important issue—the repair of
failed motors.

Motor Failure

Motors don’t fail because of age or operating hours, but rather
from a form of stress. Overloading, power supply anomalies, im-
proper lubrication, corrosion, or contamination can cause stress. If
these stresses are minimized, motors can operate for hundreds of
thousands of hours (Douglass 1999a). The most common motor fail-
ures result from either bearing or winding failure. Windings fail when
their insulation degrades, usually because of some combination of
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overheating, insulation aging, and overvoltage transients. Overheat-
ing can result from overloading the motor, blocked ventilation, or
voltage imbalance. For example, a common problem for three-phase
motors is single-phasing, in which one or two of the phases are lost
because of a distribution malfunction. Minor insulation failure can
also lead to poor motor performance, shock, and fire hazard. Major in-
sulation failure will trip the overcurrent protection devices.

Many winding failures result from mechanical failures, such as of
bearings. When the bearing fails, the motor overheats. If a motor prob-
lem can be identified through a preventive maintenance program be-
fore an electrical failure occurs, significant costs can be avoided
(Suozzo et al. 2000).

Motor Repair

Each year, more motors are repaired than new motors are sold.
For every new motor bought, approximately 2.5 motors are repaired.
It is estimated that motors are repaired on the average of every 5-7
years. Since they are frequently operated for 20-30 years, a motor may
be repaired three to five times in its serviceable lifetime (Schueler,
Leistner, and Douglass 1994).

The terms repair and rewinding are frequently used interchange-
ably. They are in fact two separate procedures. A major electrical fail-
ure of the motor requires replacement of the stator winding. This
process, called rewinding, consists of stripping out the old windings
and replacing them with new wire. When the damage is restricted to
the bearings, only those parts need to be replaced. In addition, shops
will recondition functional motors as a preventive maintenance mea-
sure. This procedure includes cleaning, inspection, and rebalancing.
As a result, most shops prefer to call their businesses motor repair or
motor service providers, rather than rewinders.

A rewound motor can use the same rotor, stator iron, and case,
leading to considerable savings in raw materials. Rewinding is very
common because it is economical in terms of initial cost. Commercial
or industrial facilities that purchase motors at the trade price (the price
paid by low-volume customers) rewind most models over 10 hp.
Larger users that receive a volume discount on motor purchases may
restrict rewinding to only those larger than 40 hp. It is generally
cheaper to replace failed standard motors under 10 hp with efficient
motors rather than to rewind them.

Users must consider two key economic criteria when deciding on a
motor rewind. The first is the cost difference between buying a new ef-
ficient motor and rewinding (see Tables A-1 and A-2 in Appendix A).

62



CHAPTER TWO

The second consideration is that the motor might not be as efficient or
reliable as the user expects when it returns from the repair shop; this
could result either from some preexisting damage that is not detected
and therefore not corrected during the repair, or because the repair it-
self damages the motor. The possibility of such performance degrada-
tion is often overlooked in an effort to minimize initial cost. An effi-
ciency loss of only 1% in a large motor can cost $1,500/yr in energy
bills, yet some rewound motors run several percentage points below
the nameplate efficiency (Montgomery 1989).

Either the repair shop or the user typically identifies severely
damaged motors as such when they fail prematurely after being re-
paired. Slightly damaged units that look fine but are running, say,
1-5% below nameplate efficiency can tally up to thousands of dollars
in excess losses over the years. For instance, in the course of severe
bearing failure, the rotor may hit the stator and damage the magnetic
properties of the iron core. If the bearing is replaced but the magnetic
damage is ignored, the repaired motor will appear to be as good as
new, while in actuality it will be sustaining excess operating losses.
The only way to quantify these losses is to test the motor. Such testing
is discussed later. First we address the question of how poor rewind
practices can damage motors.

Impact of Rewinding on Motor Losses

In theory, most motors can be restored to their original efficiency
rating. In practice, however, motor efficiency is often degraded
through normal rewind practices, making the initial low cost a poten-
tially poor investment. An efficient rewind is defined more by what is
not done than by what is done. Maintaining efficiency consists of at-
tention to detail and quality control. Quality repair practices fall into
two major categories: avoiding practices that degrade efficiency; and
appropriate testing before and after repair to diagnose possible prob-
lems (Schueler, Leistner, and Douglass 1994).

Research and experience in Canada and by the Electric Appara-
tus Service Association (EASA), a North American trade group rep-
resenting motor repair shops, have shown a strong relationship
between maintained efficiency and a robust quality assurance pro-
gram. Quality repair practices also deliver a more reliable motor.
This finding is reasonable since increased losses are manifested as
increases in motor operating temperatures, which shorten a motor’s
life. As a result of this finding, it has now become an accepted prac-
tice to use the terms quality repair and efficient repair interchangeably
(Schueler, Leistner, and Douglass 1994).
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Table 2-13
Empirical Studies of Efficiency Loss during Motor Repair

Sample Decrease in Full-

Study Size Load Efficiency Comments
McGovern 27 1.5-2.5% Motors ranged from 3 to
(1984) 150 hp; wide range of

motor age and rewind his-
tories (General Electric)

Colby & Flora 4 0.5-1.0% Standard- and premium-

(1990) efficiency 5-10 hp motors
(North Carolina)

Zeller 10 0.5% @ rated load Controlled test; identical

(1992) 0.7% @ load 20 hp premium-efficiency
motor shops (British
Columbia)

Dederer 9 1.1% @ rated load Controlled test; identical

(1991) 0.9% @ load 20 hp standard-efficiency
motor shops (Ontario)

Ontario Hydro 2 2.2% (40 hp) @ rated load Motors rewound four

(1992) 0.4% (100 hp) @ rated load ~ times each

Source: WSEO 1994

No comprehensive studies of the impact of motor repair on effi-
ciency are available. A review of the literature has identified five
empirical studies covering 52 motors, all less than 150 hp (see Table
2-13). Across these five studies, following repairs, the full-load effi-
ciency decreased 0.5-2.5%, with an average of 1%. It is likely that
the impact of rewinding is somewhat lower for larger motors be-
cause they are usually repaired by larger shops that are more likely
to have quality assurance programs in place (Schueler, Leistner, and
Douglass 1994).

The initial repair studies focused on increased core losses (Mc-
Govern 1984; Seton, Johnson, and Odell Inc. 1987a). The insulation
materials used in the past few decades in stator copper windings
are solvent-resistant and very hard to remove. The conventional ap-
proach to softening the windings for removal is to bake the stator
in an oven. If the stator gets too hot, however, its magnetic proper-
ties can be damaged, leading to an increase in core losses. These
losses are primarily due to damaged insulation between the lami-
nations in the core. Very high temperatures can distort the iron and
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the air gap, also resulting in increased losses (Schueler, Leistner,
and Douglass 1994).

EASA published a study recommending that oven set-points not
exceed 650°F (343°C) (EASA 1985). This recommendation takes into ac-
count that stator core temperatures sometimes reach up to 150°F (66°C)
higher than the oven set-point, largely because of heat released by the
combustion of insulation materials. Other analysts, citing EASA’s own
test data and reports from motor manufacturers, suggest that oven set-
points should not exceed 500°F (260°C) (Lovins et al. 1989).

The EASA test results shown in Figure 2-24 indicate a general cor-
relation between oven temperature and efficiency degradation. Al-
though the sample size is small, the results vary widely among indi-
vidual motors, and many motors in the sample inexplicably gained
efficiency on the second rewind. Even if the EASA recommendations
are correct, many rewind shops do not follow them. A study per-
formed by the Bonneville Power Administration (BPA) on rewind
practices in the Pacific Northwest found that about half of the motors
are baked at oven set-point temperatures above 650°F (343°C) and thus

Figure 2-24

Test Results from Rewound Standard-Efficiency Motors That
Were Stripped Using a Burnout Oven
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Note: Efficiency degradation becomes more severe as the temperature increases. Efficiency also

generally decreases with subsequent rewinds.

Sources: EASA 1985; Lovins et al. 1989
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Table 2-14

Major Sources of Decreased Efficiency during Motor
Repair/Rewind

Action Losses Affected
Change in type of bearings Windage and friction
Change in type or size of fan Windage and friction
Excessive burnout temperatures (over 650°F) Core

Core lamination damage during winding removal or repair Core

Winding with smaller wire Stator /2R

Change in winding configuration Stator /2R /stray load
Increased air gap Stator R

Rotor bars cracked or loose Rotor 2R

Degrade air gap symmetry (reduced rotor diameter, bent shaft)  Rotor /2R

are likely subjected to efficiency-degrading core damage (Seton, John-
son, and Odell Inc. 1987a).

More recent studies (Colby and Flora 1990; Dederer 1991; Ontario
Hydro 1992; Zeller 1992) have shown that core loss is not the only source
of efficiency loss. Table 2-14 summarizes the sources of losses reported in
the 1994 BPA repair study (Schueler, Leistner, and Douglass 1994).

The Zeller study segregated losses by type. Table 2-15 demon-
strates the interaction between the different sources of loss.

Larger losses result in higher energy bills and reduced motor life-
times. For example, consider a 50 hp continuous-duty standard motor
that has losses increased by 50%, 100%, 150%, and 200% in the rewind-
ing process. Table 2-16 shows the increase in losses as well as the extra
cost of losses for an electricity price of $.06/kWh. If there is an in-
crease of 100% in the motor core losses, the additional annual operat-
ing cost will be similar to the rewinding cost.

The increased losses also raise motor temperature, which de-
creases the insulation lifetime. Table 2-16 also shows the correspond-
ing temperature increases and associated reduction in insulation life-
time when the core losses go up. A large increase in core losses
dramatically affects the lifetime of the rewound motor. Higher motor
temperatures also influence the lifetime of the lubricant in the bear-
ings: to avoid premature failure, the user can perform more frequent
regreasing, although this will incur additional costs. Thus, as the
rewind quality worsens, the motor life shortens.
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One alternative stripping method widely practiced in Europe
(Dreisilker 1987; Lovins et al. 1989) applies moderate temperatures up
to 300°F (150°C) to soften the insulation so that it can be safely removed

Table 2-15

Effect of Changes in Segregated Losses on Total Losses for Ten

Repaired Motors

Motor Core Windage Stray Stator Rotor Total
A C Il C C C C
C I C I C C C
D C 1l 1] C C |
E C 1 Il C C ]
F C i D C C C
G ] C | | C C
H C | C C C C

| I} C C 1] C |

J D i C D C C

K | I I C C
Notes:

Il = Relatively large increase after rewinding
Il = Moderate increase after rewinding

| = Relatively small increase after rewinding
C = Insignificant change after rewinding

D = Decrease after rewinding

Source: Zeller 1992

Table 2-16

The Effect of Increased Core Loss on Motor Operating Cost and
Insulation Life for a 50 hp, 3,600 rpm ODP Motor

Approximate

Increase in Annual Decrease

Core Loss Increase Operating Cost in
Temp. Insulation

% of rewind Rise Life

% watts $ cost °C %

50 515 271 28 7 62
100 1,030 542 55 14 38
150 1,545 813 83 21 24
200 2,060 1,084 110 29 14

Source: Montgomery 1989
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with mechanical pulling. The low temperatures used in this process are
much less likely to damage the core. Unfortunately, this technique is
not well known or widely used in the United States. Its main champion
in the United States is Dreisilker Electric Motors, Inc., located in Glen
Ellyn, Illinois. (See Appendix D for sources on motor testing and repair
equipment.)

Some rewind shops use chemicals to loosen the windings. How-
ever, these solvents pose health and environmental problems be-
cause of their toxicity and are not able to dissolve modern epoxy-
based varnishes. High-pressure water jets can also be used for
stripping, but the equipment is very costly.

In addition to the methods used to remove old windings, the
materials and techniques utilized in reassembling a motor can affect
its subsequent performance. Most motor rewind shops install mate-
rials in the motor equal to or better than those in the original motor.
For example, most shops use wire with at least a Class F insulation,
even on motors that were originally equipped with Class B insula-
tion. In some cases, however, this attempt to improve the motor can
backfire and result in a lower operating efficiency.

For example, data from the BPA study on rewind practices indicate
that approximately 20% of rewound motors are U-frames, which were
originally equipped with an older style of wiring containing bulky in-
sulation. When modern, thinner, insulation is installed, most rewind
shops will use more than in the original design. By using the same
number of turns of thicker wire, motor efficiency will be improved
since the extra copper will reduce resistance losses. However, if a
larger number of turns are used, as is common, resistance losses will
rise and magnetic losses will substantially increase, resulting in de-
creased operating efficiency.

Obtaining a Quality Repair

What is done before a motor is sent for repair has more to do with
obtaining a quality repair than what is ultimately done at the shop.
Three steps can help ensure a quality repair:

 Evaluate the prospective repair shop
¢ Do not pressure the shop for an unrealistic turnaround time

* Develop and clearly communicate your requirements to the
provider

Planning leads to a more favorable outcome, as does having a
good process for deciding on whether to repair or replace a motor.
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Evaluate the Prospective Repair Shop

There are a number of ways to evaluate a repair shop. Since motor
performance has been linked to the presence of a quality assurance
program, an ISO-9000 certification is a strong indicator of a quality
shop. EASA has developed a quality repair certification, EASA-Q,
which builds on ISO-9000, adding repair-specific elements (EASA
1998). Advanced Energy (AE), a North Carolina research and educa-
tional organization, has implemented a quality assurance program for
motor repair facilities, the Proven Excellence Verification Program,
which involves an inspection of the facility’s equipment and proce-
dures, independent testing of several repaired motors, and an annual
review of shop performance (AE 2000). These certifications are expen-
sive and time-consuming to acquire; therefore, the number and geo-
graphic distribution of certified shops is limited. Also, certified shops
tend to be the biggest shops, which work with large industrial cus-
tomers that require their suppliers to be ISO-9000 certified. Most
motor manufacturers have an evaluation program in place for select-
ing shops that provide warranteed repair service. This selection can be
used to indicate a quality repair shop (CEE 1998).

Certification is not the only sign of a quality repair shop since
many smaller shops are unwilling or unable to expend the resources
to acquire certification. Customers can evaluate a service center them-
selves. Washington State University (WSU) has developed a Service
Center Evaluation Guide (Douglass 1999b) that is available from DOE’s
Industrial Best Practices: Motors program, formerly the Motor Challenge
program (see Appendix C and the Annotated Bibliography), as well as
many regional and utility motor programs. The guide provides a
questionnaire and checklist that can be used on a visit to the shop. Ele-
ments of the evaluation include

¢ Staff training and morale

e Presence of facilities and materials for handling the type and size of
motors that may be repaired

e Presence and use of
o Core loss tester or EASA loop test setup
o Surge comparison tester
o Voltage-regulated power supply for running at rated voltage
© Vibration-testing equipment
¢ Review of record-keeping practices
¢ Method of insulation removal
e QOverall cleanliness of the shop
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While a low rating on any one element of the evaluation should
not disqualify a shop, several questionable items may indicate that it
is a poor choice (Douglass 1999b).

Do not Pressure the Shop for an Unrealistic
Turnaround Time

The most expedient way to avoid needing fast turnaround is to
implement a motor systems management plan that will ensure that
spares are available to replace critical motors while they are being
repaired. A management system also determines whether a motor
should be repaired or replaced, describes a motor’s repair history,
and tracks routine maintenance. Assistance in setting up a motor
systems management plan can be found in the Energy Management
Guide for Motor-Driven Systems (McCoy and Douglass 1997) and in
the MotorMaster+® software package (WSU 1999). Some examples of
the assistance that is available from service centers are managing of
the motor tracking system, guaranteeing ready spares for the speci-
fied motors, and preventive/predictive maintenance services (Dou-
glass 1999a).

Develop and Clearly Communicate Your Requirements
to the Provider

When maintenance must be performed on a motor, specifica-
tions should be provided that outline the requirements for before
and after testing, the varnish application method, record keeping,
and so on. A model for this system can be found in The Model Repair
Specifications for Low Voltage Induction Motors (Douglass 1999c). A
“medical history” of the motor should also be given. This history in-
cludes past repairs, results of predictive testing, lubrication and
other maintenance activities, and operating characteristics such as
method and frequency of starting and load and power source infor-
mation (Douglass 1999b).

Economics of Energy-Efficient Motors

The economics of efficient motors must be evaluated separately
for three distinct situations: (1) installing a premium-efficiency in-
stead of an EPAct motor in a new application; (2) installing a new
efficient motor instead of rewinding a failed motor; and (3) in-
stalling a new efficient motor as a retrofit for an existing operational
motor.
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Figure 2-25
Ranges for Full-Load Efficiency vs. Size, and Costs vs. Size
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Source: WSU 1999

Economics of Premium vs. EPAct Motors

The cost of efficient motors is typically 10-25% higher than for stan-
dard motors (Easton Consultants and XENERGY 1999a). This higher price
is due to increases in the quantity and quality of materials, the cost of de-
signing the motor, and the cost of tooling. Figure 2-25 illustrates the effi-
ciency and trade price ($/hp) ranges of both EPAct and premium-effi-
ciency motors. The market (“trade”) price of electric motors can be
substantially lower than the list price. A medium-size user can obtain a
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25-50% discount off the list price, and a large user can receive a discount
as high as 50-70% (Easton Consultants and XENERGY 1999a; Seton, John-
son, and Odell Inc. 1987b). Some high-volume dealers can sometimes
provide discounts as high as 60% in bid situations (Easton Consultants
and XENERGY 1999a; Stout 1990).

In many new installations, the extra cost of a premium-efficiency
motor is justified by the energy and demand savings. Consider a
new application of a 50 hp motor with the following specifications:

e 6,000 hours of annual use at 75% load

e Cost of electricity = $.06/kWh

¢ Demand charge = $70/kW-yr

¢ Efficiency of EPAct motor = 93.9% at 75% load

 Efficiency of premium-efficiency motor = 94.8% at 75% load
¢ Extra list cost of premium-efficiency motor = $470

e Price is 65% of list

» Actual extra cost = $305

The yearly savings afforded by the premium-efficiency motors are
as follows:

¢ Demand savings = 50 hp x (1/0.939 —1/0.948) x 0.75 x 0.746 kW /hp =
0.283 kW

* Energy savings = 0.283 kW x 6,000 hr/yr = 1,697 kWh

¢ Cost savings = $.06/kWh x 1,697 kWh + $70/kW-yr x 0.283 kW =
$122/year

¢ Simple payback period = $305/$122 = 2.5 years

Economic calculation methods other than simple payback are dis-
cussed in Appendix A.

The payback decreases linearly with the number of operating
hours. Therefore, for a new application, a premium-efficiency motor
can be an attractive investment if it has high operating hours and/or it
is used in areas where the electricity cost is high.

Figure 2-26 shows payback periods for TEFC motors in new ap-
plications. These values draw on Tables A-1 and A-2 (see Appendix
A) for cost and performance data. The values assume an average
price of about 60% of list price (Easton Consultants and XENERGY
1999a; Seton, Johnson, and Odell Inc. 1987b), which is the price ac-
tually paid by typical commercial and industrial customers. Very
large customers can often purchase motors at a larger discount.
There is a significant variation in the economics depending on
motor size, which is most likely due to the recent implementation

72



CHAPTER TWO

Figure 2-26

Simple Payback Times for New, Premium-Efficiency TEFC
Motors vs. New EPAct TEFC Motors as a Function of Motor Size
and Annual Operating Hours
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Figure 2-27

Simple Payback Times for New, Premium-Efficiency ODP
Motors vs. New EPAct ODP Motors as a Function of Motor Size
and Annual Operating Hours
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of EPAct. For other values of annual operating hours or electricity
costs, the paybacks can be adjusted linearly. For example, a motor
operating 3,000 hrs/yr would take twice as long to pay back as one
operating 6,000 hrs/yr. A similar analysis for ODP motors (Figure
2-27) shows that the economics is slightly less attractive than for
TEFC motors for most sizes of motors.

Life-cycle cost analysis will determine the threshold number of
annual operating hours at which a premium-efficiency motor be-
comes cost-effective. The results of such an analysis are illustrated in
Figure 2-28. As can be seen, the economics is very size-specific be-
cause of the variation in the price differential between EPAct and

Figure 2-28

Present-Value Savings from Premium-Efficiency Motors
Compared with the Marginal Cost of Premium-Efficiency Motors
Relative to Standard-Efficiency Motors as a Function of Motor
Size and Annual Operating Hours
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are cost-effective from a life-cycle cost perspective whenever the present-value savings exceed the
marginal cost of a high-efficiency motor (i.e., wherever present-value savings exceed the 100% line
in the graph).
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premium-efficiency motors. Note that in almost all cases premium-
efficiency motors are cost-effective in applications in which they op-
erate above 2,000 hrs, but some sizes are cost-effective with annual
operating hours as low as 500 hrs.

Because no one manufacturer has the most efficient motor in
every style and size, users should comparison-shop across brands.
However, manufacturers change their designs from time to time, and
it is therefore important to obtain current efficiency information on
the specific motors under consideration. Washington State University,
with funding from DOE'’s Industrial Best Practices: Motors program,
has developed a selection and comparison tool called MotorMaster+®.
This guide, complied from a database of over 25,000 motors sold in
the United States, allows the comparison of different motors for par-
ticular applications. The database contains information provided by
manufacturers to WSU on each motor, including full- and part-load
efficiency, power factor, catalog number, list price, and full-load
speed. It can also be used to build site-specific motor inventory data-
bases that can be used to make future motor decisions (WSU 1999).

Economics of Efficient Motors vs. Rewinding

As discussed above, rewinding can reduce the efficiency of a
motor. In such cases, the energy savings from installing a new, effi-
cient, motor rather than rewinding an existing motor can be more at-
tractive than nameplate comparisons would suggest.

Consider an application in which the economics of rewinding a
motor is compared with the economics of purchasing a new EPAct motor.
This application uses a 50 hp motor with the following specifications:

o 6,000 hours of annual use at 75% load
e Cost of electricity = $.06/kWh
¢ Demand charge = $70/kW-yr

e Nominal efficiency of standard motor when new = 90.6% at
75% load

¢ Increased losses due to rewind = 1 efficiency percentage point
e Efficiency of EPAct motor = 93.9% at 75% load
® Price is 65% of list

e Extra cost of new motor = $3,252 (EPAct) x 0.65 — $980 (rewind) =
$1,133
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Figure 2-29

Simple Payback Times for New, EPAct TEFC Motors vs. Repairing
Standard TEFC Motors as a Function of Motor Size and Annual
Operating Hours
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Figure 2-30

Simple Payback Times for New, EPAct ODP Motors vs. Repairing
Standard ODP Motors as a Function of Motor Size and Annual
Operating Hours
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Figure 2-31

Simple Payback Times for New, Premium-Efficiency TEFC Motors
vs. Repairing Standard TEFC Motors as a Function of Motor Size
and Annual Operating Hours
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Source: WSU 1999

Figure 2-32

Simple Payback Times for New, Premium-Efficiency ODP Motors
vs. Repairing Standard ODP Motors as a Function of Motor Size
and Annual Operating Hours
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The yearly savings afforded by the EPAct motor are as follows:
* Demand savings = 50 hp x (1/0.896 —1/0.939) x
0.75 x 0.746 kW /hp = 1.43 kW
® Energy savings = 1.43 kW x 6,000 hr/yr = 8,580 kWh

Cost savings = $.06/kWh x 8,580 kWh + $70/kW-yr x 1.43 kW =
$615

Simple payback period = $1,133/$615 = 1.8 years

Note that the economics of replacing motors instead of rewind-
ing them does not hinge on the 1% damage assumed from rewinds.
Ignoring the 1% damage in the above example, the replacement
motor still has a very attractive 2.4-year payback. Figure 2-29 shows
the generally very favorable economics of replacing failed standard-
efficiency TEFC motors with an EPAct motor. In almost all cases it is
more cost-effective to replace rather than repair a motor of 40 hp or
less. For ODP motors (see Figure 2-30), the economics of replace-
ment is even more favorable. It is almost always more economic to
replace rather than repair all but the largest motors, while for mo-
tors of 15 hp and less, replacement is actually less expensive on a
first-cost basis alone.

While the payback for choosing to replace a failed standard
motor with a premium motor will in most cases be slightly longer
than for an EPAct motor, the additional incremental investment will
often be attractive. As can be seen for TEFC motors (Figure 2-31),
the payback for replacement rather than repair in motors operating
only 2,000 hrs/yr up to 15 hp is less than 2 years, and in other cases
up to at least 40 hp. As with TEFCs, the economics for replacing
failed ODP motors with premium motors is more attractive in al-
most all cases (Figure 2-32).

Economics of Replacing Operating Motors with
Efficient Motors

Efficient motors are clearly economic for most new applications
and attractive compared to rewinding in most instances. But what
about the economics of replacing operating motors with efficient mo-
tors? The incremental cost of the efficient motor in such instances is
generally its full purchase plus installation cost, not the marginal dif-
ference between it and a standard motor or a rewind. Thus, the pay-
back of such replacements is considerably longer than with new ap-
plications or rewinds. The right combination of conditions, however,
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Figure 2-33

Simple Payback Times for Retrofitting New, EPAct TEFC Motors
vs. Stock Standard TEFC Motors as a Function of Motor Size and
Annual Operating Hours
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Figure 2-34

Simple Payback Times for Retrofitting New, Premium-Efficiency
TEFC Motors vs. Stock Standard TEFC Motors as a Function of
Motor Size and Annual Operating Hours
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Figure 2-35

Simple Payback Times for Retrofitting New, EPAct ODP Motors
vs. Stock Standard ODP Motors as a Function of Motor Size and
Annual Operating Hours
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Figure 2-36

Simple Payback Times for Retrofitting New, Premium-Efficiency
ODP Motors vs. Stock Standard ODP Motors as a Function of
Motor Size and Annual Operating Hours
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can make replacements cost-effective. Some of these conditions are
listed below:

¢ The existing motor has an efficiency below its nameplate rating, a
likely condition if the motor has been damaged in rewinding or if it
is grossly oversized.

e The number of operating hours near full load is high.

¢ The replacement motors can be purchased in bulk at a large dis-
count.

® The price of electricity is high.

A motor replacement program conducted at Stanford University
several years ago offers an interesting example (Wilke & Ikuenobe
1987). Seventy-three standard-efficiency motors in HVAC applications
were replaced in a group retrofit with efficient motors. Motor sizes
ranged from 7.5 to 60 hp, with annual operating hours from 2,000 to
continuous (8,760). Because of the size of the purchase, the university
received a substantial cost break on the motors. Field tests showed
that many of them were operating below their nominal efficiency rat-
ings, possibly because of previous rewind damage. In addition, many
of the motors were oversized for their loads: 32 of the replacements in-
volved downsizing (see “Motor Oversizing” in Chapter 3). The overall
payback period on the project, counting a utility rebate, was under 3
years. The program’s payback without the rebates would have been
under 5 years.

This case study is instructive on several counts. First, there is no
reason to believe that this fleet of motors was specified or maintained
with anything but typical skill. This suggests that many such motors
in institutional and commercial buildings are operating well below
their published efficiencies because of oversizing, rewind damage, or
both. The attractive paybacks achieved in the Stanford program fur-
ther suggest that group replacement of standard-efficiency motors
might be cost-effective in many settings.

Even without credit for downsizing, replacement is cost-effective in
many cases, particularly in TEFC motors between 5 and 40 hp sizes for
applications that operate 4,000 hrs/yr or more. Figure 2-33 shows the
paybacks for retrofitting operating standard-efficiency TEFC motors
with EPAct motors. The analysis is based on the values in Table A-1 in
Appendix A and assumes that the user pays 60% of list price. In prac-
tice, large users may be able to negotiate higher price breaks on group
purchases, which would improve the economics. The payback for re-
placing operating standard-efficiency motors with premium-efficiency
motors will be slightly longer but is generally attractive in applications
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that have high loads and operating hours (i.e., 4,000 hrs/yr or more (see
Figure 2-34).

The economics of retrofitting ODP motors is slightly better than
with TEFC motors because of the lower first cost of the motor (Figure
2-35), especially in the 5 to 100 hp range. As with TEFC motors, the
payback for replacement with a premium motor is slightly longer (see
Figure 2-36). For further discussion of the economics of motor effi-
ciency options, see Appendix A.

Field Measurements of Motor Load and
Efficiency

Measurement of load and efficiency in the field can be challenging
because of variations in units and limitations of test equipment. A num-
ber of techniques are available for measurement of both determinations,
with the most accurate techniques requiring the greatest expense in
both equipment and effort. Some commercial equipment claims to be
able to accurately measure both motor load and efficiency. However, for
many applications, simpler approaches may be sufficient to characterize
the most important loads in the building or plant.

Motor Load Determination

One of the simplest methods of load determination is the slip
method. This method takes advantage of the nearly linear relationship
between motor slip and load (see Figure 3-9). Although this method
should be used with caution because it can produce values significantly
in error, it may be about as good as anything else available. This is partic-
ularly true at low loads, which can challenge the range of most
wattmeters used in the method discussed next (Douglass 2000). Slip also
varies with motor voltage, possibly resulting in errors of over 5% be-
cause of voltage variation (Nailen 1987). Voltage compensation can re-
duce some of the error if the motor is not powered exactly at nameplate
voltage.

The slip method requires a voltmeter and a tachometer. The
method, expressed mathematically, is

Percent load =100 x slip / ((S,- S,) x(V,/V)?)
where
slip = measured slip
S, = synchronous speed
S, = nameplate speed
V, = nameplate voltage
V = mean measured line-to-line voltage
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The voltage error is likely to be smaller than the error associated
with the nameplate rpm. NEMA tolerance on the slip requirement for
nameplate labeling is currently 20%. Most manufacturers round
nameplate rpm to the nearest 5 rpm (Douglass 2000).

A more accurate method for load determination is the watt
method. A three-phase wattmeter is attached to the motor input leads,
usually at the motor controller disconnect. The motor load is esti-
mated by multiplying the motor input power by an approximate
motor efficiency. The nameplate efficiency, manufacturer’s data, or
data from the MotorMaster+® database (WSU 1999), mentioned earlier
in this chapter, can be used to find the value for motor efficiency. The
watt method works well above 50% load since the efficiency curve for
most motors is relatively flat between 50% and 100%, and at these
loads watt measurements are reasonably accurate. The method has
two main drawbacks, however. First, the results are dependent on the
accuracy of the efficiency estimate. Second, they are sensitive to the
voltage applied to the motor (E Source 1999). Although it is possible to
correct for voltage error, correction requires knowledge of the effects
of voltage variations on the efficiency of any specific motor design.

The MotorMaster+® software (WSU 1999) uses a variant of the watt
method, applying an iterative approach. It starts with an efficiency
value and divides it into the wattage to get output power and com-
pute percent load. Then it looks up a new efficiency from a partial-
load efficiency table and recomputes load. The software requires sev-
eral iterations to converge on load (Douglass 2000).

Motor Efficiency Determination

No good methods exist for measuring motor efficiency in situ. All
available options have major drawbacks: they tend to be time- and
labor-intensive, require expensive test devices, or produce estimates of
questionable accuracy. However, although these methods are not as
accurate as the IEEE 112-B method, which requires a specially
equipped laboratory, they can provide some useful estimates of the
motor load and efficiency. These estimates can help identify low-effi-
ciency motors, motors damaged in rewinding, and oversized motors.
Some current methods are described below.

Three devices were tested at Oregon State University that pro-
duced reasonably accurate results when operated correctly (Douglass
2000). However, they too have flaws: they are costly and require un-
coupling the motor from the load for a no-load test.

Baker Instrument Company of Colorado and PdMF of Florida
have both recently brought out new models of their current-signature
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predictive maintenance testers that supposedly determine efficiency
with good accuracy (Douglass 2000). More information on these com-
panies can be found in Appendix D.

WSU has developed a spreadsheet that works quite accurately for
measuring motor efficiency, as long as accurate readings of temperature,
power, and speed under load; power at no-load; and cold winding resis-
tance are available. The problem is that it is difficult to find a portable
wattmeter that is accurate for measuring motor power at no load be-
cause the no-load power factor is extremely low (Douglass 2000).

A quicker, though less accurate, method for checking motor effi-
ciency in the field builds on the slip method of load determination. A
tachometer is used to measure the actual motor speed, which is used
to determine the motor load (output power). The wattmeter is used to
measure the motor input power. For example, a 10 hp motor was rated
at 1,745 rpm at full load. The measured speed was found to be 1,778
rpm, and the measured power was 3.8 kW. Load is nearly propor-
tional to slip, so the fraction of full load is approximately proportional
to the fraction of the full-load slip:

1,800 rpm - 1,778 rpm

= 40% of full load (or 4.0 hp output)
1,800 rpm — 1,745 rpm

The efficiency is thus approximately
4.0 hp x 0.746 kW /hp
3.8 kW

=79%

If the application never runs at a higher load, a 5 hp premium-effi-
ciency motor might make a good retrofit or replacement (from Table A-1,
the efficiency of a 5 hp premium-efficiency motor is about 90.5%), de-
pending on the operating hours, load profile, and cost of electricity.

None of these in-service methods is sufficiently accurate for actual
motor evaluation, but they can be a good way to screen candidate mo-
tors before sending a motor out for a lab test (Douglass 2000). Then,
the results of lab tests, together with the motor load profile and motor
age and condition, can assist the user in evaluating whether to keep
the motor, replace it with a more efficient version, or replace it with a
different motor that is better matched to the load.

Summary

The three-phase squirrel-cage induction motor accounts for over
75% of U.S. drivepower input, followed by single-phase induction mo-
tors and all others (synchronous, wound-rotor induction, DC, and so
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forth). Premium-efficiency motors are available for many three-phase
and single-phase induction motor applications. These motors offer re-
duced energy and peak-power costs as well as increased life compared
with EPAct and standard-efficiency motors. Premium-efficiency motors
are often cost-effective in new applications or as alternatives to rewind-
ing, and they can be cost-effective in some retrofits, depending on the
specifics of the application. It is important to obtain up-to-date infor-
mation on the efficiency of the specific motor in question. Motor
rewinds can seriously degrade efficiency, and specifying quality
rewinds can improve the efficiency and reliability of repaired motors.
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Chapter 3

System Considerations

n this chapter, we discuss a number of important but often over-

looked determinants of motor system efficiency, including power
supply quality, the distribution network that feeds the motor, the
match between the load and the motor, the transmission and mechani-
cal components, and maintenance practices. We also present simple
and inexpensive diagnostic techniques for identifying some common
motor system problems. Unfortunately, the lack of field data makes it
difficult to quantify the extent of energy losses and equipment dam-
age from poor system optimization. In general, older facilities modi-
fied in pieces and loaded closer to capacity are more likely to have
problems than newer facilities.

Power Supply Quality

AC motors, particularly induction motors, perform best when
fed by symmetrical, sinusoidal waveforms of the design voltage and
frequency values. Deviations from these ideal conditions can reduce
the motor’s efficiency and longevity. Such distortions in power
quality include voltage unbalance, out-of-specification voltage and
frequency, and harmonics.

Voltage Unbalance

In a balanced three-phase system, the voltages in the phases can
be represented by three vectors of equal magnitude, each out of
phase by 120°. A system that is not symmetrical is called an unbal-
anced system.
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The following formula can be used for the approximate calcula-
tion of the voltage unbalance:

Maximum difference of the voltages

Voltage unbalance (%) = in relation to the average voltage « 100

Average voltage

Suppose the measurements in the three phases give the following
values:

V, =200V
V,=210V
V=193V

The average voltage = 201 V
Maximum difference from the average =210 V-201 V=9V
Voltage unbalance = (9 V/201 V) x 100 = 4%

Voltage unbalance is problematic for several reasons. First, it wastes
energy. As Figure 3-1 illustrates, voltage unbalance leads to high current
unbalance, which in turn leads to high losses. A modest phase unbal-
ance of 2% can increase losses by 25%. Second, prolonged operation
under unbalanced voltage can damage or destroy a motor. The excess
heat generated in a motor running on a 2% unbalance can reduce the in-
sulation lifetime by a factor of eight (Andreas 1982). An unbalance of
5% or more can quickly destroy a motor. To address this problem, many
designers include phase unbalance and phase failure protection in
motor starters. Another negative impact of phase unbalance is a reduc-
tion in motor torque, particularly during start-up. Figure 3-2 shows the
reduction of rated power as a function of the voltage unbalance.

While severe unbalance (over 5%) causes immediate, obvious
problems, small unbalances in the 1-2% range are insidious because
they can lead to significant increases in energy use without being de-
tected for a long period of time, particularly if a motor is oversized. To
avoid this situation, the voltages in a facility should be regularly mon-
itored. NEMA recommends that the voltage be balanced to the best
degree possible. An unbalance of over 1% should be remedied imme-
diately, and motors should not be operated with unbalances of greater
than 5% (NEMA 1999).

Other equipment, such as variable-frequency drives and trans-
formers, is also sensitive to voltage unbalance. As with motors, unbal-
ance can lead to increased phase currents that produce heat, which re-
duces efficiency and can damage the equipment.

While a voltage unbalance can occur from the electricity service to a
facility, there is some debate about how common this problem is. The
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Figure 3-1

Effect of Voltage Unbalance on Three-Phase Induction
Motor Currents
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Figure 3-2

Derating Factor Due to Unbalanced Voitage for
Integral-Horsepower Motors

1.0-_\ ;

™

0.9

Derating Factor

N

0.7

0 1 2 3 4 5
Percent Voltage Unbalance

Source: NEMA 1999

89



ENERGY-EFFICIENT MOTOR SYSTEMS

American National Standards Institute’s (ANSI 1995) report C84.1-1995,
Appendix D, suggested that the no-load voltage unbalance at the meter
should be less than 5%. The document indicated that 98% of utilities’
customers have less than 3% unbalance, while 66% have less than 1%. It
is unclear how this relates to the voltage unbalance under load. How-
ever, a study in the PG&E service territory indicated that the vast major-
ity of customers had very limited voltage unbalances (E Source 1999).
Discussions are underway among NEMA, electric utilities, and ANSI to
clarify this confusion (Bonnett 1999).

Whether the service voltage is in balance is less important than
whether the voltage at the motor control center is in balance. Many
problems result from issues with facility distribution systems. There
are several common causes of voltage (or phase) unbalance. The first is
a nonsymmetrical distribution of single-phase loads in the facility.
Most facilities contain a mixture of three-phase loads (such as motors)
and single-phase loads (such as most lighting, electrical outlets, single-
phase motors, and processes—for example, electric arc furnaces).
Putting a disproportionate share of the single-phase loads on one of the
three phases can cause voltage unbalance. To make the identification
more challenging, some of these imbalance problems are transient, as
when a bank of lights is turned on or off.

A second cause of voltage unbalance is an open circuit in one of
the phases, often caused by a blown fuse. This problem often results
from lightning strikes at or adjacent to the facility and will lead to
motor failure if immediate steps are not taken. For large or critical mo-
tors, phase protection devices that alarm or trip in the event of serious
unbalance are recommended (E Source 1999).

Finally, different-size cables carrying the phases of a three-phase
load can lead to unbalanced conditions. This can happen in an older
facility when a load is converted from single- to three-phase. Different
cable sizes produce different voltage drops, which in turn lead to the
unbalanced voltages.

The diagnosis of voltage unbalance is a simple operation requiring
the measurement of the voltages in the three phases. It is prudent to
check these voltages over a full cycle of facility operation since the un-
balance may occur only during certain situations. For example, volt-
age balance may be fine except when an intermittent single-phase
load is in service.

Voltage and Frequency

When an induction motor is operated at a voltage or frequency
other than its rated value, its performance changes. Motors are
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designed to operate successfully at full load with a +10% voltage
fluctuation (NEMA 1999). However, a 10% change will increase the
operating temperature for a given load, which will accelerate deteri-
oration of the insulation. Voltage increases will usually reduce the
power factor while voltage decreases will usually increase the
power factor. A 10% increase in voltage will also affect slip, decreas-
ing it by 21%, while a 10% decrease in voltage will increase slip by
21%. Higher-than-rated frequencies usually improve the power fac-
tor but decrease locked rotor torque while increasing speed and fric-
tion and windage losses. Operation at lower frequencies decreases
speed and power factor while increasing locked rotor torque. If
variations in both voltage and frequency occur, the effects are super-
imposed (NEMA 1999).

Voltage fluctuations normally result from improperly adjusted
transformers, undersized cables (leading to large voltage drops due to
higher resistance in the small cables), or a poor power factor in the
distribution network.

When a motor is underloaded, reducing voltage can improve the
power factor and efficiency, mainly by reducing the reactive current.
This practice works for both standard and efficient motors, although
efficient motors are less affected by voltage fluctuations.

Since torque is proportional to the square of the voltage, motors
operating at undervoltage might have a hard time starting or driving a
high-torque load. For instance, if the voltage slips to 80% of the rated
value, the available starting torque is only about 60% of its rated value.

The diagnosis of voltage level problems requires monitoring and
recording voltages, preferably for a whole cycle of the facility’s opera-
tion. Patterns in fluctuation over time sometimes help to reveal the
cause(s). Measuring voltage is normally easiest at the motor starter
terminals; to estimate the voltage at the motor terminals, calculate the
voltage drop in the cable connecting the starter to the motor. NEMA-
rated voltages for three-phase, 60 Hz induction motors appear on the
motor nameplate and typically allow for a voltage drop of about 4% in
the motor feeder cables.

Harmonics and Transients

Under ideal conditions, utilities supply pure sinusoidal wave-
forms of one frequency (60 Hz in North America and 50 Hz in Eu-
rope), similar to those shown in Figure 2-3. Resistive loads, such as in-
candescent lights, use all of the energy in that waveform. Other loads
(including ASDs and other power electronic devices, arc furnaces, and
overloaded transformers) cannot absorb all of the energy in the cycle.
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Figure 3-3

Example of a Distorted (Nonsinusoidal) Wave

i

Source: Eaton Corporation 1988

In effect, they use energy from only part of the sine wave and thus dis-
tort it (see Figure 3-3).

The resulting distorted waveform contains a series of sine waves
with frequencies that are multiples of the fundamental 60 Hz frequency.
These distortions are called harmonics. The 180 Hz (or 3 x 60 Hz) com-
ponent is the third harmonic; the 300 Hz (or 5 x 60 Hz) component is
the fifth harmonic; and so on.

Harmonics can increase motor losses, reduce torque, and cause
torque pulsation and overheating. Vibration and heat in turn can
shorten motor life by damaging bearings and insulation. Harmonics
may also cause malfunctions in electronic equipment, including com-
puters; induce errors in electric meters; produce radio frequency static;
and destroy power system components.

Electronic ASDs, discussed further in Chapter 4, can both generate
and be damaged by harmonics from other sources. It is thus very im-
portant that they be installed properly and, in some cases, be isolated
from other equipment by separated feeders, transformers, and har-
monic filters. Serious harmonics problems from properly installed
ASDs are rare. Problems are most likely to occur with large drives and
in situations where ASDs control a large fraction of the total load.

Standard-efficiency motors must sometimes be derated
by 10-15% when supplied by an ASD that produces substantial
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Figure 3-4

Derating Curves for Motors Operating on Adjustable-Speed
Drives
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harmonics. Derating is more likely to be needed for constant-horse-
power installations than for variable-torque loads. For example, a
motor with a nominal rating of 100 hp that was derated by 15% would
only be able to drive an 85 hp load. Efficient motors may be better able
to cope with harmonics due to these motors” higher thermal margins
and lower losses, and these motors therefore are seldom derated. One
notable exception is when the motor runs below 30-40% of rated
speeds. Under these conditions, high losses caused by harmonics com-
bined with the lower ventilation available at reduced fan speeds often
require efficient motors to be derated. As Figure 3-4 shows, the allow-
able torque of both types of motors falls off sharply at low and very
high speeds when powered by an ASD. Under all circumstances, the
motor manufacturer should be consulted before using a motor with an
ASD. Particular care should also be taken in grounding the motor be-
cause high-frequency harmonics can increase leakage currents, which
can result in an unsafe installation (NEMA 1999).

Harmonics can substantially disrupt conventional electric meters.
One study sponsored by EPRI found errors ranging from +5.9% to —0.8%
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in meters subjected to harmonics from ASDs (EPRI 1982). During pe-
riods when ASDs operated at very light load, errors exceeded 10%
and caused severe waveform distortion. Harmonics generated by
ASDs or other equipment may cause metering errors and overbilling,
providing customers with another reason to correct or suppress har-
monics at the source. Customers with medium-size or large ASDs on
their premises might even consider installing solid-state watt-hour
meters that generally give accurate readings even in the presence of
harmonics (Peddie 1988).

In addition to variable-frequency drives producing harmonics,
these drives can also be sensitive to harmonics. Power supply har-
monics can lead to nuisance trips, and in extreme situations even
drive failure.

Besides harmonics, the voltage waveform may also contain an-
other form of undesirable distortion called transients. These are brief
events, usually microseconds in length, and appear either as voltage
spikes or voltage notches in the sinusoid. Fast transients result from
the commutation of power electronic devices and circuit breakers, as
well as from lightning.

If transients occur rarely, they have little impact on energy con-
sumption, but if they occur repeatedly and at frequent intervals,
they can behave like harmonics and thus increase losses in a motor.
Very large transients, as in the case of a lightning strike, can damage
or destroy equipment. Generally, transients are a problem only in
facilities where large loads are cycled, producing distortion in the
voltage waveforms. For example, a facility with a large induction
furnace where power is applied intermittently might have a prob-
lem with transients.

Diagnostics and Mitigation of Harmonics
and Transients

Equipment to accurately monitor transients and harmonic distor-
tion is readily available (see Appendix D). Several less expensive tools
can roughly assess the level of harmonics and indicate whether more
precise measurements are warranted.

For instance, an oscilloscope can be used to generate a picture of
the voltage waveform, which can be inspected for distortions that
signal the presence of meaningful harmonics, which should then be
measured with a harmonic analyzer. Another technique is to com-
pare the voltage readings from two AC digital voltmeters, one with
true root mean square (RMS) capabilities and the other without. The
true RMS meter gives the correct voltage even if there is harmonic
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distortion, whereas a normal meter only gives the correct value if
there are no harmonics. If the two meters are calibrated, readings
differing by more than a few percentage points indicate a significant
harmonic content.

Harmonics should be reduced to an acceptable level (less than
5% of the fundamental current in medium-voltage systems and less
than 1.5% in high-voltage systems) as close as possible to the source
(IEEE 1981). Mitigation at the source is normally most effective, as it
prevents the losses from harmonics propagation in the network.

Surge suppressors are available and effective for suppressing tran-
sients that may interfere with the operation of computing and com-
munications equipment. Claims that these devices save energy, how-
ever, are unfounded.

In ASDs, harmonics are most commonly controlled by in-
stalling filters at the ASD input circuit to provide a shunt path for
the harmonics and to perform power-factor compensation. IEEE
Standard 519 (IEEE 1981) contains guidelines for harmonic control
and reactive-power compensation of power converters. The cost of
the harmonic filter to meet this standard is typically about 5% of
the cost of the ASD.

The installation of inductors on drives can also be used to address
harmonics issues. Inductors are particularly effective in eliminating
drive trips due to problems in the power supply to the drive.

The Federal Communications Commission (FCC) has produced
a set of regulations regarding the electromagnetic interference (EMI)
produced by computing devices. These regulations, which are also
becoming widely accepted in the ASD market, set permissible radia-
tion and conduction levels. FCC standards define two classes of
products: Class A systems used in commercial and industrial envi-
ronments and Class B systems used in residences. The Class B stan-
dards are stricter to avoid noticeable interference with radio and
television use in the home. Although ASDs are expected to meet
only Class A standards, some manufacturers offer ASD equipment
that performs within Class B requirements. Radiated EMI can be
brought down to FCC standards by proper layout and by shielding
the enclosure.

System Oversizing

Motor systems become oversized when designers adopt succes-
sive safety factors or when the requirements of the motor-driven
equipment are reduced due to system changes. Designers often pro-
ject growth in a system’s peak requirements, and they assume the
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extra capacity cost is a small premium to pay to ensure that the sys-
tem will be able to cope with maximum demand. For example, a de-
signer might choose a pump with a 30% safety margin (a certain
amount of the margin is for increase in the process requirements
and the rest is for scale build-up in the pipes) and then will round
up when choosing among standard motor sizes, thereby specifying
a model with 20% extra horsepower. Such oversizing may be war-
ranted in some cases but many times it can lead to costly waste and
other problem:s.

Motor Oversizing

As Figures 3-5 and 3-6 illustrate, the efficiency and power factor of
a motor vary with the load. The efficiency of most motors peaks at ap-
proximately 75% load and drops off sharply below 40% load, although
this range varies among different designs.

One study found that standard-efficiency motors peaked near
100% load, and the high-efficiency models peaked nearer 75% load
(Colby and Flora 1990). Power factor drops steadily with the load.
Even at 60% load, the power factor often needs compensation, and it
drops even more sharply below 60% load. Figure 3-7 shows that low-

Figure 3-5

Typical Efficiency vs. Load Curves for 1,800 rpm, Three-Phase,
60 Hz, Design B Squirrel-Cage Induction Motors
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Figure 3-6

Typical Power Factor vs. Load Curves for 1,800 rpm, Three-Phase,
60 Hz, Design B Squirrel-Cage Induction Motors
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Figure 3-7

Typical Full-Load Power Factor vs. Horsepower Rating Curves for
Three-Phase, 60 Hz, Design B Squirrel-Cage Induction Motors
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speed motors have substantially lower power factors than high-speed
motors of the same size.

To stay within its optimal operating limits, a motor should be
sized to run at 50% or more of its rated load a majority of the time. A
grossly oversized motor (generally below 40% loading) will run at
decreased efficiency and low power factor, thus increasing energy
costs and requiring either costly power-factor compensation or added
utility charges to pay for the reactive current. In addition, larger mo-
tors cost more to buy and install, as well as requiring larger and more
expensive starters.

Although oversized motors present these drawbacks, they also
can accommodate unanticipated high loads and are likely to start and
operate more readily with undervoltage conditions. A modest sizing
margin, however, can generally provide these advantages.

The question of motor sizing is not limited to new installations.
Often it is economic to replace existing motors with smaller, high-effi-
ciency units. Users must carefully evaluate which motors to down-
size. Those that run many hours a year at light loading are obvious
candidates because they are running far below their optimal efficien-
cies. Motors that operate in the 50-100% load region are not likely
candidates because they are operating at close to peak efficiency. For
example, a 150 hp motor driving a 120 hp load is normally more effi-
cient than a 125 hp motor driving the same load because the effi-
ciency of many efficient motors peaks at approximately 75% load,
and larger motors generally have higher efficiencies.

One must also be careful to address the differences in operating
speed that can result from downsizing the motor. As discussed in
Chapter 4, small changes in the speed of centrifugal loads can result
in large changes in energy consumption. And as analyzed in Chapter
2, the speed of the motor varies with load. As a result, the resized
motor may not operate at the correct speed for the application. Usu-
ally these problems can be easily and inexpensively addressed, but
one must be cognizant of this possibility when downsizing motors.

There is no definitive rule about downsizing because the relation-
ship between efficiency and load varies among different sizes and
types of motors. Larger motors generally maintain efficiency at low
loading better than smaller motors do. Similarly, high-efficiency mo-
tors have a flatter efficiency curve than standard-efficiency models.
For example, efficiency might drop rapidly at 48% of full load in a
standard motor, but for an efficient motor, efficiency might not drop
until the motor reaches 42% of its rated load. In general, motors that
always run below 40% load are strong candidates for downsizing.

Figure 3-8 shows the change in efficiency over a range of 25% to
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Figure 3-8

Two Representative Efficiency Curves for 5 hp Motors and
10 hp Motors
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150% load for seven new 5 hp motors (three efficient motors and
four standard units) and eight new 10 hp motors (five efficient mo-
tors and three standard units) tested by the North Carolina Alterna-
tive Energy Corporation (Colby and Flora 1990). These figures rep-
resent one of the few published measurements of efficiency below
50% loading. Manufacturers typically list efficiencies at 100%, 75%,
and 50% loading only.

Two points are notable. First, the high-efficiency motors main-
tained their efficiencies better across the full range of loading. Sec-
ond, the efficiency of all motors fell off sharply as loads fell from
50% to 25%; the efficiency fell six to seven points in the standard-
efficiency units and about four points in efficient motors.

Evaluating whether to downsize a motor requires knowing both its
typical and maximum loads. Consider, for example, two 100 hp motors
running different fans in a facility. Both motors are metered, and nei-
ther requires more than 35 hp during the metering period. The first
fan’s specifications reveal it will never need more than 40 hp. Since the
motor will never exceed about 40% of its rated 100 hp load, it is appro-
priate to replace it with a high-efficiency 50 hp unit. The second fan’s
specifications indicate that it occasionally must use up to 80 hp, even
though it typically draws only 35 hp. Thus, while the motor often runs
at only 35% of its rated 100 hp capacity, it should not be downsized—
or at least not by much—unless the system’s maximum-power require-
ments are reduced. Such measures are discussed in Chapter 5.

Another option in such a situation is to use a smaller motor
with a high service factor so that it can withstand overloading on
rare occasions. However, this determination should be made by an
engineer familiar with the process.

Diagnostics of Motor Oversizing

The load of a motor can be roughly estimated by comparing a
wattmeter reading of the power input with the motor’s rated power.
A clamp-on ammeter does not give a good estimate of the motor
load since the power factor drops sharply at low loads, and amper-
age readings are greatly affected by power factor. It is preferable to
use one of the load determination methods or devices discussed in
Chapter 2. In general, the watt method is preferable for motors that
are loaded at more than 50% of rated capacity, while the slip method
is preferable for motors operating at low load (Douglass 2000).

If the motor load changes over time, a simple wattmeter will not
suffice. Instead, a data logger should be used to monitor the ab-
sorbed power under different operating conditions.
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Figure 3-9
Variation of Slip and Current (Amperes) with Motor Load
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Extent of Oversizing

As data that will be presented in Chapter 6 suggest, approxi-
mately two-fifths of motors 5 hp and larger are running at or below
40% of rated load (XENERGY 1998). As discussed above, there is very
little published information on efficiency loss at loading below 50%.
The data shown in Figure 3-9 suggest that loading between 25% and
40% leads to a drop of two to eight percentage points below the per-
formance at 50% load. Loading below 25% will lead to an even larger
drop in efficiency. Based on admittedly sketchy data, we assume an
average efficiency loss of five percentage points in those motors run-
ning below 40% loading.

While some oversized motors should be downsized, many
should instead be equipped with controls that enable them to operate
more efficiently at partial load. Various means of doing this are dis-
cussed in Chapter 4.
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Distribution Network Losses

In-facility distribution losses can be reduced by selecting and
properly operating efficient transformers and by correctly sizing dis-
tribution cable.

Distribution transformers normally operate above 95% efficiency
unless they are old or very lightly loaded. Transformers over 30 years
old should be replaced by new models that are more efficient. It is
usually more effective to run one transformer at moderate to full load
than to operate two of them in parallel lightly loaded.

Many large customers are primary metered (on the high-voltage
side of the distribution transformer) and own their own transformers.
Some utilities are encouraging their primary-metered customers to in-
stall high-efficiency transformers in new facilities or for facility expan-
sions. While all transformers are relatively efficient, they last a long
time; small improvements in efficiencies can result in large lifetime
savings. Efficiency in transformers comes from many of the same mea-
sures we see taken in motors: the use of better steels for the core, and
more (i.e., larger-diameter wire) and better (e.g., copper in place of
aluminum) winding materials.

Transformers can be purchased in three basic types, and with a
range of efficiencies for each. The most common small transformers
are dry-type, which are cooled by convection. In liquid-immersed
transformers, the core and windings are placed in a synthetic oil bath
that transfers the heat. For aggressive environments, an encapsulated
transformer can be specified. In general, the liquid-immersed versions
tend to have lower losses and are more compact, though concerns
about oil leakage may limit where they can be placed. Much of this
concern stems from past use of polychlorinated biphenyl (PCB) oils,
which were flammable and toxic. In modern designs, these have been
replaced with synthetic oils that address both concerns. The dry-type
transformers are readily available in a wide range of sizes but tend to
have lower efficiencies. They are also larger than the liquid-immersed
transformers. The encapsulated transformers are significantly more
expensive than either of the other designs and are restricted to special
applications requiring their features.

Since transformers can be bought in a wide range of efficiencies
and costs, it is best to perform a total-cost-of-ownership calculation.
NEMA Standard TP-1 (1996) and IEEE Standard PC57.12.33 (1998) de-
scribe how to carry out these calculations, which require information
regarding the transformers under consideration, projected loading, an-
nual duty hours, and cost of electricity. For those applications where it
is impractical to do a cost-of-ownership calculation, TP-1, Table 4-2 (see
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Table 3-1 below) specifies designs for dry-type transformers that are
considered energy efficient based on average national data. While
some people have used low temperature rise as a proxy for energy effi-
ciency, it is not a good indicator of efficiency.

Cable Sizing

Cabling represents another opportunity for saving energy. Table
3-2 compares losses (watts per foot) and costs of using several cable
sizes to supply a 30 amp load, assuming 8,000 hours of annual oper-
ation and an electricity cost of $.06/kWh. The larger cables offer
very attractive payback times. Note that the payback is very sensi-
tive to operating hours: at 4,000 hours, the paybacks in Table 3-2
would double.

Table 3-1

NEMA Class | Efficiency Levels for Dry-Type Distribution
Transformers

Reference Condition Temperature % of Nameplate Load
Low Voltage 75°C 35%
Medium Voltage 75°C 50%
Single-Phase Efficiency Three-Phase Efficiency
Low Medium Low Medium
KVA Voltage Voltage KVA Voltage Voltage
15 97.7 97.6 15 97.0 96.8
25 98.0 97.9 30 97.5 97.3
37.5 98.2 98.1 45 97.7 97.6
50 98.3 98.2 75 98.0 97.9
75 98.5 98.4 112.5 98.2 98.1
100 98.6 98.5 150 98.3 98.2
167 98.7 98.7 225 98.5 98.4
250 98.8 98.8 300 98.6 98.5
333 98.9 98.9 500 98.7 98.7
500 — 99.0 750 98.8 98.8
667 — 99.0 1,000 98.9 98.9
833 — 99.1 1,500 — 99.0
2,000 — 99.0
2,500 — 991

Source: NEMA 1996
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Table 3-2

Savings from Lower-Loss Distribution Wiring

Marginal Savings and Costs of Lower-Loss Distribution Wiring
(Compared to #8 Wire) Assuming 100% Load

Installed 1989 $/Ft First Cost

Marg. Simple
Wire I?R/Ft Loss Saving Cost Payback
Size* |Loss (W/Ft)| ($/Ft-Yr) | ($/Ft-Yr)| Conduit | Wire Total | (+$/Ft) (Yrs)

#8 2.01 $0.96 $3.16 | $1.21 | $4.37
#6 1.28 $0.61 | $0.35 | $3.16 | $1.59 | $4.75 | $0.38 1.1
#4 0.81 $0.39 | $0.57 | $3.86 | $2.20 | $6.06 | $1.69 3.0
#3 0.65 $0.31 | $0.65 | $3.86 | $2.67 | $6.53 | $2.16 3.3

Marginal Savings and Costs of Lower-Loss Distribution Wiring
(Compared to #8 Wire) Assuming 75% Load

Installed 1989 $/Ft First Cost

Marg. Simple
Wire I’RIFt Loss Saving Cost Payback
Size* | Loss (W/Ft)| ($/Ft-Yr) | ($/Ft-Yr)| Conduit | Wire Total | (+$/Ft) (Yrs)

#8 1.18 $0.56 $3.16 | $1.21 | $4.37
#6 0.75 $0.36 | $0.20 | $3.16 | $1.59 | $4.75 | $0.38 1.9
#4 0.47 $0.22 | $0.34 | $3.86 | $2.20 | $6.06 | $1.69 5.0
#3 0.38 $0.18 | $0.38 | $3.86 | $2.67 | $6.53 | $2.16 5.7

a Sizes in American Wire Gauge. For diameters, see Appendix A.
Assumptions: 30 amp load, 8,000 hrs/yr, 6¢/kWh.

Source: Lovins et al. 1989

Small feeders typically use the minimum-size conduits through
which an electrician can easily pull the wire. In general, the size of
small feeders can be increased without extending the size of the
conduit, making the use of oversized feeders cost-effective. Conduit
for feeders of larger motor sizes is determined by the diameter of
the wire, so the conduit size will often need to be enlarged if the
wire size is increased. As a result, the use of oversized wires for
larger circuits must be evaluated on a case-by-case basis.
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Energy savings are not the only reason to install larger distribu-
tion cables. The added distribution capacity provides room to ex-
pand loads in the future without having to remove and replace the
old wiring. It also provides lower voltage drops, which improve the
motor’s starting and operating performances.

The Southwire Company’s Wire-Sizing Policy

The Southwire Company, a billion-dollar industrial firm with an ag-
gressive energy management program, wires all new loads under 100 A
with a conductor one size above code, as well as using larger than nor-
mal wire for larger loads when doing so is cost-effective. Jim Clarkson,
corporate energy manager, said that because his staff does not have
time to evaluate every new wiring job, uneconomic oversizing may
occur in some installations, but overall the policy saves the firm money,
energy, and time (Clarkson 1990).

Power-Factor Compensation

As discussed in Chapter 2, low power factor has undesirable
and costly effects that are often worth mitigating. Figure 3-10 shows
the extent to which improving power factor can reduce losses. As ex-
amples, increasing power factor from 0.75 to 0.90 would reduce cable
and transformer copper losses by 32%, while improving power factor
from 0.60 to 0.90 would reduce losses by 57%.

In smaller motors, power factor generally is lower and drops more
rapidly as the load decreases. As a result, a facility with a large num-
ber of small motors without power-factor correction will typically
have a lower power factor than a facility with predominantly large
motors. Poor power factor can be caused not only by lightly loaded
motors but also by other loads such as fluorescent lighting ballasts
and certain types of ASDs.

Improving the power factor can save energy and dollars by reduc-
ing losses in the customer’s distribution system. Greater savings can
often be achieved by reducing power-factor penalty charges (if these
charges are imposed by the utility). Such charges are normally sub-
stantial enough to make it cost-effective for the customer to improve
the power factor to 0.90. For example, a utility might increase the de-
mand charge by 1% for every 1% the power factor drops below 90%. If
a facility has a peak demand of 1,000 kW and a power factor of 81%,
the facility will be charged for peak demand as follows:
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Adjusted peak = (1,000 kW) x [1 + (0.90 — 0.81)] = 1,090 kW

If the utility demand charge is $70/kW-yr, the power-factor
penalty will be:

Power-factor penalty = (90 kW) x $70 = $6,300/yr

In contrast, the energy savings for the same load, assuming it is
fed at 480 V, three-phase through 500 feet of cable, would be about
21,000 kWh, resulting in a cost reduction of $1,300/yr at $.06/kWh.

The consumer can correct power factor either in a distributed
manner (capacitors connected to the motor terminals) or in a central-
ized manner (a capacitor bank at a central location in the facility).
Some large facilities may have an intermediate scheme with several
capacitor banks, each serving several motors. The distributed option
reduces the losses between the motors and the central capacitor bank.
This procedure also costs less to install.

The centralized scheme requires controlled switching of the capac-
itor bank. Switching avoids overcompensation of the power factor

Figure 3-10
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Figure 3-11

Correcting Power Factor with Capacitors
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load is required.

when only a limited number of motors are running. Overcompensa-
tion causes the same undesirable effects as a low power factor.

The installed cost for capacitors ranges from $20-30 per kilovolt-
ampere-reactive (kVAR) of reactive power for dispersed units to
$50-75/kVAR for central capacitors. In the above example, 240 kVAR
are required (see Figure 3-11). Assuming $25/kVAR, the cost would be
$6,000. The resulting payback is less than 1 year just from penalty re-
duction, 5 years from energy savings alone, and approximately 9
months from the combined savings.

Motor manufacturers generally recommend a maximum capacitor
size at the motor terminals (see Figure 2-13). Figure 3-11 shows the ca-
pacitor kilovolt-ampere-reactive required to improve the power factor
by various amounts. Thus, improving the power factor of a 1,000 kW
load from 70% to 90% requires capacitance of just over 500 kVA.

The concern over electrical equipment (primarily transformers and
capacitors) containing PCBs has resulted in the removal and disposal of
many power-factor correction capacitors in customers’ distribution sys-
tems. If these capacitors aren’t replaced, power factor will decrease.
Since the switchgear and mounting are already in place, new capacitors
might be installed cheaply enough to obtain a reasonable payback on
energy savings alone, depending on the specifics of each application.

107



ENERGY-EFFICIENT MOTOR SYSTEMS

As mentioned in Chapter 2, another potentially lucrative benefit
of power-factor improvement is increased capacity of the distribution
system. This advantage is especially relevant in new construction and
whenever load approaches the systems capacity (as when a facility is
expanded or equipment is added). If installing power-factor compen-
sation eliminates or even postpones the need to replace the trans-
former, switchgear, feeders, or other equipment, it can be very cost-ef-
fective, again depending on the specifics of the situation.

Diagnostics of Power-Factor Compensation

Medium-size and large customers generally know if they have
low power factor because the utility charges them for the reactive
power they draw. An industrial facility where most of the load is for
motors that do not have power-factor correction will typically ex-
hibit a power factor of 70-80%. Other equipment, such as rectifiers
or arc furnaces, can have power factors as low as 45%. To avoid a
large reactive power bill, most facilities have already installed equip-
ment for power-factor correction. Small customers, such as residen-
tial consumers and small commercial buildings below 50-100 kVA
that typically pay small or no power-factor charges, generally do not
install corrective equipment. Most small consumers have a fairly
good power factor because they have a high fraction of resistive
loads or compensated loads such as lighting ballasts with internal
power-factor correction.

The measurement of the power factor requires the use of a
wattmeter to measure power, a voltmeter, and a clamp—on ammeter.
There are also meters that read power factor directly, either as dedicated
power-factor meters or as part of more elaborate analyzers. Also on the
market is equipment that can measure watts, volts, and amps and can
register these continuously on paper or in computer storage (see Appen-
dix D). The power factor in a symmetrical three-phase system is given by

Power factor = P/(3 V x )
where
P is the three-phase power
V is the phase-to-neutral RMS voltage
Iis the RMS current in each phase

Load Management and Cycling;:
General Considerations

Most energy-saving measures described previously reduce de-
mand except in instances of variable loads where the peak demand
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does not coincide with the utility’s peak. For example, installing an
ASD on a variable load saves energy at partial load but does not re-
duce demand at full load. Consumers, especially those operating large
motor systems, should take into account the economic benefits of de-
mand reduction when evaluating the cost-effectiveness of energy con-
servation investments.

Motor cycling and scheduling can reduce power demand during
peak periods. Loads that can be suspended periodically with no seri-
ous cost or inconvenience are likely candidates for cycling. Examples
include refrigeration equipment, air conditioners, and heat pumps.
Loads that frequently idle for extended periods also are good candi-
dates for shutdown or cycling to lower power during idle periods.

Whether equipment cycling lowers energy use as well as demand
depends on the application, as described in the following examples.

A large retail store with a constant-volume HVAC system installs
an energy management system that turns off one of the four 30 hp fans
in a staggered 15-minute rotation every hour. Cycling is an acceptable
control method in this building since it creates only minor temperature
swings that are well within the limits of comfort for both shoppers and
employees. In this case, along with a fall in demand, energy use also
declines by 25% for each fan. If the building comfort level can be main-
tained using only 75% of the HVAC system’s ventilation capacity, an-
other option is to slow the fans by means of ASDs or resheaving
(changing the pulleys that help connect the motor to the fan).

In another building, several small air conditioning units are each
turned off for 15 minutes every hour. However, the set-points on the
thermostats in the building do not change. In this case, while there is a
substantial decrease in demand, there is only a small reduction in en-
ergy use because the air conditioners have to work harder when they
are operating.

Potential Cycling Problems

Starting a motor causes an inrush of current that generates a great
deal of heat. During start-up, ventilation fans are turning slowly, so
they remove only a small portion of this heat. If this heat buildup is
excessive, it can reduce the lifetime of the insulation and bearings
and possibly lead to rapid failure. There are also mechanical stresses
from electromagnetic forces associated with large starting currents. In
particular, the ends of the windings can suffer fatigue and cracking.

These thermal and mechanical stresses limit the frequency at which
a motor can be cycled. Additionally, the electrical equipment that feeds
the motor and the mechanical equipment driven by the motor are
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stressed each time it is started. These types of drawbacks can be miti-
gated with the use of starting controls, which are discussed below.

Allowable Cycling

The heating that occurs when a motor starts is a function of the
current and the time used to accelerate the load. The longer the starting
time, the more the motor heats up. The time it takes to accelerate a load
from start to the rated speed depends on several factors, including the
load’s inertia, which depends on both the load’s mass and its radius. A
fan with a large radius has a much greater moment of inertia than a
smaller-radius pump of similar shaft power requirement. The higher
the load’s rated speed, the longer it takes to start. Kinetic energy is pro-
portional to the square of the speed. Torque is also important: the
higher the torque required by the load relative to the torque available
from the motor, the longer it takes to accelerate to rated speed.

NEMA Standards MG 1-1988, Section 12.55 (NEMA 1999), and
MG 10-1994 (NEMA 1994) provide guidance on the number of suc-
cessive starts that can be made each hour without causing motor
damage. Table 3-3 presents the allowable number of starts per hour
and the minimum time between starts, considering the effects of
motor horsepower, number of poles (rated speed), and inertia of the
load. If a motor operates at close to the upper bounds derived from
Table 3-3, some reduction in motor lifetime should be expected.

Starting Controls

Three-phase motors use starters that apply all three phases to the
motor simultaneously. These starters generally include a motor con-
tactor (a relay to control the flow of electricity to all three phases) as
well as devices that protect the motor and wiring from either a pro-
longed small overload or a sudden severe overload.

Because the switching mechanism is a contactor, the conventional
three-phase motor starter will apply the full voltage to a motor as soon
as the contactor receives power. Since the motor is starting from a dead
stop, extra current is required to produce the magnetic field that drives
the motor and to supply the initial energy to move the motor and load.
As a result, a motor will use between five and seven times the current
when starting as it will when operating at full load. This current surge
typically lasts for approximately 30 seconds but may range from only a
few seconds to several minutes in the case of heavy loads.

These large starting currents may also produce large voltage
drops in the feeders, making starting difficult and causing comput-
ers to malfunction, lights to dim, and other motors to stall. These
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Table 3-3

Allowable Number of Starts and Minimum Time between Starts
for Designs A and B

2-pole 4-pole 6-pole
hp A B C A B C A B C
1 15 1.2 75 30 5.8 38 34 15 33
1.5 12.9 1.8 76 25.7 8.6 38 291 23 34
115 24 77 23 11 39 26.1 30 35

: 3.5 80 19.8 17 40 224 44 36
8.1 5.7 83 16.3 27 42 18.4 71 37

awn
©
©

30 4.1 31 120 8.2 144 60 9.3 384 53
40 3.7 40 130 7.4 189 65 8.4 503 57
50 3.4 49 145 6.8 232 72 7.7 620 64
60 3.2 58 170 6.3 275 85 7.2 735 75
75 2.9 71 180 5.8 330 90 6.6 904 79

100 2.6 92 220 5.2 441 110 59 1,181 97
125 2.4 113 275 4.8 542 140 54 1,452 120
150 2.2 133 320 4.5 640 160 51 1,719 140
200 2 172 600 4 831 300 45 2,238 265
250 1.8 210 1,000 3.7 1,017 500 42 2,744 440

A = Maximum number of starts per hour
B = Maximum product of starts per hour times load work?
C = Minimum rest or off time in seconds

Allowable starts per hour is the lesser of A or B divided by the load work?, i.e.,
Starts per hour < A < B/Load work?

Note: Table is based on the following conditions:

1. Applied voltage and frequency in accordance with MG 1-1998, Section 12.45 (NEMA 1999).

2. During the accelerating period, the connected load torque is equal to or less than a torque that
varies as the square of the speed and is equal to 100% of rated torque at rated speed.

3. External load work? is equal to or less than the values listed in MG 1-1998, Section 12.50 (NEMA
1999).

4. For other conditions, the manufacturer should be consulted.

Source: NEMA 1994, Table 2-3

problems deserve special attention with large motors and those with
long feeders or feeders with small cross-sections.

Certain types of electronic controls can ramp up the power during
starts instead of forcing the motor to go to full speed from a dead stop.
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This system, known as a soft start, reduces the inrush of starting cur-
rent and thus decreases equipment wear. A soft-start feature is incor-
porated in most inverter-type ASD controls.

Transmission

The transmission subsystem, or drivetrain, transfers the mechani-
cal power from the motor to the driven equipment. The efficiency of
drivetrains (output power x 100/input power) ranges from below 50%
to over 95%. As a result, the type of drivetrain used for a given appli-
cation can have a greater effect on overall system efficiency than the
efficiency of the motor itself.

The choice of transmission type depends upon many factors, in-
cluding the desired speed ratio, horsepower, layout of the shafts, and
type of mechanical load. The major varieties include direct shaft cou-
plings, gearboxes, chains, and belts. There is no large-scale survey of
the distribution of the different transmission types in the field. Lovins
et al. (1989) estimated the distribution for commercial and industrial
motors to be as follows:

30-50% shaft couplings
10-30% gears

34% belt drives

6% chains

These data were compiled from a small number of sources and
may differ from the proportions in any given geographic area.

Shaft Couplings

Shaft couplings have low losses if precisely aligned. Misalignment
of the shafts will not only increase losses but also accelerate wear on
the bearings. The use of couplings is constrained by space and shaft
location and is limited to applications where load speed does not vary
with respect to motor shaft speed.

Gears

Gears or gear reducers are the primary drive elements for loads
that must run slowly (generally below 1,200 rpm) and require high
torque that might cause a belt to slip. Gears are also frequently used
for loads exceeding 3,600 rpm. The ratings for gear drives depend
on the gear ratio (or the ratio of the input shaft speed to the speed of
the output shaft) and on the torque required to drive the load. Sev-
eral types of gears can be used in motor transmissions, including
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helical, spur, bevel, and worm gears (see Figure 3-12 and “Gears” in
Appendix C).

The losses in gears result from friction between them as well as
in the bearings and seals, from windage, and from lubricant churn-
ing. A large number of gear combinations can be used for a given
speed ratio.

Helical and bevel gears are the most widely used and are quite
efficient, reaching 98% efficiency per stage (each step of reduction
or increase in shaft speed). With helical gears, the input and output
shafts are parallel; with bevel gears they are at right angles. Spur
gears are used for the same purpose as helical gears but are less effi-
cient and therefore should not be used in new applications.

Worm gears allow a large reduction ratio (5:1-70:1) to be
achieved in a single stage. Their efficiency ranges from 55% to 94%
and drops quickly as the reduction ratio increases due to the rise in
friction between the gears. For this reason, worm gears should only

Figure 3-12
A Worm Gear Set (a) and a Three-Stage Helical Gear Set (b)

Note: In (a), the worm is shown mounted on the upper shaft; the worm is a helical gear (i.e., the
teeth trace out helical paths, in this case much like a screw thread). The worm wheel is a gear wheel
with a concave face to mesh with a worm. The worm normally drives the wheel, providing a gear set
with high reduction ratio connecting shafts with nonintersecting axes at right angles. In (b), gears
with helical teeth are used to transmit power between parallel shafts. For bevel and spur gears, see
“Gears” in Appendix C.

Source: Reprinted with permission from Reliance Electric
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be used in drives below 10 hp where operating costs are low. A
large reduction ratio is more efficiently achieved by several stages
of helical or bevel gears.

Worm gears cost less than helical gears for applications up to
10-15 hp, but helical gears are less expensive above this rating and
are becoming the standard for larger drives. The different efficien-
cies of these two types of gears also affect cost. For example, in low-
horsepower ranges, the efficiency of worm gears at full load is typi-
cally 70-80%, compared to approximately 90-96% for a helical gear.
Worm gears’ lower efficiency will often force the user to increase the
size of the motor, and this added cost must be taken into account
when comparing gears; a helical gear with a smaller motor may
have a lower initial cost than a worm gear with a larger motor, even
for applications below 10 hp.

Figure 3-13 shows the comparative efficiencies of several types of
gearboxes as a function of the speed ratio.

Gear drives are similar to motors in that their efficiency drops
markedly below 50% of full load (see Figure 3-14) because some of

Figure 3-13
Typical Range of Gearbox Efficiencies Based on 1,750 rpm Input
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Figure 3-14

Helical Reducer Efficiency vs. Load and Speed for a Typical
Single-Reduction Gear Unit
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Source: Reprinted with permission from Falk Corporation

the losses are not direct functions of load. For a large gearbox, these
fixed losses represent about half the total losses at full load.

In large gearboxes, reducing loss is even more important because
lubrication effectiveness and lifetime are diminished by high tempera-
tures. Using low-friction bearings, gears with a high-quality finish,
and improved lubricants can bring the efficiency of a single-stage heli-
cal gear to over 99%.

Because gear reducers come in an assortment of in-line and
right-angle configurations and sizes, more efficient reducers are dif-
ficult to retrofit without major changes to the equipment, as the new
reducers are likely to have different dimensions, configurations, or
both.

Belt Drives

About one-third of motor transmissions use belts (E Source 1999).
Belts allow flexibility in the positioning of the motor relative to the load
and, using pulleys (sheaves) of suitable diameters, belts can increase or
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decrease speeds. There are several types of belts: V-belts, cogged V-
belts, synchronous belts, and flat belts (see Figure 3-15).
V-belts are the most common type and have an efficiency of

Figure 3-15

Belt Drives, Including (a) V-Belt Cross-Section, (b) Cogged (or
“Toothed”) Belt Drive, and (c) Synchronous Belt Drive

Note: The cogged belt drive uses the conventional V-belt (smooth) pulleys, while the synchronous
belt has meshing teeth on the belt and pulleys (or “sprockets”), preventing slip. Flat belts are similar
to synchronous belts (wide and thin) but are smooth on both sides and ride on smooth flat pulleys.

Source: Reprinted with permission from Gates Rubber Company (a and c), and Dayco Products (b)

Figure 3-16

A Belt Drive, Showing the Four Flexing Points, Two at Each Pulley
(A, B, C,and D)

D A

Source: Nailen 1987
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90-96%. V-belt losses stem from flexing (see Figure 3-16), slippage, and
(to a lesser extent) windage. The bending and unbending of the belt
material when it enters and leaves the pulley causes the flexing losses.

A belt’s tension critically determines its performance. Too much
tension can stress the belt, bearings, and shafts; too little tension
causes slip, high losses, and premature failure of the belt. With wear,
V-belts stretch and need retensioning. They also smooth with wear,
and thus become more vulnerable to slip. This slip, if the V-belt is not
properly maintained, will increase and therefore efficiency will be
lower, possibly to below 90%.

Cogged V-belts have lower flexing losses since less stress is re-
quired to bend the belt, and therefore they deliver 1-3% better effi-
ciency than standard V-belts. Cogged V-belts can easily be retrofitted
on the same pulleys when V-belts wear out. They cost 20-30% more
than V-belts but the extra expense is recovered over a few thousand
operating hours. In addition, they typically last twice as long. Efficien-
cies with cogged V-belts are greatest when they are used with the
smallest appropriate pulley (de Almeida and Greenberg 1994).

The only caveat to the use of cogged V-belts is that some engineers
use their inherent slip characteristics to provide overload protection. If
other protection, such as sheer pins, has not been installed, the use of
cogged V-belts in those systems can lead to equipment damage in an
overload condition.

A review by E Source of five studies in which V-belts were replaced
with cogged V-belts reported savings of 0.4% and 10%, with a median
savings of 4.1%. At the 4.1% savings level, the payback from energy sav-
ings alone ranges from 1 to 5 months (E Source 1999). Similar savings
are reported in a Ford Motor Company case study (Elliott 1995).

The most efficient belts are the synchronous and flat belt designs,
which can be 97-99% efficient because they have low flexing losses
and little or no slippage. Synchronous belts are applicable to low- and
medium-speed applications, while flat belts are appropriate for
medium- and high-speed applications.

Figure 3-17 shows the relative performance of synchronous belts
in comparison with conventional V-belts. Synchronous belts have no
slip because their teeth engage in the teeth of the sprocket pulleys. V-
belts rely on friction between the belt and the pulley grooves to trans-
mit the torque, and that friction can be affected by liquids, dust, wear,
and other factors. Synchronous belts are designed for minimum fric-
tion between the belt and the pulley and can withstand much harsher
conditions. The efficiency curve of synchronous belts is not only
higher but also flatter than that of V-belts, with larger percentage sav-
ings as the load decreases.
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Figure 3-17

Efficiency vs. Torque for V-Belts and Synchronous Belts in a
Typical Application
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Due to their construction, synchronous belts stretch very little and
do not require periodic retensioning. They typically last over four times
longer than V-belts, and the savings in labor and materials for replace-
ments in most cases more than offset the extra cost of the belts. Retro-
fitting synchronous belts requires installing sprocket pulleys that cost
several times the price of the belt. In cases where pulley replacement is
not practical or cost-effective, cogged V-belts should be considered.

Synchronous belts are available in sizes from fractional-horse-
power applications to over 1,000 hp. Due to their positive transmission,
they are suitable for applications requiring accurate speed control.
They are not, however, suited for shock loads where abrupt torque
changes can shear sprocket teeth. To alleviate this problem, some man-
ufacturers have doubled the belt’s resistance to shock loads by using
polyurethane compounds instead of neoprene rubber. Another draw-
back of synchronous belts is that they do not slip if a machine jams,
and can thus pose a possible safety threat. Possible solutions, other
than installing a different belt type, include using a clutch or a shear
pin that breaks and disengages the equipment in the event of a jam.
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The meshing of the belt teeth in the sprocket makes synchronous
belts noisier than V-belts, but a sound-reducing shield can mitigate
this problem. It can also protect personnel from the belt and other
moving parts and guard the equipment from debris.

Several practical considerations may limit the benefits of synchro-
nous belts. Although their alighment specifications are the same as for
V-belts, they demand closer adherence to specification. Also, the limited
number of available sprocket diameters makes speed-matching more dif-
ficult. For centrifugal applications, one report indicates that the greater ef-
ficiency of power transmission is outweighed by improper speed, result-
ing in an average 2% increase in energy consumption (Greenberg 1996).

Flat belts are thin belts constructed of aramide fibers and high-
friction surface compounds. These high-performance belts, which are
common in Europe, feature low stretching and flexing losses, achiev-
ing efficiencies similar to those of synchronous belts but offer addi-
tional advantages. These belts can accommodate some slip when there
is a surge in the torque, yet they still maintain an efficiency level close
to that of synchronous belts under normal conditions. The cost of the
pulleys for flat belts is lower than for synchronous belts, and due to
the absence of teeth, flat belts do not have the noise problems associ-
ated with synchronous belts.

Table 3-4 summarizes the characteristics of different belt types and
can be used as a guide to selecting the appropriate model for different
applications.

Table 3-4
Comparison of Belt Drive Characteristics
Typical Suitable Periodic Change of
Efficiency  for Shock  Maintenance Pulleys
Range (%) Loads Required Required Special Features
V-Belts 90-98 Yes Yes No Low initial cost.
Cogged V-Belts ~ 95-98 Yes Yes No Easy to retrofit.
Reduced slip.
Flat Belts 97-99 Yes No Yes, but  Medium- to high-
low cost  speed applications.
Low noise. Low slip.
Synchronous 97-99 No No Yes, Low- to medium-
Belts with speed applications.
higher No slip. Noisy. May
cost have problems

matching speed.

Source: de Aimeida and Greenberg 1994
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Chains

Chains, like synchronous belts, do not slip. Traditionally, belts have
been applied in relatively high-speed, low-torque applications,
whereas chains have been used in low-speed, high-torque applications.

Chains also feature high load capacity, the ability to withstand
high temperatures and shock loads, long life if properly lubricated,
and virtually unlimited length. Chain drives of several thousand
horsepower have been built. The efficiency of well-maintained chain-
and-sprocket combinations can reach 98%, but wear lowers their effi-
ciency a few percentage points.

There are several types of chains, including standard roller (both
single strand and double strand), double pitch, and silent chains.

With the exception of the silent kind, chains are noisier than belts.
Compared to roller chains, silent chains offer slightly higher efficiency
(up to 99%) but are 50% more expensive in the low-horsepower range
and 25% more expensive in the high-horsepower range.

Although the steel in the chain stretches only minimally when
tensed, the chain sags and needs readjustments as links and sprockets
wear. Inadequate lubrication increases wear. Keeping high-speed chains
well lubricated is difficult because centrifugal forces eject the lubricant;
enclosing the chains and providing constant relubrication, however, as is
done in camshaft drives in many auto engines, can solve this problem.

Lubricants can also quickly lose their effectiveness in environ-
ments contaminated with dust or liquids. Under these conditions, the
use of synchronous belts may prove more attractive. Another draw-
back is that, as the chain wears, the sprockets normally need to be re-
placed, which increases maintenance costs.

Maintenance

Regular maintenance of the motor system, including inspection,
cleaning, and lubrication, is essential for peak performance of the me-
chanical parts and to extend their operating lifetime.

Lubrication

Lubrication is required to reduce the friction and rapid wear of
metal parts moving against one another. Most lubricants fall into two
categories: oils or greases. Oils are liquid lubricants, traditionally based
on animal, vegetable, or mineral sources, with a wide variety of compo-
sition, viscosity, and other properties. The value of a liquid lubricant
depends primarily on it ability to form and maintain a film between con-
tact surfaces. Greases are gels made of a mixture of a lubricating oil and
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Figure 3-18
Grease Life vs. Bearing Temperature
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soap. They are primarily used to lubricate rolling bearings and gears.
The soap provides no lubrication directly but instead releases the oil
when heated or agitated to coat the contact surfaces (E Source 1999).

Both underlubrication and overlubrication can cause higher fric-
tion losses in the bearings and shorten their lifetime. Underlubrication
may occur because either an insufficient amount of lubricant was ap-
plied during routine maintenance or routine maintenance was not
done frequently enough. In either case, the friction of the bearings will
rise, and the energy used by the motor will increase to overcome the
increased resistance. Consequently, the motor will run hotter, further
decreasing its efficiency, and the higher temperature will lower the lu-
bricity and lifetime of the lubricant (see Figure 3-18).

Most maintenance staff will try to avoid undergreasing by applying
“plenty of grease,” which, unfortunately, often leads to overgreasing of
motor bearings. Bearing grease must be highly viscous so as to properly
lubricate the moving parts when the motor gets hot. If applied in excess,
grease develops internal friction that impedes the bearings and increases
the force necessary to turn the shafts. Tests have shown that overgreas-
ing can raise bearing losses up to 25%, thereby dropping the overall
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motor efficiency by perhaps 0.2-0.5 percentage point (Katz 1990). In ad-
dition, overgreasing may damage the seals and increase churning losses,
which leads to overheating and early failure of the bearing. Overgreas-
ing can also cause the accumulation of grease and dirt on the motor
windings, causing overheating and premature failure.

Old grease should be removed before greasing, and the bearing
chamber should generally be filled not more than one-third full of
grease. Contamination of the lubricant, especially with water, can also
substantially degrade the lubricant performance and lifetime.

Oils and greases are available in a variety of special formulations,
with additives to decrease friction and wear and increase lubricant life.
Additives may be put in natural (usually mineral) oils, or the oil may be
entirely synthetic to meet specific lubrication needs. The most common
friction-reducing additives include molybdenum disulfide (MoS,) and
polytetrafluoroethylene (Teflon™). The energy-savings potential of such
lubricants with these additives in gearboxes and motors is discussed in
Chapter 7. Other additives and synthetic formulations are used to im-
prove lubricants” ability to resist degradation due to high temperatures.
While the primary benefit of this improved high-temperature stability is
longer lubricant life, indirect energy savings can result from the ensuing
constancy of desired lubricant properties. This is especially important
where lubricant maintenance is neglected (Lovins et al. 1989).

Recently, synthetic, engineered lubricants have entered the mar-
ketplace. These products, which are optimized for a specific applica-
tion, can replace conventional petroleum-based oils and greases, re-
ducing energy consumption and equipment wear by reducing friction.
While friction is relatively small in motors themselves, it can represent
a large loss in mechanical equipment like compressors, pumps, and
gear drives. Synthetic lubricants have been demonstrated to reduce
energy consumption from 2% to 30% in these applications. Though
synthetics cost 1.5 to 3 times more than conventional lubricants, they
do have a longer life, mitigating the initial cost. In many cases, the ad-
ditional cost can be more than justified based on the longer lubricant
life alone (Nadel et al. 1998).

Periodic Checks

Temperature (the first and quickest indicator of trouble) and the
electrical and mechanical condition of a motor should be checked
periodically. In general, most facilities with a good maintenance
program will grease and inspect a motor every 6 months. However,
recent cutbacks in maintenance staffs have led to increased inci-
dences of underlubrication.
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Bearing wear may be signaled by overheating, increased noise, or vi-
bration; a cracked rotor cage can produce the same effects. The condition
of the motor windings should be checked by measuring the resistance of
the windings and of the insulation between the windings and the
ground. Maintenance is key to efficient operation of belts as well. The
motor drivetrain should also be checked in order for the belt’s tension to
be adjusted or worn belts replaced. Higher-efficiency belt operation
leads to a lower belt temperature. As with motor insulation, belt life is re-
duced by half if the operating temperature increases by 10°C. Gear re-
ducers should be checked as well to see if they are properly lubricated.

If a motor is left idle for a considerable number of hours and is lo-
cated in a humid place, a heating resistor should be placed inside the
motor to avoid condensation. Moisture will decrease the insulation re-
sistance between the windings and the ground. Motors with abnormal
conditions should be repaired or replaced.

Cleaning and Ambient Conditions

As noted in Chapter 2, the cooler a motor operates, the higher its
efficiency and the longer its lifetime. Higher temperature increases the

Figure 3-19

The Effect of Ambient Air Temperature on a Motor’s
Load-Carrying Ability
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windings’ resistivity and, therefore, their losses. Cleaning the motor
casing and ventilation filters as well as the apertures of open drip-
proof motors is important because the operating temperature in-
creases as dust and dirt accumulates. In extreme cases, failure may
occur if thick layers of dust accumulate. Adding paint to the casing is
not recommended since the paint acts as insulation and decreases the
ability of the motor to dissipate heat. Figure 3-19 shows the effect of
ambient temperature on the allowable horsepower.

Summary

We have discussed many factors that determine the reliability,
longevity, and efficiency of a motor-driven system. Key goals include
high-quality power supply; proper equipment sizing; careful atten-
tion to harmonics, transients, power factor, and distribution loss;
good load management practice; optimized transmission systems;
and careful maintenance of the entire drivepower system. In Chapter
4 we turn to one particularly important set of system components: the
motor controls.
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Motor Control Technologies

Introduction

Motor speed control offers the potential for the single largest
amount of energy savings in drivepower systems. Most motors
are fixed-speed, AC models. However, adjusting the speed to match
the requirements of the loads, which generally vary over time, can en-
hance the efficiency of motor-driven equipment. The potential benefits
of speed variation include increased productivity and product quality,
less wear in mechanical equipment, and energy savings of 50% or
more for certain applications.

Speed controls can save the most energy in centrifugal machines,
which include most pumps, fans, and blowers and some compressors.
Speed control is also effective in mills (such as the rolling mills that
produce sheet metal in a steel plant), traction drives (such as subway
cars), conveyors, machine tools, and robotics.

The available options for motor speed controls include multi-
speed and DC motors, shaft-applied drives (including mechanical
drives, hydraulic couplings, and eddy-current drives), and electronic
adjustable-speed drives (ASDs). In this chapter these are discussed
and compared in light of their typical applications, advantages, limi-
tations, and costs. Electronic ASDs, since they have become the domi-
nant technology, are covered in detail later in this chapter, although
much of this information is summarized in Table 4-1. (Readers not
concerned with the technical details of how electronic ASDs work
should skip the section “Characteristics of Electronic Adjustable-
Speed Drives.”)

A speed-control technology should match the characteristics of the
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load. These characteristics include the load profile (number of hours
per year at each level of load from minimum to maximum), horse-
power range, speed range, price of energy, overall energy efficiency of
the motor and control systems, reliability and maintenance require-
ments, physical size limitations, control and protection requirements,
equipment lifetime, and first cost of the drive system. The ideal drive
for any given application should be capable of varying both speed and
torque to match the requirements of the load. Adjustable-speed loads
can be classified into the following three groups according to relation-
ship between torque and speed: variable-torque loads; constant-torque
loads; and constant-power loads.

Variable-Torque Loads

In this case, the torque increases with the square of the speed. Ex-
amples can be found in centrifugal pumps, fans, and compressors
common in heating, ventilating, and large air conditioning systems.
The design of centrifugal equipment is such that, at low speed, the
equipment can match the low pressure and flow requirements of most
systems. In pump systems, static head will increase the pressure and
power required at lower speeds.

Constant-Torque Loads

A classic example of constant-torque loads is the conveyor belt.
The torque required to move a conveyor depends on the load on the
belt, not its speed. Since the load is independent of the speed, the
drive may need to produce maximum torque at any speed.

Figure 4-1

Types of Motor Loads

(@ (b) )
(] o []
3 =] =]
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2 2 2
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Note: (a) torque increasing with speed (e.g., in centrifugal fans and pumps); (b) constant torque (e.g.,
in positive displacement pumps and compressors); and (c) constant power (e.g., in vehicle drives).
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Constant-Power Loads

With constant-power loads, torque decreases with increasing
speed but power (the product of speed times torque) remains con-
stant. The most familiar example is a lathe or grinding machine.

Figure 4-1 shows the typical torque-to-speed characteristics for the
three classes of loads. Variable-torque loads are by far the most com-
mon, accounting for 50-60% of the total motor energy used in the
commercial and industrial sectors (see Table 6-18).

Speed-Control Technologies
Other than Electronic ASDs

Multispeed Motors

Some motors are designed to operate at two, three, or four speeds;
two-speed motors are the most common. As explained in Chapter 2,
the speed of an induction motor depends on the number of pole pairs
in the motor. Multispeed motors are available up to 500 hp and are
very reliable but have the following drawbacks:

¢ The stator slots must be bigger than those of single-speed motors in
order to accommodate two or more windings. As a result, the mo-
tors are bulkier and cannot be easily retrofitted.

¢ The current-carrying capacity of the copper is poorly used since
only one set of windings is active at any one time.

* Fundamental aspects of their design lead to a lower efficiency level
than for comparably sized single-speed motors.

¢ The available speed ratios are limited.

e The motor starters typically cost up to twice as much as single-
speed motor starters.

e Multispeed motors cost 50-100% more than single-speed motors.

Two-speed motors can be used to save energy in such applications
as air volume control in facilities that have large differences in their
day-to-night or weekday-to-weekend airflow requirements. A
1,800/1,200 rpm motor, for instance, can reduce fan energy require-
ments at night and on weekends by 70%. All that is required is a two-
speed motor with a starter, a timer, and a relay.

The pole-amplitude-modulation (PAM) motor is a single-winding,
two-speed, squirrel-cage induction motor that avoids some of the draw-
backs of conventional two-speed designs. PAM motors are available in a
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wider range of speed ratios than standard multispeed motors but they
are limited to ratios based on synchronous speeds. They include 900/720,
1,200/720, 1,200/900, 1,800/720, 1,800/1,200, 3,600/720, and 3,600/900
rpm versions. PAM motors are more compact than other multispeed mo-
tors. In fact, they have the same frame size as single-speed designs.

The lower speed can be used for soft starting, resulting in a
smaller inrush of current and less heating. In applications for which a
two-speed duty cycle is appropriate, PAM motors are especially well
suited for driving large fans or pumps with ratings from a few horse-
power to thousands of horsepower. In the case of a retrofit, using an
existing throttling device (valve or damper) allows for fine-tuning the
flow once the main adjustment is made through speed selection while
reducing the heavy losses of the throttle-only control.

Like multispeed motors, PAM motors are available for variable-
torque, constant-torque, or constant-horsepower applications. They
and their starters cost about the same as standard multispeed motors
and have similar efficiencies.

Pony Motors

An increasingly popular technique for motor drives with two dis-
tinct operating conditions is to use two separate motors for a single
application. The second, smaller motor is called a pony motor. For
shaft-driven equipment, two motors can drive pulleys for the same
shaft with controls so that only one motor can operate at a time. In
pumping applications, two pumps with different capacities and
speeds will often be installed in parallel.

Pony motors are becoming a common option for cooling towers,
municipal water systems, and air handlers. They produce energy sav-
ings with the use of standard motors and starters, and are easy to
maintain and repair. In addition, since they use two different drive
belts, they offer greater flexibility in speed selection than the limited
ratios available in multispeed and PAM motors.

Direct-Current Drives

Although expensive and of limited reliability (see Chapter 2), DC
motors can produce high starting torques. Their speed can be con-
trolled with great precision—down to 1% of the nominal speed of the
motor—typically by varying the voltage level. They are used in appli-
cations up to about 10,000 hp. Figure 4-2 shows the torque-to-horse-
power characteristics for DC motors.

The basic operating theory of DC motors is covered in Chapter 2.
Their weakness is the commutation subsystem: both the brushes and
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Figure 4-2

Speed Control of Direct-Current Motors, Showing the Torque-
Horsepower Characteristics
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Note: Below the base speed the torque is almost constant; speed control of the motor is achieved by
varying rotor (“armature”) voltage. Speeds above the base speed can be obtained by decreasing the
stator (“field”) current, which causes the motor to operate in a constant-horsepower mode.

the commutator wear because of friction and arcing. For this reason,
DC motors require periodic maintenance and are not suitable for use
in explosive or corrosive environments. In addition, due to the com-
plexity of the rotor, DC motors are substantially more expensive,
bulkier (since they have “dead volume” required by the commutator
and brushes), and less efficient than AC induction motors. High-
horsepower DC motors also have lower speed limits than their AC
counterparts because of the centrifugal stresses on their larger, heavier
rotors. Large AC drives can make use of higher voltages than DC mo-
tors, which are subject to a voltage limit due to arcing in the commuta-
tor. Higher voltages are desirable since they result in proportionately
lower currents for the same power consumption. Lower currents lead
to lower power losses in the electrical distribution system and allow
smaller, cheaper wire to be used.
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DC motors have traditionally been used in applications where
high starting torque is required (such as traction devices and
cranes) or where accurate speed control is needed (such as rolling
mills, lathes, paper machines, and winders). Using DC motors for
speed control requires converting the available AC power to DC.
Historically this was done using either a motor-generator set or a
rectifier. In a motor-generator set, an AC motor is used to operate a
DC generator, which in turn powers the DC motor. Because each
piece of equipment has inherent energy losses, the overall effi-
ciency of this system can be 50% or lower. For example, it might re-
quire 100 kW of electrical input at the AC motor to drive a machine
with a DC motor that needs 67 hp (or 50 kW) of power applied to
the shaft.

The AC-to-DC conversion efficiency can be higher (up to 98%)
with solid-state rectifiers than with motor-generator sets or mercury
rectifiers. However, many facilities that use rectifiers were initially
designed with a central DC power supply and one large rectifier. As
new DC tools with their own rectifiers are added to such facilities,
the load on the central rectifier decreases, lowering the overall effi-
ciency of the central system.

In recent years, more efficient solid-state controllers for DC mo-
tors have appeared on the market. These units, which have some
features in common with AC ASDs, provide DC power at relatively
high efficiencies for many existing speed control applications.

However, due to the drawbacks with DC motors mentioned
above and the availability of better alternatives discussed later in
this chapter, DC motors are now seldom used in new applications
and their production is rapidly dwindling. As discussed in Chapter
5, some applications using DC drives should be replaced with AC
motors and ASDs. Examples include high-performance drives in
steel and paper mills, as well as electric transportation.

Shaft-Applied Speed Control: Mechanical,
Hydraulic, and Eddy-Current Drives

Mechanical, hydraulic, and eddy-current (induction clutch) drives
are grouped together because they are all installed between the constant-
speed motor shaft and the driven equipment. Usually these drives are
bulky and not very efficient and require regular maintenance.

Shaft-applied drives are not normally used in retrofits due to
their space requirements. In new applications, they are generally in-
stalled only in low-horsepower applications where they may be less
expensive per horsepower than electronic ASDs. However, when
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ongoing maintenance and energy costs are included in the analysis,
it is often more cost-effective to use an electronic ASD.

In addition, because of the relatively low efficiency of many of
these drives, particularly when operating at low loads, it is some-
times cost-effective to retrofit a shaft-applied drive with an elec-
tronic ASD based on the value of the energy savings.

Mechanical Drives

Mechanical devices for controlling speed include variable gear-
boxes, adjustable pulleys (sheaves), and friction dry discs. Variable
gearboxes usually employ conical drums and can be applied only to
small and medium-size drives, generally under 100 hp. Belt-slip-
ping problems and maintenance requirements are making them less
and less attractive relative to other drive options.

Adjustable pulleys (see Figure 4-3) are simple devices that allow
speed to be varied typically over a 3:3 range by adjusting the gap
between flanges of the pulley sheaves. This adjustment can be per-
formed either pneumatically or by a small servomotor. These de-
vices are very efficient (in the 95% range) and fairly inexpensive
(from $50/hp for a 100 hp drive to $300/hp for a 5 hp drive). Due to
belt-slipping problems, they are not suitable for shock loads and are
available only below 125 hp. Adjustable pulleys have been used to
control the speed of small and medium-size fans.

Friction dry discs (see Figure 4-4) allow a wide range of speed
ratios (up to 10:1) but are limited to small loads (up to a few horse-
power) and are costly ($300-500/hp). They are expensive because they
require precision parts, and are only used with small motors (most dri-
ves are less expensive per horsepower when used with a large motor).
Speed is varied by manually turning a crank, which changes the trans-
mission ratio (Payton 1988). These drives are typically 95% efficient.
However, the high level of maintenance they require, their inability to
be automatically controlled, and their low power-handling capability
make friction dry discs inappropriate for many applications.

In general, mechanical drives have a limited horsepower range.
They require regular maintenance because they have movable parts,
some of which rely on friction for transmitting power. Develop-
ments in electronic ASDs provide more reliable, flexible, less bulky,
and increasingly cost-effective alternatives.

Hydraulic Couplings
The output speed of a hydraulic (or fluid) coupling is controlled
by the amount of slip between the input and output shafts. Thus, the
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Figure 4-3

Typical Adjustable Pulley Drive
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Note: Changing the gap between the flanges of the pulley sheaves changes the effective pulley diam-
eters, thus varying the speed. The top shaft is connected to the motor, the bottom to the driven load.

Figure 4-4

Operation of Friction Disc Speed Control
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Note: Speed variation is achieved by manually turning a crank, which moves the point of contact be-
tween one or more friction disc/ring pairs. Moving the contact point in turn changes the effective di-
ameter of the friction discs, thus changing the transmission ratio.

Source: Reprinted with permission from Reliance Electric
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Figure 4-5

Operation of Hydraulic Drive Speed Control
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Note: The input shaft drives a vaned impeller, and a vaned “runner” drives the load through the out-
put shaft. The input and output shafts are not connected except through the hydraulic circuit. Speed
variation is achieved by changing the amount of oil in the working circuit (between the impeller and
the runner) through a movable scoop tube. Since the output speed is controlled by the amount of slip
between the impeller and the runner, the output shaft speed cannot exceed the input shaft speed.
The available speed range is typically 5:1.

Source: Andreas 1982

output shaft speed cannot exceed the input shaft speed while the
motor is driving the load. The torque converter in automobiles with
automatic transmissions is a type of hydraulic coupling. In the fluid
coupling, the input shaft drives a vaned impeller, and a vaned runner
drives the load.

Figure 4-5 shows the structure of a hydraulic drive. Speed is
controlled by varying the amount of oil in the working circuit,
achieving a typical speed range of 5:1. This speed ratio is changed
by deliberately introducing losses in the system. As a result, greater
speed reduction results in lower system efficiency. For an output
speed of 50%, the overall efficiency of the hydraulic coupling is typ-
ically 40%.
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Figure 4-6

Power Flow and Control of an Eddy-Current Drive System
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Although hydraulic couplings can be used in applications from
a few horsepower to tens of thousands of horsepower, their use is
acceptable only when most of the duty cycle is in the upper speed
range. At lower speeds the losses are too high. In addition, because
the couplings are bulky, retrofits, which generally require reposi-
tioning of heavy equipment and construction of new foundations,
can be prohibitively expensive.

Eddy-Current Drives

The eddy-current drive couples an eddy-current clutch to an AC
induction motor (see Figure 4-6). A rotating drum connected to the in-
duction motor surrounds a cylinder attached to the output shaft. The
concentric cylinder and drum are coupled by a magnetic field, and its
strength determines the amount of slip. A low-power solid-state con-
troller varies the current in the winding that produces the magnetic
field, thereby varying the speed. This field excitation typically con-
sumes 2% of the drive’s rated power (Magnusson 1984).

The eddy-current drive is a slip device like the hydraulic cou-
pling, albeit with slightly better efficiency. Waste heat, generated by
the motion of the drum and cylinder relative to the magnetic field, is
the main source of power loss and is removed either by air or water
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cooling. Air-cooled drives are available with ratings from 114 hp
through 200 hp. Water cooling is also used for some drives ranging
from 200 hp to over 2,000 hp.

Eddy couplings operate reliably in a clean environment. They are
bulky, typically occupying twice the space of the induction motor itself.
Typical prices range from $200/hp for a 5 hp drive to $150/hp for a 15
hp drive to less than $100/hp for a 100 hp drive. Prior to recent de-
creases in the cost of electronic ASDs, eddy-current drives were often
specified for speed control in HVAC systems and wastewater treat-
ment plants. Although today’s electronic ASDs have higher efficiencies
and are competitive in cost, eddy-current drives have the advantage of
not producing significant harmonics or voltage transients. Eddy-cur-
rent drives may still be an acceptable choice in installations where the
load operates at 70% or more of the rated speed most of the time.

Characteristics of Electronic Adjustable-
Speed Drives

Solid-state electronic ASDs were developed about 40 years ago.
Early versions were complex, expensive, and only moderately reliable.
Advances in semiconductor technology for power devices and espe-
cially for microelectronics have been dramatic in the past two decades.
ASDs’ costs have decreased substantially, and their performance and
reliability have improved dramatically. Therefore, electronic ASDs are
becoming the preferred motor speed control technology.

This section provides the reader with a technical overview ade-
quate for understanding application issues and costs. Readers inter-
ested in a somewhat more technical discussion of ASD design and op-
eration should consult the ASD Master User’s Guide (Jacobs
Engineering 1996).

Most electronic ASDs control motor speed by synthesizing electri-
cal power of the desired frequency since the speed of AC motors is
proportional to the frequency of the power supply. This makes it pos-
sible to control the speed over a wide range—from 0% to 300% of
rated speed.

Because ASDs are more compact than mechanical or hydraulic ad-
justable-speed controls, and also because they do not have to be me-
chanically coupled to the motor, they can be more readily retrofitted.
The main ASD components do not have moving parts, and therefore
require little periodic maintenance. When properly applied, ASDs can
be extremely reliable. They are available in a power range that covers
fractional horsepower (typical of home appliances) to a few hundred
horsepower (as in commercial building HVAC systems) to the tens of
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thousands of horsepower used by the pumps and fans of large electric
power plants.

Types of ASDs

Electronic ASDs are characterized by the type of electronic input
they require and the way they control a motor’s speed. There are four
basic types of ASDs: inverter-based; cycloconverters; wound-rotor slip
recovery; and voltage-level controls.

Inverter-Based ASDs

Inverter-based ASDs are the most common systems for induction
motors, and can be used with synchronous motors as well. They ac-
count for well over 90% of the ASDs currently sold (PEAC 1987).

The general diagram for an inverter-based ASD is shown in Figure
4-7. Some ASDs operate on single-phase power (which is found in
most residences and many small commercial buildings) and drive sin-
gle-phase motors; others operate three-phase motors.

Figure 4-7 shows that, in the first stage, the input AC power sup-
ply is converted to DC using a solid-state rectifier. The DC link, which
carries the DC power from the first stage to the second, includes a fil-
ter to smooth the electrical waveform.

In the second stage, the inverter uses this DC supply to synthesize
an adjustable-frequency, adjustable-voltage AC waveform by releasing
short steps or pulses of power. The speed of the motor will then

Figure 4-7

General Inverter Power Circuit with Motor Load
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Figure 4-8
Pulse-Width Modulation
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Note: Changing the width of the voltage pulses varies output voltage. Changing the length of the
cycle varies output frequency.

change in proportion to the frequency. Usually the output voltage
waveforms can be synthesized over the frequency range of 0-120 Hz,
but they are available up to 180 Hz.

There are three main types of inverter-based ASDs: voltage-source
inverters (VSIs); pulse-width-modulation (PWM) inverters, and cur-
rent-source inverters (CSIs). Each has its own advantages and disad-
vantages as well as its own niche in the market.

VSIs and PWM inverters generate variable-frequency, variable-
voltage waveforms. The former synthesize a square wave; the latter
create a pulse-width-modulated output made of a series of short dura-
tion pulses, as shown in Figure 4-8. In both cases, the output has the
frequency that will produce the desired speed, but the shape of the
output is not as smooth as the sinusoidal AC waveform of a conven-
tional power distribution system.

VSIs (also known as single-step or square-wave inverters) are
used in low- to medium-power applications, typically up to several
hundred horsepower, and can operate several motors at once. Multi-
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motor operation is desirable when several motors are in operation at
the same adjustable speed, as is often the case in the textile industry.
Moreover, it is much cheaper to use one 200 hp ASD to drive ten 20 hp
motors than to buy ten ASDs to drive the same motors. One drawback
to multimotor operation is that external overload protection must be
provided to each motor.

PWM inverters have fewer problems than square-wave inverters
although their efficiency is a bit lower due to the higher switching
losses. Because of their better performance at low speed, lower har-
monics, and ability to maintain good efficiency in the high-frequency
range (by switching from pulse-width-modulated to square wave out-
put), PWM inverters have become predominant in applications below
200 hp and are available up to approximately 500 hp.

Neither square-wave nor PWM inverters have regeneration capa-
bilities. Regeneration is the ability to return energy to the supply sys-
tem when a motor is slowing down, essentially operating the motor as
a generator. This feature saves energy in drives with a high start-stop
duty cycle (such as electric traction in urban rapid transit systems) as
the braking energy is pumped back into the AC supply.

The third type is CSIs, also called current-fed inverters, which be-
have like a constant current generator, producing an almost square wave
of current. CSIs are used instead of VSIs for large drives (above 200 hp)
because of their simplicity, regeneration capabilities, reliability, and
lower cost. Although more rugged and reliable than VSIs, CSIs have a
poor power factor at low speeds and are not suitable for multimotor op-
eration. A special type of CS], the load-commutated inverter, can be used
with synchronous motors, typically in applications above 1,000 hp.

Cycloconverters

Cycloconverters convert AC power of one frequency to AC power
of a different frequency without using an intermediate DC link. The
output frequency can range from 0% to 50% of the input frequency.
Cycloconverters feature regeneration capabilities and are used in large
drives (above a few hundred horsepower) for low-speed applications.
There are no common applications for cycloconverter ASDs in resi-
dential or commercial buildings, but typical industrial applications in-
clude ball mills and rotary kiln drives in the cement industry, where
cycloconverters’” low-speed capability eliminates the need for gears.

Wound-Rotor Slip Recovery ASDs

As noted in Chapter 2, inserting an external resistor in the circuit can
alter the speed of a wound-rotor induction motor. However, controlling
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the speed in this manner is very inefficient. A wound-rotor slip recovery
ASD recovers and reuses some of the power wasted when an external re-
sistor controls the speed of a wound-rotor motor. Its use is limited to
very large motors (typically over 500 hp).

Two types of wound-rotor ASDs are available. The static Kramer
drive is commonly used in applications requiring 50-100% of the syn-
chronous speed, such as large pumps and compressors (Bose 1986).
The more expensive static Seherbius drive is used in large pumps and
fans where higher-than-synchronous speeds or regenerative braking is
important (Leonard 1984).

Voltage-Level Controls

Unlike other electronic ASDs, variable-voltage controls do not
vary the frequency of power supplied to the motor. Instead, the effec-
tive AC supply voltage applied to the stator windings is varied. When
the applied voltage level decreases, the motor slows down. Although
simple, this control method is not widely used due to its low effi-
ciency and the high level of harmonics generated (Mohan 1981). Es-
sentially the same technology is used in the so-called power-factor
controllers, described below.

Applications of ASDs

ASDs are used for the following basic reasons: (1) to provide accu-
rate process control or (2) to match the speed of a motor-driven device
to varying load requirements. The most dramatic energy savings from
speed control occur with loads that have losses that fall at reduced
speeds. This is true of centrifugal machinery, including most pumps,
fans, and some compressors. Their energy use is often proportional to
the cube of the flow rate, so small reductions in flow can yield dispro-
portionately large energy savings. For instance, a 20% reduction in
flow, under the conditions spelled out in Chapter 5, can reduce energy
requirements by nearly 50%.

ASDs are ideally suited for modifying the speed of centrifugal ma-
chines to provide the exact flow required by the system. This is in con-
trast to the conventional practice in fan and pump systems of running
the motor at full speed and controlling flow via throttling devices, like
inlet vanes or outlet dampers on fans, and valves on pumps. Such
flow constriction is analogous to controlling the speed of a car with
the brake while the accelerator is pushed to the floor—a very wasteful
practice. Fans and pumps represent such a large proportion of drive-
power energy use and are such attractive candidates for speed control
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with ASDs that we devote much of Chapter 5 specifically to these ap-
plications.

In other equipment, lowering the speed produces less dramatic
savings. For example, conveyors are sometimes equipped with speed
controls for process reasons. The energy needed to drive a conveyor
depends primarily on the load carried by the belt and secondarily on
its speed. Therefore, the energy savings that can be achieved with
speed controls depend on the load profile of the conveyor.

Features of this technology other than the energy efficiency ad-
vantages of speed control may be even more important to the user,
particularly in industry. For instance, response time and process con-
trol may be improved. Moreovet, by eliminating control valves, ASDs
reduce the number of parts exposed to fluid, which may be important
in some applications where there is a possibility of contamination
problems.

General Considerations for Selecting ASDs

Although pumps and fans provide the best applications for ASD
retrofits, speed controls are not necessarily cost-effective for all
pumps and fans. The load profile (time variation of the pressure and
flow requirements) is very important for determining the cost-effec-
tiveness of an application. For example, if a system must operate at
full flow at all times, then a flow control scheme is never a good
choice. However, the typical system will have flow requirements that
vary considerably over time. The greater the amount of operation at
relatively low flows, the more cost-effective it is to efficiently provide
flow control.

The best way to determine the cost-effectiveness of a proposed
ASD installation is to look at the power that would be needed at each
operating condition with and without an ASD. The energy savings can
then be calculated by taking the reduction in power at each condition
and estimating the savings based on the actual (or expected) operating
time at that condition. Sample calculations appear in Appendix A.

In general, the following are good applications for variable-speed
flow control, and in particular ASD control. The applications

e Are fixed at a flow rate higher than that required by the load.

® Are variable-flow, where the variation is provided by throttling (by
valves or dampers) and where the majority of the operation is
below the design flow.

e Use flow diversion or bypassing (typically via a pressure-reducing
valve).

141



ENERGY-EFFICIENT MOTOR SYSTEMS

* Are greatly oversized for the flow required. This situation can occur
if successive safety factors were added to the design, a process was
changed so that the equipment now serves a load less than in the
original design, or a system was overdesigned for possible future
expansion.

e Have long distribution networks.

* Have flow control by on-off cycling. Such systems are usually less
cost-effective retrofit candidates than are those that use a throttling
control.

* Have a single large pump or fan rather than a series of staged
pumps or fans that come on sequentially as the process needs in-
crease.

® Can reduce the pressure at the outlet of the fan or pump at lower
flows. For example, a pump that discharges water into a long
pipeline that can move the water at a lower pressure when the

Figure 4-9

Typical Efficiency Curves for an AC Inverter Drive
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flows are low (due to the decreased frictional losses in the pipes)
would be a good candidate for an ASD. A pump supplying a fire
protection system where the piping is oversized and a constant
pressure is needed regardless of flow would probably not save
enough for an ASD to be cost-effective.

Once a good ASD application is identified, the question arises of
what type of drive to use. This choice involves selecting among the
major categories of ASDs discussed above, as well as choosing a ver-
sion suited for variable-torque loads (including pumps, fans, and com-
pressors) or constant-torque loads (such as conveyors, some machine
tools, and winders). Most manufacturers make two lines of ASDs,
each suited to either variable- or constant-torque loads.

Constant-torque ASDs are typically 10-20% more expensive than
variable-torque equipment because the electronics must be designed
and built to withstand the high currents that occur when a constant-
torque machine starts with a full load. Figure 4-9 shows the efficiency
of variable-torque and constant-torque inverters as a function of both
speed and load.

Process Controls and the Integration of ASDs

To work effectively and save energy, an ASD must be integrated
into some type of control system. Most ASDs have a provision for con-
trolling the speed by adjusting a setting on the local ASD panel. This
type of relatively unsophisticated control is used where there are no
major changes in the process that correspond to a desired speed of the
equipment. For example, an ASD is often used to control the speed of
a conveyor that carries a product through a freezing tunnel or a dry-
ing oven. The slower the belt, the longer the product is held in the tun-
nel. In these situations, the operator sets the belt speed based on some
characteristics of the product and only changes the speed when the
product changes. This is called open-loop control, as the system out-
put is not monitored to regulate the performance. Typical applications,
in addition to conveyors, include some types of ventilation equip-
ment, and pumps and fans that run at constant speed where relatively
large flow fluctuations due to external disturbances can be tolerated.

In more demanding applications, a control system, of which the
motor and the ASD are a subsystem, must be designed to satisfy the
process requirements. Generally the control system will have one or
more sensors to monitor the state of the process variables. The sen-
sor(s) provides data to a controller or computer programmed with
the control strategy, or algorithm. The controller compares the actual
level of the process variable with a preset desired level. Based on this
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comparison and the programmed algorithm, the controller or com-
puter will send a signal to change the system operation so that the ac-
tual value of the variable correlates with the desired value. A com-
mon example is a building HVAC control system in which the speed
of a chilled water pump might be controlled by the pressure of the
water in the circulating loop of the building.

ASDs feature several types of control inputs that allow them to be
easily controlled by an external signal. The value applied at the con-
trol inputs determines the speed of the motor. Most ASDs are
equipped with low-voltage or low-current control inputs, or a low-
pressure pneumatic control input. Additionally, modern ASDs also
feature a digital interface that allows the plant’s computer to commu-
nicate directly with the ASD. This situation is common in the process
industries such as pulp and paper, chemicals, and refineries.

Potential Drawbacks of ASDs

Electronic ASDs hold great promise, but improper selection and
use of the technology can lead to a number of problems.

An existing motor can be retrofitted with an ASD. However, cau-
tion must be exercised when doing this. Since the electrical wave gen-
erated by an ASD is slightly irregular, a motor will heat up slightly
more when used with an ASD than when run off the standard line
power. Inverter-duty motors use an upgraded insulation and other
design features to address this problem. It is also important that the
drive and motor be electrically compatible. If the electrical character-
istics of the drive are not correctly matched, standing waves can be
created in the motor, resulting in premature failure of both the motor
and the drive. Most ASDs can be ordered with an option of driving a
motor at up to twice its rated speed. At times it may be necessary to
replace a motor if the system requires operation in these high speeds
because the existing motor’s rotor and bearings cannot handle the
speed, or because the load demands more power at a higher speed. It
is also important to be aware of any critical harmonic frequencies for
the motor, the driven equipment (e.g., a fan), or a combination of
those. The drive should be programmed to avoid operation at any
multiples of these frequencies to prevent mechanical resonance prob-
lems that can destroy the equipment.

An ASD can save a great deal of energy by slowing a motor to
match light loads. Care must be taken, however, because motors that
are run at small fractions of their rated speed can overheat or suffer an
irregular rotation known as cogging. Most manufacturers do not rec-
ommend operating a motor at less than 10-15% of rated speed.
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ASDs have some losses in the circuitry. As with most electric
equipment, these losses result in increased heating of the drive. Most
drives are equipped with cooling fins so that the heat does not build
up and trip the electronic circuitry; many are also equipped with fans.
In general, the ASD cooling system will work adequately when the
drive is located in a room with normal temperature conditions. Some
large drives and those located near hot spots in a plant may need to be
placed in an air-conditioned room.

A standard ASD houses the circuitry in a box that closes but does
not seal tightly. Most manufacturers can package ASDs in housings
that are impervious to dust, water, or explosive vapors. These special
enclosures can add 10% to the cost of small ASDs and 5% to larger
models.

Many add-on features are available that can increase the cost of an
ASD installation. These can be required in any of the following situa-
tions: when special control interfaces are needed; when the machine
has special requirements for acceleration, deceleration, or direction re-
versal; when manual or automatic bypass of the ASD is needed; or
when equipment is required to protect against overload, voltage fluc-
tuation, short circuits, loss of phase, harmonics, and electromagnetic
interference.

The early generation of ASDs often  Table 4-2
had poor power factors. Today, most
small ASDs (below 300 hp) use an input
circuit with a high power factor over the
entire speed range. In fact, these types of
ASDs have a better power factor over the
entire operating range than motors con-

Displacement Power
Factor vs. Speed for
Typical Large
Electronic Adjustable-
Speed Drives

nected directly to the line power (which Percent Power
have lower power factors at low loads). Speed Factor
These units are generally identified in cat- 100 94
alogs as having high input power factor 9 95

(0.95 or above) over the entire speed

range or as a PWM-type input circuit. For ?8 gs
small drive units with general applica- ‘
tions, it is almost always possible to find 60 58
an ASD with good power factor. 50 -50
Larger current-source ASDs may have 40 A1
poor power factors at low speeds (see 30 32
Table 4-2). The effects of poor power factor 20 23
are partially mitigated by the fact that less 10 14

power is used at low speeds than at full

. . . Source: Eaton Corporation 1988
speed, especially in the case of variable- P
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torque loads. With constant-torque loads, the reactive power consumed
at low speeds can reach unacceptably high values. It is possible to cor-
rect the low power factor caused by ASDs with capacitors and filters
(for displacement power factor and harmonics, respectively). However,
an ASD differs from other motor loads in that the displacement power
factor should be corrected at a central location with a switched capaci-
tor bank instead of at the individual piece of equipment.

ASDs larger than 200 hp, such as cycloconverters and current-source
inverters, can produce harmonics and electromagnetic interference that
can disrupt power line signals, computers, and other electronics and
communications equipment. Smaller pulse-width-modulated ASDs
damp harmonics better and generally do not pose problems unless there
are many of them in the plant. The problems caused by harmonics and
EMI, and their diagnosis and mitigation, are discussed in Chapter 3.

Trends and Developments in ASD
Technology

There has been continuous progress over the past decades in the
technologies used in electronic ASDs, including the microelectronics
used in control circuits; sensors that provide input to the controls; and
the power electronics used to condition the input current to the mo-
tors. These technology trends and the associated cost reductions have
helped accelerate ASD market penetration.

Increasingly powerful microprocessors and large-scale integration
devices have allowed complex control functions and algorithms to be
incorporated in compact and inexpensive ASD packages. Correspond-
ing advances in power electronics technology have also been achieved.

The integration of power electronic devices and microelectronics
into single packages known as power-integrated circuits (PICs), or
smart power devices, will lead to further miniaturization. PICs have the
potential to slash the number of ASD components, reduce costs, and im-
prove reliability. One manifestation of this trend is the move toward in-
tegrated motor/drive packages, especially in the smaller motor sizes.

Another interesting development is the integration of sensors in a
silicon chip for all kinds of variables, including temperature, pressure,
light, force, acceleration, and vibration. The integration of PICs with
sensors is helping to decrease the cost not only of the ASD, but also of
the overall control system of which the ASD is a part. Electronic ASDs
are now being routinely packaged with motors, especially for low-
horsepower devices such as home air conditioners, heat pumps, wash-
ing machines, and other appliances. The Japanese are doing this in
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many heat pumps and air conditioners, and most U.S. manufacturers
(including Trane and Carrier) have integrated ASDs in the fans and
compressors for their high-end furnaces, air conditioners, and heat
pumps. Also, advanced motors with speed control capability, such as
switched reluctance, are beginning to be incorporated into appliances
like clothes washers.

The general trends in electronic ASDs point to increased compact-
ness, efficiency, and reliability, as well as more flexibility (e.g., added
control and protection features), less power line pollution, and de-
creasing cost per horsepower. With these trends, a staggering growth
in the electronic ASD market can be expected, particularly as the cost
per horsepower decreases.

Economics of Speed Controls

The economics of motor speed control technologies are briefly dis-
cussed below. For further details, see Appendix A.

Mechanical ASDs, such as adjustable pulleys, are fairly inexpen-
sive, with prices ranging from $50/hp (equipment only) for a 125 hp
drive to $350/hp for a 5 hp drive. Typical equipment prices for eddy-
current drives range from $200/hp for a 5 hp drive to $150/hp for a 15
hp drive, to less than $100/hp for a 100 hp drive. While the equipment
prices are typically low, these mechanical ASDs are seldom used for
retrofits due to the difficulty of repositioning the motor or the driven
load. Electronic ASDs are generally much better suited to retrofit ap-
plications because they are connected to the motorized system only
through the wiring.

The price of electronic ASDs, in terms of dollars per horsepower,
is a function of the horsepower range, the type of AC motor used,
and the additional control and protection facilities offered by the
electronic ASD. In 2000, cost for low-voltage applications varied
from about $160/hp at 50 hp to $100 at 500 hp. Typical costs per
horsepower for ASDs used with induction motors are shown in Fig-
ure 4-10. These data are based on comparison of solicited bids and
studies of actual implementations and assume variable-torque
equipment. Most commercial applications use a standard installation
with a NEMA 1 enclosure (indoor application). Installation costs typ-
ically run no more than 15% of equipment costs. Many industrial ap-
plications will require a higher-cost installation (such as a NEMA 12
“wash-down” enclosure or special ventilation of the cabinet) due to
harsh environments or the need to isolate the drive from adjacent
equipment. Installation can vary depending on the application and
can cost substantially more than the standard installation because
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Figure 4-10
ASD Costs per Horsepower for Low and Intermediate Voltages
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power conditioning equipment.

Source: Easton 2000

sometimes special controls and sensors are needed to integrate the
ASD into the control system and/or abatement of harmonics is nec-
essary (Easton 2000).

Drives for synchronous motors above 1,000 hp are about twice as
expensive per horsepower as drives for induction motors of the same
size. As noted earlier, the integration of ASDs into mass-produced ap-
pliances lowers costs dramatically. ASDs built into Japanese variable-
speed heat pumps reportedly added only $25/hp to the manufac-
turer’s cost (Abbate 1988).

Typical energy savings from ASDs range from 15 to 50%, and sim-
ple paybacks of 1-8 years are common, based on energy savings alone.
The payback is, of course, sensitive to the price of electricity, labor
costs, the size of the drive, the load profile, whether the application is
new or a retrofit, and other factors.

In addition, there are costs and benefits that are difficult to quan-
tify, including maintenance requirements, reliability, reduced wear on
the equipment, less operating noise, regeneration capability, im-
proved control, soft-start, and automatic protection features. In most
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instances, these difficult-to-quantify factors, like improved process
control, motivate a user to install ASDs.

ASD Case Studies

The following descriptions of documented ASD applications profile
the engineering background, cost and energy savings, and other bene-
fits of the applications. Only projects that have submetered data have
been used. In the past decade, since the publication of the first edition of
this book, significant experience has been gained with ASD applica-
tions. While most of these applications have resulted in significant
nonenergy benefits, these advantages are not as easily documented as
the energy savings. The energy benefits are so great and readily avail-
able that, considering them alone, the projects prove economically
attractive. While many of the applications are unique to a specific site,
especially in industry, the examples presented below are reflective of
the opportunities available from appropriate applications of ASDs.

Boiler Feed Pump at Fort Churchill Power Plant

Like many small to medium-size oil- and gas-fired power plants,
Sierra Pacific Power Company’s 110-megawatt (MW) Fort Churchill
plant acts as spinning reserve, operating at minimum power until
needed. Its minimum load, 16 MW, was provided at a relatively large
cost due primarily to high fuel costs. An added problem, and one that
limited the extent to which the plant’s output could be reduced, was
the large pressure drops in the throttling valves, which increased
maintenance costs as well. The boiler feed pump provided over 2,700
pounds per square inch (psi) of pressure and all but 250 psi were
wasted through restrictive operation of the feedwater control and tur-
bine stop valves (EPRI 1985). In other words, the throttling valves dis-
sipated most of the energy delivered to the water.

An analysis of the plant’s operation, including the load profile
(number of hours per year at each fraction of full load) and the heat
rate (amount of fuel required per kilowatt-hour output at each fraction
of full load), showed that the plant could be turned to an even lower
load and valve wear reduced if the induction motor drive of the boiler
feed pump was retrofitted with an ASD. The retrofit on the 2,000 hp
pump was performed in 1984 as an EPRI demonstration project
(Oliver and Samotyj 1989).

The following results were achieved:

* Minimum power was lowered to 12 MW, resulting in large fuel
savings.
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e Pump input power at minimum plant power was reduced from 815
kW to 293 kW.

e Annual savings from fuel and pump electricity totaled $1,600,000,
which paid off the $480,000 installation in about 4 months.

¢ Other benefits (including reduced maintenance and reduced stack
emissions) were significant but have not been quantified.

Coolant Pumps at Ford’s Dearborn Engine Plant

The Dearborn Engine Plant’s cooling system includes five 75 hp
pumps for circulating cooling fluid to cutting tools. The pre-retrofit
operation incorporated three pumps, operating in parallel at 64 psi
and 1,325 gallons/minute each, for 5,700 hrs/yr (the other two pumps
were maintained as spares).

An analysis of the system showed that the pumps were operating
most of the time at excessively high pressure in order to meet occa-
sional peak loads (the required pressure is 50 psi). The solution was to
install an ASD on one of the pumps, along with a control system, not
only to maintain pressure levels but also to shut off coolant flow to
machines not operating. Thus, the pump staging, along with ASD con-
trol, was able to meet the system requirements exactly.

The results of the retrofit were as follows:

e Reducing the required flow and meeting that requirement more ef-
ficiently through reduced pressure reduced energy use by 48%.

e The $75,000 cost of the retrofit was paid back in 1.4 years from the
annual $55,000 savings.

® Other benefits (not quantified) included reduced misting (from the
coolant nozzles); improved indoor air quality; reduced pump
wear; and improved direction control of coolant (due to constant
pressure).

¢ The above benefits contributed to improved machining quality, im-
proved coolant filter performance, and decreased filter maintenance
due to reduced flows. The control system also allows pump wear to
be monitored, assisting in planned maintenance (Strohs 1987).

Boiler Fans at Ford’s Lorain Assembly Plant

The assembly plant at Lorain, Ohio, is served with 125 psi steam
from three coal-fired boilers installed in 1957. In 1976, environmen-
tal regulations required replacement of the induced draft fans with
models equipped with outlet dampers. This controls combustion

150



CHAPTER FOUR

better, thereby lowering emission levels. With this change, particu-
late emissions were reduced to acceptable levels at high boiler
loads. However, this goal could not be met at loads below about
40% of the rated maximum capacity of each boiler (80,000 1b/hr of
steam). In the summer, steam load dropped as low as 15,000 Ib/hr,
and large amounts of steam were vented to the atmosphere to pre-
vent excessive emission levels.

After the damper-equipped fans were installed, tightened envi-
ronmental requirements forced even further modification. In 1986,
forced and induced draft fans were equipped with ASDs, which im-
proved control of the boilers and met the particulate emission require-
ments even at boiler outputs below 25% of maximum.

In addition to avoiding fines for excessive emissions, the controls

¢ Saved $53,000 in coal costs by greatly reducing steam venting
e Saved $41,000 in electricity costs for the six fans
* Paid back the $90,000 retrofit cost in slightly less than 1 year

On the downside, the controls created a low power factor and po-
tential electromagnetic interference, which may require ASD modifica-
tion or additional power-factor correction equipment and filters
(Futryk and Kaman 1987).

Ventilation Fans in a New Jersey Office Building

ASDs were installed on two supply fan and two return fan motors
in variable-air-volume (VAV) ventilation systems in a 130,000-square-
foot commercial office building. Inlet vanes on the fans had previously
controlled the air volume.

As a test, two control schemes were compared. The first used the
pre-retrofit duct static pressure control with the existing setting of 2.5
inches of water. The second reset the duct pressure to 1.5 inches when
system loads were reduced.

The retrofit had the following results:

e With the same control strategy as before the retrofit, energy savings
were 35%, amounting to $5,200 annually, which would pay off the
$40,000 installation cost in 7.7 years.

* With the modified (pressure reset) strategy, savings increased to
52%, or $8,700, annually, with a simple payback period of 4.6 years.

¢ Due to the inefficiencies of the inlet vanes, resetting the duct pres-
sure with inlet vane control did not result in significant savings
compared to the base case (Englander and Norford 1988).
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Gas Removed from Steel Making at Burns Harbor

Bethlehem Steel Corporation’s (BSC) Burns Harbor Facility in
northwest Indiana is one of the premier integrated steel production
plants in the United States. Seeking opportunities to increase produc-
tivity while reducing energy costs, BSC retained General Conservation
Corporation (GCC) to identify and implement energy efficiency mea-
sures on a shared savings basis. One opportunity they targeted was
the application of an ASD on the primary induced draft (ID) fan of the
#3 basic oxygen furnace (BOF). This fan, driven by a 7,000 hp motor
with a design capacity of 40,000 cubic feet/minute (cfm) at 1,200 rpm,
removes waste gasses from the BOF and draws them through several
gas cleanup steps before reaching the fan. The fan exhaust passes
through a silencer before reaching the stack. It operates continuously
at 1,200 rpm, and gas flow is regulated by a set of upstream dampers.
The gas volume required varies from negligible during idle periods to
a peak of 25,000-30,000 cfm. This peak flow is only necessary for a
third of the typical 45-minute heat cycle. As a result, not only does the
gas flow vary significantly, but it shows that the fan is oversized for its
maximum requirements.

When GCC proposed the installation of the ASD in 1987, BSC was
uncertain about committing to it for three reasons: (1) the existing system
already ran smoothly; (2) the ID fan was critical to plant operation; and
(3) they were hesitant to spend the necessary capital. GCC agreed to
fund the project in return for 50% of the savings, and BSC was given the
option to purchase the equipment in 7 years at fair market value.

The need to maintain a critical pressure drop through the scrubber
complicated the project design. The existing fan was deemed unable
to withstand the cycle stress, so it was replaced with a new unit that
was 5% more efficient. During process operation, the fan speed was
set to vary between 960 and 1,075 rpm and to reduce to 560 rpm when
the fan was idle. An added benefit was that these speeds could be ad-
justed to even lower levels immediately after system cleaning. With
the modified system, average monthly energy consumption was re-
duced by almost 50%, from 2,602 to 1,310 megawatt-hours (MWh). In
addition, the modifications reduced noise levels in the furnace area
significantly and extended system component lives. The reduced fan
speeds also improved the system’s tolerance to slight fan imbalances,
which in turn reduced operation and maintenance (O&M) costs. The
resulting savings were $310,000 for each partner. This annual income
for GCC allowed them to recover their $1,225,000 capital investment
in about 4 years. BSC was so pleased with the project results that, at
the end of the initial contract period in 1994, they extended the shared
savings agreement (OIT 1998).
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Improved Ventilation in a California Textile Mill

A Japanese-owned mill, Nasshinbo California, Inc., produces cot-
ton fabric. This Fresno, California, facility is the only spinning and
weaving plant in the western part of the United States. A ventilation
system is needed to keep the plant’s temperature at 85-95°F, with a
relative humidity of 50-60%. This ensures reliable operation of the
processing equipment and maintains produce quality. A system of
nine supply and nine recirculation fans mixes outside air that has been
cooled and humidified with air washers with plant air that has been
filtered to remove suspended particles and fibers. Seasonal variations
and different products cause differences in airflow requirements.
Manually operated variable inlet guide vanes and outlet dampers con-
trol the flows. However, this control system is labor intensive and sub-
ject to corrosion due to the high humidity.

Pacific Gas & Electric Co. (PG&E), as part of their PowerSaving
Partner (PSP) program, contracted with an energy services company,
Tamal Energy, to finance the design and modification of the system
with ASDs. ADI Control Techniques Drives implemented the project.
They determined that all but one of the recirculation and two of the
supply fans were oversized. The remaining 15 fans were fitted with
ASDs. The flow was modulated using the ASDs, which produced bet-
ter air quality and resulted in annual labor savings of 48 hrs/yr. Air-
borne lint in the plant was decreased, which reduced the number of
equipment breakdowns while improving the product quality. In addi-
tion, the ASDs improved the plant’s power factor, thereby cutting
penalty costs.

The fan system modifications lowered system demand from 322
kW to 133 kW, and reduced electricity consumption by 59%, from
2,700 to 1,100 MWh annually. This produced annual cost savings of
slightly more than $100,000. Nasshinbo realized these savings because
the PG&E program covered the $130,000 cost of the project (OIT 1997).

Other Controls

The electronic ASD is only one of the new control technologies to
have emerged from the electronics revolution of the past 10 years.
Electronics process controls, sensors, fast controllers for compressors,
power-factor controllers, and energy management systems (EMS) for
controlling mechanical and lighting systems in buildings are all be-
coming more sophisticated and effective.

In many cases, the new control systems are used to improve the
product being processed, to increase the yield of the product, or to
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improve the comfort in a building. Energy conservation is only some-
times a primary goal; at other times, it is a side benefit when control
systems have been installed for process reasons.

Improved controls and sensors can save energy by monitoring more
system variables than was previously possible and by responding more
rapidly and accurately than ever before. Because of their slow response
time, process controllers have historically used set-points with built-in
safety margins to ensure that the process meets minimum performance
requirements. A new generation of intelligent controllers is currently
available that looks at both the historic pattern of control and the recent
system changes and automatically retunes the process control parame-
ters to optimize response time for each situation.

These controllers yield energy savings for two reasons. First, the
rapid response ensures that the process is operating within desired
limits. Energy wasted when the process is slightly out of spec is now
conserved. In addition, the increased accuracy allows the operator to
set the process control variable to the exact set-point without incorpo-
rating a safety factor.

Building and industrial process control loops in the past were typi-
cally designed to control one or perhaps two variables. With the advent
of the microprocessor, control systems can now monitor and respond to
many parameters. For example, the temperature of heated or chilled
supply air or water in building HVAC systems has traditionally been
fixed at one preset level, or perhaps was varied with outside air temper-
ature, which is only one indication of cooling or heating requirements in
a large building. With this approach, the HVAC system tends to provide
excessive cooling or heating much of the time. Newer energy manage-
ment systems allow the temperatures of the cooling and heating
medium to be reset based on the actual demand for heating and cooling
in different zones of the building. Significant energy savings can result
from this type of control strategy since only the minimum amount of
heating and cooling is used to meet the needs of the building.

In the past, use of industrial process controllers was limited because
sensors were not available for specific applications, or because they
tended to drift and needed frequent recalibration. As a result, many
processes were controlled manually with fairly crude adjustments. The
electronics revolution has produced sensors that can detect small con-
centrations of specific ions, sense humidity without fouling and drifting,
and measure other process variables. These new sensors, combined with
the advent of central control (which reduces the cost for each control
point), have expanded the range of processes that can be automated. For
example, humidity sensors can now be purchased that survive in the
harsh environment of a lumber kiln and remain in calibration for long
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Figure 4-11

Schematic of a Vector-Control Drive
(Also Known as a Field-Oriented Control)
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Vector Control

DC motors have traditionally been used in high-performance appli-
cations, such as servodrives, rolling mills, robotics, and web winders,
where accurate torque and speed control are necessary. The develop-
ment of inexpensive microprocessors and ASDs now allows the more
reliable AC-induction motor to be used in such tasks. In this process,
known as vector control, the motor current, voltage, and position are
continuously monitored. These values are then plugged into mathemat-
ical formulas called algorithms, which precisely control torque, speed,
position, and other critical parameters. Vector control can be coupled
with many types of ASDs and has been successfully used in a wide
range of applications. The general approach to closed-loop, micro-
processor-based vector control is shown in Figure 4-11. For more on vec-
tor control, see Leonard 1986 or Bose 1986.

Power-Factor Controllers

Many applications require a constant speed, even as the motor
load varies. For example, a motor driving a saw blade must maintain
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constant speed regardless of whether the blade is cutting a 0.5-inch
board or a 2-inch board, a hardwood or a softwood. As a result, the
motor runs with a light load when cutting wood below its maximum
capacity or when idling between cuts.

For applications below 15 hp, in which the motor runs much of
the time at full speed but at light or zero loading capacity, electronic
variable-voltage controls, also known as power-factor controllers
(PECs), can increase both power factor and efficiency. These devices
eliminate part of the sine wave fed to the motor. As a result, the aver-
age current (represented by the area under the sine wave) is lower.
Since the power is the product of the voltage times the current, PFCs
reduce the power used at low loads and thus improve motor effi-
ciency by reducing magnetic and I°R losses.

Energy savings range from 10-50% at light loading to zero at full
load. Overall energy savings of 10% typify the limited number of at-
tractive installations (including saws, grinders, granulators, escalators,
punch presses, lathes, drills, and other machine tools) that idle for ex-
tended periods. The potential savings are greater for single-phase mo-
tors than for three-phase motors because the former have much larger
no-load losses. Similarly, the higher and flatter efficiency curves of
large motors make them unattractive candidates for power-factor con-
trollers. PFCs also can incorporate soft-start capabilities at little extra
cost. In fact, many controllers marketed as soft-start devices include
the power-factor control capability.

PFECs also improve power factor because of the way power con-
sumption is sensed and controlled. In general, as the load on a motor
decreases, the power factor deteriorates as a result of reactive current,
which shifts the voltage sine wave out of phase with the current sine
wave. When the controller eliminates part of the sine wave, it not only
reduces the average magnitude of that waveform but also shifts the
center of the waveform so that the voltage and current are closer to
being in phase. In this way it improves the power factor.

PFCs can generate significant harmonics, which need to be sup-
pressed. They also have internal losses typically equal to a few per-
centage points of rated power.

List prices of 10 hp PFCs are $30-60/hp. Their cost-effectiveness
can be evaluated by estimating the load profile and the net efficiency
gains at each point of part-load operation.

Summary

Speed control for motors, particularly when applied to fans and
pumps, is an extremely effective way to produce energy savings in
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motor drives. While speed can be controlled using multiple motors,
multispeed motors, and an assortment of mechanical devices, most
retrofits and many new installations use electronic ASDs because
these devices are easy to install on existing equipment and their costs
and reliability are increasingly making them attractive to the user.

An ASD produces energy savings most effectively when inte-
grated into a larger control system. Modern control systems not only
control motor speed for adjustable-speed applications but also reduce
energy use by improving process control.
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Chapter 5

Motor Applications

Previous chapters have discussed components of the drivepower
system—motors, wiring, controls, and transmission hardware—
upstream from the load. In this chapter we take a different perspective
and focus on several principal loads, most notably fans, pumps, and
compressors. We emphasize these topics for two reasons. First, these key
loads account for more than half the drivepower energy used. Second,
understanding the theory of fan, pump, and compressor applications is
necessary if one is to design efficient, reliable systems to drive them.

Fans and Pumps

The fans, pumps, and compressors that move and compress air,
water, and other gases and liquids (collectively known as fluids) in
industry and commercial buildings consume approximately 50% of
the electricity used by U.S. motor-driven systems. (See Chapter 6 for
further discussion of end-use estimates.) Most of the electricity used
by this group is for fans and pumps, the initial focus of this chapter.

Fans and pumps are used in many applications. Equipment
ranges in size from fractional-horsepower units in residential appli-
ances to tens of thousands of horsepower used in utility power plants.
Despite the range of size and usage, nearly all fan and pump applica-
tions have time-varying flow requirements, and most of the flow vari-
ation is done inefficiently, if at all.

Fluid-Flow Fundamentals

All fan and pump applications share certain characteristics. One
is the nature of fluid flow. To produce a flow of fluid through a
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Figure 5-1

System Head Loss Curve, Showing Squared Relation between
Pressure (“Head”) and Flow
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pipe, duct, damper, or valve, a pressure difference must be created
across the component. A common example is the garden hose. To
force water through it, the pressure must be greater at the faucet
than at the far end of the hose. The greater the pressure difference,
the greater the flow.

For a given system, a curve can be drawn to show the pressure
difference required at any given flow. An example is shown in Fig-
ure 5-1, where the pressure difference (in pump jargon, “head”) is
shown as a function of flow (gallons per minute). As the figure
shows, the relation is quadratic (i.e., the pressure difference is
proportional to the square of the flow rate). Or, expressed in mathe-
matical terms,

AP o« (?
where

AP is the pressure difference in pounds per square inch or inches
or feet of water
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Q is the flow rate in cubic feet per minute or gallons per minute

(gpm)
o« means “is proportional to”

Thus, if the flow doubles, the pressure drop quadruples. This squared
relationship holds true for systems of all fluid types. The slope of the
curve is determined by the system components’ resistance to flow.
For example, a water distribution system constructed from 2-inch-
diameter pipe will have much larger resistance than one constructed
from 4-inch pipe, which would thus result in a greater pressure drop
than for the 4-inch system for any given flow. In other words, the
more restrictive the system, the steeper the system curve.

In the United States, units for measuring pressure and flow differ
between fan and pump applications. For fans, the pressure difference
is given in inches of water column (1 inch corresponds to 0.0361 psi;
thus, 27.7 inches of water equals one psi). For pumps, the pressure (or
head) is given in feet of water column (one foot corresponds to 0.434
psi; thus, 2.31 feet of water equals one psi). The flow rate for fans is
given in cubic feet per minute; for pumps, in gallons per minute. (To
convert U.S. units to the Systéme Internationale units of pascals, mul-
tiply inches of water by 249, or multiply psi by 6,894.)

The power required to create a given flow relates directly to the shaft
power required by the fan or pump from the drive motor (which in turn
relates to the required electrical input power). A basic relationship that
follows from the physics of fluid flow is that the theoretical power re-
quired to create the pressure difference needed to produce a given flow
is proportional to the product of the pressure and flow. That is,

Power o« AP x Q

Thus, there is a unique theoretical power required for any given
combination of pressure and flow. The terms water-horsepower (for
water pumps) and air-horsepower (for air fans) are often used to denote
the theoretical power required in these systems. The relationship be-
tween the theoretical and the actual power requirements is discussed
in the following section, “Fan and Pump Characteristics.”

A set of relations, known as affinity laws, exists for fans and
pumps. One law states that for a given fan or pump installed in a
given (unchanging) system, the flow rate is directly proportional to
the speed of the fan or pump:

Qo N  where N is speed

For example, if the speed of a fan is doubled, the flow through the
fan and system attached to it is also doubled.
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Another affinity law is that the theoretical power required by a fan
or pump increases with the cube of its speed:

Power « N°

For example, when a fan’s speed is doubled, the power require-
ment grows eightfold (two to the third power). This cubic relation fol-
lows directly from the concepts previously discussed. The power re-
quired is proportional to the product of the pressure and the flow, and
the pressure in a given system is proportional to the square of the
flow. The power required is proportional to the cube of the flow. Since
the flow is proportional to the speed, the power is proportional to the
cube of the speed.

The “cube law” has a great significance for the energy used by
motors in fluid-flow applications. For example, reducing the flow (by
reducing the speed of the fan) in an oversized ventilation system by

Figure 5-2
System Curve with Minimum Pressure Requirement of 20 Feet
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Note: Examples of such systems include pumping water from a lower to a higher reservoir and VAV
building ventilation.
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only 20% halves the power required by the fan. In many systems, the
flow can be varied continuously to meet a constantly fluctuating de-
mand. Methods of flow variation are discussed below, under “System
Control and Optimization Techniques.”

The affinity laws can be very useful in fan and pump applications,
but the user must be sure that the laws hold in every specific case:
they only hold if all other variables remain constant. For the cube law
to apply, the system curve must be of the form in Figure 5-1: at zero
flow, the pressure difference must be zero. Examples of such systems
include residential and other ventilation systems that were originally
designed to operate at constant air flow, and water circulation systems
that do not use pressure controls or other means to create flow-inde-
pendent pressure differences. The affinity laws also assume that the
efficiency of the fan or pump remains constant at varying speeds.

Another common type of system has a fixed, or static, pressure re-
quirement, even at zero flow, as shown in Figure 5-2. Examples include
pumping between two reservoirs where there is an elevation increase,
and most variable-air-volume (VAV) building ventilation systems that
are designed to maintain constant pressure in the ductwork upstream
from the dampers that serve each area. Since the cube law does not
hold where the pressure does not drop to zero at zero flow, a more te-
dious analysis must be performed to determine the operating condi-
tions of such systems.

Fan and Pump Characteristics

Just as each system has a characteristic curve for the pressure differ-
ences required by different rates of flow, each fan or pump also possesses
a performance curve. More precisely, each fan or pump has a family of
curves that, like system curves, are plotted on a graph with pressure on
the vertical axis and flow on the horizontal axis. These curves describe
where the energy goes (to some combination of pressure and flow) when
a certain amount of energy is added to the fluid. Figure 5-3 shows a typi-
cal fan curve, and Figure 5-4 shows a typical pump curve.

We deal with only centrifugal fans and pumps in detail here be-
cause they collectively consume more energy than the other types (see
Table 6-11). However, most of the analytical methods apply to other
models as well, especially propeller-type (axial) fans. Centrifugal fans
are used in many air-moving applications: residential furnaces; com-
mercial and industrial HVAC equipment; and large blowers in utility
power plants. Similarly, centrifugal pumps are used in applications
ranging from fractional-horsepower residential units to industrial
pumps of thousands of horsepower.
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Figure 5-3

Typical Centrifugal Fan Curve
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Note: The vertical axis is the pressure of fan operation, expressed in inches of water column. The
horizontal axis is the flow rate, in thousands of cubic feet per minute of air. The solid curves labeled
with different fan speeds (in revolutions per minute) show the pressure and flow relation of the fan.
For example, if the fan is operating at 1,450 rpm and the system imposes 2.0 inches water column
(w.c.) of pressure on the fan, there will be 22,000 cfm of flow through the system. The dashed curves
represent the shaft power required at the fan to operate at any given point. In this example, the
22,000 cfm at 2.0 inches will require nearly 20 hp.

Source: Greenheck Fan Corporation 1986

The curves for centrifugal fans and pumps have similar shapes.
They start at a pressure at zero flow; as flow increases, pressure re-
mains constant or slightly increases; they then decrease in pressure as
flow increases further. In Figure 5-3, the different curves represent the
same fan operated at different speeds. The speeds are shown on the
solid curves. In Figure 5-4, the different curves are for the same pump
with different-diameter impellers (the bladed, wheel-shaped devices
attached to the rotating shaft).

The reason that different speeds are shown for fans is that fan
speed is usually easy to set at any given point by using different belts
and pulleys that connect the fan to the motor. For pumps, the most
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Figure 5-4

Typical Centrifugal Pump Curve
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Note: The vertical axis is the pressure of pump operation, in feet of water. The horizontal axis is the
flow rate, in gallons per minute. The solid curves labeled in inches show the pump characteristics for
different impeller diameters. (All curves in this case are for 1,750 rpm pump speed.) For example,
this pump with an 11-inch impeller will flow 1,200 gpm at 114 feet of head. The dashed curves la-
beled in BHP (“brake horsepower”) show the horsepower required at the pump shatft for any given
operating point. In the example above, about 43 hp would be required (interpolating between the 40
and 50 hp curves). The solid curves labeled with percentages are the pump efficiency. In this case,
the efficiency is about 82%. The solid curve at the bottom (NPSH, or net positive suction head)
refers to the minimum pressure required at the pump inlet to avoid pump damage through cavitation.
The head and flow are also given in metric units.

Source: Paco Pumps 1983

common arrangement is for the motor to be directly coupled to the
pump, forcing both to operate at the same speed. Machining the
pump impeller to a smaller diameter provides different performance
characteristics for the same pump. Of course, operating pumps at dif-
ferent speeds is possible, as discussed in the following section. With
fans, on the other hand, it is generally not possible to reduce the im-
peller diameter to obtain different characteristics, so flow restriction or
speed control must be used.
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The cubic relation between speed and power requirement in cer-
tain fan and pump loads can affect the efficiencies gained by efficient
motors, which have lower slip, often with up to 1% higher operating
speed than their standard-efficiency counterparts. A 1% increase in
motor speed can increase power-draw by 3%, negating much of the
benefit gained from switching to an efficient motor. To ensure that such
gains are not lost, pump impellers can be trimmed and fan sheave and
belt systems modified to slow the fan slightly. When sheaves and belts
are altered for this reason, the efficiency of the transmission system can
also be improved by substituting cogged V-belts or synchronous belts
for conventional V-belts.

The curves also depict efficiency (generally only for pumps in
curves of constant efficiency in percent) and the shaft horsepower re-
quired to operate at any given combination of flow and pressure
(shown in the figures as dashed lines sloping downward from left to
right). The efficiency of a pump or fan is the ratio (usually expressed
in percent) of the theoretical power required to the actual power
needed and can range from well below 50% to above 90%. The infor-
mation for fans is often provided not as a graph (as in Figure 5-3) but
as a table containing the same information. For example, Table 5-1 lists
flow rates in the first column; thus, the rows of data represent constant
flow. Pressures are listed across the top, so the columns of data repre-
sent constant pressure. The intersection of flow and pressure pin-
points the necessary speed and power required.

A fundamental concept for analyzing fluid-flow applications is the
so-called operating point—the combination of pressure and flow at
which a given system and fan (or pump) operate. It is determined by
plotting the system curve and the fan (or pump) curve on the same
graph of pressure versus flow. The operating point is simply the intersec-
tion of the two curves; it represents the equilibrium flow point where the
pressure drop through the system equals the pressure added to the fluid.
For example, in Figure 5-3, assume the curve labeled “do not select to the
left of this system curve” is the applicable system curve. If the flow re-
quirement is 10,000 cfm, then the pressure required will be about 7.7
inches of water, the fan speed must be about 1,490 rpm, and the shaft
power required is about 18 hp.

Once a desired operating point is determined, the system de-
signer must choose a fan or pump to meet this condition. This
choice is important in determining the energy and power require-
ments of the system; unfortunately, choosing the best equipment for
the application is difficult. This is true even with pumps, where the
efficiency is explicitly stated once the pump and operating point are
known. Given an operating point, a designer wishing to get the
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Figure 5-5

Typical Pump Selection Chart, Showing One Type of Pump of One
Manufacturer at One Speed
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Note: Once the operating point is known (from the system design), the user can determine which
pump is best suited to the application. For example, if the system demands 200 gpm at 175 feet, the
best pump from this manufacturer at this speed is probably number 1570-5. The efficiency of an
adjacent pump may be checked at the same operating point.

Source: Paco Pumps 1985

most efficient pump from a specific manufacturer would use an
equipment selection chart such as the one in Figure 5-5.

The specific pump curve is then inspected (see Figure 5-4) to estab-
lish the efficiency at the operating point. These last two steps are re-
peated for all pumps available from all manufacturers until the best
pump is found. For fans, where the efficiency is not directly available,
the process is analogous except that the designer would search for the
lowest shaft power requirement for any given operating point. This
difficult and time-consuming process is rarely performed exhaustively,
even in new systems. In existing systems that are modified (and thus
have a different system curve), the fan or pump is seldom analyzed in
an effort to reoptimize the system. The result is that many systems suf-
fer from unnecessarily large energy consumption due to pumps and
fans operating far from their points of maximum efficiency.

More recently, software has become available to aid in the selection
of pumps and fans. While some pump and fan manufacturers provide
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software about their own products in their electronic catalogs, commer-
cial software packages often detail equipment from multiple manufac-
turers; therefore, these commercial options provide the consumer with a
more complete picture of the available pump and fan technology. The
Annotated Bibliography lists examples of several software packages.

Another common cause of energy waste is the oversizing of the driven
equipment, the motor, or both. As discussed in Chapter 3, systems are usu-
ally designed to have excess capacity. Pumps or fans are often oversized
because exact determination of the system curve is difficult. In addition, the
system may change over time. For example, pumps will require more
capacity as scale and corrosion build up inside pipes, and fans may require
additional capacity as the leakage and dirt buildup in the ductwork
increases. To prevent excessive flows in oversized systems, some means of
flow control are often necessary.

System Control and Optimization Techniques

In order to minimize the energy and peak power requirements of a
fluid-flow system, a designer must “get the big picture” of why the flow
is needed in the first place. For example, if a flow of chilled water is
needed to cool a building, the following options could reduce the re-
quired flow: reducing the cooling load; increasing the size of the cooling
coils; reducing the temperature of the chilled water; increasing the air
flow through the cooling coils; or some combination of all these mea-
sures. Of course, some of these options involve tradeoffs between pump-
ing energy and energy required to chill water or move air, and most of
them involve trading first cost and operating cost, so interdependent sets
of optimization variables are at work. For further discussion of the eco-
nomics, see Appendix A.

Once the optimum flow is ascertained, the system should be de-
signed to achieve it with the minimum possible pressure drop (since the
required power is proportional to the product of flow and pressure).
Small pressure drops are achieved by using large-diameter system com-
ponents, smooth surfaces, and gradual bends and transitions in the el-
bows, tees, and so on. Again, there are tradeoffs between first cost and
operating cost.

When the flow and pressure requirements are reduced to the lowest
practical values (thus minimizing the theoretical power requirement),
the overall efficiency of the pump or fan package (including the pump,
the transmission between pump and motor, and the motor) should be
scrutinized. The object here is to meet the required operating point with
the minimum amount of electrical power. In industry jargon, the overall
efficiencies of pumps and fans are known respectively as wire-to-water
efficiency and wire-to-air efficiency.
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As soon as the cost-effective minimum electrical power for meeting
the design operating point is determined, a flow control scheme should
be worked out for efficiently meeting system requirements at flows
below design flows (since most systems operate below design load most
of the time). For example, in the case of chilled water for cooling, the
flow used for design is the one necessary to meet the peak cooling load
on the hottest day of the year. The system could easily operate at lower
flow rates for the rest of the time.

One of the best opportunities for cost-effective overall system opti-
mization exists in new systems designed from the beginning to work
with variable flow. However, many existing constant-flow systems can
be converted to variable flow, with large potential savings. For example,
constant-volume building ventilation systems can be converted to vari-
able-air-volume systems. While most medium-size to large buildings are
now being built with VAV systems, most buildings in the existing stock
are likely to have constant-volume systems.

While optimization opportunities are specific to each case, some
general opportunities for energy savings should be pursued for fan
and pump systems, both new (including renovations) and retrofit.
When installing fans and pumps in new applications, the following

principles apply:
¢ Reduce restrictions in ductwork and fittings or in pipes and fittings
(use larger sizes, gradual bends, and so on).

e Reduce flow in variable-volume heating or cooling systems, respec-
tively, by increasing or decreasing the temperatures of the supply
air, water, or both. This step will often involve a tradeoff in energy
use between the fan and the boiler or chiller.

» Regulate pressure in variable-volume systems with a reset control,
based on the actual needs of the worst-case zone of the system. For
example, in a VAV system that provides cooling, the warmest zone
would dictate the system supply pressure.

¢ Use an ASD control to vary the fan speed in VAV applications and
the pump speed in variable-volume pumping applications (see the
following discussion on ASD versus other control schemes).

When installing fans and pumps in retrofit applications, the following
measures are recommended:

* Use an ASD control to vary the fan or pump speed either to convert
constant-volume to variable-volume systems or to replace inlet
vanes, discharge dampers, or throttling valves.

¢ Reduce pressure in variable-volume systems using worst-zone reset.
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Variable-flow systems can be controlled directly or indirectly, i.e., the
flow control components in the system may respond to feedback from a
flow sensor or from another sensor reacting to other parameters, includ-
ing pressure, temperature, and velocity. A few basic techniques, and
variations of them, can vary flow—throttling devices (including dis-
charge dampers on fans and throttling valves on pumps), multiple fans
or pumps, and speed controls.

Throttling devices, which are essentially adjustable restrictions,
operate by changing the system curve. Figure 5-6 illustrates the effect
of throttle control on flow by steepening the system curve. Throttle
control causes system and pump curves to intersect at a lower flow
(the operating point is shifted to the left along the pump curve). The
power required for throttled flow is generally somewhat less than for
full flow since the flow reduction is a greater percentage than the

Figure 5-6

Throttling Operation in a Variable-Flow, Variable-Pressure
Pumping System at 80% Flow
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Note: Throttling makes the system curve more restrictive (i.e., steeper), which causes the intersec-
tion of the system and pump curves (i.e., the operating point) to occur at a lower flow. Throttling gen-
erally decreases the power requirement slightly, relative to full-flow operation.

Source: Adapted from Baldwin 1989
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pressure increase percentage. The extent of this power reduction de-
pends on the shape of the pump or fan curve. While throttling devices
are relatively inexpensive and can give fairly precise flow control, using
them is the least energy-efficient flow control technique. This is due to
the fact that throttles dissipate flow energy provided by the fan or pump.

Another type of throttling device for fans, the inlet vane (also
called the variable-inlet vane, or VIV), works by changing the fan
curve. While these devices are more efficient than outlet dampers,
they still control flow by dissipating energy across the control device.

Multiple fans or pumps can be used, in series or parallel (or both) to
adjust the flow rate. This scheme works by changing the effective fan or
pump curve. That is, the fluid-moving machine seen by the system is the
combination of two or more fans or pumps. Thus, the operating point is
changed, again resulting in flow control. This control scheme is not as
precise or efficient as might be desired because it works in steps.

Speed control works by changing the fan or pump curve. For fans,

Figure 5-7
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Source: Cornell Pump Company 1987
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the usual curve or table demonstrates its effect. For pumps, special vari-
able-speed (rather than variable impeller diameter) curves can be ob-
tained for certain impeller sizes (see Figure 5-7 for an example). For other
impeller sizes, or when variable-speed curves cannot be obtained, vari-
able-speed curves can be calculated by several methods. These methods
include interpolation between several available curves for the same
pump at different fixed speeds (for example, 3,500, 1,750, and 1,150 rpm
for 60 Hz motors and 2,900, 1,450, and so forth for 50 Hz), use of the
affinity laws (though the assumption of constant efficiency may result in
significant error), and approximating the speed curves using the im-
peller diameter curves. The details of constructing such custom curves
are beyond the scope of this book: see Garay 1990 for further informa-
tion. There are also several computer programs that can assist in this
analysis (see the Annotated Bibliography for examples).

Speed control can be used with single- or multiple-fan or pump com-
binations, or for complete replacement for throttling control. Figure 5-8

Figure 5-8

Throttling Losses in a Variable-Flow, Variable-Pressure Pumping
System at 80% Flow, Compared with Reduced-Speed Operation
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Source: Adapted from Baldwin 1989
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Figure 5-9

Typical Energy Consumption of a Centrifugal Fan System
with Discharge Damper, Variable-Inlet Vane, Variable-Speed Eddy
Current, and Variable-Frequency Drive Control
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shows the comparison between a throttling control and a speed control
application in terms of power requirements.

Speed control is generally the most energy-efficient flow control
technique since it supplies only the amount of flow energy required
(see Figure 5-9). In addition, it is the most suitable for retrofit applica-
tions where the fan or pump is already in place and varying flow with
multiple-staged pumps is impractical. The equipment necessary to
provide speed control, ranging from mechanical friction disks and ad-
justable pulleys to electronic ASDs, is covered in Chapter 4.

However, it is important to be sure that speed control is really war-
ranted, because speed control devices add to the cost of the system.
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They also introduce inefficiencies that must be offset by the energy sav-
ings realized from the speed control.

System Optimization Case Studies

Several ASD case studies were presented in Chapter 4, document-
ing the potential of this technology to save energy and money in fan
and pump applications. Often, however, energy savings can be
achieved in pump and fan systems using other techniques. Two such
examples are given below.

Farm Irrigation

An irrigation system at a large farm consisted of a series of pumps
that supplied water to irrigated fields. The pumps were arranged so
that water for fields close to the water source was pumped directly
from that source while water for distant fields passed through a series
of booster pumps. The conservation strategy consisted of the follow-
ing system changes:

* The sprinkler heads on the irrigation system were converted from
high-pressure nozzles to low-pressure nozzles, halving the pressure
needed to supply water to the fields.

* The nozzles at the end of each pipe run were equipped with small
booster pumps. These pumps increased the pressure for the 5% of
the water that went to the nozzles on the end of the system. As a
result, the pressure in the main system could be lower.

¢ The decreased pressure requirements allowed the owner to trim
pump impellers, thereby reducing the brake horsepower needed for
pumping a given volume. (Note that significantly reducing the im-
peller diameter may decrease the pump efficiency to the point
where it could be cost-effectively replaced with a pump better
matched to the application.)

* Trimming the impellers caused many of the motors to be oversized
for the application. These motors were marked and replaced, where
physically possible, with smaller, more energy-efficient models.

* Traditionally, the fields were irrigated on a fixed schedule designed
to provide enough water under worst-case hot-weather conditions.
Instead, soil moisture sensors installed as part of the conservation
package allowed the farmer to water fields only when they needed
irrigation. As a result, less water was needed to maintain the quality
and quantity of the crop.
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e In the past, enough pumps had been run to supply more than an
adequate amount of water to the system. After the system upgrad-
ing, pumps were scheduled to meet minimum flow requirements
without excess water.

The results of the retrofit included annual energy savings of
34% of the base energy consumption for the system. The simple
payback for the installation was 2.3 years, and there was less wear
on the pumps due to the lower operating pressure and reduced use.

Pony Pump and Motor Addition

A school used a hot-water system to meet the space heating needs
of the building. The system flow was designed to meet the worst-case
needs of the building (the heating needs under the coldest expected
condition of 5°F ambient temperature). However, the temperature
during most of the year was far above the design criteria. The system
had six hot water circulation pumps with a connected load of 95 hp.

The conservation retrofit entailed installing a second set of pumps
(or pony pumps) in parallel with the existing set. These provided ap-
proximately 60% of the full-rated flow and 40% of the full-rated pressure
of the system. Each set of pumps was equipped with a set of controls
and valves that operated the main pumps if the ambient temperature fell
below 35°F. If the ambient temperature reached 35°F or above, the main
pumps suspended operation and pony motor pumps began to operate.
All pumps were turned off if the ambient temperature was above 62°F.
The total connected load for the pony motors and pumps was 20 hp.

The following data were retrieved from the building energy man-
agement system after the retrofit:

e With the original system, the hot-water circulation pumps ran for
5,800 hrs/yr. After the retrofit, the main pumps ran for 750 hrs/yr
and the pony motors and pumps for 4,050 hrs/yr. Both pumps were
off for the remaining period.

e Energy savings totaled 225,000 kWh, amounting to $14,700/yr,
and offering a 1.6-year simple payback on the investment.

e The system provided added reliability since both sets of pumps
were unlikely to break at the same time.

Compressed-Air Systems

Compressed-air systems are pervasive throughout industry and
are also used by many commercial facilities. Compressed air is fre-
quently referred to as the “third utility.” Analogous to other utilities,
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compressed-air lines run throughout a facility, supporting air-driven
hand tools, clamps, sprayers, and pneumatic motors, among other
uses (Friedman et al. 1996). While it is the most expensive utility, av-
eraging more than three times the cost of electricity, many plant-level
staff remain unaware of the cost and treat it as though it were free
(Aegerter 1999). As a result, the most important efficiency measure,
perhaps, is awareness.

Like fan and pump systems, compressed-air systems are made
up of an assemblage of components including the motor and drive,
the air compressor itself, controls, air treatment equipment, piping,
and often storage. Achieving peak compressed-air system perfor-
mance requires addressing the performance of individual compo-
nents and analyzing the supply and demand sides of the system, and
assessing the interaction between the components and the system.
This “systems approach” moves the focus away from components to
total system performance. System opportunities have been shown to
be the area of greatest efficiency opportunity. Typical compressed-air
system wire-to-air efficiencies are about 10%. Experts have found
that after they implement the measures identified in a thorough re-
view of the system, either one or more compressors can be shut
down or a compressor can be downsized, with energy savings fre-
quently exceeding 40% (DOE 1998).

The DOE Motor Challenge program and the Compressed Air Chal-
lenge (CAC), both discussed in Chapter 9, developed Improving Com-
pressed Air System Performance: A Source Book for Industry (DOE 1998).
This reference guide provides a performance opportunity road map,
factsheets to assist in system optimization, and lists of available re-
sources. The book identifies the following types of interrelated actions:

» Establishing current conditions and operating parameters
* Determining present and future process production needs

¢ Gathering and analyzing operating data and developing load duty
cycles

» Assessing alternative system designs and improvements

* Determining technically and economically sound options, taking
into consideration all of the subsystems

¢ Implementing those options

» Assessing operations and energy consumption, and analyzing eco-
nomics (i.e., validating performance)

e Continuing to monitor and optimize the system

e Continuing to operate and maintain the system for peak performance
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As mentioned above, energy efficiency opportunities exist at both
the component and system levels. These can be grouped into the fol-
lowing general categories:

» Leaks

¢ Inappropriate uses of compressed air
e System pressure level
o Air treatment

» Controls
 Distribution system

¢ End-use equipment

o Compressor package
® Automatic drains

® Air receiver/storage
* Heat recovery

Drawing on the DOE/CAC Sourcebook, we will briefly discuss
some of these opportunities for energy efficiency. This section
should not be considered comprehensive. For additional informa-
tion, the reader is encouraged to consult the Sourcebook and the ref-
erences appearing in it. Selected references also appear in the Anno-
tated Bibliography at the end of this book.

Compressed-Air Leaks

Leaks can be a significant source of wasted energy, often ac-
counting for 20-30% of compressor output. They can also contribute
to other production problems. A drop in system pressure can ad-
versely affect equipment performance and efficiency, and the in-
creased compressor runtime (needed to satisfy the additional sys-
tem demand created by the leak) will lead to increased equipment
maintenance and unscheduled downtime.

Leak detection and repair is a critical element of a compressed-
air system maintenance program. A good way to assess the condi-
tion of a system is with a “leak-down test.” This test is performed
during a plant shutdown. All equipment that uses compressed air is
shut off and the system is pressurized. Then all compressors are
turned off and the speed of the header pressure drop must be moni-
tored. The pressure falling quickly would indicate significant leaks
that demand immediate attention.
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The most common sources of leaks are
e Couplings, hoses, tubes, and fittings

* Pressure regulators

®

Open condensate traps and shut-off valves
¢ Pipe joints, disconnects, and thread sealants

Most large leaks are not in the occupied plant area, but in places
where plant staffers go less frequently and leaks are less likely to be
heard. Typical places to look include

¢ Leaking connections on compressor interstage piping

e Compressor, interstage, and condenser drains that are left open
e Compressor aftercooler knockout pot drains that are left open

e Overpurging of heatless air dryers (more is not better)

e Air dryer bleed-valves that are left open

e Air receiver bottom drain valves that are left open

Many of these leaks result from bleed-valves installed in place of
failed water traps. The solution is to reinstall the traps (Aegerter 1999).
Typically, the worst leaks are in remote areas of the plant, such as
abandoned equipment and roofs. An excellent time to check for leaks is
during shutdowns, when the plant is quiet and they can be readily heard.

The best way to detect leaks is to use an ultrasonic acoustic detec-
tor, which can recognize the high-frequency sound associated with
leaks. A simpler method involves applying soapy water with a brush
to suspected leaks, and looking for bubbles.

Leaks occur most often at joints and fittings. Stopping them can be
as simple as tightening fittings, but may require replacing a piece of
equipment such as a hose, valve, or trap. In order to help avoid future
leaks, only high-quality parts should be used to replace equipment,
and they should be installed correctly with the appropriate thread
sealant.

Unfortunately, even when leaks are identified and repaired, the
job is not over. New leaks will develop over time. The best strategy for
avoiding further problems is to set up a prevention program that
monitors the system for new leaks and fixes them as they develop.

Inappropriate Uses of Compressed Air

Because compressed air is clean and usually readily available,
many people choose it for applications without comparing it to more
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economical energy sources. Many operations would be better accom-
plished with other energy sources, including the following:

» Using small fans instead of compressed air to cool electrical cabinets
e Using a blower rather than a venturi to create a vacuum

e Using a blower rather than compressed air for low-pressure appli-
cations

¢ Using mechanical techniques (e.g., a brush) rather than compressed
air for parts cleaning or debris removal

» Using mechanical techniques (e.g., a pusher arm) rather than com-
pressed air for moving parts

While pneumatic tools have advantages, such as precise torque con-
trol, lower tool maintenance, and safety in flammable environments,
many can be replaced with electric tools at a lower life-cycle cost. In
particular, recent performance improvements and cost reductions in
cordless electric tools make them attractive replacement options.

All applications should have proper regulators installed to mini-
mize the demand on an air system. Compressed-air piping, like elec-
trical wiring, is often left in place after the application is abandoned.
However, unlike the wiring that is for the most part harmless, this un-
necessary piping represents opportunity for leaks. Compressed-air
flow to this equipment should be cut off as far back in the distribution
system as possible.

System Pressure

A system’s pressure level should be set at the lowest pressure that
meets all requirements of the facility. Lowering the compressed-air
header pressure by 10 psi reduces the air leak losses by approximately
5% and improves centrifugal compressor capacity by 2-5%. Mainte-
nance staff usually requires 80 pounds per square inch gage (psig) to
operate pneumatic hand tools (Aegerter 1999). Reducing system pres-
sure will also decrease stress on system components, lessening the
likelihood of future leaks.

The process of lowering system pressure must be approached with
some caution, however, since this can cause the pressure at points in
the system to fall below minimum requirements. However, appropriate
use of storage and controls can resolve this issue. In addition, if a major
piece of compressed-air-using equipment, such as a press, requires a
higher pressure than the rest of the system, that piece of equipment
should be evaluated for modifications that can reduce the required
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pressure. Replacing pneumatic presses with larger-bore products or re-
ducing gear ratios can lower the pressure. The cost of most of the mod-
ifications is usually insignificant, compared to the large savings oppor-
tunities that can be realized from a reduction in system pressure.

Other Savings Opportunities

Removing water and oil from compressed air is necessary for
most applications before the air can be used. Fouled compressed-air
treatment equipment causes increased energy consumption while de-
livering poor-quality air that can harm equipment. For this reason, it is
important to clean filters, and maintain and operate the drier, filters,
aftercoolers, and separators per manufacturers’ specifications.

Compressor Controls

One of the goals of system management is to shut off compressors
in multi-compressor systems. To find out if one or more of the multi-
ple plant air compressors can be shut down, it is first important to un-
derstand the theory of how different types of compressors are con-
trolled. The following test can be used:

e Start by beginning to unload the smallest compressor while moni-
toring header pressure.

o If the compressor can be fully unloaded without the header pres-
sure dropping, the compressor can be safely shut off.

Once a compressor has been shut down, it is important to turn off
the purge air to that compressor’s dryer to eliminate a now unneces-
sary compressed-air load (Aegerter 1999).

Controls match the air supply with system demand, regulating
the pressure between two levels called the control range. They are one
of the most important factors in determining the overall energy effi-
ciency of a compressed-air system. Most compressed-air systems con-
sist of several compressors delivering air to a common header. The ob-
jective is to shut off or delay starting a compressor until needed. To
this end, the controls try to operate all units at full load except the one
used for trimming (adjusting compressed-air supply based on the
fluctuations in compressed-air demand).

In the past, control technologies were slow and imprecise. This re-
sulted in wide control ranges and higher compressor set-points than
needed to maintain the system pressure. Modern microprocessor-based
technologies allow for much tighter control ranges as well as lower
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Table 5-2

Characteristics and Applicability of Compressor Controls

Control Type

Types of Compressors

Applications

Characteristics

Start/Stop

Reciprocating and
rotary screw

Low-duty cycle
applications

Simple, consisting of a
pressure switch that
turns the compressor on
and off. Should not be
used with cycling loads
that may result in
multiple starts.

Load/Unload
(Constant
Speed)

All

May be inappropriate for
rotary screws because
they consume 15-35%
of full-load power when
fully unloaded

Motor runs continuously,
but the compressor is
unloaded when the
pressure set-point is
reached. Unload strate-
gies are compressor
manufacturer dependent.

Modulating
(Throttling)

Centrifugal and
rotary screw

Most appropriate for
centrifugal because less
efficient when used on
positive displacement
compressors (e.g.,
rotary screws); control
range is, however,
limited

Output is controlled
by restricting the
compressor inlet.

Multi-Step
(Part Load)

Reciprocating

and rotary screw
compressors
specially designed
to operate in two or
more partially
loaded modes

Allows precise pressure
control without requir-
ing the compressor

to start/stop or load/
unload

Specially designed recip-
rocating compressors
with three- or five-step
control (0%, 50%,

and 100% or 0%, 25%,
50%, 75%, and 100%).
Some rotary screw
COMPpressors can vary
compression ratios with
special valves, frequently
combined with inlet con-
trol to improve part-load
efficiency and control
accuracy.

ASD

All

Not widely applied, but
a potential emerging
control technology

Source: DOE 1998
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system pressure control points. Every 2 psi of pressure difference pro-
duces about a 1% change in energy consumption. In addition, a more
constant pressure level can enhance production quality control.

The appropriate type of control technology needed is determined
by the type of compressors being used and the demand profile. Con-
trols for single compressors can be relatively simple, while multi-com-
pressor systems are much more complex and sophisticated. The con-
trols for an individual compressor in a multi-compressor system range
from simple to very complex, depending on the type of compressor
and the way it is integrated with the system. Table 5-2 describes the
characteristics and applicability of different compressor controls.

System controls coordinate the operation of multiple individual
compressors in order to meet the system requirements. Before the in-
troduction of modern, automatic controls, systems were controlled
using an approach known as cascading set-points. The set-points for
each individual compressor would either add or subtract the compres-
sor capacity to follow the system load. This approach led to wide
swings in system pressure, as shown in Figure 5-10.

Figure 5-10
Impacts of Controls on System Pressure

Time

Source: DOE 1998
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Modern automatic controls match system demand with compres-
sors operated at or near their maximume-efficiency points. Two general
kinds of system controllers exist: single-master (sequencing) controls
and multi-master (network) controls. A single-master control meets
system demand by sequencing or staging individual compressors. The
control places individual compressors on- or off-line in response to de-
mand while maintaining tight control around the system target pres-
sure. This strategy, combined with appropriate storage, will frequently
allow system pressure to be reduced.

Multi-master controls are the latest technology in compressed-air
system control. They provide both individual compressor control and
system regulation by means of a network of individual controllers. The
controllers share information, allowing the system to respond more
quickly and accurately to demand changes. One controller acts as the
lead, regulating the whole operation. This strategy allows each com-
pressor to function at a level that produces the most efficient overall
operation. The result is a highly controlled system pressure that can be
reduced to close to the minimum level required. Although more costly,
these controls represent the most energy-efficient system available.

Storage plays a critical role in a compressed-air system, allow-
ing it to maintain pressure while meeting surges in demand. In
other words, storage serves to decouple the system demand from
compressor operation. In addition, it can be located at critical pres-
sure applications to ensure precise pressure regulation.

The pressure in the header can be maintained in a much nar-
rower range than can the pressure of the compressor discharge to
the primary receiver (the compressed-air storage tank located be-
tween the compressors and the distribution system). This shields
the compressor from severe load swings. Reducing and controlling
the system pressure downstream from the primary receiver can re-
sult in energy savings of more than 10%, although the compressor’s
discharge pressure remains unchanged.

Air Compressors

The two general categories of air compressors are called positive
displacement and dynamic. In positive displacement compressors, a
volume of air trapped within a mechanically reduced compression
chamber causes a rise in pressure (see Figure 5-11). In dynamic com-
pressors, the impeller imparts velocity to the airflow (see Figure 5-12),
which is converted into pressure.

Within each category, there are several different types and de-
signs within types (see Table 5-3). Each design also has a different
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full-load efficiency and part-load efficiency curve. For example, reci-
procating compressors are about 10% more efficient than comparable
screw compressors at full load. At part load, the screw’s efficiency
declines rapidly. When operating considerations do not dictate the

Figure 5-11

Schematics of Two Common Types of Positive Displacement Air
Compressors: Single-Acting Reciprocating and Helical-Screw

Acting
Reciprocating

Helical-Screw

Source: Ingersoll-Rand 2000a
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Figure 5-12

Schematic of a Centrifugal Air Compressor, the Most Common
Type of Dynamic Compressor

Source: Ingersoll-Rand 2000b

choice, selection of a different type of compressor or a mix of com-
pressors can reduce energy consumption (Elliott 1995).

Facilities frequently use several different types of compressors in
order to take advantage of each design’s unique operating characteris-
tics. Many large manufacturing facilities will use centrifugal compres-
sors for base load of general plant air and use positive displacement
compressors to handle load swings.

Within each type of compressor, the potential also exists for pur-
chasing a unit that is 5-20% more efficient. For example, a premium
100 hp reciprocating compressor is approximately 10% more efficient
at full load than a standard unit. These more efficient units command
a price premium of 10-30%. As with motors, part-load efficiencies are
equally important. Screw compressors have particularly bad part-load
performance. An internally compensated design can be purchased for
a 10-15% premium that will significantly decrease part-load power
consumption (Elliott 1995).

Air compressors are inherently inefficient devices. Wire-to-air effi-
ciencies range from 21% down to 13%, depending on the compressor
design and operation. The balance of the electricity goes to generate
heat, of which 50-90% can be recovered. This heat can be used to pro-
vide space conditioning, process heat, or warm water, or preheat
boiler makeup water.
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Table 5-3
Types of Air Compressors

Positive Displacement Characteristics

Reciprocating A piston is driven through a crank and connecting rod in a cylinder.
Available in sizes of 1-600 hp.

Single-Acting Compression occurs in one direction of piston movement only. Typi-
cally smaller, air-cooled machines.

Double-Acting Compression occurs in both directions. Typically larger, water-cooled
machines. These are the most costly but most efficient compressors.

Rotary Rotating formed shafts trap air in a cavity that decreases in volume as
the shaft rotates, compressing the air. Generally larger machines.

Helical-Screw The most common industrial compressor. Low .initial cost, compact,
and easy to maintain, but relatively low efficiency, particularly at part
load. Available in both air- and water-cooled configurations from 3 to

600 hp.
Liquid-Ring Less common
Scroll Less common
Sliding-Vane Less common
Dynamic Characteristics
Centrifugal Dominant dynamic compressor design, widely used in large industrial

plant air applications. Has an impeller similar to a centrifugal fan’s or
pump’s. Units available in the 100-20,000 hp range. Tends to be effi-
cient at full load.

Axial Has an impeller similar to a turbine. Generally high efficiency but re-
stricted to very high flow capacities.

Sources: DOE 1998; Elliott 1995

Air-cooled, packaged rotary screw compressors are well suited
for hot air applications such as space heating or heating process air.
Since the aftercooler and lubricant cooler are generally located in
enclosed cabinets with fans, only ducting and an additional fan to
handle the duct loading are needed. When heating is not required,
the air can be exhausted outside the building. Approximately 50,000
Btu/hr with 30-40°F of temperature rise are available for each 100
cfm of capacity.

Packaged, water-cooled reciprocating and rotary screw compres-
sors are similarly excellent candidates for heat recovery. The hot water
offers greater flexibility since the heat can be used for both water heat-
ing and space conditioning applications.
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While carrying out a comprehensive compressed-air perfor-
mance optimization may appear intimidating to plant staff, consul-
tants are available to assist with the initial audit and training. Also, it
is not necessary to do everything in order to realize huge savings, as
the Equistar experience shows.

The Equistar Experience

Equistar Chemicals is a $6 billion producer of ethylene, propy-
lene and polyethylene. It is headquartered in Houston, Texas, with
16 manufacturing facilities in the Midwest and along the U.S. Gulf
Coast. These facilities contain large compressed air systems.

Bob Aegerter, an engineer with Equistar, has developed a practical
strategy for managing air compressors at the company’s plants that has
had proven results. His principal strategy is to reduce compressed-air
demand so that he can shut off compressors.

The first step toward achieving that goal is to eliminate unnec-
essary air demand by finding all leaks. First the staff looks for leaks
in the compressor room containing the compressors and dryers.
After the compressor and dryer leaks have been identified and re-
paired, the next step is to survey the rest of the plant for leaks. If a
survey does not yield sufficient results, then plant staff can turn to
ultrasonic leak detection. The third step is to isolate equipment
and/or parts of the plant that are not in service, turn off all equip-
ment in the area, and depressurize that portion of the system, which
further reduces air demand.

Once the leaks are fixed, the staff sets the system pressure to the
lowest level that meets operations and maintenance requirements.
The final step in the process is for plant operators to find out if they
can shut down one or more of the multiple plant air compressors.
Equistar has been able to shut down at least one compressor in each
of the plants where it has carried out this approach (Aegerter 1999).
With air compressors being the largest single electric load, the
plants have been able to reduce their compressed-air cost by more
than a third by implementing this plan.

Other Motor Applications

Fans, pumps, and compressed-air systems are the largest users of
motor energy and are therefore the main targets for energy-saving
motor controls and system optimization measures. However, many
other motor-driven loads exist in commercial and industrial applica-
tions. While this book cannot discuss in detail all end-use systems,

188



CHAPTER FIVE

several important additional systems are discussed to give the reader
a sense of the conservation possibilities.

Most of these applications require custom engineering due to the
special requirements of individual systems. The costs and savings are
typically site-specific.

Centrifugal Compressors and Chillers

Centrifugal compressors and chillers can often benefit from “cube
law” savings via speed control in much the same way that pumps and
fans can. Wasteful throttling devices and frequent on-off cycling of the
equipment can largely be avoided with precise speed control, leading
to both energy savings and extended equipment life. Accurate control
of centrifugal chillers is especially beneficial in buildings where space
conditioning systems run regularly at partial load. The capability of
motors with ASDs to operate at high speeds can eliminate the need for
speed-increasing gearboxes, with corresponding savings in initial in-
vestment and in energy and maintenance costs.

Substituting AC Motors and ASDs for DC Drives

AC motors used in tandem with ASDs are supplanting DC drives
for many applications in industry. As noted in Chapter 2, AC motors
are favored by many industries in new applications because these mo-
tors require less maintenance and the maintenance that is required
costs less: it is less expensive to rewind or replace an AC motor than to
rewind or replace a DC motor. In addition to ASDs, some of the new
AC motor designs discussed in Chapter 2 that allow precise speed
control, such as switched reluctance, are competitive in some applica-
tions. However, a large number of applications still use DC motors.

Energy savings from converting to AC motors and ASDs accrue
for several reasons:

¢ The greatest energy savings occur when the old DC system pro-
duces current using a motor generator set (see Chapter 4). In these
applications, the overall system efficiency can be improved from
approximately 55% to approximately 85% when an ASD and AC
motor are installed.

» Substantial energy savings can also occur when rectifiers and DC
motors are changed to ASDs because of the losses in the rectifier as
well as the higher efficiency of the AC motor.

* AC motors with ASDs are currently being installed on systems
where a constant mechanical tension is required, as in winders.
With older DC systems, the tension was often adjusted by imposing
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friction on the system, thereby decreasing the overall system effi-
ciency. Eliminating the need for such energy-wasting devices im-
proves the system efficiency.

e DC drives were the standard for traction devices such as subway
cars and ship propulsion. Such loads can be served instead by AC
motors equipped with ASDs. This allows for regenerative braking,
which puts power back into the system during braking. As a result,
the overall energy use for the system decreases.

Examples of areas where AC drives can replace DC drives with re-
sultant energy savings include mills and kilns (steel, paper, cement, and
mining industries), traction drives (transportation), winders (paper ma-
chines and steel-rolling-mills), and machine tools and robotics.

Conveyors

The power used by a conveyor consists of the power needed to
move the material on the conveyor and the power for moving the con-
veyor belt.

The power required to move the material is set by the rate of flow
of the material. For example, a conveyor operating at its design capac-
ity, measured in, for example, pounds per minute, uses 100 hp to
move the material. When only half as much material is needed, it will
require 50 hp to move the material, regardless of whether the belt is
running at half load (in units, say, of pounds per foot of belt) and full
speed or full load and half speed.

However, if the belt speed is slowed with an ASD, the power re-
quired to move the belt will decrease. For most short conveyors, the
power needed to move the belt when it is fully loaded is less than 10%
of the power needed to move the material. However, in long convey-
ors, such as those found at power plants and mines, the power to
move the belt can be substantial.

As an example of energy savings at reduced speed, if moving the
material on a fully loaded conveyor requires 150 hp, a belt needing 20
hp uses 12% of the power at full load. Running the belt at half load
and full speed will use 95 hp (75 hp for the material and 20 hp for the
belt). Running the belt at half speed and full load will use 85 hp (75 hp
for the load and 10 hp for the belt), for a savings of 11%. Likewise, the
savings at 25% of full load will be 26%.

Based on these calculations, the use of ASDs on conveyors shows
some potential for energy savings. However, the savings are not as
dramatic as the savings that are available when ASDs are used on
pumps and fans.
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Summary

Pumps, fans, and compressed-air systems provide a fertile area for
energy conservation because of both the characteristics of fluid flow
and the relative importance of these machines as a percentage of the
total motor population. These applications are good candidates for
system optimization techniques that reduce either the pressure or flow
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