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PREFACE 

This report, one of a series of end-use energy technology assessment reports, investigates 
the use of adjustable,..speed drives for electric motors in residential and,commercial buildings. 
The end uses for motors and drives are ventilating, air conditioning, refrigeration,' and space 
heating and water heating equipment that uses heat pumps. The aim of these investigations is to 
synthesize current information from both published and unpublished sources so that utilities, 
state regulatory commissions, and others can better identify, evaluat~, and sel~t demand-side 
resources to meet their needs. Inaddition, we attempt to identify and, if possible, reconcile vari
ations or discr~pancies among data sourc~s. The material covered in these reports is not limited 
to "success stories," but also includes failures, barriers, uncertainties, and information gaps. 
The report is designed to be easily updated in the future, as th~ technology develops and better 
data become available. . , 



1.0 SUMMARY AND KEY FINDINGS 

Approximately 60% of the electrical energy generated in the United States is consumed by 
electric motors, in end-uses ranging from residential refrigerators to industrial fans and pumps. 
Their contribution to the summer peak load of utility systems is even greater, since nearly all 
air-conditioning systems are motor-driven. 

Matching the motor speed to the demands imposed on the driven load can result in signifi
cant energy savings--typically 20-25% for residential and commercial HV AC fans. Similar sav
ings are possible in refrigeration systems. Peak power savings are less, about 10%. 

A rough estimate of the annual electricity savings potential for the most important residen
tial sector ASDapplications (refrigerators, freezers, air conditioners, heat pumps, and furnace 
fans) is 59 billion kWh for the present U.S. stock, or about 20% of the total for these end-uses. 
The corresponding estimate for savings from electronic ASDs in U.S. commercial building fans, 
chillers, and refrigerator systems is 41 billion kWh. Simple payback periods are estimated at 
~bout 2-10 years for commercial applications (at current energy and ASDcosts). Despite fewer 
operating hours, paybacks of 1-3 years are possible for residential applications that use mass pro
duction of packaged ASDs and motors to achieve large cost reductions. 

The available options for speed control include mechanical adjustable-speed drives (ASDs), 
direct-current (DC) drives, multispeed motors, and electronic ASDs. Electronic ASDs are the 
focus of this report. They are inherently more reliable than the other drives, andbetter suited to 
most retrofit applications because of their minimal space requirements and electrical, rather than 
mechanical, linkage with existing equipment. However, electronic ASDs can create power qual
ity problems: low power factor, harmonics, and electromagnetic interference. The severity of 
these problems and the costs to deal with them vary greatly depending on the application. For 
loads that can be served by a few fixed speeds, pole-amplitude-modulated (PAM) motors can be 
a cost-effective choice, in part because they are physically interchangeable with standard motors. 
Table 1 summarizes the characteristics and cost ranges of the variable-speed drive technologies 
available, for loads of different size. 

Costs of electronic ASDs have been declining rapidly in all size ranges, and will continue 
to do so. ASD costs at present; while site- and application-specific, are typically under $100lhp 
for very large (2500+ hp) motors, vs. several hundred dollars per horsepower for small motors. 
An important exception is the case of mass-:produced ASDs that are "packaged" along with a 
motor-driven appliance, as in the case of Japanese heat pumps and other appliances, where ASD 
costs are reportedly down to about $25lhp. 

We identify several areas for future work, including: research, product development, and 
testing of new ASD applications in industry, agriculture, and electric transport; materials and 
production research; improved controls for ASD equipment; better control of adverse effects on 
power quality; and a more detailed characterization of the market potential, achievable savings, 
and costs of programs to encourage more rapid market acceptance of electronic ASDs. 



Table I-ADJUST ABLE·SPEED MOTOR DRIVE TECHNOLOGIES 

Technology 
Applicability 

Cost 'Comments 
(R= Retrofit; N = New) 

MultisF fractional-500hp 1.5 to 2 times Larger&less efficient than I-speed motors. 
R,N the price of 

" 

PAM more promising than multi-winding. (incl. PAM) Motors 
single-speed motors Limited number of available speeds. 

Motors 
Direct-Current fractional-IO,OOO hp higher than Easy speed control. 

Motors N AC induction motors More maintenance required. 

Variable- 5-125 hp $350-$502/hp High efficiency at part load. 
Ratio N (for 5~125 hp) 3: I speed range limitation. 
Belts Requires good maintenance for long life. 

Mechanical 
" 

Shaft- Friction upt05hp $500-$300/hp 10: 1 speed range. 
Applied Dry Disks N ". 

Drives 
(on Motor Eddy-Current fractional-2000+ hp $900-63/hp Reliable in clean areas. 
Output) Drive N (for I to 150 hp) Relatively long life. 

Hydraulic Drive 5-10,000 hp large variation 5:1 speed range. 
N Low efficiency below 50% speed. 

Voltage- fractional-looo hp $ 1500-80/hp Multi-motor capability. 
Source .. R,N (for I to 300 hp) Can generally lise existing motor. 

Wiring- Inverter .PWM appears most promising. 
Applied Electronic .,- .-

Drives Adjustable Current- 100-100,000 hp $200-30/hp Larger and heavier than VSI. 
(on Motor Speed Source R,N;,' (for 100 to 20000 hp) Industrial applications; including 

Input) Drives ' Inverter large synchronous motors. 
Others fractional-lOO,OOO large variation Includes cycloconverters, 

R,N wound rotor, and variable voltage. 
Generally for special industrial applications. 

lPAM means Pole Amplitude Modulated. 

2.yne prices are listed from high to low to correspond with the power rating. which is listed from low to high. Thus. the lower 

the power rating. the higher the cost per horsepower. 

1>WM means Pulse Width Modulation. 

"( .. ~ 

..
I 

tv 



.. 

2.0 TECHNOLOGY OVERVIEW 

2.1. General Description 

2.1.1 Background 

In most motor applications, performance and energy-efficiency can be maximized by assur
ing that the speed of the motor is properly matched to (changing) load requirements. Motors 
used in residential and commercial building systems are no exception. The rise in the cost of 
electricity alone has made the benefits of using adjustable-speed motor controls more apparent. 

Several methods-mechanical, electrical and electronic- have been employed to achieve 
speed variation. The conventional alternating-current (AC) induction motor, which is used in 
about three-fourths of installed motor horsepower because of its low cost, high reliability, and 
high efficiency, is basically a constant-speed motor. 

DC motors have historically been used in many industrial applications because of the ease 
they provide in controlling speed and torque. On the other hand, their reliability, cost, and 
maintenance disadvantages relative to AC induction motors have severely limited their use in 
buildings; the remaining application for DC motors is elevators. The cost advantage of DC 
motor controllers over AC controllers is disappearing rapidly; at the same time the limited relia
bility of DC motors does not appear to be changing. 

Prior to the development of electronic control devices, speed controls were generally too 
expensive, inefficient, and/or unreliable. Rapid developments in the field of microelectronics 
and power electronics, however, have led to increasing use of solid-state adjustable-speed con
trols for AC motors. Some experts (e.g. Bose, 1982) even project that in two decades the con
ventional DC drive will be off the market as improved AC drives achieve similar or higher per
formance with much improved reliability. The Electric Power Research Institute (EPRI) 
predicted that electronic adjustable-speed drives (ASDs), and the motors they control, will con
sume nearly 400 billion kWh/year by the turn of the century versus 21 billion kWh in 1980, 
resulting in significantly higher energy savings (Whitaker, 1984). 

The choice of an adjustable-speed technology is strongly influenced by the characteristics 
of the load. The various load characteristics that need to be taken into account when selecting 
the appropriate ASD are the load profile (number of hours per year at each level of load from 
minimum to maximum), horsepower range, speed range, price of energy, overall energy effi
ciency, reliability and maintenance requirements, physical size limitations, control and protec
tion requirements, and the first cost and life-cycle cost of the drive system. The ideal drive for 
any given application should be capable of varying both speed and torque to match the require
ments of the load. Adjustable-speed loads can be classified into three groups according to their 
general torque/speed characteristics: 

a) Torque increasing with speed (as in centrifugal pumps, fans and compressors common 
in heating, ventilation and large air-conditioning systems). 

b) Torque practically constant (as in positive displacement pumps such as reciprocating 
compressors common in refrigeration and air conditioning systems). 
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c) Torque decreasing with increasing speed, also known as constant power (as in vehicle 
drives). 

Figure 1 shows typical torque/speed characteristics for the three classes of loads. The fIrst 
class is by far the most important in terms of the amount of energy used. 

There are a variety of technologies available to match the motor to the load characteristics 
of any given application (Table 1). The most common of these methods for use with 
adjustable-speed loads are the following: 

1. Mechanical drives 
2. Hydraulic drives 
3. Direct current drives 
4. Eddy-current drives 
5. Multispeed and pole-amplitude-modulated motors 
6. Electronic adjustable-speed drives 

Each of these technologies is described in tum in the following sections. 

2.1.2 Mechanical Drives 

Mechanical devices for controlling speed include variable gearboxes, 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-slipping problems and maintenance 
requirements are making them less and less attractive relative to other drive systems. 

• Adjustable pulleys (Figure 2) are simple devices that allow speed to be varied ina typical 
3:1 range by adjusting the gap between flanges of the pulley sheaves. This adjustment can 
be performed automatically, either pneumatically or by a small servomotor.' These devices 
are very effIcient (in the 95% range) and fairly inexpensive (prices range from $50/hp for a 
100-hp drive to $300/hp for a 5-hp drive). Because of belt-slipping problems, they are not 
suitable for shock loads and are available only below 125 hp. 

• Friction dry discs provide another means of speed variation. They allow a wide range of 
speed ratios (up to 10:1), but their use is limited to motors of a few horsepower and their 
cost is high ($300 to $500/hp). This high cost is due not only to a requirement for precision 
parts, but also to a lack of economies of scale enjoyed by the drives capable of handling 
many horsepower. Speed variation is achieved by manually turning a crank, which moves 
the point of contact between one or more friction disc/ring pairs. Moving the contact point 
in tum changes the effective diameter of the friction discs, thus changing the transmission 
ratio. (Payton, 1988) Typical effIciencies of these drives is approximately 95%. 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 applications in 
residential and commercial buildings. 

In general, mechanical drives have a limited horsepower range. Their bulk, and the fact 
that they must be installed between the motor and the equipment to be driven, make them unsuit
able for most retrofIts. Because they have movable parts, some of which rely on friction for 
transmitting power, they require regular maintenance. New developments in electronic ASDs 
provide more reliable, flexible, less bulky, and increasingly more cost-effective alternatives. 

," 
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2.1.3. 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 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. Speed variation is achieved by varying the 
amount of oil in the working circuit (between the impeller and the runner) through a movable 
scoop tube, achieving a typical speed range of 5:1. Slip horsepower is converted to waste heat 
and is a function of the speed required; that is, the bigger the speed reduction, the lower the effi
ciency of the system. In addition to the slip losses, there are losses associated with heat dissipa
tion, lubrication pumps, and bearing windage. The heat-exchange fans of the coupling usually 
are responsible for a· 2 to 5 percent decrease in efficiency. For an output speed of 50% the 
overall efficiency of the hydraulic coupling is typically 40%. 

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 sometimes require repositioning of heavy equipment and construction of 
new foundations, can be expensive. 

2.1.4. Direct-Current Drives 

Although expensive and of limited reliability, DC motors can produce high starting torques 
and their speed is easy to control, typically through voltage-level control. They are used in 
applications where the horsepower ranges up to about 10,000 hp and the speed can be controlled 
with great precision, down to 1 % of the nominal speed of the motor. Figure 3 shows the 
torque!horsepower characteristics for DC motors. 

The conventional DC motor has windings in both the rotor and stator. Torque is produced 
as the result of an interaction between rotor and stator magnetic fields. Because the stator field 
does not rotate, to achieve maximum torque requires that when the rotor moves, the current
carrying winding in the rotor change so that the two magnetic fields remain approximately 90 
degrees apart. "Commutation" of the current in the rotor windings is accomplished mechanically 
by means of carbon brushes that slide on a cylindrically shaped set of copper blade terminals 
connected to the rotor windings. The commutation subsystem of the DC motor is its weakness. 
Both the brushes and the copper blade terminals wear as a result of friction and arcing. For this 
reason DC motors require periodic maintenance and are not suitable for use in explosive or cor
rosive atmospheres. In addition, because of the complexity of the rotor, DC motors are substan
tially more expensive than induction motors, are bulkier due to the dead volume occupied by the 
commutator and brushes, and are less efficient than AC motors. High-horsepower DC motors 
also have lower speed limits than their AC counterparts, because of the centrifugal stresses on 
their larger, heavier rotor. Large AC drives can make use of higher voltages than DC motors, 
which are subject to a voltage limit because of arcing in the commutator. Higher voltages are 
desirable because t~ey result in proportionately lower currents for the same power consumption. 
Lower currents mean smaller, cheaper wiring and/or lower power losses in the electrical distri
bution system. 
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2.1.5. Eddy-Current Drives 

The eddy-current drive is a combination of an eddy-current clutch coupled to an AC induc
tion motor (Figure 4). A rotating drum connected to the induction motor surrounds a cylinder 
coupled to the output shaft. The concentric cylinder and drum are coupled by a magnetic field 
whose strength determines the amount of slip. Speed variation is achieved through the use of a 
low-power solid state controller that varies the current in the winding that produces the magnetic 
field. This field excitation typically consumes two percent of the drive's rated power. (Magnus
son, 1984) 

The eddy-current drive is a slip device like the hydraulic coupling, 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 cooling or water 
cooling. Air-cooled drives are available with ratings from 1/4 hp through 200 hp. Water cooling 
is also used for some drives ranging from 200 hp to over 2000 hp. 

Eddy couplings operate reliably in a clean environment. They are bulky, typically occupy
ing twice the size of the induction motor itself. Typical prices range from $2oo/hp for a 5-hp 
drive to $150/hp for a 15-hp drive and less than $100/hp for a loo-hp drive. Prior to recent 
decreases in the cost of electronic adjustable speed drives, eddy-current drives were often speci
fied for speed control in HV AC systems. Although presently-marketed electronic ASDs have 
higher efficiencies and are competitive in cost, eddy-current drives have the advantage of not 
producing significant harmonics or voltage transients. They still may be an acceptable choice in 
installations where most of time the load operates close to the rated speed (e.g. between about 
70% and 100% of the rated speed). 

2.1.6. Multispeed Motors 

These motors, available up to 500 hp, are very reliable and relatively inexpensive; however, 
the available speed ratios are limited and they have the following additional drawbacks: 

• The stator slots have to be bigger than those of single-speed motors in order to accommo
date two or more windings. 

• The current-carrying capacity of the copper is poorly used since only part of , the winding is 
active at one time. 

• Joule heating (resistive) losses and leakage reactances are higher. 

• The motors are bulkier than similar single-speed motors of similar power rating. 

In short, their disadvantages in terms of efficiency are attributable to fundamental aspects of 
their design. 

The pole-amplitude-modulation (PAM) motor is a multispeed motor that avoids some of 
the above-mentioned drawbacks. The term "modulation" refers to reversal or suppression of the 
current in parts of the winding. This reversal or suppression effectively changes the pole pattern 
and produces a different motor speed. The pole configuration and reversal pattern can be 
designed to obtain the desired operating speed. 

The PAM motor is a single-winding, two-speed, squirrel-cage induction motor that is avail
able in a wide range of speed ratios. Because it has only one winding, the drawbacks of mul
tispeed motors are eliminated. All the stator copper is active at either speed, resulting in lower 
losses and higher heat storage capacity. This combination represents an improved ability to cope 
with conditions which tend to heat up the motor, such as starting and temporary overloads. The 

'. 
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lower speed can be used for soft-starting, resulting in lower inrush current and thus less motor 
heating. PAM motors are available in a broad choice of speed combinations including 9oon20, 
1200n20, 1200/900, 18oon20, 1800/1200, 3600n20 and 3600/900 rpm, with the same frame 
size as conventional single-speed motors. PAM motors are especially well suited for driving 
large fans or pumps with ratings from a few horsepower to thousands of horsepower, in applica
tions for which a two-speed duty cycle is appropriate. 

Although they are very reliable and need only a multipole breaker for commutation of the 
stator winding(s), both multispeed and PAM motors are limited to a few discrete speeds. Like 
multispeed motors, PAM motors can be designed for variable-torque, constant-torque or 
constant-horsepower applications. 

2.1.7. Electronic Adjustable-Speed Drives 

Although solid-state electronic ASDs were developed about 20 years ago, the first devices 
were complex and expensive, and their reliability only fair. Advances in semiconductor technol
ogy for power devices and especially for microelectronics have been dramatic in the last two 
decades. Not only have their costs decreased substantially, but performance and reliability have 
also improved. As a result, electronic ASDs are becoming more and more attractive to potential 
users. Electronic ASDs present a huge potential for energy savings (and to a lesser extent, peak 
power savings); their present penetration is only a small fraction of the potential market. 

Because the speed of an AC motor is proportional to the frequency of the power supply, 
most electronic ASDs control motor speed by synthesizing electrical power of the desired fre
quency. In this manner it is possible to control the speed over a wide range-typically by a fac
tor of 10 and in some cases by a factor of 20. Electronic ASDs can be classified as inverter
based, wound rotor slip recovery, cycloconverters, and voltage-level controls. 

Electronic ASD types are described in more detail in Appendix' B. Because they are com
pact when compared with mechanical or hydraulic adjustable-speed controls, they can be easily 
retrofitted. ASDs also have more flexibility in their space positioning as they do not have to be 
mechanically coupled to the motor. At both full load and partial load, electronic ASDs are very 
efficient; their efficiency drops off at very light loads. In the big AC drives (> 100 hp) the full
load efficiency can be greater than 97%. The main drive components do not have moving parts, 
therefore electronic ASDs require little periodic maintenance. In well-designed systems their 
reliability can be excellent. They are available in a power range that cover"s fractional hor
sepower motors (typical of home appliances) to a few hundred horsepower (as in commercial 
building HV AC systems), to the tens of thousands of horsepower used by the pumps and fans of 
large electric power plants. 

2.2. Common Applications and Overall Performance 

Given present cost trends, electronic ASDs seem to have the best prospect for dominating 
the market for adjustable-speed controls: the other alternatives do not match their efficiency, 
compactness, reliability, speed range, and flexibility to incorporate additional protection and 
control features. 

The conventional way of controlling the flow of liquids and gases is through the use of 
flow-restriction devices such as throttling valves, inlet vanes, and outlet dampers. These 
methods, while inexpensive to install, waste energy. Adjustable-speed controls used in 
adjustable-flow applications of fans and pumps can reduce energy requirements by as much as 
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30-50%, because the required shaft power from the motor varies roughly with the cube of the 
flow. In buildings, fans and pumps typically account for over 15% of the energy consumed. 
Reduced electricity use by these Il!0tors also reduces the waste heat that must be removed from 
the building; thus, direct ASD energy savings are increased by a factor of about 1. 3, assuming 
the motor is cooled by the HV AC system, and there is a cooling system COP of 3. In an HV AC 
distribution system with flow restriction devices, rather than an ASD, friction will heat up the 
circulating air or water, thus increasing cooling loads. _ (While heating energy might increase 
with an ASD, due to less waste heat, this effect is much smaller than the cooling savings in most 
commercial buildings because these buildings HV AC loads are predominantly cooling). Thus, 
ASDs are generally the best choice for variable air volume HV AC systems in buildings, and are 
being installed in preference to flow-restricting vanes or dampers in most new buildings and in 
many retrofit~. 

Figure S:compares the efficiencies of various means of controlling the flow from a centri
fugal fan. The curve on the lower right is the power required by the fan itself (not including 
motor losses). Power consumption of the fan varies as the cube of the flow rate. ASDs are seen 
to be the most efficient control device, except when operating very close to 100% of the rated 
speed. Older methods of throttling the flow at the inlet or outlet are very inefficient, as the fig
ure indicates. 

Although centrifugal loads (fans, pumps, blowers and compressors) in HV AC systems 
have, by far, the highest potential for savings from an electronic ASD, other applications can 
also benefit from the use of ASDs to increase the efficiency and/or reliability of AC motors. 
qther potential applications in residential and commercial buildings are: 

• rotary and reciprocating compressors in air conditioners, heat pumps, and refrigeration 
equipment. 

• cooling tower fans 

• elevators, escalators, and moving walkwa~s 

In applications where there is no need for continuous speed regulation (i.e., only a few 
discrete speeds are required), 'multispeed motors or PAM motors may provide an efficient and 
cost-effective solution. 

Mechanical devices, such as adjustable pulleys, also have high efficiency in the low hor
sepower range and can be used in less demanding applications. Also, eddy-current drives are 
very reliable and well suited for HVAC air-flow control, for example, where most of the duty 
cycle is at speeds close to the maximum. 

Besides saving energy, ASDs can improve equipment life, productivity, and product qual
ity. One of the characteristics associated with ASDs is their gentle start-up, in contrast to the 
surge of start-up current typical in a non-controlled motor. This current surge, typically five to 
six times the motor's rated current, is hard on the motor, switchgear, and transformer. The 
mechanical couplings, transmission, and end-use device also benefit from a smooth start. ASDs, 
because they control the flow by reducing the operating speed, also reduce wear on motors, 
pumps, and fans, and decrease noise levels. 

Power quality problems are a potential difficulty with electronic ASD applications. Any of 
the ASDs which use power electronics (especially electronic and direct-current drives, and 
eddy-current drives to a lesser extent) can inject harmonics into the building wiring and utility 
grid as well as create 'conducted and radiated electromagnetic interference (e.g. Jarc and Schie
man, 1985). ASDs can also degrade the power factor. Whereas harmonics can increase energy 
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losses in the wiring and motors, electromagnetic interference can be unacceptable if it disrupts 
communication systems. communication systems. Suitable techniques such as filtering, shield
ing, grounding, and proper wiring layout often solve these problems, at a cost of at most a few 
percent of the ASD (circuit protection costs are included in the estimates given below). 

2.3 Market Trends and Technology Status 

2.3.1 Market and Technology Developments 

There has been continuous progress over the past two decades in the technologies used for 
both major components of electronic ASDs: the microelectronics used in control circuits and the 
power electronics used to condition the actual input current to the motor. These technology 
trends and the associated cost reductions, combined with rising electricity prices, are helping to 
accelerate ASD market penetration. Progress in microelectronics, specifically the use of power
ful microcomputers and large-scale integration devices, has allowed complex control functions 
and algorithms to be incorporated in compact and inexpensive packages as part of an ASD. The 
advances in power-device technologies have not been so dramatic, either in performance or cost, 
although the integration of power devices and microelectronics in one "package" is on the way. 
Soon we can expect to see electronic ASDs routinely packaged and sold with motors, especially 
in low-horsepower devices such as home air conditioners, washing machines, and other appli
ances. 

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

At the small-horsepower end of the market (up to a few tens of hI') electronic ASDs can be 
matched with permanent-magnet (PM) AC motors. The rotors of these motors consist of one or 
more permanent magnets, rather than the electromagnet(s) of conventional motors. In re_Iation to 
the induction motors they replace, they have the advantage of being more efficient (15-20% 
lower losses) as there are no losses associated with inducing a magnetic field in the rotor. Addi
tionally, because these PM AC motors perform as synchronous motors, they can be employed' 
successfully in cases where accurate speed control is required. Although PM AC motors are 
more expensive than the induction motors they replace, their extra cost can be paid back in a 
short time (Richter, 1985). Progress in PM technology, leading to materials that are both high 
performance and fairly low cost (such as neodymium-iron-boron) may also hasten the transition 
to PM AC motors (Klein, 1984). 

2.3.2 Technology Status 

One estimate of the total number of electronic ASDs in place world-wide--mostly in the 
United States, Europe, and Japan-is approximately 220,000 units. Of these, over 130,000 were 
produced by two Japanese manufacturers, Toshiba and Hitachi ("ASD Directory," 1987). Most 
of these are small units, used in Japanese-made residential and small commercial heat pumps. In 
1987, Carrier introduced an adjustable-speed heat pump for the U.S. residential market (Hume, 
1987). In late 1988, the EPRI-Carrier advanced heat pump, which incorporates water heating 
and adjustable-speed, permanent magnet motors in both the compressor and indoor fan, is 
scheduled to be introduced (Moore, 1988). 
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There are a total of at least 34 manufacturers of electronic ASDs in the United States and 
abroad, primarily in Japan and Germany ("ASD Directory," 1987). Most manufacturers special
ize in particular sizes and/or types of ASDs, but among them they supply a full range of ASDs, 
from v.. hp to over 60,000 hp, with a variety of features adapted to nearly any application. Thus, 
the infrastructure for supporting ASD technologies in the U.S. is already in place, in the form of 
electrical equipment distributors, dealers, and contractors .. Electrical and mechanical engineers 
are familiar with the capabilities of ASD technologies. 

Sections 5 and 6 discuss potential implementation barriers and general approaches to 
speeding market acceptance of ASDs. Section 7 (Recommendations··for Future Work) outlines 
some issues related to ASD technology and applications that could benefit from an increased 
level of research, development, and demonstration (RD&D) activity. 
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Figure 1. Torque-Speed Reiationships for Different Load Types 

Speed Speed Speed 

a. Torque increasing with speed, 
(for example, in centrifugal fans ' 
and pumps) 

b. Constant torque (for example, in 
positive displacement pumps and 
compressors) 

c. Constant power (for example, in 
vehicle drives). 
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Figure 2~Typica1 adjustable pulley drive. The speed is varied by 
changing the gap between the flanges of the pulley sheaves, thus 
changing the effective pulley diameters. The top shaft is connected to 
the motor, the bottom to the driven load. 
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Figure 3. Speed control of direct-current motors, showing the torque- . 
horsepower characteris*s. 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. 
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Figure 4. Power flow and control of an eddy-current drive system. 
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Figure 5. Comparison of several techniques for varying air flow in a variable-air-volume 
(V A V) ventilation system. The curve on the lower right represents power required by 
the fan itself, not including motor losses. Electronic ASDs are the most efficient V A V 
control option, offering large savings compared to outlet dampers or inlet vanes, except 
at high fractions of the rated fan speed. Source: adapted from McGeough, 1983. 



3.0 PERFORMANCE AND COST CHARACTERISTICS 

3.1. Energy-Saving Potential of ASDs 

The energy and peak: power savings potential for any motor-related technology depends on 
a number of factors: specific characteristics of the motor, the motor drive, the equipment to be 
driven, and the load served by the equipment. All of this information may not be available for a 
single application; it is far more difficult to determine the savings potential for diverse applica
tions, across all sectors, for the entire nation. Despite this difficulty, it is important to at least 
estimate the magnitudes of these impacts. This section presents rough. estimates of the energy 
and peak: power savings that could be realized in the United States (scaled to the existing build
ing and equipment stock) if appropriate ASD technologies were to be installed in all residential 
and commercial buildings. Thus, our estimates reflect the "technical and economic potential" 
for ASD savings. 

Given enough time, the normal aging and replacement of appliances, equipment, and motors 
over 1-2 decades mean that electronic ASDs will probably approach saturation of most or all of 
the end-use applications identified here. Clearly, this timetable can be accelerated by ASD 
retrofit efforts, responding either to normal market incentives or (and) to special rebates and 
other utility demand-side (DSM) programs. It is beyond the scope of this project to develop a 
more detailed estimate of expected penetration rates associated with such market forces or DSM 
programs, but this would be a useful future step. 

3.1.1. Potential Savings from ASDsin the Residential Sector 

ASD applications in the residential sector have a large potential market. Heat pumps, air 
conditioners and washing machines with ASDs are already being marketed outside the U.S. 
Carrier recently introduced ASD-equipped heat pumps and forced air furnaces to the U.S. 
market. Other appliances, such as refrigerators, freezers, heat pump water heaters and evapora
tive coolers, are also potential candidates for variable-speed controls. 

ASDs used in home appliances are integrated into the appliance and thus do not require a 
separate housing. However, it is the mass production of ASDs which is mostly responsible for 
achieving the low costs required for residential applications. The cost of ASDs used in Japanese 
heat pump units has achieved a remarkably low cost of $25/HP, which is about half of the 
hardware-only cost (excluding installation) of the large-horsepower industrial units sold in the 
United States (Abbate, 1988). 

Phase-wave modulation (PWM), because of its low cost and good performance, is the dom
inant technology for AS~s used in appliances (see Appendix B). The harmonics generated by 
the PWM ASD require use of a built-in fllter. Equipment costs can be reduced by using hybrid 
mounting on a ceramic substrate and by integrating the power devices and the microelectronics 
in the same silicon chip; several semiconductor manufacturers are working toward these goals. 

Cooling and heating loads. Most of the energy-saving potential of ASDs in the home is 
associated with the use of refrigerant compressors for cooling or heating (as in heat pumps, air 
conditioners, refrigerators, and freezers). Heat pumps are now used in almost one third of new 
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homes. The use of ASDs to control heat pumps has already been subject to detailed·investiga
tion (Mohan and Ramsey, 1986; Science Applications, 1986; Strategies Unlimited, 1984, and 
Jeter et al, 1986). In all of these applications, adjustable speed controls can reduce energy con
sumption by matching the speed of the compressor to the instantaneous thermal load. In addi
tion to avoiding efficiency losses related to cycling, the wear on the equipment due to current 
inrushes and transients is reduced, thus prolonging the lifetime of the appliance. 

Several improvements in home appliance technology that are likely to become common 
over the next few years will complement the use of ASDs: 

• High-efficiency compressor and fan motors. The use of permanent-magnet AC motors can 
increase the efficiency of the motor by 4-8%, when compared with conventional squirrel
cage single-phase induction motors. Some Japanese heat pumps already use ferrite per
manent magnets in motor rotors. The development of permanent-magnet materials with 
higher performance (and moderate cost), such as neodymium-iron-boron magnets, can 
increase motor performance in the near future (Sagawa, 1985). Permanent-magnet AC 
motors are very reliable and operate well with ASDs. Because they do not have rotor 
electrical losses, the burden on the ASD inverter is less-a slight advantage over induction 
motors. The Carrier forced-air furnace and the EPRI-Carrier heat pump use permanent
magnet AC motors. 

• Rotary compressors. The use of rotary compressors in place of reciprocating compressors 
can take full advantage of the speed variation potential of ASDs. Additionally, rotary 
compressors produce less noise, which is a distinct advantage in the home environment. 
Zanussi, the largest European appliance manufacturer, estimates that the combined use of 
rotary compressors and ASDs can lead to energy savings of about 20%. (Abbate, 1988) 

• Larger heat exchangers with improved design. The efficiency of the compressor thermal 
cycle is boosted by ASD operation because the average temperature difference is reduced 
by continuous operation. Improved heat exchangers further mcrease the efficiency by 
further decreasing the temperature difference of the compressor thermal cycle. 

Although these additional improvements produce both energy and demand savings, the 
ASD itself contributes to savings only when the equipment operates at partiallmid. However, if 
the equipment is oversized for the application (as is common in HV AC systems), or if loads do 
not have peaks that are completely coincident, then ASDs can provide peak demand savings 
even on the utility'S peak day. . 

Estimated residential energy savings. Although estimates of both the existing energy use 
of residential appliances and of the possible savings are marked by considerable uncertainty, it is 
still worth looking at. Table 2 lists several major end-uses, an estimate of their annual energy 
use (based on Lawrence Berkeley Laboratory's Residential Energy Model), and the potential 
energy savings from ASDs (assuming that savings would average 20% of existing use). The 
total savings potential from residential ASD applications, scaled to the current U.S. stock, is 
about 59 billion kWh/year. For comparison with Table 2, another estimate of electricity con
sumed by air-conditioning (including heat pumps used for cooling) is based on an econometric 
model using data from the 1984 Residential Energy Consumption Survey, RECS (DOE/EIA, 
1987). That source estimated a slightly higher annual energy use for air conditioning, about 103 
billion kWh. This includes both central and window units (air conditioning is present in roughly 
60% of the 86 million U.S. household's, evenly divided between central and window units). The 
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other end-uses are not adequately disaggregated in RECS to pennit a similar analysis, however 
the total 1984 residential electricity use in RECS, 725 billion kWh, agrees reasonably well with 
the LBL model estimate for 1986, 811 billion kWh. 1 

Table 2. 
Estimated Electrical Energy Savings for Home Appliances Using ASDs 

1986 Usage Estimated Savings 
Appliance (109 kWh/yr) (109 kWh/yr) 

Refrigerators 120 24 
Freezers 38 8 
Air Conditioners 96 19 
(& Heat Pumps in cooling) 

Heat Pumps (in heating) 20 4 
Furnace Fans 22 4 
Total, selected end-uses 300 59 
Total residential elec. use 810 

Estimated residential peak power savings. In both refrigerators and freezers, the compres
sor capacity is sized for the hottest weather and for a heavy pattern of operation (frequent door 
openings and large quantities of food to be cooled). When a refrigerator or freezer operates in a 
room with space cooling, this will decrease the compressor load. Similarly, households not 
occupied during a utility afternoon peak may not experience peak loads for the refrigerator or 
freezer at that time. In these conditions, ASD operation can lead to some demand savings, 
although this issue deserves further investigation. 

When heat pumps are sized to just meet the peak cooling load, and the peak heating load 
with a backup system (resistance heating or fuel-burning furnace), ASDs cannot produce power 
savings. The same can be said of air-conditioning units designed to meet the peak load. If there 
is excess capacity due to overdesign, however-which is a common occurrence-peak power 
savings may be expected. The amount of savings depends on the amount of overdesign. In 
many regions, if a heat pump is designed to meet the peak heating load without backup, it will 
have excess capacity during the cooling season. Thus, summer peak power savings could result 
from partial-load operation with an ASD. 

Interestingly, the use of ASDs to control heat pumps or air conditioners provides new 
opportunities for utility load management. When necessary to reduce peak load on the electri
city supply network, a utility could directly control the ASD to modulate the cooling system out
put, with less reduction in customer comfort and much less equipment wear, compared with the 
conventional approach of utility-controlled on-off cycling of air conditioners. The electronic 
controls of ASD units are generally microprocessor-based and the integration of a utility
customer communication feature for load management could be easily achieved. As residential 

1 Furnace fans are not disaggregated in either RECS or the LBL model. The fan consumption 
estimate was made by taking LBL model estimates for heating fuel use, assuming the average fur
nace has an input of 100,000 BTU/hour and a fan power of 0.5 kW. 
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time-of-use rates (and, eventually, "real-time" flexible electricity pricing) become more com
mon, similar opportunities will be available for customer-controlled, price-responsive air condi
tioning using ASDs and "smart meters" for communication and control. Due to its peak savings 
potential, the combination of ASDs with load management features in space conditioning equip
ment should be explored further. 

Other appliances. ASDs are already being used in washing machines in Europe (Abbate, 
1988). With ASDs, cheaper (two-pole) motors can be used to achieve the different speeds of the 
washing cycle, and higher spinning speeds are attainable. Because these higher speeds substan
tially decrease the moisture content of the clothes, energy required for drying is also reduced. 

In the southwestern states of the United States, where summers are typically dry, home 
comfort conditions can be achieved by using evaporative coolers, either by themselves or cou
pled to reduced-capacity conventional compressor units (de Almeida and Yokoe, 1987). The 
Energy-Efficiency Ratios (EERs) of evaporative coolers can be typically around 25 (compared 
to an EER of 10 for a typical high-efficiency air conditioner); their already excellent energy and 
power performance can be increased with ASDs ("Vari-CooI," 1985). In periods of part-load 
operation, ASDs can modulate the air flow and, by taking advantage of the fan affinity laws, 
contribute to further energy savings. The development and demonstration of high-performance 
evaporative coolers with ASDs deserves further attention. 

Heat pump water heaters are another appliance where ASDs could save energy. Other than 
the EPRI-Carrier heat pump, which integrates water heating into the space heating/cooling pack
age (Moore, 1988), to the authors'knowledge there has been no work in this area. 

3.1.2. Potential Savings from ASDs in the Commercial Sector 

In commercial buildings, the main motor-driven end-uses are air-conditioning, ventilation, 
and refrigeration. In the United States in 1983, these three end-uses consumed roughly 288 bil
lion kilowatt-hours per year, or 44% of total commercial sector electricity (Andrews et al, 
1987)? . 

To estimate savings from ASD applications in commercial air conditioning and ventilation, 
DOE-2 computer simulations were run for two representative building types in five U.S. cities 
(Eto and de Almeida, 1987). One of the prototype buildings used a centrifugal chiller, the other 
a reciprocating unit;· both used variable-air-volume (V A V). ventilation systems. The study com
pared chiller energy use with and without an ASD, and the VAV system using an ASD VS. a con
ventional system with inlet vane restriction. The results, summarized in Table 3, showed about 
20-30% energy savings for ventilation, and about 10-15% for chillers; in the medium office 
only.3 Note that these savings do not include the reductions in fan and chiller energy use due to 

2 The end-use estimates developed as inputs to the EPRI COMMEND model were adjusted to 
reconcile the total with the reported commercial sector end-use from the 1983 NBECS survey 
(DOE/EIA 1986). . 

3 For this analysis, ASD use in the strip store prototype was assumed only for fans, but not (due 
to costs) for the small, packaged rooftop air conditioners. In retrospect, it now appears that the 
same packaging of ASD/motor combinations which has achieved very low mass production costs 
in Japanese residential heat pumps could, in principle, be applied to these commercial building 
rooftop units. The largest model of the EPRI-Carrier ASD heat pump could serve many small 
commercial buildings (Moore, 1988). 
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converting a constant-volume to a variable-volume air distribution system. Also, Table 3 shows 
that the DOE-2 simulations accounted for the impact of ASD use on heating loads in the medium 
office prototype. This small increase in load (1-4%) is due to reduced waste heat from the motor 
and from air friction at the duct dampers. 

TABLE 3. DOE-2 Estimates of Energy Savings for ASDs in Medium-Sized Office and Strip Store 

Medium Office 

Base Case ASD,Fans 
Site (Savings) (%Savings) 

EI PasoTX 

Electricity (MWh) 741.2 34.0 5 
Fan (MWh) ll3.2 29.0 26 

Cooling (MWh) 126.7 5.3 4 

Peak Demand(kW) 295.5 4.3 1 

Natural Gas (MBTU) 358.5 (14.3) (4) 

Lake Charles LA 

Electricity (MWh) 766.9 34.7 5 
Fan(MWh) 110.9 29.7 27 

Cooling CMWh) 155.7 5.2 . 3 

Peak Demand(kW) 304.8 6.5 2 

Natural Gas (MBTU) 255.4 (10.6) (4) 

Madison WI 

Electricity (MWh) 686.6 35.0 5 
Fan (MWh) 107.7 32.6 30 

Cooling CMWh) 74.8 2.6 3 

Peak Demand (kW) 296.5 5.6 2 

Natural Gas (MBTU) 729.1 (15.0) (2) 

Seattle WA 

Electricity (MWh) 671.6 33.0 5. 
Fan (MWh) 109.7 30.2 28 

Cooling CMWh) 57.9 3.1 5 

Peak Demand (kW) 286.8 5.5 2 

Natural Gas (MBTU) 767.2 (20.8) (3) 

Washington DC 

Electricity (MWh) 723.5 33.7 5 
Fan(MWh) 114.0 30.2 27 

Cooling CMWh) 106.6 3.5 3 

Peak Demand (kW) 296.5 5.6 2 

Natural Gas (MBTU) 599.4 (5.2) (1) 

All savings are calculated relative to the base case. 

Source: Eto and de Almeida, 1987, Tables 3 and 4. 

Strip Store 

ASD, Fans & Chiller Base Case ASD, Fans 
(Savings) (% Savings) (Savings) (% Savings) 

43.0 6 173.4 12.1 7 
29.0 26 42.3 11.2 27 
14.2 II 31.1 1.0 3 

1.2 0 47.5 0.9 2 

(14.3) (4) --- --- ---

47.8 6 183.2 11.9 7 
29.7 . 127 40.8 10.9 27 
18.3 12 42.5 1.0 2 

2.4 1 48.2 0.9 2 

(10.6) (4) -- --- ---

42.1 6 168.8 7.5 4 
32.6 30 40.9 7.4 18 
9.7 13 17.1 0.8 4 

0.2 0 73.5 0.0 0 

(15.0) (2) --- --- ---

41.0 6 157.5 8.1 5 
30.2 28 43.8 7.3 17 
11.1 19 13.4 0.9 7 

0.0 0 50.5 0.0 0 

(20.8) (3) --- --- ---

44.4 6 171.4 9.2 5 
30.2 27 44.0 8.6 20 
14.1 13 26.3 0.7 3 

0.2 0 56.3 0.0 0 

(5.2) (1) 

To roughly extrapolate these numbers to the nationwide commercial stock, we used average 
ASD savings of 25% for fans and 10% for chillers, along with end-use estimates developed for 
EPRI's COMMEND model (Andrews et aI, 1987). This results in an estimated ASD savings 
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potential in commercial building ventilation .of about 15 billion kWh/yr, and cooling savings of 
about 20 billion kWh/yr.4 

Potential savings from using ASDs in commercial sector refrigeration equipment are based 
on an assumed 20% reduction in energy use, which amounts to 6.5 billion kWh/yr nationwide. 
The total estimated energy savings resulting from the application of ASDs to these three major 
end-uses in U.S. commercial buildings is 41 billion kWh/yr. 

Other commercial end-uses could also benefit from the application ofASDs: space heating 
and hot water (where heat pumps and/or water circulation pumps are used), and vertical tran
sport (elevators and escalators). Unfortunately, it is difficult to draw meaningful conclusions 
about ASD potential in these commercial sector end-uses, because the baseline data are not suf
ficiently dis aggregated in most studies, nor have the expected savings from these ASD applica
tions been adequately investigated. 

Savings in commercial building peak power are even harder to estimate, since there are few 
reliable estimates for the U.S. of end-use contributions to peak demand. In addition, savings 
depend on the extent to which the systems are oversized relative to the peak load; this is .also dif
ficult to estimate. Just as in. the residential sector, ASDs allow utility-controlled load manage..; 
ment with less disruption and equipment wear than with the more common method of equipment 
on-off cycling. As with residential load management, the ASD could be controlled either by the 
utility or the building's local energy management system, in order to satisfy utility system needs 
and/or the desire of the building operator to limit demand charges. 

3.2. Costs of ASDs 

Mechanical ASDs, such as adjustable pulleys, are fairly inexpensive, with pric_es ranging 
from $50/horsepower (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 and less than $lOO/hp for a lOO-hp drive. 

While the equipment prices of these mechanical ASDs are typically low, they are seldom 
used for retrofits because of the difficulty (and expense) of repositioning the motor and/or the 
driven load. Electronic ASDs, because they are connected into the motorized system only 
through the wiring, are generally much better suited to retrofit applications. Their price, in terms 
of dollars/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. A recent market sur
vey conducted by CRS Sirrine Corporation showed the following typical dollar values for equip
ment and installation of drives for induction motors ("ASD Directory," 1987): 

4 Of course, there is considerable uncertainty in these assumptions. Our estimate includes 
buildings that already have ASD-controlled V A V systems and chillers. Although increasingly 
common in new installations, this is at most only a few percent of the U.S. stock. Conversely, our 
estimated savings do not account for the substantial gains from converting to V A V systems in the 
fIrst place-only for the difference between flow-restriction and ASDs as the control strategy. 



3-7 

Installed Cost 
($/hp) 

900-425 
425-325 
325-200 
200-130 
130-80 

Size Range 
(hp) 

7.5-50 
50-200 

200-1000 
1000-2500 

2500-20,000 

Drives for synchronous motors above 1000 hp are about twice as expensive per horsepower as 
drives for induction motors of the same size. These costs include list prices of the ASD equip
ment; discounts are often available. As noted earlier, the mass production of smaller motors 
with built-in ASDs has been very successful in bringing down the cost of Japanese variable
speed heat pumps, with reported incremental costs of $25/hp for the ASD. 

3.3 Cost-Effectiveness of Adjustable-Speed Drives 

To determine whether an adjustable-speed drive is cost-effective for any given application, 
the following need to be taken into account: .. 

• First cost (acquisition and installation) 

• System operating load profile (number of hours per year at each level of load) 

• Cost of electricity 

• Maintenanc~ requirements 

• Reliability 
• Secondary benefits (less wear on equipment, less operating noise, regeneration capa

bility, improved control, soft-start, and automatic protection features) 

• Secondary problems (power factor, harmonics, and interference) 

A careful analysis should weigh the value of the benefits offered by each option against the 
secondary problems, such as power quality, that may impose extra costs for filters and power 
factor correction capacitors. In comparing the "equivalent initial cost," of an ASD with another 
system, the general formula is: 

Equivalent Initial Cost = First Cost - Value of Secondary Benefits + Cost of Secondary 
Problems 

A similar comparison is made of the operating costs, composed of energy costs (based on the 
load profile and electricity prices) plus maintenance and repair costs. Reliability indexes, while 
seldom available from independent sources, are often stated by manufacturers in terms of the 
mean time between failure (MTBF) and the useful equipment life. The MTBFgives the forced 
outage rate. Along with average repair costs, MTBF can be used to calculate the forced mainte
nance costs, to which are added the costs of scheduled periodic maintenance. In other words: 

Overall Maintenance Costs = Scheduled Periodic Maintenance + Outage Repairs 

"Useful life" represents a period of time after which it is no longer economic to carry out any 
repairs; Le., the equipment should be replaced. Reliable technologies such as electronic ASDs 
and eddy-current drives typically have lifetimes on. the order of 20 years. 
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The total life-cycle cost of each option is then computed by adding the equivalent initial 
cost and the present-worth value of operating costs, at an accepted discount rate (R), over the 
system's useful lifetime (N years): 

Life-cycle Cost = PWV R,N(Equiv. Initial Cost + Overall Maintenance Costs + Energy 
Costs) . 

Figure 6 applies this general approach in developing a schematic showing ASD cost
effectiveness, once the net costs are known. The Figure· assumes ·20% average energy savings, 
and shows internal rates of return as a function of annual operating hours, for various combina
tions of ASD first-cost and electricity prices .. 

Another view of cost-effectiveness is provided in Table 4, which summarizes results from 
the simulation study, discussed earlier, of ASDs in two prototype buildings (Eto and de Almeida, 
1987). 

The Table shows simple payback times for ASD fans and chillers, as a function of equipment 
first-cost and electricity price, for five representative U.S. climates. Note that the analysis shows 
fan-motor ASDs as more cost-effective than ASDs on chillers~ Fans for ventilation and HVAC 
distribution operate all year in most commercial buildings, while chiller use (in these prototypes) 
is concentrated in fewer hours, during the cooling season. 

3.4. Reliability and Lifetime 

The reliability of the various adjustable-speed drives depends on the type of service the 
drive is subjected to and the maintenance it receives. In general, drives with rubbing parts (such 
as the friction dry disk and the conventional (brush-type) DC motor) require considerable 
maintenance for proper operation. Without frequent attention, the units will fail quickly. 

Adjustable pulleys use special belts which, like conventional belt drives, need periodic 
inspection and replacement. The mechanism that adjusts the pulleys must also be periodically 
lubricated or the unit will stick at one speed. 

Hydraulic drives and eddy-current drives, since they do not transmit power through direct 
mechanical linkage, generally need little maintenance. The hydraulic drive depends on a clean 
oil supply, ultimately requiring oil and/or filter changes. Eddy current drives need little mainte
nance as long as they are operated in a clean environment; if not, their reliability and lifetime are 
poor. 

Multispeed and PAM motors are generally as reliable as standard motors. However, 
because they use more complicated electro-mechanical switches to select the speed, however, 
they incur a small additional reliability penalty. 

Electronic adjustable speed drives, since they contain no moving parts in the main drive 
components, are inherently quite reliable. Because they can be located far (i.e. hundreds of feet) 
from the motor, they can easily be protected from dust, heat, moisture, vibration, and other 
environmental factors that might reduce their reliability. 

3.5. Case Studies 

Several case studies on ASD applications, drawn from published literature, indicate the 
diversity of projects undertaken to date. These examples are by no means exhaustive, nor 
intended to be statistically representative. A more extensive compilation of case study 
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TABLE 4. 

Estimated Simple Payback Times (Years) from 
ASDs in Medium Office; ASDs on Fans Only 

Equipment Cost ($/horsepower) 150 300 

Electricity Price ($/kWh) 0.07 0.10 0.07 

ElPasoTX 4.2 2.9 8.4 
Lake Charles LA 4.0 2.8 8.1 
Madison WI 3.9 , 2.7 7.8 
Seattle WA 4.4 3.1 8.8 
Washington DC 4.3 3.0 8.6 

Estimated Simple Payback Times (Years) from 
ASDs in Medium Office; ASDs on Fans and Chiller 

0.10 

5.8 
5.6 
5.4 
6.1 
6.0 

Equipment Cost ($/horsepower) 150 300 

Electricity Price ($/kWh) 0.07 0.10 0.07 

EIPasoTX 8.3 5.8 16.6 
Lake Charles LA 7.7 5.4 15.4 
Madison WI 8.6 6.0 17.1 
Seattle WA 8.7 6.0 17.4 
Washington DC 8.7 6.0 17.3 

Estimated Simple Payback Times (Years) from 
ASDsIn Strip Store; ASDs on Fans Only 

Equipment Cost ($/horsepower) 150 300 

Electricity Price ($/kWh) 0.07 0.10 0.07 

EI Paso TX 2.9 2.0 5.7 
Lake Charles LA 2.8 2.0 5.6 
Madison WI 3.8 2.7 7.6 
Seattle WA 3.6 2.5 7.3 
Washington DC 3.5 2.4 7.0 

0.10 

11.6 
10.7 
11.9 
12.1 
12.1 

0.10 

4.0 
3.9 
5.3 
5.1 
4.9 

Note: Natural gas price is $3.5/MBTU. Paybacks are based on incremental costs and annual energy cost savings of 
adding an ASD to the chiller, and substituting ASD fan control for inlet vane control in variable air volume systems. 
Savings are net of (slightly) increased gas costs for heating, due to reduced waste heat, in the medium office proto
type. 

Source: Eto and de Almeida, 1987, Tables 5-7. 
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experience, along with a technical review and comparison of the data, would be extremely useful 
but is beyond the scope of this report. Such a data compilation, modeled on the "BECA" (Build
ings Energy-Use Compilation and Analysis) data base at LBL(LBL, 1987) would help to estab
lish the actual, in-the-field performance, costs, lifetimes, and other impacts of ASDs, and in 
identifying remaining data gaps. 

PAM Motors 

• A hospital in Chicago, lllinois significantly decreased its electric bill by replacing 
standard, single-speed induction motors with PAM motors in its HVAC system. Some 
key areas of the hospital require ventilation 24 hours a day, but many areas, such as 
outpatient rooms, administrative offices, laboratories, cafeterias, chapels, pharmacies, 
and nurses' stations, are unoccupied or have much lower occupancy during the night, 
and thus require only partial ventilation. In the retrofit, 20 PAM fan motors, ranging 
in size from 1.5 to 75 hp, replaced the existing single-speed motors. Because PAM. 
motors were the same size as the original single-speed motors, they fit the original 
frames, thus further reducing retrofit costs. The availability of PAM motors with 
speed ratios near unity (e.g., 10/8 and 12/10) permitted large savings even with small 
reductions in ventilation !"ate, because the power required is proportional to the cube of 
the flow. Net energy savings resulting from the retrofit were approximately 
$100,000/year; the payback period for the investment was eighteen months ("PAM 
Motor," 1986). 

Electronic Adjustable-Speed Drives 

• In an Atlanta office building, a field test of a large electronic ASD to control a 350-ton 
centrifugal chiller resulted in electricity savings of 28.9% in October, 38.5% in 
November, and 39.9% in December (in relation to constant speed operation for the 
same building load and weather conditions (Freund, 1981). (Data for the other months 
were not included in the article.) 

• The Transamerica Corporation headquarters building in San Francisco was originally 
equipped with single-speed fans for the HV AC systems and thus had no way to 
decrease ventilation during periods of low occupancy. Eleven fans in the HVAC sys
tem were selected for retrofitting with electronic ASDs having a total capacity of 565 
hp. The energy savings were over 1.2 million kWh/year, resulting in a payback time 
of around two years ("Adjustable Speed Drives," 1985). 

• The DallaslFort Worth International Airport converted its 5000-hp air-conditioning 
chiller compressor from a steam turbine drive to a synchronous electric motor with 
ASD ("ASD Directory," 1987). 

• A property-management firm in New York state has retrofitted ventilation fans, cool
ing tower pumps, and hot water pumps with ASDs, installing a total of ten drives in 
seven commercial buildings. The ASDs on the fans allowed the constant-volume 
HV AC systems to be converted to V A V systems, which save not only fan energy but 
heating and cooling energy, as well. The thermal energy savings were especially great 
when the original system configuration incorporated simultaneous heating and cool
ing, such as in terminal reheat and dual duct systems. Payback periods ranged from 
four months to one year ("Retrofitted HVAC," 1982). 

• A 75-hp, single-speed cooling tower fan was retrofitted with an ASD to maintain cool
ing water temperature. The drive includes a circuit to bypass the natural vibration 
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speed of the fan. The payback period is estimated at 22 months (Renfroe and Larkin, 
1986). 



c: .... 
::J ... 
Q) 
0: 
t+-
o 
Q) ... 
co 
0: 

co 
c: .... 
Q) ... 

..E 

250 

200 

150 

100 

50 

3-12 

~--~~~~~-,~~~~~--~--~----------~~~~~~ 

~ Q. 'I" § ,,''''-
'" " . . ~,,/0 " '" _ ,,'" Typical 

to" 

~ ~ .. )I~"'-" Commercial 
" ~ ,.,'~ Building 
,....~ Ventilation ~ 

~ ~,. ... ~ "!,,,~ Laboratory 

~:' .. • ~ S~~~~~~~~~I 
/ Typical .~ Refri eration 

I' Residential ~ / / 

./ ;eat PU~ W 16C/kWh~~?~ •• o/;7) 
/ .:.~~···ZzzZ~~·~~~YL~ o .~- - ~=.=:.=::;::.::;c:="<:::::zJ.:==-_..:....I-__ .l.-_---l...L.-L.......i.::..JL--£...~ 

o 1000 2000 30004000 5000 6000 ·7000 8000 9000 

Annual Operating Hours 

Figure 6. Cost-effectiveness of adjustable-speed drive applications. for various combina
tions of initial ASD cost, electricity prices. and annual operating hours. Typical energy 
savings of 20% are assumed here. although actual savings depend on the application and 
may be higher or (in a few cases)lower~ An internal rate of lOO%/yearcorresponds to a 
one-year simple payback; a 50% IRR corresponds to slightly less than two years (due to 

compounding).. 



4.0. OTHER (NON-ENERGY) IMPACTS 

. . 
4.1. Impact of Electronic Speed Controls on Power and Communications Networks 

Although substantial energy savings can be achieved in many applications, some secondary 
effects of the use of ASDs can seriously affect the quality of the power supplied to customers, 
both residential and commercial. Loads that use power-conditioning circuits (such as electronic 
ballasts, electric furnaces, light dimmers and switching power supplies) may also contribute to 
these secondary problems. 

Electronic speed controls, for example, use power semiconductor switches to transform the 
input voltage wave form into another wave form of different voltage and frequency. Such power 
conditioning can affect the power network in the following ways: 

• Some speed-control configurations may create low power factors, especially at low 
loads. 

• The harmonics generated may reach unacceptable levels. 

• Electromagnetic interference (EMI) may be generated, and may disrupt electronic data 
processing and telecommunications as well as utility power line carrier communica
tions. 

There are technical means for correcting each of these power quality effects, or isolating them 
from the rest of the power network--or from especially sensitive individual circuits or equip
ment. Preferred correction methods and their costs will vary with each application. 

4.1.1 Power Factor 

A high power factor (near 1) is a highly desirable condition for the efficient operation of 
customer installations and of the power system network. When; the power factor decreases, the 
line losses increase with the square of the decrease in the power factor, and the power-carrying 
capacity of the equipment therefore decreases. 

In this report, the power factor being referred to is sometimes called the "displacement" 
power factor, .defined as the cosine of the displacement angle between the fundamental
frequency components of the voltage and current waves. For pure sinusoidal waves, the total 
power factor (the ratio of real kW to total KV A) is equal to the displacement power factor. For 
the non-sinusoids created by electronic devices such as ASDs, harmonics are created which 
further reduce the total power factor (Jarc and Connors, 1985). See section 4.1.2 for a discussion 
of harmonics. . 

The power factor of electronic adjustable-speed drives depends on the configuration of the 
ASD input circuit and the magnitude of the load. As previously described, the input circuit is 
responsible for transforming the incoming AC supply into a DC voltage. The input circuit may 
be either a diode rectifier bridge or thyristor bridge. In a rectifier bridge the peak of the input 
current occurs near the peak of the AC input voltage under all load conditions, resulting in good 
power factor (around 0.95) over the entire speed range. When a thyristor bridge is used in the 
input stage, the phase shift between the input voltage and the fundamental of the current wave 
form depends on the load. That is, when the speed (load) of the motor decreases the power 
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factor also decreases in a linear fashion. 

The effect of poor power factor is partially mitigated by the fact that less power is used at 
low speeds than at full speed, especially in the case of variable-torque loads. In the case of 
constant-torque loads, the reactive power consumed at low speeds can reach unacceptably high 
values. Power factor with acceptable values can be achieved either by specifying an ASD with a 
bridge rectifier input circuit or by power factor compensation. Power-factor compensation 
requires the installation of filters (capacitors) and automatic switching equipment to connect the 
number of capacitors appropriate to the load, thereby producing a good power factor (0.85 or 
above). 

4.1.2 Harmonics 

The components of the power system (both utility equipment and consumer equipment) are 
designed to operate optimally with sinusoidal wave forms. Nonsinusoidal wave forms are com
posed of the fundamental component and other components with frequencies that are a multiple 
of of the fundamental frequency. These higher-frequency components produce extra losses and 
increase the heating of the electrical equipment. Additionally, high-frequency harmonic com
ponents can produce conducted and radiated electromagnetic interference, discussed in the fol-
lowing section.' ~ 

The generators at utility power plants produce sinusoidal voltage wave forms which, when 
applied to linear loads (Le., resistive and capacitive loads), also produce sinusoidal currents. The 
input switching power devices in ASDs behave as non-linear loads, operating in synchronization 
with the AC supply. They conduct during only part of the AC cycle, and therefore generate 
surges of current with variable harmonic content. These current harmonics circulate in the phase 
conductors (as well as in the ground and neutral conductors) which, having a non-zero resistive 
and reactive impedance, thus produce harmonic voltages. 

The impact of harmonics in the power network depends on the interaction of capacitance 
and inductance, and the damping effect provided by loads and losses. As the impedance of 
power network capacitors decreases linearly with as the frequency increases, harmonics can 
cause current flows in these capacitors to reach unacceptably high values, damaging them. In 
transformers and motors, harmonics can increase the iron and copper losses and thus lower their 
effective maximum capacity. Harmonics can also distort or degrade the operating characteristics 
of the relays used for power system protection. Conventional induction disc kWh meters can 
also give unacceptable errors with loads with high harmonic COntents (see the following section). 
Electronic equipment such as computers and peripherals may malfunction even in the presence 
of modest harmonic levels. 

The combination of power-factor correction capacitors with the network reactances can 
give rise to dangerous resonant conditions (both series and parallel) for certain harmonic fre
quencies. Under some conditions, abnormally high voltages and currents can be generated at a 
harmonic frequency corresponding to any of the system's resonant frec.fuencies. 'This can destroy 
some of the network components. 

Harmonics should be reduced to an acceptable magnitude (less than 5% of the fundamental 
current in medium voltage systems and less than 1.5% in high voltage systems) as close as possi
ble to the source. The most common technique 'uses filters at the ASD input circuit to provide a 
shunt path for the harmonics. The filters are generally designed both to"reduce the harmonics to 
an acceptable level, and to compensate for the low power factor of the ASD. 

, . 
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The Institute of Electrical and Electronic Engineers (IEEE) has produced Standard No. 519, 
which contains guidelines for hannonic control and reactive power compensation of power con
verters. The cost of the hannonic filters to meet this standard is typically around 5% of the cost 
of the ASD. 

4.1.3 Electromagnetic Interference 

Power semiconductor switches operate with fast switching speeds to decrease' energy 
losses. This fast operation produces sharp transitions in the wave forms and leads to high
frequency harmonics, including the radio-frequency range. These high-frequency components 
can produce interference through both conduction and radiation. The conducted interference 
goes into the power lines and may affect consumer equipment and utility power-line carrier sig
nals on those lines. The radiated interference propagates in the air like a radio signal. 

The best way to deal with this electromagnetic interference (EM!) is to suppress it at the 
source; ASD designs should take this into account. Because it is the sharp transitions that are 
responsible for the high-frequency noise, snubber networks across the switching devices can be 
used to slow down the rates of change of current ,and voltage, thus decreasing interference. The 
use of ferrite beads can slow down the rate of current change in a conductor. Careful layout, 
wiring and shielding of the circuits can also minimize EMI.The magnetic field associated with 
conductors carrying high-frequency current should be reduced by minimizing the conductor 
inductance (short length and minimum loop area). In the same way, the electric field associated 
with fast-changing voltages can be reduced by decreasing the capacitance coupling of the com
ponents subjected to those voltages. Radiated EM! can be further suppressed by shielding the 
ASD enclosure. Usually, ASD enclosures are made of metal and are grounded, thus providing 
adequate shielding. 

Beyond the design of the ASD package, certain practices in building wiring can help 
minimize potential power quality problems. ASDs should be installed in dedicated feeders; 
above all, ASDs and sensitive electronic equipment should not be served by the same feeder. 

Even when the above techniques are used to suppress conducted EM!, a low-pass input 
filter is required to block the transmission into the power lines of frequencies above 15 kHz. In 
some sensitive cases, an isolation transformer may be used to supply the ASD, thus reducing the 
noise and harmonics fed back to the network. 

Rapid growth in the data processing field has also produced a rapid increase in EM!. To 
protect existing telecommunication facilities, the Federal Communications Commission (FCC) 
has produced a set of regulations regarding the EMI produced by "computing devices.~' A com
puting device is defined as an electronic system that operates at frequencies above 10.kHzusing 
digital techniques. These regulations, which set permissible radiation and conduction levels, are 
also becoming widely accepted in the ASD market. 

FCC standards define two classes of products, Class A systems used in commercial and 
industrial environments, and Class B systems used in residences. The Class B standards are 
more strict, 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 stan
dards by proper layout and by shielding the enclosure. An input filter with different attenuation 
(damping) characteristics is required to meet EMI conduction standards for Class A and Class B. 
The FCC standards do not cover frequencies below 450 kHz; if utility communications are to be 
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able to use that range in the future, further voluntary or regulatory actions will be required .. 

4.1.4 ASD-generated Harmonics and Electricity Metering 

The induction watt-hour meter (JWM) is a reliable and inexpensive electricity measuring 
device which has proven itself since the turn of the century. ,'It is by far the"most,common type 
'of electric utility meter used in residences and in small and medium commercial buildings. The 
IWM was designed for operation with sinusoidal wave forms;. under this condition it performs 
with good accuracy. Typically, metering errors are in the range of ± 0.5% for loads with a 
power factor close to 1, and in the range of±l % for loads with a lagging power factor of 0.5. 

ASDs can generate noise, transient spikes, and harmonics which contribute to the distortion 
of normal sinusoidal wave forins. EMI noise and voltage transients do not seelU to affect the 
accuracy and reliability of the IWMs; however, the harmonics generated by ASDs can influence 
metering equipment accuracy (EPRI, 1982); 

IWMs behave in a nonlinear manner when supplied with distorted wave forms. The perfor
mance of IWMs when subjected to harmonics has been examined in several detailed studies 
(Baghzouz and Tan, 1985, Downing, 1974; EPRI, 1982; Emanuel and Levitsky, 1981, and Gold
berg and Horton, 1987). One study sponsored by EPRI found errors ranging from +5.9% to 
-0.8% for three-phrase ASDs, with an average error of +2%. Single-phase ASDs showed an 
error range of +4.3% to -2.2%, with an average of + 0.8% (EPRI, 1982) When ASDs are mixed 
with two-thirds resistance loads, the average error dropped to +1.4% in three-phase systems, and 
increased to + 1 % in single-phase systems. 

Positive metering error is associated with the lack of damping during the zero-current inter
vals, allowing the induction disc to .gain excessive speed. Positive errors mean that the consu
mer will be overbilled, in some cases by an unacceptable margin. One standard for electricity 
meters, used by the State of California, requires the meter to be within 1 % of the actual value 
when fIrst installed, and not to deteriorate to more than 2% error. 

Even larger errors are associated with heavily distorted current wave forms, such as those 
that occur when ASDs operate at light load (Emanuel and Levitsky, 1981 and Goldberg and Hor
ton, 1987). Then the thyristors in the ASD input (or the rectifiers, if PWM ASDs are used) 
operate with low conduction angles, and metering errors can exceed 10%. Of course, these 
larger percentage errors apply to the smaller amounts of energy associated with light load opera
tion. 

The possibility that harmonics generated by ASDs may result in metering errors and over
billing of customers should provide another incentive for suppression or attenuation of the har
monics at their source. For customers with medium or large ASDs on their premises, it may also 
be worth installing solid-state meters (Peddie, 1988). These microcomputer-based electronic 
meters, with no moving parts, calculate the power and energy by integrating the product of the 
voltage and current over discrete time intervals. Solid-state meters can also measure the power 
factor of distorted wave forms, the reactive power, and the power associated with harmonics. 
These meters provide high accuracy irrespective of the harmonic content of the wave forms, pro
vided that the sampling rate of the meter is designed to account for all voltage and current up to 
and including the highest signifIcant harmonic. With the microelectronics technology present in 
solid-state meters, the accuracy of energy and power metering is limited only by the accuracy of 
voltage and current transducers (sensors). Besides providing higher accuracy, solid-state meters 
allow data logging and could be readily designed to incorporate utility/customer communication 
features. 



5.0 MAJOR UNCERTAINTIES, BARRIERS, AND SOURCES OF RISK 

One major barrier to ASD use is the initial cost, not only for the hardware itself but also, in 
the case of smaller systems, for design and installation. As noted earlier, costs are steadily being 
reduced by improved electronics technology and economies of larger-scale production. Another 
barrier is the general lack of familiarity with ASDs among potential users, especially their uncer
tainty about actual savings and cost-effectiveness. Because it can be difficult and expensive to 
determine precisely how much energy (and money) a particular installation will save, many sim
plifying assumptions are often made during the design process, thus adding to the range of 
uncertainty for the engineer. Mechanical contractors, asked to bid on a system with which they 
are unfamiliar, may add a "risk factor" to cover the cost of unanticipated problems. Each of 
these barriers to more-rapid acceptance of ASDs will tend to erode over time. Actions that could 
be taken to accelerate this process are described in the following section. 
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6.0 IMPLEMENTATION OPTIONS 

One approach to introducing ASDs in the residential and commercial sectors is 'simply to 
allow market forces to run their course. A steadily increasing number of ASDs are being 
installed without any encouragement other than technology advances and energy prices; 
manufacturers are gradually incorporating the new technology into their products and persuading 
consumers of the added cost-effectiveness and other advantages of appliances or equipment with 
ASDs. On the other hand, the diversity of the appliance and equipment market, as well as the 
market barriers listed above, will result in slower penetration of ASDs than would occur under 
conditions of "perfect" market information, full marginal-cost pricing of electricity (including 
social externalities), and discount rates for investments in buildings comparable to those in util
ity systems. One recent review of several new end-use technologies estimated that it may take 
20 years or more for a new technology to reach 50% market saturation, once its technical feasi
bility and cost-effectiveness are proven (Geller, et al., 1987). 

This process can be accelerated through financial incentives and wider dissemination of 
reliable technical information. A number of utility companies already offer their customers 
rebates for purchasing energy-saving commercial building equipment or efficient residential 
appliances. To our knowledge; none of these utility programs specifically target equipment with 
ASDs, or ASD retrofits to replace dampers in an existing commercial V A V system. However, in 
cases where the utility program allows customers to propose their own "custom" rebate package, 
with the payment based on projected energy and/or peak power savings, ASDs could readily be 
incorporated. This in tum depends on a reliable estimate of ASD savings. 

Unfortunately, ASDs are a conservation measure not often considered in energy audits of 
commercial or residential buildings. This is true not only of utility programs, but also for federal 
or state audit and grant programs, such as the Institutional Conservation Program, Residential 
Conservation Service, or the Weatherization Assistance Program. We have no data on the extent 
to which ASDs have been either recommended or installed as retrofits under these programs, but 
suspect that their incidence is far lower than it might be. This is due to many auditors' lack of 
familiarity with the technology, and the very recent introduction of many ASD-equipped pro
ducts. One step forward would be to update the technical guidelines, training materials, and 
computerized audit tools used by energy auditors, to emphasize some promising ASD applica
tions. A second step, to encourage building owner investments in an ASD once it is recom
mended in an energy audit, would be to collect and publicize well-documented case studies of 
savings and cost-effectiveness from actual ASD applications. 

Because they are relatively new, many promising ASD applications are not well reflected 
in building design guidelines or in standard test procedures for appliances and equipment. The 
recently revised ASHRAE Standard 90 for non-residential buildings, for example, while 
encouraging variable-air-volume systems, does not distinguish between dampers and ASDs to 
regulate the air flow (ASHRAE, 1986). Similarly, the technical studies for the U.S. DOE, to 
evaluate new options for residential appliance efficiency, considered ASDs for variable-speed air 
conditioners and heat pumps, but (due to lack of performance data) not for other appliances such 
as furnace fans and refrigerator compressors (LBL, 1988 and O'Neal, et aI, 1986). In general, 
since the federal appliance test procedures were developed at a time when ASDs for fractional
horsepower motors were considered a long way from commercial feasibility, at least some of the 
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existing tests may fail. to adequately reflect the savings possible from ASDs during a realistic 
operating cycle which includes part-load conditions. Reviewing and (where necessary) modify
ing these test procedures would be another practical step to encourage, faster, mark~t penetration 
of ASDs in appliances. 



7.0 RECOMMENDATIONS FOR FUTURE WORK 

Available ASD technologies are already tapping the substantial potential for energy savings 
and process improvement in the industrial and commercial sectors, and are starting to be intro
duced in residential appliances. There are other future opportunities for ASDs in the agricultural 
sector,- specifically for irrigation pumping, and in electric transportation (trains, electric vehi
cles). Since cost-effectiveness is a key issue in increasing the market penetration 'of ASDs (par
ticularly in applications requiring low- and medium-power drives)~ efforts should be directed 
toward both equipment costs and installation costs. 

Appropriate research, development, demonstration, and training activities can Significantly 
expand the scope of ASD applications. The research and implementation recommendations 
presented iIi this section involve both the fUrther development of ASD technology, and extend
ing its current applications. Technology development options focus on ways to lower costs and 
improve performance of the ASD/motor,combination. The objectives include higher efficiency, 
improved reliability, greater flexibility (e.g., to cope with a range of speed/torque requirements), 
improved power factor, reduced harmonics and interference, and improved controllability and 
equipment protection. Technology development includes controls research aimed at developing 
flexible, integrated controls and high-performance dynamic controls for ASDs that are used in 
demanding applications; at present this is a stronghold of DC motors. Additionally, we urge 
further development of smart controls and thermostats, capable of performing load management 
functions when linked with variable-speed ASD equipment. 

Work related to ASD applications would include investigation of' utility load and system 
impacts, development of entirely new ASD applications (such as electric traction and novel irri
gation methods), more detailed studies of cost-effectiveness, and a'variety of steps to increase or 
accelerate market penetration. 

A number of the research options proposed, such as refinement of basic ASD technology 
and improved controls are not utility-specific. Because of the great variety of loads affected, 
these efforts would be of value to all utilities in the country. This makes them appropriate for 
support by broad-based organizations such as the Electric Power Research .Institute (EPRI) , 
perhaps with co-sponsorship by manufacturers or their associations and by government agencies 
at the Federal (Department of Energy) or state level. 

7.1. Technology Development 

As noted earlier, ASD technologies have already made substantial progress in the last two 
decades, in terms of performance, reliability, and cost. Most of these gains' are associated with 
the spectacular progress in microelectronics, and to a lesser extent,with' advances in power elec
tronics. Although these technological trends are likely to continue in the future, additional 
research aimed specifically at ASD performance and cost-effectiveness can help to expand 
opportunities for ASD applications. Several promising options are outlined in .the following 
paragraphs. 
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One important objective .is to .decrease ASD installation costs, especially in small- and 
medium-size drives, where installation can cost at least as much as the ASD itself. Small ASDs 
already cost the most on a per-horsepower basis; costs generally decrease with' size. Installation 
costs include engineering, controls, cables~ conduit, and labor; with large drives, some founda
tion' work may also be required. The following can contribute towards decreasing installation 
costs: 

• Training and demonstrations (as described in section 7.2.5), including ASD installation as 
well as design, can help reduce engineering and contractor costs by providing in-house 
knowledge and access to well-documented case studies. 

• Packaging of ASD controls with the motor can decrease both ASD hardware costs (because 
no electrical box is required) and installation costs (because the costs of cable, conduit, and 
labor are substantially requced). Engineering costs are also reduced. With the likely 
integration of microelectronics and the power devices in a single module or even a single 
chip, ASDs for small drives can be incorporated inside the motor, casing. Larger drives 
present more difficulties, because of the greater amounts of heat dissipated; novel design 
approaches are needed here. Either ASDs with lower losses (more efficient power dev
ices), or compact ways of removing the heat (e.g., using substrates with high thermal con
ductivity, or water cooling) may be used to allow packaging of the ASD and motor in 
larger-horsepower sizes. . 

• In conjunction with the previous options, more flexible ASD control interface; both with 
other equipment and with users, should decrease installation costs even further by reducing 
the need for engineering and customized controls. Using presently' available microelectron
ics technology, it is feasible to build into the ASD, lit little extra cost, a programmable logic 
controller (PLC) that provides a choice of control and timing algorithms simply by punch
ing a few buttons on a control panel. In open-loop and simple feedback applications, the 
coupling of an ASD with a PLC (as well as a few sensors) may be all that is required for 
most installations. 

• Building ASD controls into packaged equipment or systems, such as VAV units and pack
aged air-conditioning units, would achieve an important step in integrating ASDs and 
reducing costs. 

7.1.2. ASD equipment costs 

As previously noted, packaging the ASD with the motor may be the single most important 
step in decreasing ASD hardware costs, particularly for smaller drives. ASD costs can also be 
reduced by simpler design, mass production, automated assembly, better, integration, and lower
cost components. The combined effect of these factors is demonstrated in the low cost, $25/hp, 
of ASDs used in residential Japanese heat pumps. 

7.1.3. Advanced ASD Technologies 

Several research activities can expand ASD applications or improve their performance: 

• Improved and lower-cost power devices. Power devices such as the bipolar transistor 
(BJT), metal oxide semiconductor field effect power transistor (MOSFET), insulated gate 
bipolar transistor (lGBT), hybrid or BIMOS transistor, thyristor, gate turn-off thyristor 
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(GTO), and static induction transistor and thyristor (SIT and SIThy) are being improved by 
semiconductor manufacturers (Taylor, 1987). Product development goals include devices 
with higher power ratings, higher switching speed, and lower conduction . resistance. It 
must be emphasized that semiconductor manufacturers are targeting these developments 
targeted for a wide range of applications in addition to ASDs, but they will contribute to 
increased ASD efficiency and compactness. Simpler ASD layouts will be one benefit from 
the availability of higher-power self-commutating devices (devices that, can be easily 
switched on and oft). So far, these are available only for small and medium-power drives. 
At present, transistorized ASDs are available up to 500 hp, with good prospects for future 
increases in size. 

• Increased degree of semiconductor integration. This is an area with the potential for 
dramatic developments. The development of power hybrids, for example, can reduce costs 
by integrating in one package the power devices, snubbers, transient voltage suppressors, 
and even the control electronics. The development of high thermal conductivity substrates 
(such as diamond films) may improve the power range of hybrids, but their reliability and 
performance still needs to be fully assessed. The power integrated circuit (PIC) is another 
technology which can be used to achieve a high degree of integration. PICsare integrated 
circuits whose components can withstand high voltages (100-1000 volts), in the range 
found in the output stage of an ASD. Several manufacturers are introducing high-voltage 
integrated circuits combined with power devices, in a single module. Ultimately, it will be 
possible to integrate small and medium-power ASDs ina single chip, thus achieving sub
stantial cost reductions. 

• Development of low-loss, high{requency magnetic materials and passiVe components. 
Integration of these features in ASD circuits will allow increased efficiencies in some types 
of ASD with high switching frequencies. 

• Permanent magnet (PM) motors in low-horsepower ranges. These motors can achieve high 
efficiencies, in the range of 4-8% above induction motors with similar horsepower. This 
market is expected to grow at 15-20% per year, replacing small single-phase and three
phase induction motors, with substantial gains in efficiency .. New, high-performance but 

. inexpensive magnetic materials, as well as high-:volume manufacturing techniques, are 
required to keep production costs acceptably low. PM motors are already beirig used suc
cessfully with ASDs in a few residential appliances and small industrial servo-drives. The 
development of improved, less inexpensive PM motors should be encouraged. So should 
the combination of PM motors and ASDs in new applications with a large market potential, 
. such as advanced home appliances and electric cars. 

• New residential applications of ASDs. To take full advantage of ASD characteristics, 
small, variable-speed rotary compressors need to be developed for home appliances using 
compressors, such as heat pumps, air conditioners, freezers, and refrigerators. Another 
promising area, with virtually no research to date, is ASD applications for indirect evapora
tive coolers (lECs). These appliances can be used in residences and commercial buildings 
to save a substantial fraction of the energy and peak power used by conventional air condi
tioning equipment. ASDs can greatly improve the efficiency of IECs during part-load 
operation, thro~gh reduced fan power. Several aspects of the performance of ASD
controlled IECs (EER, peak power, energy efficiency, water consumption) should be inves
tigated, across the major weather regions of the U.S. The southwestern states, with their 
low average humidity, seem to offer particular promise for the application of IECs. 



7-4 

• New ASD designs or techniques to improve efficiency, power factor, speed range, and 
lower harmonics and interference, with moderate cost. There are a wide range of options 
here. Special effort should be given to designs which minimize harmonics, because they 
can be a serious barrier to market acceptance of ASDs. Particularly promisillg in this 
regard is the use of PWM input stages with optimal modulation, which can, 'theoretically, 
reduce harmonics to negligible proportions. PWM input stages also have the potential to be 
operated with the current either lagging or leading the AC voltage source; this provides a 
means for power factor correction. 

7.1.4. Improved Equipment Controls 

The availability of suitable control technologies is essential to take full advantage of ASDs. 
Some applications, such as electric traction (vehicle drives), may require high-performance con
trols; others require simple and inexpensive integrated controls to achieve low installation costs, 
as mentioned above. The following topics deserve to be investigated: 

Integrated controls. As noted earlier, development of controls that are integrated with the 
ASD drive can reduce both hardware and installation costs. Controls of the programmable logic 
controller type, with friendly user interface, would greatly simplify tasks like load scheduling 
and implementation of PID algorithms. 

Optimal efficiency controls. The concept of fie1d-oriented-control ASDs can be applied to 
optimize the efficiency of the drives in situations where torque response is not the prime con
cern. New controls that optimize rotor slip for optimum motor efficiency could be developed. 
This technology is particularly well-suited to large drives, where the extra complexity and cost is 
justified by larger savings. 

Smart controls/thermostats. Development of smart controls and thermostats, integrated 
with ASDs, can be designed for load management functions and to communicate with smart 
meters. Such controls are especially relevant for non-critical loads, and loads with large time
constants, such as heat pumps, air conditioners, and irrigation pumps. The use of ASDs, com
bined with smart load management controls, has the potential to reduce peak demand and sub
stantially improve the performance and reliability of the drive, when compared to conventional 
peak period cycling using on-off controls. In some buildings, where the desired ventilation rate 
is a function of the occupancy level (e.g., hospitals), but fans are sized for maximum occupancy, 
"smart" ventilation systems can make use of ASDs plus occupancy sensors (based on carbon 
dioxide, humidity, or particulate concentrations). ' 

Controls for air conditioner compressors. Optimized speed controls for rotary air condi
tioning compressors with cooling capacities below about 100 tons would tap potential savings in 
small and medium-size commercial buildings. ASDs are already being used successfully with 
large centrifugal chillers (above 100 tons). 

7.2. Applications 

This second broad category of actions to accelerate ASD market penetration is focused not 
on the development of the technology itself, but on extending its applications, developing better 
estimates about potential savings and cost-effectiveness on a sector-wide basis, and investigating 
ways to reduce the undesirable effects of ASDs on power quality. 
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7.2.1. Power Quality: Harmonics and Interference 

The increasing penetration of power electronic devices (including not only ASDs, but elec
tronic ballasts, switching power supplies, and industrial furnaces) will significantly increase the 
harmonics injected in the power network. At the same, we are seeing rapid growth in the use of 
electronic data processing and communication equipment, which is highly sensitive to harmon
ics and interference caused by semiconductor power switches. Therefore, the entire issue of 
harmonics/interference and their associated mitigation measures deserves intense research 
efforts. 

Utility engineers need a solid base of experience with measurement and mitigation of har
monics and noise, both in the laboratory and in typical field situations, in order to responsibly 
recommend to their customers new technologies like ASDs, and to solve any resultant problems 
and respond to customer complaints~ In particular, the following topics nee<;i further attention: 

• Severe and sudden equipment failure can result from. resonances (abnormal voltages and 
currents) excited by the harmonics. One example is power factor compensation capacitors, 
which are designed for compensation at 60Hz. At harmonic frequencies, that capacitance 
can interact with the reactances of the other components in the network, giving rise to 
potentially destructive voltages and currents. Such situations need to be carefully investi
gated, and solutions developed and tested. 

• Impacts of harmonics and noise on communication systems (in particular, on power line 
carrier systems used by the utility or its customers), as well as mitigation methods. Similar 
impacts on computer systems, and radio and television reception, must be. addressed .. 

• Development of high-performance harmonic filters, both hard limiters and adaptive digital 
filters. The appearance in the market of inexpensive and powerful digital signal processors 
will substantially improve the signal-to-noise ratio in power line carrier communication 
systems. 

• Determination of allowable noise and harmonic levels in buildings, and development of 
power-quality alarms. 

• Effects of harmonics on losses iIi the power network and on other customers in the neigh
borhood of the harmonic source. 

• Effects of high harmonic loads, including those generated by some ASDs at light load, on 
conventional induction disc meters. This study should include the effects of harmonics on 
metering of consumers who do not generate harmonics but are close to the harmonic 
source. Harmonics may also lead to magnetic saturation of potential (voltage) transform
ers, thus resulting in measurement errors for power and energy at 'the substation level. 

• Impact of harmonics on the lifetime and maintenance requirements of different end-use 
equipment, and analysis of the costs involved. 

• Effects of harmonics on different types of relays. Relay operation may be especially 
affected in cases where triggering depends on crest voltages and/or current or voltage 
zeroes. Measures to ensure proper operation of power system protection relays, in the pres
ence of harmonics, clearly need investigation. 

• Effects of harmonics in the current.,interrupting capability of switchgear, as harmonics 
increase the magnitude of the rate of change of current at the times in the AC cycle that the 
value of the current passes through zero (as it changes from positive to negative). 
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• Impact of harmoniCs on power system dynamic behavior and, in particular, their effect on 
transient stability. 

7.2.2 Electric Traction 01 ehic1es and Fixed-rail) 

At present, only 1 % of U.S. railroads are electrified, whereas in Europe and Japan all main 
railroads are electrified. Although electric railroads requiTe additional investment, these can be 
offset by much lower maintenance costs and improved performance of locomotives. Energy 
costs are also normally lower when electric trains are used. From an energy policy perspective, 
increased use of electric traction (trains and electric vehicles) would decrease dependence on 
imported oil, and could also provide substantial savings to users. 

The use of ASDs to control the induction or synchronous motors used in electric trains is 
well established abroad. ASDdrives for traction offer high power density, high overload capa
bility, extended speed range (the same locomotive can be used· for freight and passenger trains) 
and the possibility of regenerative braking. While the development and application of ASD 
locomotives in the U.S. seems potentially quite attractive, an economic study is needed to evalu
ate the apIount and type of railroad traffic, which has a direct bearing on the economics of rail
road electrification. The cost and price structure for power supplied to electric railways should 
be included in any analysis. 

Electric trains are single-phase loads and their operation can lead to voltage imbalance, as 
well as harmonics and interference. Voltage imbalance can dramatically increase the losses of 
AC motors not driven by ASDs. These effects need to be investigated. There is also a need for 
guidelines on the acceptable amount of harmonics that can be introduced by large, single-phase 
ASDs. . \ 

Rapid transit systems, which normally use DC motors, would also benefit from the ·use of 
AC current and ASDs. In addition to energy savings, ASD use in rapid transit systems can lead 
to improved reliability of trains and other components. On transit lines with short-stops or in 
hilly areas, regenerative braking through the ASD can recover up to 40% of the energy used. 

Advanced concepts in electric transportation, such as vehicles powered by conductors 
buried in the road and cars with high-power-density batteries, may make electric cars a viable 
proposition. This would mean not only increased sales for electric utilities, but (in the case of 
battery-powered vehicles) a greatly improved system load factor. In addition to the issues of 
supplying or storing electric power in a reliable and economic way, electric vehicles will require 
advances in high-efficiency motors (such as the permanent magnet motors described earlier, 
with efficiencies over 90%) and controls. 

Even now, specialized electric vehicles (such as vans, carts, forklifts, and tractors) have 
feasible applications in many institutional and industrial settings, or in urban core areas. ASDs 
coupled to high-efficiency motors could improve the performance of such vehicles, thus increas
ing their market penetration. 

Traction applications require good dynamic response of the ASD drives, in addition to high 
efficiency. High accelerating torque and large power-to-weight or -volume ratios are especially 
important. Several of the recommendations under "Technology Developments" and "Improved 
Equipment Controls" are directed towards these goals. 
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7.2.3 Agricultural Sector 

Efficient new technologies will help to increase the productivity and international competi
tiveness of the U.S. agricultural sector Irrigation loads account for the largest share of on-peak 
electricity requirements in that sector. The following research activities are suggested: 

• Study the potential benefits and impacts of using ASDs in agriculture. Irrigation applica
tions with low head (pressure) and variable flow rates should be the focal point, along with 
the use of ASDs under time-of-use pricing, and/or coupled with load management controls. 

• Linking ASD pumping with novel irrigation methods, such as drip irrigation and low
pressure sprinkler systems. 

7.2.4. Characterization of the Residential and Commercial ASD Market 

There is a need for an extensive review of current and prospective ASD applications in 
residential and commercial buildings, and their stockwide market potential, given current trends 
in construction, end-use energy loads, and occupant preferences and behavior. In the coinmer
cial sector, ASD opportunities would be examined by business type (SIC code), and end-use, 
including impacts on both energy use and load shape, costs, and cost-effectiveness. Incentives. 
to accelerate ASD market penetration need to be investigated. A similar analysis would be car
ried out in the residential sector, with consideration given to ASD opportunities in each type of 
end-use equipment, as well as differences related to building type, age, and climate ~ones. The 
results of this study would allow a more accurate forecast of the demand-side management 
potential from ASDs in the residential and commercial sectors. 

7.2.5. Training and Demonstration Projects 

• A handbook and training manual need to be prepared, for use by energy managers in indus
try, commercial buildings, and fanns, to raise their awareness of the potential applications 
and advantages of ASDs, help them to understand the basic technology, and aid in identify
ing potential problems with hannonics and interference; along with appropriate solutions. 

• Well-instrumented demonstration projects are needed to test and verify the global perfor
mance (energy, demand, hannonics, power factor, interference) of ASDs in applications 
with large potential but little or no market penetration at present. Process industries (such 
as refineries, electronics, and food processing) might be targeted for such demonstrations. 
These projects would include well-documented case studies, for dissemination throughout 
the industry. Demonstrations should also include the use of multispeed motors and of 
pole-amplitude-modulated (PAM) motors, in particular, in cases where only a few discrete 
speeds are required. ' 

7.2.6. Global Cost-Effectiveness 

Cost-effectiveness of ASDs is often evaluated without full consideration of all the impor
tant factors. Often, only energy savings are considered. A more comprehensive analysis metho
dology is needed, which considers not only energy savings, but also the additional benefits (pro
cess improvement, soft-start, extended lifetime of the motor and mechanical equipment, etc.) 
and drawbacks (hannonics, interference, audible noise) of ASDs. This cost-effectiveness metho
dology, once developed, can be tested using site-specific data from one or more case studies. 
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8.3. Resources: Organizations and Individuals 

Sources of external advice are available from motor and speed control manufacturers, the 
Electric Power Research Institute, Palo Alto, universities, and other research institutions. The list 
of institutions and individuals suggested below includes persons who are responsible for the 
management of research programs or doing active research and development in the field of 
motor speed controls and their applications. 

• Universitywide Energy Research Group, University of California, Berkeley, contact Carl 
Blumstein, (415) 642-9588. This institution has access to a wide spectrum of experts cov
ering basically every field. 

• Bimal Bose, Power Electronics Applications Center, Knoxville, Tennessee (615) 675-9505. 
Mr. Bose is one of the foremost experts in speed-controls design and is the author of two 
books and several important papers in that field. 

• Ralph Ferraro, Electric Power Research Institute, Palo Alto, (415) 885-2557. Mr. Ferraro is 
in charge of supervising EPRI research activities in the power electronics area and seems to 
be a relevant person to contact in the cases when the research proposals are of general 
interest to the utilities. 

• Marek Samotyj, Electric Power Research Institute, Palo Alto, (415) 885-2568. Mr. Samotyj 
works under Mr. Ferraro and is responsible in EPRI for the research and training programs 
in electronic motor-speed controls. 

• Robert Schieman, Reliance Electric, Cleveland, Ohio, (404) 549-3871. Mr. Schieman is an 
expert in electronic speed controls, particularly in relation to the impact of power
conditioning devices on the utility (harmonics, power factor, and interference). 

• Ned Mohan, Department of Electrical Engineering, University of Minnesota, (612) 373-
5419. Dr. Mohan is responsible for two EPRI reports concerned with motor speed controls. 

• 
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• Dick Friedman, Resource Dynamics Corporation, Mc Lean, Virginia, (703) 937-6011. This 
company was chosen by EPRI to produce the first directory of electronic speed drives and 
therefore seems to be appropriate for projects requiring a detailed knowledge of the motor 
controls market. 

• James Poole, CRS Sirrine, Inc., Research Triangle Park, North Carolina, (919) 549-6205. 
This company was chosen by EPRI to produce the second directory of electronic speed 
drives and has been the engineering consultant to EPRI's commercial/industrial ASD case 
study program. 

• James Oliver, Bechtel Western Power Corporation, Norwalk, CA, (213) 807-5009. Bechtel 
was chosen as the engineering consultant to EPRI's field test program for ASDs on utility 
power plant motors. 

• Howard Geller, American Council for an Energy-Efficient Economy, Washington, D.C., 
(202) 429-8873. Mr. Geller has considerable experience in the field of energy-efficient 
appliances and his advice may be requested in projects dealing with the application of 
speed controls in appliances. 

• Sam Baldwin, Center for Energy and Environmental Studies, University of Princeton, New 
Jersey, (609) 452-5445. Mr. Baldwin's expertise lies in the field of new motor technologies 
using improved materials and designs. 



APPENDIX A 

GLOSSARY 
Material for this glossary was taken from the following sources: 

1) American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE), Cooling and Heat
ing Load Calculation Manual. 1979. 

2) ASHRAE 1981 Fundamentals. 1981. 

3) California Energy Commission, "Guide to HV AC Equipment," September, 1980. 

4) California Energy Commission, "Energy Savings Potential in California's Existing Office and Retail Build
ings," Staff Report, June 1984. 

5) Federal Energy Admiilistration, "Guidelines for Saving Energy in Existing Buildings: Building Owners and 
Operators Manual, ECM 1," June 16, 1975. 

Adjustable Speed Drives (ASDs): Motor accessories that enable the driven equipment (fan, pump, etc.) to be 
operated over a range of speeds. The two general categories of ASDs are mechanical units (which are installed 
between the motor and the driven load) and electronic units (which are installed in the electrical wiring to the 
motor). 

Air Transport System: System that distributes air to the various spaces in a building. Generally comprised of fans, 
ducts, dampers, registers, etc. Sometimes referred to as a "ventilation system," but air transport of warm or cool air 
for space conditioning may be separate from the mechanical ventilation system in some buildings. 

Alternating Current (AC): Elec~ic current that is characterized by the electrons flowing back and forth along the 
conductors that make up the circuit. Normal building wiring in the United States is alternating current with a fre-
quency of back-and-forth flow of 60 cycles per secpnd. See also Direct Current. . 

Ambient: Surrounding (e.g., ambient temperature is the temperature in the surrounding space). 

Apparent Efficiency (motor): The product of a motor's efficiency and its power factor. 

ASHRAE 90: Voluntary building standards for new buildins, developed by ASHRAE. These standards include 
minimum equipment efficiencies, building envelope characteristics, and required control strategies for nonresiden-
tial buiidings. ' 

Average Efficiency (motor): See Nominal efficiency. 

Centrifugal Chiller: A refrigeration machine that uses centrifugal action to raise the pressure level of the refrigerant 
gas. Chiller unloading is generally regulated by varying the flow of refrigerant gas with variable inlet vanes on the 
input side of the chiller. . 

Centrifugal Fan: Device for propelling air by centrifugal action. Forward-curved fans have blades that are sloped 
forward relative to direction of rotation. Backward-curved fans have blades which are sloped backward relative to 
direction of rotation. Backward curved fans are generally more efficient at high pressures than forward-curved fans. 

Chiller: A refrigeration machine that produces cooled water, generally at a temperature of 40-55Op: Types include 
reciprocating, screw, centrifugal, and absorption. . 

Coefficient of Performance (COP): A measure of the efficiency of cooling or refrigeration equipment, and defined 
as cooling output/energy input, with both quantities in the same units of measure (e.g., kW or Btu/h). Electric cool
ing equipment has COPs ranging between 2 and 6. See also EER. 

Compressor: A mechanical device that increases the pressure, and thereby the temperature, of a gas.· Refrigerant 
compressors are the most common in building applications, followed by air compressors. 

Cooling Load: The heat and moisture accumulated in a building that must be removed in order to maintain comfort
able temperature and humidity conditions. 

Cooling Tower: Device that cools water directly by evaporation. Used to reject heat from one or more condensers. 

Current: The flow of electrons in an electrical circuit. Current is measured in amperes (or just "amps"); an ampere 
is equal to a flow of 6.25 x 1018 electrons per second, or one coulomb per second. . . 
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Current-Source Inverter (VFI): A type of electronic ASD that works by converting the AC input to controlled
current DC, then synthesizes the variable-frequency AC output by using a DC-to-AC inverter. See Adjustable-
Speed Drive, Variable-Frequency Drive, and Voltage-Source Inverter. . 

Damper: A restrictive device used to vary the volume of air passing through an air qutlet; inlet, or duct.· 

Direct Current (DC): Electrical current characterized by electrons flo~ing in one direction only. See also Alternat
ing Current. 

Discharge Dampers: Dampers that regulate the flow oLair on the outlet side of a fan on variable air volume (VA V) 
system. This is the least efficient method of regulating air flow. 

Efficiency (motor): In general, this is the ratio of the mechanical power output to the electrical power inpl,lt. See 
other efficiencies: Apparent. Minimum. and Nominal. 

Energy Efficiency Ratio (EER): A measure of cooling equipment efficiency, defined as (cooling output in 
Btu/h)/(electric input in Watts). EER = COP x 3.412. SEER is seasonal,energy efficiency ratio, averaged over the 
different part load ratios of equipment throughout the cooling season. 

Horsepower: A unit of power equal to 746 watts. In compressor sizing, it is the full-load (output) rating of the elec-
tric motor driving the compressor. /' 

HVAC System: A system that provides either collectively or individually the services of comfort heating, ventilation 
and/or cooling within or associated with a building. 

Inlet Vanes: In a variable air volume system, variable vanes on the inlet side of a fan that regulate air flow. 

Laminations: Thin steel sheets, stacked together, and used in electromagnetic devices. In motors, they form the core 
of the stator and rotor magnets. In inductors and transformers, laminations provide the magnetic core around which 
the winding$ of wire are placed. 

Load Profile: Time distribution of the heating, cooling, ventilation,electrical, or any other loads of a building, usu
ally expressed on an hourly basis over a day. 

Mechanical Cooling: Cooling that is done by energy-using cooling equipment such as chillers and air conditioners. 
Cooling accomplished through use of outside air or by evaporative coolers is generally not considered mechanical 
cooling. 

Minimum efficiency (motor): The minimum level of efficiency for a group of motors of the same specification will 
fall Sometimes guaranteed by, the motor manufacturer. (See also Nominal efficiency.) , 

NEMA: National Electrical Manufacturers Association 

Nominal efficiency (motor): The average expected efficiency for a group of motors of the same specification. Half 
of the motors are expected to fall below the nominal value, half above. (See Miminum efficiency.) 

Part Load Ratio: The ratio of instantaneous output from a piece of equipment to the equipment's rated output. For 
example, if a piece of cooling equipment is putting out ·60% of its full cooling capacity, the part load ratio is 0.6. 

Peak Cooling Load: The maximum rate of cooling occ~rring in a building during the year'. 
. .,. . 

Power factor: The ratio between the real power (measured in Watts) and apparent power (measured in Volt
amperes). It is equal to the cosine of the phase angle between the voltage and current waves in an AC circuit. Since 
cosine values range from 0 to 1, the apparent power is always greater than or equal to the real power. If the power 
factor is less than I, more current is required to deliver a unit of real power at a certain voltage, than if the power 
factor were 1. (See Voltage and Current.) This higher current is undesirable because the energy lost to heat in the 
wires supplying power is proportional to the square of the current. In motors and other inductive loads operating in 
AC circuits, the current wave lags behind the voltage wave. When a capacitive load is applied to an AC circuit, the 
voltage wave lags behind the current wave. Since these are opposite effects, they can be used to cancel each other. 
Thus capacitors can be (and very commonly are) used to correct the poor (low) power factor that can be created by 
inductive devices such as electric motors. In DC circuits, the power factor is always 1. 

Pulley: see Sheave. 

Reciprocating Compressor: A machine that uses positive displacement pistons for compression. 

Rotor (Motor): The part of the motor that rotates. 

I.. 
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Servomotor: A low-power electric motor that performs a positioning function. Examples include actuators for 
dampers, valves, and adjustable pulleys. 

Sheaves: Grooved wheels attached to the motor shaft and the shaft of the driven equipment (e.g., fan). Sheaves 
transmit mechanical power by means of one or more belts that ride in the grooves of the pair of sheaves. 

Slip: The difference between motor operating speed and the synchronous motor speed, often expressed as a percen
tage of synchronous speed. (See Synchronous Speed.) For example, an 1800-rpm motor operating at a full load 
speed of 1,725 rpm is running at a slip of 4.2%. 

Space Conditioning Loads: The heat losses and gains in a building that need to be counteracted by heating or cool
ing in order to maintain comfortable temperature and humidity conditions. 

Stator: The nonrotating magnetic section of a motor. In most induction motors, the stator contains the windings. 

Synchronous speed: The speed at which the motor's magnetic field rotates, and the approximate speed of no-load 
operation. A four-pole motor running on 60-cycle-per-second power will have a synchronous speed of 1,800 rpm; a 
two-pole motor at the same frequency, 3,600 rpm. See also slip. 

TEFC: Totally Enclosed, Fan-Cooled: A type of motor package in which there is no air exchange between the 
inside and outside of the motor. The fan is located in a cover opposite the driving (power output) shaft and is driven 
by an extension of the motor shaft through the housing. 

Throttle: A device that regulates the flow of a gas or liquid by means of a restriction directly in the flow. Discharge 
dampers, inlet vanes, and valves can all be throttles. 

Torque: The twisting force exerted by the motor shaft on the load. Torque is measured in units of length times force, 
e.g., foot-pounds or inch-pounds. 

Variable Air Volume (VAV): An BV AC system in which the amount of cooling is controlled by changing the air 
flow rate. 

Variable-Frequency Drive (VFD): Another name for the most-common type of electronic Adjustable-Speed Drive. 
This type of drive uses an electronic package between the fixed-frequency AC input and the motor. The speed is 
varied by supplying the motor with synthesized AC power of changing frequency. See Adjustable-Speed Drive. 

Voltage-Source Inverter (VFI): A type of electronic ASD that works by converting the AC input to controlled
voltage DC, then synthesizes the variable-frequency AC output by using a DC-to-AC inverter. See Adjustable
Speed Drive, Current-Source Inverter, and Variable-Frequency Drive. 

Variable-Speed Drive See Adjustable Speed Drive. 

Ventilation: The introduction of fresh air into a building specifically for the purpose of maintaining good air quality 
(i.e., free from impurities). Air is usually drawn from outdoors, but can also be purified. recirculated air. Often, the 
term "ventilation" is used loosely to include any air transport, not just of fresh air. See Air Transport System 

Voltage: The electrical potential at any point in a circuit, relative to some reference point in the circuit. The voltage 
represents the energy level of a quantity of electrical charge (electrons) at that point in the circuit. In the S.L system 
of measurement, the unit of voltage is the volt, which equals one Joule of energy per one coulomb of charge. (See 
Current.) When there is a flow of charge at a given voltage, this flow of energy is electrical power. This power is 
measured in Watts (Joules per second), which at any instant is equal to the product of the voltage and the current in 
the circuit. 



AppendixB 

CHARACTERISTICS OF ELECTRONIC ASDs 

Because electronic ASDs constitute an increasingly large share of the ASD market in 
residential and commercial buildings, their characteristics deserve additional discussion. Section 
2.1.7 summarized the overall characteristics of electronic ASDs; this section describes in more 
detail the features of the different types of electronic ASDs in common use. Electronic ASDs 
generally fall into the categories shown in Table 5: 

Table 5. Classes of Electronic Adjustable Speed Drives 

Square Wave Inverter 
Voltage-Fed Inverter (VFI) 

Pulse-Width Modulation (PWM) 
1. Inverter-Based 

Force Commutated Inverters 
Current-Fed Inverter (CFI) 

Load Commutated Inverter (LCI) 
2. Cycloconverters . 

Static Resistance 
3. Wound-Rotor 

Static Scherbius 
Slip Recovery 

Static Kramer 
4. V ariable-Voltage 

Both squirrel-cage induction motors and synchronous motors can be used with inverter
based and cycloconverter ASDs. Synchronous motors have traditionally been used in applica
tions in the high horsepower range (typically >1000 hp) where their higher efficiency and 
power-factor-compensation capability offsets their higher initial cost, compared with induction. 
motors. 

Wound-rotor induction motors have. typically been used in the range above 500 hp; speed 
variation is usually obtained by changing the resistance in the rotor circuit. 

1. Inverter-Based ASDs 

The general diagram for an inverter-based ASD is shown in Figure 7 (Robicon, 1982). 
Some ASDs operating on single-phase power (which is found in most residences and many small 
commercial buildings) drive single-phase motors; others operate three-phase motors. The Figure 
shows that, in the fIrst stage, the single-phase or 3-phase power supply is converted from AC to 
DC. The DC link, which carries the DC power from the first stage to the second stage, includes 
a fIlter (capacitor and/or inductor) to smooth the electrical waveform. In the second stage, the 
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inverter uses this DC supply to produce an adjustable-frequency, adjustable-voltage AC power 
which is applied to the stator windings of the motor. The speed of the motor will then change in 
proportion to the frequency. Usually, the output voltage waveform can be synthesized over the 
frequency range of 0-120 Hz; frequency ranges commonly available for this type of ASD are 3-
60 Hz, 6-60 Hz, 10-60 Hz, and 1O-120Hz. When the frequency applied to the motor changes, 
the voltage level should also be adjusted; voltage should generally vary linearly with frequency. 

The two main types of inverter based ASDs, VFI and CFI, are described in the following 
sections. Each type has its own advantages and disadvantages, as summarized in Table 6. See 
section 4.1.1 for power factor definition. 

Table 6. Comparison of Typical Features of Inverter ASD Technologies 

Voltage-Fed Inverter Current-Fed Inverter 
Forced Load 

Square Wave PWM' Commutation Commutation 
Power Range (bp) 0-1000 0-1000 100-10,000 500-100,000 . 

Power Factor Poor Good Poor Poor 
At Low Speed 

Stability Poor Good Medium Good 
at low speed 
Regeneration Capability No No Yes Yes 
Desired Motor High High Low Low 
Leakage Inductance 
Complexity Medium High Low Low 
SizelWeigbt Medium Small High High 
Use of Self- Possible Possible Not Possible Not Possible, 
Commutation Device or desirable 
Multi-Motor Yes Yes No No 
Capability 
Type of Motor SCIM,SM SCIM,SM SCIM SM 
Drive Efficiency at Good Good Oood Good 
Base Speed, Full Load 
Drive Efficiency at Medium-Good Poor-Medium Medium -Good Medium-Good 
Low Speed 

. Constant/Low Torque .. 

Short-Circuit Optional " Optional Yes Yes 
Protection at extra cost ·at extra cost 

1.1 Voltage-Fed Inverter (VFI) 

As the name implies, voltage-fed inverters consist of a stiff voltage source-that is, with 
low internal impedance--coupled to an inverter stage. Figure 8 shows the diagram of three 
basic configurations of voltage-fed inverters. In schemes (a) and (b), wh.ich use a square-wave 
inverter (also called a six-step inverter), the phase-controlled rectifier or the diode 
rectifier/chopper combination is controlled to provide a DC voltage in a direct ratio to the AC 
voltage required for a given frequency. The drive shown in (a) is simpler but has very poor 
power factors at low frequencies, whereas both the diode rectifier/chopper/square-wave inverter 

, 

L 
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in (b) and the pulse width modulation (PWM) in (c) have good power factors over the entire fre
quency range. In (c), the PWM inverter, the DC link voltage is constant, and therefore the PWM 
stage has to provide both voltage and frequency variation. In principle, these VFI drives do not 
allow regenerative braking; however, it is possible to achieve regeneration in (a) if the converter 
input stage is replaced by a bidirectional dual converter. 

In voltage-fed inverters, the power semiconductor switches in the inverter stage are always 
forward-biased. For this reason, if thyristors are used, forced commutation circuits must also be 
used (to turn off these switches). Alternatively, power semiconductor devices that offer self 
commutation, such as bipolar transistors, power MOS transistors, gate turn-off thyristors 
(GTOs), or insulated gate thyristors (lGTs) may be used (Bose, 1986). In mid-1987, transistor
ized PWM inverter units were already available with power ratings over 500 hp. The use of 
s~lf-commutation devices in the inverter output stage decreases the complexity, cost, and size of 
the units. 

The square-wave type of inverter is not appropriate for low-speed operation, and its speed 
range is somewhat limited. Even with self-commutation power devices, the ratio .of maximum 
to minimum speed is limited to about 10: L This is due to large harmonic currents that occur at 
low voltages, which interact with the fundamen~al-frequency current to produce low-frequency 
torques, resulting in irregular rotation at very low speeds (Grant and Barton, 1980). At these low 
speeds, the stability of the drive may also be compromised by the phase lag introduced by the 
DC-link low-pass filter. 

Pulse width modulation (PWM) can overcome some of the shortcomings of square-wave 
inverters. PWM is a special version of the voltage-fed inverter shown in Figure 8 (c) (Connors 
and Jarc, 1983). The AC supply is converted to DC by a diode rectifier with a small capacitor in 
the DC link, that generates a constant DC voltage. The configuration of the power section of the 
PWM inverter is similar to the one in the square-wave inverter. The power semiconductor dev
ices in the inverter are switched at a high frequency to synthesize a waveform whose fundamen
tal is the desired frequency. Figure 9 shows. how frequency and voltage levels can be generated 
in a PWM inverter (Jones and Brown, 1984). For lower-frequency outputs, the swit~hing fre-

. quency is usually higher than at higher-frequency· outputs in order to limit the switching losses. 
Some PWM ASDs are designed so that the inverter operates as a PWM inverter up to 35-40Hz 
(to overcome the low performance operation of square-wave inverters at low frequencies), while 
operating above that frequency as a square-wave inverter, for higher efficiency. The voltage is 
then varied with a chopper (see Fig. 8 (b)). PWMcontrol is more complex, but the present trend 
is to use large scale integrated circuits to perform those control functions. The modulation can 
even be optimized to eliminate selected harmonics. 

Voltage-fed inverters are used in low- to medium-power applications, typically up to 
several hundred horsepower ("ASD Directory," 1987). Because of their better performance at 
low speed, lower harmonics, and possibility of working as a square-wave inverter in the high fre
quency range, PWM '~onverters have gained ground during the past few years .. In fact, ~WM 
ASDs are becoming dominant in the residential and commercial building markets. 

For voltage-fed inverters, better thermal peiformance results from motors designed with 
large leakage reactance .. The harmonic currents that result from harmonic voltages generated by 
the low-source impedance of the inverter output are limited by the induction motor leakage reac-
tance (Connors and Jarc, 1983). . 
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1.2 Current-Fed Inverters 

Current-fed inverters (CFIs) , also called current-source inverters, have the general confi
guration shown in Figure 10 (Bose, 1986). The phase-controlled rectifiers in the AC-to-DC 
converter are controlled by the current feedback monitored in the DC link. In this way the con
verter behaves approximately like a current source with a large internal impedance. The current 
is also adjusted according to the inverter output frequency. This type of inverter is bulky and 
heavy because the DC link inductance, which acts to smooth the current to the inverter, must be 
large. Current-fed inverters are used for large drives (above 150 hp) because of their simplicity, 
regeneration capabilities, reliability, and less-demanding requirements (relative to VFIs) for the 
switching speed of the power devices, which lowers their cost. Due mainly to 'the need for a big 
inductor in the DC link, this converter is impractical for small-size inverters. 

CFIs produce harmonic currents; the harmonic voltages are limited by the induction 
motor's leakage reactance. In contrast to voltage-fed inverters, lower motor leakage reactance 
results in reduced harmonic voltages and hence lower losses. The power factor is poor at low 
speeds because the input stage is a phase controlled rectifier which uses a small conduction 
angle during low-speed, low-voltage operation. 

Unlike voltage-fed inverters, current-fed inverters are not suited for multi-motor operation. 
Because current-fed inverters are current-controlled devices, short-circuit protection is easily 
achieved. In addition, a momentary short-circuit or misfiring of the thyristors will not blow 
fuses or destroy the semiconductors; this makes the CFI more rugged and reliable than voltage
fed inverters. Since the thyristors in the inverter stage have to withstand reverse voltages during 

. part of the cycle, other self-commutating devices (GTOs, transistors, etc.) cannot be used. CFIs 
have a slow dynamic response, compared with PWM inverters, and stability problems can occur 
at light loads and high frequencies. 

2. Cycloconverters 

A cycloconverter provides the means of converting the'AC supply to another AC supply of 
different frequency (and even to change the voltage) without the use of a DC link (Bose, 1986 
and Mohan, 1981). The stator phase windings are fed by dual converters, .which, in turn, are 

. connected to the AC supply through isolation transformers. Each phase-voltage waveform is 
synthesized by sequential switching of each of the dual converters .. The current waveform is 
smoothed by the stator winding inductance. To vary the voltage amplitude, as the frequency 
changes, the depth of modulation is also changed. Because the current must lag the voltage, and 
also because of harmonic distortion, cycloconverters have a poor power factor. 

The frequency of the output waveform is lower than the AC supply frequency. As the fre
quency goes up, the harmonic content of the output voltage also rises; for this reason, the max
imum frequency of cycloconverters is limited to 30-50% of the AC supply frequency. 

Cycloconverters use a large number of thyristor switches, but do not require forced commu
tation circuits. Their thyristors can be of the less expensive, converter-grade type. The control 
circuit is complex, but allows speed control at very low speeds, down to 0 Hz; regeneration is 
also easily achieved. For these reasons, this type of drive is often used in low-speed applications 
above 100 hp. Cycloconverters are also used in the wound-rotor slip-recovery static Scherbius 
drive, discussed in section B-3.2. There are no common applications for cycloconverter ASDs in 
residential or commercial buildings. 

I' 
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3. Wound-Rotor ASDs 

While the two following types of wound-rotor ASDs are in use in various industrial appli
cations, they have no current applications (or likely future ones) in buildings. 

3.1 Wound-Rotor Static Resistance 

Although wound-rotor induction motors are somewhat more expensive and bulkier tban 
squirrel-cage motors (due to rotor windings, slip rings, and brushes), they make it possible to 
control the speed of the loaded motor by varying the resistance of the rotor circuit. This method 
also decreases the inrush current during motor starts, creating a soft start. This speed control 
method suffers, however, from the losses associated with slip energy (as in eddy or hydraulic 
couplings), which is wasteful and requires the resistance source to be designed with a high heat
dissipation capacity. 

Resistance control can be electronically automated by controlling the current flow to the 
resistance. Electronic control can be achieved by interposing a 3-phase rectifier, coupled to a 
chopper, between the rotor windings and a fixed resistance. Controlling the duty cycle of the 
chopper will change the speed. 

3.2 Wound-Rotor Slip Recovery 

The idea behind this method is to recover the slip energy that would otherwise be wasted 
(as in the static resistance method). When motor speed is far below the synchronous speed 
«60%), slip losses may become unacceptable, especially since wound-rotor induction motors 
are often rated well above 500 hp (often as high as several thousand hp). In addition to recovery 
of slip power, speeds above the synchronous speed can be achieved by appropriate control cir
cuits. 

There are several ways to implement would rotor slip recovery (Bose, 1981; SIemon et aI, 
1984; and Leonard, 1984). One common method of recovering the slip energy is the static Kra
mer drive, which is commonly used in applications requiring limited speed ranges, such as large 
pumps and compressors (Bose, 1981). The slip power is rectified and, after going through a 
smoothing inductor, is inverted and fed back into the AC supply. This method has good speed 
control, is efficient, and is relatively inexpensive, since the power electronics only have to deal 
with the slip power. If used within a limited speed range, the slip power is substantially less than 
the rated power of the machine. For a 50% slip range, the drive power is only 50% of the rated 
machine power. However, wound-rotor slip recovery has a poor power factor, ,which decreases 
sharply with speed. This is another reason to use it only at speeds close to the synchronous 
speed. One way to improve the power factor is to use a PWM inverter instead of the current
source inverter, but that increases both the cost and complexity. 

Starting the motor normally involves short-circuiting the rectifier output and inserting resis
tances in series at the rectifier input. In this way, the motor starts as a static-resistance wound
motor drive. Static Kramer drives provide a good means of retrofitting existing wound-rotor 
static-resistance drives with a fairly small investment. 

Another type of wound-motor slip recovery is the static Scherbius drive (Bose, 1981; 
SIemon et al, 1984; and Leonard, 1984), which can perform better than the static Kramer drive, 
but with higher cost and complexity. We noted previously that cycloconverters are bidirectional 
devices, allowiI1g the flow of power in both directions. Thus, use of a cycloconverter in this 
drive allows the machine to operate both above and below the synchronous speed. At subsyn
chronous speeds, the static Scherbius drive operates much like the static Kramer drive; slip 
power, which is proportional to the slip, is fed back into the AC supply. The rotor speed 
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corresponds to the difference between the frequencies of the synchronous rotating field and the 
rotating field of the slip power. At the synchronous speed, the cyc1oconverter supplies DC 
current to the rotor, and the motor performs like a synchronous motor. Above the synchronous 
speed, the slip power is absorbed by the rotor. Thus, both the stator and rotor receive electrical 
inputs from the AC supply. To rotate above synchronous speed, the phase sequence of the slip 
voltage must be reversed (negative sequence); this creates a rotating field in the direction oppo
site that of the stator synchronous rotating field. In addition to its ability to operate above or 
below the synchronous speed, the static Scherbius drive can use regenerative braking (above or 
below synchronous speed). 

The static Scherbius drive is used in large pumps and fans, where higher-than-synchronous 
speeds or regenerative braking are important. It can also be used to retrofit existing static
resistance wound-rotor drives. Static Scherbius drives can also use lower-capacity converters. 
If, for example, the· desired speed variation is ± 20% of the synchronous speed, the cyclocon
verter needs to handle only 20% of the machine's rated power. 

4. V ariable-Voltage Speed Control 

Another method of controlling the speed of squirrel-cage or wound-rotor motors consists of 
changing the voltage level applied to the stator windings. Unlike the inverter-based and cyc1o
converter electronic ASDs, variable-voltage controls do not vary the frequency of power sup
plied to the motor. Instead, the effective voltage applied to the stator windings is varied by 
changing the conduction angle of the semiconductor switches. .When the applied voltage level 
decreases, the motor slows down. 

This method uses either a Class D (high-slip) squirrel-cage motor or a wound-rotor motor 
connected to a fixed resistance. Although simple, this control method is not widely used due to 
its low efficiency and the high level of harmonics generated (Mohan, 1981). In a wound-rotor r 

induction motor, most of these efficiency losses are dissipated as .heat in the external resistance. 
In a squirrel-cage induction motor, the heat losses are dissipated inside the machine. This leads 
to capacity derating to avoid overheating. 

Besides providing speed variation, these controls can also be used to decrease the starting 
inrush current and the starting torque~ for soft-starts of induction motors. While sometimes used 
to control the fan and' pump speeds in building equipment, variable-voltage controls are of lim
ited usefulness, due to their above-mentioned drawbacks. 
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Figure 7. General inverter power circuit with motor load. 
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Figure 8. Basic configurations of voltage-fed inverter ASDs. 
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Figure 9. Pulse Width Modulation. Output voltage is varied by varying the width of the 
voltage pulses. Output frquency is varied by changing the length of the cycle. 
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Figure 10. General configuration of current-fed inverter ASDs. 
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