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1.0 Introduction 
 
The issue of energy saving and reduction in fossil fuel consumption appears to gain momentum 
during energy crisis periods. The government's efforts in energy conservation have led to many 
reports and mandates*. Some states like California, which big cities suffer from chronic air 
pollution, have promoted and legislated mandates to encourage both the consumers and the 
industrial manufacturers to become more energy conscious. There have also been Federal 
programs such as the Best Practices **(formerly Motor Challenge) to promote such trends in the 
electric motor industry through partial funding of programs that achieve improved efficiency in 
motor applications. The Energy Policy Act of 1992 (P.L. 102-486), was signed into law by 
President Bush on October 24, 1992***. To that end, motor manufacturers have developed more 
efficient motors at higher cost where the cost of capital is recouped by less energy usage over 
two or more years of usage.  
 
As there are millions of motors nationwide in variety of industrial and household applications, 
even a few percent improvement in the motor energy usage can add up to a substantial reduction 
in electric energy usage. Consequently, there have been many attempts to promote the use and 
application of different kinds of motors such as Switched Reluctance or Permanent Magnet to 
name a few. Nevertheless, a substantial segment of installed motors in the country remain to be 
Single Phase induction motors due to their ruggedness, ease of maintenance and operation as 
well as lower cost. It is the purpose of this document to propose an economical solution to 
lowering the energy burden of single phase induction motors. 
 

* http://www.eren.doe.gov/femp/aboutfemp/pdfs/nov01_femac_kenchington.pdf 
** http://www.env.go.jp/earth/g8_2000/forum/g8bp/detail/usa/usa09.html 
*** http://www.eren.doe.gov/femp/resources/epacintro.html 

 
2.0 Glossary 
 
ASD  Adjustable Speed Drive 
CEE  Consortium for Energy Efficiency  
DOE  Department of Energy 
EPACT Energy Policy Act 
EPRI  Electrical Power Research Institute  
hp  Horsepower, a unit for motor power rating equivalent to 746 Watts 
kW  1000 Watts of power 
kWh  kW-hour, the unit of energy by which energy is charged,     
  equivalent to one kW of power running for one hour   
NEMA National Electrical Manufacturers Association  
 
3.0 What Is A Single Phase Motor? 
 
Electric motors are used in a variety of applications in the industrial sector accounting for 75 -
80% of electricity consumption, primarily used for the processing and movement of materials. 
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Motors account for approximately 50% of electricity use in the commercial sector and 25% in 
residential applications. Fractional horsepower motors represent 90% of the motor population 
however, motors 1 hp and greater consume more than 90% of the electricity. Today’s squirrel 
cage induction motors comprise well over 90% of all electric motors in use.* 
 
A single phase motor draws electric power from ordinary household power at 120 or 240 Volt 
single phase supply. The majority of single phase motors are of the type "squirrel cage 
induction" and their rotor resembles a compact and rugged shaft with forged metal bars. Their 
design makes single phase induction motors very rugged and easily manufacturable at low cost 
leading to their widespread use over the past century. 
 
Statistics compiled by the Electrical Power Research Institute (EPRI) indicate that 60% of all 
motors are being operated at 60% or less of the work load for which they were designed. Under 
such conditions, and in certain applications, AC motors can waste as much as 70% of the 
electrical energy they consume!  
 
* http://www.nrcan.gc.ca/es/etf/files/stat_pdf/01-advanced_electric_motors.PDF 

 

4.0 Limitations of Single-Phase Induction Motors 
 
Single phase induction Motors, suffer from several limitations:  
 
4.1 efficiency is lower and can cost higher than a comparable three phase induction motor, 
particularly as the power rating exceeds 1 hp. (see table 4.1). 
 
4,2 need to be oversized  to overcome required start-up torque. 
 
4.3 require high inrush energy to get started leading to flicker in power lines and, at times, 
tripping of circuit breakers. This problem is exacerbated at brownout conditions when the utility 
line voltage drops below its rated 120/240V. 
 
4.4 cannot rotate from standstill without the addition of starting components. 
 
4.5 suffer from torque pulsation which may increase their audible noise and losses. 
 
4.6  higher running current increases burden on distribution capacity of installations. 
 
4.7  conventional single phase motors cannot operate in variable speed mode. Variable speed 
is desirable to avoid efficiency drop at low load (Figure 4.1). 
 
All of the above problems are nonexistent in a three phase induction motor. However, a three 
phase motor requires three phase electric power source which is not available at majority of 
installation sites where the single phase motors are used.  
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Table 4.1 Comparison of single phase and three phase motors performance (Reliance Electric) 
 
 HP Speed Amperes Efficiency % vs Load   Torque lb-ft 
 
Phase  RPM  @230V  Full Half Quarter  Full Load 

 
1 1 3450  5.6  70.0 69.0 65.0  1.45 
3 1 3450  1.5  80.0 80.0 76.0  1.5 
 

  

 
 
 
 
 
 
 
 
Figure 4.1 Motor efficiency as a function of load. 
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5.0 Energy Saving through Variable Speed Drive * 
 
Most motors turn at nearly constant speed. However, much of the time the devices they drive 
may operate at less than maximum design speed. This speed reduction can be accommodated by 
an Adjustable Speed Drive (ASD) that varies the shaft speed to the driven load. Slowing a pump 
or fan in this manner reduces energy consumption much more effectively than allowing the 
motor to run at constant speed and then restricting or bypassing the flow with a valve or damper. 
 
5.1 Performance/Costs **:  Savings from ASDs come from reduced load of the fan, pump, or 
driven device. With fans and pumps, power consumed is proportional to the cube root of shaft 
speed. If shaft speed is reduced by 10%, flow is reduced by 10%, while power consumption is 
reduced by 27%. If speed is reduced by 20%, power is reduced by 49%. 
 
Compared to throttling as a means of flow control, speed reduction provides dramatic energy 
savings. Throttling to reduce flow in a fan or pump backs the device up on its operating curve, 
increasing pressure and often increasing power consumption. 
 
The Wisconsin Center for Demand-Side Research completed a review of ASD case studies. 
Energy savings reported by type of process are: 
 

• Air Conditioners and Heat Pumps   20% 

• Pumps and Compressors    20% to 25% 

• Central Refrigeration Systems   25% to 35% 

• Blowers and Fans     30% to 35% 

• Boiler Fans and Feedwater Pumps  30% to 50% 
 
The most cost-effective opportunities for ASDs are in situations where the equipment operates 
only partially loaded for significant time periods.  Even small changes in speed can result in 
significant reductions in energy consumption. For instance, lowering the speed of a fan or pump 
by 20% may reduce shaft power requirements by as much as 50%. 
 
Basic ASDs cost about the same as the motors they drive, but they are highly dependent upon 
features and application requirements. Costs for basic variable torque drives start at around $520 
per horsepower (hp) for a one HP drive and drop sharply to around $160 per horsepower for a 
10 horsepower drive. Costs level off more slowly after that with 40 horsepower drives at about 
$100, and 500 horsepower drives down to about $70 per hp. Installation costs, electrical filters 
and special features for constant torque, special controls, or diagnostics can easily more than 
double the costs. 
 
* http://www.energy.wsu.edu/cfdocs/tg/2.htm 
**
 http://www.energyideas.org/energy_solutions/res_details.cfm?resourceID=1714&category=Pumping%20Systems&
subcategory=%20General 
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6.0 Green Drive Motor ©: Towards the Three Phase Motor Solution * 
 
The objective of the Green Motor program is to retrofit a three phase motor with a rugged and 
economical electronics converter to allow it to run off a single phase source, thereby allowing 
straight replacement of the single phase motor with its more rugged three phase counterpart*. In 
addition and at no extra cost, the motor speed and load can now be varied efficiently and be 
controlled through a simple low cost feedback loop. The energy advantage of three phase motor 
is further enhanced if the electronics include controls for varying the speed of the motor as 
described in paragraph 5.0. Many applications such as fan control do not necessarily require full 
blast at all times, therefore the energy savings could be enhanced by allowing efficient 
slowdown at low load conditions. 
 
Though three phase Variable Speed Motor drives are widely available, what would distinguish 
the Green Motor Drive © is its affordability and simplicity with following goals: 
 
6.1 Compact and low cost, low profile design to retrofit a three phase motor in the same 
physical space as the single phase motor it would replace 
 
6.2 Unsophisticated and easy installation with no fancy keypad and display, to allow use in 
harsh environments and easy speed control 
 
6.3 Range of power optimized to under 10 hp where the majority of single phase induction 
motors are used 
 
* Variable speed motor control, United States Patent   5,126,642   

 
7.0 Brief Market Review 
 
Listed below are examples of companies offering products that compare to the Green Motor 
Drive©. The potential disadvantages of such products are listed under each paragraph. 
 
7.1 Arco Electric (http://www.arco-electric.com): The Standard Duty Roto-Phase design is the 
industry leader for its quality performance and dependability in providing economical three-
phase power. The Standard Duty Roto-Phase units are built from a larger rotary frame design 
than most converter manufacturers, therefore delivering a superior three phase converter system.  
 
Disadvantages: Size and cost can get excessive in most small motor applications. 
 
7.2 Yaskawa Motor Drives (http://www.yaskawa.co.jp/en/newsrelease/1997/1997-05.html):  
YASKAWA Electric Corporation developed the small capacity variable speed drive VS-686SS5 
to meet the demand for increased energy savings for applications such as fluid machinery, 
extruders, agitators, conveyors, cranes, presses, etc. This drive is composed of an exclusively 
designed motor and inverter achieving energy saving of about 5.5%. 
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Disadvantages: Unjustifiable cost for low-end applications. 
 
7.3 Rockwell Automation (formerly Reliance Electric,  
http://www.reliance.com/prodserv/standriv/stdhome.htm ): One  of the largest electronic drive 
manufacturers for motor speed control applications. The advantages of variable speed drives 
(ASD) for motor applications are well known as exemplified in this Reliance App.  
Note: Energy Saving Potential Of Solid-State AC Drives In VAV Systems 
(http://www.reliance.com/prodserv/standriv/appnotes/index.htm) and shown in Table 7.1. 
 
Table 7.1 Energy Consumption Comparison 
  

 
 
 
Disadvantages: Generic and traditional drives for many motor applications where the goal is to 
provide variable speed for an existing system and the design is not optimized for low cost, size 
and simplicity.   
 
7.4 Danfoss (http://drives.danfoss.com/SW/DDfrequencyconverter/en/index.htm): Danfoss 
Electronic Drives, of Rockford, Illinois, a division of the Danfoss Inc., is the oldest mass-
producing developer and manufacturer of adjustable speed drives for variable speed control of 
electric motors. Fully digitized and based on the latest technology in motor speed control, 
Danfoss's VLT variable speed drives primarily cover power ranges of 0.5 horsepower to 300 
horsepower for line voltages from 200 to 500 volts. The Danfoss drive is often used to optimize 
the energy efficiency of motor applications in industries using fans or pumps, including the 
paper, food, chemical, and municipal water industries. 
 
The following Danfoss drive is comparable to Green Motor concept. The VLT 2800 series is 
developed for the low power market. Available in the power range 0.37-18.5 kW. The frequency 
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converter is extremely compact and prepared for side-by-side mounting. The concept is modular 
with a power module and a control module.   
 
Disadvantages: Generic and traditional drives for many motor applications where the goal is to 
provide variable speed for an existing system and the design is not optimized for low cost, size 
and simplicity. 
 
7.5 Performance Control, LLC (http://www.performancecontrol.com/products.html#2): The 
single phase Performance motor controller is a Triac based voltage control device used to 
control single phase AC Induction motors configured as split-phase or capacitor start. The single 
phase motor controller requires a pure feedback signal for voltage and current taken off of the 
AC supply lines to operate correctly.  
 
The Performance Controller controls the AC Induction Motor so it always functions at its 
optimum efficiency. This increased efficiency extends motor life and reduces stress and strain 
on the motor and the drive train, both electrically and mechanically. The Performance Controller 
also protects the motor against over and under voltage conditions. All of these functions are 
performed automatically and electronically. State-of-the-art electronic circuits constantly sense 
the workload of the motor. When the actual workload of the motor is lower than the rated load, 
the sensing circuits reduce the energy being fed to the motor to the exact level the motor needs. 
This has the effect of reducing motor energy consumption. The Performance Controller operates 
in a manner similar to a cruise control found on most automobiles.  
 
Disadvantages: The controller crudely chops off ac voltage causing voltage distortion and thus 
creates more losses when compared with Green Motor Drive where the ac current is maintained 
sinusoidal. In addition, the controller does not forego with the single phase motor which could 
be the root cause of inefficiency. 
 

8.0 Advances in Motor Efficiency 
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The Consortium for Energy Efficiency (CEE) is a national non-profit organization comprised of 
utilities, energy and environmental groups and state energy offices. CEE's mission is to 
encourage the market for super-efficient products and practices that save energy, enhance 
environmental quality and satisfy customers. CEE has worked cooperatively with motor 
manufacturers, trade associations and motor experts to develop (and gain broad acceptance of) a 
set of motor efficiency levels that are significantly higher than those specified in the Energy 
Policy Act (EPACT), effective as of October 1997. Motors with these higher efficiency levels 
are referred to as “CEE Premium EfficiencySM” motors. They are currently available from 
major manufacturers. 
 
In order to understand how manufacturers achieve or better NEMA's efficiencies, refer to motor 
loss components of Figure 8.1. The copper losses are minimized through use of larger gauge 
wires. Iron losses are reduced using higher quality and thinner steel lamination while mechanical 
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losses are reduced by the use of low friction bearings and low profile windings. Obviously, all 
such improvements come at an added cost to the motor. Therefore, in any motor replacement, 
the simple payback period must be examined to justify the added investment cost. Typically, a 
simple payback period of 1 to 3 years is justifiable. 
 
 
Figure 8.1 Components of motor loss contributing to reduction in efficiency. 
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8.1 Energy-Efficient Motors*: In 1994 the National Electrical Manufacturers Association 
(NEMA) issued definitions for “energy efficient motors,” which are from 2 to 6 percentage 
points higher in efficiency than conventional motors. These definitions cover all standard 
combinations of horsepower (1 to 500 HP), enclosure, and synchronous speed (900 to 3,600 
RPM). The efficiency values for T-frame, single-speed, foot-mounted, continuous-rated, 
polyphase, squirrel-cage induction motors conforming to NEMA designs A and B can be found 
in NEMA’s “Table 12-10.”1 A motor’s nominal efficiency must meet or exceed the efficiency 
levels given in Table 12-10 to be classified as “energy efficient.” Effective October 24, 1997, 
the Energy Policy Act (EPACT) requires most 1 to 200 HP general purpose motors 
manufactured or imported for sale in the United States to meet minimum efficiency standards 
equivalent to those described in NEMA’s Table12-10.  
 
8.1.1 CEE Premium-Efficiency Motors: Wherever possible, companies should try to purchase 
the most efficient motors available because of their greater bottom-line value. The Consortium 
for Energy Efficiency (CEE) has worked with motor manufacturers and experts to develop a 
new set of guidelines that are even higher than NEMA levels for energy-efficient motors. 
Motors that meet these guidelines (referred to as CEE Premium EfficiencySM” motors) have 
0.8% to 4% higher efficiency than the energy-efficient motors required under EPACT. 
* http://www.motorsmatter.org/helpful_links.html 
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9.0 Green Motor Drive© Desired Market Niche 
 
What would set the Green Motor Drive© concept apart from similar products on the market are 
cost, size and simplicity. The product is optimized for under 10hp range to achieve the lowest of 
all these three factors. It is also in this power range where the majority of single phase motors 
are utilized. 
 
Table 9.1 shows a typical comparison of energy savings using the Green Motor Drive ©. In 
order to take advantage of the energy saving, an aging single phase motor of 1 to 10 hp is 
replaced with a three phase motor of same rating retrofitted with the Green Motor Drive©. With 
a target street price of $250 for a 5hp motor drive, the cost of new motor plus drive are recouped 
in less than one year as exemplified in Table 9.1. The savings are greater if the effect of 
Adjustable Speed in energy saving is taken into consideration. Still more is saved when the 
single phase motor is replaced with a three phase motor of 75% of its nominal rating. Since each 
specific application may result at different savings, a general statement of energy savings cannot 
be made. However, by all accounts, even the average saving in Table 9.1 would pay back the 
investment in 1 to 3 years. In some instances, the government or utility companies may partially 
subsidize the motor efficiency enhancement as is discussed in paragraph 8. 
 
The cost factor for this product is feasible and has been achieved in an older design*. The cost 
advantage is superior to existing products from traditional 3 phase converters such Isomatic 
(http://www.isomatic.co.uk/3phConverter.htm). A comparable 5 hp unit Isomatic is priced at 
$870, nearly 3.5 times the target cost the Green Motor Drive. A simple payback comparison in 
Table 2.1 clearly demonstrates the superior advantage of the Green Motor Drive©.  
 
The compactness and a shoe box size of the drive would facilitate direct mounting on the motor 
chassis while wall mounting is also a preferable option. Through injection molding, electronic 
assemblies are firmly installed and unperturbed by the motor vibration. The compact design and 
low cost would also facilitate repair by direct replacement in the event of failure. A proprietary 
ASIC (Application Specific Integrated Circuit) would lump a significant part of the control 
circuit into a small space. 
 
Design simplicity would allow the speed control setup in a few minutes with no prior 
engineering knowledge of motor and the drive. In manual speed control mode, the speed is set 
through a knob. Alternatively, a remote 4-20ma signal can set the speed for a gang of motors 
within the same installations. In auto speed control mode, the optional remote or local 
temperature (or humidity) sensor would adjust the speed to maintain a desired temperature (or 
humidity).Two other local control settings would allow the adjustment of speed ramp up rate 
and IR compensation. 
 
* Variable speed motor control, United States Patent   5,126,642   
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Table 9.1 Three phase and single phase motor energy cost comparison under low and better case 
scenario. "low" represents minimum potential savings. Most applications would result in more 
savings than the "better case" through use of ASD. 
__________________________________________________________________________________ 
    Motor      Motor  Estimated 
Rating  Wind#  AMPS  Motor Motor+       Efficiency Annual     Annual  
hp      Phase     Type#              Max  Rated        Cost $ Drive $             %          kWh         Saving $          
__________________________________________________________________________________ 
1.0 1 35Y168 35.0 6.7 163    66.0 4950  45 low  
  35220L 
 
1.0 3 35-87  2.0 1.7 148 348  77.0 4243  95 average 
  3516M           
             
 
0.75 3 34-2100 1.8 1.5 164 364   74.0 3311  144 better  
  3420M 
__________________________________________________________________________________ 
 
5.0 1 36W849 155.0 23.0 214    82.5 19800  60 low   
  3640LC 
 
5.0 3 36W802 8.4 7.0 186 436   90.2 18112  390 average 
  3634M 
             
 
3.0 3 36-107  5.2 4.3 211 461  82.5 11881  720 better  
  3623M 

__________________________________________________________________________________ 
 
10.0 1 37W577 259.0 42.0 611    84.0 38898  (20) low 
  3744LC 
 
10.0 3 37X33  16.0 14.0 326 626  85.5 38216  415 average  
  3729L 
             
 
7.5 3 37X54  13.2 11.0 265 565  85.5 28662  850 better 
  3726M            

       
__________________________________________________________________________________ 
Note 1: Energy cost is calculated at $0.1 per kWh for an average 12 hours per day of operation. 
Note 2: Annual savings are offset by internal energy losses of the electronic drive estimated at 6%.  
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Table 9.2 Simple payback period for The Green Motor Drive© compared against an electronic 
three phase converter from Isomatic and a High efficiency motor from Baldor. 
__________________________________________________________________________________ 
Rating  Baldor  Motor Motor+  ASD  Motor  Savings         Payback 
hp  Motor  Cost Drive  Drive capability Eff. %  per Year       Period,  
 Phase Part#  $ Cost $ Type     $  yr. 

__________________________________________________________________________________ 

 
5.0 1 36W849 214  None NO  82.5  
  3640LC  

 
3.0 3 36-107  211 461 Green©  YES  82.5  720  0.6 
  3623M 
 
 
5.0 3 36W802 186 1056 Isomatic NO  90.2  60   17.6 
  3634M 
 
 
5.0  1 SUPER-E 465  None NO  90.2  168  2.8 
  EM3665T  

__________________________________________________________________________________ 

Note 1: Energy cost is calculated at $0.1 per kWh for an average 12 hours per day of operation. 
Note 2: Annual savings are offset by internal energy losses of the electronic drive estimated at 
6%.  
Note 3: It is assumed the original motor is used at variable load from 60% to 20% of its rating. 
   
 
 

10.0 Development Schedule and Cost 
 
To limit the scope of the project, the initial product would be limited to 1-5 hp motor power 
range. The program budget and time schedule would be tightly controlled with deliverables at 
the end of each phase as shown below and in Table 10.1: 
 

10.1  Feasibility Study 
 

• A report estimating complexity and feasibility of the technical aspects of product design 
and development.  

• A brief review of the market to examine the potential market and competitors.  

• A proposed schedule outlining the program cost and manpower needs.  
 
10.2  Preliminary Design  
 

• Two crude breadboards using off-the-shelf components. 

• Extensive testing showing the energy benefits of Green Motor Drive©. 
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• Analytical modeling of the system along with worst case studies of different motors, load 
types, applications and operating conditions. 

• Preliminary Product Specifications. 
 

10.3 Manufacturing and Product Cost Estimate 
 

• A report detailing development, BOM, NRE costs, manufacturing process needs, special 
tooling, test requirements, outsource needs. 

 
10.4 Project Resource Schedule Planning 
 

• Concurrent with step 10.3, a report detailing human resource needs: in house manpower, 
outsourced design and test needs and possible production sites and their needs. 

 
10.5 Breadboard 
 

• Five Breadboards with essential functionality similar to final product. 

• Functional test results 

• Drafting and documentation 
 

10.6 Prototyping 
 

• Six working prototypes meeting all functional requirements  

• Comprehensive functional and performance test results 
 
10.7 Agency Approval 
 

• All applicable agency listing 
 
10.8 Final Product Design 
 

• Final test and qualification reports 

• Implement all changes in documentation 
 

10.9 Production Planning 
 

• To be decided at step 10.5. 
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Table 10.1 Program Schedule and Cost estimate (see notes)            
     

Human Length Manpower Mat'l Out. NRE Capital Total 
Phase   Resource Months Cost  Cost Cost Cost Cost 

____________________________________________________________________________________ 
10.1  Feasibility Study  1 Mgr.  2  $20K    $20K 

Market Review 

_______________________________________________________ 
10.2  Preliminary Design 1 Mgr.  6  $84  $10  $94K 

Product   1 Tech. 
Specifications 
Energy Tests 

____________________________________________________________ 
10.3 Manufacturing  1 Eng.  1  $14K    $14K 

& Product Cost  1 Tech.   
Estimate 

____________________________________________________________ 
10.4 Project Resource  1 Mgr.  1  $10K    $10K 

Schedule Planning   concurrent 

____________________________________________________________ 
10.5 Bread-boarding  1 Eng.  3  $42K  $10K  $52K 

Functional Test  1 Tech 
Drafting &   1 Dft.. 
Documentation 

____________________________________________________________ 
10.6 Prototyping  1 Mgr.  6  $144K  $40K $50K $234K 

FPGA Design  1 Eng. 
DVT   1 Tech. 
WCT, FMEA  1 Dft. 
Drafting 
PCB Design 

____________________________________________________________ 
Prototype Subtotal    18      $424K 
____________________________________________________________ 
10.7 Agency Approval  1 Eng.  4  $24K  $40K  $64K 

Tests       
____________________________________________________________ 
10.8 Final Product  1 Dft.  4  $32K  $10K  $42K 

Design   1 Tech  
____________________________________________________________ 
10.9 Production Planning TBD 

____________________________________________________________ 
Note 1: Mgr. refers to Manager, Eng. refers to Engineer, Tech refers to Technician, Mat'l refers 
to material, Out. refers to outsourced resources, TBD  refers to “To Be Decided”, DVT refers to 
“Design Verification Tests”, WCT refers to “Worst Case Tests”, FMEA refers to failure mode 
effect Analysis, Dft. refers to Draftsman, NRE refers to Non Returning Engineering costs. 
Note 2: Manpower cost rates: Mgr. at $10K per month, Eng. at $6K per month, Tech at $4K per 
month, Dft. at $4K per month. 


